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LOINOI PAU

Vat ligu & thé rdn chia ra 1am ba loai: dién moéi, ban dan va vat din (kim
loai). Mudn dinh nghfa chinh xdc ba loai vat liéu niy néi chung va vat liéu
bén dan néi riéng phai dua trén cfu tric ving nang Jugng cda dién tir trong
cdc vat liéu dé,

Tam thoi ching ta dua ra mét dinh nghia d6i vdi vat liéu ban din dudi dang
nhimg dic di€ém chinh clia vat lieu nay: ban din c6 dién trd sudt nim gida
dién tro suft cha kim loai (¢d 10°Q.cm) va dién trd sudt cta dien moi (c&
10°Q.cm). Bn din tinh khit ¢6 he s6 nhiét dién tr& am, nghia 13 khi nhiét
d¢ tang dién trd sudt cda ban dan tinh khi&t giam. Dién trd sust cia ban din
phu thugc rat manh vao néng do tap chat, nhiét do ciing nhw nhimg tic dong
bén ngodi nhu chiéu sdng, dién trudmg, tir trudng... VAt liéu ban din duoc
biét 'dén tir rat tan, nam 1874 Braun d4 phat hién ra tinh chinh luu ddng dién
cta ti€p xtc kim loai v6i tinh thé sulfua kim loai (nhu quang pyrit déng),
mot loai tinh thé bin ddn. Tir d6 dén nay vat liéu bin din 12 d6i twong
nghién ciu duge t4p trung chii ¥ nhiu nhét va cang ngdy cing duoc img
dung rong rii. Vat liéu bin dan thyc sy da 1am mot cude cich mang trong
cong nghiép di¢n wr cling nhu trong nhiu nganh khoa hoc, k¥ thuat va cong
nghi¢p khidc. Trong nhimg thip nién gdn ddy, nhig thanh tweu vé vat lign
bén din da din dén sy phat trién mot linh vyc réng 16n clia nhimg linh kién
dién tir, vi dién tir, quang dién tir.

Ngay nay nghién ciru vat liéu khéng chi 12 nghién citu cdu tric, cdc tinh
chdt, cong nghe ché tao, tao hinh ma con 14 nghién cifu xdc dinh nhitmg quy
luat vi méi quan hé gifta cée y&u t6 d6 dé tién tGi “thigt k& ché tao ra nhiing
vét liéu ban dan c¢6 nhimg dic tinh mong mudn. Vi viy nhing cdn bo Iam
viéc trong cdc finh vuc vat ligu bén dan ciing nhu dng dung chiing c4n phai
¢6 nhimg hiéu biét twong d6i toan dién, co bin vé vat liéa ban dén.

bé phuc vu cong tde dao tao k§ sw vat 1§ chuyén nganh vat lidu dien ¢,
chuyén nganh khoa hoc vat liéu va cdc chuyén nganh khéc lién quan ciing
nhu dé 1am tdi liéu gidng day cao hoc, R ligu tham khao cho nghien ctu
sinh, cho gidng vién cdc chuyén nganh lién quan dén vat liéu ban din chiing
t&i bién soan gido trinh vat liéu ban din nay.

Noi dung gido trinh dugce trinh bay trong 12 chuong, tuong iing 4 don vi hoc
trinh v&i thoi hugng 60 tiet. Chuomg [ trinh biy nhitng khdi niém co ban vé
“céu triic tinh thé”. Chuong 2 trinh bay so luoe “nhitng khai niém, tinh chdt,
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dac trung co ban cha vat liéu ban din”. Ngudi doc c6 thé tim hiéu nhitng vén
dé duge trinh bay trong chuong nay mot cdch hé théng va ddy di hon trong
“Gido trinh vat 1y ban d4n” [2] cla chiing t6i. Chuong 3 gisi thigu téng quan
“phén loai vat liéu ban dan”. 0 day gi6i thiéu tit ca cdc loai bdn dan, ching
duge phan loai theo cde tigu chi khdc nhau, trong d6 nhing loai bén dn s&
khéng duge trinh bay chi ti€t trong nhitng chuong sau ny, dugc trinh bay k¥
~ hon, chi tiét hon & chuong 3. Chuong 4 gidi thiéu tong quan vé “cong nghe
nuoi don tinh thé”, Chuong 5 trinh biy “cdc phuong phdp xdc dinh thong s6
chia chét ban ddn”. Phan con lai cha gido trinh danh dé trinh bay céc loai vat
liéu ban din quan trong. N6i dung clia cac chuong ndy gdém céc vin dé:
cong ngheé ché tao, cu tric tinh thé, cau tric viing nang lugng, nhimg thong
56, dic diém va ting dung cla vt liéu ban dan. Chuong 6 gii thiéu “céc bin
ddn nguyén to”, chuong 7 gi6i thiéu nhém “ban ddn hop chat A"B™.
Chuong 8 gidi thiéu nhém “bén din hop chat A"BY™. Chuong 9 gidi thi¢u
c4c nhém *“ban din hop chat vo co khdc” ngoai hai nhém AMBY va A"BY. 3
day chii ¥ d&n nhém ban dén hop chét hai nguyén A™BY va cdc nhém bén
dan hop chat ba nguyén quan trong. Chuong 10 gidi thiéu “ban din hgp chat
hitu ¢¢”’. Chuong 11 gidi thiéu tdng quan v8 “bdn din vo dinh hinh”. Vi day
14 loai vat liéu ban dan chua duge nghién cim mot céch day do vé mat ly
thuyét cho nén trong chuong nay chiing (6i trinh bay tong quan vé céu tric
vo dinh hinh, cfu tric viing néng lugng, tinh chit dign, tinh chat quang cla
mot s6 ban din vo dinh hinh, nhung ing dung quan trong cha chiing, dac
biét nhdn manh nhiing ting dung cla silic vo dinh hinh trong linh vuc “dién
tir t&m 16n”. Chuong 12, chuwong cuéi ciing danh dé gisi thiéu mot loai bdn
din dic biét duge phan loai khong theo tiéu chi thinh phin hod hoc hay
¢fu tric tinh thé ma theo kich thudc cla cdu tric thanh phan, dé 1a “bén
din thap chiéu”.

bay ¢6 18 12 “gido trinh vat lidu bdn din" ddu tién béng ti€ng Viet, cdc tic
gid da gip khong it nhimg khé khan vé ki€n thic, kinh nghlcm ciing nhw tai
liéu tham khao. Vi vay chéc chan gido trinh cdn 6 nhicu sai sét. Chiing to1
rdt mong nhan dugc sy thong cam, tuong thir va dac biét Ia sy chi glao cla
céc vi bac thdy, cdc bac din anh, cdc ban dong nghiép va cic ban doc gia.

Ciéc téc gia xin chan thanh cdm on GS Pam Trung Dén da doc ban thdo cusi
chng va déng g6p nhiéu ¥ ki€n qui bdu cho ndi dung cua gido trinh nay.

Cdc tdc gia
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Chuong 1. Cau trac tinh thé

CHUONG |
CAU TRUC TINH THE

Chiing ta biét ring vat liéu bdn din 1a cdc chdt rin. Chat rédn c¢é thé 1a don
tinh thé, da tinh thé hogc v6 dinh hinh. V4t liéu bdn din dudi dang don tinh
thé [ quan trong, thong dung v duge nghién cttu k§ nhat. Néng do nguyén
tir trong tinh thé v6 cling 16n, nhumg cdc nguyén tir duge sip xép theo mot
trat o tudn hoan ddng nhit. Vi vily d€ nghién citu tinh thé chiing ta chi cdn
khao sdt mot nhém nguyén tir 1an cin nhau nhu mot cdu tric co ban cha tinh
thé ma khi nhéc lai cdu triic ndy mot cdch tudn hoin trong khong gian ta
nhan duoc ¢ tinh thé.

D& mo ta va phén loai cdu triic tinh thé ngudi ta dua ra nhig khii niém vé
d6i ximg tinh thé, xem tinh thé nhwv mot mang céc diém tudn hoan trong
khong gian ba chiéu, xung quanh cdc diém d6 13 nhimg nhém nguyeén tir
ddng nhat dugc bo tri giéng nhau.

1.1. POI XUNG TINH THE
1.1.1. Mang tinh thé

Dé mo 1 tinh thé trude tién chiing ta néi d&n mang diém (point lattice) nhur
mot khii niém thudn tuy todn hoc. Mang diém 14 tip hop céc diém goi 12 nit
mang (lattice point) ma vi tri duge dac trung boi cdc vecto toa do 11, goi [a
vecto mang (lattice vectors)

ﬁ=n151+n252+n353 (I'I)

trong d6 n,, n,, n, 1a nhiing s6 nguyén bit k¥, a;, d,, a3 14 ba vecto khong
cing ndm trén mot mét phing duge goi 12 ba vecto ¢d s& (primitive vectors).
Tir ba vecto ¢ s& ¢6 thé dung drge mot hinh hop ¢ cdc canh timg déi song
song va dai bang ching, hinh hop ndy goi 1a 6 mang nguyén thuy (primitive
cell). O mang nguyén thuy chi ¢6 c4c niit mang & céc dinh, vi méi mit mang
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& dinh 12 nidt chung cho 8 ¢ lién ké nhau cho
nén moéi & nguyén thuy chi chita mot niit
mang. Trén hinh 1-1 bidu dién mot 6
nguyén thuy cia mang diém ba chiéu.

Do tinh tudn hoan, néu ta tinh tién mot 6

nguyén thuy theo cdc vects mang i khdc
nhau, ta s& nhan dugce toan bd mang diém.

]
Hinh 1-1; Q.fjguyén thuy cta mang
Chiing ta cling ¢6 thé dua ra khii niém diém ba chidu.
mang diém mot chiéu (linear lattice) dugc
ddc trung boi vecto mang ii =nyd; vd mang diém hai chidu (hay mang
phing) (plane lattice) duge dic trimg bdi cdc vecto mang n =n;a; + nya,.
Ddi v6t mang diém hai chiéu va ba chiéu chiing ta ¢6 thé chon nhiéu & mang
nguyén thuy khic nhau dac tnrng cho mot mang, tuy nhién thé tich clia cic
6 nguyén thuy dic trung cho cing mot mang déu béng nhau. Vi du trinh bay
& hinh 1-2 ddi v6i mang chir nhat hai chiéu minh hoa nhan xét trén.

Trong mang diém, nhimg dudmg

* ¢ * ¢ thing chita cdc nit mang goi la
. . . nerng dudng mang, nhimg mat
3 /4 phing chda cdc niit mang goi la
. a 2 mat mang.
2

Bay gir néu ta gin vao mébi nit

"'.{/ F . mang mot nguyén tt hay mot
4 ///// / ! nhém nguyén tir duge goi Ia géc
= (basis) cla tinh thé thi mang

diém s& tr& thinh mang tinh thé.
Hinh 1-2: Ba 6 nguyén thuy khéac nhau dic

{rung cho mang chit nhat hai chidu co dién tich Gdc cira [mh the C(,) thé gOm‘ m‘?,t

bding nhau. nguyén tr hay nhiéu nguyén

cing loai hay khic loai sip xép

bao quanh cdc nit mang gidng hét nhan. Vi mang diém 14 mét mang tudn

hoan 1§ twdng va vo han nén mang tinh thé ciing 13 mot mang tufin hoan Iy
tudng vo han.

a%]

Tinh thé thue ciing ¢6 cau tnic tudn hodn nhumg khic mang tinh thé Iy tuo‘ng
& nhing diém sau: tinh thé thyc ¢6 kich thudc hitu han, c6 thé c6 nhung sai
hong, khuyét tat trong trat ty sap xép cic nguyen tlr, cdc nguyén tlr trong
tinh thé khOng dimg yén tuyét déi tai cic vi tri cAn bang ma dao déng xung
quanh cédc vi tri d6.
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Chitdng 1: Céu kruc tinh thE

1.1.2, Nhoém diém tinh thé

Ngudi ta can cif vao tinh d6i xing ctta cu tric tinh thé dé phan loai ching.
Tinh d6i xiing duge thé hién qua cdc phép bién ddi ddi xing. Phép bién déi
d6i ximg 12 phép bién d6i khi tac dung tén tinh thé (nghta 1a thuc hién d6i
v6i tinh thé) lai cho mot tinh thé tring vdi tinh thé ban dau. Tinh thé xét &
day 1a mang tinh thé 1y tuong vo han. V€ mat todn hoc, ngudi ta chimg minh
ring cdc phép bien ddi déi ximg c6 thé hop thanh mot nhém ddi xtimg, trong
dé moi phép bien ddi d6i ximg 12 mot phan tir ciia nhém, phép bien déi dong
nhét 14 phén «r don vi E cha nhém.

Cde phép bien ddi déi xing nhu cdc phép quay xung quanh mot truc (véi
géc quay ¢ = % ), cdc phép phan chiéu d6i ximg qua mot mét phing (goi 1a

mat phing guong) v 16 hop ctia hai loai phép bien déi déi xing nay tao
thanh m¢t nhém d6i xtng goi 1a nhém diém tinh thé. Phén tir clia nhém tmg
vdi phép quay duge ky hiéu 1a C, trong d6 K = 2—(;[ . ¢ 1a géc quay, K chi ¢é
thé bing 1, 2, 3, 4, 6. Phin r cha nhém tng v6i phép phan chicu duge ky
hiéu bing m va hién nhién m.m = m? = E.

Trong mot nhém di€m ¢6 thé ¢6 cd truc d6i ximg va mit phing guong, néu
mat phing guong di qua truc d6i xing thi phép phan chigu duge k¥ hiéu 13
m,, n&u mat phing guong vuong gée véi truc dsi ximg thi phn tir img véi
phép phan chi€u duge ky hieu my,. Khi d6 tich ciia phép quay C¢ va phép
phan chi€u m; ciling tao nén mot phép d6i ximg duge ky hiu 1a Ss
3x=Cy.my,. Phép d61 ximg S, = C,.m,, chinh xéc 12 phép nghich ddo ky hiéu
12 I. Phép nghich ddo dugce dic trung bdi tAm d6i xiing, I 13 giao diém cia
truc bac 2 va mat phing guong vudng géc véi né. Khi thuc hién céc phép
bién déi d6i xing tmg véi céc phdn tir nhém diém luon c6 mot diém c6 dinh
va chinh vi th€ nhém déi ximg niy ducc goi 12 nhém diém tinh thé.

V6i céc phin tit nhu tryuc d6i xiing, mdt phing guong, truc quay - phin
chi€u, tam d6i xing (twong Ung di duge ky hién 13 Cy, m, Sy, I) ¢6 thé
dung nén cdc nhém diém. Ngudi ta chitng minh ring chi ¢ thé ¢6 ca
thdy 32 nhém diém tinh thé, nhém it nhdt ¢6 mét phén tir, nhém nhiéu
nhdt ¢6 48 phin tr. Bang 1-1 gidi thieu ky hiéu quéc (€, ky hiéu theo
Schonflies, cdc phén tir clia nhém va téng s6 phdn tir d6i xing cha 32
nhém diém tinh thé,
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Trong k¥ hiéu qudc t€ & bang 1-1 cia cde nhém diém cé chi rd nhitng phdn
tir d6i xing chinh va vi tri gitta ching. Cdc truc d6i xing bac K duoc ky hiéu
bang s6 K, con truc quay phan chi€u bac K duge ky hiéu bang K. Mat
phing guong duge k¥ higu bang m, néu c6 mot sé mat phang guong khong
twong duong véi nhau thi k§ hiéu bang mot s6 chit m twong img. Néu truc
bac K vuong géc vdi mat phing guong m ta ky hiéu bing mot gach chéo
giita chiing (K/m). Vi du (2/m) [a nhém diém tinh thé ¢é truc bac 2 va mot
mat phang guong vuéng géc véi true do, (42m) [a nhém diém tinh thé c6
truc quay, phan chi€u bac 4, mot truc bac hai v mot mat phing guong. Tir
bing 1-1 chiing ta thdy cé ¢a thiy 11 nhém diém tinh thé chi chita cac phép
quay goi 1a cac nhém quay thudn wy, dé 1a: 1, 2, 3, 4, 6, 222, 32, 422, 622,
23,432,

Bdng 1-1: Ky higu va cac phén tir cba 32 nhém diém tink thé.

TS;' Tinh hé ’q‘ﬁ ;:"::; Sf}fo’;;";;: ) Cde phdn tit d6i ximg phg:&
1 |Banghiéng | C, E 1
2 |Banghiéng 1 C E 1 2
3 |Mot nghiéng m Cs E, my, 2
4 Mot nghiéng 2 C, E,C, 2
5 Mot nghiéng| 2/m Cyp, E, Cy, [, my, 4
6 |Hé thoi 2mm G, |EGC, 4
7 |Heé thoi 222 D, [EG,C5C%, 4
8 |He thoi mmm Dy, E G, C, C,h Lm, m', m”, 8
9 |Bain phuong 4 C, E, 2C,. C, 4
10 |Bonphuong | 3 s, |E25,C, 4
11 {Bonphuong | 4/m | ¢, |E 2C,C,1,25,m, 8
12 |Bénphvong | 4mm | ¢, |E,2C, C,2m',, 2m", 8
13 [Bonphuong | Z2m | Dy | E.CpCpC25.m 8
14 |Bén phuong | 422 D, E. 2C,, Gy, 2C’5, 2C7 8
15 |Bdn phuong |4/mmm Dy, E, 2C,. G, 2C, 2C,, 1, 28, 16

my, 2m’,, 2m |
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Chutang 1: Céu tric tinh thé

16 | Ba phuong 3 Cy E, 2C, 3
17 |Baphuong | . 3 Cy | E 2G5 1,28 6
18 |Ba phuong 3m Cs, E, 2C;, 3m, 6
19 |Ba phuong 32 D, E. 2C;. 3C, 6
20 |Ba phuong Im Dy | E 2Cy 3G, 1, 28, 3m, 12
21 |Sauphuong | g Cy | E 2G5 my. 28, 6
22 {Sdu phuong | 6 Ce |E.2C..2C,. G, 6
23 |Sduphuong | 6/m Cen | E.2C4 Gy 2C5. 1,285, 28, my, | 12
24 Sdu phuong | §m2 Dy, |E2C,3C, my3m,. S, 12
25 {Siu phuong | 6mm Ce, E, 2C,, 2C,. G, 3m’,, 3m™, 12
26 {Sduphuong | 622 D¢ | E 2C, 2C;, €y, 3C,, 3C7, 12

27 {Sdu phuong | 6/mmm Dgs, E, 2C,, 2C;, Cy, 3C', 3C7,, 1, 24
25¢. 253, my, 3m’, 3m™,

28 |Lap phuong | 23 T E, 8C;, 3C, 12
29 |Lap phuong | m3 T, |E.8Cs; 3C, 1 85 3m 24
30 |Lap phwong | 4 m3 T, | E.8C;, 3C, 6m, 65, 24
31 |Lap phuong | 432 O | E 8C;,3C,, 6C,, 6C, 24

32 |Lap phuong | m3m Op |E. 8Cs 3C,, 6C', 6C,, 1, 85, | 48
3m’, 6m”, 65,

1.1.3. Nh6m khong gian (Fedorov)

Chiing ta thdy ring phép tinh ti€n theo mot vecto mang @i nhu & cong thitc
(1-1) ciing 12 mot phép bi€n ddi d&i xitng. Nhimg phép tinh ti€n niy tao
thanh mot nhém goi 12 nhém tinh ti¢n, nhdm tinh ti€n ¢6 s6 phan tir v han.
Chiing ta c¢6 thé coi nhilng vectd co s& a;, 8,, 33 Ia nhilng vecto chuyén

ddi clia céc phép tinh tién co ban, ma moi phép tinh tién ndo khic cling déu
12 t6 hgp bac nhat clia cdc phép tinh tién co ban nay. Bai vay d6 16n, vi tri
tvong d8i clia cic vecto co s& hay 1 dang c¢ha 6 ¢o ban (tao thanh tr céc
vecto o s& nay) s& 14 ddc trung cho nhém tinh tién clia mang tinh thé. Ngudi
ta chimg minh rdng c6 thé c¢6 7 quan hé khdc nhau giita ba vecto co sd
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aj, 8y, @3 nghia 1A ¢6 7 loai ¢ cd bén khéc nhau. Nhimg mang tinh thé ¢6

ciu triic cung img v&i mét trong 7 trudng ho’p trén day thugc moét tinh he.
Tinh h¢ ¢6 tén got, thé hién dang 6 co ban va dugc bidu dién & bang 1-2.

" Bdng 1-2: B8y tinh hé co thé

ST Ten toh b che vecto st | gina cue veets
1 Ba nghiéng (triclinic) ay, &y, 3 a=fB=y
2 Mot nghiéng (moneclinic) ay, 4y, d; =B =90%y=90°
3 Thoi {orthorhombic) a,# ay # a; a=Bf=y=90°
4 Bén phuong (tetragonal) a, =a,#4, a=p=y=90"
5 Ba phuong (rhombohedral) a=a,=ay - a=p=y=90"
6 Sdu phuong (hexagonat) a, = ay, a, a=p=90%y =120°
7 Lap phuong (cubic) a) = ay = a=p=y=090

Néu chiing ta tinh tién cdc 6 co ban ndy theo céc vecto mang s& nhan duge
toin bé mang tinh thé. Trén hinh 1-3 biéu dién cdc 6 co ban thude bay tinh
h¢, trong d6 cdc 6 co bdn ky hiéu 1, 2, 3, 4, 5, 6, 7 thudc 7 tinh hé khic nhau
1a céc 6 nguyén thuy, trong cdc 6 nay chi c¢6 céc niit mang & dinh. Cic mang
tuong tng voi 7 0 nguyén thuy ndy .goi 12 cdc mang don gian. Tuy nhién
nhiing 6 co ban néi chung cé thé cé niit mang & ngoai céc dinh, nghia 12
khong phai 12 6 nguyén thuy, dé 1a cdc 6 co ban ky hitu 2a, 3a, 3b, 3c, 4a,
7a, 7b. T cdc 6 co ban clia céc mang don gidn c6 thé thém cdc mit mang
vao t4m clia hai ddy, vio tdm cdc mat bén hay vao tm ciia 6, khi d6 tuong
g ta duge cic 0 co ban méi goi 1a tam ddy, tam mit, tAm khdi trong ciing
tinh h¢ vdi 0 nguyén thuy xuat phat cha mang don gidn. Tuy nhién khong
phdi véi bdt cir mot & nguyén thuy ndo ta ciing ¢6 thé thém vao céc mit
mang. Sy thém cdc niit mang phai ddm bdo sao cho mang méi nhan duoge ¢
d6i xtmg khong thap hon (khong it phdn tir d6i xtimg hon) mang ban ddu v
véi moi cdch chon cdc vecto co s& khong thé nio dua 6 mang d6 vé 6 mang
da xét. Ngudi ta thdy ring hé ba nghiéng, h¢ ba phuong, hé sdu phuong
khong chdp nhan sy thém cdc nit mang. Hé mot nghiéng chi chdp nhan su
thém ndt mang (dm ddy, 46 14 mang mot nghi¢ng tam ddy & hinh 1-3-2a. He
b6n phuong chi chdp nhan sy thém ndt mang tdm khdi, d6 14 mang bén
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Chuong 1: Céu tric tinh thE

phuong tam khéi ¢ hinh 1-3-4a. Hé 1ap phuong chap nhan sy thém cée nit
mang tam Khoi vA tdm mat, d6 13 mang 1ap phuong tam khéi & hinh 1-3-7a,
mang 1ap phuong tdm mit & hinh 1-3-7b, Hé thoi chdp nhén su thém ca ba loai
niit mang va tao nén ca thiy bon 6 co bdn: mang thoi don gidgn & hinh 1-3-3,
mang thoi tam ddy & hinh 1-3-3a, mang thoi t&m khdi & hinh 1-3-3b va
mang thoi tam mat & hinh 1-3-3c. Két qua 1a ¢6 tat ca 14 loai 6 co ban thude
7 tinh he vdi cdc nhém tinh tién khic nhau. Nhitng mang tinh thé @ng v6i
cdc 6 cd bin trén goi 13 cdc mang Bravais. Trén hinh 1-3 bidu dién 14 6 co
ban chia céc mang Bravais, trong d6 ¢6 7 6 nguyén thuy va 7 6 khong phai 1a
0 nguyén thuy.

Cling iing v&i mot dang 6 co ban (mét mang Bravais) tuy thudc vao nhém doi
Ximg ciia nhém nguyén tl x&p vao niit mang (géc mang) mang tinh thé ¢4 thé
¢6 nhém diém khéc nhau, 32 nhém diém ¢6 thé da duge chira & bang 1-1.

Nhu vay, khi chi dé ¥ dén phép quay va phén chiéu ta duge 32 1dp tinh thé
(Ung véi 32 nhém diém), khi chi dé § d&n cdc phép tinh ti€n nguyén (tinh
tién theo vecto mang # =njd; + 8, +njd3 véi ny, n,, n3 12 nhing s6
nguyén) ta duge 7 tinh hé¢ gém 14 mang Bravais. Gilta cdc mang Bravais va
¢éc nhém didm c6 sy tuong tng nhu da chi ra trén bang 1-1. Khi déng thoi
dé ¢ dén tat ca cdc phan tr nhém diém, nhém tmh tién va phdi hgp giita
ching véi nhau ta duge nhém déi xing ddy di hon ciia tinh thé goi 13 nhém
khong gian tinh thé hay nhém Fedorov. Mi nhém khéng gian tuong ng véi
mot loai mang Bravais vA mot Idp tinh thé x4c dinh. Nhwmg nguoc lai, biét
mang Bravais v nhém diém chua di d€ xdc dinh nhém khong gian. Moi
phép bién ddi ddi xting chia nhém khong gian déu c6 thé biéu dién dudi dang
tich clia mot phép quay va phép tinh tién, Phép quay hiéu theo nghia rong
bao gém phép quay thong thudmg va céc phép quay két hop phép phin chiéu.
Phép tinh ti€n & day néi chung 13 phép tinh tién khong nguyén. Trong nhém
khong gian tinh thé c6 nhiing phép bién ddi d6i ximg ma dén bay gid chua
xét dén. D6 12 nhitng phép bién ddi déi xiing lién quan dén truc xodn dc (vira
quay vita tinh ti€n) va lién quan dén mat trugt (vliia phén chi€u vira tinh
tién). Tinh th€ ¢6 truc xodn 6¢ bac K khi quay xung quanh truc d6é mdt géc
o = 2/K va ti€p theo tinh tién song song vdi truc d6 mot doan bing (am/k)
s& tu tring v&i n, a la chu ky tinh thé theo phuong cila tryc, theo chiéu quay
ta ¢6 truc xodn Oc phéi hodc trdi. Cling nhu truc quay thong thudng, truc xodn
dc ciing chi ¢6 bac K = 1, 2, 3, 4, 6 va phdn tir d6i ximg duge ky hiéu 1a K,
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(2a)
(3a) (3b)
(4a)
i :
l_ .1..._..:-"’
@ (7a)

(3c)

L
*

(7b)

Hinh 1-3: G ca bén cia 14 mang Bravais.
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Bang 1-3_Danh sach 230 nhom khéng gian

Ba Pma2 Pben  [P422  |[42m  [P3,12  [Péec 1432

nghiéng | pcy2, |Pbea P4,22  |[4og |P3:21 |P6sem  pF3m

Pl Pnc2 |[Pmna  P4,2,2 |[P4/mmm P32 P6;mc  [F43m

PT Pmn2, [Cmcm [P4,22 [P4/mee P3ml P6m2 ([143m

Mot Pba2 [Cmca P4,2,2 |P4/nbm |P31m P62 P43n

nghiéng | Pna2, Cmmm P4,22 Pd/nnc  [P3cl

P2 Pnn2 Ceem P4;2,2  |P4/fmbm |P3lc P62m |[Fd3c

P2, Cmm2 [Cmma |[422 P4/mnc  |[P3m P62c |143d

C2 Cme2, |Ccca 4,22 |P4/nmm P3c P&fmmm  {Pm3m

Pm Cec2 Fmmm (P4dmm {Pd/nce |P3dm  |P6Mmcem  |Pn3n

Pc Cmm2 |Fddd  [P4bm  |[Pdymmec [P3dc  [Péymem [Pm3n

Cm Cbm2 |Immm [Phem  Pymem P3md  |[Poymme |Pnlm

Ch Cma2  |Ibam Pd,nn  [Pdy/nbe [P3cg  |Lap Fm3m
Pdynm iphuong  |Fm3c

P2/m Cba2 Ibca Pdcc Pdofmbc 3 P23 Fd3m

P2,/m |[Fmm2 [lmma |P4nc Pdjmnm P3¢ F23 Fd3c

C2/m Fdd2 l_ig_l! P42mc P4,/nmc Sau 123 Im3m

P2/b Imm2  phuong ipshc  |P4,mem [RhUONE P23 Ia3d

P2,/b Iba2 P4 I4mm I4/mmm {P6 12,3

C2b Ima?2 P4, l4cm I4/mem  |P6, Pm3

Thoi Pmmm  |P4, Mymd [4/amd |P6s Pn3

P222 Pann P4, 14,ca 14)facd  |P6, Im3

p222, [Pecm |14 P42m B_::mm x; Fd3

P222 [Pban  |I4, Pd2c [P3 P6 Fm3

P2,22, [Pmma |P4  P42m P3;  [P6/m  Pa3

€222, Pnma |14 P42, [P3; P6ym  [la3

C222 {Pmna {P4/m  P4m |P23 P622  1P432

F222 |Pcca  [P4ym  P4c2  |P3 P6,22  [P4,32

1222 Pbam  |Pd/n P4bp2 P23 P6s22  [F432

12,22, [Peen  [Payn [PAa2  [P312 P622  [F4,32

Pmm2 |Pbem  [I4/m  |P4m2 |P321  |P6,22  [1432

Pmc2, |[Poom  [l4/a  [P4c2 [P312 [P6;22  P4y32

Pcc? Pmmn [P422 142m  |P3,21 Pomm  |P4,32
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Tinh thé ¢6 mat trugt khi thuc hi¢n phép phan chiéu guong qua mat d6 tiép
theo tinh tién di mot doan béng ¢/2 va song song voi mét phuong trong mat
truot s€ ar triing véi nG, c 1a chu ky tinh thé theo phuong truot néi trén. Nhiing
mat trugt tuong img véi nhimg mat guong xde dinh chia nhém xuat phit, bdi
vay thay vao chit m ky hiéu céc mat guong d6 ta diung a, b, ¢ cho cdc trudmg
hop khi cac vecto trugt 1dn Tugt huéng theo a, b, ¢. Khi vecto truot huéng theo
cdc duong chéo clia mit bén ca 6 co ban thi dung chit n dé ky hiéu mat truce,
khi vecto trugt huéng theo phuong (8 £25 +4d3) ‘¢hi diing chit d. Loai mét
truot ky hieu d con goi 12 mat truot kim cuong. Ngudi ta da chimg minh ring
¢6 tat ca 230 nhém khéng gian tinh thé, nhém khong gian 14 nhém ¢6 s6 phdn
tir vo han. M8i cdu triic tinh thé img v6i mot nhém khong gian nhét dinh, boi
vay chi ¢6 the ¢6 ¢ thay 230 c4u tric tinh thé khéc nhau.

Bang 1-3 trinh bay danh sdch 230 nhém khong gian phan theo by tinh he
trong d6 cdc ky hiéu quoc & clia cdc nhém duoc xay dung theo quy tic sau
day. Trudc hét ding cic chit P, C, 1, F d€ l4n lugt chi loai 6 mang Bravais 13
don gidn (P), tam ddy (C), tam khéi (I) hay tam mat (F). Tiép theo la ky hiéu
ciia nhém di¢m tuong img. Trong trudng hop c6 truc xodn 6c K., vd mat
trugt (a, b, ¢, n, d) phii thém vao dé k¥ hién twang dng cia cdc phén tir ddi
xtng méi ndy. Néu truc xodn 6c twong tng v6i truc quay cha nhém diém
twong ing thi chi viéc thém chi s6 m vao ky higu clia truc quay cua nhém
diém, Vi du: P65 1a nhém khong gian ¢6 truc bac 6 xodn &c véi doan trugt
bing 5/6 chu ky mang theo tryc dé, 6 mang Bravais 13 don gidn,

1.1.4. Chi 56 Miller
D€ ky higu cdc mat mang va phuong mang ngudi ta ding cdc chi s6 Miller
dugc xdc dinh theo cdc bude sau:

1. Chon hé truc toa dé cing véi ba vecto co s& ay, gy, d3v6i don vi la

do 16n clia ba vecto dé (ay, a,, a;).
2. Xidc dinh ba giao diém (M, N, P) cha mat mang véi ba truc toa do.
3. Xac dinh cdc doan thing tir géc toa d6 dén céc giao di€m theo don vi
- trén ¢éc truc (OM = ma;, ON =na,, OP = pasy).
4. Tim ba s& nguyén h, k, | sao che:
m’n E

khi d6 (h, k, 1) 1a chi s6 Miller clia mat mang,
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Vi du: Trén hinh 1-4 mat mang <6 ba giao di€ém véi truc toa do cho tam = 2,
n=3,p=2.Viytaco

1 11t 11 1
—.—_—;—:—;—:— Va
m 2n 3p 2
1 1
1 —i = =323
m n p %
Két qua chi s& Miller clia mdt mang Ia
(3,2,3). X
. wa . ) Hinh 1-4: Gidi thich céch tim chi s6 Miller
Chi s6 Miller cua mét phuong mang cfia mat mang.

duge xac dinh nhu sau:
1. Chon vectg mang ngén nhét theo phuong dé
Ay, v, w)=ud; +vi, + was
2. Chi s6 Miller ctia phuong mang 1a [u, v, w].

D&i voi cdc mang trong tinh hé lap phuong, truc toa do truc giao ta thdy
phuong mang vuong géc v6i mat mang duge k¥ hiéu (h, k, 1) ¢6 chi 56 miller
12 [h.k,1]. Phuong phdp k¢ hiéu ding ba chi s6 Miller trén day rdt thuan tién va
c6 thé ding cho moi he tinh thé. Tuy nhién riéng d6i véi he sdu phuong nguoi
ta hay ding cdch ky hiéu bdn chi s6 che cdc mat mang, goi 1a cdc chi so
Miller - Bravais. P& xay dumg hé ky hi¢u bdn chi s6 cho mang sdu phuong ta
diing 4 truc toa do OX,, 0X,, OX; va OZ nhu biéu dién & hinh 1-5. Cich tim
cdc chi s6 clia mat mang ciing giong nhu
da trinh bay trén day va nhin duge cic
chi s6 mat mang dang (h, X, t, ). Néu ta =g (1101)
ding ba truc toa dé x;, X, v z d€ tim ba ion
chi 8 miller, v du (b, k’, I’} khi d6 mdi D . \,;J

T {131
lien hé giia hai hé ky hiéu sé 1a: v ol 5; 1
23N ¥ ﬁ"r’;'

1
LY
1

D o i Y
h—3(2h 'k) 3\}/%;')(1
k=1 @K -m) %
t=-(h+k) Hinh 1-5: Gidi thich chi s& Miller vé chi s8

l P Miller - Bravais doi vai hé sau phuang.
=n

trong d6 n 1 thira s6 chung ¢6 thé wdc luge.
Vi du: Mat (1 T01) (hé 4 chi s6) trong h¢ ba chi s ¢6 ky higu la (1 1n.
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1.1.5. Pinh luat nhiéu xa Vulf-Bragg

Chung ta bi€t réing cdc nguyén tir trong tinh thé sip x€p mot cdch c6 trat tu
tudn hoan, khodng céch giita céc nguyén tir ¢& vai A nghia 12 ¢& buse séng
cha tia X, cta tia dién tir. Chinh vi vay tinh thé chét rén c6 thé déng vai trd
nhu mot cdch tl nhiéu xa d6i véi tia X va tia dien tir. Mat khdc hién tugng
nhicu xa tia X va nhidu xa dién tir duge sir dung lam phuong phdp nghien
cliu cau tric cla chat rdn,

Chiing ta tim diéu kién nhiéu xa tia X theo Laue, bang cdch xét sy tdn xa
tia X trén hai nguyén tlt & diém O v A céch nhau mot vecto co s§ &) nhu
0 hinh 1-6. Gi4 s tia t6i lan truyén theo huéng vecto m (v6i m =1) tir céc
di€m IK nam trén mat séng déng pha va bi tdn xa bdi hai nguyén tir theo
moi phuong. Xét tia tén xa v& phia céc diém RS theo huéng xéc dinh béi
vecte m' (vé6i m’ = 1), trong dé
IAR va KOS tiang cutng lan nhau
do giao thoa, nghia 1a ddp ing diéu
kign giao thoa. Diéu kién d6 trong
vi du & hinh 1-6 la:

BO+0OC=g\
trong d6 g, 12 mot s§ nguyen
ba‘t k)\’ - E ] - - . » -
Néu biéu dign BO va OC dudi Hinh 1-8: Tan xa tia X trén tinh th&.

dang tich hai vectd ta ¢6 diéu kién
giao thoa dudi dang:

—am +am = EI(E'- 5) =g\
Trong mang tinh thé ba chiéu, diéu kién giao thoa s& Ia:
am'-m) = giA
az(m'-m) = gsh
ay(m-m) = g\ (1-2)
trong d6 g; 1a cdc s6 nguyén. Chiing ta goi vecto séng ciia tia t6i 1a K, vecto
s6ng cla tia tan xa 13 K', nghia 1a

K=22m. ¥ - _2%171. (1-3)
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Bay gi0 chiing ta dua ra mot khdi niém - vecto mang dao b, sao cho:
b.a; =2mg,; b.4dy=2ng,; b.d3=2ng, (1-4)
C6 thé chiimg minh ring vecto mang ddo b ¢6 dang:
b =g, br +g,b; +g:bs (1-5)

trong dé Bl . 52, 53 12 ba vecto co 56 cha mang dio d6, duge xde dinh tir ba
vecto ¢ s¢ cha mang tinh thé (mang thuén) theo cdc nguyén tic sau:

b = %‘0* {ap xd3]

by = 5—:{33 xay]

by= 2% 3, xd,] (1-6)
0

trong d6 V, = (anfazx 53]) 1a thé tich 6 nguyén thuy cha mang tinh thé.
Sit dung céc biéu thiic (1-4) (1-5), tir diéu kién giao thoa (1-2) ta ¢cé;

22 (Fi* - ®).4) = 2ng,
%LE(EH m).a)=2ng,
P R

2n

b= T(ﬁ’-ﬁ)haylé

va it ra dugc:

Vay diéu kién giao thoa Laue ¢6 thé viét dudi dang:
K'-K=5b hay K’=K +b

Vi K'=Ksuyra(K’)*=K?=(K + b)?

Két qua la:

— _—

(K")P=52+K2+2b.X)

hay 1 552+ 5.K =0 (1-7)
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Nhu vay diéu kién giao thoa theo Laue cudi cing c6 thé biéu dién bing méi
quan hé¢ gilta vecto song K cia tia X va vecto mang dao duge dinh nghia
bang (1-5) va (1-6). Tir cdc vecto co s& clia mang ddo duge dinh nghia bang
(1-6) ta c6 thé x4y dung & nguyén thuy ciia mang dao va toan bo mang dao
nhur mot khdi niém todn hoc lién quan dén mang tinh thé,
C6 thé chimg minh dugce ring vecto mang ddo
b =g by +g,by +8,b;
vuong gdc v&i mit mang ¢h, k, 1)
néu:
g :8:23=h:k:l

Néu k¥ hién khoang cdch giira hai
mit mang gin nhit trong ho mat
song song ¢h, k, 1) 1ad,, thitacd:

2n
Bhyi
trong dd by 1a 46 l6n cla vecty
mang dao

Ahyt =

- - — - Hinkh 1-7; Bidu cién didu kign nhidu xa Laue béng
b =hb; +kbjy +1b; hinh hoc trong khtng gian mang ddo.

Chiing ta ¢6 thé biéu dién diéu kién nhiéu xa Laue bang hinh hoc trong
khong gian mang ddo. Dé don gidn ta thé hién diéu nay trong mang hai chiéu
trinh bay & hinh 1-7 theo cdc budc sau:

1- Dung mang dao ing v6i mang tinh thé. Trong mang ddo d6 chon mot
niit mang dio O bat ky va v& vecto K.
2- Tir diém ddu ciia vetg K (didm R) v& mot mat cdu (& day 1a dudng trdn)

bén kinh bing K ==X day 12 mjt cdu Ewald,

3- Tim nhitng ndt mang dio nim trén mat cdu, vi du diém $ trén hinh 1-7.
Vecto RS = K* Ja vecto séng cla tia tdn xa phl hgp diéu kién giao
thoa. Vecto OS bing b 13 mot vecto mang dio ddp tmg diéu kién

K'=K +b
Nhu vay ding hinh cdu Ewald trong khong gian mang déo ¢ thé xdc dinh
hwéng cla cic cuc dai giao thoa.
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Diéu ki¢n Lane cing c6 thé biéu dién bing cach khic sau day: Dimg mot

mat phing trung true ctia b = OS (trén hinh (1-7) ta dutmg thing PQ). Mat
phéng vudng géc véi vecto mang dao

b =gb +gby +g:b3
chinh la mét mang c6 chi s6 Miller (h, k, 1) lién he v6i g, g,, g; theo hé thitc:
hik:l=g g8
Goi m 1a thira s8 chung cla g,, g,, g5 ta ¢é:

b=Ibl=mby,
Khi d6 khoang cdch ngén nhat gitta cdc mat gén nhau trong ho mat (h, k, 1) 1a:
d=d 2n - . 2L 2n
b= b

Xét tam gidc ORS trén hinh (1-7), goi gée @ 12 6, ta cd
O5=2RSsin@ hay b=2Ksind= 2( ) sinB

b=2r" = 2( L ysind

K&t qud cudi cling ta ¢é
2dsin® = mi

trong d6 m 12 mot s6 nguyén. Pay chinh 13 cong thite Vulf-Bragg biéu dién
diéu kién phin xa tia X,

1.1.6. Mang dao va ving Brillouin

Dé nghién citu hién tugng nhiéu Xa tia X cling nhir sy lan truyén cha cic loai
song (séng dién tir, song co hoc, séng dign tl) trong tinh thé ngudi ta dua ra
khdi niém mang ddo. Theo d6 m6i mang tinh thé (mang thuén) véi céc vectd

cosy a, @, a,gin lién véi mot mang dio c6 cdc vectd co s& b I b2, b3
duge xdc dinh béi cdc cong thiic (1-6).

b = —[32*53]
) = %,—n[az,x‘dl]
By = %[aleiz] (1-9)
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trong d6 V, = (a.[a2xa3]) bing thé tich 6 nguyén thuy cha tinh thé. Ba
vecto ¢o s& mang dio by, br, b3 tao nén 6 nguyén thuy clia mang dao.
“Thé tich” & nguyén thuy clia mang dio cfing dugc tinh theo cong thiic:

Vs = (bu[b2 < bs]) (1-10)
Trong mang ddo ta cling xdc dinh dugc cdc vects mang dao

b =g|51 +g252 +8353

Néu ta “tinh tién” 6 nguyén thuy theo cde vecto mang dio b, ta nhan duge
cd mang ddo. Mang dao 1a mét khdi niém todn hoc duge dung nén trong
khong gian ddo nhumg né ciing 1a nhitng mang Bravais va phu thugc vao tinh
hé cia mang thuan.
Ta c6 thé chitng minh dugc cdc két luin sau day:

- Mang lap phuong don gidn c¢6 mang dao ciing 1a mang 1ap phuong don gian.

- Mang 1ap phuong tam mét ¢6 mang dao 1a mang lap phuong tam khoi.

- Mang sdu phuong (luc gidc) c6 mang dao cling 13 mang sdu phuong.
Vi mang dio ciing fa nhimg mang Bravais cho nén né ¢6 thé duge mo ta
bang 6 nguyén thuy hoic ¢ co ban khong phai 1a 6 nguyén thuy, hing s
mang trong trudng hgp nay phu thudc vao hing s6 mang thuin. Bay gid
ching ta nghién ctu mdt khdi niém khéc duge xdc dinh trong mang dao c6
lién quan dén sy lan truyén cdc loai séng trong mang tinh thé, nhu mot moi
trudmg ¢ cdu triic tudn hoan,
Gia sir chiing ta xét dao déng co hoc trong mét mang tinh thé ma cdc mit
mang thit i duge xdc dinh bgi vecto:

ni=Ri=n|i5]+n2i52+n3ia3 (l-ll)
trong d6 n,;, ny;, ny; 12 nhéng s6 nguyén, a;, a;, a3 1a ba vecto co sd va gia
thiét m6i ndt mang chi ¢6 mdt nguyén tir. Khi d6 dao dong clia mang tinh
thé tai nguyén tir thit i s& ¢6 dang:

U; = AgexpilK.R; - o] (1-12)

trong d6 K 13 vecto séng, oy 12 tdn s& géc cha séng, & day ching ta bd qua
cdc dang phan cyc khdc nhau clia dao déng. Bay gid néu thém vio K mot
vecto b thi ta cé mot ham séng m&
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Ui = KKexpi[(T(.-i-Ej.f{- ;- @gt]

T

Tuy nhién ham séng méi U; s€ triing hoan toan véi him séng ﬁi b (1-12)
néu vecto b thod man diéu kién
expi(b.R ) =1 (1-13)

Piéu kién (1-13) thod man khi b.R ; = 2ng, trong d4 g 14 mot 86 nguyeén, Tir
(1-11) ta thdy dé thoa man (1-13) vecto b phai c6 dang
B =g|51 +g252 +g353

v&i g 1A nhitng s6 nguyén va by, 52, b3 12 ba vecto co s& cha mang dao,
vay b chinh Ia vecto mang dao. Nhu vay, do tinh tudn hodn clia mang tinh
thé, cdc vecto séng K bién thién trong khong gian mang dio va hai vecto
song K sai khdc nhau mot vecto mang dio b (nghia la K va K+b) sé cho
hai ham séng triing nhau. D€ chi ¢ nhimg ham s6ng doc 1ap ma thoi, ta phai
gi6i han khu vic bién thién cha vecto séng K. Khu vuce chi “chita” nhitng

vecty séng K ddc trung cho nhimg ham séng doc lap dé gqi' la ving
Brillouin. Tir didu kién Laue (1-7) ta c¢6 thé viét:

trong dé K 13 vecto séng, b 12 vecto mang ddo. Néu tir goc mang ddo O vé
mét vecto mang ddo b nhu & hinh 1-8, chiing ta s€ thay ring nhimg vecto
séng K v& tir g6c mang dio va c6 diém cubi
nim trén mat trung truc cta vectd mang dio
b s& thod man diéu kién Lave

[ — —_ 0 ¥ —
K.b =18 ! b
2 i
Nhu vay nhilg séng c¢6 vecto séng K VEtr  Hinh 1-8: Vecto K thod man
gdc mang dao va két thiic trén mat trung tryc diéu kign Lave.

s€ phan xa Bragg trd lai. Mat trung tryc cla
vecto mang déo tao thanh bd cia ving Brillouin thit nhat. Bé qua nhitng
chiing minh chinh xdc cd thé gidi thiéu dudi day cach dung ving Brillouin
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clia mot mang vuong hai chiéu véi mang ddo twong ing ciing | mot mang
vuong biéu dién & hinh 1-9,

- .\ - L]
N /

- Chon mot nit mang dao lam géc O;

- Dung cdc vecto mang dao xuft phit tir O
1an lugt tir ngén nhét, ngin thit hai...

- V& cdc mit trung truc (trong hinh 1-9 13
dutmg trung tryc) clia cdc vecto mang dao
da vé;

- Chon khdi da dién (trong hinh 1-9 14 da
gidc) nhd nhét tao bdi cdc mat trung tnic
bao quanh goc O. D6 chinh 1a ving
Brillouin thut nh&t (trén hinh 1-9 13 hinh
vudng nho nhit). Hinh 1-9: Céch dyng ving Britlouin
- Chon khéi da dién ti€p theo bao quanh

g6c O, trix di viing Brillouin thit nhat ta ¢6 viing Brillouin thit 2 (trén hinh 1-9
phidn gach gach la ving Brillouin thif 2);

- Tiép tyc nhu viy ta dyng ving Brillouin bdc 3, bac 4... Cdc ving
Brillouin bac khic nhau ¢6 “thé tich” nhu nhau (trén hinh & “dién tich”
nhu nhau),

Céc vung Brillouin ¢6 nhimg tinh chét sau:
- Céc viing Brillounin cdc bac khéc nhau ¢6 ciing mot “th€ tich” v3 bing “thé
tich” 0 nguyén thuy clia mang déo:

V, = (Bufbaxba)
- Vi gilta mang ddo v mang thudn c6 mot quan hé 13: mang ddo c¢ha mang
dao cha mot mang Bravais ndo d6 chinh 12 mang Bravais da cho, cho nén
gitta “thé tich™ clia 6 nguyén thuy cta mang dao V; va thé tich 6 nguyen
thuy clia mang thuan V, = (51. [azx 53]) cd mot hé thite:

VoV, = (2n)° (1-14)

- C4c vung Brillouin ¢6 tinh déi xiing phu thudc vao d6i xiing cta tinh thé.
Ving Brillouin luon ¢6 tdm d6i xing. Chiing ta ¢6 thé ching minh duge
nhimg ké&t luin sau:

- Vung Brillouin thir nhat ciia mang 13p phuong don gian 12 mot khéi lap
phurong ¢6 canh bang 2n/a, v6i a 13 hing s6 mang ciia tinh thé,
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- Ving Brillouin tha
nhat cua mang lap
phuong tdm mit 14 mot
khéi da dién ¢6 14 mat,
bidu dién hinh 1-10a,
trong do cd 8 mat iuc
gidc va 6 mit vuong.

- Ving Brillouin thit

b} nhat cla mang sdu
Hinh 1-10: Ving Brifiouin thit | clta mang {8p phuong &m phucm_g’ la mot kh_ffl tru
mal a) vé cia mang séu phifong b). luc gidc bidu dién 6

hinh }-10b.

1.2. LIEN KET TRONG TINH THE

Nhu da néi ¢ trén, mdi niit mang tinh thé c6 thé gin vio mot nguyén tlr, mot
phin tir hay 1a mét nhém cdc hat dé. Nhimg luc lién két khdc nhau di gii
cdc nguyen tir § nhimg khodng cdch xdc dinh tao ra tinh thé, Dudi day s& xét
nhiing nét chinh clia loai lién két d6 dé di dén mot sy phan loai tinh thé
theo dac diém héa 1y khdc v6i vigc phan loai theo tinh d6i xing cita cfu
tridc tinh thé,

1.2.1. Lién két ion

Chiing ta biét rang cdc nguyén tir cla cdc nguyén 16 gin khi tro trong bang
tudn hoan c6 xu huéng nhudng hodc thu thém dién tlr, cde xu huéng dé duge
dénh gid bang d9 am dién (cho dién tin vi do duong dién (thu dien th).

Vi du: nguyén tit kim loai kiém (ding sau khi tro) c6 xu huéng cho dién v
dé try thanh ion duong, cdn nguyén tir halogen (démg truée khi tro) ¢é xu
huéng thu di¢n tir d€ trés thanh jon 4m. M6i lién két gitra hai nguyén tir loai
ndy dugc hinh thanh nh& Iuc tuong tic Coulomb
gitta hai ion trdi dan duge goi 1a lign két ion, Tinh
thé duge tao thinh nhd lién két ion goi 14 tinh thé
ion, vi du NaCl,

Ngudi ta goi s6 phdi vi 12 s6 nguyén tr (hay ion)
gan nhit d6i véi mot nguyeén tir; tinh thé NaCl ¢6
cu tric 14p phuong tam mat v§i goéc 14 hai nguyén
tr Na v Cl (nhu & hinh 1-11) ¢6 s6 ph6i vi bang a

6, nghia 1a mét nguyén tir duge bao boc bdi 6  Hinh 1-11: Tinh thé NaCl.
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nguyén tir gin nhédt khdc loai vi céch nguyén tit d6 mot doan bing a/2 trong
déala hang sG mang. Cau tric nay lam cho lye hiit gilta cdc ion trdi dau 16n
hon hue day giifa cdc 1on cung dau. Gifia hai jon trdi dau ¢6 Iyc hat tinh dién,
nhumg vi ching ¢ ban kinh xdc dinh nén khi khoang cich giira ching qué
nhd chiing con ¢6 luc ddy do tuong tic cla 16p vé dién tlr. Ngudi ta biéu dién
the nang tuong tde gilta hai ion trdi d4u bang biéu thic:
2
= q
U, =Aexp(-R/p) IR (1-15)

0
trong d6 p, A 1 cdc thong s6, R 1a khodng cdch giita hai ion, g, 14 hing s6
dién modi cda chin khOng Trong (1-15) s6 hang thit nhat do lyc ddy giita hai

ion sinh ra, né ¢ gid tri 16n khi R nhd, s& hang thit hai do lyc hit sinh ra, c6
gid tri Idn khi R nha.

Bay gidy chiing ta s& tinh nang lugng tuong téc cla tinh thé gém 2N nguyén tr:
2
=NU. = _R|_ 97
Uiz =NU, N[z)uexp( p] a4n£0R
trong d6 z 1a s@ phéi vi, oo 12 hdng s6 Madelung, y nghia clia o« s& néi sau.
Tai khoang cach giita hai nguyén tir can béng R, ta c6:

I (1-16)

R [R, "0
cho nén:
dU; NZi Nag?
NE— o exp( R/p)+4naoR2_0 (1-17
hay la:
Riexp(-R,/p)=paq’/(4ne,zA) (1-18)

Tir (1-18) néu biét p, A ta ¢d thé xdc dinh R,. Nang lugng lién két clia tinh
thé€ gém 2N ion véi khodng cdch trung binh R, s& la: :

2
nEgR,

Gia tri cia p duge dénh gid gdn diing bang 0,1R, nghia 14 lyc ddy chi ding
ké & khoang cdch R rat nho.

,2:-—-

(1-p/Ry) (1-19)

Bay gid ching ta xét hing s¢ Madelung o trén mo hinh mang tinh thé ion
mot chiéu nhur & hinh 1-12.
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Chd § s¢ hang thit hai dic trung cho 3A 3A
tuong tdc tinh dién giita ¢dc ion trong A_BR_ ©®o0
biéu thic (1-16) ta 6 tir hinh 1-12: p — gt

R=2R R RaR

Tir day suy ra:

s
s

™
L
2R
Hinh 1-12: Mang tinh thé ion mét chidu.

P
A=
2R

u=2[1—l+

1_1 .
2+3 4+m (1-20)

Ung dung cong thie todn hoc:

-

oy X2 X3 x*
In(l+x) =x 5 + 3 7] +...
ta co: o =2In2 (1-21)

Trong thuc t€ o phy thude viio mang tinh thé, vi du:
a(NaCl) = 1,747565 (tinh thé lap phuong tam mat);
a(CsCl) = 1,762675 (tinh thé 1ap phuong don gidn);
a(Zn8S) = 1,6381 (tinh thé 14p phuong tam mat).
Bang 1-4 gi6i thigu gid tri nang lurong lién k&t ciia mot sa tink thé ion.
Badng 1-4: Nang iugng lién két cda mét 56 tinh thé ion

Tinhthé | N d”fki‘;‘;};{fn ’:5;' ket rianme | N ‘i"fki‘;ﬁfn '::';;’ ket
LiF 216400 MgF, 363700
NaF 193700 SF, 399600
CsCl 154000 Mel, 165600
NaCl 153100 AIF, 510000
CuCl 144400 AlCI, 308000
AgF 148500 FeCl, 234000

1.2.2. Lién két déng hod tri

Céc tinh thé nhu carbon (kim cuong), silic, germani... hgp thanh mot nhém
chét rin dic biet, trong d6 cde nguyén tit lién két v6i nhau bing mot hee dac
bi¢t goi 12 luc trao ddi khong thé gidi thich bing vat 1y ¢é dién. Luc trao d6i
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dugc hinh thanh nhd s “gdép chung” céc dién tir hod tri, vi viy dang lign két
nay dugc goi 1a 1ién k&t dong hod tri, hay lién két nguyén tir. Trong tinh thé
loai nay, méi nguyén tir 1a tam cha mot o dién déu cdu tao tir bon nguyén
tir cling loai c6 lién két déng hod tri véi nguyeén tir & tam, Nhu vay méi
nguyén tif duge lién két véi bén nguyén tir gdn nhat bing bén cap dien i
dung chung.

Chiing ta hdy xét tinh thé silic 1am vi du. Silic c6 cdu hinh dién i
15223221363323132. Nhu vay I6p ngoai cling véi s6 lugng tir chinh n = 3 chua
day, chi ¢6 4 dién tir, hai di¢n tlr & trang thdi 3s va 2 dién tr & trang thai 3p.
Chiing ta biét ring trang théi s 13 y, v6i mat do xdc sudt tim hat hpslz c6 dang
doi xing cdu, trong khi d6 cdc trang thdi p: Ypxr Wpys Wp, V01 mat 6 xdc sudt
tim hat prxlz, ILpp:,JZ,Iq,-mI2 ¢6 phan bd dang sd 8 can. Tuy nhién trong tinh thé
silic cic lién két hod tri gidhg heét nhau dinh huéng d6i xtmg chinh xdc véi
goc giffa hai hudng bat k¥ 1a 109°5. S& di nhir vy 12 do c6 su “lai hod™ gitta
cdc trang thdi s va céc trang théi p tao nén c4c trang thdi lai sp biéu dién
bing 16 hgp bac nhit dang:

trong dé: a =%; b?"'ciz"‘di;!:%-

Cac ham s6ng y; ndy “mo (3" bon dién tir hod tri cua silic.
D€ hién rd ban chit cha lien két déng
hod tri ching ta s& xét sy hinh thanh
lién két giira hai nguyén tir hydro trong
phan tit H,. Gia st ¢6 hai nguyén tir
hydro & cdch nhau mot khodng bang r,,,
nguyén tir A c6 hat nhdn a va dién tir 1,
nguyen tir B ¢6 hat nhan b va dién tlr 2
nhu & hinh 1-13. Hinh 1-13: M0 hinh phan o H,.

Khi khodng cdch gifra hai nguyen tir r,,
16n cdc ham séng cha timg dign tir y (1) va y,(2) khong che phi nhau, hai
nguyén tUr hein toan doc 14p; do d6 ning lugng cha hé hai nguyén tl bang
téng ning lugng cha hai nguyén tir 2E,. -

Khi r,, gidm, him séng ph 1&n nhau, r,, cang nhd d¢ che phii cang 1ém. Lic
nay x4dc sudt dién tir 1 tir nguyén tr A sang nguyén tit B va dién tr 2 tr
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nguyén tr B sang nguyén tr A cang lon. Trong trang thdi nay mdi dién tix
khong phdi chi thugc mot nguyén tl riéng ré ma ching déng thdi thuoc ca
hai nguyeén tr, tic 1a chiing dugc dua ra dé “diing chung”. Do ¢6 hiéu imng
gop chung dién tir ndy nén mat do dién tir & mién giita hai hat nhan tang lén.
Su tang mat do dién tk gitta hai hat nhan gay nén sy gidm nang luong cla he
va lam xudt hién lyc hit kéo hai hat nhan lai v6i nhau dé tao thanh lién ket
bén vimg. Gi&i bai todn hé hai nguyén tir v6i gia thist ham séng cla hé tudn
hoan theo nguyén ly khong thé phan biét cdc hat cling loai ¢ dang:
¥ =W (Dyy(2) + y,(2).p(1)

Tinh todn gén ding dua d€n nhilmg két qua sau day:

- Nang hrong cha hé phu thudc vao nang lugng tuong tic Coulomb va
nang lugng trao d6i giifa cdc hat, déng thii phu thuoc vio dinh hudng
tuong hé ca hai spin clia chiing.

- Trong trudng hogp spin dién tir nguoe nhau (d6i song song) nang lugng
cia hé gidm khi r,, gidm va dat t6i cye ti€u tai mot gid tri r, réi sau d6
tang lén. r, chinh 1A khodng céch gitta hai nguyén tir trong phan ti bén
vitng va gid tri nang lugng tai day chinh 13 nang luong lién két, nhu vay
hai dién tir “diing chung” trong lién két déng hod tri ¢6 spin nguge nhan.

Nang lugng lién ket trong c4c tinh thé nguyén ¢ (lien két déng hod tri)
thudng kha 16n. Bang 1-5 cho biét nang lugng lién két clia mot s6 tinh thé
nguyén tlt. Ngoai nhiing don chét, nhiéu tinh thé hop chét ciing 6 lien két
d6ng ho4 tri kiéu tf dién gilta cdc nguyén tir khic loai. Vi du cdc hop chdt
A"BY, cac hop chit A"BY' ¢6 cdu tric 1ap phuong tam mat gidng cdu tric
cua ZnS (goi 1a cdu tric gia k&m zinc-blend). Trén hinh 1-14 gidi thiéu cfu
tric kim cuong va cdu trnic ZnS (zinc-blend).

Bang 1-5: Nang lugng lién két cha mit s& chét co lién két déng hoa tri

O e Vol N o e
Ge 172000 ZnS 283000
Si 108000

C 286000

B 115000
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Hinh 1-14: C&u truc tinh thE Si (a) va ZnS {b).

Tuy nhién lién két gilta cdc nguyén ti khic loal trong cdc hgp chat nay
khéng phai [a lién két dong hod tri thudn tuy ma cé “pha” mot phin lién két
ion. Vi s& dién tr hod tri clia c¢d hai nguyén tir khdc loai 1a 8, nhung mot
nguyén tir ¢6 nhiéu dién tr hon nguyén wr kia. Khi dua ra cdc nguyén tr
ding chung thi mét nguyén tir trd thanh ion &m nguyén tir kia tré thanh ion
duong. Chiing ta s& tim hiéu sau van dé nay khi xét cdc ban din hop chit.
Dudi day chi gidi thién phin tram lién ket ion (ionicity) trong mot s6 tinh
thé ban din (xem bing 1-6).

Bdng 1-6: Phan tram lién két ion (jonicity) trong mdt 56 tinh thd béan din

Tinh thé % lién két ion Tinh thé % lién két ion
Ce 0 GaP 328
Si 0 InAs 35,9
C 0 InP 421
SiC 17,7 ZnS 62,3
GaSb 26,0 CdTe 67,5
GaAs 31,0 CdS 67.9

1.2.3, Lién két kim loai

Su tao thanh tinh thé kim loai 16 ring khong thé nao gidi thich dugc theo
quan diém lién két ion hogc lién két déng hod tri. Lién két ion chi xudt hién
gilta cdc nguyén tif cé tinh chat hoan todn khdc nhau vé& mat dién tir ho4 tri;
trong khi d¢ lien két déng hod tri khéng thé xudt hién gifta cdc nguyén tir ¢cé
nhiéu moi lién két v4i cdc nguyen it xung quanh ma chi ¢6 mot dién tlr hod
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tri. Ching han nguyén tr déng chi c6 mot dién tir hod tri, chi ¢ thé tao
thanh mot lien ket déng hod tri v6i mot nguyén tir déng khic. Trong tinh thé
mot nguyén tir dong lai ¢6 12 nguyén tir bao boc xung quanh. Vi viy trong
kim loai phai tdn tai mot loai lien k&t khdc, ngudi ta goi 1a lién két kim loai.
Ching ta biét trong nguyén tir kim loai céc dién t0 hod tri lién ket rdt y&u véi
céc ion. Khi tao thanh trang théi ran cdc nguyén tr kim loai phan bd rit gan
nhau, cdc dién tir hod tri cla ching ¢6 kha nang r61 bd nguyén tir ciia minh
va dich chuyén tu do trong toan khdi kim logi. K&t qua 1a ta ¢é mot phan bé
gdn nhir déng nhit cde dién tich am trong mang tinh thé, tao thanh mot thi
khi dién tlz. M&i lién két trong mang tinh thé kim loai duge hinh thanh do sy
tuong tac gitta ion duong véi chat khi dién 1 ndty. Cu thé la cc dign «r ndm
gilta cdc jon duong sé& kéo ching lai gdn nhau va 1am can bang luc day gilta
ching. Tir day chiing ta th&y ring lién k&t ion kim loai ¢6 nhiéu diém gén
giong tién két dong hod tri, vi du, co s& chung cla cd hai lién ket nay 14 sy
ding chung cdc dién tlr hoa tri. Tuy nhien trong lien k&t déng hod tri cic cip
dién tlr ding chung luén luon nim & khoang gitta hai nguyén tir canh nhau,
Con trong kim loai thi t4t cd cdc nguyén tir cia mang déu tham gia “gop
chung” cdc dién tir hod tri va cdc dién tr ndy khong dinh x1 tai nguyén wr
nio nhét dinh ma dich chuyén tr do trong mang. Nang lugng lién két cia
mot s6 kim loai trinh bay & bang 1-7.

Bdng 1-7: Nang luong lién két ciia mot 56 tinh thé kim loai

Tinh thé N dnfki:;ﬁiz I:;(j;: két Tinh thé Ndn?k:f;ﬂg,;; l:;f;;: ket

Na 25900 In 5200

Cs 18800 Pb 47500
Cu 81200 Ti 100000
Ag 6800 Fe 94000
Au 92000 Co 65000
Mg 36300 Ni 85000
Zn 24400 Pt 127000
Al 55000 Pd 110000
Ga 52000 Mo 160600
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1.2.4. Lién két Van Der Waals

Lién két Van Der Waals con goi 1a lién két thi cdp (secondary bonding) hay
lien ket vat 1y (physical bonding) thuomg rat y€u so vdi céc lién két hod hoc
dd néi dén trén day.

Lién ket thit c4p ton tai giita tdt ¢A cac nguyen tir, cdc phan ti trong tinh thé,
nhung vi y&€u nén né bi Iu md di trong céc tinh thé vdi cic loai lién két da
ndi & trén. Lién két thit c4p t6n tai gida cdc nguyén tir khi tro ¢6 ciu tric v
dién tlr bdo hoa dn dinh, t6n tai giira cdc phan t¥ ¢ lien két déng hoa tri béen
trong. Litc lign ket thit cdp 12 lyc tong tic gidta cdc ludng cuc dién (electric
dipole) chia nguyén tr hay cta phan tir gay nén.

Lutng cuc di¢n 1a c4c nguyén tit hodc phan tir co “trong tam” phéan bd dién
tich am va dién tich duong khong triing nhau. Su lién két sinh ra tir fuc trong
tac Coulomb giifa hai cuc khdc d4u chia hai ludng cuc canh nhau. Céc luing
cyc sinh ra c6 thé do hign twong cdm (g dién va goi 12 ludng cyc cam g
(induced dipole), c6 thé 1a cdc phan tl phan cuc sén (polar molecule) va goi
la cic ludng cyc co hitu (permanent dipole). Vi vay c6 thé c6 nhilg loai
twrong tic ludng cuc sau day:

- Tuong tdc ludng cuc cidm ng v&i nhau:

- Tuong tic giita ludng cyc cim ing va ludng cuc co hifu {phén phan cuc);

- Tuong tdc gitta céc hudng cyc co hitu {phan tir phan cuc) v6i nhau,

Trén co sO ba loai twong téc nay chiing ta xét céc loai lién két thit cap
sau day:

1. Lién két ludng cuc cdm ting

Mot ludng cyc duge sinh ra hay duge cam tng thanh tir mot nguyén tir hay
mot phén tir von khong bi phan cyc, nghia 1 c6 doi xing vé mat dién tich,
trong d6 su phan bg cla dién tir 13 d6i xtng tuong d6i véi dién tich duong
ctia hat nhan nhu & hinh 1-15a. '

........

a) b)
Hinh 1-15; a - Nguyén tit d5i xang; b - Luing cuc dien.
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Tuy nhién cic nguyén tir thudng xuyén dao dong va c6 thé rong mot thdi
khic nao d6 di xay ra mot sy bién dang cla hé d6i xing dién d6 va tao nén
mét ludng cue dién nhu biéu dién & hinh (1-15b). Mot trong nhimg ludng
cyc nhu vay c6 thé twong tic v6i nguyén tr déi xiing dién bén canh va lam
bién dang sy phan bd di¢n tich clia dién tlr nay bién né thanh ludng cuc dién
va tuong tac gilta hai ludng cuc gdy nén moi lien két ludng cyc gitta hai
nguyén tir.

Lién két ludng cuc ¢am (ing tao nén céc chat 16ng hay chit rin cha khi tro
hay cia mot s6 phén tlr d6i ximg dién nhu H,, Cl,. Nhiét d6 néng chdy va
nhiét do s6i clia chung rat thap, ning lwong lién két cla chiing 1a thap nhat.
Vi du d6i vdi Ar nang lugng lién két 14 1800 (kcal/kmol), d61 v6i Cl, ning
lugng lién két 12 7400 (kcal/kmol).

2. Lién két phdn tif phdn cuc - ludng cuc cam img

Ludng cyc co hitu thudng 12 cac phan tir cd sy bat d6i xing trong phan bé dién
tich &m va dién tich duong, d6 1a nhimg phan tir phan cye. Trén hinh 1-16a
biéu dién phan tir clohydric HCY, ludng cuc co hitu duge tao nén do dién tich
duong va dién tich am tuong ting lién quan dén hydro va clo trong phan tir
HCI. Nhitng phan tif phin cuc cé thé tuong tdc v6i phan tit khong phin cuc &
bén canh bién nd thanh mot ludng cyc cam ng, gay nén mdt fyc hit gilta
ching, tao ra lyc lién ké&t. Nang lugng lién két phan ti phan cyc véi ludng
cuc cam ting 1én hon nang legng lién két fudng cuc cam tng.

H: C THE H: C
&8 OB == @8
a) b)

Hinh 1-16 ; a- Phan t& phan cuc HCI;
b- Lién két hydro giGta cac phén tir phan cue HCIL

3. Lién keét hwing cuc co hitu

Luc Van Der Waals c6 thé ton tai giita hai phan tit phan cuc. Ning luong
lién két trong trudng hop ndy 16n hon rdt nhiéu so véi nang lugng lien két
ludng cuc cam (ng.
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Dang lién két manh nhét trong cic loai lien két tha cdp 1a lién két hydro
(hydrogen bonding), d6 12 trudng hep dac biét cia lién két ludng cuc co hit,
Dang lién két nay tdn tai giita cdc phén ti trong d6 hydro lién két dong hod
tri v6i cde nguyén tl khéc, vi du, véi flo trong HF, véi oxy trong H,0, v6i
nito trong NHs;. Trong méi lién két H-F, H-O, H-N dién tir duy nhét cna
hydro dugc duwa gép chung vi nguyén tir hydro try thanh cuc duong cia
ludng cuc. Cyc duong clia phan tr phan cuc nay sé tuong tac rit manh voi
cuc am cua phan t phan cyc bén canh, nhu bidu dién trén hinh (1-16b). Tix
day chiing ta thdy proton (hat nhan ctia hydro) déng vai trd cdu néi lin két
gilta hai nguyén tir tich dién am Cl. Nang lugng lien két hydro 1a lén nhat
trong cdc loat lien két thit cip, né ¢6 thé dat gia tri 12200 (kcal/kmol) d6i
v6i H,0, (8400 kcal/kmol) doi v6i NH,,

Ching ta nhin thdy ring nghién ¢iu c4c loai lien két cho phép phin loai tinh
thé theo dac diém hod 1y, khéc vdi viéc phan loai theo c4u tric. Tuy nhién
dac diém cia cdc loai lien két gitta cdc nguyén tir cling 1a mét yéu 18 quyst
dinh c8u trdc cha vat liéu. Chinh vi vay céc vat liéu bdn din cé thanh phén
hod hoc va tinh chit hod 1y twong tu thudng két tinh theo nhimg dang tinh
thé nhdt dinh. Chiing ta c6 thé dva ra duéi day nhimg dang ciu tic thudng
g4ap cua cdc vat liéu ban dén.

Cée nguyen 6 bdn din nhém IV nhu C, Si, Ge thudmg két tinh du6i dang lap
phuong tam mat v6i géc 1a 2 nguyén tir, kiéu kim cuong (diamond) dugc ky
hiéu biing chit D, nhu biéu dién & hinh 1-14a. Ngudi ta néi ring tinh thé kidu
kim cuong ¢6 cflu triic phdi tri 0f dién (tetrahedral coordination), nghia 1
mdi nguyén tir [a tam clia mot tt dien déu
cdu tao boi 4 nguyén tr gdn nhit nhu biéu
dién & hinh 1-17.

Cic hop chit A™BY va A"B"' ket tinh dudi
dang 1ap phuong tam mat véi géc 12 2 nguyén
tr (mot nguyén tr A™ vd mot nguyeén tr BY)
kiéu tinh thé gid kém (zinc-blend) duge ky
hiéu bing chit Z, nhu biéu dién & hinh 1-14b.
Tinh thé zinc-biend cling ¢é phdi tri t& dién  Hink 1-17: Phé 17 tr dién trong
trong dé mot nguyén tlr 1a tdm cla mot tink thé kim cuong.
dién déu cdu tao tir 4 nguyen tir khdc loai gdn nhit.

Mot s6 hop chat A"BY va A"BY' c6 thé két tinh dwdi dang sdu phuong
(hexagonal) ki€u wurtzite dugc ky hiéu 1a W v biéu din & hinh 1-18, trong
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d6 cong-tua v& bang dudmg diit nét 13 mot 6 co ban goi ta orthohexagonal véi
ba canh a,, b, ¢ vudng géc vdi nhau trong d6 a, =afl, b=a(a Ia canh luc
gidc) vi c=c (canh ding cua
kh&i luc gidc). Trong mot O co
ban nay c6 hai phan tr ZnS vdi
hai nguyén w Zn nam & toa do

(0,0,0) va (- 2 -—) (tinh theo don

vi clia cic truc a,, b, ¢ tuong ing
va hai nguyén tfx S ndm & toa do

(0,0,u) va (3 \3 £+u) trong dé

u= % M6bi nguyén tir Zn lién ket

vGi 4 nguyén tr S nam & 4 dinh
cia mot ti¥ dién, khodng cach
nguyén tir Z dén | nguyen ti S Hinh 1-18: Cau Inic Wurtzite ZnS.
bing uc, 3 khodng cach con lai 1a

172 23 _
nhur nhau vi bing [%a2+cz(u--]2-)1 . Ney L=24= §=l,6330 va

a 3
= % thi cac nguyén tir gdn nhat nim diing trén dinh cia af dién déu.

Cic hop chét ion dang A"B"' {vi du PbS, PbSe, PbTe) c6 cfu triic mudi NaCl
(mudi md rocksalt) thudng duge ky hiéu 13 R. D6 1a tinh thé dang lap phuong
tam mat v6i goc 1a mot phan tir NaCl, trong d6 mot n guyén tr (vi du Na) & toa
do (0, 0, 0) thi nguyén tir kia (vi du Cl) ndm & toa do a(~2— 5 5) nghia la tinh
thé rockcalt ¢6 thé duge xem 13 hai mang lap phuong tam mat, trong d6é mdi
nit mang ¢é 1 nguyén tr mdt loai, mang nay dich chuyén so v6i mang kia
theo mot nita dutmg chéo 14p phuong, nhu biéu dién & hinh 1-11,

1.3. SAL HONG TRONG TINH THE

Chiing ta d3 gia thuyét tinh thé 12 1y wedng, nghia 13 nguyén tlr duge sip
xép moét cdch tudn hoan, trat tu sdp x&€p la tuyet d6i hodn hao. Trén thyc
1€ tinh thé thuc 13 khong hoan hio mi né ¢é nhitng sai hong. Tuy thuodce
vao pham vi kich thudc sai héng chia ra lam: sai hong diém (point
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defects), sai hong dudng (linear defects), sai hong mat (interfacial defects)
vi sai hong khoi (bulk or volume defects).

1.3.1. Sai héng diém

Sai héng diém c6 pham vi mot vai 6 mang, P6 cé thé 12 nhitng niit khuyst
(vacancy) hay nhilng nguyén tir xen k& (self-interstitial); d6 ciing c6 thé 1a
nhifng nguyeén ti tap chdt (impurities). Nhiing nguyén tir tap chit cé thé thay
the vio chd clia cdc nguyén tlir chii (subtitutional impurity) hoac vao vi tri
xen ké giita cdc nguyén t chi (interstitial impurity).

Bai v6i niit khuyét va nguyén tlt xen k& cé thé ¢6 hai co ché hinh thanh.

1. Co ché Frenkel cho ring do thang gidng nhiét mot nguyén tir ¢ thé bi
bit ra khoi vi tri can bang va ddi dén mot vi ri méi giita nhimg nguyén tir
khéc nhu bi€u dién & hinh 1-19a. Bing cdch d6 hinh thanh mét nit khuyét v
mot nguyén nr xen k& S6
niit khuyét va s6 nguyén tr 988(9@@@ 0006 ’&9
xen ké theo co ché nay luon ® @ 161010 @
luén bing nhau. Tuy nhién ® OJOROJO)
ning lugng nhigt cin thict @@@(g@@@ ®®®®®®®

O@@
.
GHO
01010’
01010)
G)G)O

. ©, P R b)

dé sinh ra qud trinh na )

hud . q . Y Hinh 1-19: a- Co ché Frenkel hinh thanh nat khuyét va
thutng raat lém.‘ N vy mit nguyén i xen ké;

d¢ sai hdng diém Frenkel b- Ca ché Schotky hinh thanh nat khuyét.

thudmg nho.

2. Co ché Schotky gia thiét rdng mot nguyén tir & 16p ngodi mit do thiang
gidng nhiét hay va cham c6 thé b6c hoi hay di 1én trén bé mit, nim trong
trang théi hap phu (adsorbtion) va dé lai mot chd trong nhu biéu dién &
hinh 1-19b. Céc nguyén tir & phia trong ¢6 thé nhdy vao chd tréng d6 va tao
thinh mét nit khuyét & bén trong. Nang lugng cdn thigt dé hinh thanh nit

khuyét theo co ch€ nay thudng khong Ién (c& | eV) nén méat d9 nit khuyét
theo co ch€ Schotky c6 thé kha 1ém,

Néu goi E, 12 nang lugng cin thiét dé tao ra niit khuyét, hay 13 ning lugng
hoat hod (energy of activation) thi 1tng v6i nhigt d¢ T clia tinh thé mat d6 niit
khuyét s& tuan theo cong thitc Boltzmann:

N;N.exp(—%) (1-21)
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trong d6 N 1a téng vi trf c6 thé cla cdc nguyén tir, E, c6 gid tri cF eV, &
20°C (N,/N) bing c& 10"'*, & nhiét do 1100°C (N,/N) bing ¢& 107,

Ngudi ta ¢6 thé xdc dinh nang luong hoat hod E, bing cich nghién citu sy
gia tang di¢n trd sut do tdn xa dién tlr trén nat khuyet

Co ché Schotky chi tao ra nit khuyét vi vay su hinh thianh céc nguyén tir xen
k& thudng khoé khan hon hinh thanh nit khuyét.

1.3.2. Sai hong duromg

Sai hong dudng cé kich thude ngang ¢& mot vai 6 mang, con kich thude doc
c6 thé rdt 16n, tham chi bang kich thudc tinh thé. Sai hong dudng dic trung
nhét va thudng gap nhdt 12 léch mang (dislocation).

Léch mang duge hinh thanh ¢6 thé do tic dung cha {mg suét, bi€n dang hoic
do nhitmg c¢ ch& ket tinh trong chét rin. Léch mang ¢4 nhiéu loai, dusi day
chiing ta diém qua cdc loai dé.

1. Léch mang bién

Xét mét tinh thé ¢6 cfu tric 1ap phuong don gidn nhu & hinh 1-20a. Gia sit
tdc dung luc ddy (theo chiéu mii tén) d€ cho nira trén cha tinh thé truot di
mét doan bang chu k¥ mang, nhung sy trugt d6 chua truyén di khip mit
trugt ma chi gidi han trong khu vie AA’BB’ ma thai, Pudng AA’ chinh 12
bién gi6i ctta phdn

da bi tneot cia tinh ¢ te s e cen o
thé trong mit truet, W LB s 000 % 0600
Néu cét ngang tinh s b ":: : o
thé béng mot mat o . o :“:E,ﬁo .o o
mang vuong géc voi e 20 d0 ¢ 0 a0 e
dudng AA’, dang A B s &2 ¢ 0 8 & bg
i ¢ .
ciu tric mang trong e e s ene
mat ¢it dé duge bidu a) b)
dién & hinh 1-20b.  Hinh 1-20: a- Mot phan tinh thé bi trugt di mot chu ky mang;
Chiing ta thdy ring b- Céu tric mang trong mdt cét vudng goc vai AA”

tai diém a rén

dudmg AA’ xudt hién mot mat nguyén tir thira bi cut & a goi 13 mat phing dur.
Xung quanh a trong pham vi vai 6 mang, tinh thé bi bién dang. Nhu vay doc
theo AA’ c6 mot sai hong dudmg, d6 1a khu wyc bién clia mat phing du
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AA’CC’, ta goi sai hong dudng dé 1a léch mang bién (edge dislocation).
Dudmg AA’ 1 truc cia léch mang. Léch mang bién ¢6 mit phang du phia trén
got 12 léch mang duong va duge ky hiéu [a L, nhu biéu dién bing hinh 1-20,
cdn khi mat phiang du phia dudi goi 1a lech mang am vi ky hiéu 13 T. Khi
qud trinh trugt 1i€p tuc thi mar phang du ddi di theo phia trugt cho dén khi
AA’ dat t6i mat ngoai cua tinh thé va tao ra mot bac thang.

2. Léch mang xodn

Xét mot tinh thé bi bién dang nhu & hinh 1-21, mé6t phin tinh thé bi trirot
xuéng phia dudi va phdn bién dang d6 bi giéi han bdi dudng AA’. O day
phucng trugt song song vdi dudng AA’ khidc véi trudng hgp léch mang bién
phuong trugt vudng géc véi AA', O xa dudmg A
AA’, mang hoan toan khong bi bién dang. Khu Bﬁ

vuc bao quanh duong AA’ goi 14 léch mang !
xoin (screw dislocation). Néu di quanh léch

mang xodn theo cdc mat nguyén tir thi ta thu < ;.'F’,N

duge dudng xoan 6c. Tuy theo chiéu cha xodn g

dc khi di quanh tryc léch mang ta cG léch Hinh 1-21: Tinh thé bién dang
mang xodn phai va léch mang xodn trai, vai Rch meng xodn.

Dé dac trung cho léch mang ngudi ta dua ra khii niém vecto Burgers. D6 la
vectd dich chuyén tdng cong dat duge khi di theo mot dudng cong kin {cong -
tua) vdng quanh léch mang d6 trong viing hoan hio clia mang tinh thé.
Vecto Burges cua léch mang bién vudng gée vdi truc léch mang. Vectg
Burgers cta léch mang xo0an song song véi true léch mang. Ching ta ¢6 thé
chitng minh dugc rdng chi ¢d sai hdng dudng dang léch mang méi ¢6 vecto
Burgers khdc khong, céc dang khdc cia sai hong dudng (vi du mot chudi
nhing sai hong diém) déu c6 vects Burgers bang khong. Vecto Burgers ciia
léch mang 1a mot dai luong xdc dinh khong phu thuge vao cich chon cong-
tua, tir ddy ta thdy ring léch mang khong thé chiim dit tai mot diém & trong
tinh thé, vi nhu thé s& khong bao toan vectd Burger khi vugt qua diém chdm
dit d6. Léch mang do d6 chi c6 thé ¢6 clra ra & ngodi mat tinh thé, con trong
tinh thé né cé dang dudng khép kin.

Trong thue t€ 1éch mang thudng gap khong & dang léch mang bién hay xoén
thudn tuy ma la dang hén hop, ta goi d6 1a lech mang hén hgp. Trong tinh
thé, nhiing léch mang c6 thé tao nén nhimg cdu hinh rat phitc tap, goi 13 rimg
l¢ch mang, ludi lech mang.
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D¢ dénh gid s¢ 1éch mang hay mitc do sai hong do léch mang gy ra ngudi

ta dung mat do léch mang. Mat do léch mang p,_ duege dinh nghia bang ty sd

giffa téng chiéu dai cla t4t cd léch mang trong thé tich Y€ va thé tich tinh thé V:
zf

PLV

Nhur vay p, cé thit nguyén [m™}, trong thuc ¢ p_ coi nhu bing s6 cira ra cla
cic léch mang trén mot don vi dién tich cta mot mat cit qua tinh thé.

Nhitng don tinh thé hoan hdo ¢6 mat do lech mang khodng 10°cm™, nhimg
don tinh thé thong thudng ¢6 p, ¢& (10°+10%em™.

1.3.3. Sai hong khoi

Sai hong khai 14 nhiing 16 héng, khe nit, hat {n... c¢6 kich thude 16n theo ¢a
ba chiéu. Ngay nay, bing nhiing phuong phdp nuéi tinh thé va gia cong thich
hap 6 the loai triy nhiing sai hong nay. Vi vay trong c4c loai tinh thé hoan
héo nhu cdc tinh thé bdn din ngdy nay khong c6 sai hong khai.

BAI TAP CHUGNG I

(1-1) Mat do (khéi lugng riéng) ciia tinh thé NaCl bang 2,18.10° kg/m’.
Nguyén tlr lugng ciia Na 1a 23, cia Cl 12 35,46. Hay x4c dinh hing s& mang
cha NaCl.

(1-2) Xdc dinh s6 nguyeén tt trong mot 6 ¢o ban cla tinh thé sit két tinh
trong hé lap phuong. Hing s6 mang a = 2,27A, nguyén tit luong clia sat 12
55,84 khéi lwong riéng 7800kg/m’.

(1-3) Ching minh ring mang tinh thé khong ¢6 truc d6i xing bac 5 (nghia la
phép d&i ximg quay Cy, K = 5).

(1-4) Uhg dung cong thirc tinh thé tich 6 co ban tinh hé ba nghiéng (triclinic)
tim ¢oéng thc tinh thé tich 6 ¢o ban tinh hé mot nghigng (monoclinic), sdu
phuong (hexagonal) va hé thoi (orthorhombic).

(1-5) Tim c4c chi s6 Miller clia mat phing di qua cdc nii¢ mang tinh thé vai
chctoado 9, 10, 30 néu céc hing s6 mang laa=3,b=5,¢c=6.

(1-6) O co ban cta tinh thé magie (Mg} thudc hé sdu phuong (luc gidc -
hexagonal) ¢6 cdc hing s6 mang a = 3,204, va ¢ = 5,20A. Hay x4c dinh cic
vectg mang dao,
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(1-7) Chiing minh rang néu hai mang ma mang nay la mang ddo clia mang
kia thi tich clia hai “thé tich” 6 nguyén thuy cfia ching phaj bing (2n)°.

(1-8) Ching minh rang khoang cdch gilia cdc mat (hkl) ctia mang tinh thé
bang dai lugng nghich ddo cia d¢ dai vecto by, tir gbc toa do dén diém hkl
mang dio.

(1-9) Chiing minh ring trong mang tinh thé 18p phuong bt cif phuong [hkl]
nao cling vudng gée véi mit (hkl) véi cling cdc chi s Miller.

(1-10) Tia X v6i buGe séng A = 1,537A dot vao tinh thé nhom gay ra sy
nhiéu xa trén mat (111) véi géc Bragg biang 19°.2. Nhom ¢6 cdu tric lap
phuong tam mat, c6 khoi lugng rieng 2699 kg/m® vi nguyén 1t lugng 26,98.
Hay tinh s6 Avogadro theo cédc 6 liéu thuc nghiém trén.

(1-11) Xdc dinh s8 nguyén tit silic trén cic mat (100) (110) {I11) cha tinh
thé silic va khodng cich ngén nhit giita hai nguyén tir silic. Hing s6
mang cua Si 12 5,43A.

(1-12) Gid slt nang luong chia hat trong trudng clia mot hat khic phu thuoe
viio khodng cdch gilta tAm hai hat ¢6 dang:

U = —%’+%

trong d6 o va [ 12 hing s6. Chiing minh réng:
1. Hai hat tao thanh mot lién k&t &n dinh, bén véi
V7
.
2. Thé nang tdng cong ctia hai hat & trang théi bén 1a

V7
U, =-d«) =_1a
4% -

3.0 trang thdi bén nang lugng hit nhau béng 8 14n nang lugng ddy nhau.
4. Lién ket gitta hai hat s bi dit néu kéo hai hat ra khodng cdch r v6i

F= (%69)”? =(45)""r,

(1-13) Tinh ty so giita s6 khuyét tat theo Schottky vd s& khuyét tat theo
Frenkel & nhiét do phong néu ning lugng dé tao ra nit khuyét (vacancy) 1a
0,75¢V va dé tao ra mot khuyét tat nguyen ti xen k& 12 3eV.
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(1-14) D€ hinh thanh mot nit khuyét trong tinh thé nhom cdn nang luong
0,75¢V. Cé bao nhiéu mit khuyét trén mot nguyén tit ¢6 thé t6n tai & trang
thdi can bang nhiét dong & nhiét do phong va & nhiét do 600K.

(1-15) Mat do cdc niit khuy&t can béng (co ché Schottky) n, duge biéu dién
béng cong thite ng = N.exp(-E/kT) trong d6 N 12 mat dé nguyén tir ch4t ban
dén, E; 12 nang lugng tao thanh nit khuyét theo co ch€ Schottky. Hay tinh n,
trong Si & 27°C, 900°C, 1200°C; gid st E, = 2,3eV.

(1-16) Gia st nang lugng tao thanh khuyét tat dang Frenkel 1a 1,leV, hay
dénh gid mat do khuyét tat & 27°C va 900°C. Mat do khuyét tat dang Frenkl
duge biéu dién bing cong thitc:

n; = {NNexp(-E¢/2kT)

trong d6 N 1a mat d¢ nguyén tir ban din, N' 1a mat do cdc trang thdi xen k&
(cm®) duge bidu dién bing cong thitc:

N'= 1.10% exp(-3,8(e V)/KT).(cm™)
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CHUONG 2

NHUNGKHAUHEM;ﬁNHCH&RDAQTRUNGCOBAN
CUA VAT LIEU BAN DAN

D& mé ta, gii thiéu vat lieu ban din ching ta cdn nidm duge nhimg khai
niém, tinh chdt, ddc trung co ban cha vat li¢u d6, nghia 12 tat ca nhimg gi dac
trung cho vat lieu bén dén. Trong chwong 1 chiing ta da lam quen v6i nhimg
cdu tric tinh thé thudmg gdp, nhimg khai niém ca ban dé mo 14, phan loai
¢fu triic cua tinh thé.

Trong chuong nay sé& gidi thi¢u nhimg khdi niém, tinh chat, dic trung cha vat
licu vé cdu tric nang lugng, néng do hat din, tinh chat dong, tinh chat
quang... Tuy nhién ching ta s& trinh bay nhing vin dé nay mét cdch don
gian, bd qua nhimg 1y thuyé&t chat ché, nhimg tinh todn céng kénh, nhim
chuyén tdi dugc ¥ nghia vat 1y va thyc tién img dung ma théi.

2.1, CAU TRUC VUNG NANG LUGNG CUA BAN DAN

Dé nghién citiu tinh thé chat rdn, vat 1y 1y thuyét ¢4 tim cdch gidi gdn ding
phuong trinh Schrodinger déi v6i hé tinh thé,

Bing phép gdn ding doan nhiét dya trén sy khéc nhau vé khéi luong clia
dién tir vd hat nhan, Born-Oppenheimer da tdch hé dién tir khdi hé hat nhan
va dua dén mdt phuong trinh Schrodinger riéng cho he dién tir trong trudng
tudn hoan cua hat nhan.

Bing phép gén diing trudng ty hop ngudi ta chuyén bai todn nhidu hat, nghia
12 bai todn cla cd hé dién ¥, v& bii todn moét dién t&r. N6i cich khdc tir
phuong trinh Schrodinger cia cd hé dién tir ngudi ta thu duge phuong trinh
Schrodinger clia mét di¢n tir chuyén dong trong trudng tufin hoan do cic hat
nhén gy nén vi trudng tuln hoin do cic dién tir khic giy nén goi 1 trudmg
tw hop. Phuong trinh Schrodinger mot dién tir ¢6 dang:
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_| A2 3 hut) = Ew(r
2 8+ UG Juth) = Eed) @1
trong d6 U(r) 1a mot ham tudn hoan theo chu ky mang, nghia 13 ta c6:

U(F) =U ((F—11) 2-2)
véi 1 1a vecto mang tinh thé,

Bloch di ching minh bang 1y thuyét rang ham séng dién tl trong trudng thé
tudn hoan nhat thiét phai 12 him c6 dang:

Y@ =pg (e’ (2-3)
trong dé (pK(}) phu thugc vao K vala mgt ham tudn hoan theo chu ky
mang tinh thé, nghia 12 ta ¢6:

9y (F) = np~('r'—h‘) (2-4)

K - vecto séng 12 mot s6 thuc ’K‘ g dic tnmg cho ham séng. Ham

song (2-3) goi la ham Bloch, né chinh 1a ham séng phang De Broglie ¢6 bién do
khong phai c6 dinh ma bi¢n di¢u theo chu ky mang tinh thé. Ching ta th4y ring:
-2 I -2
@) =Jox e =lox @)

12 mot ham tudin hoan, cho nén ta ¢é thé néi ham Bloch 14 mot ham trai da
theo toan bo tinh thé. Néu tinh thé 6 kich thude gidi han thi tir diéu kién
bién tudn hoan ngudi ta ching minh duge ring vecto séng K s& nhén nhimg
gid tri gidn doan v&i cdc gia s6 nho nhat:

8K, = #%; AK, = 2%; AK, = 25 2-5)
X Z

Y
véi L,, Ly, L, 12 kich thudc tinh thé.

4

Tir day ta thdy ring phan tif “thé tich” trong khong gian vecto séng K

3
2n 2
AVy = 8K, AK, AK, = 20 _ (1) (2-6)
Y LL,L, Vv -
(V Ia thé tich tinh thé) s& “chia” mot vecto séng K dic trung cho mét him
séng. Ngudi ta cling chimg minh duge ring ham séng Bloch 12 mét ham tudn

hoan trong khong gian K va nhitng vectd séng K ¢c6 thé chifa trong ving
Brillouin thit nh4t dic trung cho tat ca cdc ham séng doc 1ap ¢6 thé, s6 ham
séng d6 béng s6 nguyén tir trong tinh thé (trong vi du mang 1ap phuong don
gian v6i mdt nguyén tir 6 mbi niit mang). Tuy nhién dé giai dugc phuong
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trinh (2-1) ching ta phai biét trirgng thé U(T), viéc nay chi ¢é thé thue hién
dugc nhg cic mo hinh gin ding. C6 hai m6 hinh gin ding xuat phat tir hai
“cuc” khdc nhau:
- Mo hinh “di¢n tit gin tr do” xem hé dién I hod tri nhy mot tha khi 1y
tudmg, khi dién tlr tu do, khong lién két v6i mot nguyén it rieng biét;
- Mo hinh “dién tr lién két manh™ xem ham séng cia hé di¢n tir nhie 16
hop cdc him séng clia dién tit trong cdc nguyén tir ¢ lap.

Ly thuyét tinh todn dua trén hai mo hinh gdn ding déu dua dén mot két qua
13 phé nang luong cia dién o trong tinh thé cé dang nhimg viing cho phép
xen k& nhimg vling cdm. Trong mdi ving cho phép cdc mic nang luong i
gidn doan, s6 cdc mifc nang lugng bang s6 ham séng ¢6 thé (cho phép) vi
bang s& nguyén t trong tinh thé, vi vay khoang céch gifta hai miic nang
lyong gdn nhau nhit 14 rat nhd (khoang 10"*%ev) va nang luong trong viing
cho phép c6 thé xem 14 lién tuc.

Nhimg ham séng 13 hdm riéng cua phuong trinh Shrodinger (2-1) con goi a
nhimg trang thai hay 12 nhitng qu¥ dao tng véi nhing tri riéng 13 ning luong
E(K). Tuy nhién trong tinh thé sy phy thude gilta nang lugng E va vecto
song K khong don gidn nhy d46i v6i dien tr ty do trong chan khong

— 202
(E(K)= %) ma 12 mdt ham phiie tap va 14 dic tnmg quan trong nhét cla
tinh thé.

Sy phy thuoc E vio K, ham E = f(K) 12 c4u triic vimg nang lwong, phé
niing lwong hay quy ludt tdn sic cha dién tr trong tinh thé. Tim sy phu thude
dé 12 van dé quan trong bac nhat cha vét 1§ chdt ran. Sau khi tim dugc phé
nang lugng cta dién tr bang cdch gidi bai todn trong gin ding mot dién tir,
ching ta 14p ddy céc trang théi cd thé véi cic mitc nang lwong gidn doan tix
thdp lén cao tuén theo nguyén 1y loai trir Pauly: méi trang thdi ing v§i mot
vecto séng K (K, K,, K,) chi ¢6 thé cé nhiéu nhdt 12 hai dién tir ¢6 spin
ngugc chiéu nhau. D41 véi cdc tinh thé c6 cau tric khdc nhau, ¢é s6 dién tir
hod tri khdc nhau, ham séng nguyén tr cia chiing khdc nhau, ta ¢6 thé cé
hai tinh huéng sau day:

- Nhimg tinh thé ma phd nang lugng clia dién 1t ¢6 chita mot viing cho phép
duge dién ddy mot phén 13 nhitng kim loai, Trong cdc tinh thé niy nhimg
mitc ning lugng dién ddy dién tit va nhimg mic tréng khong bi ngin cich
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bdi mot viing cdm, nén khi ¢6 dién trudng, dién tir c6 thé ldy duge nang
lugng cla dién trudng chuyén lén mifc ning lugng dang tréng phia trén,
nghia 12 ¢6 thé tham gia din dién.

- Nhiimg tinh thé mé phd ning lwgng cla dién tir chi gém céc viing cho phép
dién day hoan toan va cdc viing ning lugng tréng hoin toan. Viing cho phép
ddy hoan toan cao nhdt (trén cing) goi la viing hod tri, viing cho phép trong
hoan toan thdp nhit (duéi ciing) goi la viing dén, gilta hai viing nay cé mot
ving cim ngan cdch c6 be rgng bing AE,. Nhimng tinh thé nay 12 chét dién
mdi (néu AE, 16n) hodc 1a chdt bdn dan (néu AE, nho). G nhiét do thap cic
chit nay khOng dan dién duge vi cdc dién tit & trong vung hoa tri, viing ddy
hoan toan, khong thé nhan nang lrong cla dién trudng vi miic nang lugng
con trong c6 thé nhan dién tr & qud cao, cich mot khoang nang luong bing
bé rong ving cdm AE,. Chi & nhiét do di cao dé mot s6 dién tr nhan duge
nang lugng nhiét du “stic” vugt qua viing ¢dm chuyén lén ving din trd thanh
dién tir gdn nhu tu do ¢6 thé tham gia dan dién; ddng thdi xudt hién trong
ving hod tr nhu‘ng trang thdi tréng dé cho dlen tir ¢6 thé “nhdy 1&én” thay déi
nédng luong khi c6 dién trudng tic dung va tham gla dan dién. Su phan chia gitta
ban dan va dién moi chi 12 quy wée twong déi vé lugng (theo AE ), con su khic
nhau gitta kim loai va bdn dén |2 v& ban chdt cfu tnic ving ning Iua‘ng

Nhir vay d6i vdi ban dan thi ¢6 hai ving nang lugng 12 quan trong, d6 la
viing hod tri va viing dan; cho nén cin phai nghién cifu cdu trdc ning lugng,
nghia 13 sy phu thugc E = f(K ) cla hai viing d6. Nhu trén da néi ving
Brillouin thit nhat “chia” dé’iy da tat ca cdc vecto séng K ddc trung cho tat
ca cdc trang thai ddc 1ap vi vy chiing ta chi cdn nghién ciu sy phu thude
E = f(K) v6i vecto K bién thién trong viing Brillouin thit nh4t 13 di.. Nghién
ciu va biéu dién cau tric viing nang lugng 13 viéc 1am rfit khé khan, Nhoy
tinh d&i xing cla viing Brillouin (xuat phat tir tinh d6i xing cla tinh thé),
ngudi ta c6 thé biéu dién sy phu thuée E = f(X) trong mot s6 hudng quan
trong, vi du huéng [1,1,1], [1,0,0] trong tinh thé thudc hé lap phuong.

Trong tinh thé bdn din, nhu ching ta biét, chi c¢é nhitng dién tir trén viing
dan va nhilng trang théi tréng xudt hién trong ving hod tri 12 tham gia vio
qud trinh din dién, cdc dién tr 46 thudmg tap trung & ian can cyc tiéu clia
ving dén, cic trang thdi trong & viing hod tri lai tap trung gin cyc dai nang
lugng cha ving nay. Vi vay d6i v6i tinh thé bdn ddn ngudi ta quan tam dén
sir phu thuée E = f(ﬁ) & l4n can vecto séng Kowg véi cuc tiéu nang lugng
viing dan va cyc dai viing hod tri.
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Dé nghien cttu E =f(K) & lan c4n cye tiéu viing dén chiing ta phan tich
E(K) vao diy Taylor & gin cuc tiéu d6. Loi dung tinh dé&i xu‘ng cia tinh
the, bang viéc chon céc truc toa do thich hop & gdn cuc tiéu nang lrgng
E(K )= EK,,. K oy Koz ta ©6 ket qua phan tich gin diing sau day:

e 1| 8°E 2 2°E 8°E 2
E(K)=E_+ (K, K, )+ K, K, F+ (K, -K
2 ) 2 X ] 8 2( ¥ oy 2 z 02)

X ey Z
(2-7)
Néu chiing ta dat:
_ A’ s &°E _ B
my = 5°F , nghia 13 EiKi =m,
oK 2
h* 8°E _ #?
m, = 2 , nghia 12 a(—i— “m,
K
h? ¢’E _ Bt
m, = R , nghia la 6Ki :E (2-8)
K?
thi bidu thie E(K ) & (2-7) phai ¢6 dang:
2 K. -K _ 2
E( K ) = E + [(K Kox) ( Y Oy)z + (KZ KOZ) (2_9)
2 m, m, my

trong d6 m;, m,, m; c6 thit nguyén khdi lugng [kg] 1a ba thanh phdn clla mot
dai lugng goi 1a khoi tugng hiéu dung, phu thude vao hudng trong tinh thé,

2 -1
Neum,=mp=my=m = (%J A* khot lugng hi¢u dung 1a mot dai
K _
lugng vo hudng va néu Ko = 0 thi tir (2-9) E(K ) s& c6 dang:
— 27,2
E(K)=E, + LK (2-10)
2m
Tadat hK =P va goi 12 chudn xung luong clia dién tiy, khi d6 E(K ) ¢6 dang:
— hZKZ P2
= == 5 2-11
B(K)=E + 5 = =B+ 5 - (2-11)
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. , o wn e ae BPKZE . P? 4. s
Coi E, 1a thé¢ ning clia dién tit thi =5 =—— do6ng vai tro 1a dong ning
2m 2m
clia dién tit trong tinh thé vi chiing ta thdy ring dién 1 trong tinh thé chuyén
dong nhu mot dién tir ty do nhung c6 khéi luong bang khéi lugng hi¢u dung,
khic véi khéi luong cha dién tr tu do.

Khéi luong hidu dung trong trudmg hap tong qudt 14 mot tenxo bac hai cd
chin thanh phdn, do tinh d6i ximg cta tinh thé c6 thé con lai ba thanh phin
khdc khong nhu da gid thiét rén day, khéi luong hiéu dung ¢6 thé 16n hon
hoac nhd hon khdi lugng cla dién tir tu do. Piéu nay cé nghia i dién i
chuyén dong theo nhimg huéng khic nhau trong tinh thé s& “mang” nhing
gid tri khéi luong khdc nhan.

Trong cong thitc (2-9) néu 14y mot gia tri E(K) = const ta s& duoc phuong

trinh ctia mot mit bac hai trong khong gian K:

_ 2 (K,-K ~K. )
(K, —Kox) +( y oy)2 +(K-;_ Koz) :%(E_Ec) (2-12)
m| m2 m3 h

Tai t4t ca cdc “diém” trén mat ndy nang luong E cia dién tir bing nhay, vi
vay mat nay goi 13 mat ding nang. V6i nhimg gia thiét dua ra trén day ta c6
thé bidu di&n phuong trinh méat dang nay & (2-12) dudi dang

(Kx "Kox)z + (KY -KUY)Z n (Kz _Koz)2 =1

2 2 2 (2-13)
G a2 a3
2m,
trong dé al = *hT‘ (E-E)) (2-14)

P4y chinh 12 phwong trinh clia mét mat elip trong khong gian K v6i ba bén
truc a,, a,, a; phu thugc vao ba thanh phéin cla khéi lugng higu dung. Khai
niém mat ding nang gidp ching ta mo 14 cfu tric ving nang lugng
E = f(K), trén thuc t€ mat ding nang khong phai 13 mat c&u, mat elip ma ¢é
thé phifc tap hon.

Bay gi¥ néu ta phan tich E( K ) vao ddy Taylor 1an c4n diém cuc dai ning

lwgng cia ving hod tri ta ciing duge mot phuong trinh tuong tu (2-9),
nghia la:
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_ 2 _ 2 K. -K_F _ 2
E(K)ZEV+ h_' (KX KOX) +( ¥ 0}‘) +(KZ KDZ) (2_15)
2 ml m2 m3
oY e a2
trong dom, = 27| == imy = T | imy =n? S (3-16)
oK 2 K2 K2

Vi diém K, Ung vdi cuc dai nang lugng cho nén cdc dao ham bac hai cla
nang lugng theo K,, K,, K, 1a am, tir day 1a thdy khéi Iuong hiéu dung cha
dién tir ¢6 nang lugng l1an can cyc dai viing hod tri c6 2ia tri am.

Bing 1§ thuyét ¢6 thé chitng minh dugc ring chuyén dong cla cac dién tir
lien ket trong viing hod tri khong ddy hoan toan ¢6 thé thay thé bing chuyén
déng cia mot loai chudn hat goi 13 16 trong ¢6 dien tich duong (ep = +e) ¢6

N
. . * * 2 82E
khdi lugng higu dung duong mp =-m, m,=-m =-# 5| s
oK,

-1 -1

2 2

mzpz_m2=—hz(§—K'§—] ; m3p:"m3:_h2{'§K_%} va nong do 16
i }’.

tréng bang néng d¢ cidc trang thdi tréng trong vung hod tri.

Zz

V6inhitng gid thuyet v quy udc trén day ta c6 thé viét lai (2-15) dudi dang

Ky — Ko )2 4 (Ky _Koy)2 + (K, - Koz)2 _
mlp ITIZP m3

2(E,~E) (17
P h

Day la phuong trinh mat elip déng nang bao quanh cuc dai viing ho4 tri, c¢6
thé chuyén vé phuong trinh chinh tic dang:

2
(KX_](OX)2+(Ky—~K0y)2 +(K2_Koz) —
2

1 (2-18)
af ) 3§
2m,
Vi al= ?2"’ (E, —E) (2-19)
7

Nhu vay dé nghién citu, mo ta cdu tnic viing ning luong ciia tinh thé bén din
ngudi ta ding nhimg dic trung sau:
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- Sy phu thuée E = f( K ) theo mot s¢ huéng nhét dinh;

- Hinh dang c4c mat ddng nang lan cén céc cuc dai, cuc tiéu va vi tri cde cuc
dai cuc tiéu trong khong gian K

- Thanh phdn khéi lugng hiéu dung cna dién tir, ctia 16 trong;

- Bé rong viing c&m nang lugng AE,.

Céc dac trumg nay duge tinh todn bang 1y thuyeét vi duge xdc dinh bang thue
nghiem, vi du khdi lrgng hiéu dung clia dién ti, cia 16 trong c6 thé xdc dinh
bing phuong phap cong hudng tir, bé rong viing cim AE, c6 thé xdc dinh
qua phd hap thy quang hoc...

Ngoai nhitng trang thdi trdi dai cla dién tir dugc mo td bang cic ham séng
¢6 dang ham Bloch, sy ¢6 mat cua tap chat, cla sai hong, sy vi pham tinh
tudn hoin clia trudng tinh thé trén bé mat 1am xuat hién cic trang thdi dinh
Xt ¢6 cdc mitc nang luong nam trong viing cadm va ham séng ton tai trong
mot viing khong gian hep. Vai trd coa cde trang thdi dinh xif hét siic quan
trong d6i vdi cdc tinh chét, dac trung cla cic méu vit li¢u cu thé. Dic trung
cho c¢dc trang thai dinh xit B néng ¢ trang thdi, mic nang lugng cha irang
thdi trong viing ¢dm, ham phan bd trén cdc trang thdi dinh xi.

Nhu vay phé nang lugng cta dién tir trong tinh thé bao gém céc mic nang
lugng trong ving cho phép ing véi céc trang thdi trai dai va cdc muic nang
lugng trong viing cim mg vdi cac trang thai dinh xd.

2.2. NONG PO HAT DAN CAN BANG

Pién tir cé nang lugng nam trong viing dén v cdc 16 trf)ng trong vimg hod tri
déng vai trd cdc hat din dién v goi chung 12 cdc hat dan. Dé tinh duge ndng do
dién tir trong viing dan chiing ta phéi biét mat do trang thdi, ham phan bs dign tir.

Mat do trang thdi 12 s trang thdi dién i trong mot don vi thé tich, trén mot
don vi ning luwgng; bin than mat do trang thai cling phu thuéc vioe nang
lugng E dirge k¥ hidu 12 N(E) va duge biéu dién bang cong thifc:

32
N(E) = 27 [21‘1";] E-E)" (2-20)

trong d6 my = [Mz.m,.mz.mﬂm, M 1a s6 cic cuc tiéu twong duong trong
viing din, m goi la khdi lugng higu dung m4t 46 trang théi.
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Ham phan b6 dién tir 1a xdc sudt dién ddy dién ti clia cic trang th4i ¢6 nang
luong bang E va & nhiét do T; phd hop véi nguyén Iy loai trir Pauly ham
phin bo dién tir trong diéu kién can bang 14 ham Fermi-Dirac:

= (2-21)

vt F la mic nang lugng Fermi,
Trong mot hé ma nang luogng cha dién t E >> F thi ham phan bd c6 thé viet
gin ding
F ZE

fy=~ ekT kT (2-22)
va ngudi ta néi rang h¢ dién tir 1a khong suy bién; ham phan b6 (2-22) c6
dang ham phan bd Boltzmann. Néng do dién tit trong viing dan cé thé tinh
bang biéu thic:

E max

ne= J2£,(E)N(E)dE (2-23)
Eg
Trong trudng hop ban din khong suy bién ta c6:

—(E-F)
ng=Np.e K (2-24)

trong dé N.= 2{-—-'—— (2-25)

duge goi 1a mat do trang thdi hiéu dung cha viing dén.

Tuong ty nhu vay ching ta ciing dua ra nhimg dai lugng lién quan dén viée
xdc dinh néng do 18 tréng trong viing hod tri.

Mat d¢ trang thai trong viing ho4 tri:

»

3/2 i
2
N(E) = 2r {—:2—1’5] (E, - B)\® (2-26)

trong d6 m_, 12 khéi luong higu dung mat do trang thii cla 16 tréng, né
phu thugc vao ciu tric ning lugng cha viing hod tri. Ham phan b6 18
trng 1a xdc sudt trang thdi dién t& v6i ning lvong E khong duge dién
day (trong):
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—_—

fopE.T)=1-f,=1-

| —
E-F T F-E (2-27)
e

T i
+1 e kT 4

Trong truedmg hop ban dan khong suy bién néng do 16 tréng trong viing hod
tri bing

~(F-E,)
P,=N,.e K (2-28)
. 3/2
2rnm kT
trong d6 N,=2 — (2-29)
h

goi 1a mar d6 trang thai hi¢u dung cla ving ho4 tri.

Biéu thitc néng 46 dién tir (2-24) va néng d6 16 tréng (2-28) trong diéu kién
cin bing duge xdc dinh tir phuong phdp vat 1y théng ke, chiing phu thudc
vao gid tri mic Fermi F, mot dic trung clia ham phan bs. Vi vay mudn tim
duogc gid tri cy thé clia ny, p, ching ta phdi sir dung phwong trinh trung hoa,
dua vao céc thong s6 cua méu vat lieu @€ xdc dinh mitc Fermi F,

Tix (2-24) va (2-28) chiing ta rit ra mot nhan xét:

-(E¢-Ey) -AEg
NgPo=N.N.e KT =N.N,.e kT =np? (2-30)
-AE
— 8
Pai luong m= N, N, e 2T (2-31)

goi 1a ndng d¢ hat dan rieng, 12 mét théng s6 cha vat liéu bdn din, né phu
thudc vao cde thong s6 dac trung cho cfu tric viing nang lugng cla tinh thé
ban din nhu bé rong viing cam AE,, khéi lugng hiéu dung clia dién i, 18
tréng va nhiét do. '

Bb qua nhimg tinh todn, ching toi gidi thiéu dudi day nhimg bidu thitc.cha
mufc Fermi, néng d6 hat dan c¢an bing trong céc loai bdn ddn & nhimng nhiét
do6 khic nhau.

2.2.1. Ban dan tinh khiét (ban din riéng)

Biin dén tinh khiét 12 bdn din khong chifa tap chdt, ¢on duoc goi 13 ban dén
riéng (intrinsic). Ching ta dé dang thdy réng trong bdn din tinh khiét
phuong trinh trung hoa sé 6 dang:

Trudng Bai hoc Bach khoa Ha Noi 57



VAT LIEU BAN DAN

—{E¢-F) —(F-Ey)
n,=p, => N.e ¥ =N_e (2-32)

¢6 nghia 14 dién t trong viing diu chi cé the sinh ra do chuyén mufc tir viing
hod tri. T (2-32) ta cé:

EE+EV kT Nv
F= —5 5 lnN (2-33)

c
va:

—aEg

ne=py= NNy 2T =n; (2-34)

2.2.2 Ban dan mot loai tap donor

Né&u trong tinh thé ban dén ¢6 cdc nguyén tir tap chdt thé chd cac nguyén
tlr chi (subtitutional impurities), cé s6 dién tlr hod tri 16n hon s6 dién
hod trj clia nguyén tir bi thay th€ mot dién tir (vi du P trong Si, Se thay thé
As trong bdn dan hgp chét GaAs) thi ¢cé mot dién tir cia nguyén tr tap
chét khong tham gia vao cdc cdp lién két dong hod tri. Dién tr “thira” nay
lién két 1ong 1éo vai ion tap chét va ¢6 trang thdi (him séng) dinh x1 1an
¢an ion d6 vdi mirc nang luong B, ndm trong viing ¢&m, thép hon mitc E, (cue
tiéu vimg dén) mot khoang AE; hinh 2-1.

Céc nguyén tir tap chét nay 1a ngudn cung Ec Ny lAEd
cip dién tir nén goi 1a donor, néng dotap Ey ———+ =~ === + Ng
chdt dugce k¥ higu 1a N, AEg

Vi AE, << AE, nén chuyén mifc tit ving E,

hod tri 1én viing din va tit E; 1én viing din Po

xay ra & hai viing nhigt d khac nhau: Hinh 2-1: 8o d6 nang lugng cdia ban

1. Trong viing nhiét do thap, chuyén mifc dén donor.

tir viing ho4 tri lén viing din chua x4y ra, P, ~ 0, mitc Fermi trong trudmg
hop ndy ¢ dang:
Ng
2 ) 2N,
Néng do dién tir can bang trong bdn din donor & nhiét d¢ thap la:

&Ed
n, = /N 2Nd T%) (2-36)
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Churong 2: Nhiing khai niém, tinh chit, dac trung co ban clia vat ligu ban dan

2. Trong ving nhiét d¢ ion hod tap chit cdc nguyén tir tap chét da bi ion hoa hét,
trong khi d6 chuyén miic dién tir tir ving hod uri 1én viing din van cdn c6 thé bd
qua, nghta 1a p, = 0. Ching ta dé dang thdy ring trong ving nhiét d6 nay

N
no=Ny vd& F=E_+kTln—% (2-37)
C
Gi61 han dudi cia viing nhiét 4 nay duge tinh tir diéu kien
gN, Od AE
N e =1 hay T=——9¢ (2-39)
[ NC (Tl )
kln| —e2-t.
8Ny
Gi6i han trén cua viing nhiét do ion hod tap chat duoc tinh tir didu kién
AE,
Zni = Nd hay T2 = (2—40)

ZkIn(ZN‘ 2 )

Ny
Bai véi Si viing nhiét d¢ jon ho4 tap chdt niim trong khoang T, = 150K dén
T, ~ S00K.

3. Trong viing nhig¢t d6 cao, khi ma n, >£2d— , bdn dan pha tap donor s& x1ir sy

gidng nhu bdn dén riéng vi dnh hudng cla tap chat khong ddng ké va bi lu
m& béi qud trinh chuyén mitc cia dién tlr tir viing hod tri 1én viing din.

2.2.3. Ban dan mot loai tap acceptor

Néu nguyén tlt tap chat ¢6 s6 dién tlt hod tri it hon s& dién tir hod tri cla
nguyén tr chi bi thay the mot dién tir (vi du Al trong Si, hay Cd thay thé
nguyén t&r Ga trong hop chdt GaAs) thi trong tinh thé sinh ra mot lien két
khong bao hoa va trong vitng c4m xudt hién mic nang lugng cho phép E,
tng vOi mot trang thdi dinh xit con tréng. E, ndm cao hon E,, mifc nang
lugng cuc dai cia ving hod tri, mot

khoéng biang AE, (hinh 2-2). V1 AE << AE, Ee L

nén chuyén mic cha dién tr oir ving hod AE, AEq

tri tén cdc trang thdi dinh x@ E,, bién EBaw_odl______ *—Na
nguyén tir tap chdt thanh ion am, 13 rat dé Ev Fo !

so v6i chuyén mic tlr ving hod tri len oo o s néing lugng ban dn
ving din. Cic nguyén tir tap chét & day acceplor.
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c6 kha nang tiép nhan dién tir nén goi 14 cdc acceptor va chinh ching di tao
nén cdc 14 tréng trong vimg hod tri. Goi noéng dé cdc nguyén tir acceptor [a
N, twong ty nhu déi v6i ban dén donor ta cé thé viét:

1. Trong ving nhiét 4o thap n, =~ 0 mic Fermi ¢6 dang
_E.+E, _ kT N,
S T SN

Néng d¢ 16 trong duge tinh theo cong thirc

AE,
N.. -
Py= e T (2-42)

2. Trong viing nhiét d6 ion hod tap chat ching ta ¢cé
n,~0; P,=N,; F=E,-kT ln% (2-43)
¥
Viing nhiét do ndy ciing duoc x4c dinh bdi T, va T, biéu dién wong dng nhw
(2-39) va (2-40) trong d6 thay AE, bing AE, va N, bing N,.

(2-41)

v

3. Trong ving nhiét o cao hon T, khi ma n; > l\;“ ban din trd thanh ban

din riéng.

2.2.4. Ban dan chita hai loai tap chét, ban dan ba trir

Néu ndng do tap chét Ny = N, thi ban din goi 12 bdn dan bd trir toan phdén,
trong trirdmg hop nay ban din xi sy gan gidng ban din riéng.

Néu Ny # N, vi du Ny > N, thi bdn dan goi la bdn din bd trir mot phén. |
Trong viing nhiét d6 thip ban din bl trir mot phdn ¢6 mitc Fermi tinh bing
cong thitc:

N

F=Ey+kTlnNe —Na (2-44)
i

Ndéng d6 16 trong P, = 0, con néng d6 dién tit ¢6 dang:

AEg
N N orda
n, = 7‘51\1& 2 N.e K (2-45)

Trong viing nhiét do ion hod tap chit néu Ny >> N, ta c6
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F=E,+ len% (2-46)

<

=

va: n, =Ny -N, =N, (2-47)
Céc cong thitc (2-46) va (2-47) riit ra duge khi Ny >> N, va di gia thiét 1a
Ng4 = Ng — N, ddng vai trd nhir ndng d6 tap chat mot loai.

Trong trudmg hgp néu Ny > N, nhung khong qua 16n nghia 13 khéng thé viét
Ng >> N, thi ndng d¢ dién tir duge tinh bang cong thic:

n, = %{Nd—Na+\f(Nd~Na)2+4nﬂ (2-48)
v ndng d¢ 16 tréng duge tinh bang cong thic:
n? -1
Po=t=2.0? [Ng =Ny +(Ng Ny 24402 | (2.49)
LI

2.2.5. Ban dan suy bién

Bén dan suy bién la bdn din ¢6 mitc Fermi ndm trong viing cho phép, nghia
1a F> E, hoic F < E,. Vi vay bdn din suy bién ¢hi ¢6 thé 1 ban din pha
mot loai tap chat hay ¢6 thé xem 13 ban din pha mét loai tap chét. Néu ban
dén 14 ban dan donor thi ndng A6 pha tap phai cao hon mot gid tri t& han
Ny méi 6 thé trd thanh ban dén suy bién, ta cé:

32
m -3
N, = 102 [Tn‘l) (AEg)"cm (2-50)

Trong trudng hop nay ndng dé dién tir dugce tinh bing cong thitc nhu d&i véi
kim loai:

3

Thong thudng nong d6 hat din duge x4dc dinh bang thue nghiém va qua coéng
thite (2-51) ta xic dinh mic Fermi:

i3 2
F=E, + (g_i;)z -[2}1 ; ].nf,” (2-52)
My

n, = E[%](F—Ec)y 2 (2-51)
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D61 v6t ban ddn acceptor chiing ta ciling ¢6 nhilng ¢ong thitc twong w d6i
v6i nong d¢ tap chdt t6i han N, néng do 16 tréng P, vd mic Fermi F bing
cach thay cdc dai luong tuong tng.

2.3. CAC TINH CHAT PONG CUA BAN DAN

Céc hién tugng lién quan dén chuyén dong cua hat ¢én (dién (r va 16 trong
tr do} dudi tidc dung cua dién trudng, tir trudng, gradien néng do hat dan,
gradien nhiét d6 dirge goi 1a cdc hién usgng dong,

2.3.1. B¢ dan dién

I. Céc hién tugng dong nhu su din dién cua bin dan duge gidi thich bing
hai Iy thuyét: thuyét dién tr kim loai vA phuong trinh déng Boltzmann.

Thuyét dién tir kim loai xem dién t&r trong kim loai nhu mot hé khi 1y tuéng
gom cic hat khong tuong tdc vdi nhau chuyén dong hén loan v6i van 16¢
nhiét v, thudng xuyén va cham véi cdc nguyén tir, ion nit mang vi cic
khuyét tat... trong d6 xdc dinh hai dai lugng trung binh: quing dudng
chuyén dong tu do trung binh {; v thdi gian chuyén dong tr do trung binh
T vd mdi lién hé gifta cdc dai lugng nay
ke =vr (2-53)
iT
Khi trong chét bin din hodc kim loai c6 dién truimg véi cudmg do €, dien
tir dong thoi tham gia hai chuyén dong: chuyén dong nhiét véi van toc v, va
chuyén déng ¢6 hudng du6i tdc dung clia lyc dién trudng enﬁ; e, la dién tich

cua dién 1t (e, = -¢). Trong khoang thoi gian giffa hai 14n va cham, dién tir

.. . e . .
nhan duge gia toc @ =—"— va nhin dugc mot van t6¢ trung binh theo
mﬂ.

phuong cta dién trudng
V= Tgap E (2-54)

n

2
G day p = CnlT dugc goi 1a do linh dong clia dién o, duge do bing [%} )
m, -

Véi gid thiét tat ca céc dién tir v6i néng d6 n chuyén dong c6 hudng theo
cling mot van tde trung binh 12 94, ¢6 thé tinh duge vecto mat do dong dién:
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2
Ja=envy=—enp &=noT g (2-55)
ml‘l
hay Ta: Jh=c,E (2-56)
Coéng thiic (2-56) chinh [a dinh uat Om trong chat rin v6i
2
e.T
G, =€, =n. r’;l—nT (2-57)

goi 14 do dén dién.
Khi ing dung thuyét di¢n i kim loai vao ban din ¢6 hai loai hat dn 12 dién
tr v 10 trong ta cé:

3::1.,1 +:fp = (e np, +eppup)§=(cn +cp)§=c§ (2-38)
Két qua ta ¢d 4o din dién cia ban din

- €nTar Cplpr
G =G, + G, = e,Nj, + Pl =1, ;n: +p. m, (2-59)

trong d6 T,p v T, 12 thdi gian chuyén dong wr do trung binh clia dien tr va
16 tréng tuong ing.

Thuyét dién tir kim loai ¢6 wu diém Ia don gian dé hiéu v& mat vat 1y, dinh
tinh nhung khong chinh xédc vé mat dinh lugng vi chua tinh dén ham phan bg
dién tir theo nang lugng, ma ham phan bd nay lai thay déi khi ¢6 nhitng téc
dung bén ngoai, dé 1a ham phan b6 khong can bang.

2. Phuong trinh dong Boltzmann 1 phuong trinh cho phép chiing ta tim dugc
biéu thic cia him phan b khéng can bing vi tir ham phan bd khong can
bang xdc dinh duge cic dai lugng khic nhu mat d6 dong dién. Phuong trinh
dong Boltzmann trong ché do dimg ¢6 dang

v K ofy - .

V. + KV £+ ( at)sc 0 (2-60)
Y nghia cia phwong trinh dong Boltzmann & ché do dimg 13; su thay déi
ham phan b6 do chuyén dong ctia hat dén (s6 hang thit nhat) cong su thay
d6i ham phan bé do luc tdc dung bén ngoai lam thay ddi vecto séng K (s6
hang thit hai) s€ can bang véi sy thay déi ham phan bd do va cham (scattering)
dugc xem nhu ket qua cha “lyc ma sdt” (s6 hang thit ba). S6 hang thit ba duoc
goi la tich phan va cham, trong tnrdng hop sw chénh léch giita ham phan b6
khong can bing f v ham phan b6 can bing f, (ham Fermi - Dirac) khong lén
1dm ta c6 thé 12y gdn ding tich phan va cham nhu sau:
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[E) :ﬂ (2-61)
8¢

at (K)

O day 1(x) c6 thit nguyén thdi gian va dirge goi 12 thoi gian héi phuc. Thoi
gian héi phuc (k) phu thudc vao vecto séng K va do d6 c6 thé phu thudc
vao niang lugng E cla trang thdi, né dic trung cho khodng thoi gian hé
chuyén tlr trang théi kich thich vé trang thdi can bing kht ngét ngudn kich
thich, t(k) phu thudc vao ¢o ché tdn xa hat din. Néu tan xa 13 dan héi va
déng huéng thi t©(X) = 1, diéu ndy ndi 1én ring chi sau mot 14n tdn xa (va
cham vé6i tam tdn xa) hat din m4t hét nang luong 14y duge tir dién trudmg dé
tir trang thdi kich thich r& vé trang thdi can bang. Thoi gian hdi phuc ©(K)
dac trung cho qué trinh tdn xa, phu thudc vio co ché tdn xa. Trong tinh thé
bén din ¢4 hai loai tdn xa quan trgng d6 14 tdn xa trén ion tap chit va tdn xa
trén dao d6ng mang tinh thé (t4n xa trén phonon).

Thoi gian hdi phuc trong co ché tan xa trén ion tap chat phu thudc vio nang
lugng theo cong thite:

1K) = 1B (2-62)
trong co ché tin xa trén phonon su phu thudc 46 la:
1K) = T E™ (2-63)

trong dé 1, va 1o, 12 cdc dai lvong khong phu thuge vao ndng luong.

3. Trong bai todn vé d6 din dién néu dat f = f, + f, ta c6 thé tinh duge ham
f, tir phuong trinh doéng Boltzmann trong ché d¢ dimg:

. f-f f
IVI+KVpf=-—C=_1 2-64
r K (k) k) (2-64)
Vi gia thiét ban din dong nhét va VT =0 ta ¢é
of
f = en.T(K).a—E( g9) (2-65)

Tinh d&én ham phan b6 dién tir theo nang lwong ta rit ra duge bidu thifc mat
d¢ dong dién:
el'!.

J==t | vfdrg (2-66)
47 (V)

O day tich phan 14y theo thé tich ving Brillouin thit nhét V, véi dry = dk,.dk,.dk,.
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Thay gia tri f; & (2-65) chiing ta nhan duge:
J=¢’K11€=5¢ (2-67)
trong dé 6 = ¢*Ki1 1 tenxo do dén, K11 12 tenxo hé s6 nhiét dong.

Ki1 12 mot tenxo bac hai gdm chin thanh phén (ij)
i 1 of
K =—— [ ®x).=—=.v,.vdrg (2-68)
U g (VJI;} oE "
Trong truo‘ng hop bdn din ¢é 1 cuc ti€u trong vung din, mat ding nang gan
cuc tiéu [a mit cdn, kh6i lwgng hieu dung m” Ia ding huéng, ta c¢6 thé
chuyén tich phan (2-68) theo vecto séng dt, sang tich phan theo nang luong

va thy ring hé s¢ nhiét dong Kn 12 mét dai lugng vo huéng

©__of,
K, =—— {E1.=—2 N(E)dE 2-69
n="g j 5 NE (2-69)
%f =—8(E-F) tacod
K1 =Ky, = L(F) (2-70)
m
va d¢ din dien
c=¢2-0 (2-71)

trong 46 t(F) la thoi gian héi phuc 14y & mic nang lugng Fermi. Diéu nay
chiing to trong bdn din suy bién chi ¢6 cdc dién ¢ ¢6 ning luong gin mitc
Fermi tham gia din dign ma théi. D6 1a vi cde mitc nang lugng ndm dudi san
so v mitc Fermi trong bin dan suy bién bi dién ddy hoan toan.

f,
5. Bdi véi ban ddn khong suy bien vén BE = —ﬁ ta c6
K n s y) jE.t.dn o
11—"15"()\’ (ﬂ—gﬁ Idn (2-72)
va do din g=e? rrr:' ) (2-73)

O day (t) 12 thoi gian héi phuc trung binh trén t4t ca dién tir cua viing din,
(r) phy thudc vdo co ch tdn xa. Néu t(x) c6 thé biéu dién dudi dang

Truisng Dai hoc Bach khoa Ha Noi 65



VAT LIEU BAN DAN

1=1,EP, p goi 12 chi s6 tdn xa, (vi du: 1(K) = 1,;E¥%; 1(K) = 15, E*?) thi
ta co:
(1) =tk L2221 D) (2-74)
r(5/2)
trong d6 [ 1a ky hiéu cdc ham gama.

K&t qua 1a 46 din cia ban din khong suy bién khi t(K) duge biéu dién dudi
dang ©(K) = ‘I:G.EP & 14;

P
o= 62K1 | =€n at t, ) =enp, =cn. ©1o (KT T(5/2+ p) (2-75)
m I'(5/2)
P
trong d6 . e{ r‘) _ e, (kTPT(5/2+p) (2.76)
m I'(5/2)

Trudmg hop tdn xa trén ion tap chit ta c6 p = 3/2 va

T(5/2+p) TI(5/2+3/2) 8 ]
r/2) I6G/2) Jn @-77)

Trudng hop tdn xa trén phonon ta ¢cé p=-3/2 va
I(5/2+p) _I(5/2-3/2)_ 4 2.78)
T(5/2) r(5/2) 3Jn
6. D¢ dan di¢n cia bin din véi cdu tric nang lugng clia viing din c6 M cyc
tiéu twong duong v mit ding ning & gan céc cuc tiéu ¢ dang mat elip s&
phite tap hon nhiéu. Tuy nhién do tinh d&i xing cta tinh thé do din cla cdc

tinh thé Si, Ge,... khong bién dang, vin 12 nhiing dai lugng ding hudng va
dugc biéu dién bing cong thic

o= 2n) (2-79)
m
trong 46 fi* 12 kh6i luong hiéu dung d6 din dang huéng

Ao 11 ¥
pC 3[m|+m2+m3 (2-80)

Trong trudmg hop nay do linh dong p, cling duge dinh nghia Ja:

un=$ﬁ)=i‘>(l + 1 +L] (2-81)

& 3 \m Tm; T m;

Céc cong thitc (2-79) (2-80) chi lién quan d&n dién tr trong ving dan, 4o
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dén do cdc 16 tréng trong ving ho4 tri gay nén cling 1a mot dai lugng dang
huGng néu tinh thé khong bi bién dang vi khéi lugng hiéu dung ving véi cac
nhénh nang lugng khic nhau déu 13 cac dai lugng ding huéng.

7. Tuy nhién n€u ta lam bi¢n dang tinh thé bing cich nén hoic kéo tinh thé

theo mot phuong nio d6 thi d¢ din s& thay ddi khéc nhau theo céc hudng
khic nhau, dé chinh (4 hiéu tmg ap dién tr& (hay higu tng dién tré tenxo).

Hiéu ng nay xdy ra trong ci bén
dn loai n va ban din loai p, nhung
khong gidng nhau. Hiéu {ing ap dién
tr& trong ban dén loai n (vi du silic
loai n) dugc giai thich nhu sau:

Gid st ta nén tinh thé Si theo phuong
[100], khoang cach gilra cdc nguyén
tir theo phuong niy gidm xuéng, vi
vy nang lugng trao déi gilta chiing
ting lén, ddy ving din ha thip
xuéng. Con ddi v6éi hai phuong
vuodng géc [010] va [001] thi xay ra
nguge lai, ning lugng trao ddi gidm

[001]
[010]
O 2
\_-,.9 \\?,-9 (100)
£ :.,,H“ {'qj‘:: 8

Hinh 2-3: Céc mat déng ndng gdn cuc tidu
ving dén cila sitic bi nén theo phuang [100].

xuéng ddy viing din nang lén. Cic

mit ding nang vi vy s& thay ddi nhy biéu dién & hinh 2-3 trong dé céc hinh
dit nét ing v6i céc mat ding nang khi tinh thé chua bi bién dang. Néng do
dién tlf trong cic cyce tidu o s& thay ddi mot lugng 8n, nhung

M
2.0n, =0 va 8n = 8ny 8ny= 8ny= 8ng= 8ng
o=}

trong d6 280, = -43n, (2-82)
Bay gids ta c6 thé biu dién hugng thay déi cla tenxo do din

8a,, = —eﬁn](ugi - 2}1‘,3,3) = —ez(r}ﬁn,(&lz - ﬁ:) (2-83)

86,, =86, = -ez(ac)esn,(mit - H%) (2-84)

G day mat ding nang gn cdc cuc tidu 12 mat elip trdn xoay ¢6 cdc bdn truc
dai ing vdi my theo céc phuong [100], [010] va [001] wong tng véi wmg cap
cuc tiéu 1 va 4, 2 va 5, 3 va 6, hai bédn truc vudng géc biing nhau vi ngin
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tng vdi m,. Tir day ching ta thiy ring sy thay d6i do dén theo cac phuong
khdc nhau thi khic nhau cé vé gi4 tri tuyét d6i va déu.
Trong Si loai p cling xay ra hi¢u @ng 4p dién tr& nhung theo mot co ché
khac. Trong vung ho4 tri ¢ hai nhdnh nang lugng: nhinh 16 tr6ng nang va
nhanh 16 tréng nhe, hai nhanh ndy cé cling mot gi4 tri cyc dai & tam viing
Brillouin v&i khéi lugng hiéu dung déng hudng m;h va m;,f. Khi bién dang
khong ding hudng, su d6i xing cha trudng tinh thé bi phd v&, su dich
chuyén cha dinh viing hod tri clia 18 trong nang va 1& trong nhe theo hai
chiéu nguge nhau (vi du nhdnh 16 tréng nang nang lén, nhadnh 18 tréng nhe
ha xudng mot luong bang SE(K )). Sy dich chuyén nay am cho ndng do p,,
vi pe thay d6i nhung vi p,, + pr = p = N, nén 8p, = -8p;. Tir day c6 thé gay
nén si thay déi do diin

do=e [5Pellpz + 8pytpn | = e8p e —1pn ] (2-85)

8. Vé mit 1y thuyét, néu ta goi cdc thanh phin tenxd dién trd cha tinh thé
khong bi€n dang 1a p§ va cla tinh thé bién dang 1a pZ , Py 12 thanh phdn
tenxo Udng sudt, thi hiéu tng dién trd tenxo duge biéu dién bing cong thic:
Ph Pl S P (2-86)
P‘iJk - P ikém-* fm

Ty ly 12 cAc thanh phén cha tenxo 4p dién trd, d6i véi tinh thé 1ap phuong
tenxo 4p dién trd chi cdn lai ba thanh phdn:

Ty =R T2 =Ty Tz = T (2-87)
Hi¢u dng dp dién trd cta ban din duge dng dung rit hiéu qua trong céc
sensor vi co, cac vi hé théng co dién tir.
2.3.2. PO dan nhiét va cac hiéu Gng nhiét dién

1. Trong bai toin vé d¢ dan nhiét ching ta gidi phuong trinh dong
Boltzmann trong ché& d¢ dimg véi gin ding thoi gian héi phuc (2-64) Khi VT
# 0, ham phan bd f = f, + f, phu thudce vio toa 49, s& tim duge f;:

f; =_[ ef-;'—(vn E;F.VT)]\T’%t(E) (2-88)

O0E
Tir (2-88) chiing ta tinh duge mat d6 dong nang hegng W
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W = # JEv.f dry (2-89)
(Vp)
K&t qua tinh todn cho ta:
— 5 FYl— 1 —
W = {GE—TV’(¥]}K1I—TE.VT.K31 (2-90)

Tir (2-88) ta ciling tinh duge mat do dong dién:
= e§~TV(E} Kii -~ VTKa (2-91)
T T

O day K21 va K31 12 cac he s6 nhiét dong tuong tw nhu K11 biu dién & (2-69);
Vi cde didu kién mat ding nang 13 mat cdu ta cling ¢6 tuong tng 1a:
1

- oA of,

Ky =Ky =-— JE“T(E)=-N(E)dE (2-92)
4x" 0 9E

= I “fn3 o,

Kji =Ky =——5 [E°1(E)=-N(E)E (2-93)
47 0 0E

2. Chiing ta bi€t ring d¢ din nhiét y cla chét rin bao gém hai phdn: phin
thit nhit do dao dong mang gdy nén ky hiéu 12 x,, phin thit hai do dién tir
chuyén dong gay nén ta ky hiéu 1a y,, nghia la:

X=At %e (2-94)
Thanh phdn d6 din nhiét do dién tir gy nén duge dinh nghia qua biéu thic
sau day cha mat do dong nang lugng trong qué trinh dan nhiét ma mat do
dong dién bing 0:

— 2
W=—4,VT= _Ky K -K5 VT =y, = K3 K1 -K3, (2-95)
K, T K, T
P6i véi kim loat va ban din suy bién ta tinh dugc ¥,
n2k2T e?na(F) _ n2k2T
= . = . 2-96
=732 T 32 ¢ (2-90)
Tir day ta tinh duge s6 Lorentz L
- Xe _mlik ]
L= oT 3 (e)z 297

Pay chinh 1a noi dung cia dinh luat Wiedmann - Franz, néi 1én su lién
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quan chat chg gifta d¢ dan di¢n va do din nhiet d6i v6i kim loai va ban din
suy bién.
Do din nhigt cha bdn din khong suy bién phu thugc vao co ché tan xa
cua hat dan, trong bin din chda mot loai tap chat, thdi gian hdi phuc
duge mo ta bing cong thitc t = 1 E° (p goi 12 chi s6 tén xa) thi g, duge
biéu dién bing:

I'(9/2+p)I(5/2+4p)-T2(7/2 +p)
Ilk* .TO.(kT)pH. ( P ( p) p

= 2-98
Xe= T F(5/2)T2(5/2 +p) (2-98)
trong d6 [" 1a ky higu cdc ham gama.
S6 Lorentz trong trudng hgp niy c6 dang:
_{k2 ] 5
L= (?:7 (p + —2-) (2-99)

Trong trudng hop ban dén rieng s¢ Lorentz phu thudc vio bé rong ving cdm
Vi trong qud trinh din nhiét ¢6 ¢4 qud trinh phit sinh va téi hop hat d4n, khi

3. Sy chuyén dong clia di¢n 1, 18 tréng trong chat ban din gay nén mat do
dong dién, mat d¢ dong nang lugng va 12 nguyén nhan ciia cc hién tuomg
nhigt dién nhu hi¢n twgng Seebeck, hién twgng Thomson, hién tugng Peltier.
D¢ nghién cifu cdc hién tugng nay ching ta hdy phan tich biéu thitc mat do

dong dién T & (2-91) va mat do dong nang lugng W & (2-90). Tir (2-91)
chiing ta c6 thé viét dugc biéu thitc dién trudng € ;

= 2-101
ezKI | e eKI ]T ( )
Tir (2-101) va (2-90) chiing ta ¢6 thé biéw dién mét do ddng nang luong dudi dang
w - K217 KyK) -K} .
W = oK, IJ K], VT (2-102)

4. Tir biéu thirc cudng do dién trudng (2-101) chiing ta thay ring trong mot
mdu déng nhdt (VF = 0) néu khong ¢6 dong dién (7 = 0) vi tén tai mot
gradien nhiét do VT # 0 thi do chuyén dong khuyéch tdn chia hat din s& xuat
hién mot dién trudng d6 1a trudng nhiét dién €,. Trudng €, phu thudc vao

70 Trudng Pai hoe Bach khoa Ha Nai



Chirang 2: Nhitng khal niém, tinh chét, dac tnmg co ban cla vat lidu ban din

VT dugc moé td qua dai lugng duge goi 1a sudt nhiét dién dong vi phan tuyét
dai ky hiéu 1a o va ta cé:

pid KZI"—FKH_VT

€, =aVT= (2-103)
cTK,,

Tix (2-103) ta it duge bidu thiic cha «, sudt nhiét dién dong vi phan tuyét
doi, mot dac trung quan trong cva vat liéu bdn dan nhiét dién:
K, -FK,,

o= =Sl (2-104)
eTK,,
D6 vai kim loai va ban din suy bién ta tinh dugc:
_n? k2T N
S (2-105)

thudng c6 gid tri rdt nhod ¢ 10° V/K.

P6i véi ban din khong suy bién ta ¢6 thé tinh duge o phu thude vio co ché
tén xa hat ddn (gua chi s6 tén xa p) va nong do hat dan n:

k|5, _F-Ec|_ ki3 Ne ]
u—e[2+p F }—e[2+p+ln n} (2-1006)

thudmg cé gid tri cao hon ¢d 1 mV/K

5. D€ ché tao mot cip nhiét dién (hay mét pin nhiét dién) ching ta phai ¢6
ti€p xiic cia hai vat liéu c6 sudt nhiét dién dong vi phén tuyét doi khdc nhau.
MO0i cap nhiét dién nhu vay duoe dic trung boi mdt sudt nhiét dién dong vi
phan twong d6i o, = @, - o), trong d6 o, va o, la sudt nhi¢t dién dong sinh
ra khi nhiét d6 cia hai ti€p xtc ché tao tir hai vat ligu 1a T, va Tg s€ 1a:

Ty Tg :

912 = fap(THT = {(@, —o)dT (2-107)
Ta Ta

D6 chinh 1a hiéu ing Seebeck.

6. Tir biéu thic mat do dong nang lugng W & (2-102) chiing ta thdy ring
mét do dong nang lugng gém hai thanh phén: thanh phén thit nhat lién guan
dén dong dién nghia 13 sy chuyén dong c6 hudng cha hat din, thanh phin
thit hai thi chiing ta da biét 13 lién quan dén su ddn nhiét. Thanh phén thit
nh4t chinh 12 dong nang lugng gay nén hieu tmg Peltier. Ching ta ¢6 thé
bidu dién mat do dong nang luong:
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wo K5 KKy -Kj,

T TR o VT =M%, vT (2-108)

Dai lugng T1 = ell((21 dugc goi Ia hé s Peltier tuyet d6i. Hieu tmg Peltier 12
1

su tod nhiét hay thu nhiét khi ¢6 dong dién chay qua mot ti€p xic dugc mo
td bing phuong trinh:

Q2 = W3~ W =TI - I1)J =1, (2-109)
trong d6 I, 14 he s6 Peltier tuong d6i; Qg 14 nhiét luong toa ra trong mot
don vi thdi gian tai ti€p xtc gitta vat liéu | v6i vat ligu 2. TT;, lién quan dén
o, boi cong thite:

M, =IL- 10, = T - o, T = t,,T (2-110)
Hiéu g Peltier dugc ting dung nhu nguyén 1y hoat dong clia mdy lanh ban din.
7. Tir nhitmg phan tich trén day chiing ta thdy ring mot dac trung quan trong
cla vat li¢u bin dfin nhiét dién 12 sudt nhiét dien dong vi phan tuygt ddi cha
nd. Tuy nhién dé dac tnmg cho phdm chat ciia vat ligu nhiét dién ngudi ta
thudng diing mot dai lugng duge goi 12 hé s6 phdm chét ky hieu 13 Z.
z=0% _of (2-111)
X xp
He¢ s6 pham chat ctia vat liéu nhiét dien phu thudc vao o v ¥ do d4d ban
& trén, Z ty 1€ thudn v6i do dén dien vi o 16n cho phép nang cao duogc
cong sudt cha thi€t bi nhiét dién, Z ty 1¢ nghich v6i d¢ din nhiét vi y nhé

cho phép duy tri dwgc mot gradien nhiét do va nang cao duge hiéu suft
cua thiét bi.

2.3.3. Cac hi¢n img ganvanic - tix

Hi¢u g gavanic - tr lién quan dén chuyén dong dudi téc dung cia dién
trudmg va tir trudng bét hye Lorentz:

F=eE+e| ¥xE | (2-112)
trong d6 e - dién tich ciia hat dén, € - cuong d¢ dién trudmg, B - cam ing tir

1. Hi¢u tmg gavanic - tif quan trong nhét 12 hi¢u ing Hall. Thi nghi¢ém hiéu
tmg Hall dugc trinh bay & hinh 2-4.
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Churdng 2: Nhitng khai niém, tinh chal, dac tnmg ca ban cla val lidu ban din

Cho mdt miu bdn dn hinh hop chit nhit ¢6 ¢dc canh a, b, ¢ 1dn luot theo ba
truc toa 40 X, y, z. Gid sir tir trudng B song song vdi truc y, mat d6 dong
dién J song song vdi truc x, gilta hai diém 1 vi 2 trén hai bé mat vuong goc
v&i tryc z s& xudt hién mat hiéu dién thé Uy, nghia 14 xudt hién mot dién
trudmg theo truc z 12 €1 Tir sa d6 thi nghiem ta cé:

gl =g =U_H=RH‘§><]'} (2-113)

£C
trong d6 gz goi 1a dién trudng Hall,
R 1a hang s6 Hall dwgce tinh bing
cong thitc

R, = (2-114)

g,
23
2. Gidi phuong trinh dong Boltzmann  Hinh 2-4: So d8 thi nghiém hiéu ung Hall.

vGi luc tic dung vao hat din 12 luc
Lorentz theo gdn ding thdi gian héi phuc:

iVEf=%(§+[ir’xl§DVKf=~?(% (2-115)

ta ¢6 thé tinh duge ham phéan bs khong can bing f=f, + f, véi:

£, =_ﬁCTEK)_%{g+er(If [é’xﬁ]}ﬁ (2-116)

m 0E m
Biét harn phdn b khong ¢én bang f ta dé dang tinh duge mét do dong dién 1:

x vl -
T=-55 [ fvdrg =KD+ K| ExB | @-117)
4n” (Vi) m
__ %
$ day cdc hé s6 nhiét dong K 1jva Ki2 Ia céc tenxo v6i céc thanh phén
K :sij phu thudc vao tir tridmg va duge xédc dinh bang cong thiic:
i __45ij © EftSN(E) of,
rs - ‘ 2 . L}
3m JE
"1+( 2
m
Trong trudng hop mat ding nang 13 mat cdu, phd nang lugng ciha dién tir c6

dE (2-118)
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—_— __
dang parabol cdc hé s¢ nhiét dong K11 va K12 s& tré thanh cdc dai lugng
v hudng:

_ “ ETtSN(E) of
Krs =K5y =——1 | B) o & @119
Im* . (e .\ OE
1+[—~—-B)
i m‘
Bicu thire mat do dong dién bay gid c6 dang:
3
T=€’K] g+ K| €xB | (2-120)
m

3. Ung dung nhitng két qud ndy ching ta cé thé xdc dinh céc dai lugng déac
trimg cho hiéu tng Hall.
Tir (2-120) ta viét biéu thiic cdc thanh phéin cliia mat do dong:
3
Dy e * I
JX =& K} lgx __*Klzngy =-—F 0
m c.b

— 2" = — —
J,=¢K E,=0 =>g,=0
3 *
: . K
I,= 'K €, + —K|;6,By =€, = ———2BE,  (2-121)
m m K,

Tir day chiing ta it ra dugc géc Hall, géc tao

nén gilta vecto mat doé dong va vecto dién &
trudng téng cong (hinh 2-5):
tg(ng—z=-— ¢ Kipp (2-122)

«  m Ky =
) ) \ I &
Chiing ta cfing xdc dinh dugc d¢ din trong tt gnn 2.5: 59 a6 bigu dién géc Hatl
trudng oy tir cong thire:

4
m’ K“
4 a2
ou=eK) +— K? B? (2-123)
m* K,
g
Cudi cling chiing ta xdc dinh hing s6 Hall R, = [T:]
Bx)
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Chuong 2: Nhitng khai nibm, tink chél, ddc tning co ban cia vét liéu ban dén

*®

° 2L gg, .
Ra = m_ Ky _ Kz
H 3% {34 K:% 2 * 2
[~ KI IBX + 7 K* B Ex B em*K;% 1+ ef‘l% B
m 1 m Ky,

{(2-124)
4. Bay gid chiing ta ¢6 thé (ing dung nhing k&t qua trén day d6i véi ban din
suy bién. Trong trudng hop tir trudng yéu, trong céc cong thite (2-119) tinh K,
néu bd qua dai lugng 2B << 1 & miu s6 ta s& ¢6 K &y ~ K ., ddi v6i ban
m

dan suy bién ta ¢é:

Ki =K, =—=1t(F); K}; =K, =-212(F)  (2-125)
m . m*

Tir (2-124) ta tinh duge hiing s6 Hall clia bdn dn suy bign:
Ry = ! —=~-L (2-126)
n.e
en 1+[et(f)B]
m
trong d6 r. 2 néng 49 hat din, e 12 dién tich hat din, néu bdn din 12 loai n
(donor) R nho hon 0, néu ban dan 12 loai p (acceptor), R duong.
5. Pai v6i nhimg bdn din khong suy bién, trong tlr trudng yéu cic hé s6
K} =Ky =—"-(1); K}, =Kpp =2-{12),1acé:
m m
K 1 {t?)

Ryz=—"—=—+ =-—A (2-127)
em'K, en(g)? en

trong d6 (1) 12 gid tri trung binh cta thdi gian héi phuc, (t°) 1a gid tri trung
binh cia Linh phuong thdi gian héi phuc, A goi 14 nhan t¢ Hall phu thudc
vi0 co ché tdn xa cha hat ddn, Né&u tdn xa trén ion tap chat, ing vdi chi s6
tin xa p = 3/2tac6 A = 1,93; néu tin xa trén dao ddng mang, iing véi chi s3
tinxap=-3/2tacé A= éSE =1,18.

Trong cdc cong thirc tinh Ry & (2-126) va (2-127) chiing ta d3 gid thiét bdn
ddn chi ¢6 mot loai hat dan.
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6. D6 v6i ban din c6 hai loai hat dan, dién tir va 16 tréng, do cong tinh (tinh
cong duge) clia cac hé s6 nhiét dong K, va K,, ching ta ¢6 thé biéu dién
héng s6 Hall dudi dang:

Kml . KIE[_l
K €. m e.m
R, = 2 __ "% PP (2-128)

em'K?2  (Kyj, +Kypp)

P61 vdi ban din khong suy bién chita hai loai hat dén:
n{ci) p{t})
o *2

e m €. m
T f
RH = L

[--’-’;--(t p; <T">T " (onrop)

trong dé A, o, b, v& Ap, Ops Up 12 nhén 16 Hall, d¢ dén, d6 linh dong twong
tng caa dién tir va 16 tréng.

AnC g TAL0LH,

(2-129)

Pal —bva & =xtace:

_ Alp-nb)) A 1-xb’
e,(p+nb)’ e, p (1+xby

NeEu A, =A =A;

(2-130)

7. Tir cong thitc d6 din trong tif trudng (2-123) chiing ta c6 thé tim céc dac
trimg cua hiéu dng tlr dién trG trong ban din
4 * a1
o, =eK;, + L&) B (1-131)
m *
& day cdc hé s6 nhiét dong K., phu thude vio tir rudmg nhur & (2-119) ¢6
thé biéu dién dudi dang:

m" 2
1+( er* Bj
m

trong d6 p = ﬂ. 14 d9 linh dong cla hat din.
m

K' =D ETts _.n E'rS
® l+pn2B?

> (2-132)
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Thay vao (2-123} ta cé:

2
2B2
O'H_en< B >+en Ity (2-133)

1+p°B’ B
1+p’B°

D¢ dac trung cho hiéu tng tir dién tréy ngudi ta dua ra mét dai lugng goi 1a hé
8O tir trd a,,, v&i dinh nghia nhu sau:

= PHPo 1 Vou-l/o, 6o-0n 1 3y
" P B2 /o, 6y B2

Nhu vay né€u biét ay, thi dién trd sudt cua miu trong tir trudmg B sg 1a
o

Pu=pol +oyB) hay oy= ﬁ (2-135)
H

Tir bi€u thite o, & (2-123) ta c6 thé tinh gin ding he sd tir rd o,

(030 ={n2)" o2 (D Nr)-{s2)’

Oy = = (2-136)
() m"? {1)?

8. Trong tat cd nhimg trudng hop trén day ta thudng gid thiét m4t ding ning
12 mat cdn, kh6i lugng higu dung 13 vo huéng, cuc tri nang luong nam &
K =0, nghia 13 trong viing diin chi cé mot cuc tiéu tuyét doi, trong viing hod
tri ¢ mot cuc dai. Ddng thdi ta ciing gid thiét tlr trudng yé€u nén bd qua
e

(t‘ 's
m
trén ta viét mat do dong bing mot bidu thite gin ding

2
nhiing s6 hang c6 chifa ( J bén canh s6 1. V&i nhitng gdn ding nhu

T=e¢2K} E’+fi1‘<‘ [é’xﬁ] (2-137)
= 11t m‘ 12

Trong trumg hop téng quét cé M elip trong mit déng nang va Y tnrdng
khong dugc coi 13 y&u thi ta ¢6 thé viét mat do dong cho mét elip (elip thit
o) nhu sau;
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£Bm'B (2-138)

J* = 2K} B +e°K{ 5 [ (@) ExB ]Jr

trong d6 (7" )~! va " 12 tenxo nghich déo kh6i lugng hiéu dung va tenxo
khoi lrgng hiéu dung,

Tinh dén nhiig y&u t¢ niy cho thdy ring cdc hién twgng dong phitc tap hon
rdt nhiéu, trong d6 sy din dién dudi tic dung cla dién tromg Lién quan dén

mot tenxo bc hai, o;;, hiéu iing Hall lién quan dén mot tenxo béc ba, Ok
hiéu img tir trd lién quan dén mot tenxo bac bén, oy Chinh vi vay hé s6 tir

, 1(4Ap
trd oy = B2 o phu thudc vao géc giita vecto mat do dong va vecto

cam ing tir B

2.4. BAN DAN KHONG CAN BANG

1. Nong 46 dién tir, 16 tr6ng trong bén din khéng suy bién ndm trong diéu
ki¢n can bing dugc xde dinh béi cic bidu thirc:
—(E,-F) —(F-E,) -AEy
n,=Ne kT ;p =N e kT 'no.pc,:n-2=N N, e kT

Trong diéu kién khong can bing, khi c6 tdc dung kich thich tir bén ngoai, vi
du chigu Liic xa, cé dién trudng..., ndng do hat ddn s& thay déi, c6 thé pha
thugc vao toa d9, vio thai gian. Trong trudng hop dé ta c6 néng 46 hat din
khéng can bing n, p.

Néng d6 hat din khong can bing n va p ¢6 thé duge biéu dién bing cong
thic twong tr nhu néng dé hat din can bing

~(Ec-Fy) ~(F-By) ~AB, BB
n=Ne *T ;p=N_e *T ;np=N,N,e kT ¢ kT
{2-139a)
Fp -Fp
np=n?e kT #n? (2-139b)

trong d6 Fy vd Fy 1a chudn mic Fermi twong dng ciia dién tir vi cia 16

tréng. Chiing ta thdy ring chufn mitc Fermi clia dién tir F[: va cha 16 trong
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Chuing 2: Nhilng khai niém, tinh chét, ddc trung co ban cia vat fidu ban dén

F; la khic nhau, chi trong diéu kién can bang ta méi c6 F: = FI: =F.
N6ng d9 hat dan khong can bang c6 thé biéu dién qua néng d6 hat din can
bang n,, p, va ndng do hat dan du 3n, Sp:

nir)=m,+6n; p{r,t)=p,+3p (2-140)

2. Ching ta bi€t ring trong bdn din luén ludn xdy ra hai qué trinh nguge
nhau: qui trinh phét sinh hat ddn va qud trinh t4i hop hat din,

Qua trinh phit sinh hat din 12 qud tinh dién tir chuyén mc nang lugng tir ving
hod tri lén ving dan lam xudt hién dién tir “tr do” trén viing din va 156 tréng
trong ving hod tri, qud trinh niy ¢4 thé xdy ra do nguyén nhan beén trong - nhiét
phdt sinh hat dan, ¢6 thé do sy kich thich clia céc nhén 5 bén ngodi, nhu chidu
bifc xa - quang phét sinh hat dan, 34t dién trudng - dién phat sinh.

Qud trinh phét sinh hat dén do sy kich thich cha cdc nhan t6 ben ngoai duge
goi 1a qua trinh phun hat dan (injection). D¢ dic tnmg cho qud trinh phét
sinh hat din néi chung, hay qu4 trinh phun hat din néi riéng ngudi ta duara
khai niém t6c d¢ phat sinh hat dn (hay t6c phun hat ddn) G, G, 12 56 hat
dén sinh ra trong mot don vi thoi gian mot don vj thé tich duge do bing don
vi (m”s™"). Qud trinh t4i hop hat dan 1a qué trinh chuyén muc cha dién tr
trén ving dan xudng trang théi wréng trong viing hod tri 1Am bién mat mot
dién tr trong viing din vA mot 18 tréng trong viing hod tri. Trong qué trinh
chuyén mi¥c ning lugng, nang lugng doi ra it nhét bing bé rdng ving cdm
AE,, c6 thé dugc gidi phéng ra dudi dang biic xa - d6 12 qué trinh téi hop bic
xa (hay tdi hop photon), c6 thé dwgc giai phong du6i dang dao dong mang
tinh thé - d6 12 qud trinh t4i hop khong bitc xa (hay tdi hop phonon). Theo co
ché tdi hgp chiing ta phan biét hai loai: tdi hop tryc tiép va tdi hop qua tam.
Trong qud trinh tdi hop trire tiép dién tir & trong viing din “tryc tiép gap” mot
trang thai trdng trong viing hod tri va téi hop v6i nhau. Vi vay t6c dé t4i hop,
nghia la s6 cap dién tk - 16 tréng tai hop trong mét don vi thoi gian va mot don
vi thé tich, trong trudng hop ndy ty 1é véi tich n.p. Trong trudng hop bén din
chita mt loai tap chét (vi du loai n) v mitc phun thap (nghia 12 8n, 8p << n)
ta ¢§ thé tinh t6c do tdi hgp theo cong thire:

R= vsi 1, =t (2-141)

Tp Pn o,

trong d6 8p = 3n = ndng do hat din du, 1, - thdi gian s6ng chia hat ddn khéng
co ban (16 wrdng), f - he s6ty 18.
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Trong tdi hop qua tam, qud trinh tdi hgp duge thyc hién nhd sy “moi giGi”
clia mot trang thdi dinh xi ¢6 mife nang lugng ndm gdn gitta viing cdm duge
2oi la tam tai hop.

Pdu tién tam tdi hop “bar” mot hat din (vi du dién ti) sau d6 lai “bat” ti€p
mot hat dén khac loai {(vi dy 18 tréng) va dién tir va 16 trong tai hop vdi nhau.
Té&c do tdi hop qua tim phu thude vao ndng do hat dén dur va thoi gian séng
cua hat dan:

R, =2 R_=— (2-142)
T, T

trong do thong thuong R, =R 1, =1,

Thoi gian séng clia hat dan trong trudng hop nay phu thude vao nhiéu yéu o
nhu: néng d6 tam tai hop N,, mic nang lugng cia tdm tai hgp, ndéng do tap
chét, nhi¢t do... Thoi gian s6ng cla hat ddn 16n nhdt trong ban dan riéng va
nho nhat trong ban din pha mot loai tap chdt véi néng do cao. Hai qud trinh
phdt sinh hat din va tdi hop hat din song song ton tai trong chat bin dan.
Trong bén din can bing hai qud trinh nay can bing nhau, nghia la R, = G,
va nong d6 hat din du dn=8p=0.

Trong ban din khong can bing n # 0 ; §p # 0 va thong thudng duge dic
trung bing (Se d6 t4i hgp R, R, da kh#u trir Ry, va duge tinh bang cédc cong
thifc (2-142) nhur da trinh bay & trén.

Con qué trinh phét sinh hat din thi cfing chinh 1& qu4 trinh phun hat din, né

phu thudc vao téc dung kich thich bén ngodi. Trong qua trinh quang phat
sinh hat din thong thudng ta ¢é:

G,=G,=lan (2-143)
trong d6 1 - cuong 4o bite x@ (dnh sdng); o - hé s0 hip thu ; n - hi¢u sudt
lugng tir - 36 cip dién tir - 15 tr6ng phat sinh khi mét photon bi hip thuy.
Trong qué trinh phun hat dén bang chi€u bitc xa ta thudng dat duge 3n = dp
va tinh trung hoa dién cla bdn din duge bdo toan (p = 0).

3. Trong qud trinh phun hat din do tic dung dién truong (dién phat sinh)
thudmg phun mot loai hat din trudc, nhumg dién tich cta cic hat dn dir nay
nhanh chéng bi trung hoa theo qud trinh hdi phuc Maxwell:

p(F,t)=p(7,0).e *m (2-144)
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Chudng 2: Nhiing khai niém, tinh chat, dac trung co ban cha vét Jidu ban dén

€€ .
trong dé T, = — goi 1a th¥i gian héi phuc Maxwell. V6i gid tri do din o
o

cha cdc bén dan thudng gap ta ¢6 1, = 10''s. Diéu d6 c6 nghia 13 dién tich
p(¥,t) s&bi trung hoa sau mdt khodng thoi gian T, cyc ngén. Néu ndng do
hat din du dugc phun vio 1 néng do hat din co ban thi sy trung hoi ndng
d6 hat din du don gidn 1a sy phan tan cta dong dién do hat din co ban gay
nén. Néu hat din duge phun vio 1a hat diin khong co ban thi qué trinh hdi
phuc Maxwell cta dién tich cia cdc hat ddn du khong phai 14 sy phéan tén va
bién mat clia ndng 46 hat din du khong co ban sau thoi gian héi phue 1.
Quad trinh héi phuc Maxwell & day xdy ra bang sy phat sinh mét néng d¢ hat
dan trai ddu, hat din co ban, nghia 13 sy xuat hiegn mot-ndng do hat din du
twong (ng clia hat dan co ban, va ndng do hat din du 8n = dp nay s€ ton tai
trong th&n gian séng cla ching, 1, = 1, >> 1,,. K€t qua 12 noi ¢6 nong do hat
déan du khéng co béan phun vao ta cé them mot ndng do hat dan dwr co ban
xudt hién, ndng do hat din khong can bing & day tang lén, do dan tang lén.
Dong dién & day bay git do cé hat din co ban va hat ddn khong co ban giy
ra, vi du hat din co ban 12 dién tir, thi mat do dong téng cong J s& Ia
1=1,+7,

Ty s6 giita mat d6 dong hat din khong co ban trén dong toan phin y (0§ day
J
y=0, /0, +1,)= T" ) dugc goi 13 he s& phun hat ddn khong co ban.

Qua trinh phun hat d4n khong co ban gay nén nhiéu hiéu img trong chdt bén
din do qud trinh tdi hgp, qud trinh khuéch tin cia chiing.

4. Trong chét ban din ching ta bi€t ring mat d¢ ddng dién 12 tdng mat do
dong dién do dién tir va do 18 trffng g4y nén:

J—J +J

Trong ban ddn khoéng can bing khi tén tai dién trudmg va gradien néng d().
hat din trong miu ta lai cé:

Jo=Tpn+Tgn Jp=Tpp +Jg (2-145)
. d
trong d6 Tpn =—€aDy & Fp, =—e,D,
dx
Jen =€an, € Tgp =€pPHpE (2-146)
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O day D, Dy 12 he 56 khuéch tén tuong ting clia dién tir va 16 trong.

Gifta hé 56 khuéch tdn va do linh dong ton tai mot hé thic goi la he thic
Einstein:

Dn :Epn Dp:_“p (2-147)
e, e

Trong hai dang chuyén dong cia hat dan, chuyén dong cudn vi chuyén dong
khuéch tén, ngudi ta xdc dinh hai do dai dic trung (vi du ddi v6i dien tr):

- Do dai cudn Lg 1a do dai ma hat dan (dién ) di dugc trong thoi gian
song 1, khi chuyén dong cuén:
Lg = vyt = 1,7, €

- B¢ dai khuéch tdn L 13 d6 dai ma hat dén di dugc trong théi gian séng
khi chuyén dong khuyéch tan:

Lp=+1,.D,

5. b€ xdc dinh néng do hat din can bing phu thudc vio toa do, thii gian
n{r,t), p(r,t) ngudi ta ding phuong trinh lién tuc ¢6 dang:

J
AN v +G, -R,
ot €
J
%=—divE:—+Gp -R, (2-148)
- Ung dung cho qud trinh kich thich ta ¢6:
sn(t) = G, (1-e ™ (2-149)

Khit>>1, 8n(t) - 8ny [a ndng do hat din du én dinh, 8ng = G,1,,

-'Quad trinh suy giam nong d¢ hat din du theo thdi gian:
4

sn(t)=5n(0)e Tn (2-150)
- Quad trinh phun tr mét phia:

n(x)=on(0)e Lo @-151)
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Chutgng 2: Nhitng khai niém, tinh chat, dac trung co bdn clia vAt lidu bén dén

+Khi€=0 L,=L; ting vdi khuéch tan don thuin.
+Khi€16n  Lg® >> L, va Lg > 0 ta ¢6 L, = Lg fing v6i hién tuong phun
hat dén (injection).

2

]LD | << Lp img v6i hién tugng chiét hat
E

+Khi€ldn Lg<Otac6 L, =
dan (extraction).

2.5. NHUNG CAU TRUC CO BAN TRONG CAC LINH KIEN BAN DAN

Linh kién ban dan di duge nghién cifu ché tao st dung khozng 130 nam nay,
tinh tr nam 1874 khi Braun phat minh ra tinh chinh luu ciia tiép xic kim loai -
ban dan. Tinh d¢n nay cé khoang 60 loai linh kién ban din chinh va khoang
100 phién ban lién quan k&m theo chiing.

Trong bang 2-1 gi6i thigu 20 linh kién chit chot nhét theo trinh ty thdi gian
duge phat minh ra cling véi tic gid cla chiing,

Bang 2-1: Danh muc 20 linh kién chd chét

Nam Linh kién Tdc gid phdt minh
1874 | Ti€p xic kim loai - ban ddn Braun

1907 | Diode phdt quang (LED) Round

1947 | Transistor lutng cyc Barden, Brattain, Schockley
1949  Chuyén tiép P-N Shockley

1952 | Thyristor Ebers

1954 | Solar cell Chapin, Fuller, Pearson

1957 | Transistor ludng cyc di chét

Kroemer
1958 | Tunnel diode Esaki
1960 | MOSFET Kahng, Atalla

1962 | Laser bdn dn
1963 | Laser cfu tric di chat

1963 | Diode dién tit van chuyén
(Transferred - ellectron diode)

1965 | Diede thai gian van chuyén thic 13 ion | Johnston, De Loach, Cohen
hod va cham (IMPATTD)

Hall va cong sy
Kroemer, Alferov, Kazarinov

Gumn
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1966 | Transistor truong kim logi ban din (metal | peaq
- semiconductor field effect Tr)
1967 | Bd nhé ban din khéng xod

! ¢ Kahng, Sze
{nonvolatile semiconductor memory)
1970 | Linh kién lién két dién tich ’ Boyle, Smith
{Charge - coupled device - CCD)
1674 | Diode tunnel cong hudng Chang, Esaki, Tsu

1980 | Transistor trudng pha tap diéu bién
{modulation - doped F.E.-T}

1994 | T¢ bao nhd don dién tir nhiét do phong
(Room - Temperature single el-memory cell}
2001 { 20nm MOSFET Chau

Mimura va cdng sy

Yano va cong su

Tuy ¢4 rt nhiéu loai linh kién bdn din nhung tat ca cdc loai d6 déu cau tao
tir rdt ft cac c4u tric, c6 thé néi chi ¢6 bdn cu tric co ban sau day: tiép xic
kim loai bdn dén, chuyén tiép P-N ddng chit, chuyén tiép P-N di chat, cdu
tric kim loai - dién mot - ban din.

2.5.1. Tiép xic kim loai - ban dan

Linh kién bin din ddu tién dugc sir dung trong thuc t€ 1a diode ti€p xiic
diém, bt ddu tr 1904. Nam 1938 Schottky dua ra mo hinh gidi thich tinh
chinh hru cla tiép xic kim loai - bdn ddn goi 13 mo hinh hang rao Schottky
(Schottky barrier). Mo hinh hang rao
Schottky s€ dugc trinh bay dudi day
bing hinh v& 2-6 cho trudmg hap tiép

xiic kim 10ai - ban dAn loai n véi cde =
k¢ hiéu cdc dai lugng sau:
¢,, - cong thodt tlr kim loai;
¢, - cong thodt tir ban dén;
b)

% - 4i luc hod hoc dién tif trong
ban dan (y =-Eo);

Op, = (b, - ¥): hiéu gilta cong
thodt kim loai v 4i luc hod  Hinh 2-6; So d8 ndng luong cla 1isp xic kim
hoc cha ban dan trong [lép loai - ban din loai n: a- Tntsce k{'lf.ffgp xuc,
xiic kim loai - bdn din loai b- Sau khi tisp xic.

n. Tuong tu nhu vay, trong
ban dén loai p ti€p xic v6i kim loai ta ciing c6 ¢g, = AE, - (9, - 1))
D6 véi cling mét bén dén va mot kim logi ta c6: ¢, + §p, = AE,.
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Chugng 2: Nhing khai niém, tinh chét, dac trung co bén cda vt liéu ban dén

eU, - khoang cich nang lugng tir ddy viing din dén mic Fermi trong bén
Jdén loai n;
eUy; = O - §s: hidu cong thodt gitta kim loai va bin dén;
U,, - hiéu th¢ cdu thanh (built-in) clia tiép xic, thuong goi 12 hiéu the
tiép xuc.
Hang rao thé d6i véi dién U g, (v2 d01 v6i 16 trong dg) phu thudc vao ¢,
cong thodt cha kim loai, tuy nhién do anh hudng clia cdc trang thai phan
bién (trén bién giéi kim loai - ban dan) sy anh hudng nay bi giam di nhu
biéu dién ¢y, phu thudc vao ¢, cla ban din n-Si vi n-GaAs v6i cdc kim loai
khic nhau & hinh 2-7.

Py feV)
Theo mo hinh gin ding 1op o
nghgo, vi du biéu dién & hinh 2-6, +or
trong diéu kién can bing mic osl
Fermi bing nhau, sy phan bd

dién tich va dién trudug trong 0.6r
tiép xdc kim loai - bin dén loai n

i 0.4}
véi §,, > b, c6 thé bicu dién nhu

& hinh 2-8a vA 2-8b. Ldp dién ¢.2} A Au
tich phia kim loai tich di¢n am va oLt Mght TIAW  Pal Pt
rdt mdng, 16p dién tich phia bin 3.0 40 50 6,0

din tich dién duong (nd bao gém LS

céc ion donor duong) va day hon  Hinh 2-7: Su phy thudc cla dam vao cong thoat
t4t nhiéu, c6 bé day bang W. #n ctia kim logi

Giai phuong trinh Poisson véi mat do dien tich trong ban ddn p(x) = e.Ny
ta co:

0] = W -3 = B - (2-152)
€obs Eobs
eNGW 5 i . . o
trong do €, = , € - hing s¢ di¢n mo1 tuong d6i cla ban din. Néu dat
o8
mot hiéu the U lén ving dien tich khi dé ta co:
£ W eNGW’
U, -U= = (2-133)
2 28,84
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Tir day ta co:

W=2e,e,(Uy —U)/eNy (2-154)
Mat dg dién tich trong bdn din Q_:
Qcs =eNyW = 2ee,e Ny (Uy -U) (C/em?)  (2-155)
Ta €6 thé tinh duge dién dung 16p ngheo:

\ N :
C:aQsc: PEoEsNd _ Epks (F/em?2)) (2-156)
ou 2(Uy; - U) w

Néu tim duoc sy phu thude cia C vao a) S
hiéu thé U ta ¢6 thé xdc dinh N
(phuong phip C-V): 0w X
N, = 2 —1 Ll
€E,E, d[ ] ]f’dU b) £t W

& - -
i o : Em
Bac tuyén V-A cia ti€p xtic kim loai -

ban din dugc xédc dinh trén o SO MO ok 2.8: Bidy didn sy phan bS: a-ditn

hinh hang rao Schottky: tich, b-dign trnudng trong ban dan tip xtc
= 1, ]
\"6' JS = A‘TZ e’°¢Bn”‘T (2‘158)

Bén canh dong hat ddn co ban (dién ti) trong tiép xtic kim loai - bdn din loai
n con ¢6 dong phun hat din khong co ban (16 tréng) tir kim loai vio bén din
duge xédc dinh bang cong thite
D, n?

©@T 1y vei g, =P (2-159)
e po L p N d
Ti€p xdc kim loai - bdn din khong phéi bao gidy cling Ia tigp xic ¢é tinh
chinh lutu va khong phii bao gity ngudi ta cling mong muén diéu do. Trong
rat nhiéu trudng hop ngudi ta cdn mot tiép xic kim loai - bén din c6 dién trés
ti€p xtic rat nho so v6i dieén trd néi tiép (hay dién tro khoi). Tiep xiic nhu vay
duge goi Ia 1i€p xtic émic (tuan theo dinh luat Om). Goi R 14 dién trdy sust
cua tiép x(ic omic ta c6 dinh nghia:

Jo=1
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ary" 5
Re=|— (C2.cm™) (2-160»
U Jy,
Tir (2-160) ta cé:
edg
Re=—rpe n 2-161
C AT XP[ KT ] ( )

Tix day ching ta thay ring tiép xic kim loai - bdn dan cé dién tr& tiép xiic
nho khi do cao hang rao dién tit ¢g, nho.

Mat khdc ching ta lai thdy ring bé day cua hang rao s& mong khi nong do
pha tap ting 1én, khi bé day 1dp hang rdo giam dong dién theo hiéu tng
dudng ngdm s& déng vai trd chi yéu. Chinh vi vay khi néng d¢ pha tap Ién
dién trd tiép xtic phy thude vao néng do pha tap theo cong thite sau;

4\(m*ss|J i TH
TN

K&t luan lai, dé gidm dién trd ti€p xdc va dat duge tiép xic 6mic ta phdi
giam g, hodic tang ndng do tap N hay t6t nhat [a ¢ hai diéu kién d6.

R, =exp (2-162)

C

2.5.2. Chuyén ti€p P-N dong chat

Chuyén ti€p P-N 12 cfu triic ¢o ban ¢6 mit trong rdt nhiéu linh kién bdn dén.
Trude hét ta xét mot mo hinh chuyén tiép P-N dong chét 1y ardng dot bién
mot chiéu. Mot dom tinh thé bdn din trong dé mot nira pha tap déng déu loai
n, nira kia loai p nhu & hinh 2-9, nghia [a:
N,(x) =N, khix<0 N(x) =N, khix>0
=0 khix>0 =0 khix<O0

Su phin b6 tap chat nhy gid thiét trén day din dén sy khuéch tan dién tor (r
phan N sang phdn P va sy khuéch tdn 16 wréng tit phdn P sang phin N. Sy
khuéch tan hat din tao nén & viing bién phia phdn N mét Idp dién tich
ducng, bén phin P mot 16p dién tich am. Trong gén ding 16p ngheo mat do
dién tich duong trong I6p ngheo dugc xem bang eNy va bé day 16p dien tich
ky hiéu 1a W, mat do di¢n tich 4m bing -eN, va bé day 1a W (nhu bicu
dién trén hinh 2-9a) din dén mot dién tnkmg tiép xtic ma ta ¢6 thé tim duge
béng cdch giai phuong trinh Poisson mot chiéu duéi dang:
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d2v _e?Ny
dx? g,
véi —wn<x~:0vég— =0
dx x=W,
d2v __e’N,
dx? e,
vé‘i0<x<wpvagx =0
dx x=W,
Loi giai sé 1a:
. — eNd
khi -W <x<0 g, = (W, +x)
£8
- eN
khi 0<x<W, & =——"(x-w,)
gE
(2-163)

Tai x = 0 tir diéu kién lién tyc ciia dién
truong ta co:
_eN,

eNd
W, W

£E, gg, P

— Nde = Nawp

(2-164)

Cudng do dién trudng tiep xtic & c6
chién hudng tir phdn N sang phén P vi
dugc biéu dién trén hinh 2-9b.

Néu tich phan cic phuong trinh (2-163)
trén day ta s thu duge bifu thic the
nang cia dign tir. Néu ldy thé nang coa
dién tir tai x < -W, béing khong, thi the

ning cla dién tlf tai x > Wy, s& bing eUy = eU,,.

(2-163) véi cdc diéu kién ndi trén ta cé:

. e?Ny
khi -W <x <0 V(x)=
2eg,

Jy_:fp n

Hinh 2-9: Chuyén tiép P-N ddng chét,

Gidi cdc phvong trinh

(W, +x)?

88
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: e’N,
khi0<x<W, V(x)= >

(x-W, ) +eUx  (2-165)
o]

Trén hinh 2-9¢ biéu dién dé thi V(x) va trén hinh 2-9d biéu dién so d6 viing

ning luong clia chuyén ti€p. Trén hinh 2-9e biéu dién sy phin bd néng do

hat din trong diéu kién can bang. Dé dang tim dugc sy lién hé gitta nong do

hat ddn co ban va hat dan khong co ban:

p, = ppe—eUK.-'kT np :nne—eUKIkT (2-166)
Tir d6 thi hinh 2-9¢ chiing ta thay & lan cén bién gidi giita hai phén ton tai
mét viing ngheo hat din co bin duge goi 14 viing ngheo, kéo dai tir -W_ dén
Wp, bé day 16p ngheo duge xéc dinh bing cong thic:
2ge, (N, + N YU

W=wn+wp=J N (2-167)
a

Viing nghéo cé do din rdt nho nén goi 1a viing kém din, trong ving nay
phia phan N tich dién duong (gém cac ion donor duong) phia phdn P tich
dién Am (gbébm cédc ion &m acceptor) vi vy né con duge goi 1a viing dién
tich dia phuong. Do 16p kém din kep gitia hai phan pha tap manh nén céu
tric nay gidng nhu mot ty dién, dién dung cha ty dién trong diéu kién can
bing 1a:

N, N
Cjp =2 = |72 "d4%o (2-168)
W V(N, +Ng)Ug

Trong diéu kién c6 thién 4p U dit lén chuyén tiép, dién dung cla tu dien
thay ddi theo U

c. :J eN,N,ee, (2-169)
! (N, +N (U -U) _

Trong diéu kién can bing (U = 0) tén tai dong khuéch tin J o, cla dién ¢ tir
phin N sang phén P va dong cuén J ¢, ciia dién tir (hat din khong co ban) tix
phén P sang phin N, hai dong nay nguge chiéu va triét tieu 1an nhau: '

an+jEﬂ=0

Ciing tuong tu nhy vay ddi voi 18 trong tén tai ddng khuéch tan 16 tréng Jp,
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tir phan P sang phan N va dong cudn 15 tréng jEp tir phan N sang phén P, hai
dong nay nguge chiéu v triét tidu 1in nhau:
ij + j E.p = O

Khi dat 1én chuyén ti€p mot thién dp thuin Uy (cuc 4m & bén phin N,
cuc duong bén phan P) dién trudng ngoai ge dat vao nguge chiéu dién
trudng ti€p xic gi 1am cho hang rao thé nang trén chuyén tiép ha thdp
tlr eUyg — e(Ug - Up). Dong khuéch tdn dién tir va 16 tréng ting cao, con
dong cudn cha ching van rat nhd va khong thay déi mdy. Két qué 13 ta cé
dong dién la dong khuéch tan cua hat dn co ban tir P sang N ting manh khi
U, tang.

Khi dat 1én chuyén tiép thién dp nguoc U, J
(cuc 4m & phdn P cuc duong & phin N)

dién trudmg ngoai €, dat vio ciing chidu

véi dién trudng tép xic gi lam cho hang T =Jen+Jsp
rao thé nang trén chuyén tié€p nang lén t
eUg — e(Ug+U)). Dong khuéch tdn hat din
co ban tién dén 0, chi con lai ddng cudn cia
hat ddn khong co ban rdt nhd va it thay d6i, Hinh 2-10: Dic tuyén V-A cle chuyén
d6 13 dong bio hod nguge ¢6 chidu tir N tigp P-N.

sang P. Gidi phuong trinh lién tuc d6i vdi ndng do hat din két hop vdi cdc
diéu kién bien v6i cdc gia thiet gdn ding chiing ta ¢6 thé am dugc dac tuyén
V-A clia chuyén tiép:

T=30eT 1] v6i I = (f, + 1) (2-170)
D,n D,p D D n,L paL
J,=e L . =e.ni2 L. i =e]: P r,tP
L, Lo Lapp Lpng Th Tp
(2-171)

Trén hinh 2-9f biéu dién thanh phdn dong dién J = I, + J, theo chiéu thuan
v6i gid thi€t trong viing ngheo khong x4y ra tdi hop hat ddn,

Trén hinh 2-10 biéu dién dic tayén V-A cla chuyén ti€p P-N.
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2.5.3. Chuyén tiép P-N di chat

Tir 1951 nguﬁi ta bit ddu nghién citu mét loai chuyén tiép trong d6 c6 sy
tlep xlc cla hai chit ban din khdc nhau vé thanh phin hod hoc ton taj trong
cing mét don tinh thé. D6 14 chuyén ti€p di chat. Hai chat ndy khdc nhau vé bé
rong ving cAm AE, va nhiéu déc trung khac nhu: 4i luc hod hoc, céu triic ving
nang lugng, khoi luong higu dung va d¢ linh dong cla hat din, hing s& dién

. Ngudi ta phén biét hai loai chuyén tiép di chat: chuyén nep di chét N-P va
chuyén tiép di chat P-N. Ngudi ta quy udc got loai din dién ciia bin dan viing
¢im rong trude loai din ban din viing cam hep sau, nghia la chuyén tiép di chit
N-P ¢6 bin dén ving cim rong loai N vi ban dén viing cdm hep loai P, ngtroe
lai chuyén tiép di chat P-N c6 bdn dan vung cim rong loai P va ban dan ving
cim hep loai N,

Gia su chiing ta c6 chuyén tiép di chét N-P khi chua tiép xiic nhu & hinh 2-11a,

cé thé v& so dé ving ning lugng clia chuyén tiép d6 trong diéu kién can
bang nhu & hinh 2-11b,

_mUG chéan khing c.k2

Hinh 2-11: So d6 viing nang lugng cla chuyén ti8p di chat N-P:
a- Trude khi tiép xuc; b- Sau khi tigp xie.

Trén hinh 2-12 bidu dién so dd viing nang luong clia chuyén tiép di chat P-N
truge (a) va sau khi tiép xtc (b). Trén ca hai vi du & hai hinh 2-11 vi 2-12
ching ta déu thdy ring mic ning lugng sit bé mit (ta goi 13 mifc chan
khong - vacuum level) thay ddi lién tuc khi di qua bién gi6i, con mic ning
lugng ddy viing din E_ va dinh viing hod tri E, khong lién tuc ma ¢6 céc
budc nhiy tuong 1tng AE, va AE, khi di qua bién gidi tlr vat liéu 1 ¢6 4i luc
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hoa hoe 7y, sang vat liéu 2 ¢6 di luc hod hoc y,. Ta cé thé tinh duge cdc budc
nhdy d6 trong hai vi du trén day:

AE =%y - %2

AE, = (x, + AEy)) - (X2 + AE) = (AE, - AE; - AE} (2-172)

¢hén khing c.kd O
{BUm '
: b B, o
| % |Xe P . j c.k2
Ec e £, Eo N |
¢3$ AE,, =w-== W ﬁEC q)z x?

o 8, F Agy £y
F____L_jl,____ &v E\;g F__JL_ _____ . ._1_,___
Eyvs Eys _\ ﬁE\v ﬁEgé

V2
a) b

Hinh 2-12 : S0 dé ving nédng lgng cla chuyén tigp di chét P-N:
a- Truse khi tigp xac; b- Sau khi ligp xuc.

Hiéu th€ tiép xic Uy giita hai vat lieu duge xdc dinh tlr so d6 viing nang
lugng:

CUK = eUb| + csz = eUbi (2'1?3)
trong dé eUy, va eUy, 12 do udn cong viing ning lugng trén bé mat vat ligu 1
va 2 trong ing.

Véi didu kién dién the va mat do dong dién qua chuyén tiép di chat 1a lién
tuc ta ¢6 thé tinh duge bé day 16p ngheo ciing nhu dién dung 16p chuyén tiép
béng cdch gidi phuong trinh Poisson v&i diéu kién bién 1 sy lién tuc cha
cam img tinh dién (electric displacement) €&, = £,8,, €; v €, 12 cudng 46
dién trudomg tuong mg trong vat lieu 1 va 2.

b6 udn cong viing ning hrgng Vy, va Vy, duge biéu dién bing:

_E5Ns(el; —el)) 174
Vo = 81N|+82N2 (2 17 )
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_ ENj(eUy; —eU)

V2
g N;+&e,N,

(2-175)
trong d6 N, v N, 14 ndng do tap chat cia vét lidu 1 va 2, V|, 13 hiéu cong
thodt Vy,; = ¢, - &, = elyg.
Chiing ta ciing c6 thé tinh duge bé rong céc 16p ngheo:

N \, 2e189 Ny (eUy; —el)
"7y eN,(g,N, +&,N,)

~ |2€18;N; (eUy,; ~el)
PV eN, ()N +e,N,)

(2-176)

Su ton tai cdc budc nhay thé nang AE, va AE, ¢ thé din dén hién tugng
phun hat d&n mot chiéu trong phan cyc thuin cha chuyén tiép tlr ban din
ving cdm rong sang bdn din ving cam hep.

Trong chuyén tiép di chat con c6 thé x4y ra hién twong “siéu phun” (super
injection), dé 1 kh4 nang ¢6 thé

nhin duge ndng A6 hat din phun 8&q AL, Gay  As! AMICE T
vio (khéng co ban) trong bdn Ay, Gahs

din viing cdm hep cao hon ci AEg)------

nong do hat dan co ban trong bén i .

1

1

. by 1

din ving c&m rong. Hiéu tmg z‘r%’;:‘b‘;!n“:;g; I

“siéu phun” nay dugc ng dur}g ving c&m hemw__-
trong LASER bin dan chuyén =gt \

tiép di chit kép nhu hiéu tng 3
“nhét  hat  din”  (carrier
confinement) [am tang hi¢u sudt
phit xa v gidm dong ngudng
cia LASER. So d6 ving ning .
lugng mot chuyén ti&p di chat Hinh 2-13: So d6 néng hugng cla mot chuyén
kép nhu vay dugc bidu dién & ti6p df chét kép.

hinh 2-13 giai thich higu dng

“nhot hat din™ trong cdu inic (Al Ga,_, As-GaAs-Al,, Ga,_,, As).

%) trng b nhét
{trong ban ddn ving c4m hep)

Nhiéu dac trung vat 1§ cira hé c6 thé 1am thay déi chiéu cao clia bude nhay
hang rio thé nhur; sy khac nhau vé hing s6 dién moi, ddng tunnel khi bé day
hang rao mong.
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Ngodi ra cdn mt s6 y€u t6 khic ciing anh huéng dén su qua lai clia hat din
qua chuyén ti€p di chét: d6 12 sy phan xa cla dién tir (nhrr mot ham séng
Bloch) trén phéan bién hodc sy thay déi khai lugng hiéu dung ciia hat din khi
di qua ti€p xic.

Tét ca nhitng vin dé dugc dé cap trén day déu danh cho mot chuyén tiép di
chat ly tudng. Trong nhimg chuyén ti€p di chét trén thirc t& ta phai tinh dén
cdc trang thii bé mat trén phan bién, s§ lugng cdc trang thdi nay cé thé con
1én hon téng s dién tich trong 16p dién tich dia phuong; nhimg trang thdi
ndy cé thé iam thay déi vi tri mic Fermi noi ching t6n tai va gay nen sy
udn cong ving nang lugng. Chidu cao cic bude nhay rio theé trong trudng
hop nay c6 thé bi chi phdi chi yéu bdi s6 lugng trang théi trén phan bién.
Dé c6 duge chuyén tiép di chat gin nhu 1§ tuéng ta phai chon nhing cap
vat ligu tuong thich vé tinh chat co hoc, tinh thé, tinh chit nhiét, tinh chat
dién. Khi chon vat liéu nhitng thong s6 quan trong nhét 1a: hing s6 mang,
hé s6 giin nd nhiét, bé rong viing cam, 4i lyc hod hoc, hang s& dién moi,
chiét sudt.

Nhiing cap vat liéu duge chon thudng phai ¢6 d¢ chénh lech hing s6 mang
twong d5i Aa nhd dé gidm nhimg Kkhuyét tat trén phan bién,
Aa=2(a -a,)/(a, +a,), trong d6 a,, a, 14 hang s6 mang cla v4t liéu 1 va
2. Trén quan diém d6 mot s6 cip duge chon dé nghién cttu bao gém céc hop
chat A"BY va ban din nhém IV, hay cdc chat A"BY', A™BY va nhém IV, cu
thé 1a cdc cip vt liéu sau: (GaAs - Ge), (AlAs - Ge), (GaP - Si), (AIP - Si),
(AIP - GaP), (AlAs - GaAs), (AlSb - GaSbh), (GaSb - InAs), {AlSb - InAs) va

{ZnSe - Ge), (SnSe - GaAs), (SnSe - AlAs), (ZnTe - GaSh), (ZnTe - InAs),
{(ZnTe - AlSb).

Nhimg dung dich rén cia cic hgp chat AVBY c¢6 thé cho cdc tinh thé c¢6 -
AE, va hing s6 mang thay ddi theo thanh phdn trong dung dich rin. Bing
céch ndy c6 thé tao ra cdc cap vat liéu twong thich vé mat hing s¢ mang
cén thiét.

Trén bang 2-2 trinh bdy cic thong s¢ cita 7 ciip vat liéu duge xem 14 tuong

thich nhét dé tao ra céc chuyén ti€p di chat gin Iy tuo‘ng nhat bing phuong
phdp nuoi ghép epitaxy.
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Bdng 2-2
Vatlicu | AE, | , A Hé sé’mf_fdn}iiéaé 300K | Af luc hoa| Hdngsé
bandan | (eV) 0°°c’) hoc y (eV)| dién méi
AlAs 2,16 1 5,667 5.2 - -
CaAs 1,43 | 5,653 5,0 407 11,5
GaAs 1,43 | 5,653 5.0 4,07 11,5
Ge 0,66 | 5,658 5,7 4,13 16,0
ZnSe 2,67 | 5,669 7.0 409 9,1
Ge 0,66 | 5658 5.7 4,13 16,0
ZnSe 2,67 | 5,669 7.0 4,09 9,1
GaAs 1,43 | 5,653 5,7 4.07 11,5
GaP 2,25 | 5451 53 43 34
Si 1,11 5,431 2,33 4,01 12,0
AlSb 1,6 6,136 37 3,65 10,3
GaSh 0,68 | 6,095 6,9 4,06 14,8
GaSh 0,68 | 6,095 6,9 4,06 14,8
InSb 0,36 | 6,058 4.5 49 12,5

2.5.4. Cau triic kim loai - dién méi - ban dan (MOS)

Trong c#u tric ndy bin din thudng 1a Si, ldp dién moi thucmg la Si0, duge
tao nén bing qud trinh oxy hoi silic vi vy n6 duge goi la MOS (Metal -
Oxide - Semiconductor). Trén hinh 2-14 biéu dién mét c4u tric MOS, duge
got 12 diode MOS. Chiing ta xét mot diede MOS-P 1y tudng vé6i céc didu
kién sau:

- Hi¢u cong thodt clia kim loai v ban din bing 0,

- Dién tich trong 16p oxit bang 0, khong t6n tai cic trang thdi trén phan
bién oxit - ban dan.

- Dién tr& sudlt cia dién moi 13 vo cuc. A Si0y
Diode MOS thuc chat 1a mot tu dién. Chdng ta
gia thiét khi chura ¢6 hiéu dién theé U giita hai Si-p
cuc thi dién tich trén cue kim loai va trén ban T

dan déu bing 0. Khi ¢6 hieu dién thé U thi
téng dién tich trén cuc kim loai bing téng Hinh 2-14: C&u tric MOS.
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dién tich trén ban din (nhung nguge ddu). Trén hinh 2-15a biéh dién so dé
ving nang lugng cia cdu triic MOS trong diéu kién F,, = F, v thién 4p U = 0.,

a] o Ep
U=0

Fm

Kl — Fs
) AW % /3/%/7/;47//% B

Qs
Qm
Cm
0w
Qsc

3 o

W/l /;

Hinh 2-15: So d5 viing nang lugng cla c4u tric MOS.

Trén hinh 2-15b biéu dién so d6 ving nang lugng cdu tric MOS khi thién &p
U < 0 (cyc kim loai ndi cyc &m ngudn dién), bén dan tich dién duong so véi
kim loai, viing nang Iugng cong 1én (trén mat phan bién th€ nang cao hon
trong long). Nong d¢ 16 tréng (hat diin co bén) gdn mat phan bién tang lén
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tao thanh mot 16p dién tich dtrcmg d6i dién va bang dién tich 4m bén kim
loai, trong trudng hop niy ta c6 16p tu hat déin co bén vi néng 46 hat din co
bdn 16n nén 16p nay c6 chiéu day rét nho,

Trén hinh 2-15¢ biéu dién trudng hop khi U > 0 (cuc kim loai néi vé6i cuc
duong cla ngudn dién) ving nang lugng cong xudng trén bé mit Hinh
thanh 1dp ngheéo hat dén co ban (16 tréng) nghia 12 16p gém cé cdc dién tich
am cua céc ion dm acceptor. Vi ndng do acceptor nhd nén dé cho tdng dién
tich 16p ngheo Qg bang téng dién tich trdi dfu Q,, 16p ngh&o c6 bé day 1én
bang W:

m = Qs = -Qge = -eN,W (2-177)

Thien 4p U tang lén thi W tang, do cong trén mat phan bién cang tang lén,
nong d¢ dién tir (hat dén khong co ban) tang dén theo cong thitc:

F-E
n, = ng.e AT (2-178)

trong d6 E; 1a mic Fermi cia bdn dén riéng (gdn gifta viing com) s& cong
xudng dén khi thién 4p U duong tang lén, con misc F thi khong déi.

Khi F = E; trén bé mit ndng do di¢n i bing néng d¢ hat din rieng vi bing
néng d¢ 16 tréng trén bé mat P. Ta goi trudmg hop nty 12 su tao thanh bén
dan rieng trén b& mat. Khi thién 4p U duwong tiép tuc tang, néng dé dién
trén bé mat ng s& 16n hon néng do 13 tréng trén bé mat P,. D6 1A trudmg hop
hinh thanh Idp dao trén bé mat.

Thien dp U duong ti€p tuc tang nita va dén lic n, s& bang va 16n hon néng do
16 réng & trong long nghia 1a gié tri p, = p, = N,. D6 1 trudng hop ddo
manh dugc biéu dién trén hinh 2-15d. Trong trubng hop ndy téng dién tich

am trong bdn din s&€ gém dién tich 16p ngho ma bé day va dién tich da dat
gid tri cuc dai:

Qsc - Qsc.max = -eNawmax (2' 179)
cong v6i dién tich clia dién tlr trong mot 16p ddo r4t mong Q,. Nghia I ta c6:
Qn=-Qu Q=0+ Qse.max (2-180}

Gidi phuong trinh Poisson chiing ta c6 thé tfim dutge bé day 16p ngheo:

2
W= ’_Esﬂs_ (2-181)
eN,
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trong d6 y, la d udn cong viing ning luong trén bé mat. Khi hinh thanh Iép
dao manh ta c6 bé day 16p ngheo 12 cuc dai:

2ege ¥, (in
Wmaxz\f s€o Vs (V) (2-182)
eN,

Trong (2-182) dai lugng w(inv) 12 d6 uén cong viing ning lugng ting véi
trudng hop trén bé mit hinh thanh 1dp déo manh, tinh todn cho thay:

Y (inv) = 21“( N, ] =2yg: yYy=(E-F) (2-183)
i,
Viy ta co:
Zege, 2yg
wmax = _'_‘Le;a— (2—184)
Qscmax='eNawmax= *\/4C.SS€0Na\pB (2-185)

Chiing ta c6 thé tinh dién dung clia tu MOS, hiéu dién thé U dat 1én céu tric
s€ roi trén l6p oxit U, va gdy nén sy udn cong viing nang lugng i, = cU,,
nghia la ta ¢é:

U=U, +U, (2-186)
Trong (2-186), U,, = €,,.d = Qs | =19s! (2-187)
SOXED COX

trong d6 €,, - cudng d¢ dién trudng trong 16p oxit, €, d 1dn lugt 12 hing s6
dign moi va bé day 16p oxit, Q 12 dién tich trén mot don vi dién tich 16p bén
dén, C,, 1a dién dung 16p oxit trén mdt don vi dién tich 16p d6.
Chiing ta thfy ring di¢n dung cla cfu tric MOS la dién dung clia 16p oxit
ndi ti€p véi dien dung 16p ngheo cha ban din, do vay ta cé:

Cox -C;

Cs —— (2-188)
CDX +C_|

trong d6 C; 1a dién dung Idp ngheo (trén mot don vi dign tich), G =g&,/W.
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Tix (2-188) ta cé: c __ (2-189)
Ci:,x 1+C0>( J"‘CJ
C 1
- (2-190)
Cow  1+(Eg W)ie, .d)
2
N, W
Tir (2-181) ta c6: Y, =el, = <2
' Zege,

Trong trudmg hop chura hinh thanh 16p dao ta c6:
Qs =Q =eN,W (2-191)
Tir (2-187) va (2-191) ta cé:

. eN, .W.d
Up = 19, _ N, (2-192)
COX 80?( '80
Két qua ta duge phuong trinh:
2
eN, .d.w eN,W
U=U, +U = —a ¥ N (2-193)

Sox € 2e5g,

Phurong trinh (2-193) cho phép ta tinh duge W va cdc dai lwgng khidc, thay
vao (2-190) ta duge:

(2-194)
Cox

U

0oX

eNﬁl.ssd2

4_0] ! Crin Trén hinh 2-16 bidu dién dudng cong

' C-V, khi U < 0 trén bé mat bén din

- 0 Yt Hinh thanh 16p tu hat din co ban nén

Hinh 2.16: Duting cong C-V cla céu  dign dung cba cfu tric bing dien dung

tric MOS. 16p oxit. Khi U duong tang s& hinh

thanh 16p ngheo, bé day 16p nghio nay tang ddn va dat dén gid tri W__, dién

dung ctia cdu tric gidm ddn vi dat gid tri cye tidu. DG 12 két qué suy ra tir
mét cdu tric MOS 1y tudng.

1+
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Trén hinh 2-17 biéu dién cdc dac tuyén C-V duge x4c dinh bang céc phuong
phép do khéc nhau v6i tin sd tin hiéu do khdc nhau. Chung ta thdy ring véi
tdn s6 tin hiéu do khic nhau ta thu duge cdc dic myén C-V rdt khic nhau.
Trén thyc 1€ dic tuyén C-V phu thude vao nhiéu y&u 16 khac nita: hiéu cong
thodt kim loai - bén dan, dién tich trong 16p oxit, cdc trang thdi phan bién,
nong do va phan bd tap chat... Phuong phap C-V cho phép ching ta xédc dinh
nhiéu dic trumg cia hé MOS.

Cdu tric kim loai - dién mdi - bén CiCox
din dd duge nghién ctu ing dung 1.0
rit rong rai. R4t nhiéu linh kién
duya trén cau tric MOS di dugc
phit minh va ¢6 nhiéu img dung.
Vi du dién hinh nhdt 12 MOSFET,

0.8

0.6

; e . 20 0 0T 20U
transistor hiéu dng trudng MOS,
. e g j & Hinh 2-17: Bic tuyén C-V do & cdc tin s8
linh kién lién két dién tich (charge khac nhau.

- coupled devices - CCD).

2.6. TINH CHAT QUANG CUA BAN DAN
2.6.1. Céc ddc trung quang cia vat liéu ban din

1. H¢ 56 phdn xa. He 56 phan xa R(A) duge xdc dinh bing ty sé giita cudng
d6 4nh sdng phdn xa trén cudng do dnh sdng t6i:

2-195
109 199)

Su phu thude clia h¢ s8 phin xa vao bu6e séng (hay tdn s6) anh sdng R = f(l)
goi 1a phé phén xa.

2. H¢ 56 truyén qua. Hé s6 truyén qua duge xdc dinh bing ty s gilta cudng
d6 4nh sdng truyén qua miu trén cudng d6 4nh sdng t6i:
Er ()
I, (%)

T(A) = (2-196)

Su phu thudce clia hé sé truyén qua vio bude séng (hay tdn s6) dnh sdng T = f(A)
goi 13 phd truyén qua.

100 Truding Dai hoc Bach khoa Ha Nai



Chuang 2: Nhing khai niém, tinh chél, ddc tning co ban cda vat libu ban dan

3. Hé 56 hdp thu. He s6 hip thu duge xdc dinh tir dinh luat hap thy dnh sing
Buger-Lamber:

1(x) = (1 - R)exp(-ax) (2-197)
I -

oy = LipletR) (2-198)
x| 1(x)

4. Hing s6 dién moi. Trong trudng dién tir tdn s6 thip, hay trudng Ginh dién,

hiing s6 dién moi duge dinh nghia 1a h¢ s6 ty 1¢ gilta vecto cam Ung tinh dién

D v cudng do dién truc‘mgﬁ:

D=gE&=€+4nP (2-199)

trong dé P 1a vecto phan cuc dién,

Trong trudng hop trudng dién ¥ c6 tdn s cao nhu séng dnh sdng hing s6

dién moéi ciing dugc dinh nghia nhu vy nhung 1a mét dai lugng phie:
D(w) = £E(w) véi E=g,(0)+ i) (2-200)

rong d6 €, va €, 1a cdc s6 thue,

5. Chi s6 khite xa. Chi s6 khiic xa dugc dinh nghia thong qua cong thiic clia
Maxwell:

s=n’ (2-201)
Khi tinh d&n hién tuong suy gidm (tén hac) hing s6 dién meoi Ia mot dai

lugng phitc  (@). Vi vAy & day chiing ta cling dua ra chi s6 khic xa phifc
fi , nghia la:

i =n, +in, (2-202)
Tir day ta c6:
=g +ig,= N ’=(n} —n))+i2nn, (2-203)
va g,=n -nj
€y = 211, (2-204)

Chiing ta ¢6 thé chimg minh durge cdc hé thic sau:
w1,
e

oa=2 (2-205)
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2

o =1

(2-206)
(n, +1) +n?
Khi hé s6 hdp thu nhd, nghia 12 n, nhé ¢6 thé bd qua, ta c6:
n, — 1Y
= ——En] " 1;2 (2-207)
|

Ngoai ra Kramers - Kronig dua ra mét hé thic lien hé¢ gifta phan thuc va
phdn 4o clia cdc dic trimg quang hoc, vi du giiia €, va &, phén thue va phéin
do clta hang s6 dién moi
“X.84(x
g(w)=1+ EI__L!
T 2 2
0x " —w

g_(ga} g1 {(x)
2 2

0X " -
Trong thyc t€ phd phan xa, phé truyén qua, phd h4p thy cia ban din duoc
xdc dinh boi qud trinh twong tc giita 4nh sdng va chét bdn din vi viy chiing
lien quan mat thi€t v6i nhau, trong dé qud trinh hap thy duoe chii ¥ nghién
ciu nhiéu hon cd. Chinh vi vay 1y thuyét vé cdc hién nrong quang hoc cla
chét ban ddn t3p trung nghién ciu nhiéu vé phd hdp thu 4nh sing. Trong
trudng hop he s6 hadp thy qud 16n, c6 khé khan trong viéc ché tao miu (miu
phdi rat mong), ngudi ta c6 thé nghién citu phé phin xa réi tinh phé hép thu
nhd vao hé thitc Kramers-Kronig,

dx (2-208)

gx®) = - dx (2-209)

2.6.2, Hap thu anh sing trong ban dan

1. Tong quan vé phé hép thu cita ban ddn
H¢ s6 hap thy c6 thé xem nhu 12 x4c sudt hap thu photon, néu trong chdt ban
ddn ¢6 mot s6 co ché hap thy doc lap va mdi co ché duge dac trung bdi mot
xdc sudt hdp thy oy{) thi xdc sudt tdng cong clia qud trinh hap thy 4nh sang 1a:

() = 3 o;(w) (2-210)
i
V1 qud trinh hép thy dnh sdng lién quan dén su chuyén déi ning lugng clla

photon sang dang néng lugng khic ciia tinh thé nén ching ta ¢6 thé phan
loai cdc co ché hdp thu sau day:
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- Hap thu co ban (hdp thy riéng) lién quan dén chuyén mifc cla dign tir
giita cdc ving cho phép.

- Hap thu do cdc dién tif ty do va 16 tréng tut do.

- Hap thu do chuyén mic cla dién tir hay 16 trong gita mot ving cho
phép vh mifc ning luong tap chat trong ving cim.

- Hap thy do chuyén mifc cla dién tir giita céc trang thdi tap chat cé mic
nang lugng trong vung cim,

- Hip thu exciton lién quan dén sy hinh thanh hodc phan huy trang thai
fién két gilta dién tir va 16 tréng goi 12 exciton.

- Hap thu do dao dong mang tinh thé.

Trong mot viing tin s 4nh sdng cé thé ¢ mot vai co ch& hdp thu chu yéu c6
déng g6p déng ké vio phd hp thu. Trén hinh 2-18 biéu dién mét cich dinh
tinh phd hap thu cta mot bén dan.

2. Hdp thu co bdn

H4p thu co ban con goi 12 hdp thy riéng, hay hap thu vimg - viing, lién quan
dén chuyén mic cha dién tir & trang thii E,(K 1) trong viing hod tri Ién trang
thdi E,(K ) trén viing ddn. Chuyén mic chia dién ¢ ciing phdi thod man cdc
dinh luat bao todn vecta séng (bdo toan xung lugng) va bao todn niang lugng.
Vi vay trong qua trinh .

hdp thy ¢6 thé xdy ra xX{em™T

hai loai chuyén muc:
chuyén mifc thidng va
chuyén miic xién.

1000

a- Chuyén miic thing
chi c6 su tham gia cia
photon va dién tt

_ ) i 10 108

Theo dinh [uat bao A (rm)

toan vectda song ta co: Hinh 2-18: Phé hép thy cta ban dén: 1- Hap thu co ban;
- - _ 2- H&p thy do tap chél; 3- Hap thy do hat d8n; 4- Hap thy do
K+ qum=K; dao dong mang.

Tuy nhién, Vi q , - vecto song cla photon t4t nhd (hang nghin 14n nhd hon

vectd séng cha dién tl) nén ta c6 thé bo qua va diéu Kién bao todn vecty

song gdn ding 1a K | = K.,
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Chuyén miic nay khong 1am thay ddi vecto séng ciia dién tir va duoc goi 1a
chuyén miic thing.

Theo dinh luét bao toan ning lugng ta ¢é:
E] + hvpm = E2

ViE, <E, vi E; 2 E_ nén diéu kién dé photon dugc hdp thu [a:

by, > E, - E, = AE, (2-211)
nghia la tén s6 ctia 4nh sang phai 16n hon hoac bing mot tan s ngudng:
AE,
v= 2 (2-212)

b- Chuyén muc xién

Chuyén miic xién 13 chuyén mutc clia di¢n tir tix trang thdi K, len mot
trang thdi K, khdc, vi vdy d€ thod mén dinh luat bdo toan vecto séng

nhat thiét phai c¢é su tham gia clia mot hat thit ba dé 1a phonon (dao déng
mang tinh thé).

Theo dinh luat bao todn vecto séng ta ¢6:
R 1+ thli_Eiphn = K?
J day § pht Tdt nhd nhur trude day co thé bo qua, ddu (+) trude g phn UNg Vi

trung hop hdp thu mot phonon (mot mode dao dong bj dap tét), dau (-) ing
véi trudng hop phét sinh mot phonon (mot mode dao déng duoc sinh ra).

Theo dinh luat bdo toan nang lugng ta c6:

E| + hvphl + hvphl‘l = Ez (2‘213)
Trong chuyén mifc xién tdn s6 nguding duge xdc dinh
AEgThy
v,= —-—hﬂ“— (2-214)

Chiing ta di xdc dinh céc tdn s8 ngudng v, trong hép thy chuyén miic thing
cling nhu hap thy chuyén mic xién. Bay gid chiing ta xét dang dudng cong
hip thu trong ving b hip thu co ban, khi v > v, trong ca hai loai ban din:
bén din viing c¢4m thing va bdn din viing c&m xién.
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¢- Bé hdp thu trong bdn ddn viing cdm thdng 4

s . : Ao
Trong bdan din viing cam thang cuc tiéu mgdén\ // n

vﬁngﬁdﬁn va cuc dai vﬁﬁng hod tri & mot gid K¥ER
tri K, thudng 1a K, = 0 (tdm ving AEg € hv
Brillouin). Ching ta gia thiét ring tai cac KalEy

cyc tri nang lugng phu thuge vao vecto g-\--Ep

séng Ktheo quy luat parabol va Kh6i 2% cac ot non ugng
lwong hiéu dung la dang hudng, nghia 14 tong ban ddn ving cdm thang,
nhir & hinh 2-19,

ving hda/m‘/ T

n’k’
Trong ving dén, khi E> E_tac6: E, = —+E (2-215)
2m,
n K’
Trong viing hod ri, khi E<E, ta c6: E, = - —+E (2-216)
2m
P

Nhu chiing ta dd ndi, h¢ 56 hdp thu 1a x4c suat hp thy photon, né phuy thudc
vao mat d6 mifc nang lugng tréng & trang thdi cudi va mat do dién tir & trang
thdi ddu (trong viing ho4 tri) nghia 14 ta ¢6 thé viét:

ahv)= A.Wgg. N ()
trong d6 A 14 h¢ s0 ty 1¢, Wy, 12 xdc sudt chuyén mifc tir trang théi K dén

trang thai K’, N(hv) 12 mat do trang thai (6 hop, nghia 13 mat d6 cédc cip
trang thdi K, K* c6 thé xay ra chuyén mitc hdp thu photon ¢ nang legng
bing hv. Piéu kién dé photon ¢6 thé hap thy Ia:

2.2 2.2
hv=E,-E,=2K_ 2K 4p

. g
2m, 2m,
2,2 2.2 2.2

hay Ia (hv-AE)= 2K A K _RK 2-217)
2m, 2m, 2my

] m;m; . . - )
trong d6 m =— — £0i 12 khoi lugng hiéu dung dan suat.
my, +m,
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Tuong tu nhu cong thite (2-20) d6i voi mat do trang théi cua vung dan N(E)

ta cé thé viét mat do trang thdi té hop N(hv) dudi dang:

2mp-
h2

3/2
N(hv) = 2:{ } (hv-AE,)"? (2-218)
Néu xdc sufit chuyén mitc W, ;.khong phu thugc vao nang luong ta cé thé
viét bidu thitc cta hé s hip thu a(hv):
a(hv) = C.(hv - AE) (2-219)
trong d6 C 12 hing 6, hv va AE, tinh bing (eV), a(hv) tinh bing (cm™).

« a? oty (emy?!
1
107 !
~ (o= Ak )72 1 !
~{tw,=AE,) 10
’ ¢ NM=aty J
H Z 15 (V)
v =AE hy hy,=AE hw 13 14 15 16hv
a) i} c)

Hinh 2-20: PhS hép thy co bdn a) va b, su phu thudc (I thuyét) cha hé s6 hép thy véo tan
s8 trong ban dén ving cadm thng (duong lién nét) va ph8 hép thu xac dinh béng thuc
nghiém cia GaAs c).

Trén hinh 2-20a biéu di&n phé hdp thu co ban clia ban din ving cim thing,
trén hinh 2-20b bi€u dién sy phy thudc o = f(hv) theo cong thiic (2-219).

Tuy nhién, két qua ly thuyét trén day khong phii hgp hoan toan vdéi thuc
nghiém, ngudi ta thiy ring trong nhiéu chét ban din hé s6 hip thu trong
viing bd hdp thu co ban tudn theo quy luat Urbach (Urbach’s rule):

ahy) = aexplg.(hv - hv)] (2-220)

trong d6 g 12 mot thong s6 phu thudc vao nhiét do trong tinh thé ion, cdn
trong tinh thé ddng ho4 tri g phu thudc vio néng do va dién tich cha tap chit.
Trén hinh 2-20c biéu dién phé hap thu co ban cla GaAs xdc dinh bang thuc
nghiém v tinh theo 1y thuyét (dudng lién nét).

C6 nhiéu mé hinh 1§ thuyét 4 dua ra dé giai thich su sai léch giira 1y thuyét
va thue nghiém trén day, trong d6 ngudi ta tinh dén anh huong cla exciton.
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Churgng 2: Nhiing khai nigm, tinh chél, ddc trung co ban cda vat fiéu ban din

d- B& hdp thy co bdn trong bdn ddn vang cdm xién

Trong bén din viing c4m xién qud trinh hap thu photon cha y€u xay ra theo
chuyén mitc xién k&m theo sy hdp thu phonon hodc sy phdt sinh phonon.
Trong qua trinh chuyén mdc xién vi ¢6 sy tham gia cia ba hat (dien i,
photon va phonon) nén xdc sust thudng nhé hon chuyén mitc thang. Diéu
ndy cé thé gidi thich bing cich phén tich qué trinh chuyén mic xién thanh
hai giai dogn nhu & hinh 2-21. Trong giai doan thif nhat dién ti tir viing hoa

tri hdp thu photon va chuyén mic E

thing lén mot trang thdi gia dinh, thai N\

gian soéng cla trang thdi ndy t4t nhod TR =

nén do bt dinh vé ning lugng cia hu21 ﬂﬂﬂﬂﬂ E,
trang théi rat 16n, vi the khong nhat g e
thi€t phai thod mén dinh luat bdo toan  “{3| <
nang lugng trong giai doan nay. Trong 1 4B

giai doan thit hai dién tit chuyén tir " K
trang thdi gid dinh d&n trang thdi cudi 0 Plpna

O gn cyc tiéu B, cla ving din bAng  mnn 2.21: Chuyén mi xisn trong ban

cdch hdp thuy hay phdt sinh mot dBn viing cdm xién.
phonon. Xdc suat chuyén miic xién

dugc xdc dinh bing tich hai xdc sudt giai doan. Trén co s& mé hinh nay
nguoi ta tinh duge dang bd hdp thu ¢o ban trong bén din viing c4m xién:

a(hv) ~ [hv - AE, £ hv; 1 (2-221)

Dau (+) tng v6i trudng hop hdp thu phonon, ddu (-) ing véi trudng hop phit
sinh phonon,

Xdac sudt hap thu phonon phai ty 1¢ v6i s6 phonon dugc xdc dinh b&i ham
phan b6 Bose-Einstein f;,:

_ 1 N
fp,m = T (2-222)
e -1 .

Vi vay h¢ s6 hdp thy chuyén mitc xién kém theo hdp thu phonon s& 1a:

2

hv-AE, +hvy,, ]
( ehv/kT )

Chuyén mifc phét sinh phonon phai ty 1é v6i ham (fpnn + 1) Xdc dinh xdc suat
phdt sinh phonon:

athv), =¢, [ (2-223)

Trudng Bai hoc Bach khoa Ha Nai 107



VAT LIEU BAN DAN

_ 1 _ 1 g
(i + 1) = bv/kT = —hv/KT (2-224)
e -1 1-¢

Hé s6 hdp thu chuyén miic xién k&m theo phat sinh phonon s€ 1a:
2
[ hv-AE, +hvyy, |

athv), =c¢ 2-225
(hv)e =c2 (l_ehw‘kT) ( )
Heé s6 hdp thu chuyén mifc xién tOng cong athv) = o, + e, 12:
2 2
a(hv)=c,[hv_AEg+thh“ ] +Cj[hv—AEg+hvphn J (2.226)

(ehwkT 1 ) B ( 1_hv/kT )

Trong viing nhiét d9 cao s6 phonon Ién o ~ a,, trong viing nhiét dé thap sd
phonon nhod o = o, vi vay néu ta ndi suy dén gid i o — O ta s€ tinh duge
hai gid trj tdn s6 ngudng hap thy:
h\?m = AEg - hvphn aV?{
hv = AE, +hvy,  (2-227)

Trén hinh 2-22 tiéu dién sy phu
thuoc a'”? = f(hv) & hai gid tri nhiét
do T, va T, trong d6 T, > T, & day
ching ta x&c dinh duge cdc gid tri
AE(T)), AE(T5). Egz

hw
) BEg,- hwphn ﬁEg!
Trén hinh 2-22 ¢6 su dich chuyén bd AEg,* hwphn ﬁEm‘hwphn

héip thu co ban do nhiét d6 gay nén
d6 12 vi bé rong ving c&m ciia chét Hint 2-22: Ph6 hgp thg trong ban dan
bin din phu thugc vio nhigt do. viing cam xion.

Su dich chuyén bd hip thu co ban con ¢6 thé xay ra do ndng dé pha tap cao,
d6 1a sy dich chuyén Burstein-Moss thutng xay ra trong bdn dan suy bién,
khi mirc Fermi trong ban dén loai n nim cao hon miic E, va diéu kien dé
photon duge hédp thu sé 1a:

hvz AE, +(F - E) (2-228)

Sur dich chuyén Burstein-Moss thudmg gip trong bén din ving cdm hep
nhu InAs.
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Chifong 2: Nhiing khai niém, link chal, ddc tnmg co ban cla vat lidu ban dén

3. Hdp thu exciton

Hap thu exciton thudmg gip khi ddi nang lugng photon nhod hon bé rong
ving cdm AE, mdt it. Exciton 12 trang thai lién k&t mot cap dién tk - 16 trong
dugce tao thanh & nhiét d6 thip do su tuong tdc Coulomb giita chiing,

Dé don gian ching ta gid thiét dién tir va 16 tréng ¢6 khoi lugng higu dung
ding hudng myvamy, bai todn vé exciton c6 thé chuyén vé dang bai todn
gidng nhu d3i véi nguyén tlr hydro nghia 13 bai todn vé twong téc giira hai
hat tich dién trdi ddu dudi téc dung cua lyc hit Coulomb. Néu tam thdi
chiing ta khong dé ¥ dén chuyén dong clia tsm khéi clia hai hat d6, thi nang

luong exciton AE,,. (so v6i trang thdi khi dién tit va 16 trong céach xa nhau
v cuc) s€ ¢d dang:
AE * ‘
) o BEH Mee 1 _ 43 6oy Mo 1 (5 99
gZ m n m p?
trong d6 AE, = 13,6eV la ning lugng Rydberg, € - 14 hiing s4 dién méi cla
bdn din. Nang luong duge tinh tir goc E, cyc tiéu viing din, mex, 12 khéi
lugng din sust ciia hé hai hat, c§ thé goi 12 khéi Iugng hiéu dung exciton:
L m :1 .m ;

Mexe =7

(2-230)

my +mp

Tir (2-229) ta thdy phd nang lugng exciton I3 gidn doan véi mikc co ban
AE {{Jkhi n = 1 va bing 0 khin = co,

Chiing ta c6 thé quan niém ring miic co ban cfla exciton ndm thap hon day
ving din mot khodng nang luong bang ‘AE exe

, nhilng trang thai kich thich
tiép theo img v6i n = 2, n = 3,... s& thap hon ddy vliing dan nhimg khoang

tuong img Ia: |AE ) | /4, |AESL | ...

Khi kich thich tao ra cdc exciton bing chigu sdng, dién tlr tir viing hod tri (&
mitc E,) chuyén 1én trang théi exciton thi nang lugng photon bi hép thu phai
thod man diéu kién:

1

hv, = AE, - |AE (n) o~ (2-231)

= AE, - |AE (1

véin=1,2,3... o
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Vi vay phé hap thu excton la gidn doan, gém mot ddy vach nhur phd hap thu
cha nguyén tir hydro.

Cac trang thdi exciton chi ¢6 thé quan sat duge & nhiét do thap sao cho ning
lugng nhiét kT nhé hon n3ng hrgng lién két exciton |AE .

EXC

. Trong bang 2-3
ligt ke gid tri nang luong lien két exciton tinh ra meV.

Bdng 2-3: Ndng lugng licn két exciton trong bdn ddn

Vit li¢u £ ‘ AE gig (mevV)
Si 11,9 14
InP 12,6 48
GuAs 12,9 4,2
CdTe 10,2 12,0
Cdas 8.9 28,0
ZnS 8.9 39,0

Trén hinh 2-23 biéu dién pho nang lugng exciton. Tir phé niang lugng
exiton ching ta thiy ring phd hdp thu exciton 12 gidn doan gdm mot day
vach ti€p gidp v6i phd hdp thu co ban tai hv = AE,. Tuy nhién do anh huong
cua dao dong mang tinh thé vd céc sai héng kh.'ic cdc vach phé thudng bi
réng (nhod) ra, trong nhiéu trudmg hop, 1 e ]
tham chi bi 1an vao phé hap thu co bén. AE",

Tinh todn cho thdy ring dang phé trong
bd hdp thu co bdn phu thudc rat manh
vao hdp thu exciton. Ngudi ta phan biét 2
hai trudng hop tao thanh exciton: exciton n=1 £,
tao thanh do chuyén mic thing VA i 2.23: Pre nang tong exiton.
exciton tao thinh do chuyén miic xién.

AEg

Nhimg tinh todn Iy thuy&t c6 d€ § dén twong tdc hit nhau gita dien o va 16
tréng trong trudng hop chuyén mic thang cho ta phé hdp thu sau:

- Viing phé gidn doan exciton khi hv < AE,
Lz J ] (2-232)
n

ahv) ~ %[ hv—(AEg -|AEQ)

€Xc
n

viin=1,2,3..
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Chugng 2. Nhimg khai nism, tinh chal, dac trung co ban ciia vat lidu ban dén

- Viing ph lién tuc khi hv > AE_ (hv x4p xi AE,)

142 1/2
[
)]l
- Vimg phd lién tyc khi hv >> AE, o
alhv) ~ (hv - AE)'?  (2-234)
Phé hép thu gin ving hap thu co ban
trong bian ddn viing ¢&m thang thudng cé
dang nhu & hinh 2-24. Nghién citu phé
hap thu exciton ta ¢6 thé xdc dinh bé h -
rong ving cdm vad nang lugng lién két hvy V2 Oy Y

)]
ngc .

athv) ~ [hv—( QEg_IAEU)

exc

(2-233)

N < Hinh 2-24: PhE hép thu exiton gian
Tir cong thie 2-231 ta doan trong ban dan vang cdm thing,

1 113 !
ngg (I_Z):Z|AE E:x(): .
Nhu vAy nang lugng lién két exciton ¢6 thé xdc dinh bing cong thitc:

|AEGS |- ( hv, - hv,) (2-236)
Con bé rong viing cdm c6 thé xﬁc dinh bing cong thc:

—hv, + g-hvz- f;-hvl= %(4hv2-hv,) (2-237)

exciton

cd thé vidt:

hv, - hy, =

(2-235)

1
AE, =hv, + |AEfm)

a{w*}em”

AN

L o

ot 1
W W W s w2 1 gy

Hinh 2-25: Phé hép thy exciton d céc nhiét d6 khac nhau.

Trong nhiéu trudng hop cdc vach phé exciton ting v6i n > 1 thudng bi rong
(nhoé) ra khi nhiét do tang lén vi phi lén nhau ngay & nhiét do kh0ng cao
1am. Trén hinh 2-25 biéu dién phd hap thu exciton & cdc nhiét d6 khéc nhau
cua GaAs.
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Tinh todn 1y thuyé&t cho trudng hop chuyén mic xién din dén hé s6 hap thu
phu thudc vao nang lugng photon nhur sau:

- Viing phd gidn doan exciton khi hv < AE,
a(hv) ~ L [hv-(AE-|AE ;;3 Lot hvp,m)]”2 n=1,2,3.. (2-238)

n?
- Viing phd lién tuc khi hv > AE, (hv x4p xi AE,)

cuthy) ~ [hv (AE + l'l\r"ph")]g3 (2-239)
- Viing phé lién tyc khi hv >> AE,

ahv) ~ [hv - (AEg +hv, )P (2-240)

Néu tinh dén xung lugng do chuyén dong cha tdm khoi ctia hé hai hat cia
exciton (K exc ) thi trong I§ thuyét exciton cé thém mot bac tw do cho viéc
chon trang thdi ddn ma tir d6 x4y ra chuyén mic xién tao nén exciton, vi
xung lugng (AK exe } ©6 thé b vao xung luong clia phonon bi hdp thu hay
duge phét sinh. Chinh vi vay

trong phé hip thu exciton g3 [cm"i) 201K
chuyén mitc xién thudng ai
khéng quan sit duge phé
exciton gidn doan ma la
nhilng dai hdp thu exciton
gi6i han vé phia budc séng
dai, trong dé

a~hv-E)"”? (2241

Dang phd nhu th€ nay dé
dang phan biét duge trén 0 . . (V)
dudbng cong hdp thy nhw 062 066 €70 074 078 082 |y
nhitmg “budc nhﬁy” déc hon Hinh 2-26: Bd hép thu co bdn cia Ge.

tai cdc gid tri B

Trén hinh 2-26 trinh bay by hdp thy co ban cha Ge, tréen d6 chiing ta quan
sdt duge mot s6 “bude nhay” du‘oc gén cho phé hdp thu exciton chuyén mifc

xién kem theo sit hap thu phonon (A) va chuyén mifc xién k&m theo sy phat
sinh phonon (E).

195K 42K

4. Hdp thu do tap chdt.

Nhur trén chiing ta di néi, ngudi ta phn biét hai co ch€ hdp thy do tap chat:
hép thu do chuyén mifc giita trang thdi tap chdt v6i ving cho phép va do
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Churgng 2: Nhitng khai miém, linh chal, ddc trung cd ban cda vat liéu ban dén

chuyén miic giita hai trang thdi tap chdt. Vé cdc trang thai tap chit chiing ta
ciing phan biét hai loai: tap chat nong tya nhu hydrd tiic 14 tap chat doror hoac
acceptor ¢6 mifc nang lugng gin ddy viing dan hay dinh viing hod tri; loai thi
hai 13 cdc tdm sau, 1a céc trang thdi ¢6 miic ning lrong gin giifa viing cim,

a- Hdp thy do chuyén mitc giita cdc trang thdi tap chdt va ving cho bhép

Vi maic nang lugng cha cdc tAm sdu ndm gdn gilla ving cdm nén gin nhu
khong thé phan biét duge chuyén mite vimg hod tri - mic sdu va miic sau -
ving din. Hap thu ting véi dang chuyén mic nay cé tin sd v ¢& AE o/ 2h. Tuy
nhién d€ nghién citu pho hap thu chiing ta cin x4c dinh ham séng cha cdc
trang thdi tap chat, d6i v&i tim sdu cong vigc dé khOng phai dé dang. C6 thé
néi dén ‘nay vin chira ¢6 mot mo hinh tong quét cho céce tap chit khac nhau
trong cdc ban d&n khic nhau. Vin dé xdc dinh ham séng dinh x@ vin 13
nhimg bai todn duge gidi gan dung cho timg mro‘ng hop cu thé dya trén cdc
két qua thuc nghiém va d€ gidi thich cde két qua thuc nghiém.

D61 véi cdc tap chat tya hydro, vi du, d6i vdi céc trang théi donor, chiing ta
dd dung phuong phap gin dung khéi lugng hiéu dung tinh duge cde mic
ning lugng cho phép

*

1 1 .
% —2——2 vdin= l, 2: 3.
g n

AEd=-13,6.[
m

Ham s6ng cla trang thdi donor dugc xem 12 mot ham tudn hodin trong gidi
han mot hinh cdu c6 ban kinh a,", véi:

a =a,8.— (2-242)

my

trong d6 a, 12 bdn kinh nguyén t& hydro. a;" duge goi 12 ban kinh Borh hién
dung cia trang théi donor, Khi r > a," him séng c6 bién do rét nho.

Ciing tuong ty nhu vay ta c6 thé néi vé cdc trang théi acceptor.

Ving dinh x& ciia cdc trang thai tap chat ing véi cdc gid trin =1, 2, 3...
khdc nhau s& cang rong khi n cing 1ém (miic nang lugng cang cao). Véin = 1
(ing v&i trang thdi co ban) ving dinh xi 12 nho nhdt, nghia 1a do bat dinh vé
toa d¢ cia dién tir 12 nhd nhdt. Theo hé thifc bat dinh Heizeinberg thi trang

thdi ndy s& c6 do bat dinh vé vecto séng AK 16n nhét ¢& AK ~ > ! — va kéo
39
theo d6 bat dinh vé nang lugng ciing 16n nhat,
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Vi vay phé hap thy do chuyén miic viing - trang théi dinh xit thudmg ¢ dang
mot dinh hdp thu chinh véi ning luong hv cuc dai I6n va ¢6 bé rong phé rét
16n, Déng thoi & trén sudm phia ning lugng photon thdp (suon séng dai) cia
dinh hdp thu chinh nay c6 cdc dinh rét nhon tng véi nang hrong cuc dai nhd
hon, Céc dinh nay ting v6i chuyén mic giita ving va cdc trang thai dinh xu
v6in =2, 3... ¢6 viing dinh xit (v2 46 bat dinh vé toa dé) 16n hon kéo theo 4o
bit dinh vé vectd séng AK (va vé nang lugng AE) nhd hon nghia 13 c6 bé
rong phd nhé hon (dinh hdp thu nhon hon).

Trén hinh 2-27a trinh bay phd hdp thu do tap chét bo (acceptor) trong Si,
hinh 2-27b trinh bay so d6 giai thich phd hé&p thu do acceptor.

adem {E
i a) b)
sk et AK,y
a0
3 AE
201 n=2 ﬁKg J-Zl
ol N Eur PR d=rs 2,
L Lo A1 |th [
0 0,08 0,10 iev) i R

Hinh 2-27: Phé hap thu do tap chét bo trong Si (a) v& sa d& gidi thich ph6 hép thy do acceptor.

Néu hdp thu do chuyén mitc gifta viing ho4 tri v6i cdc mic donor da ion hod,
hay gilia c4c trang thdl acceptor di ion hod (dién ddy dién tlr) véi ving din
thi nang lugng photon phai thoa man diéu kién:

hv > AE, - AE,
hay hv 2 AE, - AE,

Doi v6i cdc tap chdt nong AE, v AE, rft nhé nén phd hép thu do tap chét & day
nim gdn bd hap thu co ban (phia séng dii) tham chi 1dn vao phd hap thu co béan.

b- Hdp thy do chuyén mitc giita cdc trang thdi tap chdt

Khi trong bédn din t6n tai hai loai tap chédt donor va acceptor, bit mét phin
hay bl todn phédn thi cdc nguyén tir tap chét bj ion hod mot phén hay hoan
toan ngay & nhiét d6 thap. Dudi tic dung cha biic xa v6i ning lugng photon
thich hgp ¢6 thé gay ra chuyén muc giita trang thdi acceptor ion hod va
donor ion hod. Nang luong cdn thiét cia photon dé duge hap thy va gy ra
chuyén mijc cha dién tif tir trang thdi acceptor dién ddy sang trang th4i donor
tréng khong nhiing chi phu thude vio AE,, AE, v AE, ma con phu thudc
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Chudng 2: Nhidng khai nidm, tinh chét, dic trung co ban cia vat lidu ban dan

vao vi trf tuong déi clia chiing. D6 1a vi lye wong tic Coulomb gifta hai ion
trdi ddu s€ lam thay déi néng luong dac trung cho trang thdi cla dién tir.
Tinh dén néng luong twong tic Coulomb d6, nang luong photon hép thu vdi
chuyén mic acceptor - donor ¢6 dang:

eZ

hv = AE, - AE, - AE, +

(2-243)
dmeger

S6 hang cu6i cling mé t& nang luong tuong tic Coulomb giita ion donor va
ion acceptor dinh vi cich nhau mot khoang r. Khoéng cich r khong phii 1a
bdt ky ma nhén nhimg gid tri gidn doan phil hgp véi tinh tudn hoan cla tinh
thé bdn din. Vi mot ndng d¢ céc tap chat cho trudc N, va N, bang phuong
phap thong ke ngudi ta c6 thé tinh todn duge xdc sudt cic cip nguyen t ¢6
khoang cdch r nhat dinh. S6 cgp trung binh ¢6 khodng céch xa thutmg 1én
hon va su sai khdc trong nang Iugng photon bj hdp thu ciing nhd hon. Vi vay
cdc vach hdp thy Ung v6i cdc cip

ion ndm xa nhau thudng che l4p

nhau trd thanh mot dai phd rong

lién tuc, cdn cdc vach phd tng v6i

cdc cip ion nim gdn nhau s& c6 T :

dang nhiing dinh nhon gidn doan 218 213 225 hwiev)

nam vé phia séng ngén clia vilng  Hinh 2-28: Ph6 huynh quang do chuyén mut
phé lién tuc. Dang phd h%’fp thu donor - acceptor trong GaP.

gidn doan nhy da trinh by ¢6 thé

nhin biét dugc khi nghién citu phd phédt xa huynh quang gin lién véi
chuyén miic gita cdc tap chat. Trén hinh 2-28 biéu dién ph6 huynh quang
do chuyén mic donor - acceptor trong tinh thé GaP pha tap Si (donor) vA
Te (acceptor).

5. Hap thu do hat dén tw do

Céc hat din tr do trong viing cho phép (dién tir trong ving din, 13 tréng
trong viing ho4 tri) ¢6 thé chuyén tir trang théi ny sang trang thai khdc dudi
tdc dung kich thich nho bao nhién tuy ¥, bdi vi phé nang luong & day gin
nhur lién tuc.

Trong ving din khong suy bi¢n cudmg do hap thu ty & thuan véi néng do
dién tlr tw do, trong ving hod tri cudng do hép thy ty 12 véi néng do 16 trong.
Ly thuyét c6 dién dya trén mo hinh khi dién tir Iy tudng cho phép tinh duoc
hé s6 hép thu 4nh sdng do hat d4n (cong thitc Drule - Lorenz);
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ne?i? e*xn

alA) = 3

m’€04ﬂz.ﬁ.c3.t(i) B 4112500 ﬁmizpn (2249
trong d6:  n - néng 4o hat dén;

A - buéc séng dnh sdng hap thy;

1 - chi s6 khic xa clia vat liéu;

(K ) - thdi gian héi phuc x4c dinh béi cd ché€ tin xa hat din;
et

Mq - 40 linh dong cha hat dan (p, = —).

m

Ly thuyét lwong tir cé tinh dén co ché tin xa hat din dua dén sy phu thuoc
a(L) cho timg co ché tdn xa khac nhau ¢6 dang AP.

Phé hap thu do hat din ty do ¢6 thé ¢6 nhiing diém dac biét lién quan dén
cu triic ving ning luong. Vi du trong viing hod tri coa Si (cling nhu nhiéu
ban din khéc) cb thé cb cde viing con: viing con 18 tréng nang, viing con 16
tréng nhe, viing con 18 trdng trung binh, ¢6 thé xay ra sy hap thu 4nh sing
lién quan dén chuyén mic gilfa cdc viing con. Hé s& hip thu img véi cic
chuyén mife giita cde viing con duge k¥ hiéu 12 a3(R), opa(A), oys(h) c6 thé
bao gdm cdc cye dai cling nhr ¢dc viing phé lién tuc. Nghién citu phé hip
thu do 18 troéng trong viing hod tri cho phép ching ta xdc dinh duge nhing
thoéng s6 dac tnung cho cdu tric viing nang lugng, nhu khdi lugng hiéu dung
clia hat dn, khodng cdch nang lugng gifta cic viing con.

6. Hip thu do phonon

Trong qud trinh hdp thu do phonon ning lugng cla photon chuyén thanh
nang lugng phonon, déng thoi phai thod méan dinh luat bao toan ning lugng
va bao toan xung lugng. Ngudi ta phan biét hai qud trinh hip thu: hip thu
don phonon va hip thu da phonon.

a- Hap thu don phonon 13 hdp thy photon 1am phét sinh mét phonon dﬁy
nhét va cdc dinh luft bdo toan ¢é dang:

B = hvn (bdo toan nang lugng)
G oht = | phn {(bao toan vecto séng, xung lugng)

Theo quy luit tdn sic thi trong hap thu don phonon chi c6 thé phdt sinh
phonon quang hoc (khong thé ¢6 dang hip thu phdt sinh phonon 4m hoc).
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Theo dinh luat bao toan nang lugng thi rong hép thu don phonon véi nang
luong photon x4c dinh b&i tin s6 phonon cao nhél ¢6 thé, vecto séng cha
photon ¢¢ gid tri ¢& gy, = (10° + 10*)cm™". Nhimg phonon phét sinh ¢6 vecto
SONE qppy = Qppy = (10° + 10Mem™! ing véi cde trang thdi gdn tam ving
Brillouin (trong khi d6 nhimg trang thdi & gin bd ving Brillouin dng véi
q pon €0 (10%em™).

Theo dinh luat bao toan xung lugng thi séng dién tir phan cuc ngang (séng
4nh sang) chi gay nén dao dong ngang cla cdc nguyén tir cha mang tinh thé
{(phonon TQ). Nhu vay hap thy dnh sang kiéu don phan tit chi ¢6 thé gay nén
cdc phonon TO va chi x4y ra trong cdc tinh thé ¢6 thé tao nén cdc ludng cuc
bién déi trong 6 co ban, vi du trong cdc tinh thé ion hay ¢6 mot phin lién két
ion, That vay, dang hap thu don phonon thudmg quan sat duge trong cic tinh
thé ion: NaCl, LiF, KBr, hé s6 hap thu khd cao, ¢ IO"cm bé rong vach
phd tuong doi nho.

Céc dinh hép thu cao va nhon luon tuong ng véi céc dinh cling dang trong
phd phan xa. Hién tugng phan xa va hdp thu manh trong viing phd rdt hep
l4n ddu tién phdt hién dugc trong tinh thé ion va duge goi 12 hién tugng
“chim du”, Trudc day ngudi ta diing hién tugng chim du dé tao nén cde
chim sing don sdc trong phé héng ngoai. Néu chiéu vao mot h¢ théng
guong 1am tir tinh thé jon mot chim sdng da sic thi & 161 ra cha hé guong
nguddi ta nhan duge mot chim sdng don sic ing véi bude séng cha chim du.
Céc chdt ban din c6 mot phan lién két ion nhu AlSb, GaP... déu ¢6 phd phin
xa dang chiim du.

b. Hap thu da phonon Ia trudng hop khi mot photon bi hép thu khong phéi bai
mot phonon ma 13 bdi mét té hop gém mot s& phonon tuy thude vio tinh thé,

Trong céc t8 hgp phonon c6 cd phonon quang hoc va phonon &m hoc va
khong yéu cdu vectd séng ¢ha cac phonon phai nhd. Ta hiy xét trudng hop

hap thu lu@ng phonon. Dinh lut bdo todn ning lugng va vecto séng trong
hép thu ludng phonon ¢6 dang:

hVp = WV & WVpne (bao toan nang lugng)
Qo = Gphnt £ 9 pna (bao toan vecto séng)

trong d6 ddu (+) dng vdi trudng hgp phdt sinh hai phonon, ddu (-) tng véi
trudmg hop phdt sinh phonon 1 va hap thu phonon 2 (bién mat phonon 2).
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V1 Qpu rdt nhd (s0 v6i g ,,) nén dinh tuat bio toan vecto séng sé la:
Elphnl + E-lphn?,:O'

Vi vay khi phdt sinh hai phonon thi 9 phnt = -0 phn2» khi hdp thu I phonon
pht sinh mot phonon thi g, = G pn2- Phd hap thu da phonon thudng ¢6
dang nhiing dai lién tuc trong viing héng ngoai va trén dé 6 thé phan biét
mdt s6 dinh cong hudng tng véi nhimg t3 hop phonon ¢6 x4c suat cao, vi du,
déi véi Si nhitmg 18 hop d6 1a: 3T0, (2T0 + LA}, 2T0, (TO + L0), (TO +LA),
(LO + LAj, (TO + TA)... Trén hinh 2-29 trinh by phd hap thu do phonon
trong silic.

Ching ta biét ring céc

. phonon mé ti dao dong
+  TO+TA cia cdc nguyén tir cha
mang tinh thé khéng dinh

XU trong mot viing hep ma

:; ::g:: thuge vé toan bo tinh the.

-3 THK Néu trong tinh thé ¢é c4c

4 WK nguyén tir tap ché&t thi

ching ciing tham gia dao

i Lona dong nhiét, nhing tin s&

iTo‘}LA 1040 cling n},nr cdc dic trumg

210 tap oxy 370 khic cla dao d?ng dé

 amoua thudng khic cla cdc

S i nguyén tir tinh thé, Mat

Y ThY N N e khéc, cdc dao dong clia cic

1000 56:::;;912%0; nguyén tit tap chét thuong

1a dinh x1t trong mot viing
Hinh 2-29: Ph& hép thy do phonon trong silic. hep vi vdy trong phd hip
thy cla mang tinh thé cé
chita tap chét thudng xudt hién cdc vach phd hap thu do dao dong dinh xu
cia cdc nguyén tr tap chit. Tan sd cla cdc dao dong do dac tnmg cho cdc
tap chét, vi vay phé hdp thu do phonon cé thé duge ding d€ nghién citu
thanh phén tap chat trong tinh thé. Vi du, phuong phdp nay da duge ding dé
nghién ciiu oxy trong silic rdt hitu hiéu. Cudi ciing phai ké déh mét co ché
tuong tac quan trong giita photon dnh sing va phonon dao dong mang, dé la
hién tugng tdn xa dnh sdng trén phonon,
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Khi di qua tinh thé ning luong cla 4nh sdng tan xa néi chung khong déi.
Tuy nhién trong mot 6 trudmg hgp ning lugng cua dnh sang tin xa bi thay
d6i do tdn xa khong dan hoi (inefastic scattering). Chi mot s6 phén tram rét
nhd (c& 10°%) céc photon t4n xa cé nang lugng nhé hon nang luong photon
t61. Su thay d6i nang lugng clia photor tdn xa lién quan dén ning lugng dao
dong, niang lugng quay, nang lugng dién tir trong phan tir. N6i cdch khdc sy
khdc nhan giifa ning lugng photon tin xa va nang lugng photon téi, goi 1 sy
dich chuyén Raman (Raman Shift), ding bing nang luong dao dong clia
phan t&r. Photon ¢6 thé twong tdc v6i phonon quang hoc, d6 12 tin xa Raman
(Raman scattering), ¢d thé tuong tic véi phonon am hoc, dé 1a tdn xa
Brillouin (Brillouin scattering). Sy dich chuyén Raman cé thé xiy ra do
photon truyén mot nang lugng cho dao dong mang hoidc 1a do sy hdp thu mot
phonon béi photon. Trong trudng hgp thit nhat, phdt sinh mot phonon, nang
lugng photon gidm ngudi ta goi 12 sy dich chuyén stokes (stokes shift), trong
truomg hop thit hai hap thu mét phonon nang lugng photon tang lén, ngudi ta
goi 1a su dich chuyén anti-stokes (anti-stokes shift).

Nhu vay trong tin xa Raman ta ¢6 thé viét cdc phuong trinh bdo toan nang
lugng va vecto song:

hvg =hv, . +hvy (bdo toan ning lugng)
Qse = Qinc * qpha (bao toan vectd séng)
trong dé: v, - tdn 8 dnh sdng tin xa Raman;

Vinc - tAn s dnh sdng tdi;
q - vecto séng dnh sdng tdn xa;
q inc - vECto s6ng dnh sing toi.

Tir day chiing ta thay ring tdn xa Raman 1 mét phuong phép hitu hiéu dé
xdc dinh phé phonon cua hé phan tir. Nhitng dinh Raman tuong tng vdi tdn
s0 clia cdc mode dao dong clia céc phan tr, nthém phén tir cha cdc pha khéc
nhau trong vét lien, Nghién ciu phé Raman s& cho phép ta xdc dinh thanh
phén hod hoc, pha, cic tap chét, phu gia... trong vat liéu.

2,6.3. Qua trinh tii hop

Trong bdn din & diéu kién khong can bang ¢é mdt ngudn kich thich nao dé
1am cho néng d6 hat din vuot qua gid tri can bang, nghia la tén tai mot nong
a6 hat din dw. Qua trinh t4i hop dién tir - 16 trong ¢6 xu hudng lain cho bén
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din rd vé trang thdi can bang. Qué trinh i hop ¢6 thé 13 thi hop bite xa
hodc 14 tdi hgp khong bitc xa.

Mot hign twgng quan trong ciia ban dan 12 hién twgng huynh quang c6 lién
quan chat ché& dén qud trinh tdi hop. Phu thude vao ngudn kich thich téc dung
vao chdt ban din qud trinh huynh quang (phat quang) ¢6 thé chia ra: quang
huynh quang (photo luminescece) do kich thich bang photon, dién huynh
quang (electro-luminescece)} do kich thich bang cich dat dién trudmg, huynh
quang catét (cathodoluminescece) do tic dung cha dién tir mang doéng nang Ién,

1. Chuyén mitc birc xa - tdi hop bitc xa

G day chiing ta xét nhimg chuyén midc cia dién tir tir trang théi véi miic nang
lugng cao dén trang théi v6i mic nang lugng thip c6 thé lam phat Xa ra
photon. Trén hinh 2-30 biéu dién nhimg chuyén muc ¢6 thé d6. Nhin vio so
d6 & hinh 2-30 chung ta thdy ring
nhimg chuyén mic bifc xa cé thé & k

day chinh 13 nhimg chuyén mic trong -

= T Eo
qua trinh hip thy theo chiéu nguge lai, T \
nghfa 13 chuyén mitc hap thu xiy ra tir ~ boje |4 le \g laEg
trang thdi thap lén trang thdi cao, con £

chuyén mic bic xa xdy ra tir trang ° e e

thdi cao xudng trang théi thap. Hinh 2-30: So d6 céc chuy8n mirc cla dién
t cd thé phét xa ra photon.

a- Qud trinh 6n dinh nhiér

Qui4 trinh 6n dinh nhiét (thermolization), & day dién tr & mitc nang luong
kich thich cao trong viing din chuyén xuéng mic thip phdt xa mot
photon c6 sy tham gia cia phonon, ma ciing c6 thé chi phdt xa ra mot
phonon (non radiative). Dang chuyén mifc ndy c6 xu huéng dua hé vé can
bing nhiét.

b- Qud trinh huynh quang riéng

Qué trinh huynh quang riéng (intrinsic luminescence) hay 13 chuyén mitc co
bén, chuyén mic viing - viing. Qué trinh chuyén mifc tai hgp co ban (gifta
dién tir & gdn bo ving dén va 16 tréng & gdn bdy viing hod tri) ¢6 thé xay ra
truc ti€p va phdt xa mot photon cé hviy = AE,. Nhu chiing ta da biét trong
chat ban dan thudng xuyen xdy ra hai qué trinh nguoe nhau: qud trinh phdt
sinh hat dan vA qud trinh tdi hop hat dan. Trong diéu kién can bing nhiet
dong hai qu4 trinh nay triét tiéu nhau theo nguyén téc can béng chi tiet.
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Téc do tai hop truc ti€p ty 1@ véi tich néng do hat din, vi vay trong didu kien
kich thich 6n dinh t6c do tdi hop bic xa 6n dinh R, va toc d6 tdi hop biic xa
cin bang R, lién hé vdi nhau nhu sau:

. n,
Ry =—1—R,="TR,; n,p, = n’ (2-245)
l'lo.p0 n].

Trong truémg hgp muc phun thap (cudng do kich thich nho) 511', &, << N, Py
ta cd:

3
R, - (n, +5n)(p, +3p) R, =R, +[ 50 %p JR" =R, +R (2-246)
n0p0 n() po

R 1a t6¢c d6 tdi hop net (t6¢ do tai hop thuc sy da khau trir t6c do tai hgp can
bang R,, bang téc do phat sinh can bing G,), ta s& goi R don giin 13 t6c do
tdi hop, néu én = dp tdc do tai hop la:

Rzﬁn[L+L]RO (2-247)

My Po

Ching ta c6 thé dua vao khdi niém thdi gian séng bitc xa t,, 46 1a thoi
gian ton tai trung binh clia hat ddn tir khi né phdt sinh dén khi né t4i hop
bifc xa.

r =00 1 Moo (2-248)
R RO nO + p()
Trong ban dén riéng, khi n, = p, = n;, ta ¢6:
n, N n;
T, = —— hayla R_=—L 2-249)
" 2R, Y ° 21y (
Trong bdn dan loai n (ban din donor), khi n, >> p,, ta co:
1, = S0 = 2%iPo o (2-250)
Ro n;

Ta thdy ring t8c do tdi hgp bitc xa R cling nhu thdi gian séng bifc xa
phu thudc vao néng do hat din, vi vay hai dai lugng niy khéng thé dac
trung day du cho vat liéu bdn din ma chi 13 dic trung cho mot miu ban
dén cu thé.
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DéE dac trung cho kha nang tdi hgp birc xa clia ban din ngudi ta dua ra hé s6
tdi hgp bitc xa B, vi dinh nghia:

B= (2-251)

RO

2

1
B phy thugc vio toc dg tai hop cin bing va ndng do hat din can bing. Dé
lam vi du va tién so sdnh gifta cdc dai lugng, trén béng 2-4, biéu dién gia tri
clia B d6i v6i mot s6 ban din ciing véi cdc gid tri nong 4o hat dén riéng n,,
thai gian séng bic xa trong ban din riéng t; va trong bdn din donor 1, khi
néng d6 hat din co ban n = 10 7em™, & 300K,

Bing 2-4: Hg s& tai hgp bute xa cia mot s6 ban dan

Vit ligy | 0% vaberong Pe P I (1)
ving cdm AE (eV) | (10" em) [ (107 em’™s) " T

Si 1,08 ;1 0,00015 0,002 4,6 giv | 2.500
Ge 0661 24 0,034 0,61 gior 150
GaSbh 071:D 0,043 13 0,009s 0,37
InAs 031;D 16 21 15us (,24
InSb 0,18; D 200 40 0.62us 0,12
PbS 0,48 ; D 7.1 48 isus | 021
PbTe 032;D 40 52 24us | 0.19
Pb5e 0,29;,D 62 40 2,0ps 0,25
GaP 2,251 - 0,003 - 3000

Chiing ta thay ring céc vat ligu bén dan viing cdm thing c6 hé s6 B cao hon
hin cdc vat liéu ban din ving c4m xién. C6 thé chimg minh duoc ring téc
dd tdi hop phu thudc vao tdn sd dnh séng huynh quang theo dang:

R(V) ~ v2.o(v).e VAT (2-252)

Vi vay trong trudmg hop chuyén miic théng dang vach phé tdi hgp bifc xa co
bin duge xdc dinh bdi he s6 hap thy a(v) ~ (hv - AE)'” va exp(-hv/kT).
Vach ph bic xa vi thé c6 dang khong dai xung, c6 mOt cuc dai, gia tri nang
ltro‘ng cuc dai nay khong phit hop véi bé rong viing c&m nhu trudc day ngudi
ta thudng nghi. B¢ rong viing cim cé thé x4c dinh bang cdch ngoai suy b
séng dai cia vach phd tdi hop bitc xa.
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c- Qud trinh 1di hop exciton

Trong diéu kién nhiét d¢ thdp (dé khong xdy ra hién tugng phan ly exciton
thanh dién tir [ trong tw do) thi ¢6 thé xdy ra qud trinh tiéu huy exciton
nghia 1A dién tir va 16 tr6ng tai hop lai véi nhan va phat xa mot photon.
Ching ta phan biét hai loal exciton: loa1 thit nhat 1a exciton ty do (free
exciton) ¢ thé di chuyén tu do trong tinh thé, exciton tr do thu’b’ng ton tai
trong ban ddn tinh khiét, toai thit hai 1a exciton lién két (bound exciton)
thudng t8n tai trong bdn dan chia tap chit, & day exciton ¢6 thé cling vdéi
nguyén t tap chat tao nén nhimg phitc goi 14 exciton lién két tap chat
(excuon bound to an impurity). Exciton lién két khong thé di chuyén trong
tinh thé. Ca hai loai exciton déu ¢ thé bi tieu huy hay la tai hop. T4i hop
exciton tir do thudng duge ky hiéu 14 chuyén miic X, tdi hop exciton lién két
nguyén tit trung hod donor duge ky hiéu 1a D°X, tdi hgp exciton lién keét
nguyén tir trung hod acceptor 1a A°X, exciton lién két véi cic ion tap chat
duoc ky hidu tuong tng 1a DX va A™X.

d- Tdi hop bitc xa do tap chdt

Trén hinh (2-30d, e) biéu dién hai loai chuyén mifc bic xa giita viing cho
phép vdi trang thdi tap chit donor (d) va acceptor (e). Phé tdi hop biic xa
tng véi cée chuyén mitc nay c6 tdn s6 ngudng ing vdi nang lugng photon
hv, = AE, - AE;; & day AE, la nang Juong ion hod cla céc tap chét, nghia 12
AE,, hodc AE,. Khi tap chdt ¢6 mat trong bdn dan viing cdm xién, vi cdc
trang thai tap ch&t ludn gin lién vdi cée cye tri nang lugng, cho nén chuyén
mifc tap cndt - viing xa s& 1a chuyén miic xién, Trong chuyén mitc xién vdi
sut tham gia clia tap chit, su bao toan xung lugng 6 thé duge bl bdi dao
dOng cua nguyén tir tap chét, nhung ciing ¢6 thé duge bl bdi sy tham gia cha
phonon ciia tinh thé. Chuyén mitc glua hai trang théi tap chat donor-acceptor
(trén hinh 2-30g) s& phat xa photon ¢ nang lugng:

e2

hv(r) = AE, - AE; - AE, + pr—
1}

(2-253)

Ngudi ta ciing chitng minh dugce ring tdc do tdi hop bike xa do chuyén mic
donor-acceptor phu thude vao khodng cdch r gilta hai nguyén t;

R{r) = R(0)exp(-21/a") (2-254)
trong d6 2" 14 ban kinh Bohr hiéu dung cfia tam tap chat, R, 1a gi4 tri gidi

han khi r — 0. Chinh diéu nay giai thich dang phé tdi hop bifc xa do chuyén
mifc donor acceptor da trinh bay trén day.
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2. Chuyén mirc khong bitc xa

Qu4 rinh t&i hgp giita dién 0¥ va 16 trong cling ¢6 thé x4y ra thong qua cdc
chuyén miic khong bic xa. Cic chuyén miic khong bic xa o6 thé la:
Chuyén mitc phat xa da phonon (multiple - phonon emission), chuyén mufc
theo hiéu ting Auger, chuyén mufc t4i hop qua cdc trang thdi bé mat va
khuyét tat.

T4i hgp thong qua chuyén miic phat xa da phonon 1a dang tai hgp khong bic
xa trong d6 ¢o sy chuyén d6i tryc ti€p nang luong dién tir thanh nang luong
nhiét, trong ban din viing cam xién dang tdi hop nay thudng 16n hon trong
bdn d4n ving cim thing.

Tai hop Auger la dang tdi hgp khong biic xa trong dé nang tugng cia dién tix
duge chuyén cho mot hat din khdc, hat ndy “néng” Ién, ¢é doéng nang i6n lai
chuyén ning lugng d6 cho mang tinh thé. X4c sudt tdi hgp Auger khong 16n
vi né déi hoi phai cd sy “gap g6 cha ba hat dén.

Trong ban din qua trinh tai hop gita dién tr trong ving din va 16 tréng
trong vung hod tri chll yéu x4y ra qua céc tadm bat va tam tdi hop sau (cd
nang lugng & giita ving cdm) va tdi hop qua cdc trang thdi bé mat.

Shockley Read va Hall (SRH) da dva ra mot mo hinh tdi hgp qua céc tam bat
goi 1a mo hinh SRH (Shockley - Read - Hall (SRH) recombination model).
Trén co s& mo hinh t4i hgp qua tam bit vdi mét mitc ning hrong tam bét duy
nhdt, cdc tic gia di fim dugce to¢ do tdi hop qua tam Ry, va théi gian sing
tuong ng Tey ~ R sy (M6 hinh ndy di duge trinh bay ky trong gido trinh
“Vat 1y bdn dan” cla Phing Hé va Phan Quéc Phé). Cling cin phai dé y
ring tam tai hop véi nang lugng nim trong viing cdm ciing ¢6 thé 12 tam tai
hop bitc xa hoac tadm tdi hgp khong bitc xa phu thude vao qud trinh tai hop
xay ra & ¢6 ¢ keém theo phdt xa photon hay khong. Céc tam tdi hgp dugc
dac trung bai t6c do tdi hop R hoic thdi gian song T, trong d6 R =§-rl. Khi
T
¢6 ton tai hai loai tam tdi hop (biic xa va khéng bitc xa) ta ¢6 thé viét:
LU hay 1= Srlne, {2-255)
T Tl' tl'll' Tl’ + tl‘ll‘
trong dé t. va 1, tuomg iing 14 thod gian sdng tdi hop bifc xa va khong bie xa.

N6i chung tdi hop khong biic xa ¢6 thé do nhidu co ch€ khic nhau, trong
trrdmg hop dé ta c6 thé viet:
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1y

Tar 1 Yoy

(2-256)

Ngudi ta cling dua ra khdi niém hiéu sudt tai hop birc xa (radiative
recombination efficiency} n, v6i dinh nghia sau:

T ]
Nr=—

=— (2-257)
T, I+(T, /14;)

Theo 1y thuyét khi ta x4c dinh thdi gian séng trong mot bdn din khdi, ta xdc
dinh thoi gian song cia hat din khong co ban trong khéi, 1 = 1,, vay d6i véi
Ty, ta ¢4 thé viét:
1 1 1

—_—=— (2-258)

T Tn Tor
Trén thuc t¢ t6n tai mot co ché tdi hgp khong biic xa kha quan trong xay ra
qua cdc trang thii bé mat vi vay thdi gian séng do duge 1, phai duge xéc
dinh bdi ba qua trinh tdi hgp dac trung boi 1, 1, va T

1 1 1 1

— =t (2-259)
Tm Tl‘l an TS

trong dé T, 12 thoi gian séng tdi hop bé mat (surface recombination lifetime).

2.6.4. Hi¢u 1ing quang din

Khi chiéu sing chét ban din, cdc tinh chat dién clia 6 c6 thé s& thay d6i, tal
ca nhimg thay déi dé goi 1a hiéu ing quang dién. M6t trong nhimg hiéu ting
quang dién 14 hiéu tng quang din, d6 12 sy thay d6i d6 din khi chiga sdng.
Su thay d6i d6 din dudi tdc dung clia 4nh sdng do quang phdt sinh ndng 4o
dién tir du 8n v ndéng d6 16 trong du Sp cé thé bi€u dién bing do din do
chiéu sang Aoy '

Aot = e 1y + el By {(2-260)

Po din t6i duge ky hitu 13 o, do cdc hat din can bing trong trudmg hap
khong chi€u sdng tao nén:

Go = €N, + ep“‘ppo

Do din 8ng cong khi chiéu sdng goi 12 d¢ dan sang o
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O( =0Co + AG( = e L, + €,pl, = e Ly(n, + 8n) + e (P, + 8p)  (2-261)
Gid sit t6c do phdt sinh quang 1a G, trong diéu kién mic phun thap, tai hop 12
tuyén tinh, néng d6 hat din du 6n dinh la:

én=Gr,; dp= G, (2-262)

Ao = Ge( T, + H,T,) (2-263)

trong d6 <, 7, la thoi gian sdng cla dién tr va 16 wong. Toc do phat sinh

quang dugc xac dinh bing s¢ ¢dp dién tir 15 tréng phat sinh trong mot don vi
thé tich, mot don vi thdi gian:

G =n.0.d, (1 - R) (2-264)

trong dé @,- cudng dd anh sdng chisu 1én mot don vi dién tich mau tinh theo

$6 photon (thong lugng photon), R - hé s& phin xa; o - hé s6 hap thu, 7 - higu

suftt lugng tir, bang s& cap dién tir 16 trong phdt sinh khi mét photon bi hap
thu, Nhu vay ta cé:

Aogr=en.o. P .(1 - R)[W,T, + up'rp] (2-265)

D¢ dic tnmg cho hiéu ting quang dan c6 thé ding dai luong B, do nhay
quang ty ddi, hay 13 ddp 1ing quang (photo response) duge dinh nghia biing
tich ctia d9 din do chi€u sdng va dién tich bé mat dugce chi€u sédng (giita hai
dién cuc) S chia cho cong sudt bitc xa chi€u lén miu (O = O S):
g 89S _AoS_Ag
®; DS O

Q
hay la: B =ena(l - R)[pt, + ppt, (2-266)

Nhu vay d6 nhay ty ddi hay dép tng quang f§ phu thudc vio nhimg thong s6
quan trong ctia mAu bin din nhu: thdi gian s6ng, do linh dong ciia hat din,
h¢ s6 hdp thy, h¢ s6 phan xa trong viing phd, hiéu sudt lwgng tir clia qué trinh

quang ion ho4. ¢
Trén thyc t€ hiéu tmg quang dén cdn phu

BIEE
thude vio dien trudng, hink dang kich thude __%1 L 5\1:H
Ny i
L

miu théng qua mot dai luong dugc goi 14 hé
s6 khuéch dai dién quang K. Gid sit miu
quang din ¢6 dang hinh hop nhu & hinh 2-31 Hinh 2-31: Méu quang dén.
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v6i kich thudc A.W.L, t6c d6 quang phat sinh G déng déu, néu dit vio miu
hi¢u dién hé U, gay nén trong méu dién truong € :% thi dong quang dan

chay qua miu I; sé la:

Ii =AW
= AWACLE= A‘W.AG[.% (2-267)
U
hay Iy = AWena(l-R).@[u, 1, + p, 7,11 1z
U
I =Ven.a(l-R).d, F [y T, + pp.rp] (2-268)

Gei V.en.a(l-R).®, = I, 1a dong so cap, nghia 14 s3 hat dén sinh ra trong
thé tich V = A W.L trong 1 giay, ta ¢6:

L =V.enal-R).P,=e 0.V (2-269)

Ty s6 gitta dong quang dan I va dong so cdp I, duge goi 1a hé 56 khuéch dai
di¢n quang K:

K=

1, I, U

—== =— [, T + 1,7 2-270
TR [Hn o + Hp. Tl ( )
Néu ky hiéu thoi gian chuyén dong dui tdc dung cha dién trudmg € giita hai
dién cyc ctia dién ti 1 tg,, cba 18 trong 12 tgp, (tg,, tg, 12 thoi gian bay), ta c6:

2 2
- 2-271)
w,. .U

T pp U
Hé¢ s6 K chinh 12 ty s6 giita thdi gian séng va thoi gian bay gitta hai dién cuc
cua hat din:

tEn

.
K=| fo_, 2 (2-272)
ten tEp

Phé d6 nhay quang din, nghia I3 sy phu thudc clia 4o nhay quang din vao
budc séng (hay tdn s6) dnh sdng, ¢6 lién quan chat ¢ché véi phd hap thu. Tuy
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nhién phd quang din khéng lap lai hoan toan phd hdp thu, d6 14 vi ¢6 nhimng
ving phé hap thu manh nhimg khong tryc tiép phdt sinh hat din, vi du: hap
thu exciton, hdp thu do hat din tu do, do dac dong mang. Hiéu iing quang
dan con bi chi phéi boi qud trinh tai hop, khi phdt sinh hat dan tang cao do
h¢ s6 hap thu 16n thi qud trinh t4i hgp ciing tang lén, 1am cho hiéu ng quang
dan khong ting len tuong

xing vdi qud trinh hdp thu ; UE
quang. Vi du phé quang din

riéng cna bdn dan trong viing st
s6ng dai khd tiing v6i phé
hap thu (khi hé s6 hap thu  F
nhé) nhung trong viing séng 0F
ngan phd quang din di qua
moét cyc dai vad giam kha  20F
manh so v&i phd hip thu 0 bt
(xem hinh 2-32). 0.3

D6 13 vi khi hé s6 hdp thu I6n  Hinh 2-32: Ph8 quang dén riéng cba mot s6 ban dén.
thi qud trinh hdp thy va phat

sinh hat din x3y ra trong mot I6p mong, ¢ bé day ¢& ('!), gin bé mat,
trong 16p a3y ¢é nhiéu tAm tdi hop bé mit nén qud trinh tai hop ting cao vl
hi¢u img quang din giam.

ins

Phé quang din con phu thudc va hiéu sudt luong tit m, khi nang lugng
photon 16n hon niang lugng ngudng hap thu riéng ta thdy n=1, d6 1a vi méi
photon bi hdp thu chi ¢6 thé sinh ra mot cgp dién tlr va 16 tréng. Tuy nhién
khi nang tugng photon tang gdp hai gdp ba 14n bé rong ving cdm ngudi ta
thay n tang 1én 16n hon 1. Hién tugng d6 duge gidi thich nhu sau: khi photon
bi hdp thy trong qua trinh chuyén mic thing, chudn xung cla dién tir va 15
tréng mdi phét sinh s& biing nhau, con dong ning cha ching thi bing (P/m")
nén ty 1& nghich v&i khéi lrong hién dung cia ching, Khi dong nang clia
mat trong hai hat biing bé rong viing cdm thi hat d4n néng d6 c6 thé gay nén
hi¢u iing ion hod do va cham tao nén mot cap dién tir-1§ tréng mdi, nghia 1a
N=2. Néum', = m'p thi dong nang clia dién tr va 16 tr6ng bing nhau va
bing (hv-AE,)/2. Trong trudng hop nay muén c6 hat dén c6 ning lugng
béng AE, thi nang lugng photon hv23AE,. Trong trutng hop mp*>>m"* thi
gii han d€ c6 >1 1a hv>2AE,, Chiing ta ¢6 thé quan st duoc hién twong n>1
trong hai vi du ddi véi Ge va Si ¢ hinh 2-33,
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Q T ¥ T L + n4 L] 1 T L3 L]
2IG. s - -
Ge, 300°x si !
3 Z
1.5 b J
21 ) ]
1t prett—t e e 1 ]
0 N : M 1 " 0 M L L M 1
H 2 3 4 5 1 ¢ 3 4 5
hw, eV fiw, eV

Hink 2-33: Higu suét lang I trong Ge (a) va Si (b).

Cudi ciing cdn phéi nhan manh ring céc trang thi dinh X1t trong ving cfm
do tap chat, khuyét tat, cic trang thdi bé mat d6ng vai trd cdc tdm bét, tam
tai hop, tam tan xa ¢é dnh hudng rat manh dén hiéu ing quang dén.

BAI TAP CHUONG 2
(2-1) Gia sir sy phu thudc gifta nang lugng va vecto séng trong mét viing
nang lugng cho phép c6 dang:
E(K)=E, +C+2A [cosK,a + cosK),a + cosK a]

véia =54; A =-2,5¢V; E, va C khong phu thuge vio K. Hay tinh:

- B& rong viing ning lugng cho phép;

- Khéi lugng hiéu dung chia dién tir & gin cue tiéu,
(2-2) Tinh d¢ 16n clia vecto séng cha dién tir & cye tidu viing nang Lrgng clia
tinh thé Ge, so sdnh gid trj d6 v6i do 16n cha vecto séng clia bifc xa dién tir
v6i nang lugng photon bang bé rng viing cdm cia Ge.
(2-3) Tl nnitng thong s& vé c4u tric viing nang lugng ciia silic hiy tinh:

- Khéi lugng hiéu dung mat d¢ trang théi cha dién tl, 16 tréng;

- Mat dd trang thdi hiéu dung clia viing déin va clia viing hod tri & nhiét

do 300K

- Néng @6 hat din riéng;

- Mitc Fermi ctia silic tinh khiét;

- Bién tr& sudt ciia bin dan tinh khiét,
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: 2 -
biét ring do linh dong cua dien tir pn:l3509\%—, cia 16 tréng 13
2
Hp = 480%’5— , bé rong viing cam & 300K 1 1,12eV.

(2-4) Gid sir d¢ linh dong clia hat din khong phu thugc vao ndng d¢ tap chat,
hay tim do dan cyc ti¢u cua silic ¢6 duge bing cdch chon loat tap chit vi
nong d¢ tap chat. Tim néng do tap chit dé vi mic Fermi clia ban din Si,
dugc ding nhimg s li¢u trong bai tap (2-3).

(2-5) Trong maét mau bdn dén loai n hinh hop chit nhat ¢6 canh 1a a = 0,5¢m,
b =0,05cm, ¢ = lem mat do dong dien doc theo true x, song song véi canh ¢
11 0,1 Afem?, Cuong do tr trudng doc theo truc z, song song véi canh b, véi
B = 0,4T. Trong diéu kién tdn xa trén dao dong mang p,, = 1,18y, hay xic
dinh hang s Hall Ry, va dién dp Hall trén miu néu n = 10"°cm™. Chi ra bang
hinh v& chiéu cha dién trudng Hall €,,.

(2-6) Trong ban din InSb & 300K chifa tap chit acceptor, tap chit hoan toan
bi ion hod; n, = 1,6.10"%cm™, Ho/ly = 80; tir trutimg dugc xem la yéu. Hoi
nong do acceptor bang bao nhiéu néu dién trudng Hall bang 0.
(2-7) Trong tinh thé ban din, dudi tdc dung cla 4nh séng, phat sinh mot
ndng d¢ hat din du 3n phan b6 dong déu, t6¢ do tdi hop ty 18 thudn véi 8,
tim sy phu thugc Sn(t) vao thi gian sau khi ngdt ngudn chidu sing. Biét
nong do hat din du khong co ban trong diéu kién kich thich én dinh Sn I
10%%m™. T6c do gidm cha néng d6 hat din dur ngay sau khi ngt nguén
chiéu sdng 12 7,71.10"s" em®. Hay x4c dinh:

- Thot gian s6ng cua hat din khong co ban;

- Sau 2 ms gid tri n bang bao nhiéu.
(2-8) Tai mét di€m trén miu bdn din dong nhal, ngudi ta ding “miii dd
sang” dé 1am phdt sinh cap dién tir 16 tréng. Hay x4c dinh do dai khuéch tdn
cla I3 trong néu néng do hat ddn dur tai diém cdch miii dd sing mot khoang
x; =2mm 12 AP, = 10"em™ va tai diém x, = 4,3mm 13 AP, = 10'3em™.
(2-9) Cho mét miu bdn din loai n dat trong dign
trudng cua tu dién phang nhir & hinh 2-34, gia st
mat d¢ trang thdi hi¢u dung N, = N,. Tinh gi4 tri
dd cong ving nang lugng trén bé mit ban dén
tmg v trudmg hop:

- Trén bé mat tao thanh lép bdn dén rigng. ||||

- Trén bé mat hinh thanh 16p déo manh.

VAR

Hinh 2-34
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(2-10) Mot chuyén ti€p p-n déng chét, dot bign 1y tudng, ¢ Ny= 10"%em?,
N, =4.10%m”, ¢ = 12. Tinh bé day va dién dung 16p chuyén 1iép néu thién ap
nguoe bang 20V, tiét dién ngang clia chuyén tiép A = 10”cm?, bin din 1 Si.
(2-11) Xét mot séng dign tY trong chan khong v6i thanh phén trudng c6
dang:
R _ A WiKx-op
€, =B,=Ae
Gia sur séng duge doi vudng géc xudng mat phan cdch cia moi trudng cd
hing s§ dién moi tuong doi € va ¢6 do tir thim tuong d6i u = 1. Ching minh
ring chi s3 phin xa r(©), duge dinh nghia bing cong thiic:
8r\:ff = r(m)ginc
trong d6 € va €, tuong ving 1a cudng do dién trudng séng phan xa va
song téi, sé 1a:
r(m):n]ﬂnz—l
0+, +1
trong d6 n; +in, = (§)"”, v6i n, vi n, 12 s6 thue. Chiing minh tiép hé s6 phan
xa R{o):

Y
(=103
inc (n] +l) +n2

(2-12) Tinh budc séng ngurdng hAp thu riéng cla cdc tinh thé sau, cho biét bé
rdng ving cim:
KCl KBr KI Si Ge
AE, | 76eV 6,5¢V 5,60V 112V 0,7eV

(2-13) Mot méu tinh thé GaAs duge chi€u séng bdi 4nh séng c6 bude séng
0,6pm. Cong suat tia téi 12 15mW. N&u mot phén ba cong sudt d6 bi phan xa
trd lai, mét phdn ba cong suat d6 di ra khoi mu tir mat sau, tinh bé day clia
méu, tim nang luong nhiét hab thu trong miu trong 1 giay, cho biét: he s
hp thy & = 5.10%m™, AE, = 1,42eV.

(2-14) Mot mlu tinh thé Si ¢6 bé day 0,25um duge chidu sing bing dnh
sdng don sic c6 hv = 3eV véi cong sudt 10mW, Tim nang luong téng cong
ma méu hdp thy trong 1 gidy, t6c d6 nang lugng nhiét truyén cho niang tinh .
thé va s6 photon sinh ra do t4i hgp bifc xa viing - viing. Cho hé s6 hdp thu
o =4.10%m’, AE, = 1,12eV,
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(2-15) Mot miu quang din ¢é kich thude L = 6mm, W = 2mm, D = 1mm,
duge chigu sdng bdi bitc xa dong déu. Do hdp thy 4nh sdng dong dién tang
1én 2,83mA. Di¢n dp dat 1&n hai cuc 1a 10V. Khi ngit ngudn sdng dot
ngot dong dién gidm v6i toc do ban ddu 23,6 A/s. Cho p, = 3600cm?/v.s;
Wy = 700cm?/v.s. Hiy tim:

a. S& cap dién tr - 16 tréng phdt sinh trong ché do dimg;

b. Thoi gian song clia hat dan khong co ban;

¢. Néng d6 hat din dut t6n tai sau khi ngit nguén sang Ims.
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Chuang 3: Phén loai vét lidu ban dén

CHUONG 3
PHAN LOAI VAT LIEU BAN DAN

Vat liéu ban din rat da dang, ching ta khé c6 thé mé td mot cdch chi i,
ddy d0 t4t ca cdc loai vat liéu d6. Trong chuong ndy chiing t6i trinh bay téng
quan vé cdc loai vat lidu ban din d& duogc nghién ciiu, tng dung, phan loai
ching theo cdc *“tiéu chi” khic nhau trude khi gidi thiéu ddy di hon mét s6
loai ban din quan trong, thong dung, hoac ¢6 nhiéu trién vong img dung
trong tuong Jai. Nhitng “tiéu chi” dugc chon d€ phan loai vat liéu ban dén
du&i day 1a: theo thanh phén hod hoc, theo thong 58 tinh chdt quan trong,
theo linh vuc ting dung.

3.1. PHAN LOAI VAT LIEU BAN DAN THEO THANH PHAN HOA HOC

Cic tinh chat quan trong cha vat liéu bdn dan phu thudc trube tién vaoe thanh
phdn hod hoc cha chiing. Theo thanh phdn ho4 hoc vat liéu ban dén chia
thanh cdc nthém chinh trinh bay sau day.

3.1.1. Ban dan nguyén t6

C6 nhiéu nguyén t6 dudi dang tinh the rin c6 tinh bdn din, d6 1a cdc ban dén
nguyén td. Cic nguyén t6 nay ¢6 mot di€ém chung 2 16p dién tir ngoai ciing
gom hai dién « & trang thdi s va mot s6 dién tit nhd hon 6 (1,2, 3,4, 5) &
trang théi p. D6 1a cdc nguyén 16 nhém IV nhu C, Si, Ge, Sn, cdc nguyén t6
nhém VI nhu Se, Te, S, cdc nguyén t& nhém V nhu P, nhém III nhy B, nhém
VIInhu L

Theo mitc do duge nghién citu va sir dung nhu mot vat liéu ban din nguyén -
t6 ching ta ¢6 thé k€ theo thit ty sau:

Silic (Si)y  1s72572p"3s%3p’.

Germani (Ge) 1s57252p"3s73p*3d'%4s’4p’.

Selen (Se)  1572s72p°3s73p"3d'%4s*4p*.

Telua (Te)  15°2s?2p®3s73p°3d as4p®4d'°5s%5p .
Thiée (Sm)  1s%2s72p"353p°3d'%4s°4p°4d'*58%5p,
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Lwu huynh  (8) 18°2572p"3s%3p",

Bo . {By  1s2s%2p'
Photpho = (P)  1s"2s%2p®3s33p”.
Tot (I 1s*25%2p*3s73p°3d ' 45%4p%4d 05525 p".

Trén day 1a tat c& cic nguyen (6 c6 tinh bén dén, con trén thuc € chi c6 silic,
germani, selen va telua duge ding nhu bdn din nguyén 14,

3.1.2. Béin dan hop chit A™BY

Trong bén din hop chat v6 co hai nguyén t& thi quan trong nhat 1a hop chét
A"B". D6 1a cac hop chét cdu tao tir cic nguyén t6 nhém I va céc nguyén
t6 nhém V. Tuy nhién chi ¢6 c4c hgp chét c4u tao tir phan nhém Ila nhy B,
Al, Ga, In, Tt v phan nhém Va nhu N, P, As, Sb, Bi 3 ¢6 tinh bdn din. Trén
thue 1€ s6 cdc hop chat A"BY duge nghién citu va img dung con it hon, ¢é
thé néi chiing chi gém 16 hop chét c4u tao tir cdc nguyeén t6 nhém 1L B, Al
Ga, In va céc nguyén t6 nhém V: N, P, As, Sh, trong d6 cdc hop chét quan
trong nhét ¢6 nhiéu (mg dung hién nay la GaAs, GaP, GaN, AlAs, InSb,
InAs va InP. Céc hop chdt nay thudng két tinh dudi dang 14p phuong tam
mét ¢6 cflu irtic kicu zinc-blend (ZnS), tinh thé c6 thé dat dwge thanh phén
hgp thifc t6t va ¢6 thé pha tap thanh ban din loai n hay loai p.

3.1.3. Ban dan hop chat A"BY

Dung sau cdc hgp chat A"BY, cdc hop chat hai nguyén 6 A'BY ciing 1A
nhimng hop chit quan trong duge nghién ciu tng dung nhidu. D6 1a céc hgp
chéit cdu tao tir cdc nguyeén t6 thudc phan nhém IIb nhy Zn, Cd, Hg véi céc
nguyén t6 thudc phan nhém VIa nhu O, S, Se, Te. Trén thuc t& chi ¢6 9 hop
chat cdu tao tir cdc chalcogen §, Se, Te v6i ba nguyén t6 phan nhém IIb 12
Zn, Cd, Hg duge nghién citu #ing dung nhiéu nhat, trong d6 cdc Zn va Cd
chalcogenua ¢6 nhiéu tinh chat dign tir va tinh chét quang quan trong va
duge tng dung nhiu. Dac bigt 12 dung dich rén ca cdc hgp chét nay cho
phép dicu chinh nhimg tinh chét cla ching thich hop véi cdc muc dich tng
dung. So v6i Si vii cdc hop chdt A"BY thi cong nghé ché tao cac vat ligu
A"BY chdt lugng cao chua dat duge trinh do mong mudn. Do viéc khong bao
dam dugc t0t thanh phin hop thic nén hdu hét ban din hop chat A"BY ¢6
tinh dan loai n trir ZnTe c6 tinh din loai p va CdTe c6 thé thay déi tinh din
bang cich pha tap dé duoc tinh din logi n hoic loai p. Trong cdc hop chat
khdc nhu ZnSe, ZnS va CdS, bing cich pha tap c6 thé tao ra dwge mot néng
d4 hat dan co ban rat nho 1216 tréng.
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3.1.4. Nhém cac hop chat vé co khac

Cic hop chat A™BY', cdc oxit kim loai, cdc hop chat hai nguyén khéng tuin
theo quy luat téng hod tri hai nguyén ¢ bing 8 dugc xép viio nhém niy:

1. Hop chét A"BY quan trong nhit 13 cdc chalcogenua chi nhu PbS, PbSe,
PbTe. Céc hop chat nay ¢d bé rong viing cdm hep, do linh dong cua hat dan
cao va hing s6 dién mai rat cao. Mot dic diém n6i bat 14 cdc chalcogenva cd
viing cdm thing, bé rong ving cdm tang khi nhiét do tang (nghia 1a bé rong
viing ¢am c6 hé s6 nhiét duong) nguge lai cdc ban ddn nguyén t6 va cdc ban
dan hgp chdt khdc ¢6 bé rong ving cdm giam khi nhiét do tang (nghia la bé
rong ving cim cé hé s6 nhiét am). Cic vat lieu niy duge ing dung dé ché tao
céc diode phés quang va photodetector lam viéc trong viing hdng ngoai.

2. Bdn d&n oxit nhiéu khi dugc xé€p vao gém bdn din. Bin din oxit thong
thudng 14 vat liéu da tinh thé, nhiéu pha, ¢6 kich thude hat ndm trong khoang
1 + 10pm. Tinh chat cita hat va phan bién hat ¢é vai trd hét sitc quan trong
trong nghién ctiu vA (ng dung loai vat liéu ndy. Vi vay van dé diéu khién
duge thanh phdn, vi cfu triic cha hat tinh thé cling nhu phan bién 13 cuc ky
quan trong trong cong nghé ché tao vt lidu nay. Dén nay ngudi ta dd khing
dinh dugce nhiing két luan sau day:

- Lép phan bién hat néi chung ¢6 mdt viing lién gquan dén dién tich khong
gian (space - charge) do su sai hong cua cfu tric vat liéu gay nén.

- L&p phén bién hat 1a nhimg con dudng lam cho céc tap chét ¢6 thé khuéch
tdn nhanh.

- Hién tugng phén tdch (segregation), két tia (precipitation) vi oxy hod trén
phan bién hat téc dong rat manh d&n nhiéu tinh chét khdc nhau ctta vat ligu
g6m bdn dan. Dudi day dua ra mot s6 ban diin oxit cing v6i bé rong ving cAm
viét trong vong ngodc: Cu,O (2,1 eV); Bi,O (2,8 eV), Zn0 (3,4 V), SnO, (3,7
eV); BaTiO, (3,0 eV); SrTi0, (3,3 eV) va LiNbO, (4,0 eV).

Céc vat liéu ndy duge ing dung trong nhiéu linh kién vi cdm big¢n nhut: nhigt
dién trd, dién trd phi tuyén (varistor), tu dién ¢6 hing s6 di¢n méi cao, cam
bién khi, diéu bién dién quang {electro-optic modulator).

3. Hop chat A"BY cfu tao tix cdc nguyén t0 nhém II (nhu Zn, Cd) va céc
nguyén 16 nhém V (nhu P, As, Sb) c6 dang: A"BY, A,"'B,", A"B,"... Cic hgp
chat nay khéc hin cdc hop chat A™BY vi A"BY' vé c4u tric tinh thé ciing nhu
vé lién két hod hoc. Céc hop chat AYBY chi y&u két tinh dudi céc dang ba
phuong (thombohedral), thoi (orthorhombic) vi mot nghiéng (monoclinic).
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Hop chat A"BY ciling ¢6 thé ¢6 cdu tric thuy tinh, thuy tinh CdAs,, CdP,
trong sudt trong ving hong ngoai tuong ing 1 (2 = 14 um) va (1,8 + 8 um).
Ciéc hop chit kiéu A;"B," thudc cdc hé Cd-As, Zn-As, Cd-P, Zn-P c6 nhién
tinh chat dién, tinh chdt nhiét dién dac biét ¢6 thé tng dung ché tao mdy
phat nhiét dién. Vi du Cd;As, 12 ban dan loai n, suy bién, c¢6 do linh dong
clia dign (I rat cao, khéi lwgng hiéu dung cia hat din nhd, bé rong ving
cdm AE, = 0,14eV. ZnAs 12 ban din loai p, ¢6 d¢ linh dong cta 16 tréng nhd
v khéi luong hiéu dung 1én, AE, = 1,0eV.
Céc hop chat kiu A;"B," nhu Cd,As, ciling 12 vat ligu thich hop dé ché tao
c4c cdm bién Hall. Cic tinh thé CP,, ZnP, 1a nhitng vat liéu diing dé ché tao
huynh quang trong viing buée séng nhin thay.
Cac hgp chéit CdSb va ZnSb ciing 13 nhiing vat liéu ding dé ché tao cdc thiét
bi nhiét dien.
Ngoai ra ¢on c6 rdt nhi¢u loai hgp chit hai nguyén ma tdng hod tri cic
nguyén t6 khong bing 8, vi du:

- Hop chat A"- B": Mg,Ge, Mg,Si, Mg,Sn

- Hop chdt AY - B™: As,Ses, As;Te;, BiyTe;, SbySes, Se,Tes.

- Hop chat A" - BY. In,Ses, In,Te;,

4. Bdn dan hop chét ba nguyén.

T bdn ddn hogp chdt hai nguyén nhu A"BY, A"BY néu thay mét nira s6
nguyén tit trong mGt mang con bing cdc nguyén tir c6 hod trj thdp hon va thay
nita s0 nguyén tir khic trong mang con d6 bing cdc nguyén tir ¢6 hod trj cao
hon ta nhan duge cic tinh thé hop chét ba nguyen, trong d6 téng hod tri clia
hai nguyén tit canh nhau béng 8. Trén thuc & ¢6 thé c6 cic hé sau day:

- Hop chit A'B™C,Y, vi du ZnSnAs,.

- Hop chat A,"B"CY', vi du ALSnTe.

- Hop chat A'B,"YC,Y, vi du CuSi,P,.

- Hop chat ABC," vi du CuAlS,.

Dang hgp chat cu6i cing A'B"C," quan trong nhat 13 cdc hop chét
chalcopyrite nhu CuAlS,, CuGaS,, CulnSe,. Cic hgp chit chalcopyrite niy
la nhitng ban dén viing c&m thing, bé rong viing c4m nim trong khodng tir
leV dén 3eV va ket tinh dudi dang ba phwong gidng nhu cfu tric clia quang
chalcopyrite (CuFeSe,).
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3.1.5. Cac ban dan hop chat hiru co

Do nhimg dac tinh hiém cé cia ban dén hitu co nhu su da dang va dé thay
d6i tinh chét dé phi hop véi muc dich sit dung cho nén ban din hitu co 1a
mot d6i tugng nghi¢n citu dng dung rong rii. Mot vai vi du vé vat liéu ban
din hitu co Ja: anthracene (C 4H,,), polyacetylene (CH),, tetracen (C gH,),
naftalin (C,yHg).

3.2. PHAN LOAI THEO THONG SO TiNH CHAT CUA VAT LIEU
3.2.1. Phan loai theo cAu triic ciia vat liéu

Theo cdu tric cla vat lign, ban din c6 thé chia ra bén loai, vi tinh ch4t cla
vat liu phu thudc vao cau triic cha ching nén céc loai vat liéu nay rat khic
nhau vé tinh chdt, qud trinh nghién ctiu tng dung ching cling rdt khic nhau,

1. Bin dan dom tinh thé

Bin din don tinh thé 1a dang vat lieu duge nghién citu k§ nhét ci vé 1y
thuyét v vé thue nghiém. Cdc don tinh thé duge ng dung nhiéu nhat 12 Si,
Ge, cdc hop chat A"™BY. Don tinh thé ban din trong thuc t&€ duge sir dung
dudi hai dang. Dang thd nhat 1a nhiing phién don tinh thé duge cua cit ra ti
nhitng théi don tinh thé 16n duge ché tao bing phuong phdp kéo don tinh
thé, Dang thif hai 14 nhitng 16p, nhitng mang don tinh thé duge nudi ghép
trén cdc d¢ don tinh thé ¢6 cdu tric twong ty bdng phuong phdp epitaxy.

2. Ban dfn da tinh thé

Bén din da tinh thé cé hai dang:

- Vat lidu vi tinh thé (micro crystalling) va nano tinh thé (nanocrystalline)
duge ché tao dudi dang mang mong hoac top mong.

- Vart ligu hat tinh thé 1dn hon dudi dang nhimg 14t mong, bdn méng.

Nhir chiing ta biét, 16p phan bién cia hat déng vai trd quyét dinh tinh chat
cha vat liéu da tinh thé. Hang rao thé nang tén tai trong 16p phan bieén lam
cho dién trg sudt cha vit liéu cao. Phan bién hat thudng tao nén cic trang
thdi cho phép v6i mitc nang lugng nim trong viing cfm déng vai trd cic tam
tdi hgp d6i vdi hat d&n khong co ban. Hién tugng ndy rt quan trong trong
cdc linh kién nhu t&€ bao quang dién, né ting sy mat mdt cdc hat ddn quang
phat sinh do bi tai hop trén phan bién hat, Vi vay hiéu suft cia linh kién sé
dugce cai thién khi kich thudce hat tang.
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3. Ban din dang gom

Bén dén dang gom |4 bén din oxit ché tao theo phuong phap gdm. Thuc chat
day ciing 12 vat liéu da tinh thé v6i kich thuée hat ¢& Ipm + 10um va ¢6 thé
¢6 nhiéu pha khdc nhau.

4. Bin dén vo dinh hinh

Bén dan vo dinh hinh duge st dung dudi dang nhitng 16p méng, mang mong
trén cdc loai dé€ cé kich thude 16n. Vi du selen vo dinh hinh duge diing dé
ché tao photoreceptor, silic v0 dinh hinh ngam hydro dugc diing dé ché tao
pin mat erdi, photoreceptor, linh kién hién hinh ban phing. Day 13 loai vat
ligu dé va dang duge nghién citu ting dung rong rai vi né cho phép ché tac
nhing 16p moéng ¢ kich thudce rdt 16n vdi gid thanh ré.

3.2.2, Phan loai theo tinh chat va bé réng viing cim
Theo tinh chét v bé rong viing c&m ban dén ¢6 thé phan ra cic nhém sau:

1. Bdn din viing cdm hep (narrow energy - gap semicondutor) 13 nhitng bén
déin ¢6 thé 6 bé rong viing c&m nhd hon khoang 0.5 eV. Céc ban din ny
thudng duge diing dé ché tao cdc linh kién quang dién tir trong viing héng
ngoai nhu laser hong ngoai, detector héng ngoai. Bang 3-1 trinh bay tinh
chat cha mét s¢ ban din viing cdm hep.

Bang 3-1: Tinh chat cla mot s6 ban dén ving cdm hep

Bdn dén AE, (eV) Logi vitng cdm
InSb 0,17 D (thang)
InAs 0,36 D
PbSe 0,28 D
PbTe 0,31 D
PbS 0,41 D

Hg, ,Cd,Te 0+1,56 D

2. Bin din viing c&m rong (wide energy-gap semiconductor) ciing con duge
xé&p vao loai bdn din chju nhiét vi né ¢6 thé duge ding trong viing nhiét do
cao. Cdc ban din nhu kim cuong, SiC, mot s6 A™BY hé nitride ngodi bé rong
ving cdm AE, 16n con ¢ d¢ din nhiét cao, van t6c cudn bio hoa cao, cudng
d0 dién trudmg ddnh thing cao, rat 6n dinh vé tinh chét Iy, hod nén ¢6 nhiéu
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tmg dung. Céc ban dén viing c4m rong vita ké rén duge (mg dung véi nhitng
muc dich sau:

- Ché tao céc linh kién phat va thu 4nh sdng trong viing séng ngén ké ¢a dnh
sdng xanh, t ngoai;

- Ché tao cde linh kién dién tif 1am viéc dugc d nhiét do cao (Ién hon 600°C)
khéng bi gidi han béi nhiét d6 chuyén sang do din riéng;

- Nho d6 din nhiét cao cé thé diing dé ché tao cdc linh kién c6 cong suét 16n;

- Nho van téc cubn bdo hoa cao c6 thé dung dé ché tao cdc tinh kién hoat
dong trong viing tdn s cao;

- Nh¢ dién truong ddnh thiing cao ¢6 thé diing dé ché tao céc linh kién cong
suft 16n v nhitng mach tich hop ¢6 mat do cao. Trén bang 3-2 trinh bay mot
50 tinh chdt cia mot s6 bdn din ving cdm rong duge nghién cfu va dng
dung nhiéu.

Bang 3-2: Tinh chét coa mét 56 ban dén vong cdm réng

Bindin | Loaiving | 4, [C\'}f) H [9{}_})3] ?fvi‘;:‘;f;’;fr
C (diamond) | 547 I 2200 | 1600 10
SIC(W6H) | 3,0 I 600 40 36

SiC(Z.30) | 23 1 1000 40 32

AIN(W) | 628 D 135 14 20

GaN (W) | 344 D | 1000 30 LS

ZnSe @) | 27 D | 60 80 0,19

ZnS@) | 368 D 165 40 0,27

3. Ban din viing c&m thing, ban din ving cam xién.

Bén din viing c4m thang 1a bdn din ma cuc tiéu viing din vA cuc dai viing
hod tri niim tai cling mét gid tri vecto séng K . Nguoc lai, nghia 1a cye tiéu
viing ddn v cyc dai viing hod tri & hai gid tri K khéc nhau thi bdn din d6 12
ban din viing c&m xién.

Ching ta biét ring qud trinh chuyén muc cla dién tir gifta hai viing nang
lwgng cho phép viing ddn - vimg hod tri trong cdc higén tugng hép thy 4nh
sdng va tdi hop bidc xa phai tuan theo dinh luat bao toan xung lugng (hay
vectd s6ng) va bao toan nang lugng. Vi vecto séng cta photon g,y rai nhd
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s0 véi vecto séng cua dién tlt cho nén trong trudng hop chuyén miic cla dién
tlr gifta cuc tiéu ving ddn va cyc dai viing hod tri trong ban din viing cim
thing vecto séng K cha dién tir gdn nhu khong thay déi, chuyén mdc nay
duge goi 12 chuyén mide thing thod méin dinh luat bio toin vecty séng.
Trong bdn d&n ving ¢&m xién, chuyén muc giita cuc tiéu ving din va cuc
dai viing ho4 tri phai k&m theo sy thay d6i vecta séng khd 1én, v vay dé thoa
min dinh luat bao todn vecto séng trong qud trinh chuyén mic ndy nhit thiét
phai c6 su tham gia cha phonon, nghia 14 kém theo sy phat sinh hoae hdp thy
mot phonon ¢ vecto séng thich hgp dé bl vio sy thay ddi vects séng cla
dién tr, chuyén muc nhu vdy goi la chuyén mifc xién. RS rang chuyén mirc
xién ddi héi sy “gap g&” cha ba hat photon, dién tr va phonon cho nén xéc
sudt chuyén mifc xién nho hon chuyén mic thdng. Chinh vi vay cic ban din
viing cm théng ¢6 nhiéu tinh chét wu viét thich hop d€ ché tao céc linh kién
quang dién tir. Cdc bdn dan viing cAm thing cé k¥ hieu D (direct transition)
cdc bdn din viing c4m xién ¢6 ky hiéu I (indirect transition) duge théng ke
trong bang 3-3 cling véi b ryng viing cdm AE, cha chiing.

Badng 3-3: Thdng ké loai ving cdm d6i vai nhimg ban dan thong dung

[ Bdn | Logi tinh AE, | Logi | Bdn Loai AE, | Logi
' ddn thé  (eV) ' ving | ddn tink thé | (eV) | ving
Ge D .067| I |GaN W |[344| D
Si D . L12] 1 |AN W 1628, D
C D 547 | 1 | CdTe  Z 1,56 | D
sic | z 23 . 1 'Cdse W |170]| D
SiC W 30 | D :ZnTe Z 228| D
nSb . Z 007 D |cdS W |242| D

InAs Z 0,36 | D |ZnSe Z 270, D
GaSb Z 072| D |Zns  Z 368 | D
InP 4 135| D |PbSe R 028 | D
GaAs Z 142, D 'PbTe R 031 | D
AlSb Z 158 | 1 |PbS R 041 D |
AlAs y4 216 | 1 | Zn0O w 34| D
GaP zZ 227 1 ]
AIP 4 2451 1
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Chuong 3: Phan loai val lidu ban dén

Ky hiéu loai tinh thé:
- D: Diamond,
- W Wurtzite,
- 7 Zinc-blend,
- R: Rocksalt (mudi mo).

3.3. PHAN LOAI BAN DAN THEO LINH VUC UNG DUNG

Chiing ta biét rang ban din dugc img dung trong rét nhiéu linh vyc khoa hoc,
k¥ thuat va cong nghiép. Theo cdc linh vyc tng dung vat liéu ban din c6 thé
phan ra cdc nhém sau:
1. Céc ban didn ding trong cong nghé ché tao cic linh kién va mach dién
1 Si, Ge...
2. C4c ban dan ding dé ché tao céc linh kién quang dién tir, cdc vat liéu
nhay quang: A"BY, A"B"...
3. Cic ban din nhiét dién: A"BY.
4. Céc ban diin siéu dan: PbS, PbSe, PbTe, SnTe, SrTiO,.
5. Cdc bén dan c6 tir tinh: NiO, CoQ, FeO, EuO, EuS, EuSe.

Su phéan chia & day hoan toan tuong ddi vi ¢6 nhiéu vat lieu bin din duge
ding vao nhiéu muc dich kXhdc nhau. Trong bang dudi day, bang 3-4, trinh
bay nhiing ting dung chil yéu cua cdc vt liéu ban din.

Dé két luan chuong “Phan loai vat ligu bin dan” nay, ching t4i cin nhan
manh ring muc dich cha chuong ndy 13 gidi thiéu téng quan vé cdc loai vat
liéu ban dfn, nhilng loai vat liéu duge nghién ciu tng dung nhiéu s& gidi
thiéu riéng va k§ hon & cdc chuong sau nay, trong khi d6 mot s& loai vat ligu
con it duge ndi dén chiing toi d ¢6 ging gidi thiéu nhiéu hon trong chuong
niy, mot s6 loai vt liéu duge nhic dén & day trén thuc &€ khong phai 12 mét
loai vat lidu duge nghién citu riéng ma chi nhir la tap hop cta mét s6 vat liéu
¢6 chung mot tinh chat ndo d6é ma thoi. Cudi cling cén thiét phai nhic dén
mot loai ban din c6 cfu tric, tinh chat dac bigt trong dé cé hiéu ing heong
tit hod kich thu6c, mot loai vat liéu dang duge nghién cttu ting dung nhiéu,
chiing t6i s& danh mot chuong riéng dé gidi thiéu vé loai vat liéu quan
trong nay.
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-

Bing 3-4: Nhiing ing dung quan trong cta mot $6 ban dén

Vat licu AE, (eV) Nhimng img dung quan trong hién nay
Ge 0,67 |Photodetectors, 1am dé (substrate} cho linh kién tich circ.
Si 1,12 | Mach tich hgp, photodetector, pin mat trod, 1am dé.
a-Si: H 1,7 Ding ché tac 1dp nhay quang rong hoac trén dé& déo,
photoreceptor trong k¥ thuat in tinh dién, pin mat troi,
transistor mang mong trong hién thj tinh thé 16ng, linh
kien k¥ thuat hinh dnh (imaging devices).
SiC{W.4H) 3,26 |Linh kién c6ng suil cao, tdn s6 cao.
SIC(W.6H) 3,0 |Linh ki¢n nhiét d6 cao, quang dién tr (LED Xanh, UV
detector)., —
InSb 0.17 | Photodetector héng ngoai.
InAs 0,36 | Photodetector héng ngoai.
InP [,35 |Linh kién quang dién tir, vi ba, d€ trong ciu tric di chat.
GaAs 1,42 |Linh kién t8c d9 cao, quang dién tlr, pin mit trdt, linh
kién vi ba, d&€ rong linh kién tich cuc.
GaP 2,27 |LED (do, vang va xanh),
GaN 344 |LED (xanh l4 cay, xanh da troi).
CdTe 1,56  {Pin mat troi.
CdSs 242 |Pin mat trén,
ZnSe 2,7 |LED xanh, cira s§ béo ve, phdn tlr quang hoc (optical
COIMpPONents).
ZnS 3,68 |Cira s6 héng ngoai, phén tir quang, hién thi ban phing,
PbSe 0,28 |Quang dién tr héng ngoai (laser, photodetector)
PbS 0,41 Quang dién tir héng ngoai (laser, photodetector).
Hg,.Cd,Te | 0+1,56 |Photodetector hong ngoai (2 + 16um), k§ thuat hinh anh nhiét.
Al Ga, ,As/GaAs|1,42 + 2,16/ Laser, thanh phdn trong transistor trudng pha tap didu
bién (MODEFET), transistor dién tr linh déng cao
(HEMT), transistor luéng cue chuyén ti€p di chat (HBT),
pin mat trisi.
GaAs, D, |1,42:227ILED tir d6 dén xanh.
GaJn) . As  [0,36+1,42| Laser, photodetector, thong tin sgi quang (b= 1,55um).
Ga,In, P, /InP|075+1,35 | Laser, photodetecior, thong tin sgi quang trong ving
A=13vd1,55um
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Chuong 4: Céng nghé ché lao don tink thé

CHUONG 4
CONG NGHE CHE TAO PON TINH THE

Vat ligu dién tir dudi dang don tinh thé thudng 1a vat liéu ban din va mot s6
dién moi, vi vay trong chuong nay chil yéu chiing t6i gidi thiéu cong nghé
ché tao don tinh thé ban din.

4.1. TONG QUAN VE CONG NGHE CHE TAO PON TINH THE

Vit liéu bdn din don tinh thé cén thigt phai hoin hdo vé mat cdu tric tinh
thé va tinh khiét vé mat thanh phan hod hoc, mac di ngudi ta vin cin nhimg
don tinh thé c6 chita mot 56 tap chdt nhdt dinh. Vi viy cong nghé ché tao
don tinh thé bao gém:

- Cong doan ché tao, 1am sach nguyén liéu ban ddu;

- Cong doan nuoi don tinh thé;

- Cong doan lam sach, pha tap chét.

Poi voi timg loai vat lieu cy thé, cdc cong doan dé khic nhau rt nhiéu va
thif ty ti€n hanh cdc cong doan d6 cling ¢6 thé khéc nhau, tham chi cdc cong
doan c6 thé duge tigh hanh xen 1an nhau trong sudt ca qud trinh ché tao don
tinh thé. Nguyén liéu dé ché tao cic chat bin din thudng rit khdc nhau, vi
du ddi véi silic nguyén liéu ban ddn 1a SiO, (¢4t thach anh), trong khi d6
nguyén liéu ban ddu dé ché€ tao GaAs 1a Ga va As nguyeén chdt dugce tinh
ché tir cic loai quang. D véi cong doan ché tao va 1am sach nguyén liéu
ban d4u chiing ta hiu nhr khong c6 nhimg quy trinh cong nghé chung cho
cdc loai vat lieu, cong doan nay s& duge gidi thiéu khi dé cap dén céc vat
{iéu cu thé.

C6 ba loai phuong phédp nudi don tinh thé:
- Nu6i don tinh thé ti¥ pha hoi,
- Nuoi don tinh thé tir pha néng chéy (dung dich néng chay),
- Nuoi don tinh thé tit dung dich,
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trong do phuong phap nudi don tinh thé tir pha néng chdy cho phép nhan
dugc nhitng tinh thé 1&n, hoin hio va duge ding dé nudi nhiéu loai don tinh
thé trong s6 dé c6 nhiing don tinh thé thong dung nhu Si, Ge, cdc hop chit
A"BY.. Vi vay trong chuong nay ching t6i tap trung chii ¥ vao nhimg
nguyén 1y co ban trong phuong phip nuéi don tinh thé tir pha néng chiy nhu
phuong phdp kéo don tinh thé Czochralski, phwong phép két tinh dinh hudéng
Bridgman va nhitng van dé lién quan dén sy phan bg tap chat (segregation)
trong qud trinh kéo don tinh thé, qua trinh 1am sach bing phuong phép néng
chay viing...

Phuong phdp nudi don tinh thé tir pha hoi va tit dung dich ciing s& duge gidi
thiéu nhimng so luge hon,

Cu6i cung chiing t6i gidi thi¢u phuong phdp ché€ tao nhimg mang mong,
16p mong cd cu tridc don tinh thé trén d& don tinh thé, d6 14 cong nghé
epitaxy.

4.2. PHUONG PHAP KEO DON TINH THE CZOCHRALSKI

Day 12 mo6t cong nghé ddu tién trong 21 cong nghe duge xem 12 k¥ thuat bdn
din ban 1 (key semiconductor technologies) do Czochralski phdt minh nam
1918. Nuoi don tinh thé bing phuong

phap Czochralski duge thuc hién trong (.l)cc ¢ quay vA kéo
mot thi€t bi goi 1a thiét bi kéo don tinh c&i kep
thé. So d8 nguyen 1§ cha thiét bj nay S mdm
duge biéu dién & hinh 4-1 gém cédc bd

phén chinh sau:

- N6i thach anh (Si0,) chia vat ligu phan bien
néng chay, vi du Si, dat trong mot néi '
graphite cdm thu dugc nang lugng clia
cudn cao tdn bE tri bén ngodi dé d6t o
néng vae lidu v duge quay bdi cocdu  ©

o

o

tinf thé mém

tinh 6
rdi thach anh

quay phia dudi.

- Bo phan kéo tinh thé gém céi kep tinh
thé mam, mot c¢o cdu quay va kéo lén
vGi 8¢ do rdt nhd duge didu chinh i 0o tih nfi graphite
chinh xdc (¢@ vai mm trén pht). CJW ol quay

- Bo phan dicu khien va khéng ché 4 . o5 4 phuong phap ko don
méi truégmg bao gbm: ngudn khi tro tinh thé Czochralski.

0000600
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(thong thudng [a argon), bo phan diéu khién luu lugng khi va dudng
khi thai.

Thiét bi kéo don tinh thé duge trang bi mot hé diéu khidn ti dong dé didu
khién va khong ché cdc théng s6 cong nghé nhu nhiét do, dudmg kinh tinh
thé, t6c do kéo, toc do quay theo modt chuong trinh tr dong.

Don tinh thé mdm dugc dat theo phuang ma ta mong mudn phat trién tinh
thé. Nhiing mdm ndy vio thé néng chiy va kéo lén r4t tir tir sao cho tao ra
& mim mot gradien nhiét do tuong iing vdi do qua ngudi cln cd & chd thé
16ng ti€p xtlc véi midm - phan bien rén - 16ng. Trong khi d6 cdn giit cho
mam duge quay xung quanh tryuc cia nd. Nhiét do duge khéng ché rat
chat ch&€. Nhu vay ta kéo 1én duge don tinh thé hinh tru c¢é kich thude
mong mudn.

Qué trinh phat trién tinh thé trong phuong phip ché tao don tinh thé tir
pha néng chdy néi chung ciing nhu trong phuong phip kéo don tinh thé
Czochralski ndi riéng vdn xdy ra theo co ché&: hinh thanh cdc mim tinh
thé va sy di cu cha cdc nguyen tir dén lien két v6i mdm va 1am cho mim
16n 1en phét tri€n thanh tinh thé. Su hinh thanh mam phy thudc vao do
qud ngudi. Téc do phét trién tinh thé v4i mat do qud ngudi nhd 1a mot
ham tuyén tinh cia 46 qué ngudi. Lop phan bién rin - 16ng khong phadi 13
cyc mong cho nén su thay déi mat 46 gita pha rin va pha 16ng x3y ra
trong mdt ving ¢é bé rong bang nhifu khodng céch giita cdc nguyén tir.
Dang cua 18p phén bién phy thudc chi yén vao diéu kién thodt nhiét cla
chét néng chdy, nghia 14 phu thuéc vao do din nhiét clia thé rin vi cla
thé 16ng va gradien nhiét dé tai viing phan bién. Trong qu4 trinh déng dac
cdn xdy ra hién tugng phén tdch tap chft ma chiing ta s& dé cap dén trong
phén sau.

Uu diém clia phuong phdp kéo don tinh thé Czochralski 1a don gidn va nuoi
duge nhitng don tinh thé khd tinh khiét, hoan hdo va ¢é kich thudc 16n. Ngay
nay ngudi ta da ¢6 thé nuodi duge nhiing don tinh thé silic hinh tru c6 dudng
kinh 400mm c6 chiéu dai hang mét vi do tinh khiét vi hoin hdo cao. Dé
kéo nhitng tinh thé silic ¢ dudng kinh 16n ngudi ta ¢dn dat thém mot tir
trudmg ngodi vdo mdy kéo don tinh thé. Tl trudng ngodi cho phép khéng ché
duge cdc khuyét tat, tap chét va ham lugng oxy.
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Phuong phdp kéo don tinh thé Czochralski duge tng dung d€ nudi céc don
tinh thé Si, Ge, Te, InSb, Bi,Tes... cfing nhir cc vit liéu dé bay hoi hon nhu
InAs, GaAs, InP... Tuy nhién d8i v6i nhimg vt liéu dé bay hoi ngudi ta phai
tim nhitng gidi phdp k§ thuat dé han ché sir phan ly, sy bay hoi ciia céc hop
chdt & thé néng chay. Ngudi ta c6 thé ding giai phép che phii vat liéu nong
chay dé bay hoi, d& phan ly bang mot I6p chét 1ong khdc. Vi du trong cong
nghe ché tao don tinh thé GaAs béng phuong phip Czochralski ngudi ta
diing chat che phil 1a trioxyt bo (B,03) néng chay. O nhiét do kéo don tinh
thé GaAs, B,O, 1a chat tro v6i GaAs. Lép B0, diy c¢& lem dinh vao bé mat
GaAs long déng vai trd mot 16p che pha rat t6t. L6p che phi nay 1am cho
GaAs khong bi phan ly trong qua trinh kéo don tinh thé mién 13 4p suat len
16p d6 phai 16n hon lamt (760 mmHg). Vi B,O; ¢6 thé tic dung hoa tan
SiO, nén ngudi ta thay noi thach anh bang néi graphit.

4.3. PHUONG PHAP KET TINH PINH HUGNG BRIDGMAN

Phuong phap ket tinh dinh huéng Bridgman ciing duge x€p 1a mot cong nghé
bdn din ban 1€, duge Bridgman phdt minh nam [925. Phuong phép nay da
duge ding dé nuti don tinh thé GaAs va cdc bén din hop chat twong t.
Nam 1952, Welker da chimg minh ring GaAs va céc hop chat A"BY twong
nr la cic chét ban dan. Day cling 1a mét phét kién cong -nghé duge xép 1a
cong nghé bin 1¢ ma thanh cong ctia né cling nh& phuong phap két tinh dinh
hudng Bridgman.

Nguyén ly cta phuong phdp két tinh dinh huéng Bridgman 13 viéc thuc hién
két tinh (lam dong dac) wdn tu vat liéu néng chiy dung trong mot chén
nung. Chén nung phdi sach khong 1am nhiém bén va khong tdc dung vdi vat
liéu néng chdy, thudmg bang thach anh hay graphit. '
Trong phuong phdp ndy sy chuyén dong clia méat phan bién rén - 10ng c6 thé
thuc hién bing ba cdch:

- Cho chén nung di chuyén 1d nung dimg yén;

- Cho 10 nung di chuyén chén nung ding yén;

- Cho 10 ngudi tir tir, khong 6 chuyén dong nao ca.
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Chuang 4: Céng nghé ché tao don tinh thé

Mat phan bién ran 16ng cd thé ndm ngang hosc ndm theo chiéu thing dimg,
15 nung c6 thé 13 1o dién trd hay 10 cdm ing cao tdn, ¢6 thé ¢6 hai viing nhiét
d6 hodc ba viing nhiét d¢. Trén hinh 4-2 bidu dién ba so dd 1am vi dy vé
phuong phép két tinh dinh huéng Bridgman,

Bedming 1 1) ¢dm g 2 10 dign trd
I

e =t

: iy
thé dn

S NNRNANAANNN|

Tic) thanh phan d bay ho
it
I', _\\
a) x
ohigt 00
vt lidy

Hinh 4-2: Ba s0 d8 kél tinh dinh hudng Bridgman.

a- S0 d6 ba viing T° néim ngang, co bix chat a8 bay hoi; b- So d8 hai viing T° théng dimg:
¢- 80 dé thing ding ngudi dén.

Phuong 4n v6i so d6 & hinh 4-2a d4 duge ding d¢ nudi don tinh thé Ge, InSb
cling nhu cdc vt liéu BiSb, GaAs, HgTe... Phwong 4n hai viing nhiét d6 véi
so d6 & hinh 4-2b duge ding dé nu6i don tinh thé PbTe, Bi,Te,;. Phuong 4n
ngudi ddn v6i s¢ dé & hinh 4-2c duge diing dé nuéi don tinh thé CdTe, CdS,
CdSe, ZnTe.
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Trong qué trinh nuoi don tinh thé tir vat lieu da tinh thé bing phuong
phdp Bridgman clia mot s6 hop chdt, dé wdnh hién tuong sai ty 1& hop
thitc, ngudi ta dung phuong phip Bridgman ¢é bu chiét, vi du nhu trong so
dé & hinh 4-2a.

Phuong phdp két tinh dinh huéng Bridgman dugc tigén hanh bang nhiing
phuong 4n ky thuat khdc nhau d6i v6i cac vat lieu khac nhau; nhiéu giai
phdp k¥ thuat 43 duge sir dung dé dat duge nhimg don tinh thé hoan hio cé
kich thutc 1én va ding thanh phdn hgp thite.

4.4. PHUGNG PHAP NONG CHAY VUNG

Phuong phép Bridgman va phuong phdp Czochralski ¢6 mot nhuge diém
quan trong 12 dé 1am nhiém bén tinh thé ti néi hodc chén dung vat lieu
néng chay. Phuong phdp néng chdy ving khic phuc duge diéu d6 cho nén
né thudng duge dung dé ché& tao don tinh thé silic sach ding trong céc
linh kién cong sudt cao, dién dp cao, cdn silic dién tré cao.

So d6 phuong phdp néng chiy viing dugc biéu
dién & hinh 4-3. Thoi da tinh thé ¢6 do sach cao  da <
v6i mot mm don tinh thé & phia du6i dugc b ™ MERK $%
tri theo chiéu thing ding trén mét gid d& quay s
quanh mot truc. Tat cd ndm trong dng thach . N
anh c6 luéng khi tro (argon) di qua. Nhy mgm&ﬂ“”'“l yong sdy

o

phuong phép dét néng bing cudn diy cao tan,
moét ving hep cta thoi tinh thé c6 bé rong
khoang vai cm duge nung dén nhiét d néng
chay (goi 1 viing néng chiy). Néu dich chuyén
cudn day cao tdn tr mam don tinh thé lén phia
trén thi vling néng chay sé dich chuyén theo |
chiéu dé. [

Ving néng chdy dugc duy tri, khong chay ra  Hinh 4-3: S0 d6 phuong phép
? . L LS néng chay ving.

ngoai nhd sic cang mat ngoai giita silic long va

cdc mit silic rdn. Ving néng chay di chuyén ddn Ién phia trén, mat phan
bién rin - 1ong cling di chuyén tir don tinh thé mim lén phia trén v thoi da
tinh thé két tinh thanh m6t don tinh thé tir dudi 1&n trén. Phuong phdp néng
chay ving 12 mot phuong phdp nuoi don tinh thé nhung déng thoi ciing 1a
mot phuong phap lam sach tinh thé cé hiéu qua nhit, ching ta s& »ét van dé
nity trong phén sau.

148 Trudng Pai hoc Bach khoa Ha Ngi



Chuong 4: Céng nghé ché tao don tinh thE

4.5, PHUGNG PHAP NUOI PON TINH THE TU PHA HO1

Niam 1946 Frerichs ldn ddu tién nudi duge don tinh thé CdS tir pha hoi
bing phuong phap déng hoc: d6t néng Cd dén nhiét do 900°C trong ludng
hén hop khi (H,S8 + H,). Reynolds va Czyzak ing dung phwong phédp tinh
3¢ ché tao ZnS vi CdS: d6t néng bot kém trong mot dng thach anh bit kin
chita ddy H,S, cde tinh thé ZnS
duge hinh thanh ngay trén bot
kém. Bot ZnS duge nudi thanh _
don tinh thé trong 6ng thach w P
anh bit kin nhu trong so dé & gl

hinh 4-4. Bang phuong phap — = —
ndy ngudi ta di ché tao dugc %ﬁm—j
cdc don tinh thé CdSe, ZnSe, it v n//W/)é

ZnTe, PhS, PbSe, Mot quy trinh

tharh cich Ahigt aue aft

tid

cong nghé rdt quan trong gin ‘ 138 2 ,'“dm.émh e 208

giii v6i phuong phdp nui don m

tinh thé tir pha hoi, d6 1 cong - —
nghé epitaxy, ching ta s& d€  Hinh 4-4: So dd phuong phéap nudi don tinh thé
cap dén sau. tr pha hai.

4.6, HIEN TUGNG PHAN TACH TAP CHAT

P6i vai mot vat ligu cho trude, sy phan bd mét loat tap chét gilra hai pha rin
va 16ng ti€p xtic vdi nhau phy thudc trude tién vao dang so d6 pha lan cén
diém hinh thanh vat lieu sach. Gia skt nhiét 46 néng chdy clia vat ligu thay
d6i tuyén tinh theo néng do C cia tap chat va ta ¢ thé dua ra h¢ sd phan tich
can bing K, v6i dinh nghia 12 ty s& giita do hoa tan cia tap ché trong thé
rén va trong thé 1éng & nhiét d¢ néng chay. Gia sir trong qud trinh ket tinh tir
thé 16ng sang thé rin néng do tap chit trong thé rin 1a C va ndng do tap
chat trong thé long 1a Cy, ta ¢é:

Cs
K, C, 4-1)
O day néng do tap chét duge tinh 13 lugng tap chét chita trong mét don vi
kh6i luong chat chii, Hé s6 phan tdch tap chit trong Si v trong GaAs duge
biéu dién trén bang 4-1. Trong bang 4-1 cling ghi chi ca loai din (n ho#c p)
ma tap chat giy nén trong ban din.
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Bdng 4-1; Hé 56 phan tach K . Cla mét s6 tap chat trong Siva GaAs

Trong Si Trong GaAs
As 03 n S 0,5
Bi 7.10* n Se 0,1
C 7.10° n Sn 0,08 n
Li 102 n Te 0,064 n
O 1,25 n C 0,8 n/p
P 0,35 n Ge 0,028 n/p
Sb 0,023 n Si 0,2 n/p
Te 2104 n Be 3 P
Al 21072 p Mg 0,1 P
Ga 8.107 p Zn 0,42 P
B 0,8 p Cr 1,03.10 -
Cu 4.10* - Fe 1,0.10° -
Au 2,5.10° -

Nhu vay K, c6 thé 16n hon hodc nhé hon 1. Trén hinh 4-5 bidu dién so dé
pha trong trudng hop K, < 1 (4-5a) va trucmg hop K, > 1 (4-5b). Tit céc so
d6 ndy ching ta thdy & cling mot nhiét do néu néng do tap trong vat liéu ran
1a C, thi trong vat liéu long 1a C/K,, cling nhu thé néu C, 1a néng do trong
vat li¢u Iong thi ¢ nhigt do d6 ndng do tap chat trong vat lieu rén 12 C K.,

T ) T

f
i
|
P
! ! 1 |

k,C,Co CQﬁ‘g C Cuﬁ‘o Co kncn C

Hinh 4-5: So dé pha (ving gén vai vatlidu sach) trong truting hop K, < 1 (a)va K, > 1 (b).

|
|
|
7 | |
|
|
1

Tuy nhién trong qud trinh két tinh (12 qud trinh khéng can bang) s& xdy ra sy
“dao thai” tap chdt tir pha rdn vio pha long néu K, < | hodc sy “cudn hit”
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Chuang 4: Céng nghé ché tac don tinh thé

tap chat tir pha long vao pha

rin néa K, > 1. Do téc do R | L

khuéch tdn tap chat ¢6 han trén (a) R T

b{: mit pl}an bién rén - léng s§ ho <1 | ko1

c6é mot 1dp chit 1ong trong d6 .

ndéng do tap chat s& khic véi

gid tri trung binh Cy trong ca : P I -

khoi chdt léng, néu K, < 1 RownlL T
s . o . ! {v) R 7§ |

nghia 14 ¢6 hién tugng dao thai =y

& d6 ndng do tap chit sé cao iy <1 P 1

hon, n€u K, > | nghia la €6  Hinn 4.6: Phan b6 tap chat gén b6 mat phan bisn

hién tugng cudn hit & dé néng a) Khi tap chét trong chét idng kip khuéch tan;

do tap chdt s& thdp hon. Lop b) Trong thuc te.

chit 10ng trén bé mat phan bién d6 goi 1a 1p th dong (Stagnant layer) c6 bé day
bang &, duge chi ra trén hinh 4-6 trong ¢ hai trudng hop K, < 1 va K > 1,
phia trén (a) 1a khi h¢ s¢ khuéch tdn tap chét rat 16n va chat long duge khudy
tron tot khong hinh thanh 16p th dong (6 = 0), phia dudi (b) Ia su phan bo
trong thuc t& ¢6 16p th dong c6 bé day 8.
Gidi bai todn bing phuong trinh lién tuc ngudi ta tinh duge sy thay ddi néng
do tap chit trong Idp th dong ké tir gid tri Cy (0). Néng do tap trén phéan bién
phu thudc vao céc thong s6 cong nghé va dac trung cha vat lieu. T két qua
nay ngudi ta dua ra hé s6 phén tiach hiéu dung K...
Cs Ko

K==
Ce Ko+{1-K, Jexp[-vd/D]
trong d6 v - t6c do phat trién don tinh thé, § - bé day 16p th dong phu thude
su khudy tron vat liéu néng chdy, D - hé s6 khuéch tdn tap chdt trong chét
long, K, nam giita 1 va K,

(4-2)

4.7. SUPHAN BO TAP CHAT TRONG TINH THE:

Do hién twgng phan tdch tap chét nghia [a hién tugng néng do tap chat trong
thé 1éng va trong thé rin khong gidng nhan din dén sy “dio thai” hoic
“cudn hit” tap chat trong qud trinh két tinh nén sy phan bé tap chdt trong
thoi tinh thé 12 khong ddng déu. Ching ta s&€ tim sy phan b6 d6 trong tinh
thé nuoi bing phuong phdp Czochralski tit dung dich néng chdy c6 khoi
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lugng ban diu M, va c6 ndng do tap chat ban d4u 1a C,, ¢6 nghia 1 lugng
tap chdt ban ddu S, = C,M,,.
Tai thdi di€ém nao d6 clia qua trinh ket tinh, gia sir phan tinh thé di duge kéo
<6 khéi lugng bing M va lugng tap chat con lai trong dung dich 13 S. Khi
kh6i luong tinh the duge kéo tang mot lugng dM thi lwgng tap chat trong
dung dich néng chdy gidm mot lugng (-dS), lugng nay bang (C,.dM), véi C,
1a ndng do tap chét trong tinh thé vira két tinh, vay ta ¢ phuong trinh:

-dS = C,dM (4-3)
Bay git & phin dung dich néng chiy con lai chua két tinh & thoi diém dang
xét s& cé ndng do tap chat Cy 1a:
S

= S=C¢(M_-M 4-4
Ce M M - [( o ) ( )
Tir (4-3) va (4-4) ta ¢6:
dS_ CdM dM

- = Koy —— 4-5
S CM,-M) M M (4-3)

Néu cho lugng tap chét ban ddu S, = CM, va tich phan phuong trinh (4-5)

ta cé:
M{ M
s _ ( dM J dM

=K
M, -M ‘ﬂ{M—MO

[+]

S M, -M Y s (M, -M Y
in =In —> =
CM, M, CM, | M

o

S M, - M eV ¢, y \KerD
=C,| —— =Cp=—S.=C | 1-—
Kes M

o
Két qua cudi cling 1a:

(Ker=1) .
Eichf[lmiJ (4-6)
CO MO

Trén hinh 4-7 biéu dién sy phan bs tap chat doc theo tinh thé nhu 13 sy phy
thuge cha (C/C.) vao (M/M,).

Trong qué trinh kéo don tinh thé, néng do tap chat trong théi tinh thé thay
déi tir (K,.C,) khi m&i kéo s& tang len néu K, < 1 va gidm xudng néu K,>1
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theo do dai cla tinh thé. Néu K =1
néng do tap chat sé déng déu trong
tinh thé.

Bay gid ching ta tim sy phéan bd tap
chit trong tinh thé két tinh theo
phuong phdp néng chay viing.

Goi C, la ndng dd tap chit ban ddu
trong vat liéu (Si ching han), L [ do
dat viing néng chdy nim tai khoang
cdch x tinh tir gdc phia don tinh thé
mam, A la ti€t dién ngang cla thoi
tinh thé, p, 1a khai lugng rieng cna
Si, S 1a lugng tap chét chia trong
viing néng chay (xem hinh 4-8). Khi
ving néng chiy tai x dich chuyén
mot doan dx thi lugng tap chdt thém

20 ‘%\.ﬂ'o‘ﬁ
10 \“&“‘- _ 7
03
-'—F"'-'-.‘-
9 #—‘.J__Q,?-—"‘/
% .-—-"""'" /
101 P
b 0 o .
:__...v-"'"}’
=Y a2 ] //
-2 .—f"“J i . L
© o 0z 04 a6 o8 1.0

MM

Hinh 4-7: Phan bd tap chét trang tinh th€
vai cac gia i Ky khac nhau,

. N N N ’ bét vl hér i
Va0 vig a0ng chay (b0 e NS T pasa (o1 (196 onwie
rude s€ 1a A.dx.py.C,, trong khi A
lugng tap chat di ra khéi viing néng Pa \T‘\/// Ps Co
. R , \ dx . )é\
chay tir b viing phia sau 1a ch.Sr C Adx PG,
L C s
voi K ;= é ) X {x+dx) X
. Hinh 4-8
Tir day ta c6 lugng thay déi tap chit
trong ving ndng chay la:
K.sSd
dS=C,pyAdx ——ef22R
: dS
ds =[C0.pd.A _Kep S }dx - dx=
KeeS
Cu pdA - T
Tich phan phuong trinh
ds

ol

K.:.8
C..pq.A——tt ]
oPd I

Trudng Bai hoc Bach khoa Ha Nbi

153



VAT LIEU BAN DAN

trong d6 S, = C,.p,.A.L , ta dugc:
|

(Ker /L)

ln[g‘)———chS
\LL
M

K
C.pqA——tl g
upd L

4]

K
C PqA — Ef ]

hay 1a: exp( Rer o ] = CoPgAL =K (S, 4-7)
L CopgAL—K, S
Két qua ta ¢é:
K
C,pgLA —t
§= 0P 1 (1-K e L | (4-8)
el
Cs
Vi §=CAL.p,= " A.L.pa
ef
nén ta ¢6 thé vi&t ham phan b6 tap chit trong tinh thé:
C Kot
=s | h-(1-K e L (4-9)
CO
Trén hinh 4-9 biéu dién cdc dudmg
cong phan bd tap chét trong finh o I
thé véi céc gid tri K¢ khdc nhau, s[5 T
So sdnh vdi cdc dudng cong & hinh oal 2]
4-7 trong phuong phép kéo don ' 0.1
tinh thé Czochralski ta thdy ring § o2
trong ca hai phuong phép tap chét
bi dén vé phia cuéi tinh thé (phdn o1 f
két tinh sau) néu K, < 1 va bi dén oos |
vé phia dau néu K, > 1. Tdc dung 0.04 [ /ret'/ﬂ-;
dén tap chat nay dwge sit dung dé 00z 1
Iam sach tinh thé, Ta thdy hién '
twong dén tap chdt trong phwong 001 L1 — -
phdp néng chay ving néu chi tién e 1 2 34 56 ?m-s ?

hanh mot hanh trinh thi it hiéu qua
hon phuong phap Czochralski (so

Hinh 4-9: Phan b8 tap chél trong tinh thé nuti
béng phuong phéap nong chdy vang.
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Chuang 4: Cong nghé ché tac don tinh thé

sdnh cac dudng cong cing mot gid tri K ¢ & hai hinh 4-7 va 4-9. Tuy nhién
phuong phédp néng chay viing vin 13 mot phuong phap 1am sach tap chat cé gid
tri K, khéc 1 rat cé hiéu qua néu chiing ta thyc hién nhiéu hanh trinh lién tiép
cting mot chiéu va c¢dt bo phin cu6i bi nhiém bin manh. Hinh 4-10 biéu dién su
phan bo tap chét c6 K ;= 0,1 sau mot s6 hanh trinh néng chay viing lién tiép.

Nhir vay, trong qufi wrinh nuéi don - 10° sau 1 hanh trinh,
tinh thé bang phuong phip
Czochralski va phuong phdp néng ot
chdy vung con xdy ra qud trinh

phan b6 tap chdt ma ta ¢ thé lgi )
dung d€ 1am sach tinh thé. Nawoc 1072
lai trong qua trinh nuéi don tinh g
thé bing cic phuong phdp trén 1073
ngudi ta ciing cé thé tién hanh
déng thoi qua trinh pha tap chat

NNNY
OO L
RN

AU

cdn thigt vao tinh the, to~t / N

F af*0.1
Trong phuong phdp Czochralski, 10-3 /] , .
dé pha tap ngudi ta dua truc tlép G 1 2 3 4 5 6 7T 8 9 10

tap chat vao vat liéu néng chay vdi xiL

ltrong cdn thigt. D& v6i silic, d&  Hinh 4-10: Phan b6 néng d tap chét trong tinh
pha tap loai n, ngudi ta dua  hd sau nhimg hanh trinh nong chdy ving.
photpho (P) vao, dé pha tap loai p,

ngudi ta dua bo (B) vao. Can luu ¥ rang h¢ s6 phan tich KU cla bo trong silic
bang 0,8, nghia 1a gén bang 1, cho nén bo la tap chit gin nhu khong thé 1am
sach Khoi silic bang néng chay viing.

D6i véi hgp chit A™BY, vi du GaAs, d€ pha tap loai n ngudi ta dua Se, Te
vio dung dich néng chdy, dé pha tap loai p ngudi ta dua Cd, Zn vao dung
dich néng chay.

Trong phuong phdp néng chay ving, dé pha tap ngudi ta dua tap chat vio
vitng néng chdy ddu tien véi lvong S, = C.S.py.L, khi néng d¢ tap chit ban
ddu trong vt lieu C, 12 rdt nhd ¢ thé bd qua. Trong trudng hop d6 tir cong
thitc (4-7) chiing ta cé thé viét mot cich gin ding:

S=Soexp( —%Lx] (4-10)

S K
Cs = Kef = Kefcfe
ApyL
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Néu K, X nho thi c6 thé xem tap chdt phan bd dong déu trong tinh thé, triy
L

phén k&t tinh cudi cling.

4.8. CONG NGHE EPITAXY

Cong nghé epitaxy 12 cdng nghé nudi nhitng 16p don tinh thé trén maot de
don tinh thé (nuodi ghép). C6 thé néi ring trong qué trinh epitaxy d& don tinh
thé déng vai trd nhu tinh thé mdm trong cdc qud trinh nuéi don tinh thé
khéac. Diéu khdc biét gilta epitaxy va nu6i don tinh thé tir pha néng chay 13
16p epitaxy c6 thé phat trién & nhiét do th4p hon nhiét d6 nong chdy, thong
thutmg 12 thdp hon 30% = 50% nhiét d6 d6.

Epitaxy chia ra 1am hai loai: epitaxy dong chét (homo-epitaxy hay cdn goi 12
lattice - matched epitaxy) trong d6 19p epitaxy va d€ ciing mot loai vat liéu
c6 clng hing s6 mang va epitaxy di chét (heteroepitaxy) trong dé 16p
epitaxy va d€ 1a hai vat liéu khic nhau.

Epitaxy dong chat 14 phuong phdp quan trong ? ¥
dé diéu chinh phén b6 tap chit cén thist cho ﬁ
viéc cat thién dic trung cla linh kién bdn din n

hay clia mot mach dién tir. Ching han nhu dé ne
giam dién trd ndi ti€p collector trong transistor lo

ludng cuc npn, ngudi ta cin c¢6 cfn tric

transistor nhu & hinh 4-11 theo cong nghg  Hinh 4-71: Céu truc transistor
planar. Trong quy trinh c6ng nghé planar dé 0ng cyc npn.
giam dién trd ndi ti€p collector ngudi ta ché

tao collector bing mot dé loai n pha tap manh (n"), trén d6 12 16p epitaxy pha
tap loai n, nhung ndng do tap N, trong 16p epitaxy niy thdp hon rat nhiéu.

Mot céu triic collector nhu vay Khiong thé tao ra bing phwong phip khuéch tan
hay bat cit m¢t phuong phdp nao khic véi phuong phép epitaxy. Cé thé néi
ring cong nghé epitaxy duge phat trién nhur ngly nay 1 tir yéu cu thuc t& dé.

Epitaxy di chft phat trién do ddi héi phdi ché tao nhitng chuyén tiép di chat,
cling nhu nhitng linh kién dién tir, quang dién tir cAng ngay cang phiic tap.

Céc 16p epitaxy c6 thé ché tao bling ba phuong phép:
- Epitaxy tir pha hoi;
- Epitaxy tir pha léng;
- Epitaxy bang chiim phan tir.
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Chuong 4: Céng nghé ché tac dan tinh thE

4.8.1. Phuong phap epitaxy tir pha hei

Phwong phdp epitaxy pha hoi (vapor phase epitaxy - VPE) trudc day thutmg
goi 12 ling dong hod hoc pha hoi {chemicat vapor deposition - CVD). Thuat
ngit CVD cho dén nay van thong dung hon VPE, CVD ¢6 thé thyc hién & 4p
sudt khi quyén va goi 12 APCVD (atmospheric pressure CVD) hodc & 4p suat
thdp goi 14 LPCVD (low pressure CVD).

Quad trinh epitaxy tlr pha hoi bao gém cdc khau theo trinh nr sau:

- Van chuyén hén hop khi s& tham gia phin ¢ng va pha tap chat vio
budng phan ing noi cé d€ don tinh thé;

- Van chuyén cdc khi tham gia phan {ng i€p can bé mat d¢ &€ cho cic
khi d6 bi hap phu lén bé mat dé;

- Cic phan dng hod hoc duge hoat hod va xay ra trén bé mat d€ din dén
phit trién 16p don tinh thé (16p epitaxy) trén bé mat d¢;

- Céc san phim ciia phan ting hod hoc dudi dang khi i bd bé mat dé
{(desorbtion) va di vao dong khf;

- Van chuyén cdc san phdm khi d6 ra ngoai.

Vi vy bd phan chinh cua thiét bj epitaxy pha hoi 12 budng phan tng cong
thém hai bd phan khdc: bo phan cung cdp v van chuyén cic khi phén ting
vao budng phan ing, bo phan thu gom va vin chuyén cdc sén phim khi ra
ngodi budng phan iing.
Trong budng phan img c6 gid d¢&, trén gid d€ 1a cic d€ (hay la phién d€). Gid
dé€ khong don gian chi la by phan giit d&, né con la bd phan cam thu ning
lugng nhiét va truyén nhiét d6 cho dé€ dé dot néng dé, duy tri vi khéng ché
nhiét d9 dé thich hgp. Hinh dang va cach bd trf gid d& trong budng phan ing
duge nghién citu thiét k€ sao cho dong khi tham gia phan ing dé diang tiép
cin vdi bé mat d¢€, déng thoi cdc san phdm khi sau phan ing dé bi kéo ra
theo dudmg khi thai. Hinh dang cua gid d€ s& quyét dinh hinh dang budng
phén ing. Hién nay c6 ba dang budng phan iing do ba dang gid d¢ sau day:

- Gid d¢€ ndm ngang (horizontal susceptor),

- Gi4 d¢ dang dia (hinh bdnh det - pancake),

- Gid dé& dang chép cut (hinh thiing - barred).
Cic dang gid d¢ dugc biéu dién trén hinh 4-12.

Thanrh phéin cdc khi duge dira vio buéng phéan tmg tét nhién 1a phu thudc vao
16p epitaxy cdn nuoi, vi du dé phét trién 16p silic thi khi phan tng c6 thé 1a
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5iCly va H,, ngoai ra con ¢6
khi chifa tap chat. Bén canh khi

tham gia vio phan tng phat ﬂ[—l
trién 16p epitaxy cdn c6 khi Ny HpHce || 1

ap ch5t+ﬁ2
mang, vi du N, trong vi du &
hinh 4-12a, khi dé 1am sach bé
mat d€, vi du HCL.

4.8.2. Epitaxy silic

LA R E R AR ER)

=1

LR X ENRE XN LN
cufdrday nung

SiClg + H3 g4

ot o000R

Trong coéng nghé epitaxy thi
epitaxy silic va cdc chat A"BY
1a dugc nghién cifu va dng
dung rong rdi nhdt vi vay
ching 101 s& gidi thiéu & day  Hinn 4-12; Ba dang gia dé thuong ding:

epitaxy tir pha hoi Si va GaAs. a- Deng gia dé ndm ngang; b- Dang dia (bénh_det -
pancake); ¢- Dang chop cut (hink thung - barred).

ey I}

Trong epitaxy silic tit pha hoi

ngudi ta cé thé ding bon nguén nguyén lieu chinh 1a: SiCl,, SiH,Cl,,
SiHCl; va SiH,, trong d6 SiCl, 1a ngudn nguyén liéu chinh dugc diing rong
ral trong cOng nghiép. Khi ding nguén nguyén lidu 12 SiCl, thi nhiét do
phan iing (nhi¢t o d& khi xay ra phén 1ing) rdt cao, phai dat c& 1200°C. Sir
dung cdc ngudn khic c6 chita hydro cho phép gidm duge nhiét do phan img.
Thay méi nguyén tir clo (Cl) biing mét nguyén it hydro (H) trong phan tir
tetaclorua silic giam dugc nhiét ¢ phan tng xu6ng 50°C.

Khi diing nguén SiCl, trén bé mit silic x4y ra cac phan tng:
SiCl, (khi) + 2H, (khi) = Si (rdn) + 4HCI (khi)

Pdng thdi v6i phan g hoan nguyeén Si c6 thé xdy ra mét phan tng canh
tranh nguec lai:

SiCl, (khf) + Si (rdn) = 2SiCl, (khi)

Vi viy khi n6ng d¢ SiCl, qud cao phin tng tdm thue silic ¢6 thé manh hon
phén tng phat trién (nuoi tinh thé) silic epitaxy. Trén hinh 4-13 biéu dién su
phu thudc cuia té¢ 4o phét trién mang epitaxy vio thanh phin mole khi SiCl,
(mole praction 12 ty s¢ gifra s& phan tir SiCl, trén tdng s6 phan tif c4c loai).
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Chuang 4. Céng nghé ché tao don tinh th

Ching ta thiy rdng khi thanh 6
phin mole cia SiCl, nhé hon sl
0,1, toc d6 phdt trién mang - T4 : 1270°C

. o " 5 hau | whi* 1 liphiit
ting gin nhu tuyén tinh, dat N UG NET Uphe

cwe dai & diém 0,1 va giam
xudng do t6c do tdm thyc ting
lén. Khi thanh phdn mole cla
SiCl, 14n hon 027 16p Si
epitaxy bi tdm thigc. phat tién

o _

Néu trong khi mang di vao lﬁmiht.x
buéng phin tng cé chita HCI >
1 " 1

thi s& xdy ra hién tugng tim .

thuc be mat silic, tdc dung tdm Shanh pnag}znole Khi s?gu o4
thuc ndy dugc sir dang 1am sach  minh 4-13: Anh huing thank phén mole cda Sic,
bé mit d& silic truéc khi bét dén tc do phét trién mang Si.

diu qu4 trinh epitaxy.

i} pranop cné do
1 thudng ding
trong cong nghilp

Téc d phit trign (g fphut)
™
1

1
-
1

1

1
N

o

Pé pha tap 16p Si epitaxy ngudi ta diing céc ngudn khi tap chat: loai p ding
B,H, loai n ¢6 thé diing PH; hoic AsH;.

4.8.3. Epitaxy GaAs

Phuong phép epitaxy tir pha hoi ciing c6 thé ding d€ nuéi cdc 16p don tinh
thé loai hop chét nhu A"BY, cy thé 1a GaAs. Do GaAs bi phan ly thanh Ga
vd As trong qua trinh bay hai nén khong thé van chuyén tryc ti€p cdc phan
tr hoi GaAs dén bé mat dé. Vi vy dé c6 cdc nguyén tir As trén bé mat d&
ngudi ta van chuyén dén d6 cdc phan tir As,, con d6i v6i Ga thi ngudi ta van
chuyén dén cdc phan tit GaCl;. Phan ting din dén qu4 trinh epitaxy GaAs 1:

As, + 4GaCl, + 6H, - 4GaAs + 12HCI
Dé tao ra As, ngudi ta ding phin ting nhiét phan ly AsH,:
4AsH; —» As, + 6H,
Dé tao ra GaCly ngudi ta ding phan ting;
6HCI + 2Ga —> 2GaCl, + 3H,

Nhimg sin phdm cia hai phan ¢ng ndy duge van chuyén vao budng phan
Ung nhd khi mang H,. Nhié¢t d¢ d€ GaAs trong buéng phén g duge duy tri
trong khodng 650°C - 850°C, déng thdi 4p suft dv clia As duoc duy tri & mot
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gid tri nhét dinh d¢ trdnh phén tmg phan ly cia GaAs trong 16p epitaxy v
cua d& GaAs.

4.8.4, Phuong phap ling dong ho4 hoc pha hei kim loai hivu co

Phuong phép lang dong hod hoc pha hoi kim loai hitu co (Metalorganic
CVD - MOCVD} la phuong phip epitaxy pha hoi (VPE) dya trén cdc phan
img nhiét phan (pyrolitic reactions). So véi cdc phuong phdp CVD théng
thudng, trong MOCVD céc chdt tham gia phan tmg cé ban chit khic hén.
Phuong phép niy dac biét quan trong doi véi viec nuoi cac don tinh thé cia
hop chat gébm cic nguyén t6 khong tao thanh cdc hydrua va halogenua bén
vimg ma tao thanh céc hop chét hitu co - kim loai (metalorganic compounds)
bén vimg va c6 4p suit bio hod vira phai. MOCVD duge tng dung rong rai
trong heteroepitaxy dé ché€ tao cdc ldp A"BY va A"BY',

DE nudi céc 1dp GaAs ngudi ta ding hgp chat kim loai hiu co dang
trimethylgalium Ga(CH,); d6i v6i Ga va AsH; d6i vdi As. Hai hop chét nay

duge van chuyén vio budng phan ting va trén bé mat d€ xdy ra phan img
thong thudng la:

AsH, + Ga(CH,); - Ga As + 3CH,

D€ pha tap cho GaAs loai p ngudi ta ding dietyl zinc Zn(C,Hs), hay 13
dietylcadmium Cd{C,Hs),, cho GaAs loai n ngudi ding SiH,,

Budng phan tng thudng 1am bing thuy tinh thach anh, khi mang 13 hydro,
nhié¢t do d€ ¢ 600 - 800°C. Un diém cla phuong phdp MOCVD la céc hop
chdt hitu co - kim loai (metalorganic) dé€ bay hoi & nhiét do khong cao, trénh
duge nhiing nguy hiém clia cdc nguén Ga (hay In) [6ng trong 10 phin tmg.

4.8.5. Phrong phap epitaxy pha long

Phuwong phdp epitaxy pha 16ng cho phép tao nhimg 16p don tinh thé trén bé
mat d€ don tinh thé bing céch cho tryc ti€p két tinh t vat liéu néng chay.
Phuong phdp ndy thich hop v&i muc dich ché tao nhiing 16p méng (c@
0.2um) vi t6c do phét trién cham va né cling thuan tién cho cic truémg hop
ché tao cdc cfu triic nhiéu 16p. DE thye hién qué trinh epitaxy tir pha long
ngudi ta dung bd phan git miu va vat liéu duge goi 13 hop gid d&, dugc vé
tadch r&i timg bo phan trén hinh 4-14.

Hop gid d¢ dugc 1am tir gaphit sach gém ba bo phan: ndp trén, ndp dudi va
van trugt c6 thé trugt trong dudng phay giita hai ndp fip khit vio nhau. Nip
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trén cla hop gid d&€ cé duc mot hoac mot s¢ 18 (trén hinh 4-14 13 hai 1
vuong), 16 nay ding dé dung dung dich noéng chiy. D¢ don tinh thé duge ga
chat trén vén trugt cling lam bang graphit cho d€ ndm ddng dudi 16 trong ong
thuy tinh thach anh ctia 16 nung ¢6 méi trudng khi trung tinh (H,) chay qua.

Trong qua trinh tang nhiét do 2 rEp--—[amin day 18

dén gia tri can thiét, dé don = 13 dinh vi
tinh thé dugc che kin b&i nip ndp trén © i
phia trén, chi dén khi di dat =

duge nhigt do can thiét ngudi
ta m6i dich chuyén van truot
dé cho d¢€ lot vao dudi day 16
thtt nhat va ha didn nhiét do
cia 1o v6i mot t6c do nhat
dinh (c& 10°C/phit). D€ nuoi
mot 16p don tinh thé khéc

ngudi ta lai chuyén dé€ dén e o o o o o |

dudi mot 16 khic véi sy thay  w _—hop gia ad He

ddi nhiét do thich hap. ’"’:’ T T = ("}‘“
P’ . e 0 A8y

Trong phuong phdp epitaxy —— = : u:" e

pha long vat liéu cdn nudi (vi
du GaAs) phdi dugc hod tan  Hinh 4-14: So dé thiét bj epitaxy pha Idng:

vio mot dung moi va dung a- Céu tao hop gid dé8; b- CAu tao Id nung.
dich nay phai néng chdy &

nhiét d6 thap hon nhiét 40 néng chay cia d¢ tinh thé. D€ nuodi GaAs ngudi ta
chon Ga lam dung méi. D6i v6i mot nhiét do cho truée, dung dich can bing
s& ¢6 mot lugng GaAs xdc dinh boi dudng liquidus cta dudng gian d6 pha
héa 16ng. Khi dung dich nguoi din di xuéng dudi duimg liquidus s€ xay ra
hién tugng két tinh. T gidn d6 trang théi c6 thé tinh duge ty s6 giia trong
lugng pha rin GaAs va pha 1dng. C6 hai gidi phdp k§ thuat dé nuéi don tinh
thé GaAs.

Gidi phédp thi nhét 14 epitaxy pha 1ong bang 1am ngudi can bing. Trong qud
trinh nay dung dich lic ddu & trang thdi bio hod GaAs vi du & nhiét 46 T,
vdi thanh phdn C,. Con d¢ don tinh thé cing & nhiét do T, duge dua vao
dung dich (dich chuyén xudng dudi ddy 18 dung dung dich) va ha nhiét do
clia cd hé théng xudng din ddn. Do nhiét do ha xuéng dung dich ndm trong
trang thdi qui bio hod vi c6 xu hudng tién dén trang thdi can bing thong
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qua qud trinh két tha GaAs nh 46 ma xay ra epitaxy trén bé mat d€ nhu mot
tinh thé mdm. Qua trinh phit trién xdy ra cho dén khi dich chuyén d€ ra khéi
dung dich. Gidi phdp thit hai 12 epitaxy pha 10ng bing lam ngu6i timg dot.
Pdu tién dung dich & trang thii bio hoa GaAs & nhiét do T,. Giam nhiét do
xudng Ty, (thap hon khoang 5 - 20°C) va dung dich tré nén qué bio hod. DE don
tinh thé & nhi¢t d6 T, duge dua vao dung dich va dugc giit & nhiét 46 d6 mai.
Thoat ddu qué trinh epitaxy xay ra do ¢6 do qud bdo hoa GaAs trong dung dich,
nhung dung dich s& ngheo ddn GaAs vatéc do phét trién epitaxy giam dén.

4.8.6. Epitaxy bing chiim phan tir

Epitaxy bing chiim phan tir (Molecular-Beam Epitaxy-MBE) 1a phuong
phdp dua vao twong tic ciia chlim nguyén tir hay phan ¢ véi bé mat don tinh
thé trong chan khéng siéu cao (107'° Tor). Phuong phdp epitaxy bing chitm
phén tir cho phép khéng ché chinh xé4c thanh phén hod hoc ciing nhir quy lujt
phan bG tap chét clia céc mang epitaxy. N6 ¢iing cho phép ché tao cdc cu tric
da 16p v&i bé day méi 16p ¢& mot vai 16p nguyén it Néi chung t6c do phét
trién rdt thap, vi du d6i véi GaAs t6c do phat trién thudng diing 12 | um/gid.

So d6 nguyén ly clua
mét hé epitaxy béng
chiim phan t d6i v6i
GaAs va cdc hgp chat
twong tr A™BY nhu K
dang (Al Ga;  As)
duge biéu dién o
hinh 4-15,

Trong he¢ nay qud
trinh tao mang duge
kiém soat chat ché,
ddé sach ciing nhu
thanh phdn hod hoc
dugc theo doi “tai Hink 4-15: So d8 hé epitaxy bing chim phan 1y MBE.
tran” kip thoi. Cic

chén nung bdc hoi Ga, As va cdc tap chat cdn pha vao duge ché tao £t nitrit
bo, dwge 1am sach trong chan khong siéu cao (107 Tor), nhiét 46 nung duoe
khong ché di€u chinh nham dat duge t6c 46 bay hoi mong muén. Gi4 giit d€
duge quay lién tuc 1am cho 1ép epitaxy duoc dong nhét.

khdi phé ké
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Dé phét trién 16p epitaxy GaAs ngudhi ta duy tri mét 4p sudt du d6i vdi As
bdi vi trong khi hé s6 dinh cia Ga trén GaAs bang 1 thi hé s8 dinh cla As
trén GaAs bang 0, trlr khi trén mat GaAs ¢ phi mot 16p Ga,

B¢ nuoi 16p epitaxy Si ngudi ta ding mot sing dién tir 4 lam bay hoi Si va
mot vai chén nung dé bay hoi tap chat.

Chén nung dugce xem nhu mét ngudn bay hoi ¢6 dién tich nhod va su phdt xa
nguyén tir dugc xem 12 tuan theo quy luat cosB, trong d6 0 14 géc tao thanh
gitta hudng tir d&€ dén ngudn v phip tuyén clia bé mat d&.

Epitaxy bang chim phéan tir dugc ti€n hanh trong chan khéng. Mot trong
nhilng théng s6 quan trong cia ky thuat chan khong 12 tdn suat va cham cla
phén ti, d6 12 s& phan tlr cha chat khi va dap vdo mot don vi dién tich bé mat
dé trong mét don vi thoi gian, Tan suft va cham d6 duge ky hiéu 13 ¢ va 1a
ham cia khdi lugng phan t, ciia nhiét do va 4p sudt khi:

P
T J2rMKT
P \phan ti

trong d6: P - 4p suat tinh bang Pa (Paskan), m - kh&i lugng phén tir tinh bing
kg, k- hing s§ Boltzmann do bing (J/K), T- nhiét d6 Kelvin, M- phan tir
lwong. DGi v6i oxy & 300K va 4p suat 10°Pa, ¢ = 2,7.10™ phan tifem’.s.
Qud trinh 1am sach bé mat d€ trong thi€t bi epitaxy bing chim phan tir c6
thé tién hanh bing cdch nung d€ dén nhiét 4o cao d€ phan ly 16p oxit va 1am
bay hoi cdc chat hap phu trén bé mat d€. Ciing ¢6 thé 1am sach bé mat d&
bing chiim ion khi tro ning lugng théap, bdn phd lam sach bé mat tiép theo
nung dé€ & nhiét do vira phai d€ c4u tnic lai bé mat dé,

So véi cdc phuong phip CVD vi MOCVD thi epitaxy bing chiim phan tr cé
thé sir dung rét nhiéu loai tap chét va su phan b6 tap chat ¢6 thé didu chinh
rét chinh x4c. Qud trinh pha tap ciing tuong tu nhu qué trinh phat trién tix
pha hoi: dong nguyén tit tap chat dugc béc hoi dat dén mot vi trf thich hop
cha mang tinh thé vi gia nhap vao qud trinh phat trién tinh thé. Kiém sodt
mot cdch chit ché sy phan b6 tap chat dat dwge bing céch tinh chinh ddng
nguyén iy tap chét tuong tng v6i ddng phan t&r chat chii (Si, hay Ge trong
epitaxy GaAs). Nhiét d¢ d¢ trong qu4 trinh epitaxy bang chim phan tir nim
trong vitng 400°C + 900°C, t6c do phat trién 16p epitaxy tit 0,001 pm/phiit
dén 0,3pum/phiit. Vi nhiét 49 dé thép, t6c do phdt tri€n thap nén nhiéu kiéu

Truéng Dai hoc Bach khoa Ha Nai 163



VAT LIEL) BAN DAN

phan bo tap chét mot Joai hay nhiéu toai hgp kim khong thé nhan dwgce bing
cac phuong phdp CVD théng thuong nhung lai rdt dé dang nhan duge bang
phuong phiap MBE.

R4t nhi€u nhiing cdu triic bian din mdi da dugc ché tao nhd phuong phip
MBE. Vi dy, cic siéu mang, dé 14 cic cdu tric ban din tuin hoan bao gém
cic 16p bdn dan siéu mong xen k& nhau v6i chu ky nhd hon quang dudng tu
do trung binh cha dién tir (¢& 10nm} theo ki€u: GaAs/Al,Ga, ,As/GaAs ...
Mot hudng phit trién mdéi cha MBE la thay nguén bay hoi cic nguyén t§
nhém 11T bing cdc hop chét kim loai hitu ¢ nhu 13 trimethylgalium (TMG)
hay 1a triethylegalium (TEG). Phwong phidp nay duwgc goi la epitaxy chiim
phén tif kim loai hitu co. (Metalorganic molecular beam epitaxy - MOMBE)
hay la epitaxy chiim hod hoc (chemical beam epitaxy - CBE). Phuong phép
MOMBE ciing lién quan v&i MOCVD va duge xem 1a mot dang MBE dac
bi¢t. Cac hop chét kim loai hitu co thudng dé bay hoi nén c6 thé dua trite tiép
viio budng epitaxy nhu mot chitm khong cén phan by trude. Céc tap chét vin
¢ dang ngudn nguyén to, d6i v GaAs thi Be ding 1am tap chét loai p, Si
hay Sn diing 1am tap chat loai n.

4.8.7. Cau triic mang epitaxy

Epitaxy dong chat (homoepitaxy) nghia 12 [6p don tinh thé epitaxy v dé& don
tinh thé cling mot chét nhu nhau cé cling hing s6 mang va cdu tric mang.
Trong trudng hop nay ngudi ta ndi ring qud trinh epitaxy ¢6 mang tuong
thich (lattice - matched epitaxy). O day c4u triic mang va d¢ 1a lién fuc vé
mat vt liéu cling nhu cfu tric tinh thé v ming epitaxy hdu nhu khong bi
bién dang, khong cd khuyét tat.

Trong trudng hop epitaxy di chét, nghia 12 16p epitaxy vA d€ don tinh thé §3 hai
chét khéc nhan, I6p epitaxy phéi phdt trién sao cho mot c4u tric phan bién 1y
tudng van duge duy tri. Piéu d6 ¢6 nghia 12 mdéi lién két nguyén i phai duge
lién tuc tir bén nay sang bén kia 16p phan bién, khong bi didt gdy. Vi vay hai
chat ban din phai ¢6 cing mot hiing s6 mang hay 12 ¢6 khd nang bién dang dé
chdp nhan mot hing s6 mang chung, Hai trudng hgp d6 dng véi hai loai
epitaxy di chit: epitaxy mang twong thich (lattice - matched epitaxy) va epitaxy
€6 10p co gidin (strained layer epitaxy). Trén hinh 4-16a trinh biy cdu tric 16p
epitaxy mang tuong thich, trong dé mang epitaxy va d€ c6 ciing héing s mang,
mot vi du doi vdi loai epitaxy mang twong thich 11 epitaxy (Al,Ga, ,As) trén
d€ GaAs v&i moi gia tri x tit 0 dén 1, hdng s6 mang clia Al Ga, , As sai khéc
hing s6 mang GaAs chua dén 0,13%.
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Chudng 4: Cong nghé ché lao don tinh thé

D6i véi trudng hop hai mang khong tuong thich, néu 16p epitaxy ¢6 hing so
mang 16n hon clia d€ va c6 tinh dan héi cao, thi tinh thé wong 16p epitaxy sé
bi nén, hiing s6 mang theo phuong song song bé mit d€ s& co lai cho thich
hop véi chu k¥ mang cua d€. ach marg kn
Pong thdi luc dan héi cna tinh tuongt?uifh e
thé s& lam cho né gidn ra theo Y
phuong vuong géc véi bé mat Yt
d€ va do d6 hing s6 mang theo
phuong nay tang lén nhu biéu
dién & hinh 4-16b. D6 12 trudng a i i
hop epitaxy di chat v&i §dp co Wm W
gidn (strained layer epitaxy). % . +
Nguge lai, néu 16p epitaxy cd ’5’ b
hing s¢ mang nho hon d€, thi
tinh thé 16p epitaxy s€ bi giin
ra theo phuong song song be¢

mit d€ vi bi nén, co lai theo Hinh 4-16: Sg do bfé,f:' didn sy hinh thanh mang
phuong vuong géc v6i bé mar N ST L L eptany oo
d€, day cling 12 epitaxy di chat  gap: ¢ Lap epitaxy khéng tuong thich chita lch
vai 16p co gidn. Tuy nhién khi  mang khdng tirong thich & phan bién.

bé day lé‘p co gidn tang lén, s

nguyén tir ¢6 moi lién két bi co gifin s& tang lén dén mét bé day nao d6 s&
sinh ra cdc léch mang khéng tuong thich (misfit dislocation) d€ gidi phéng
nang luogng do sy co gidn cdc mai lien két (nhw mét loai éng sudt trong tinh
thé). B& day 16p epitaxy ndy dugc goi 12 bé day 16p t6i han (critical layer
thickness). Trén hinh 4-16¢ biéu dién trudmg hop hinh thanh cdc léch mang
bd (edge dislocation) trén bé mat phan bién.

1

i W

- r S e

+

ot
et 44

ta) (b} fe}

Bé day 16p t6i han d6i véi cdc cap vat liéu khac nhau trong epitaxy di chdt 12
khdc nhau vi phy thudc vao do khong tuong thich vé hang 56 mang. Khi bé
day 16p epitaxy tang lén 16n hon bé day 16p t6i han thi s& xay ra l¢ch mang.

C6 mot cdu tric epitaxy di chdt lién quan dén 18p co gidn ndi trén 12 siéu
mang cic 16p co gidn (strained layer superlattice - SLS) dang duge nghién
citu va iing dung. Siéu mang 1 mot cdu tric nhan tao twdn hoan mot chiéu tir
céc vat ligu khdc nhau v6i chu k¥ khoang 10nm. Trén hinh 4-17 trinh bay
mot siéu mang cdc 16p c6 gifin SLS tir hai chdt ban din c6 hing s6 mang can
bing a, vi a, khidc nhau (a, > a,) phit trién thanh cau tric ¢d hing s6 mang
chung trén bé mat 12 b v6i a; > b > a,. V6i cic 16p du mong, sy Khong
twong thich hing s6 mang s& dugce diéu chinh cho hop nhau bing sy co gidn
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dong nhét trong cdc 16p. V&i nhiing
diéu kién nhu vay trén cic mat phan
bién s& khong hinh thanh céc léch
mang khoéng tuong thich ma sé
nhin duge mot vat lidu tinh thé chat
lugng cao. Vat lidu ¢6 cau triic nhan
tao nhu vay c¢6 thé ché tao bing
phuong phép epitaxy chiim phan tir.

Vat liéu sién mang cdc 16p co gidn
(SL.S) 1a mdt d&i tugng nghién ctru
mdi rit duge chid ¢ vi né hita hen
nhiing ng dung quan trong trong
linh kién chat rdn, dac biét 1 nhitng
linh kign t6¢ do nhanh vi photonic,
& day da xay ra sy “diéu chinh viing
cdm nang lugng” do su thay d6i
hing s& mang trong céc 16p co gidn.

e S—

HEEEEF ) siving top méng
(TTTTITEIT ] ihdng tuong thich
oI | vé hang s6 mang
(T ITIITTTTI
T

i a3 1
e fy ———|

- Ii_ . | -

- » [ Si&umang

cae Idp co gidn

g “ | (sLs)

Hinh 4-17: Sg d8 bidu didn su hinh thanh
Siéu mang céc Iop co gian (SLS - Strained
layer superiattice).

BAI TAP CHUONG 4

(4-1) Muon nudi mét thdi tinh thé silic bing phuong phdp Czochralcki (CZ)
¢6 chita ham luong bo (B) 12 1.10°em™ néng d6 B trong dung dich néng
chdy phai bang bao nhiéu? Véi 60kg silic cin ¢6 bao nhigu g bo (nguyén tir
lugng ciia B 1a 10,8)? H¢ s6 phan téch B trong Si, K, = 0,8. Mat d6 silic long
12 2,53 (g/cm?).

{4-2) V& d6 thi phan b tap ché:

a) Arsen,

b) Photpho,
0 cdc khoang cich 20, 40, 60, 80, 90cm cta thoi tinh thé dai 100cm doc theo
thoi duoc kéo bang phwong phap Czochralski v6i ndng do ban déu trong thé
néng chéy 1a 10'%cm?,

(4-3) Gia sl ngudi ta ding mot khéi lugng 10kg silic sach dé kéo thanh don
tinh thé, cdn mot khéi luong bo bao nhiéu dé nhin duge silic pha tap bo ¢é
dién trd sudt bang 0,01Qcm khi nira thoi tinh thé da duge kéo (tai diém giita
theo chiéu doc chia thdi tinh thé).

(4-4) V& dudmg cong Cy/C, ddi v6i K, = 0,05 trong cong nghé nudi don tinh
thé theo phuong phap CZ.
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Chudng 4: Cong nghé ché tao don tinh thg

{4-5) Mot thoi tinh thé nudi bing phwong phidp CZ c6 néng 46 bo O didu
(phdn kéo déu tién) hay & cudi thoi Idn hon, ¢é noéng d6 bo & giita phién (khi
¢4t thanh phién - wafer) hay & chu vi phién (én hon.

(4-6) Dung phuong phdp néng chdy viing dé 1am sach thdi silic ¢6 chia tap
chit Ga déng déu véi néng do 5.10'%cm™. Thyc hién mot hanh trinh véi
viing néng chay bang 2cm. Phai di qua mot khoang cach béng bao nhiéu dé
néng do Ga dat dudi mic 5.10"%cm™,

(4-7) Tir cong thic phan b6 tap chdt trong tinh thé két tinh bing néng chay

ving (4-8) tinh S5 tai diém X =1 va X =2 véi K=0,3.
Co L L

(4-8) Tim s6 nguyén tif trén mot don vi dién tich, N, cin thi€t dé tao nén

mot 16p don nguyen tir x&p chit (mot nguyén tlr tigp xtdc véi 6 nguyén tir 1an

can), gia thiét dudng kinh nguyén tr d bing 4,68A.

(4-9) D6 chénh hing s6 mang (hay 12 d6 khong tuong thich hang s¢ mang -
lattice misfit) cha ming epitaxy duge xdc dinh béing cong thitc:
f={ay(s) - a,(Dlfa (D) = Aaja,

trong dé a,(s) vd ay(f) 1a 1000
hdng s& mang (khong bi
bién dang) cha dé€ va cina
mang. Hay tim gid tri ca f
doi vadi cidc hé (InAs -
GaAs) va (Ge - 5i).

(4-10) Bé day 16p 16i han
cla 16p epitaxy co gin
khong léch mang ciia hai hé
(Ge, Siy_, trén Si) va (Ga,_In,
tren GaAs) phu thudc vao
chi s6 thanh phdn x duoc
biéu dién & hinh 4-18. Tim
gid tri x cho mdi hé dé tao
dgqc trén dé 16p epitaxy co ' ¥ o4 IR T E—
giin khong léch mang cé Chl 56 thanh phén x

bé bay bang 10nm.

GeyBir. trén Si
i1 A

]
-~
ty

10}
ks
Gay.yIngAs trén GaAs

B4 day i6i han 18p co giin, pm

Hinh 4-18
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CHUONG 5
CAC PHUONG PHAP XAC PINH THONG SO
CUA CHAT BAN DAN

5.1. PHAN LOAI CAC THONG SO
5.1.1. Nhém thong sé6 co ban

B6 la cac thong s6 dic trumg chung cho vat ligu ban dén it phu thudc vao do
sach, d¢ hoan hio ciia tinh thé nhu:

- Bé rong viing cfm, AE,,

- Khoi lugng higu dyng ctia dién tir, 16 trong, m,", m
- Néng d¢ hat dan riéng, n,,

- Hing s6 mang ciia tinh thé, a,

- D0 din nhiét do mang tinh thé, ¥, ,

- Nhiét d¢ Debye, 6,

*
p*

5.1.2. Nhém thong sd dac trumg

b6 1a cdc thong s dac trung cho mot miu vat liéu chét ban din cu thé, né
phu thuge vao tap chit vio cdc dang sai hdng ciia tinh thé vao cong nghe ché
tao ra mau dé nhu:

- Néng 46 céc sai hdng N, Ny, ... (néng do lech mang, néng d¢ niit khuyét),

- Nong do dién tir, néng do 16 tréng n,, p,, néng do tap chat Ng N,, néng

do cdc thm sau N,,...

- Dién trd sudt p,

- D6 linh dong cla dién tir, 16 trong, 1, Hgs

- Thoi gian s6ng clia hat déin 7, Tos

- H¢ s6 héap thu, o,

- Hé s6 phan xa, R.
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Chuong 5: Cac phuong phép xéc dinh théng s8 cia chat ban dan

5.1.3. Nhom thong so hod 1y
P6 1a cdc thong s6 quyét dinh viée lua chon cong nghé ché tao, gia cong vat
liéu nhur:

- Nong d6 giGi han hoa tan ¢ha cdc loai tap chat, C,

- He s6 phan tich can bing, K,

- Nhiét hod hai, L,

- Nhi¢t do néng chay, Ty,

- Ap sudt bio hoa, P,,

- Hé s6 khuéch tdn, D.
Trén day ching ta chua thong ké hét tit ¢cd cdc thong s6 clia vat lidu ban din
ma chi gidi thiéu nhing thong s6 chinh cla timg nhém dé lam vi du.
Trén so d6 trinh bay & hinh 5-1 ching 16i gidi thiéu so luge céch phan loai
trén day, dong thoi gidi thiéu cdc nhém phuong phdp xdc dinh cic théng s6
dé6. Vé thut ngit dé chi cdc nhém phuong phip ndy 12 hoan toan quy wdc vi
trén thuc t&€ ngudi ta thudng wng dung cdc phuong phap t6 hop.

Thong s6 Thong s8 Thoéng s&
¢o ban dac tnmg hod l?
mn: a Np n £ [L) C
m N\.r P My KO
P N : :
AE d H ‘

& N P
Ed s J . L i T“
E Phan tich N, T
Ea cdu tric P v \
' : Phuong phép
o phén tich
| Phuong phip i R
dién
»| Phuong phép <
quang

Hinh 5-1: Phan loai cac thong s& vt ligu ban dan va céc phuong phap xac dinh chiing.
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Cic thong s6 co ban nhu m,", mp*, AE,, By, E,, E,.. thudng duge nghien
cliu, x4c dinh bing 1y thuyét cling nhu bang thuc nghiém khi méi phat minh
ra vat lieu ban din, c4c thong s6 nay c6 thé fim thay trong cdc cdm nang vé
vat liéu ban dan.

Cac thong s6 1y hod da duge nghién ciu xdc dinh bang cdc phuong phip
phén tich hod 1 va ¢4 thé im thdy trong c4c cdm nang hod 1y cia vat liéu.

( day chiing t6i chi gi6i thidu chli yéu cdc phuong phdp x4c dinh cdc thong
56 dic trung cia mau bén dan.

5.2. CAC PHUGNG PHAP XAC DINH BO DAN PIEN
Do din dien ctia miu ban dén duge xdc dinh bing coéng thitc:

o =e(n i, + pu,) (5-1)
0 ddy e, U, b, dugc tinh ¢6 gid tri duong (gid tri tuyet d6i). Do din dién phu
thudc vio ndng do hat dan va d6 linh dong cia chiing, cdc dai lugng nay noéi

chung 12 chua biét. Vi vay phai nghién citu tim cdc phuong phdp do d¢ din
dien truc tié€p trén miu,

Cdc phuong phdp xdc dinh d¢ din dién chia ra 1am hai loai: phuong phdp
tiép xtic va phuong phap khong tiép xiic.,

5.2.1. Phuong phap hai miii do

Pé do dién tré suft (hodc do din dién) ta cdn do dién trd va kich thude miu.
D¢ do dién trd mot mAu nhy day kim loai, hgp kim ta thudng ding so d6 nhu
& hinh 5-2 do dong dién chay qua mfu va dién 4p dit ién mau. D& v6i vat
lieu ban din ching ta khé gia cong méu nhu déi v&i kim loai va dac biét do
dnh hudng cla hién tugng phun hat din tir céc ti€p xic giita kim loai va ban
din, dién trds suat clia ban din s& bi thay déi, phép do s& khong chinh xéc.

DE khéc phuc 4nh hudng do phun hat din tt | V)

tiép xiic cla hai ddu min do ngudi ta ding .
so db do dong dién va dién 4p nhu & so d6 A méu kim loai

trén hinh 5-3. Trong s¢ d6 nay dién 4p gilta |

hai diém 1vi 2 duge do bing phuong phap bl |1F

trir dé triét tiéu dong dién chay qua cdc mili A0 yjpp 5-2: 50 08 huong phap do
trénh &nh hudng cha hién tugng phun hat dan dién trd kim logi.
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Chuong 5: Cac phuong phap xac dinh thong sd cda chat ban dén

vao miu. Dién tr¢ suit duge tinh theo
cong thire:

us
=—.— 5-2
P=T7 (5-2)
trong d6 S - ti€t dién ngang cta miu,
£ - khodng cdch gifta hai miii do. *

Nhuge diém ctia phuong phap ndy la -, "0 "7 phuong phép hai mii do:
phai gia cong va do dac kich thudc 5 nsi'de the: 3.4- tiép xuc déng dien
mau chinh xdc. 5-dign thé k& mot chibu, 6- dign ird; 7- méu do.

5.2.2. Phirong phap miii do di dong

So d6 clia phurong phdp miii do di dong duge biéu dién & hinh 5-4. Miii do di
dgng doc theo bé mat miu vdi téc do khong déi v. Dién thé & trén miii dd
duoc x4c dinh bing cong thic:

I)(
U=-— d 53
Sgp(é)é (5-3) -

trong d6 I 13 cudmg d9 dong khong l-"'ﬂ 1 D"-"'I
d6i chay doc theo miu, p(&) 1a dien i~
trd sudt tai diém &, x 12 toa do clia  Hinh 5-4: So df phuong phap mii do o ddng:

3

mu1 do tal dlém t 1- méu do 2- mii do di dﬁng 3- d:'eﬂ thé’ké’
: tu ghi,
Tir (5-3) ta ¢6:
du 1 df* 1 d I
—_——— = —, — _—= X}.
dt Sdthp(g) } Sd['[(&") ] 5 P
hay la:
S du
=2 = 5-4
p(x) = @ (5-4)

Bing phuang phép nay ¢6 thé xdc dinh sy phan b chia dién trd suat doc theo
méu. Pai lugng dU/dt ¢6 thé xdc dinh bing mot mach vi phan RC va p(x)
dugc ghi trén mdy ty ghi. Trong phuong phap n2y tiét dién ngang S duge gid
thiét 12 dong déu trong toan bo miu.

5.2.3. Phuong phap bén mii do

Trong phuong phép nay ngudi ta ding 4 miii dd. Hai miii do cho dong dién
chay qua goi 12 cdc miii dd dong va hai miii dd diing d€ do hi¢u dién the goi
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la cac miii do thé. Cic mii do duge lam tir kim loai hoac hogp kim cimg nhu
W, Mo hodac mot loai hgp kim cia W, C va Co, ¢é ddu mii rat nhon. Néu
xem mAu bdn din 13 mot nira khong gian
vo han thi dong dién tir mii do dong vao
méiu c6 cidc dudng dong nhu & hinh 5-5
vd mat do6 dong tai mot diém cach mii

dd mot khoang r s€ 1a:

I

J= 5-5
2mr? (3-3)
Dién trudmg tai diédm d6 sé 1a: Hirnh 5-5: S0 dd do bén mdi do va cac
) ) d I duding dong :C,‘éf.'] hai mai do déng:
- o = _49 _ 0 (5-6) 1,4- mdi d6 dong; 2,3- mii do thé.
dr 2nr’

@ - dién thé€ clia dién trudng duge tinh
bang cédch tich phan (5-6):
I

=—p+C
? 2m’p

Xét truong hop ¢6 hai miii do dong, mot s
miii cho dong di vio miu, mot miii thu  Hinh 5-6: Mau do véi cac kich thuse

R . S . cd lié dén thita s6 higu chinh.
dong tr miu ra. Khi dé dién thé tai mot e quan ¢en SC feu el
diém cdch miii do thit nhat 1a r; va cdch mili do thit hai lar, sé la:

(p=l—p(-!~—i]+c (5-7)
2ni g

Xét trudmg hop bon miii dd ndm trén mot dudng thang cdch déu nhau mot
khoang bing £ nhu & hinh 5-6. Hai mili do & giita 13 hai miii do thé, hai mii
dd & ngoai 12 hai miii do dong. Khi dé dién thé & mdi do 2 s& la;
(p2=l_P l_.._l... +C:I_p_i+c
2n\ t 2¢ 2
Dién th€ & miii do 3 sé 1a:

¢3=1_p[¢_1)+cz_l_p,i+c
2r\ 26 ¢ 2n 20

Hiéu dién thé gifta hai miii do [a:
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Chuang 5: Cac phuong phap xac dinh théng s6 cha chalt ban dén

Ip
U=€P2—<P3=m

Suy ra rang:
p= ZR.E% (5-8)

Cong thirc nay nhén duoc trong diéu kién 1y tudng, v6i gid thiét miu do 1a
nita khong gian v6 han. Vé6i cdc méu hitu han trong thyc t& chiing ta phai
nhan v§i mot thira s6 diéu chinh. Thita s6 nay phu thudc vio bé day d clia
méu, khoang céch ¢ gilta hai mfii do vit khoang c4ch L tir miii dd dén b& méu,
nhu minh hga trén hinh 5-6.

b6i véi cdc min ban din mong, bé day d nhé hon nhiéu 14n kich thudc chidu
rong va chiéu dai (hay dudmg kinh D) cha miu, dién tr& sut p duge x4c dinh
bd&i cong thife:

p= %.d.F {Qcm) (5-9)

trong d6 F 1a thita s¢ di€u chinh phy thugc vao D/ £ va L/ €. Trong trudng
hop khi D >> € thi F = n/ln2 = 4,532 nghia la:
p= u d I (Qcm) =4,532.d. v (Qcm) (5-10)
1" n2 I
Doi véi céc 16p mong nhur 12 16p khuéch tdn, 16p cdy ion, 16p epitaxy, 16p da
tinh thé silic vl ngay ¢4 nhing 16p din di¢n kim loai, thudng duge dac trung
bing mot dai lugng goi 12 dién trdy 1dp (sheet resistance) p, biéu dién bling O

trén vuong (€2/0) bing dién trd cia moét 6 vubng (a x a) ¢6 bé diy d. Néu 16p
khuéch tdn c6 néng d6 phan b6 déu vi c6 bé day 1a d thi;

a
ps=p— = p/d (5-11)
ad

Nhu vay néu bé day d nhoé (d < g ), ing dung (5-10) ta c6

o= = 4,532% o) (5-12)

5.2.4. Phuong phiap Van Der Paul

Phuong phap Van Der Paul 12 mot phuong phdp cai tién tir phuong phdp bén
mili do. Phueng phép nay cho phép do dién trd sudt trén nhitng tdm ban din
c6 hinh dang bét ky vi du nhu trén hinh 5-7. Néu chiing ta cho dong chay
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qua hai mili do a, b va do hiéu dién th¢ giita hai m{ii do m, n thi ty s6 U, /I,
co thit nguyén 1a dién trd va ky hiéu 1a R

ab,mn*
Bay gid chiing ta cho dong "
chay qua hai miii dd b, m

va do hiéu dién thé& gifra hai ’
mili do n, a ta dugc dién &6 a) b}
k¢ hiéu 1a R, .. Dién trd

suft cha mdu dugc tinh Hinh 5-7: Hinh dang cac mdu do theo phuong phap Van

theo cong thirc: Der Paul: a- Vol tigp xdc bal ky. b- Véi tiép xuc dbi ximg.
rd R b ,mn TR bm na
p=— f f
In2 2 T
5-.13) ' +-F
( 83 -

trong dé d 13 bé day tdm
ban din, f 13 thira s6 diéu %

chinh chi phu thudoc vao ty g4 ~
$6 Rypmo/Romas 0hu biéu g2
dién & hinh 5-8. )

e V2 4 5810 2 4 EENC7 4 6 8MTERL.MN
Phuong phdp nay ciing cho ) Rbm.na

két qua nhanh, nhung sai s6  Minh 5-8: Thira s didu chinh trong cong thue tinh dién
¢6 thé dén c& 25%. trd sudt bang phuong phép Van Der Pauw,

5.2.5. Céc phuong phap khong tiép xiic

Céc phuong phip do do dén dién khong ti€p xidc dya trén tdc dung ciia
trudng dién tir cao tdn. C6 hai cdch do d6 din dién khong ti€p xic thudmg
dung.

1. Phuong phép cdu méu

So d6 cla phuong phdp nay duoc
biéu dién trén hinh 5-9. Miu do
duge dua vio mot nhanh ciia mach dign ap
cdu cao tdn dudi dang mot tu dién. cao thn
Thay déi céc gia tri R, C c¢ha cdu
cho dén khi dat dugc trang thai

can bang cla cdu. Khi d6 gia tri

dien trg cdn do s& bang gid tri dien 0 50 o) s phuong phap cu do dién g
trd méu clia cdu. sudt khéng tip xuc.
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2. Phuong phdp do d6 phém chdt Q cia khung céng hudng

Do phim chét clha khung dao dong 12 ty s6 gilta dién khing clia khung va
dién tré thudn cla né. Sy thay déi do phdm chat Q khi dua miu ban din vao
khung dao déng la do su tang tén hao trong khung. Gia s6 clia do tdn hao
cling nhu sy thay ddi clia d6 phdm chét ty 1¢ véi dién trd sust clia méu ban din
dua vio khung dao dong AQ ~ f(p).

T dé xac dinh AQ v can cir vao 2
dudmg cong chudn cla sit phu thude Gl
AQ va p ta ¢6 thé xdc dinh dugec p. &7}
Bo chinh xdc cha phép do, vi thé, 45§
phu thu¢c nhiéu vio do chinh xdc gy
cua dudmg cong chudn. '

T T F & 1 1

Cic phuong 4n khdc nhau cha g p

phuong phap xdc dinh do din khong
ti€p xdc thudmg thé hién & cdch dua
méu do vao mach do. Miu do cé thé

Hinh 5-10; Dudng cong chudn sir dung
frong phuang phap tu didn do dién trd suét
khong Hép xte.

dua vao mach do bang hai cdch:
phuong phap tu dién va phuong phdp cudn cam.

- Phuong phédp tu dién thuc hién bing cdch dwa miu bin dén vio giifa hai m4
cta tu dién, D¢ phidm chét duge do bing Q-met & tdn s6 nim trong khodng
30-50MHz. Dudmg cong chudn c6 dang nhir & hinh 5-10.

- Phuong phép cudn cidm duge thuc hién bing cdch dua min ban din vao
trong 15i cudn cam. Phuong phép ndy thudng duge ding d€ do dién trdr sudt
clia ban dén néng chiy trong ampul.

Ngoai ra ngudi ta cdon ding mot phuong phdp khdc, tam goi 14 phuong phip
dua miu vao khe tir nhy trinh bay & hinh 5-11. Mot hinh xuyén bing ferit
duge diing 1am 16i tlr clia cudn cam, 16i nay dugc xé mot khe ¢6 chiéu rong
khe hd Ia L. Trong khe h& nay con dat mot
bén bang déng ma bac d€ ting twong tic
gitta khung va miu do. Khi cho miu tiép

bén kim joai

c4n v6i khe h¢ do phim chét cda khung s& dy cudn

thay ddi vi dién tré suat cha miu do dirge

x4c dinh biing dudmg cong chudn. 191 é!erit
fau

Ngoai ra, ngudi ta con ¢6 thé do do dan
dién bing phuong phdp khong tiép xiic 7.

bing cdch dwa miu do vdo cdc budng Hinh 5-11: So d6 phuong phép cubn
cong hl.l'f)’ng sidu cao tin (lo‘in)_ cam do dién tr¢ sudt khdng tiép xtc.
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5.3. CAC PHUONG PHAP XAC PINH NONG PO HAT DAN
VA TAP CHAT

Né6ng d¢ hat din lién quan dén do dn dién (hay dién tr& suft) nhu trong
cong thirc (5-1), tuy nhién né khong thé suy ra tit két qua do do din dién ma
phéi xdc dinh bang nhimg phuong phép do khdc. Néng d6 hat din va néng
do tap chét thudng duge xem 12 dong nhdt v6i nhau, diéu nay chi thuc sy
dung khi vat ligu duge pha tap déng déu. D6i véi vat lieu pha tap khong
dong déu thi néng do hat din va néng d¢ tap chdt khic nhau déng ké.

Trong phdn nay ching ta s& nghién citu cdc phuong phdp x4c dinh néng do
hat din ciing nhu néng d¢ tap chat. C6 hai loai phuong phap da dugc sir
dung: c4c phuong phap dién va cdc phuong phép quang.

Trong céc phwong phap dign thi ddng chd ¥ cdc phuong phap sau:
- Phuong phiap C-V
- Phuong phdp hiéu tmg Hall,

5.3.1. Phuong phap C-V

1. Chiing ta s& bit ddu phuong phap C-V néi chung: phuong phép dién dung
vi phén (differential capacitance) trén cfu tric kiéu diode Schottky. Gid sit
chiing ta ¢6 mét phi€n bin din pha mét loai tap acceptor, N (x) - nong do
tap phu thudc vao khodng cdch dén bé mat x. Trén bé mit phii dién cuc kim
loai v6i thién 4p mot chiéu U v mot ngudn xoay chiéu u.

Vi thién 4p U trén bé mat bén din 6 16p ngheo (16p dién tich dia phuong -
space-charge) bé diy W cla 16p ndy phu thudc vao thién 4p theo (2-154).
V&i so d6 trén hinh 5-12a dién dung vi
phan (hay dién dung tin hiéu nhd) véi

thién 4p nguge U duge dinh nghia 1a: Na 1
C=_°L%5 (5-14) ;cgp-_ W p—0W '

3 day Q, 13 dién tich cba bin dn
(trong 16p dién tich dia phuong) ddu (-)
¢ day nd6i 1&n ring khi dién 4p dwong &
cuc kim loai tang lén thi dién tich am
cua bdn din ciing ting lén). Dé xéc
dinh dién dung ngudi ta ding mot
nguén xoay chiéu u (u(t) = u,sinwt o .

ching han) c6 tin s6 tr 10KHZ 060 hauers o nin b8 o0 comamtr b B i
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Chuong 5: Cac phitong phép xac dink théng s8 cia chat ban dan

IMHz v6i bién d6 u, = 10 + 20mV. Gia sr diode véi thién 4p U coéng v6i u,
khi u thay d6i mot dién 4p duong nie d6 lam cho dién tich trén cuc kim loai
thay d6i mot lugng dién tich duong dQ,,. Lugng digén tich dQ,, nay phai
dugc can bang bdi lugng dién tich trdi ddu dQ, trong bién din, suy tit hinh
5-12b ta cé:

dQQ, = -e.S.N (W).dW {5-15)

trong d6 S 12 tiét dién ngang ctia phién bén din.
Tir (5-14) va (5-15) ta co:

Cz—cll—%‘:eSNa(W)%% {5-16)
0 day chiing ta d ngdm gia thiét N, khong déi trong mot khoang nhé dW.
bién dung ctia 16p ngheo khi diode ¢6 thién 4p nguge 1a: '

C 58S
W

L&y dao ham % tit (5-17), chi y c;—\g ¢6 thé tinh dugc i (5-16), ta c6:

(5-17)

_ mesaw ¢ oaw_ O
dU W2 dU  gg,S dU  ege SN,
Tir day ta rit ra dwge bidu thitc tinh néng do tap chat N,;:

3
N,= - 3 (5-18)
ege,8°(dC/dU)
hay
2
N,= T (5-19)
€€,8,8°d(1/C*)/dU

chd y: d(1/CY/dU = —[ —5-2- J dC/du,

Sit dung cic cong thiic (5-18) hay (5-19) chiing ta c6 thé xdc dinh duge sy
phan bs ndng d6 tap chat N,. T dudng cong (C-V) chiing ta tinh duge do
d6c dC/dU hay 1a tir dudng cong (é— U) tinh d6 déc d(Cl—2 )/dU. Trong

cac cong thic (5-18) va (5-19) dien tich tit dién ngang S cla diode ¢6 56
mii bang 2 vi vay cén x4c dinh chinh x4c.
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2. Biéu thirc xdc dinh sy phan bd néng do tap chat (5-18) tim duoc déi vai
céu tric diode Schottky hoan todn ¢6 thé tng dung cho cdu tric chuyén tiép
P-N khong d6i xdng (chuyén tiép P-N mot phia) nhu P*-N hay P-N* néu
phan pha tap manh ¢é néng do 16n hon néng @0 phin pha tap yéu khoang
100 1an tr& len.

3. Céu tric diode MOS hay 1a tu MOS (MOS-capacitor MOS-C) nhu ¢ hinh 2-14
cling c¢6 thé si dung dé xdc dinh sy phan b néng d6 tap chit. Tuy nhién
viéc su dung tu MOS gap mot s6 khé khan lién quan dén dnh hudng cila cac
trang thdi phan bién giita 16p oxit va bdn din ¢6 thé bat hat dan, dnh hudng
ctia qud trinh phdt sinh hat dan khéng co ban va su ¢ mét ciia mot ty do 16p
oxit gdy nén mic ndi tiép véi tu 16p ngheo. Chinh vi vay bé day 16p dién tich
dia phuong (16p ngheo) trong ban dan phai dugc tinh theo cong thic phu

C{pF) thudc vao tu oxit C:
T J— L
W=egS| - (520
' Cc C,
150
a) Pé 1am vi du cho phuong phép dién dung vi
100 .

phan trén hinh 5-13 chiing téi gidi thién
dudng cong C-V cha chuyén tigp n"p (5-13a)

» dudi dang C = f(U), dudng cong C-V dudi
1 s s
OtV dang C—z- = f(U) (5-13b) va dudng cong
é@ (F?) phén bé néng d6 18 trong (5-13c¢).
210M .
-3
15100 2.?&]{"::!1 }
b) 2I0] saseey
Loy 15 g - c)
s 102} LI0%y :
51 kl.!t..l.l.'.
r‘0 2 s gUM A e m

Hinh 5-13: a- Budng cong C-V dang C = f{U); b- Budng cong C-V dang 1/C? = KU);
¢- Phan bd tap chét.
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4. Phuong phdp dign dung vi phéan cfing 12 mot céng cu hiéu qud d€ nghién
ctfu chuyén ti€p di chat, vi du dé xic dinh cdc bude nhay be ving AE_ va
AE,. Céc bude nhdy bd ving niy c6 thé duge xde dinh bing phuong phap
hap thu hdng ngoai hay phuong phdp phé quang phat xa, tuy nhién nhimg
phuong phép niy kha phitc tap va d¢ chinh xdc khong cao ldm.

Phuong phap C-V cho phép xéc dinh AE, va AE, dé dang nhdt déi véi chc
chuyén tiép di chat n-N hay p-P, & day céc ky wr n, p dang dé chi ban din
viing c¢am hep hon; N, P diing d€ chi c4c bdn dan viing cdm rong hon.

Dé nghién ciu mot chuyén
ti€p, vi du loai n-N, ngudi ta @) ] n N
tac nén mot diode Schottky 1
nhu & hinh 5-14a véi so d6
ving nang lugng & hinh 5-14b.
Trén hinh 5-14c¢ la hai dudng
cong C-V, dudng thif nhat
bén trdi 1a C = f(U); dudng
thit hai bén phai (dit nét) 13

L - f(U). Phan b6 tap chit
CZ

trong vit lidgu duge xdc dinh
bing d¢ déc m, vi m,.

Trén hinh 5-14¢, C, (plateau
capacitance) lién quan dén bé
day phdn bin din vang cdm |
hep va AU, (plateau voltage) . : , - U
lién quan dén budc nhdy b  Hink 5-14: a- Cau truc diode Schottky chuyén tigp n-N
ving (band offset). Dudng b- S¢ dd viing néng lugng;

cong C-V dua dén mot gia trj ¢- Céc dutng C-V.

néng do dién tir hién dung n”,

gid tri niy thudng khic v6i gid tri thye clia néng d¢ dién tir hay tir néng do
tap. Diu ndy ciing gidng nhu trong trudng hop ding phuong phdp C-V
thong thudng. Ngudi ta di tinh todn duge biéu thiic gid tri bude nhay AE,:

e’ n, /N

= —-n' -x,)dx —kTI 5-21
AE, . Uj[Nd(x) n(x)](x x;)dx n{ . CI} (5-21)
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trong dé ny, n, 1a nong d9 dién tir ty do trong phan 1 (IGp epitaxy) va phdn 2
(d€), N, va N, 1a mat d¢ trang thdi hiéu dung clia viing dan clia phdn 1 va
phdn 2, x; 12 vi ui phan bién cla
chuyén tlép n-N.

Trén hinh 5-15 biéu dién ndng do
dién tr hiéu dung n’ trong chuyén
1iép (n-GaAs / N-AlGaAs). TI‘J nhimg 1 Ng(0
s0 lieu thuc nghiém ngudi ta tinh (

duoe AE, = 0,248eV. O day ngudita igel 2 i ] f ;

gia thiét néng d¢ tap chét N, thay déi E

n'(x) " ' T

Ll o - 4
510 Jn(x)

mdt cdch dot bién nhu & hinh 5-15, 0 : ;‘i : -
gid tri x; cing dugc gia thiet tr diew ., 5.95: Néng do disn 1 hiu dung
kién thuc nghiém. trong chuyén tiép (n-AaAs / N-AlGaAs).

5.3.2. Phuong phap hiéu iing Hall

1. Phuong phdp hiéu ing Hall 12 phuong phédp théng dung dé xdc dinh néng
do hat din n. Chiing ta biét ring d6i v6i ban din chita mot loat tap chét (vi
du donor) thi:

Aq
n.e

Ry= (5-22)

trong d6é A, 12 nhan t§ Hall phy thudc vao co ch€ tin xa cla dién tir. Néu
chiing ta déng thdi x4c dinh duge do din dién clia méu o, ta ¢6 thé xdc dinh
duge d6 linh dong cha hat din:

trong d6 p, goi 12 do linh dong Hall phu thudc co ché tén xa hat dan.

Trong mét viing nhiét dd khd rong va nbng d6¢ tap chat khi rong gid tn clia
nhan t6 Hall gdn bing 1, vi thé ta cé thé viét:

Ry= — (5-24)

en
Miu do hiéu tmg Hall dugc gia cong c6 dang nhu & hinh 5-16, cdn so d6
nguyén 1y mach do duge trinh bay & hinh 5-17. & day ¢6 b6 trf nhidu he
cong tic dé: thay ddi nguén nudi (S,), thay ddi dién trés phu trong mach cung
cip ddng dién (S;), ddo chiéu phép do (S,). Ddng dién ¢6 thé do bing cdch
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do hiéu dién thé trén dién trd phu (gifia hai diém A va B). Hi¢u dién thé tén
dién tro phu ciing nhur hiéu dién thé Hall ¢6 thé do béng che d¢ dién k€ (nhd
electrometer} hoic ch€ d¢ dién the ké.

Khi dién trd suit cha méu nhd hon
10°Qu.cm, tir trudng ding trong phép
do ¢ gia tri cam ung tir B ¢& 0,5T.

Trong phép do hing s¢ Hall cin luu
¥ trinh nhimg anh hudng cia cdc
yéu t§ ¢4 thé 1am sai léch k&t qua,
nhu cdc hiéu dng nhigt dién, hiéu
ting tir nhiét. R4t nhiéu nhimg higu Hinh 5-16: Hinh dang méu do higu tng Hal.
tng nay phu thudc vao chiéu dong
dién va chiéu tir rudng. Vi viy ngudi | )
ta tién hanh bdén phép do véi hai l
chiéu dong dién qua miu va chidu tir 5
trudng khic nhau, sit dung bén cong
tic Hall (1, 2, 3, 4 trén hinh 5-17).

Dé xdc dinh do din o ngudi ta do Xo_{g,_
hiéu dién the Ug'? va U™ 3

ul? %[ U1+ US| ., f

Uk = %[ UR D+ UR D) | % —=
r6i 14y trung binh Hinh 5-17: S0 d8 ngt_gfén Iy do higu ung Hall

Uy = %[ UL;Z +Ui’4 ] 1.4- cac tiép xtc.
Tir day tinh duge p theo cong thite:
“Tix o2

trong d6, a, d, € 1a kich thu6c miu, K 14 heé s6 hi¢u chinh phu thuoc hinh
dang va kich thude méu:
248

2 2
K=1-2950 gretgd e Din (5-27)
né Y 2 44l
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vGiy = % va S tiét dién ngang ciia miu (bing a.d). V&i miu nhu & hinh 5-16

néua=2mm, d = 1.5mm, {=5mm, K c6 gid tri ¢& 0,96.

Dé xdc dinh héng s6 Hall R, ngudi ta ciing xdc dinh gid tri trung binh U,
R ALY
Uy = 2( U+ UE* )

trong d6 cdc gid i Uy’ va UL* ciing 1a nhimg gid tri trung binh ciia bén
phép do, vi du:

1
ul? = Z[ UR (+1,+B) + U (-1, -B ) + U} (=1, +B) + U'P (+1,-B) ]

Tir day ta c6 hang so Hall-R,, trong trudng hop bén din chia mot loai tap:

Upd

R,=—-H 5-27

H LB ( )
1 Ry
n=—-: =1
RH.e “H p

2. Trong trudng hop méu do ¢6 hinh dang bat ky, nhu & hinh (5-7b), hiing s6
Hall c6 thé xac dinh bing phuong phdp Van Der Paul. Néu cho dong dién
chay qua a, n va do Uy, gilta hai cuc b v m thi hing s6 Hall ¢6 dang:

b,
_ U 4 (5-28)
T IB
trong d6 f 1a mét ham hiéu chinh phy thude vio bé day d.
3. Trong trudng hop ban din riéng thi hing s6 Hall R, c6 dang:

I 1-b
Ry= —.—— 5-29
T he1+b ©-29)
véi: b=t
Hp
—AEg
Mat khéc ta lai ¢6: n, = (N.N7 ¢ 2T

Tir cdc s6 liéu nay ta o6 thé xdc dinh duge AE, va b.
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4. Bai todn s& phiic tap hon khi trong chat bdn dan c6 hai loai tap chat
acceptor vdi ndng do N, va donor voi ndng do Ny Dé€ xdc dinh dugce riéng
biét ting gid tri Ny vd N, ching ta ding cong thic néng do dién tir & nhiét
d¢ thap khi ¢6 hai loai tap (xem 2-45):

&Ed
_Na—Ng 2 N,e _Na-N, 2 K (5-30)
2N, N,
-8By
trong doé: K= NZC e kT

Tir day ching ta thiy dé xdc dinh riéng biét N4 va N,, chiing ta chi cdn x4c
dinh gid tri ndng do dién tir & nhiét do cao khi ma:

n= m= Nd - NEI.
va & nhiét do thap khi ma noéng A6 dién tir duge tinh theo cong thic (5-30),
nghia [a:

(5-31)
T hai phuong trinh trén ta dé dang tinh dwge:

N, =K.+ (5-32)
nsz

Ny=n, ( IA] (5-33)
nz

Nhung dé xdc dinh N,, N, ta lai con phai xdc dinh K vi thé trén thyc t&€ ngudi
ta xdc dinh dudng cong phu thudc vao nhiét do clia nong 4o dién tir n(T).
Theo g6c nghiéng cna dudng thang In(n(T)) = f(1/T) & viing nhiét do thap ta
c6 thé xdc dinh duge AE, va tir d6 tinh gid trj K. Vi du d6i v6i Ge ta phai
nghién cifu viing nhigt do tir 4,2K dén 300K, d6i véi Si phai nghién citu vung
nhiét 46 tir 20K dén 300K.

Phuong phdp trén day chi sir dung dvge khi néng dd tap chat nhd, khodng
céch gifta cdc nguyén tir tap chat trong tinh thé 16n vi vi thé chiing chua
tuong téc véi nhan va chiing ta ¢6 thé néi dén mot gid trj AE, nhat dinh. Khi
ndng do tap chét tang 1én cao, cdc nguyén tir tap chal tdc dung v6i nhan, tao
thanh mot viing tap chit tiép gidp véi cac viing cho phép. Trong trudmg hop
ndy ching ta khong thé néi dén mot gid tri AE, nhét dinh va phuong phép
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xéc dinh riéng biét Ny vd N, khong ding duge. Trong trudng hop nay ngudi
ta ¢6 the sir dung sy phu thuoe cia d6 linh dong hat dan vao nhiét do d€ xdc
dinh riéng biet Ny va N, mot cich gdn diing. Chiing ta biét riing trong ving
nhi¢t d¢ thap d6 linh dong cha hat dén do co ché tdn xa trén cdc ion quyét
dinh va gidm xudng khi nhiét do gidm; trong viing nhiét do cao d¢ linh dong
clia hat din do co ché tin xa trén

phonon quyét dinh, né gidm xusng 7w, ¥
khi nhiet do tang lén nghia 14 d6 thi N~
linh déng phu thudc vio nhiét do céd ? f
mat cue dai. 7 ,j‘?
J ™ _4,/6'
D¢ linh dong clia hat ddn dat gid ri  °F i
cuc dai & mot nhiét do T,, nhat dinh, 4
nhi¢t d¢ Ty, phu thudc vao ndng do )
ion N; trong chét bdn din. Khi néng o nl N

do N; tang lén T, tang lén nhu bidu  #*  w#° 0% ®7 109 A,m?

dién & hinh 5-18 d6i vdi Ge loai n.
Nhu vay tir d6é thi tinh todn va thuc
nghiém trén hinh 5-18 ching ta cé
thé xdc dinh dugc gid tri N, va ta bist:

Hinh §-18: Sy phy thuc cda nhigt db tng
vai dg link dong cuc dai vae ndng do ion tap
chét: 1,2- cac dudng cong tinh toan duge
theo mot s& Iy thuyét; 3- dudng cong thuc
nghiém d&i voi Ge loai n.

Ni=Ny"+N, =(n, + N+ N,
— N, =n, + 2N,

Trong d6 n, 12 n6ng d¢ hat din xdc dinh duge bing phuong phép Hall. Khi
do hiéu img Hall & nhiét d6 T = 300K ta lai c6:

no = Nd - Na
Tir hai phuong trinh ndy ta xdc dinh duge Ny va N, riéng biét qua n, xdc
dinh bing hiéu img Hall va N; xdc dinh tir d6 thj Ty, = f(N,).
Dgi v6i Si va Ge phuong phédp nay gap khé khan trong vige x4y dimg dudng
cong chuén Ty, = f(N,).

Dé6i v6i GaAs loai n dai lugng AE;, rfit nho, ¢& 0,001 eV, nén c6 thé xem
nhir khong ton tai cc trang thai dinh xi v6i AE, phan biét 16 rang nén chi cé
mot phuong phdp duy nhédt dé xdc dinh riéng biét Ny vi N, 12 phuong phdp
dénh gid d9 linh dong cha hat ddn nhu trinh bay trén day.
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Chudng 5: Cac phuong phap xac dinh thong sd clia chat bén din

5.3.3. Cac phuong phip quang

Néng d¢ tap chét ciing nhu néng do hat din cé inh hudng dén dac trung va
tinh chdt quang hoc vi vay chiing c6 thé duge xdc dinh bing mot s§ phuong
phip quang:

1. Phuong phadp céng huong plasma

Trong muc (2-6) chiing ta di dua ra biéu thite clia hé s6 phin xa:

2,2

_ (n1-1)"+n3 534
2,2
(ny+1)“+n3

trong dé n, trong thuc t& 13 chi s6 khiic xa (chiét sudt), n, = zia tam goi 14
®

hé s6 suy gidm (extinction coefcicient). H¢ s& phan xa ctia bdn din cao trong
ving s6ng ngan, ¢6 xu hudng dat dén mét gid i khong ddi sau d6 thay d6i
mét cdch bét thudng trong viing séng dai hon, P4u tién nd giam dén mot cure
tiéu r6i ot ngot tang 1én dén 1. R tién t6i gid tri 1 khi tdn s6 clia photon vy,
ti€n dén gid tri v, - tdn s6 cong hudng plasma. Tdn s6 cong hudng plasma
lien quan dén budc séng cong huong plasma A,

2 [
oL e festom’ (5-35)
v < n

p

trong dé n 13 néng do hat din ty do trong ban din, m" 13 khéi luong hiéu
dung cha hat dan. )

A

Vé nguyén tic néu xdc dinh duge A, ta ¢6 thé xdc dinh duge n, nong do hat
din. Tuy nhién budc séng cong hudng plasma A, thudng kho xdc dinh boi vi
gid tri budc séng cong hudng khong rd rét. Vi vay ndng do hat din duoc xédc
dinh théng qua bube séng cuc tién Ay, tai 46 he s¢ phan xa cye tidu, Ay, <A,
Néng d¢ hat din lién quan dén A_;, theo cong thijc:

n=(Aky, +O° (5-36)
trong dé A, B va C la cic hiang sd cho trong “ASTM standart F398-82”.
Phuong phép nay hiéu qué trong trudng hop néng d6 hat din 16n (c& 108,
10" em™),
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2. Phuong phdp xdc dinh hé 5o hdp thu do hat dan tu do

Trong muc (2-6) chding ta dd c6 cong thiic hé s6 hdp thu do hat dan ty do (xem
(2-244));

3,2
e'An
g = —— B (5-37)
4ng, C7hm “
Thay gid tri ciia cdc hang s& vat 1y ta c6:
2
G = 5271077, 21 (5-38)

fi(m /m)?
Tir day ta thdy rang A cang I6n thi o cang ln, tuy nhién khi tién hanh phép
do cén tranh cdc gid tri A Gng v6i sy hap thu clia tap chét hay cia mang tinh thé,
Vi du trong silic hap thu cba oxy tai A = 9,05um, cha carbon d A = 16,47um,
hdp thu do mang tinh thé & 1an can A = 16um...
béi véi silic ngudi ta diing cac cong thitc cu thé:
Open = 103705 0., =2,7.10"%2%p (5-39)

trong d6 n va p 1a ndng do dién tir va [ trdng (tuong iing) tinh bing (cm™), A
tinh bing (um).
Pai véi GaAs loai n ngudi ta ding cong thic:

o, (A= 1,5pm) = 0,84 + 4.10"%n

o (A =0, 9um) = 61 -6,5.10"*n (5-40)

Phuong phdp hé s6 hép thu do hat dan dugc ding hiév qua chi cho cdc
trudmg hop n 16n hon 10'7 cm™, vi khi n nhé hon thi a, thuong qué nhé khé
xdc dinh.

3. Phuwong phdp pho héng ngoai

Khéo st phd hdng ngoai clia ban din dé xdc dinh néng do tap chat 12 noi
dung cha phuong phdp ndy. Quang phd héng ngoai lién quan dén sy kich
thich chuyén mitc clia dién tir (hay 16 tréng) tir trang thdi co ban Ién cic
trang thdi kich thich. Gia sir ta xét ban diin loai n biéu dién & hinh 5-192. §
nhiét do thap gin nhu 14t cd dién tir bi “dong cing” & trang thai cd ban donor
(Ey), dién tir trén viing dan gn nhu khong c6 n, ~ 0. Mifc nang lugng ¢o ban va
cdc mufc kich thich ctia donor duge phong to va biéu dién & hinh 5-19b.

186 Trugng Dai hoc Bach khoa Ha N6i



Chuong 5. Cac phugng phap xac dinh théng s6 cla chat ban din

Ee

2 b}
h\'(&Eg
A E

E
\.&..tW.n..t.Ec X R BRI

d

hv>AEg
o Ea
E'd‘ Ey
a) o)
Hinh 5-19: a- S0 d4 nang luong ban dan donor & nhiét d6 thap, b- So d8 phong dai cac mire
nang luong kick thich clia nguyén t donor; c- 56 d8 ndng lugng ban din bu tre N, > N,

Vdi photon ¢6 nang lugng hv < (E_ - E,} doi vdo miu cé thé xdy ra qud trinh
hép thu: dign tr tir mitc donor co bin chuyén mic 1én viing din gay ra mot
dédi hdp thy lién tuc, dién wr ciing c6 thé tir mifc donor co ban chuyén mifc
lén mot muifc donor kich thich giy nén mot dinh hép thu nhon trong phé
truyén qua. D€ lam vi dy, trén hinh (5-20a) trinh bay phé truyén qua cha
silic ¢6 chita photpho, arsen. Bang cdc gidi phdp tang cudmg do nhay ctia phé
héng ngoai ngudi ta ¢ thé xdc dinh duge ndng do tap chat it thip (co
5.10"cm™). Phuong phdp hieu ¢ng Hall ciing c6 thé xdc dinh dugc ham
luong tap chil tuong duong nhur viy nhumg phuong phdp quang hoe don gidn
hon vi d6 la phuong phdp khong ti€p xtc.

g

b B 108y WWM
| -
g % As > 8- N’ Al ) ax 0% em?
2 eo— 1P Lixld em? =] & ?-}}Smn N
g 9,7%10" ern? 3 e
£ 0 o - | Bo L&Y em?
5 kA
= O s6 song 'y, g 2 1P v) S6 s6ng 1!3\
=2 <
i ] | L ] L | I H @ 0 1 I ] J_ 1 ] 1 J
100 150 400 450 500 300 50 400 450 500

Hinh 5-20: a- Phé truyén qua cla Si khi khéng co buc xa nén; b- Phé truyén qua cla Si khi
c6 buc xa nén voi hv > aE,,

Chiing ta bi€t ring hdu nhu tdt ca cdc phuong phdp dién chi ¢6 thé xdc dinh
ndng d¢ hat ddn da b tricn = N, - N, trong ban dén loai n. Phuong phép phé
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héng ngoai nhu vira trinh bay cling chi ¢6 thé xdc dinh néng 46 hat din da
b trir (Ng - N,), bdi vi ngay ¢ nhiét do thdp ciing chi ¢6 n = (N, - N,)} dién
bi “déng cing” ¢ trang thdi co ban donor. T4t ca cdc trang thai acceptor déu
bi dién ddy bdi dién tlr tir trang thai doner. Tuy nhién chiing ta cling c6 thé
xéc dinh duoe néng d¢ tap chét acceptor N,. D€ ¢6 thé xdc dinh duge ca Ny
va N, nguoi ta phai doi vio méu bic xa nén ¢6 nang lwong photon hv > AE,.

Mot s6 cap dién tir, 16 tréng du phét sinh boi bifc xa nén (vdi hv > AE o) do
s€ bi bat gilr b&i cdc ion donor vA acceptor, nghia [ tdt ci cdc nguyén t
donor va acceptor déu trd v€ trang thdi trung hoa dién nhy trinh bay & hinh
5-19¢. Bay gio néu doi bitc xa hong ngoai budc séng dai vao miu, bifc xa
héng ngoai s& kich thich cdc dién tir 1én cdc trang thai donor kich thich va
cdc 16 tréng d&n cdc trang théi acceptor kich thich. Trén hinh 5-20 biéu dién
phé truyén qua ciia Si trong hai trudng hop: 5-20a khi khong ¢6 chiéu bife xa
nén (véi hy > AE,) v 5-20b khi ¢ chi€u bitc xa nén.

Phd héng ngoai khong nhitng 12 phuong phép xdc dinh mét cdch dinh tinh
loai tap chdt ma con 13 phwong phdp dinh lugng néng do tap chat khd
chinh x4c.

4. Phuong phdp huynh quang

Quang huynh quang photo luminescence (PL) 12 mét phuong phdp xdc dinh
néng 49 tap chat kha hiéu qua. Quang huynh quang dua trén sy tao ra cac
cap dién tit - 16 trong bing cdch chidu bite xa va ti€p theo 12 qué trinh tdi hgp
bitc xa phdt xa ra cdc photon. Cudng d¢ biic xa tii hop ty 1& vdi ndng 4o tap
chat. Chi ¢6 cdc qud trinh tdi hop bidc xa mdi phédt xa photon, con tai hop
khong birc xa khong duge ghi nhan va bi loai khoi tin hiéu huynh quang.

Phuong phdp huynh quang cho phép nhan biét loai tap chat rdt chinh xdc vi
d¢ phin gidi nang lugng cha phd huynh quang rat cao. Tuy nhién viéc xéc
dinh néng do tap chat ¢6 nhiéu khé khan hon dé [ vi rit khé tim ra chinh
xdc moi twong quan giira ctrb‘ng do vach phd ing vdi tap chdt va néng do tap
chat d6. S& di nhu vay 13 vi song song véi tdi hgp bic xa lién quan dén
chuyén muc tap chit nong con c6 tii hop khf)ng bitc xa thOng qua cdc tam
sau va cdc trang thdi bé mat, ma néng 46 cac tam t4i hgp nay lai thay ddi
theo cac méu khdc nhau.

Khé khin nay c¢é thé vuot qua biing cich xdc dinh cdc vach phd huynh
quang trong c¢d hai miu: miu tinh khiét (intrinsic) vd mau chita tap chét
{extrinsic).
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So d6 phd k& huynh quang dwoc bidu dién & hinh 5-21. ( day dnh sdng laser
¢6é nang lugng photon hv > AE, dugc doi vio mau 1am phdt sinh cdc cip
dién i - 16 trong, sau dé ching tai hop theo mot s8 co ché khdc nhau. Téi
hop gay ra bifc xa photon la td1 hop bic xa. Ning lugng photon phu thude

Ar laser
guang quet
min do
trong
] 1 (budng tanh
may ng 1
i {nhiét 0
[ o0 3 Ferector heti l3ng 4,2K)

Hinh 5-21: S0 d8 b8 tri phd k& huynh quang.  Hinh 5-22: 80 d8 céc chuyén mue huynh quang
vilo qud trinh bifc xa dugc biu dién & hinh 5-22, & day biéu dién 5 qu4 trinh
chuyén nutc thudmg gap trong huynh quang ctia ban dén:

(a) T4i hop vling - viing thudng xdy ra manh & nhiét 46 phong, & nhiét do
thap x4c sudt tdi hop khong cao.
(b) T4i hop exciton tt do (FE), exicton ¢6 thé chuyén dong tr do trong tinh thé.

(¢) T4i hop exiton lién két (bound exciton - BE) cdu tao tir mot 16 tréng tu do
vGi mot donor trung hod thanh mét ion exciton tich dién duong (positively
charged excitonic ion, BE-D)

{(d) T4i hop exciton lién két (BE) cflu tao tir mot dién tir ty do vdi mot 15
tréng trén acceptor trung hod thanh mét ion exciton tich dién duong (BE-A).

{e) Tai hop giifa dién ti clia donor trung hoa va 18 tréng cla acceptor trung
hoa (D-A recombination).

Ning lugng photon trong trudng hop nay la:

2
hv = AE, - (AE, + AE,) + ~——S——
g~ {4k a) dmeseot

trong dé r 12 khoang cdch giffa donor va acceptor.

Trén hinh 5-23 biéu dién phé huynh quang cha silic tinh khiét (5-23a) va
phd huynh quang silic ¢6 chita tap chat (5-23b). Ty s8 X o(BE)/Io(FE) ty 1&
v&i néng do tap chat X, & day X.(BE) 12 cudng dé ciia vach phé tdi hop cua
exciton lién két vdi tap chét X ¢d sy tham gia clia phonon quang hoc phén
cure ngang (transvers optic phonon), Io(FE) 12 cudng d6 cla vach phd téi
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hop exciton ty do trong bén dan intrinsic c6 sy tham gia cia phonon quang

hoc phén cue ngang - TO.

Byl BE)
Pro(BE)

Bral®))
peBE) BB Ty

Pup(BE)

Prap(by)

{a)
1.145 1100 1098
Nang lugng {eV)

iSO L0

I FE} Broib,i#Prglb,)
[:’m(ﬁsl
(b) ﬂ

I- intrinsic

TQ- Tranverse ophcal phonon

LO- Longiuding OP

B - k¥ 13U kén quan dén
multisle bound exiton

Hinh 5-23: Ph6 huynh quang:
a- Silic fink khigt;
b- Sitic ¢o tap chal.

Trén hinh 5-24 biéu dién dudng cong

102 . —
chudn lién he gida ty s6 cudmg do %
huynh quang v néng do tap chat doi o' . A/;f/r‘ :
véi B va P trong Si. | e ;

.”P

DE két luan phén nay cdn phii nhén
manh ring d¢ xdc dinh loai tap chét,
néng do tap chat con cé mot s6
phuong phip nita vi dy nhu phuong ok
phdp khsi phé k€ ion thit cdp 10"
{secondary ion mass spectrometry),
phuong phdp tin xa ngugce Rutherford
{Rutherford backscattering).

=

Ty s6 cuting 4¢ huynh quang
s

10'¥ ]0#3 * j.:]“ “I]U
N&ng 6 tap enét (om™)

Hinh 5-24: Budng chudn lién hé gitta ty 6

cuting dé huynh quang va néng d6 tap chét.

5.4. CAC PHUONG PHAP XAC PINH PO LINH PONG CUA HAT DAN

Do linh dong ctia hat dén cling 12 mot thong sd quan trong cha ban din, vi né
anh hudng tryc tiép dén ddp 1ing t4n s6 (frequency response) va dép ttng thoi
gian (time response). Ngudi ta sit dung mot s6 khdi niém dé linh dong c6 doi
chiit khic nhau, chiing ta c6 thé ké ra day cdc khdi niém khac nhau dé:

- B¢ linh ddng co ban 13 d¢ linh dong vi mo duge tinh tir nhitng khai niém co ban
va mo td do linh dong clia hat din trong viing ning luong titong g clia nd, dién
tr trong viing dfn, 18 tréng trong viing hod tri.

- B0 linh dong theo do ddn (conductivity mobility) dwoc suy ra tir bién thic
do dan hay dign tré sudt x4c dinh biing thyc nghiém.
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- B6 linh ddng Hall (Hal! mobility) duge xdc dinh tir hiéu dng Hall; né khdc
véi d§ linh dong theo do din béi nhan 6 Hall (Hall factor) A, A, phu thude
vao ca ché tdn xa cla hat dan (xem 5-22, 5-23), (A,, A, thudng 16n hon |
mot it, vi du khi tdn xa trén ion A = 1,93, khi tdn xa trén phonon A = 1,18).

- B¢ linh dong cudn (drift mobility) 12 do linh dong cita hat dan do duogc khi
hat dan khong co ban (minority) chuyén dong cudn trong dién trudmg.

Ngoai ra con mot 56 khdi niém dé linh déng lién quan dén chuyén dong clia
hat dan trong nhiing diéu kién dac biét cla linh kién hay trong nhimng hiéu
tng vat Iy khic nhau nhur

- B¢ linh dgng hi¢u dung trong MOSFET,

- 6 linh déng hat din co ban,

- B¢ linh dong hat din khong ¢o bin,

- B¢ linh dong tir dién tro.

5.4.1. X4c dinh 46 linh dong theo d6 dan
C6 thé xéac dinh do linh dong tir cong thic tinh do din dién:

a =e(n 1, +py,) (541)
Déi vdi bin ddn loai p ta ©6 p >> n va dg linh dong cla 16 rdng ., duoc tinh
bang:

==L (5-42)
¢p  epp

Po d9 dar dién va ndng d9 16 trong ta dé dang xdc dinh d6 linh dong cha 16
tréng. Nhu vay dé xdc dinh do linh dong theo do din ta chi c4n xic dinh
néng do hat din co ban va do dén hoic dién trd suat,

5.4.2. Do linh ddng Hall
D¢ linh ddng Hall duge dinh nghia theo cong thite (5-23):
R
T TH =Ry (5-43)

D¢ hiéu ro dinh nghia nay chiing ta xét thi nghiém hiéu itng Hall nhu & hinh
(2-4). Noi dung cua hiéu 1ing Hall ta: khi cho dong dién | chay qua miu theo
truc x, cho tir trudng B tac dung theo truc y, ngudt ta do duge U, theo truc z.
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Nghia 1a theo truc z ta ¢é dién truding €

U o £ Uyb
g€,=—H = Ry| BJ - Ry= 2% = —HO
T n[ BT ] " BJ ~ 1B

Hiéu img Hall dugc gidi thich nhw sau: khi khéng c6 tir trudng, hat din vé
trung binh chuyén dong song song véi truc x, theo truc z dién trudmg bing 0;
Khi c6 tir trudng B theo truc y, do tir trudng tdc dung nén hat dan bi léch
theo truc z, 1am cho mét mét gidi han theo truc z thira dién tich ciia hat din,

mat kia thi€u loai dién tich d6 dén dén phat sinh dién trudmg €,. Dién trudng

€, tac dung vao hat dan, khi d6 hat din lai chuyén dong song song véi truc
X, diéu kién nay dat duoc khi

e€, +e[VyxB]=0 - €,=-[v4xB]
trong d6 ¥4 1a van t6c cudn cha hat din, Thay gid tri V4 = p& tacé:
€,= -u[ExB]

Theo dinh nghia €, =Ryl BxIJ)= Ryc[ExB]
So s4dnh hai biéu thic ta ¢6:

My =Ryo = Ry

3 day do linh dong x4c dinh théng qua hing s& Hall nén dugc goi 13 46 linh
dong Hall py,.

Vay d€ xéc dinh d¢ linh dong Hall ngudi ta xdc dinh hing s6 Hall Ry, va do
din (hay dién tré suft clia mu). Trong muc (5.3.2) phuong phdp hiéu tng
Hall duge diing d€ xdc dinh néng d¢ hat din thong qua viéc xdc dinh hiing
s6 Hall (vi du d6i v&i ban din donor):

A
Ry= R Hep = Agly
n.e

G day méu do duge b trf thém cdc cong tic Hall dé cé thé xé4c dinh do din
(hay dién trd sufit cia méu), Ciing ¢6 thé ti€n hanh do dién trd sust bing
nhimg phép do khic chinh xdc hon.
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5.4.3. Phuong phap thoi gian bay do d6 linh dong cuén

Phuong phép thoi gian bay dé do do linh dong cuén (time-of-flight drift
mobility) cta hat din khong co ban 14n ddu tién duwge tién hanh trong thi
nghiém cua Haynes-Schockley. So d6 nguyén 1y ca thi nghiém dugc biéu
dién & hinh 5-25a d6i vdi mau ban dén loai p.

Bién ap dit vao thanh bdn din 1a U gay dién trudng trong miu 1a € = E

r* L *t 110w y
— ¢ d=0.025 cm
*—nr h é,__‘g 10 f}
[ § e} = E /
G 6wt
= 005 cm
v a) -.::_‘;4 192 | p 0OTS em C)
';! <1 2ionk | \/ ’(\\ Q0.1 cm ]
! ' J / AN
a
0 . .
aal 1 0 5107 1104 1.5 10
a Théi gian{s)
X086 \e
g f
gc.q - 6 1012 T
:- f B) 5 s
Eoaf A ] d)
< j (?E 4 102k -
0 i . 5
0 1300 2300 3100 420 =
Thdi gian(s) ‘:-:2 i
Hinh 5-25: a- So d8 nguyén Iy thue nghiém =
Haynes-Schockley; b- Phan b8 didn 1T khi )
t=0: ¢ Dang xung ghi duge & cée foa db 9 T 107 | 104 s 104
khéc nhau;  d- Dang xung ghi duge & thof Thai ai '
gian khac nhau tai mdt toa do. | gian (s)

Gia sir dién i dwoc phun vao tir mot n-emitter va duoe thu & collector. Mot
xung dién tir (hat din khéng co ban) duge phun vao chuyén dong cutn dudi
tic dung cua dién trudng tir emitter d&n collector. Gid st tai t =  dién
duge phun vao, khi t > 0 chiing khuéch tdn, tdi hgp vdi 18 tréng (hat dan co
ban) déng thdi chuyén dong cubn doc thanh bén dn. Vi vay xung dién tir bi
dan trdi ra do khuéch tan va suy giam do tai hgp. Hinh dang xung dién it
nhu 1a mot ham thoi gian t va toa do x duoc bidu dién bdi cong (hic:
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( (x-vqt)’ t}
An(x,t) = An(x,0)exp| ——==" 1
rn

4D, t
2
{ (x-vgt) ¢
= exp| — -— (5-44)
\l' 4T[D 1 t [ 4Dr|t Tn J

trong dé An{x,0) 12 mat d¢ dién tir (dién tit/em?®) trong xung dién tir khi
t = 0. 56 hang thit nhit trong s6 mi lién quan dén chuyén dong khuéch
tin va chuyén dong cudn cha dién tlr, s6 hang thit hai lién quan dén qué
trinh tdi hop.
Thoi gian dé cho xung dién tr xudt phét tir emitter chuyén déng cudn dén
duge collector ta ty = d/vy, trong d6 d 1a khoang cach emitter - collector, k¥
hiu trén hinh 5-25a vy = €. Dua vaoe sy phan b6 dién o trong xung dién
tir & thavi di€ém t = O trinh bay trén hinh 5-25b c6 thé tinh duge dang xung dé
theo toa do va thoi gian nhy trinh bay & hinh 5-25¢ va 5-25d.
Thoi gian ty duge xdc dinh bing cdch do xung & 14 ra theo thdi gian v6i bién
d6 xung thay ddi va ndi suy dén gid ui khong cha bién d6 xung. Bién do
xung c6 thé giam dén khi vi trf cwre dai clta xung khéng di chuyén dai hon
theo thdi gian. Bidu ndy dam bao ring ndng 46 hat din khong co bin khong
gay su nhiéu loan dién trudng trong miu.
D¢ linh dong duge xédc dinh bing cong thic:
d
= — (5-45)
= e €

Tir két qua thuc nghiém ndy ngudi ta ciing c6 thé xdc dinh dugc he sd
khuéch tan cia hat din D, qua bdn dd rong cia xung ra At (khoang thdi gian

giita hai diém ma tai d6 xung ra cé d¢ 16n bing % gid tri cyc dai xung) tinh
todn da din dén cong thic:

d.At)?
D= (48"

(5-46)
" 16In2.03

Thai gian séng cha hat din cling ¢6 thé xdc dinh dwge bing cdch x4c dinh
hai thoi gian bay t4, va ty, Ung v6i hai gid tri dién dp cudn U, va U,. Néu gia
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thiét hat ¢an khong co ban khéng bi bét, xung 16} ra ¢6 dang Gausstan thi
thdi gian séng c6 thé nhan duge bing cdch so sanh bién do6 xung ra Uy, va
U, va thoi gian séng cha hat ddn duogce tinh nhu sau:

La; —t4n
ln(UOIfUUE) 051n( td')a"tdl)

T, = (5-47)
Duya trén nguyén 1y cta phuong phép thdi gian bay dé do do linh dong ¢o
khd nhieu phuong 4n k¥ thuat khic nhau duge nghién ctu sir dung.

5.5. CAC PHUONG PHAP PO THOI GIAN SONG CUA HAT DAN
5.5.1. Khai niém thdi gian song clia hat dan

Thoi gian song 13 khéi niem di duge dé cap dén tir rat sém, c6 thé néi 12 tir
khi bét ddu nghlén ctfu ban dén. Thoi gian séng 12 mot thong s6 dac trung
quan trong cha ban din, nd 1a mot trong rét it cic théng s§ cho biét nhiing
thong tin vé néng dé sai hdng rat nho, trén thuc té it co mdt k¥ thudt ndo ghi
nhan duge néng d¢ sai hong nho dén 10'° + 10" em™ nhu phuong phép do
thoi gian séng.

Tuy nhién nhilng phuong phdp do khic nhau thudng cho nhiig gi4 tri khéc
nhau ddng k& dgi voi cling mot miu hay ciing mot cdu tric. Trong da sd
tru‘(mg hop thi nguyén nhan cha sy khdc nhau d6 khong phai 14 do d6 chinh
xdc clia phép do ma 1a mot van d¢é réit co ban vé khdi niém thoi gian sdng.
Khé khan trong viéc xdc dinh thdi gian sﬁng 12 & chéd ching ta ding thoi
gian séng d€ mo ta tinh chat cla hat din nim trong chdt ban din chit khong
phdi d€ mo ta tinh chét cia ban than ban din. Mic ddu chiing ta thudng céng
bd mot con s& duy nhat 1am két qua phép do nhtrng thye sy ching ta da do
mot két qua trung binh n&o d6 cua sy van dong cha hat dén dudi dnh hudng
cla bé mat, cla mat phan bién, cira ndng do tap chat, nong do hat d.in bén
canh nhimg tinh chat cia vat 1iéu ban dan va cha nhiét do.

Thoi gian song chia thanh hai khdi niém so ding: thai gian s6ng tai hop
(recombination lifetime) va th&i gian s6ng phét sinh (generation lifetime).
Khdi ni¢m thdi gian séng tai hop 1, duge diing khi mo 6 qud trinh suy giam
néng do hat din du do t4i hop. Thdi gian séng phdt sinh 1, duge sir dung
khi ¢6 sy thi€u hut hat dan (vi du trong ving ngheo, vung dién tich dia
phuong trong diode méic ngugc) vA qué trinh phét sinh xdy ra dé huéng
dén sy can bing.
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Trong qué trinh tai hgp mot cap dién tlr 1& tréng bi€n mét trung binh sau tho
gian 1. Thoi gian séng phit sinh ciing duge dinh nghia twong ty, d6 la théi
gian cAn thiét trung binh dé sinh ra mot cap dién tlt 16 trong.

Khi qué trinh tii hop va phdt sinh xdy ra
trong kho. chit ban din thi ching duge
dac trung boi 1 vA T, coOn khi chiing xdy Photon
ra trén bé mit thi ching dugc dic trung
bdi van tdc tdi hgp bé mat S va van toc
phét sinh bé mét S,,.

Co ché tdi hop duge minh hoa & hinh 5-26.

(a)- T4i hop qua tam, da duoc Shockley- Hinh 5-28: Céc cd ché tai hgp.
Read-Hall nghién citu, vi vay thdi gian

s6ng do t4i hop qua tam 12 gy, t4i hop nly chi c6 sy tham gia ¢ha phonon
ma khong bic xa ra photon nén goi 1 t41 hop khéng bifc xa hay téi hgp
phonon.

Ly thuyét SRH di dua dén cong thifc Tyy!
Tep{ny +1y +AN) + T (P + P +AD)

— 5-48
SRH p, tn, +An ( )
E,E, (E, ~E,
trong dé  n, =nex S A =n exp| ———~
B 1 i p( kT ) P 1 p[ kT ]
1., = thi gian bét 1 irng = !
Gp-vth.Nt
v6i o, = tiét dién bt 16 tréng.
1., = thoi gian bét dign tir =
“ oo-Vin-Ny

véi o, = tiét dign bit di¢n tir.

(b) - T4i hop bitc xa hay tai hgp truc tiép ving - viing phat xa ra photon nén |
cdn goi 1 t4i hop photon. Toc d¢ tdi hop bic xa ¢ thé suy ra tir (2-248) va
(2-251)

1
" B(p, +1, +An)

trong d6 B 12 hé s& tdi hop bifc xa (radiative recombination coefficient). gid
tri B trong mot s& chét duge cho & bang (2-5).

(5-49)

T
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(c)- T41 hop bite xa Auger 14 tdi hgp true tiép ving - vung nhung nang lugng
tai hop duye chuyén cho mot hat thit 3, vi vy day la téi hgp khong biic xa.
Ngudi ta tinh duge thoi gian song theo ¢o ché Auger 1, 1a:

1

Cp(pﬁ +2p,An + Anz) +C, (ng +2n,An+ Anz)

tAugcr =

N 1
Cp(pg +2p0An+An2)

(5-50)

trong d6 C, va C, 1a h¢ s6 ti hgp Auger cta 16 trong va dién tir tuong Ung.
Trong Si C,=2,8.10"" (cm%s), C,= 1.103 (cm®s).
Trong GaAs: C,=L16. 107 (cmb/s); Ce= 4,6.10°" (cm%s).

Toc d¢ tai hop qua tam & trong khdi din dén cong thiie thdi gian sOng e, &
(5-48) 1a:
(pn-st)

tcp(n+n1)+rm(p+p])

(5-51)

Cling v6i t4i hgp qua tam trong khéi c6 thé ddng thisi xdy ra tdi hop qua tam
trén b€ mat hoac trén phan bién.

Téc d6 tai hgp bé mat qua tam 1a:
_ S,S,(pgng—nd)
Sn(ns +n15)+sp(ps +p]s)

s {(5-52)
Chi s8 s & cdc dai luong nhur (ng, p,, 0y, ;o) 1 gid tri & bé mat, do bing (cm™).
Céc dai lugng S, S, biéu dién biing cac cong thic:

S, = Gpe VN, S, = OpeVin N, (5-53)
trong 6 6, O - ti€t dién bét dign tit, 16 trong trén bé mat, N, - mat d¢ tam
bit trén bé mit tinh theo (cm™). S,, Sp ¢6 thit nguyén (cm/s) nén duge goi 1a

vin téc t4i hop bé mat cia dién tir, 16 tréng (surface recombination velocity,
phan biét v6i t6c 4 tdi hop bé mit surface recombination rate).

D6i véi tai hgp bé mit ngudi ta ding khédi niém vén t6c tdi hop bé mat §,
tinh todn din dén cong thiic:
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S - R, SnSp(p05+nos+Ans)

AN Sy(ngg 0y + AN ) +S,(Pos +Prs +AP,)

(3-53)

Qud trinh phat sinh c6 thé néi 1a qud trinh nguoe lai qué trinh t4i hop: tng
vdi tai hop da phonon (multi-phonon recombination) 1a qué trinh nhiét phat
sinh, img vdi t4i hgp bic xa la qud trinh h4p thy quang hoc quang phat sinh,
Ung vGi tdi hgp Auger 14 qua trinh phat sinh do ion hod va cham (impact
ionization). Néu khong ¢6 tdc dung bén ngoat (khéng chiéu sdng, khong cé
dién trudng ngoai) thi qud trinh quang phét sinh va phat sinh do ion hod va
cham ¢6 thé bo qua.

Tir cong thie (5-51) c6 thé goi 12 t6c d6 tai hop - phat sinh SRH, ta thay néu
n.p > n? qud trinh tdi hop s& 1a chli dao, néu n.p < n? qud wrinh phét sinh s&

13 chli dao. Tich n.p cang nhé thi t&c do phit sinh cang 16n, khi n.p - 0,R <0,
va néu goi G 1a t6c d6 phat sinh thi:

2

n; n; n;
G=-R= i - i S (5-54)

TepBt + TenPy 7, ﬂ_,_ Ton b ot

"o, My
trong dé:
n E,-E —{E~Ej)

6= Tcp.# + g % =1pe KT 41,6 T (5-55)

i 1
1a thoi gian sOng phét sinh (generation lifetime). Thoi gian séng phdt sinh
phu thuge vao thdi gian bit dién tir va thoi gian bét 16 trong, nghia la phu
thu¢c vae néng d¢ tam bat va tiét dien bit. Dot véi silic T 16n hon 1,
(16 = (50 =+ 100)73).

Véi cdc qud trinh xdy ra trén bé mat, khi p.n, < n;? tir (5-52) ta ¢6 thé dua ra
td¢ d¢ phdt sinh bé mat:

S,I.Sl:,.ni2

———— =8n
Snnls + Spp]s

Gg=-Rs= o1 (5-56)

trong d6 £, goi 12 vn t6c phdt sinh bé mat:

S SnSP
g Sne(El—Ei)fkT+Spe—(Et-Ei)r‘kT

(3-57)

Khi E, # E; ta thly S, < S,
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Trong thuc t€ khi do thii gian sdnug cua hat dan chiing ta thudng x4dc dinh mét
gid tri hiéu dung, trong d6 cé sit tham gia cla cdc co che€ khdc nbau, thudng 1a
c6 su d6ng gép cha qud trinh trong khoi thong qua T, va qud trinh trén bé mat
thong qua 7, . Thdi gian s6ng hiéu dung duge xéc dinh bing cong thiic:

! = L + 1 (5-58)
Tett T Ts

5.5.2. Phuong phap bién diéu do dan bing tiép xic diém

Chiing ta dat mot miii do kim loai 1én bé mat tinh thé ban din, ddu mii do
niy tao véi bé mat mot ti€p xdc diém. Tiép xic th hai v6i miu khong phai
ti€p xdic diém va ¢é

tinh 6mic. Pat giifta hai [

¢t g t
tiép xiic mot may phat I ] l| ‘,--
xung kép, nhu & hinh
5-27. Qua ti€p xic
diém, thec chidu thuan, EI m . m 4 E]
& ché& d6 ngudn dong, L_J
ching ta lién tuc phun

vao miu hai xung dong
¢6 dang vuong cich nhau ‘ 7 l
mét khodng thoi gian t. Hinh 5-27: So d6 do thdi gian sbng cha hat dén theo

Kt it i xung thi SR 09 480 0 6 el 1y
nhit trong viing gdn  khuéch dai; 5 dao dong ky; 6- miu do; 7- b tac xung.

ti€p xic di€ém ndng do

hat dén khong cin béng ting [én va d¢ dén tang Ién do hién tugng phun hat
din. Khi %ung thi nhat két thic néng do hat din du gidm xudng theo quy
luat ham rmil exp(-t/7,¢) cong thic (2-150) trong muc (2-4) déng thdi do din
clia chét ban din gan ti€p xic diém ciing thay déi theo quy luat d6.

Trong ch& do ngudn dong, hiéu dién the roi trén dién tré mic ndi tiép véi ti€p
xtic diém sé& thay déi, phu thude vio do din & gdn ving ti&p xvc diém, nhy
bidu dién & trén hinh 5-27. Xung thit hai s& gy nén mot hi¢u the trén dién 6,
do cao clia xung thé ndy phu thugc vao d¢ din do xung thit nhét gy nén &
ti€p xiic diém, nghia 12 phu thudc vio khoang céch thdi gian giita hai xung.
Nhur vay hai xung phét cang gén nhau thi d6 cao cia hai xung thé cang khdc
nhau. Hiéu d6 cao cha hai xung s€ giam dédn theo quy lnat exp(-t/t ). Vay
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phép do thot gian séng durge quy vé phép do khodng cich gifta hai xung khi
ma hi¢u d% cao cua hai xung gidm xubng e !4n. Phép do nay cé sai s& t6i
da c& 30%, c6 thé ding dé do thdi gian sdng ciia hat din trong Si, Ge,
cd 3 ps + 500 ps. Két qua clia phép do it phu thuoée vao kich thude, hinh
dang va phuong phdp gia cong bé mit méu. Tuy nhién cdn phai tim do dai
xung va bién do xung thich hop, cdc gi4 tri ndy phai tim bing thuc nghiem
va tuy thudc vao vat liéu bén dén, thong thudmg khoéng cdch gilta hai xung
duge chon ¢ 1,5 14n thoi gian song, dé hat din di thdi gian khuéch tdn sau
viio miu,

3.5.3. Phurong phap do thoi gian song theo su suy giam chia quang dan

So do phép do duge trinh bay trén hinh 5-28. Sau khi tit nguén sing do
quang dén ciia miu s& thay déi theo cong thic:

Ac(t) = Ag(0).exp(-t/T,;)

Su thay ddi d¢ din clha miu gy nén sy thay ddi hieu dién thé rai trén dien
tré R. Tir tin higu nhan duge AU(t) do bing dao dong ky dién tir ta c6 thé

tinh dugc thdi gian song
-_ 1 2 1» 3 @

hiéu dung 14 Tuy thuoe
1 4

vao bé day cha miun vd he
$6 hap thu dnh sdng ma .4
cé thé do mot trong hai co 6 I
ché tai hop quyét dinh: t4i

hop bé mat va tai hop trong Hinh 5-28: S0 d6 do thdi gian séng theo su suy gism
kf.l 5i quyé:[ dinh hofic do ca cla quang din theo thoi gian.

hai co ché dé quyét dinh.

}3{

Tamiy,
Feripn,
IR R ERY

Thong thudng trong trudmg hop bé diy ciia miu nhé so véi do dai khuéch
tdn hat din thi co ch& tdi hop chil yéu 12 tdi hgp bé mat. Trong trudmg hop
nguge lai, khi be diy miu rat 16n so v6i d¢ dai khuéch tan thi co ché tai hop
bén trong 1a chi yéu.

Trong phép do nay cin lun ¥ mét s6 diéu sau:

- Dién trudng trong miu khong qud 16n (thong thudng nhd hon 5V/em) dé
trdnh anh hudng cia chuyén dong cudn dén qué trinh suy gidm quang dén.

- Anh sang kich thich khong dugc roi vio viing gén hai ti€p xiic kim loai -
bén ddn dé trdnh 4nh hudng cha cdc hién tuong tidp xiic.
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- D€ loai bd 4nh hudng cha cdc tam bit trong miu ngudi ta thudng ding
phuong phdp chiéu phu bang 4nh sdng c6 budc séng dii hon buée séng nh
sdng kich thich (nang luong photon nhd hon bé rong ving cm).

5.5.4. Do thi gian séng bing phrong phip so pha

Khiac v6i phuong phép trén day, phuong phép so pha (v6i so d & hinh 5-29)
diing nguén sdng thay déi lién tuc, nghia {a cudng d6 dnh sing thay ddi theo
quy ludt hinh sin:

I'=]sin ot
Trong trudng hop nay hiéu dién thé thu duge trén dién rd R s& la:
U = U sin{owt + ¢)

trong d6 o 1a pha dich chuyén so v6i tin hiéu 4nh sdng kich thich. Nguyén
nhan cilia sy dich chuyén pha nay 14 do quén tinh clia néng do hat din ¢6 lién
quan dén qud trinh tai hop hat dan,

Tinh todn 1y thuyét chi ra ring ¢ _""'""';'
phu thudc vao thdi gian séng cla § _f_ #

hat dn theo cong thiic tge = o1.

Chiing ta c6 thé nhan thiy trén so
d6 duoc bé tri mot mach so pha, tir
d6 ta c6 thé xdc dinh duge .

Phuong pkap ndy cho phép do thoi
gian s6ng trong khoang 50 ps dén
3000 ps trong silic vdi dién trd sndt
1én hon 100Qcm.

Hinh 5-29: So d6 phép do thdi gian sbng
bing phuong phép so pha: 1- ngubn séng;
2- diapham; 3- miu do; 4- b8 khuéch dai;
5- bd so pha; 8- 16 bao quang dién.

5.5.5. Phuong phiap miii do sang di dong

Phuong phdp mili do sdng di déng cho phép xdc dinh d¢ dai khuéch tan L.
Néu biét ke s6 khuéch tdn hay d9 linh dong cia hat din chiing ta ¢4 thé xdc
dinh duogc thoi gian song tir cdc cong thic:

L=+Dt

D:HE
L

So d6 phuong phép miii do sédng di dong duge biéu dién trén hinh 5-30,
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Qua mdt khe hep, chi€u vao mau mét chiim sdng det, mong, dugc hién diéu
bang mot dia quay. Cach vét sdng mot khodng nao dé dat mot mili do kim
loai tao thanh véi miu ban ddn mat ti€p xic diém dé thu hat din do “mii do

sang” phun vio.
-1

Hinh 5-30: So 48 phuang phap mili dd séng dof
déng: 1- gudng clu I6m; 2- dén; 3- khe sang;
4- dia quay g6 bign didu anh sang; 5 md to; 6- thau
kinh; 7- m3u do; 8- b tao tiép xuc; §- b thay d&i

Noéng d¢ hat dan du duge miii do
sdng phun vao s& giam dé4n theo
khoang cach tinh it vét sdng do
hién tugng khuéch tan hat dan,
Quy luat thay ddi néng do hat
dan dir dé gin nhu exponent khi
x/L. > 1, nghia la:

X
Ap(x) = Ap(0).e T
trong d6 L la d¢ dai khuéch tan.

Néu ta dich chuyén méu cling véi
tiép xic diém trong so dd thuc
nghiém dugc biéu dién & hinh 5-30
thi ¢6 thé xdc dinh dugc sw phu
thudc Ap(x) vao khoang cédch x i
vét sdng dén tiép xic diém. Dua
vio két qud do c6 thé x4c dinh

dién ap; 10- vén k& dign t 11- vit vi chinh. dLr(_‘fC d(:) dai khuéch tan. Trong thi
nghiém nady bé rong vk bé dai vét sdng inh hudng manh dén ket qua do.
Khoang céch x thudmg chi duge thay ddi trong khodng tir £/4 va w/3, trong
do € - bé rong vét sdng, w - bé dai vét sdng. Phuong phép ndy thuémg dugc
tng dung dé do dé dai khuéch tén hat din trong Ge, vi véi Ge dé tao tiép xic
diém c6 dac tuyén V-A tuyén tinh. Gi6i han sir dung thudng nim trong
khodng L = 0,1 - 5Smm, sai 56 twong d6i c& 20%.

Ngoai nhimg phuong phdp xdc dinh thdi gian séng irén day cé thé ké thém
hai phuong phdp nira, dé6 1a:

- Phuong phdp suy gidm huynh quang cho phép xdc dinh sy thay ddi ndng
do hat din dur theo thdi gian biing cdch xdc dinh sy thay ddi cudng do huynh
quang theo thai gian.

- Phuong phip quang th& bé mit (surface photovoltage) dya trén viéc Xdc
dinh d¢ dai khuéch tdn clia hat din khong co ban duge kich thich bing
phuong phLip quang.
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Chugng 5. Cac phudng phap xac dinh thong s6 ciia chat bén dén

BAI TAP CHUONG 5

(5-1) Tim biéu thic tinh dién trd suit d6i v6i mau ban din kich thude 1n (ca
chiéu sau 4 bé mat) véi hé 4 miii dd & 4 gde hinh vudng nhu & hinh 5-31.
Dong dién di vao (1) di ra & (4), hiéu dién th& U do gilta (2) va (3).

(5-2) Mot méu bdn din c¢6 bé day t=500um hinh dang b4t k¥ duoc diing
dé do dién tr& sudt trong phwong phdp Van Der Paul nhu & hinh'5-32, Dién
tr& Rys 4y = 682, R 5 34 = 74, xdc dinh dién tr& sust va dién trd 16p cliia miu,

(5-3) D61 v6i mot tu MOS tir Si loai P c6 e 4, T
szo,zz va t, = 15nm {C,, 1a dién s
COX I 2w 3

dung 16p dao, dién dung cyc tiédy, ¢, - bé

day 16p oxit):

a. X&c dinh néng d6 nguyén tir tap chit,
biét £,=3,9, g=11,7; n=1.10"%m>,
A=5.10"cm?, T=300K.

b. Xdc dinh C,,/C,, khi N,=5.10"%m>

diing cong thnife gan ding
4t|JB Ciznv

eegitoh” (1-Cip/Coy)’

(54) Budng cong C - U, cta tu MOS (chi
cho trudmg hop U, > 0) v6i d€ pha tap déng
déu duge trinh bay ¢ hinh 5-33. Xdc dinh
néng do tap chit N, (nhw & bai 5-3) cho
bigt: A=5.10"cm?, ¢,=11,7, ¢,=39,
n;=10""cm?, thé bang phing Ugg = 0.

Hinh 5-31

N, =

(5-5) Tinh va v& dudmg cong (C - Uy) va Hinh 5-23 '
(1/C? - U,) cua diode hang rao Schottky
{Schottky barrier diode) & hinh 5-34 tit Nat Na2
0 - 50V v6i N,,=10"cm™ va: ._E
a. Ny, = 185em? Ug _—_l__
b. N,,= 10'%m™ - T
cho biét: A = 10%m?, &g =117, 3 um

Hinh 5-34
Vy, = 0,4V,
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(5-6) Tinh va v& dudng cong suy giam d¢ quang din
theo cong thikc:

2
. RV _Ag . .
AV = dK—> "0 hid hop véi so d6 -
(R + g (R + 1y + Ry Ag) p P V
trén hinh 5-35 trong d6: ry - dién ud i, °
Hinh 5-35

Ag=Ac.A/L. Cho: Si loai p ¢6 N, = 10”%cm?;
R=10€, chiéu dai ¢tia miu bang 0,3cm, tiét dién ngang 0,01cm?, T = Sps,
T=300K. ¢ linh dong dugc tinh theo cong thic:

—gqo y— Mo
trong doé
Pién it L6 tiréng
Hg (eniPfv.s) 1268 407
[ (cmzfv,s) 82 54
Nt 1,3.10"” 2,35.107
o 0,91 0,88

V& cdc dudmg cong In(AV/V,) = f(t) v6i 0 < t < 10™s d6i véi:

a. An(0) = 10'*%em??
b. An{0) = 10'%cm?

(5-7) Mot xung sdng rat ngén tao nén
nhimg cdp dién tir - 1§ trong du, An = Ap,
tai x = 0 vt t = 0 nhu biéu dién & hinh
5-36. Hat din khong co ban chuyén
dong trong dién trudong. Hay tinh An tai
thifi diém ¢ = t, twong tng vdi x = x,.
Nhitng thong s nio cha vat ligu c6 thé
xdc dinh dugc trong thi nghiém nay, hdy
gidi thich.

(5-8) Mot dai dign tr va 16 trong duge
phét sinh do chiéu sang tai x = 0,5mm
vao thol diém t = 0 nhu & hinh 5-37.
Nhimg hat din niy chuyén dong trong
dién trudbng. Van 8¢ cia dién tIr la
107cm/s va ca 1& tréng 13 5.10%m/s.

I

[+
A

; xung séng
i’ loas p i—\';
l A
0 Xj X
Q h 1
Hinh 5-36
0 0:5 mm % {mm}
I \ ] .
- v
- vﬁngnghéog viingngheo ,p™
L3 u :
i, = @
144
i
o tgs)
108
Hinh 5-37

204

Trudng Bai hoc Bach khoa Ha Ni



Chutang 5: Cac phuang phap xéc dinh thong sé cia chét ban dén

Tim dong dién tlr, dong 16 trong va dong (dng cong (trong mot don vi chung

tuy ¥), védé thi.

(5-9) Trong so d6 do thi gian bay, dién tir va 16 tr6ng phét sinh trong viing
nghéo do chi€u sdng, bé rong viing ngheo 1a W vdi thién ap ngude nhu bidu

dién & hinh 5-38. Tai thoi
diém t = 0 mot xung sang
ngin tao nén cac cip dién tir
16 tréng, do dai xung sdng ¢6
thé bo qua, s cip dién tir - 16
tréng duge tao ra la 6,25.10°
cap.

a. Xdc dinh sy van chuyén
dién tr hay 16 tréng d6i v6i
xung sdng tai vi tri (a) va (c)
b. X4ac dinh dong tai vi tri (a)
va (c).

—

(a) l(b) l(cl
% i
: [

- "]

b o
] o 9
{ . —
u] Wiz W
-
Hink 5-38

c. V& dudmg cong (I - t) d6i v6i trudmg hgp Xung sang (a) tai x = 0, (b) tai
X = % yva(eytaix=W. Chov,=2v,= 107em/s, W = 100pum.

O day khong ¢6 tu dién & mach ra cda so d6 cho nén hing s6 thdt gian RC
bing 0. Ghi lén céc truc clia so d6 céc gid tri s6.
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CHUONG 6
CAC BAN DAN NGUYEN TO

Céc ban din nguyen t6 (elemental semiconductors) chit yéu la cdc nughyén 16
nhém IV nhu: silic (Si), germani (Ge), kim cuong (C), thi€c xam (Sn), cic
nguyén t6 nhém III nhu Bo (B), nhém V nhu: photpho (P), nhém VI nhu;
luu huynh (S), selen (Se), telua (Te), nhém VII nhu; iot (1).

Trong cdc ban din nguyén (6 chi ¢6 Si, Ge 12 duge diing nhur mot vat lieu
ban din thyc sy, Se, Te véi mitc d6 kém hon nhiéu, con cdc nguyén td khac
nhu o - Sn (thi€c x4m), luu huynh, bo, photpho, iot tuy <6 tinh ban din song
it khi duge diing nhwr mot vat ligu bdn dén, cdc chat niy cé thé diing lam tap
chét pha vio cdc chét ban diin nhu: bo, ph6t pho. Chinh vi vdy trong phin
néy chiing ta chi xét bon bén din nguyén t6, d6 12 Si, Ge, Se, Te.

6.1. SILXC (Si)
6.1.1. Nguyén t6 silic

Silic 1a nguyén t6 nhém IV cla bang tudn hoan Mendeleev (dwgc phat hién
ndm [824). N6 dugc xem 1 nguyén t6 phd bien thit hai sau OXy trong tu
nhién, silic chiém khodng 1/4 kh&i lwong vé trdi dat. C6 rat nhidu hop chat
cha silic trong dit dd va cdc loai quang. Ct soi vA ddt sét, cdc thanh phan
chu yéu cha dat, cling 14 nhitng hop cht chia Si.

Hop chdt phd bién nhét clia Si 1a SiO,. SiO, nguyeén chat thudng gip trong
thach anh. Si tr do khéng gap trong tu nhién. :
Silic 12 nguyén t6 v6i nguyén ¢ s6 z = 14, c¢6 csu hinh dién wr:
15%25%2p®35%3p?, ¢6 nguyen tir lugng 28,09,

6.1.2. Cong nghé ché tao silic don tinh thé

Quy trinh cong ngh¢ ché tao silic don tinh thé bao gém cic cong doan sau:
- Ché tao silic tho cdp do luyén kim tir thach anh;
- Chuyén silic cdp d¢ luyén kim thanh SiHCI,;
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Chuong 6: Cac béan dén nguyén 18

- Tinh ch€ SiHCl, bang phuong phap chung cat;
- Lang dong ho4 hoc pha hoi (CVD) silic tir SIHCl, sach;
- Nuoi don tinh thé,

1. Ché'tao silic thé

Nguyén lisu dé ché tao silic Ia thach anh. Thach anh [ mot dang 510, tuong
d6i sach ton tai trong tu nhién. Hén hop thach anh, than d4 (coal), than c¢oc
(coke) va than cui (wood chips) duoe dua vio mot 15 hé quang ngdm nhw &
hinh 6-1. Nhiét do trong hd quang gira hai dién cuc cé thé dat den 2000°C
va trong ving d6 s& hinh thanh SiC (cacbua silie). SiC tdc dung véi SiQ, tao
ra 51, S10 va CO:

SiC (rén) + Si0, (rén) — Si (rdn) + SiQ (khi) + CO (khi)
Trong so d6 nay Si dudi dang
long duge 1dy ra ngoai, con SiO y
vi CO thodt ra ngodi qua 18p  thach anh, than g4, 1]

dién cu’ﬁ hd quang

than cli twong d6i xdp. Si thu  'han ede. than ol €0, 510 1y0

dquc g day cd dO SE_lCh khéng l{siovcar sg'm
cao, dugc goi 14 silic the cdp do t';f%?:;ct.u_ _: s:;:;"::"'*-.
luyén kim, c¢6 do sach cd 98%. C va Si0, ; :'f'o:'?

S& di silic duge goi 1a silic cdp eo+E | Nt \si0 e0q

d0 luyén kim (metalugical grade ‘i’:}_"ﬁfﬁﬁt .
silicon - MGS) 1a vi loai silic tho eSSl
nay thudng duge ding dé ché tao ’

cdc hop kim va polymer silicon. /.

Phén I6n silic tho, MGS, sdn xudt  Hinh 6-1: S d6 16 dien hd quang ché tao silic tho.
hang nam 1a ding vao cdc muc
dich d6, mot phan r4t nho duge dung d€ ché tao silic cdp do dién tit (EGS)
dung trong cong nghiép dién tir. D€ ché tao silic tho phai tiéu t6n ot nang
lugng dién khd I6n (12 + 14 kW.h/kg). Si cdp do luyén kim thudng chita tap
chét chi y5u 12 Al va Fe.
2. Chuyén silic cap do luyén kim thanh SiHCI,
Tricloruasilan (SiHCl;) duge tao thanh tir phan tng HCI tdc dung Si:

Si (rin) + 3HCI (khf) 22°C; SiHCI, (khi) + H,C (khi)

Trudc tién Si duge tin thanh bot min. Bot Si duge théi vio bubng phan iing
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tr trén xudng, HCl duge théi vao tir dudi 1én nhu trinh bay & hinh 6-2. San
phdm hoi thu duge di qua bo phan loc bui silic, qua budng 1am lanh dé
ngung tu SiHCl; va tidch H, ra. K&t qua clia cong doan ndy ta thu dugc
SiHCI;, d6 1a mot chat 1dng & nhiét do phong (s6i & 31,8°C) cé chita cic
mudi tap chdt (mhu AlCl,, BCL,...) ¢6 thé 1am sach bing chung cét.

g
[ ”‘
) SiACLy
7 si{98%) M
n‘;r):}"\"]'\, ! ! i f\‘?
- L
. Hz g
1
5
3 B ]

Hinh 6-2: Sg d6 cac cong doan trong quy trinh ché tao silic don tinh thé: 1- Si ki thust; 2- may
nghién, 3- bubng phdn ung véi HCI: 4- budng loc bui silic; 5- budng ngung tu; 6- b6 phan thu
SiHCi; chua sach; 7.8 - cc cft chung cat; 8- bd phén thu SiHC!, sach; 10- binh suc khi
H; + SiHCIy' 11- budng phan ung hoan nguyén SiHCly bing hydro d€ nhan céc thanh Si.

3. Tinh ché SiHCI,

SiHCl, thu dugc trong cong doan trudc cdn chifa cdc tap chat nhu AlCL,
BCl,... duge 1am sach bing phuong phdp chung phan doan trong céc cot
chung cét (7, 8 trong so d6 & hinh 6-2). K&t thic ¢ong doan nay, SiHCl, thu
duge ¢ do sach rdt cao d&n mikc ta khong thé xédc dinh duge mifc d6 nhiém
bdn mot cich tryc ti€p. Mudn thyc hién duge diéu d6 nguwi ta ding SiHCI,
dé ché tao silic da tinh thé bing phuong phép ling dong hod hoc pha hoi
CVD, réi tix da tinh thé silic nuéi thinh dom tinh thé va xdc dinh néng do tap
chdt trong tinh thé bing phuong phdp do dién trd suat. Nhu chiing ta da bigt,
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Chuong 6: Cac ban dén nguyén i6

mot s6 tap chét, vi du nhu bo, ¢6 hé s phan tdich gin bang 1, khong thé 1am
sach bang phuong phép néng chay ving, chi c6 thé 1am sach bing cong
doan tinh ch¢ SiHCl; ma thoi. Vi vay dé ddnh gid hiu qua cla cong doan
lam sach SiHCl;, ngudi ta ding nhidu hanh trinh néng chay ving lam sach
céc tap chat trlr bo, sau d6 do dién trd sudt cla silic dé x4c dinh néng &6 tap
chét bo. Théng thudng dién trd sudt dat ¢& 1000 Qcm, g vdi ndng do bo

con lai la 1.5.10"%cm™.

4. Ldng deng hod hoc pha hoi silic tix SiHCI,

Trong cong doan nay SiHCl; véi d¢ tinh khiét cao duge hodn nguyén bing
hydro trd thanh silic da tinh thé c&p d¢ dién tir (EGS) theo phuong phép lang
dong hod hgc CVD. Qua4 trinh nay duge thuc hién trong 10 phan tng (11 -
trong hinh 6-2) do hdng Siemens dau tién khdi xudng nam 1950, vi vay duoc
goi 13 quy trinh Siemens (Siemens process).

Phén iing hoan nguyén
28iHCl, (khi) + 2H, (khi) — 28i (rdn) + 6HCI (khi)

xdy ra trén b& mit mot thanh silic manh déng vai trd bé mit mdm ngung
dong silic. Dé ¢6 duge mat théi silic dudmg kinh khodng 200mm chiéu dai
vai ba mét phdi tién hanh ngung dong trong hang tram gidy. S&n phdm thu
dugc cha cong doan nay ¢6 ba dang: dang mét cuc trong 10 nung, dang nhiéu
cuc rdi ty do, dang thdi da tinh thé. Hai dang d4u tién dugc nap vio néi nung
kéo don tinh thé Czochralski, dang thdi da tinh thé dugc nu6i thanh don tinh
thé bing phuong phdp néng chy viing. Nam 1985 th& gi6i da sdn xuét va skt
dung gén 3 triéu kg silic da tinh thé.

Dé danh gid do sach cha silic da tinh thé ngudi ta phai nuoi thanh don tinh
thé bang phwong phdp ndéng chiay ving. S di phdi diing phuwong phdp néng
chdy viing vi phuong phép nay hdu nhuwr khong 1dm nhiém b4n thém silic, Dé
x4c dinh cdc tap chat loai n chi cén tién hanh mot hanh trinh néng chiy viing
(d€ it &nh huéng dén néng do tap chdt c4n xéc dinh); trong khi d6 & x4c
dinh néng d0 bo (B), tap chit loai p, nhu trén di néi ta do dién tré suft cha
mdu sau nhiéu hanh trinh néng chay viing vi hé s phan tdch clia B bing 0,8,
ham lugng bo gidm khong d4ng ké sau nhimg hanh trinh d6 (thong thutmg
con lai 90% ham lugng B).
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5. Nudéi don tinh thé silic

Phuo‘ng phdp nuoi don tinh thé Czochralski (Cz) don gian va cho ra nhung
tinh thé tlrcmg déi sach, it khuyet tat, nén d6 la phuong phédp chu yéu dé nuoi
don tinh thé silic. Pugc Teal st dung ddu tién nam 1950, phuong phép Cz vé
nguyén ly khong c6 gi thay déi.

Nhimg cai tién chu yéu dé nuéi 0 (mm) M
dugc don tinh thé khong lech '™ T
mang, tu dong kiém soat kich
thude tinh thé trong nhitng nam ! :
60 cia thé ky truéc, da khong '™ ]
ngimg nang cao dugc kich thuée
va kho6i lugng théi tinh thé. S
d6 tang kich thu6c va khoi lugng
thoi tinh thé theo thdi gian duge 20
trinh bay & hinh 6-3 (theo tai liéu
nam 1983). Theo so d6 nay thi '
nim 1955 kich thue (h0 tnh 462 S0 9 g g i e 0
thé dat dugc la 15 Omm" khoi a) nuéi bang phuong phap Cz; b) nuéi béng Fz;
lugng dat duge 1a 60kg. Dau thé ¢ khéi lwgng cia théi.

ky 21 ngudi ta dda nuoi duge
nhing don tinh thé ¢6 kich thude
400mm. Hinh 6-4 trinh bay anh
chup hai don tinh thé véi dudng
kinh 300mm va 400mm. Chiéu
dai cdc thoi tinh thé thudng nim
trong khoang tir 0,5m dén 2,5m.
Trén hinh 6-5 trinh bay hinh énh
mot thi€t bi nuoi don tinh thé  yinp 6.4: Anh chup hai don tinh thé dueng kinh
bang phuong phdp Czochralski  300mm va 400mm.

hién dai diéu khién bing mdy

tinh va bén canh la so d6 clia né.

g)

csuss5883

1.30 1!55 l”ﬂ 1005 ?!‘N} 1l75 1.'0 1985

Xu huéng str dung nhitng phién silic dudng kinh 16n ciing dit ra nhimg théch
thitc d6i vGi cdc nha san xudt ban din vi du nhu:
- Pdu tu von dé thay déi thiét bi;

- Phai thay ddi ky thuat in mau (pattering techniques) dé in nhitmg “hoa
tiét” nho trén mot dién tich 16n;

- Ddi hoi duy tri d¢ phéng & nhiét do thap va nhiét do cao;
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h

o
cénh clia Ar
phia truge

budng md&
phia trudc Y
kep gitt mam bom chan khang
mi m_\ -
Vj_‘_\ N hé 1h6ng
Ry i, ) quang hgc
r
Si
ndi silica
W ndi Ig_.r‘aig_hil
Z[Si] = 1o nung
= e _ g
v cach nhiét
.
d bom chén khong

Ar+ Si0 + CO

Hinh 6-5: Thiét bj nu6i don tinh th€ bang phuong phap Czochralski diéu khién bang
may tinh (a) va sg dé cla no (b).

- Tang d¢ rong cla phién kéo theo yéu cdu tang bé day clia phién, dé

trénh bi cong vénh phai thay ddi bo phan giit phién bing chan khong;

- Tang kich thudc kéo theo sy tang trong lugng clia né va dodi hdi thay déi

co c4u van chuyén phién.
Vian dé nang cao do dong nhdt vé tap chét theo truc ditng ctia tinh thé (axial
impurity uniformity) dugc gidi quyét bing mot s6 giai phdp k¥ thuat:

- Giai phdp n6i nung kép (double crucible) trinh bay & hinh 6-6a.

- Gidi phdp cép vat liéu néng chay lién tuc (continuous liquid - feed - CLF)

trinh bay & hinh 6-6b.

- Giai phdp ding tir trudng bao quanh ndi nung dé ngan chan su d6i lwu

nhiét (thermal convection) trong dung dich néng chay.

- Gii phap kiém sodt sy bay hoi tap chat ra khoi dung dich néng chay.
Phuong phdp néng chdy viing (float zone - FZ) la phuong phdp quan trong
thit hai dé nuo6i don tinh thé silic. Trong phuong phdp FZ viing néng chay s&
dich chuyén doc theo thdi da tinh thé c6 kich thuéc giong nhu méi nhan
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mém

don tinh thé

T

ndi trong -~/ oy N ;
nbi ngoai —/ Ol nong Caay
a)

Hinh 6-6: Cac phuong phép néng cao do déng nhét vé tap chét theo truc ding cia tinh
thé: a) n6i nung kép; b) cép vét liéu lién tuc.

oL AN

duge tir bubng phan ting ling dong hod hoc pha hoi. Si khong tiép xtdc véi bat
ky vat chét nao ngoai trir moi trudng khi tro. Tinh thé nuéi tir FZ sach hon
nudi tir CZ (thudong nhiém céc tap chét oxy, carbon, bo va nhiéu kim loai khéc
tir néi nung thach anh). Vi vay phuong phap FZ dugc ding dé ché tao cdc don
tinh thé c6 do sach cao, c6 p ¢& (10 + 200) Q.cm. Tinh thé nuoi tir phuong
phdp FZ thudng duge diing dé ché tao c4c loai thyristor, diode chinh luu cong
sudlt cao, cdc detector héng ngoai cdn do sach siéu cao.

Nhugc diém cia phuong phép néng chay ving la gid thanh cao va khong ché
tao dugc tinh thé c6 dudng kinh 16n nhu phuong phdp CZ, phuong phip FZ
chi ché tao dugc tinh thé c6 dudmg kinh c& 100mm,

6.1.3. Cau tric tinh thé cia silic

Don tinh thé silic thuéc mang 1ap phuong tam mat, véi géc gém hai nguyén
tlr, néu mot nguyén tir & nit mang (0,0,0) thi nguyén tir thi hai c6 toa do
(%,%,%). D6 chinh 12 mang kim cuong (D) v6i nhém khong gian c6 ky
hiéu quéc t€ 1a (Fd3m). Trén hinh 6-7a trinh bay 6 co ban ciia silic véi
hiang s6 mang a. Ching ta thdy ring mdi nguyén tir silic c6 4 nguyén tir
gén nhat, b6n nguyén tir ndy tao thanh mot it dién déu. Hing s6 mang cla
silic a = 5,43A, khoang c4ch giita hai nguyén tir gdn nhat 12 ga =243A.

Trén hinh 6-7b biéu dién hinh 4nh sy sip x€p nguyén tir trong mang kim
cuong nhin theo phwong [100], mang tinh thé kim cuong c6 thé xem nhu
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gém hai mang 14p phuong tam mat, mang nay xé dich so v6i mang kia mot
av3

doan bing theo dudng chéo cua 6 co ban. Trén hinh 6-7b ta thdy hinh

anh hai mang (mang céc chdm den va mang céc chdm tréng) dich chuyén so
vGi nhau theo phuong [111].

o ach-ass

ar

27

PG,
A €, &
dé‘- %//)_'(.!.'A. f/"/-_/. ¢
f\'@\ ({/ \-\\\‘\
Y9 Y

Hinh 6-7: a- So d8 6 co ban cla tinh thé kim cuong; b- Hinh dnh nhin theo phuong [100];
c- Mat mang (110) cda tinh thé kim cuong; d- Su sdp xép nguyén t trén mat (110) va
nhiing nguyén ti I&n cén trong mét dé nhung n&m ngoai 6 ca ban (hinh tron gach gach)
va nhimg nguyén t& ndm phia dudi tring.

Trén hinh 6-7c biéu dién mat (110) cia tinh thé kim cwong cdc hinh tron nét
dam 12 céc nguyén tir nim trén mat (110) cla 6 co ban. Trén hinh 6-7d biéu
dién su sép xép cdc nguyeén tir trén mat (110), nhimg 6 nét dam 1a nguyén tir
nim trén mat (110) thudc 6 co ban, nhimg 6 gach gach 12 céc nguyén tir lan
can nim trong mat (110) nhung & ngodi 6 co ban, nhitng 6 tring la céc
nguyén tit nim trén mat (110) nhung phia dudi. Néu xem mat (110) 1a mot
mang tinh thé hai chiéu thi 6 nguyén thuy ctia né 1a mot 6 chit nhat mot canh

12 a vd mot canh la # , mdi nit mang c¢6 mot g6c gém hai nguyén tir. T

day ta c6 thé tinh dugc s6 nguyén tir trén mot cm? trén mat (110):
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N(110):2/[ a.i‘zfi]:( 242 )/a2 =9,6.10"%cm™2,

Trén hinh 6-7d chiing ta con x4c dinh duge phuong [111] cha tinh thé, mit
phang vuong géc v6i phuong nay 1a mat (111) va tir day ta thdy ring c6 ba
mat (111) kép (A,A’BB.C,C’) duge nhdc lai tuin tr kifu sdp xép
ABCABCABC (stacking order),

Chung ta cing dé dang tinh dugc s6 nguyén trén lem? ctia mat (111) va
(100}, ket qua cho thdy mat do nguyén ti trén (110) 13 cao nhét va rén mat
(100) 1a thdp nhét. Vi vay transistor MOS thudng dugc ché tao trén tinh thé
dinh hudng mat (100) d¢ giam dén t6i thiéu céc trang thdi bé mat lién quan
dén cdc méi lien ket khong bio hoa cha céc nguyen tir bé mait.

Tinh thé silic thudng duge nuéi theo dinh hudng mét (111) hay (100), nhung
nha sdn xuat ciing 6 thé cung c4p loai silic dinh huéng (110) theo yeu ciu.

Trong don tinh thé silic ¢6 mot s6 phuong tinh thé déng vai trd nhu nhimg
kénh (channel) ¢6 § nghia rdt quan trong trong cong nghé cdy ion (ion
implantation). Trén hinh (6-8) biéu dién ba dang kénh theo ba phueng [110],
[111] va [100] v&i do md gidm dén.

{1, ‘:‘!59}!‘ ¥

SRSy
AN B BVt ‘;\ LTS
gyt el T W oo ,t“\‘
ratytar sty WAty al
gy \”':"‘C&q;'
\Ja wa [/
’ -

e = R

-

<IN <100 > <MD
Hinh 6-8: Ba phirang tinh thé silic 1 cac kénh quan irong trong cOng nghé c8y ion.

Trong don tinh thé silic ¢6 thé tén tai nhiing loai khuy&t tat sau day:

- Khuyét tat diém: nit khuyét, nguyén tl xen k&, khuyét tat Frenkel. O day
c6 the 1a khuyét tat diém ndi tai (intrinsic) nghia 12 tao nén bdi nguyén ti
silic: niit khuyét, nguyén tlr xen k& c6 thé khuyét tat diém ngoai lai
(extrinsic) nhw: tap chdt pha vio (dopants), oxy, carbon, cdc kim loai.
Nhiing tap chit c6 dnh huéng tich cyc vé tinh chét dien cila vat liéu nguyén
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tr cia ching thudmg & dang thé ¢hd trong mang. O day t6n tai mot gidi han
hoa tan, d6 12 gia tri ndng do tap chit cuc dai ma mang tinh thé Si chdp nhan
& nhiét 36 T, Trén hinh 6-9 biéu dién giGi han ho tan cua tap chét trong Si.

- Khuyét tat dudng bao  {em-3)

gém: léch mang bo 107

(edge disloqation), léch 1 »

mang  xoan  (screw i iy
dislocation), léch mang ‘°“' P '

vong (disclocation i

loops). o

- Khuyét tit mat bao o B s
gdm: sai hong sip xép 3 }ﬁ—"’"—@
(stacking faults), bien  af 22 BN
giéi hat, bién song tinh. g fé

- Khuyét tat khéi bao ’/d _J
gém: 18 héng (voids), '8} /,-:"F

hat két tu (precipitates), // i
oxy, kim loai. f /( 4 N

DéE hoan thién hon cau 10"} !
tric tinh thé céc phién E / //
silic: sau khi ché€ tao ra [ /4 /m /co
thudng duoc trdi qua hai  ©"} 4

qui tinh: xtr Iy nhiet s / »s s/ |
{thermalprocessing), xir 1y L 4 Ea I/“

nhiét nhanh (rapidthermal Al Ll L by L L

Il
0a00 €00 700 800 900 OO 1100 1200 1300 T(°C)

processing - RET) va qua ) oo i han hoa tan tap chét trong Si theo nhigt do.

trinh khir tap (gettering).

6.1.4. Cdu tric vitng nang hrong cua silic

Ching ta biét ring nguyén tir Si c6 14 dién tlt, v6i cdu hinh vo dién th
(1sH(2s)(2p")(3s%)(3p). Nhu vay nguyen tir Si c6 hai 16p dién tir ddy hoan
toan, lép thit 3 chua dién ddy.

Né&u nhy khi két tinh thanh tinh thé, cdc viing nang luong cho phép hinh
thanh diing nhu tir cdc mic nang lwgng nguyén t ¢o 1ap thi chiing ta thdy
ring céc nguyén 18 nhy Si, Ge s€ 1a kim loai. B&i vi viing niing lugng gid nhu
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duoc tao nén tir mitc np’ s& chita duge 6 N dién tir (N s6 nguyén tf trong tinh
thé) nhumg trong tinh thé chi ¢6 2N dien t, vung nay chi dién ddy mot phén
s& lam cho tinh thé ¢6 tinh dén dién cla kim loai. Trong thue &€ Si, Ge 1 cic
chdt ban din dién hinh, C 12 ch4t dién meéi khi k&t tinh dusi dang kim cuong.
Nguyén nhan cia diéu mau thufin nay 12 do khi hinh thanh tinh thé, mitc p
va mic s trong nguyén tir 1y do két hop véi nhau va tich ra thanh hai viing
cho phép ngan cdch nhau bdi mét ving com. Ving phia dudi chita dugc 4N
dién tr va dién ddy hoan toan, tao nén viing héa tri cta tinh thé. Ving phia
trén cling chia dugc 4N dién tir nhung tréng hoan toan va trd thanh ving
dén. Su két hgp céc trang théi s va p trong cdc nguyén 16 nhém IV thic & di
8ap trong mot s¢ hgp chét nhu CH, va duoce goi 1a su lai héa cdc trang théi.
Chinh sy lai héa giita cdc trang thdi s va p da gidi thich tinh dinh huéng cac
hda tri cia carbon, silic cling nhu sy giéng nhau tuyet d6i gilta cic dién t
héa tri, cling nhur tinh d6i ximg t dién déu trong kim cuang, trong tinh thé Si.

Theo Iy thuyét vé lai héa cdc trang thai, ngudi ta gia thi€t ring tir ham séng
trang théi s, ky higu 1a ¥, v6i |y | ¢6 d6i xtng cdu va cdc ham séng trang

2
thdi p, Wy, Wpy, W), v6i |y | ¢6 hinh 56 8 can, do si lai héa tao nen 4
ham séng lai (sp) biéu dién bing c4c t6 hop sau;

WY, =a% +b Wk + c]‘i‘py +d, Y.
¥, =a, ¥, +b, ¥, +c, ¥y +d, ¥,
Vi=a, ¥ +hb, Yot Yoy +d, Yo
W,=a, ¥ +b, 5 ¥y +d, ¥

trong d6 a%; = 1/4; b, + ¢% + d? = 3/4, cdc ham séng ndy mo ta 4 dién tir héa
tri clia nguyen tir Si, voi gée giita hai hudng héa tri bat ky 14 109°5. Trong
tinh thé c4c trang thdi trén tuong téc véi chc trang thdi cia cdc nguyén tir
khéc tao nén viing héa tri va vung ddn, Trong ving héa tri cia Si c6 cdc
viing con chdng 1n nhau, cdc viing con hay 13 phan vung dé cdn goi 1A cdc
nhdnh nang lugng. Hinh 6-10 v& cdc nhdnh d6 theo hai phuong [111] va
[100], cuc dai ciia nhénh thit 1 va nhanh thi 2 tring nhau va ndm & tam viing
Brillouin, cyc dai clia nhanh tht 3 cling & tAm ving Brillouin nhung ha thap
xudng mot khodng AE, = 0,035¢V do tuong tic spin-quy dao. Mat dang
nang gdn cyc dai chia nhénh thit 1 c¢6 dang:
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2
E,(K)= E(0) - %[ AK? - \/BZK“ +CHKCEK,+K K+ KK D) ]
(6-1)
trong do: A=41;,B=16,C=33
E

1.5V

k=(2,00)

|Eg = 1,17ev | [KL=14,85% 10 om™

L.

o rZAES= 0,035V
f

- (522 ]
1kl = 80,1 = 807 cemr™! A

!

3
k=(0,0,0)
Hinh 6-10: Sa dé ving néng hgng cida Si,

Trong toa do cau ta co:

ﬁZ 2
E, (K) = E(0) —- >
2m

[A—\/BZ +C*sin? B(sin2 cp'cos2 (p.sin2 9+coszﬁ)]

(6-2)

Mt diing nang & day 12 mot mat cAu bién dang, trén hinh 6-11 biéu didn mot
mat ding nang gan cyc dai cia Si.
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Néu ldy trung binh theo géc nghia la thay thé hinh cau bién dang trong thuc
t€ bing mot hinh cdu tuong duong thi c6 thé viét:

2y 2 2
E, (K) = E(0) — {A—JB%C—} (6-3)
2m 5

L4y dao ham bac 2 cia E theo K tai diém
= S 1 &°E .
K =0 ta c6 thé tim dugc ———, va tir

h? dK? '
day tinh duoc khoi lugng hiéu dung cua 16
tréng m’,,:
* m
m == =052m
A- B2 + ?
Hinh 6-11: Mat dlng réng <8 15 PG voi nhanh thit 2, sy phu thuoc gitta

ning luong va vecto séng c6 dang tuong tu:

h2K?

E, (K)=E(0)-
2m

[A+\/B2 +C?sin? E}(sinchc:coschsin2 0+cos? 0) ]
(6-4)
Ta cting tinh duogc:

m*. =>— M - _0,16m

P2 5
A+1’B2+CT

Nhénh thi 1 cé m'l;] =0,52m dugc goi la nhdnh 16 tréng nang: m;lzm;‘h

(heavy hole).
Nhéanh thit 2 c6 m;2 =0,16m dugc goi la nhédnh 16 tréng nhe: m?, :m_;1
(light hole).

D6i v6i nhanh thit 3, mat ding nang gin cuc dai 12 mat cdu, cuc dai ndm
thdp hon mdt khoang AEg = 0,035 eV do tuong tic spin-quy dao, vi vay su
phu thudc niang lugng vao vecto séng c6 dang:

2v2
E, (K) = E(0) - AE, - hz—iA (6-5)
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Ta tinh dugc khéi lugng hiéu dung:  m ['; 3 =—E =(,24dm

Nhanh thit 3 cé m;3= 0,24m dugc goi 1a nhdnh 16 tréng trung binh, tuy

nhién céc 16 trdng ndy chua fim duge bang thyc nghiém, bdi vi & nhist do
thudng gap, 16 trong thudng tén tai & lan cin cuc dai cla hai nhénh trén
(nhdnh 18 tréng ning va nhédnh 16 tréng nhe).

Viing dén cia silic do hai trang théi W, V2 Y, tao nén ké cd spin thi suy bién
bac 6 vi the cé thé néi khi vao tinh thé viing din gém 6 nhanh chéng lén
nhau, tuy nhién ¢6 mét s6 nhanh theo mét sé phuong tring nhau. Trén hinh
(6-10) v& céu tric viing nang lugng cha Si, c4c nhinh dugc vé tich ra cho dé
thdy, & day khong giit ding i 1 kich thude vi khong vé hét cdc nhénh.

Mot dac diém quan trong cBia viing din 12 theo huéng tinh thé [100] nhanh
nang lugng ddnh s6 2 ¢6 mot cyc tiéu tuyét dSi nim gon trong ving
Brillouin. Do tinh d6i xtng cta tinh thé, ching ta d& ding nhan ra ring c6
tat ca 6 cyc ti€u nhir the trong viing Brillouin thit I. Néu chiing ta v& mat
déng nang trong khong gian K ¢6 nang hegng 16n hon nang lugng cue tidu
mot it ta s& thdy ring mit ddng nang 1an can cuc tidu ving din cla silic I
nhimg elip trdn xoay trong do truc xoay ndm theo hudng [100) vi céc huwéng
twong duong. Sy phu thuge vao vecto séng clia nang lugng ¢6 dang:

ﬁz[(Ku ~K1)* +(K; ~Kqp )’ L 2 (K - Kg3)?
2ml 2m3

Nghia 12 & day hai thanh phdn m,, m, cia khéi lugng higu dung bang nhau
my =nMp=m; +*M;=m;.

E(K)= E(K,)+

(6-6)

D4t vdi silic ta ¢6:
m, = 0,19m, m; =0,98m
m,
my
Ti s6 giita hai bén truc cha elip tron xoay la:

A LA %1
&y my

Tiét dién clta mat ddng nang ¢6 chia truc quay véi nang luong 14n cin cye
tiu ¢6 dang:

Tis6:

=5,16
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2 2 2
N E:ﬁ_[&ﬁ} e
2({ mg m,
Trong ving din, dién tir v6i néng
d6 nho thudng tap trung & 6 cuc tiéu
o » YO nang lugng, vi thé cdc cyc tiéu nang
. lvong d6 duoc goi la 6 tdi dién ti
(hinh 6-12). Khodng cich néng
luong gilta cuc dai cia ving héa tri

N . va cuc tiéu clia ving dén chinh 1a bé
rong ving cdm, d6i v6i Si bé rong
a viing cdm AE(Si) = 1,17eV 6 OK.
Hinh 6-12: Cé&c tui dién tir trong vung ddn  Chiing ta thdy rang cuc dai ving héa
cda Si. tri (dinh ving héa tri) ndm ¢ tam

ving Brillouin, trong khi d6 cuc tiéu
ving din (ddy ving din) nim & mot diém trén huéng ['AX cla ving
Brillouin, nghia 12 dinh ving héa tri va ddy ving dén khong ciing nim trén
mot diém cia vaing Brillouin, trong trudng hgp ndy ngudi ta goi viing cdm la
ving cdm Xién.

Bé rong viing cm cua silic phu thudc vao nhiét d¢ nhu & hinh (6-13) va
theo cong thifc:

—42
AEg= l,l?—w eV:s(l,l?—-’-l,l.lO"‘T)cV (6-8)
T+636
3 300K bé rong ving c4m cia Si: eV AEg
AE(Si) =1,12eV. G

Céc trang thdi (ng v6i mifc ning
lugng ndm trong viing cho phép
cua ving din va viing hod tri 1a
céc trang thdi trai dai. Khi trong
chat bdn ddn c6 cdc khuyét tat, vi 44 . . P -
du cdc nguyén tir tap chat, thi 0 20 40 600 T(K)
xudt hién cdc trang thai dinh x&
{ng véi cdc mic ning lugng ndm
trong ving cAm. Ngudi ta phan biét: Cdc tAm nong la céc trang thai donor

hodc acceptor ¢c6 mitc nang lugng ndm gén bd ving: gén E; 1 cdc trang

11}

10p

Hinh 6-13: Su phu thudc AE,(Si) vao nhiét do.
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thdi donor, gén

E, 14 cédc trang — OWMM

thdi  acceptor. aif 0% soms Asoms  svaaw

Cac tAm siu 13 a2k .

cidc trang théai asl 508

img vé mic 3] o}

nang lugng xa B est Y .

b¥ va gin gilta %* esk 7T 20 035 === Fe G352 EE‘E@"“W“
viing cdm trong S| a4}  wengnoas FE 0407

d6 c6 nhig tap S| a1} 20aa AR5
chit gay nén va! ozt e "

ba tl’@;ﬂg thﬁl 51 AFW Gagoss

cic mific néing 0802 /4
lugng khéc Hinh 6-14: So d§ cdc mirc nang lupng cda cdc trang thai tap chét
nhau, cic trang trong silic.

thdi nay c6 thé

12 donor hoidc acceptor. Trén hinh 6-14 trinh b3y so d8 nang lugng céc
trang thdi tap chdt trong Si, ddu cdng Ung vdi cic trang thdi donor, dau

trir tmg véi céc trang thai acceptor.

6.1.5. Nhimg thong s6 chinh cda silic
Nguyén nr sd: 14
Nguyén tif lugng: 28,08
C#u hinh dién v 1s*25%2p°3523p?
Ciu tric tinh thé: Lap phuong tam mit dang kim cuong (D)
Nhém khéng gian: Q> (Fd3m)
Hing s6 mang & (298K): (5,43072 4 0,00001) A.
Hiang s6 dién moi: 11,8
Khéi lugng riéng: 2,3283 g/em®.
Mat d6 nguyen tir trén mat (100): 6,78.10".cm™
Mat d6 nguyén tir trén mat (110): 9,59.10".em™
Mat d6 nguyén tir trén mat (111): 7,83.10' cm
He s& nd dai: c& (2,4 + 4,2).10 trong viing T° (10 +150 °C).
Do din nhiét & 25 °C (0,2 + 0,26) calo / cm.s.K
Nhiét dung trong khoang (20 + 100 °C): 0,181 calo/g.X.
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Nhiét d¢ néng chay: 1412 °C
Nhiét do soi: 2500 °C

Ap sudt hoi (1gP) tinh bing mmHg tir 1200K dén nhiét d6 néng chiy
1800

la: 1gP = - —T~—l,0221gT+ 12,83
Hé sd birc xa & 1000K ; 0,64
0 1688K : 0,46
Heé s8 khuéch tdn cia dién tir & 300K: 35 cm?/s.
He s6 khuéch tdn clia 16 tréng & 300K: 13,1 cm?/s.
Hé s6 khiic xa & budc séng 1,05 um: 3,565
2,6 um: 3,443
2+ 10pum: 3,5
Hé s6 phan xa & budc séng 1,5 um: 0,3
Néng d6 hat din riéng n, (cm™): n ? =1,5.1033 T3 ¢-2Eg/kT
v6i T=300K n,=1,510"%cm?
Po linh dong & 300K
cua dién tir p, = (1350 = 100} cm/V.s
cla 16 trong Hp= (480 + 15) em¥/V s
Cac thanh phin khéi lwong hiéu dung cla dién tir:
m;=0,%91m; m,=0,191m
He s6 bt ding hudng: K, = %f- =4,76
t

Khéi luong hieu dung do dan: m = —

=0,26m

+1
Kh6i lugng hiéu dung mat do trang théin;ﬁa dién tr:
my = M2/ (m,f.mf)l’f3 =1,06m; M=6
Khoi luong hiéu dung cia 18 trong:
m;h =0,5m m;g =0,16m

Niang luong phén tich do tuong tic S-L: AE, = 0,035eV.
Khoi lugng hiéu dung mat do trang thai cha 16 trong:

222
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. 2/3
B& rong vimg cdm & 0K: 1,21 eV
G 300K: 1,09eV
d AE
8. 41104
dT
6.1.6. Nhimg dac diém, (ing dung silic

Silic 1a vat ligu quan trong. duge st dung nhiéu nhat trong cong nghiép dién
tr. Nhitng wu diém chinh cia silic:

- Dé dang thu dong hod bé mat bing cdch oxy hod né, 16p oxit ty nhién c6
tac dung gidm ddng ké trang thdi bé mat va tir d6 gidm t6c do t4i hop bé mat.

Oxit silic rdt bén vimg ¢6 téc dung nhu mot 16p mat na trong cong nghé
planar.

- Silic ¢6 d¢ citng cao cho phép st dung céc phién silic ¢é dién tich 16n.
Do dan héi cao lam cho silic 12 vat lidu rdt thich hop dé ché tao cédc
Sensor vi co.

- C6 d6 6n dinh nhiét cao dén tan 1100°C cho phép tién hanh nhiéu qua trinh
cong ngh¢ O nhiét 4o cao nhu: khuéceh tdn, oxy hod va xir Iy nhiét.

- Gid thanh ré, nguén nguyen ligu phong phii va cong nghé én dinh,

Nhiing nhuge diém chinh cia silic:

- B& rong viing cdm clia silic AE, & 300K 12 1,09 eV va silic 12 bén din viing
cdm xién khoéng thich hgp cho muc dich sir dung nhut mét vat ligu quang
dién tn.

- D4 linh dong ctia hat ddn twong d6i thap (so véi GaAs ching han).

Véi nhitng ddc diém trén day chiing ta thay ring silic 13 vat liéu chi yéu,
quan trong dé ché tao cdc linh kién dien t&r, mach vi dién tir. Silic 12 vat
ligu thich hop nhét v6i cong ngh¢ planar 12 cong nghé chinh trong cong
nghé ché tao linh kién vd mach vi dién tir. Silic khong phai 13 vat lieu
quang dién tir nhung ngudi ta dang nghién ciru silic ¢6 ciu tric nano va
nhiing 16p Si Ge,, nudi trén d¢ silic dé ving dung vio quang dién tr va
nhig linh vire khic,

Silic ¢6 cdu triic nano bao gém: Si nano - tinh thé, day lugng ti¥, chdm luong
tir vi silic x8p (porous silic). Trong céc c4u triic nano, hiéu img nhét lugng

Trting Dai hoc Bach khoa Ha N&i 223



VAT LIEU BAN DAN

tir (quantum confinement) thudng dua dén hién tuong tang cudng hiéu sust
phét xa (emission efficiency) va sy dich chuyén vé& phia nang luong cao
(blue shift) clia pic phét xa, sy dich chuyén ndy phu thuoc vao kich thude
céu tric nano. Phuong hudng thit hai 13 st dung chuyén tiép di chét v6i cdc
thanh phdn khéc nhau, céc siéu mang dé “thiét k&” céc vat liéu, cdc cdu tric
c6 nhimg tinh chdt mong mudn. Vi du cdu tric chuyén ti€p di chét (GeSi/Si)
dua dén vat liéu c6 thé ding d€ ch€ tao cée linh kién tdc dong nhanh, cong
sudt 16n (vi d¢ linh dong cla hat dén trong GeSi 1én hon trong Si nhiéu). Bé
rong ving cdm cla GeSi nhd hon, phil hop véi ting dung ch€ tao detector
viing héng ngoai (véi A = (1,3 + 1,6)um). Vi du thit hai 12 epitaxy di chat véi
16p co gidn. Ngudi ta thdy ring bé day téi han cia l6p co gidn trong chuyén
ti€p di chat Si va Ge tinh khiét 12 Inm (46 khong tuong thich Si-Ge 13 4%),
trong khi d6 bé diy t6i han trong chuyén tiép Si - SiggGey, 12 100nm (do
khong twong thich 14 1%). Vay ch& tao cdc cdu triic epitaxy di chdt véi 16p
¢o gidn hay siéu mang céc 16p co gifin cling cho phép chiing ta “thigt k&” bé
rOng viing cAm va tham chi 12 c4u tric nang lugng cla vat liéu,

6.2. GERMANI (Ge)
6.2.1. Nguyén té germani

Germani, Ge 14 nguyén t§ thudc nhém IV cla bang tufn hoan Mendeleev.
Nhimg tinh chét 1§ héa cia Ge di duge Mendeleev tién dodn tir nam 1771,
rdt 1au tru6e khi Ge duge Vincler phdt hién vac nam 1866. Ge chi€ém khodng
7.10* % khdi lugng cla vd tréi dat, ¢ twong tw nhu cée nguyén 6 kém, chi.

Germani hdu nhu khong c6 quing riéng. Mot loai quing duy nhét chita
germani 12 germanhit chita cdc chét déng, sit, kém nhiéu hon Ge r4t nhiéu.
Khai thac germani 12 mét cong nghé phiic tap.

Germani 1a mot nguyén t8 tan man trong céc sa khodng silicat, sulfat. Trong
1 tdn quing chi - k&m chita 10 g germani. Germani chifa nhiéu nhét trong
mot loai than ¢cdm 100 g/tin.

6.2.2, Ché tao germani don tinh thé

Pé diéu ché germani ngudi ta xit I§ quing nguyén liéu bing héa hoc v thu
duge tetraclorua germani. Vé sau tetraclorua oxy héa tao thanh GeQ,, d6 13
mot chdt bot mau trdng. DE nhan duge Ge ngudi ta hodn nguyen GeO, bing
hydro, sdn phdm thu dugc 12 bot Ge mau x4m.
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Keét qua xir Iy nhiét ta duge céc théi don tinh thé. LAm sach va nuoi don tinh
thé Ge bang phuong phép néng chiy viing.
Quy trinh cong nghé ché tao don tinh thé germani gdm cde budc sau:

- Diéu ché tetraclorua germani, GeCl,;

- Lam sach GeCl,;

- Thiy phan GeCl, dé nhan GeO,;

- Hoan nguyén GeO, bang Hy;

- Ché tao céc thoi Ge da tinh thé tir bot Ge;

- Lam sach v nu6i don tinh thé cic thdi Ge bang néng chay viing;

- Pha tap néu cén trong qui trinh néng chay viing;
Don tinh thé Ge ciing c6 thé duge ché rao bing phuong phip Zchochralski.
Trén hinh 6-15 trinh bay so do cdc cong doan trong quy trinh ché tao don

tinh thé germani.
gt

Hinh 6-15: S0 d& céc cong doan trong quy trinh ché tao don tinh thé germani:
1- budng phén ing x& Iy quing Ge; 2- budng fam lanh; 3- budng hép thy; 4- bubng phin
ung clo héa; §- bom luén chuyén; 8- binh thu GeCl, chisa sach; 7,8- céc cét chung cat;
9- budng thiy phan; 10- b8 loc; 11- bs phan thu lai dung dich; 12- 16 s8y GeO, 13- 1o hodn
nguyén GeQ, bdng H, 14- budng lam sach bdng néng chay wving; 15- kéo ¢an linh thé
béng phuong phap Czochralski.

quang co Ge

Beer NN
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6.2.3. Cau triic vang nang lugng ciia germani

Cau tric vung nang lugng clia germani vé co ban gidng nhu c4u tric ving
nang lugng cia silic. So d6 cdu tric ving nang lugng cia germani ducc
biéu dién & hinh 6-16.

ke (3.5.3)

tkl = 4,69 < 10%cm™!

k :.(%'0, 0)

ikf = 14,07 » 307!

Hinh 6-16: So d3 vung nang hugng cia Ge,

Vang hda tri clia germani ¢é c4u triic hoan toan tuong tu nhu silic, nghia
1a sy phu thudc gitta nang luong va vecta séng cita ba nhdanh nhu cac biéu
thitc (6-1), (6-4}, (6-5) v6i cdc thong s6 sau:
A=130B=8.9C=103
m;l= 0,04m; m }‘)h =0,34m; AE;=0,28eV

Cau triic ving ddn germani khéc viing din cia silic nhiéu hon so vdéi giita
vliing héa tri chia chdng. Su khdc nhau co ban nhat 13 cyc ti€u cha viing
din clia germani ndm trén bd vang Brillouin theo hudng [111] cha tinh
thé, n6i cdch khédc 12 & trén diém L, tam cla cdc mat 6 canh cla ving

226 Trudng Dai hot Bach khoa Ha Noi



Chuong 6: Céc ban dén nguyén 6

Brillouin. Do tinh déi xing, ta nhan thdy c6 8 diém cuc tiéu twong tu véi
toa do la: —[lll]
222
Tuy nhién do diém cyc tiéu nim trén bd vung Brillouin cho nén khi ta dung
mat ding nang thi mét nira elip ndm ngoai vang Brillouin thi 1. Biéu thic
néang lugng c6 dang:
h2|(K)-Kg )2 +(Ky K2 ] h2(K;y-Kg)?2
E (K) = E(K,) + [(K) -Kg)? +(K, ~Kgp ) ]+ (K3 -Kg3)
2m 1 2m 3

(6-8)
Mt déng nang 1a cic elip tron xoay véi truc xoay la phuong [111] va cac huéng
tuong duong ctia tinh thé hay 1a huéng 'L trong viing Brillouin (nghia la theo
céc vecto tlr tam viing Brillouin dén tam ctia mat luc gidc (diém L).

Cling nhu d6i véi silic hai thanh phan khéi luong hiéu dung ctia Ge m; = m, = m,,

thanh phén thit III m; = m¢; d6i v6i Ge: m, = 0,082m, m¢ = 1,58m trong d6
m 12 khéi lugng cua dién tir tr do.

Tur day ta ciing tinh dugc ty s6 Me cling nhu ty s6 giita hai ban truc elip
ml

N ay
tron xoay —:
ay

m m; Uml

Hinh 6-17 biéu dién cdc tii dién tir
trong viing din ctia Ge. O day chiing
ta cdn chd ¥ rang tai méi diém trén bd
vung Brillouin néu ta ding mot mat I
ding nang c6 nang luong 16n hon cuc
tiu mot it thi chi ¢6 1/2 elip nim
trong vung Brillouin thit nhat, Nhu
vay v6i 8 cuc tiéu d6i xing chiing ta Ge

chi c6 8 nira elip ndm trong ving Hinh 6-17: Céc ti dién i trong ving dén ciia Ge.
Brillouin, néi cdch khic chiing ta

chi ¢6 4 elip ndm tron ven trong viing Brillouin thit I. Diéu nay cdn luu § khi
tinh mat d¢ trang thai trong viing dén sau nay.

L=(%

iy
Bin
e

Trudng Dai hoc Bach khoa Ha Noi 227



VAT LIEU BAN DAN

Ving cdm cua germani cling thudc loai viing cdm xién nhu silic, bé rong viing
cffm ciing c6 thé biéu dién gdn ding bing cong thitc:

AE, =(0,69 - 09.10°T) eV

G 300K ta c6 AE(Ge) = 0,66 cV.

Pz e

=)= 878eV

8E,(T

dooss Y ALOH
ait sy EL Teai S€BH# g 5 Ag"009
Appo ., v, AT
GIrasooe TEF e L st Cu Q.25

| 51 N 0,37 o030 N 030 Ag829
e ) e 0.«3;:5 t CLI’ 633
ozf-1n Ron2 WU s OB AUB

Lo o108 AQ LY
6118”00 FI &chaw . .

//’W ving b WL/

Hinh 6-18: 50 dd cac mirc nang lilgng cda cac trang thai tap chat trong german.

Trén hinh 6-18 biéu dién so d6 nang lugng cha cdc trang thai tap chét trong tinh
thé germani,

6.2.4. Nhimg thong so chinh ciia Ge

Nguyén tir s6: 32
Nguyén tit lugng: 72,59

C#u hinh dién ti: 1522572p%3s?3p®3d'%4s%4p
Trong luong riéng: 5,32674 gfem?

Nhiér do néng chay: (936 + 1) °C

Nhiet do s6i: 2700 °C

Nhiét dung & 300K: 5,47 calo/mol.K

D¢ din nhiét & 289K: 0,140 calofem.s.K
Hiing s6 dién moi: 16

Khéi lugng hiéu dung dién tir:

me=(},58 £ 0,04)m.
m, = (0,082 £ 0,001) m.
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He s& bat ding huéng K  =(m, /fm, )=19,268
Khéi luong hiéu dung cla 16 trong:
m ;h =0,379m

m;€=0,042m

. . i mea e ot 3
Khoi hrgng higu dung d¢ dan dién tu: m = —-mf—l =0,12m
+
m
Khai lugng hiéu dung mat 4o trang thai:
- 1:3 .
chadién iy my :( m, m? ) M?3 =0,55m; M=4

T > iy 7243
cha I trdng:  myg :[ mpf’fz +mph3I2 J =0,39m

Khoang niang lugng phén tich do tuong tic S-L: AE, = 0,28 eV.

Bé rong vingcim & T° =0K: 0,69 eV.

Bé rong viing cdm phu thudc nhiét 49 gin ding theo cong thife:
AE, =(0,69-09.10"T) eV.

Bé rong ving ¢cAm & 'T° = 300K: 0,66 eV

Néng do hat din riéng: n; = 1,76.10'°. T2 exp [—- 02’13_5] em?

D¢ linh ddng (tan xa trén dao dong mang):

T -1,66
dien tir: p, = 3800(ﬁ] em?/V .

. T VB,
10 tréng: p, = 1800(366) cm/V.s.

Po linh dong cudn & 300K
dien tir: p, = 3800 cm?/V.s
16 trong: p, = 1800 cm?/V.s.
Hé s6 khuéch tan & 300K
dien tir: D, = 93 cm’/s
16 tréng: D, = 44 em?’/s
Hing s6 mang: 5,65748 A.
S6 nguyén tir trong 1em®: 4,42.10% cm™.
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6.2.5, Nhirng dic diém ting dung germani

Germani 12 mot ban din duge nghién cttu ting dung rat sém ciing vdi silic dé
ch¢ tao céc linh kién dién tir nhu diode, transistor.
Germani ¢6 nhimg wu diém sau:

- Germani ¢6 nhiéu tinh cht co, 1y t6t, 6n dinh, ddc biét Ia tinh ch4t 4p dien
trG (dién tré tenxo) thudng duge img dung lam cam bién do bién dang.

- C6 do dn dinh nhiét twong ddi cao (mac déu thap hon silic).

- B¢ linh dong hat din 16n hon cla silic nhiéu lan.

Germani ¢¢ nhiéu nhuoe diém hon silic:

- Lop oxit trén bé mat germani khéng bén nhu oxit silic nén khong thé
dung lam mat na trong cong nghé planar.

- Bé rong viing cdm cta germani bing ¢& 0,66 eV, nhd hon cha silic, viing
cdm ciing thugc loai viing cfm xién, vt vy linh kién dién tit (diode,
transistor) ché tao tir germani khong thé lam viéc & nhiét do cao hon
100°C (gi6i han nay dai véi silic 12 150°C).

Chinh nhimng nhuge diém nay di han che iing dung germani. Khi cong nghe
planar ra doi (1960) thi vai trd cia silic trong cong nghé dien tir bit déu tang
truéng rdt nhanh con vai trd clia germani gidm din. Ngdy nay germani
thuding duge sir dung trong cdc muc dich sauw:

- Lam d¢ trong cong nghé epitaxy ché tao cdc ciu tric di chat véi mot s¢
hap chit A"BY.

- Ché tao cdc dung dich ran dang Ge,Si|_, v6i x ¢6 thé thay déi lién tuc.

- Germani ¢6 d¢ linh dong hat dan twong d6i cao c6 thé st dung dé ché tao
cic detector trong ving hdng ngoat.

La mot vat li¢u duge nghién cttu ing dung tir rat s6m, ngdy nay germani da
nhudmg ché cho silic trong finh vire cdc linh kién dién ur (diode, transistor,

vi mach...) va nhudng chd cho GaAs va cdc ban din hop chidt A™BY khéc.
trong quang dién i,

6.3. SELEN (Se¢)

6.3.1. Nguyén td selen

Selen duoc Berselus phdt hign nam 1817 1d nguyén (6 thugc nhém VI bang
tudn hoian Mendeleev (véi nguyen tir 56 34, nguyén tir lugng 78,96). Céc tinh
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chat clia selen do 6 dién tit héa tri 45°4p*, trong d6 2 dién tir v6i spin nguogc
chiéu nhau & trang thai s, 2 dién tIr véi spin nguoce chiéu nhau & mot trang
thdi p, con 2 trang thdi p khdc mdi trang thdi c6 mot dién tir vdi spin song
song. Selen ¢6 thé ¢6 héa tri 2, 4 va 6. Lién két héa hoc trong selen ducc
thyc hién do hai dién ur khong cap d6i & trang thdi p. Nang lugng tao thanh
méi lién két don vA m6i lién ket kép gin bing nhau cho nén kha nang tao
nén céc phan tir vong hay phan tir dang chudi [ rat Ién. O nhiét do duéi
900°C trong trang thai hoi, selen c6 the thiét iap su can bang sau:
Seg <> Seq > Sey > Sey
6.3.2. C4u triic tinh thé selen

Selen két tinh durgi mot s6 dang thi hinh:

- Selen dom 14,

- Selen 1ap phuong,

- Selen luc gidc,
trong d6 selen luc gidc 13 dang tinh thé bén nhat va 12 quan trong nhat. Tir
lau selen luc gidc da tinh thé di duge dung dé€ ché 1o 1€ bao quang dién, cdc
chinh luu cong sudt kha 16n.

Céc tinh thé selen luc gidc c4u tao tir nhimg chudi nguyén tir dang 16 xo doc
theo truc C cha tinh thé. Ba nguyén t{t selen tao thanh mot bude cha 10 xo.
Hinh chiu ctia chudi 16 xo 1én mot mat phing vudng géc truc C tao thanh
mot tam gidc déu. C6 thé néi selen lyc gide 13 mot polyme céu tao tit nhilng
chudi 1o xo rit dai sdp x€p song song véi nhan nhu cdc nguyén tir, duge dénh
ddu gach gach & hinh 6-19a.

Céc nguyén tir selen sip xé&p trong nhimg nuit clia chudi 10 xo sao cho tao duge
nhitng m6i lién két déng hda tri v6i hai nguyén tir cia chudi. Céc chudi 10 xo
trong tinh thé duoc sip x€p song song v6i nhau & céc dinh va tam cla hinh luc
giac nhu & hinh 6-19b. Nhém khong gian cia selen luc gidc 1a (P3,21).

Selen dudi dang khéng tinh thé ciing duge sir dung nhiéu, dic biét quan
trong 12 selen dudi dang thiy tinh. Selen dugi dang thly tinh ¢6 thé nhan
duge bing phuong phdp 1am ngudi nhanh selen néng chay. D¢ din nhiét
thap clia selen & day lam cho qud trinh cfu tric lai phan tit bi cham lai va
két qua 12 tao nén mét trang thdi long qua nhiét, d6 1a selen thiy tinh.
Selen thiy tinh ciing ¢6 thé nhdn duge bing phuong phédp lam bay hoi
trong chan khéng selen néng chdy, trong trudng hop ny selen 1a hén hgp
céc phan tir selen dang vong Sey, Se,, Sey v cdc phan tir selen dang chudi
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logi: (-Se-},, trong dé

n =10 + 10° Selen _ OO
thity tinh c6 dién tro Sy @rj‘;“@:‘ﬁ
sudt loén, c¢6 tinh S M o 8l b

3 PO ¢ i ; i . .
quang din khd 6t va _ ; I i @Lj@ .
da duge ding dé ché ey D deX 3 : ;
tao cac photorexepto K P S /“?_\ LA “'/

chup anh {inh dién
{electrophotography).

trong k¥ thuat . U
a} é

Selen chiém 8.10° % Hinh 6-19: Cau Iric cla tinh rhéé’ selan luc gidc (a) va hinh chiu
. y o ee e cac nguyén i selen len mdt phdng vudng goc vi truc ¢ {b).
khoi lugng vo trai dat,

thudng duge ché tao tir b thai cla cong nghiép ché tao axit sulfuric. Selen
tach tur bil thai cong nghiép bang phuwong phap hoa hoc duge lam sach bing
phuong phdp chung cat trong chan khong,

6.3.3. Cau triic ving nang hrong

Trén hinh 6-20 trinh bay cdc nhénh
nang lugng trong ving din v viing rooz M o0 r

hod tri cia selen luc gidctheo mot so

huéng trong ving Brillouin theo cdc £ 20

ky hieu trén hinh 6-21. Cdu triic nang oD G
lugng clia selen va cta telua tuong tu /

nhau va s& duge ban dén chi tiét hon & —

muyc sau. B rong viing c4m cla selen F a2 s Moo 7

¢ 300K vio khoéng 1,4 eV. Hinh 6-20; S0 d5 ving nang luong cia Se.

6.3.4. Céac thong so chinh ciia selen

Nguyén tir s¢: 34

Nguyén tir lugng: 78,96

Cau hinh dién tir: 15°2s%sp®3583p°3d'%45%4p*

Hdéatri 6, 4, 2.

Trang thdi co ban: 4s%4p*,

Nang lvong ion héa Thitl: 9,7 eV
ThuIl: 213eV
Thir HI: 339 eV
Thie IV: 42,7 eV
ThaV: 72,8 eV

232 Trudng Bat hoo Bach khoa Ha N



Chuong 6: Cac ban dén nguyeén to

Hiéu cong thoit so v6i vang: 5,13 eV
Hang s& dién moi: 6,6 + 0,4.
Hing sd mang: a=b=436A, c=496 A
Khoang cdch ngan nhit gita hai nguyén tit selen
trong mot chudi: 2,36 A
véi chudi bén canh: 3,45 A
Nhiét do néng chay: 219 £t °C
Nhiét do s6i: 685 °C
Khoi heong rieng: selen thily tinh 4,28 g/em®
selen luc gidc 4,80 g/cm®
He s6 khiic xa trong viing héng ngoai: 2,5
BE r¢ng viing c4m do bing phuong phap quang: 1,79 eV
Néng d6 15 tréng & nhiét 40 phong: 10'* em™
Do linh dong ciia 16 tréng: 1 em™/V.s

6.4. TELUA (Te)
6.4.1. Nguyén t6 va cau tric tinh thé telua

Telua 1a nguyén t6 thudéc nhém VI phan nhém VIb bang tudn hodn
Mendeleev (v&i nguyén tir s6 52, nguyén tit Jugng 127,61), cau hinh dién ti
clia Te: 5525p*. Ciing nhur selen, telua c6 6 dién tir hod trj, trong do 2 dién tir
& trang thdi Ss, 4 dién ti & trang théi Sp, vi vay telua ¢6 tinh chat hod hoc va
céc hop chit hod hoc gén gidng nhu selen. Khic vdi selen ¢6 nhiéu dang thi
hinh, telua chi két tinh duéi dang luc gidic v nhém khong gian (p3,21).
Don tinh thé luc gide ca telua c6 truc ¢ vudbng géc v6i mat luc gide ¢é canh
a, b va ty s0 cfa = 1,35, trén cdc dinh ¢6 nguyén tr Te, khodng cdch giita cdc
nguyén tir bing 2,86 A. Sy sdp xép cdc nguyén tir trong tinh thé Te rdt dac
biét tam cho né ¢6 tinh bt ding huéng vé tinh chat co, cling nhir vé cau tric
nang luong rt rd rét.

Khéc v6i selen 1a vat lidgu dwge sir dung dudi dang nhiing 16p da tinh thé luc

gidc, telua c6 thé ché tao vi 1am sach bing phwong phip néng chdy viing
nhitng dor. tinh thé ¢6 do sach kiém sodt duoc.
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6.4.2. Cau tric nang lugng coa telua

So d6 viing Britlouin thit nhat cia tinh thé telua duge trinh bdy & hinh 6-21.
N6 14 mot hinh luc ling, trong dé K, 1a truc ddi ximg bac 3, nghia la cdc
dinh M va cdc dinh P 12 khong tuong duong, trén hinh (6-21) cling biéu dién
mot s§ diém dac biet va truc toa do K,, K, K, theo quy ude.

Xac dinh cfiu triic nang Irong cla telua 14 mdt bai todn khd phiic tap. P& lam

viec do ngudi ta da tién hanh nghién cttu ca Iy thuyét va thue nghiém. Nhimg
nghién ctu 1y thuyét cho thiy ciu

tric ving nang hrgng cua telua ¢6 K

tinh bat ddng hudng rit manh. f’ M
Nhitng nghién cifu dién trés sut cta M@ 5 L R _iyp
Te cho thdy: dién tr& sudt doc theo M, P I N/IA M !

truc C (ky hiéu 1a py) va dién tr& B ' ,_I',____-I.‘E...P...k,
sudt theo phuong vudng gbc véi truc Rry Fe--- A

C (ky hiéu 13 p.) 12 khéc nhau, t§ s6 - ) /z_i__ I S
pulpy=1.7. < )

Tinh dén loai p 1a dic trung cua Te,
bang cich pha tap ngudi ta khong
nhan duge telua ¢é tinh din loai n.
Tinh din loai p cua telua duge xem 14 lién quan dén sy khong bdo hoa hod
tri & cac ddu cudi cha cdu tric chudi trong tinh thé telua. Tuy th€ nhitng
nghién cifu bang phuong phdp cong hudng cyclotron chimg td rang trong
tinh thé telua vin quan sat duge cdc dién tr nhiét phdt sinh trong viing din
va cdc 10 trong trong ving hod tri. Cdc thi nghiém nay con cho phép xdc
dinh khdi tugng hiéu dung cta dién tr trong viing dan.

Hinh 6-21: Ving Brillouin cda linh thé luc
gidc felua (va sefen).

Phé cong hudng cyclotron cia 16 tréng cho thay phé nang lugng cta 16 trng
rat phitc tap, ndé gém c6 mot s§ nhdnh ning lugng ¢é cuc dai khic nhau.
Pidu d6 I*én quan dén tuomg tic spin - quj dao ma ta da biét do: v6i phd
nang lugng cia Si, Ge. Nhimg nghién citu cdc hiéu dng dign - tir trong tinh
thé Te v6: néng do 16 tréng nhd hon 10'* + 10" cm™ cho phép keét luan
ring: mit ding nang lan c4n cuc dai viing hod tri ¢6 dang elip tron xoay v6i
truc quay song song v6i truc ¢ cla tinh thé. Thue nghiém vé cong hudng tir
ciing chiing to di€u dé va cdn cho thdy ban truc cia elip theo phuong truc
quay (phuong truc ¢) Ién hon bin truc theo phuong vuong géc, diéu d6 ¢6
nghia 12 m¢ > m,. Nhimg nghién citu tinh chat quang ca Te dua dén ket luan
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ring: cuc dai cha nang lugng ving hod tri nim trén canh bén cia hinh luc
lang trong khong gian K 1a ving Brillouin thif nhdt cta Te. Hai cuc dai ky
higu la M; vd M, ndm hai bén diém M (1 dinh cia hinh luc lang ving
Brillouin I) d&i ximg
qua difm M theo
phuong  K,. Nhimg
nghién  ciiu  thuc
nghi¢m con cho thiy
ring mdat dang nang
lan can mdi cyc dai
M, va M, c6 dang elip

N Ll ngodi ving B |t v R
tron xoay khi nong do goalvne ‘ fong vung B
Fo s 6 .
hat dan ¢@ 2.10° =+ pgipy 6.22: a) S dé nang fuong theo true K, i&n can diEm M;
1.107em™ (mat dang b} Hinh chigu céac elip ding nang trén mat day
ning & ddy 1a mat ciia luc lang ving Briflouin |,

Fermi ting véi néng do di cho). Khi néng dé hat din ¢& 10'7 + 10'® em™ mat
ding nang ca hai cuc dai tao thanh mot hinh s6 § hay hinh qua ta kép. Néu

biéu dién su phu thude nang luong E vio K theo hudng K fan can diém M c6
toa do theo truc K, 1a (/c) ta ¢6 hai nhanh M, vd M, nhu & hinh 6-22a.

Nhur vay t3i 6 diém M va 6 di€m P s& c6 nhilng cap cuc dai dang tuong
M,, Mz, chi ¢6 14n cén cdc diém P vi trf M, vA M, d8i ché cho nhau, 12 cip
mat ding uang dang elip trdn xoay (hay hinh qua ta kép) & 12 dinh cia khai
Iuc Iang viing Brillouin thif nhat. Trén hinh 6-21 biéu dién 2 cap mat ding
nang & hai diém M. Tuy nhién trong 24 mat ding nang elip lan can 12 dinh
dd, ¢6 12 mat didng nang hodn toan nim ngodi viing Brillouin thit nhat. Mai
elip con lai chi ¢6 1/3 thé tich ndm trong viing Brillouin thi nhdt nhu vé &
hinh 6-21b. Nhu vay chi ¢6 4 elip trdn xoay (1/3 cha 12 elip) ndm hoin toan
trong vung Brillouin thi nhat.

Trén hinh 6-23 biéu dién so d6 cic
nhidnh ning lugng trong ving din va
vung hod tri ciia Te. Chung ta thiy su
tuong tir giita viing nang lwong cia Te
va cia Se. Chiing la nhimg bdn din
viing cém thing nhung cyc dai ving
ra Z S M D T hod tri va cuc tiéu viing din khong
Hinh 6-23: Sg d6 vang néng lugng céa Te.  nam & diém I tam viing Brillouin.
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6.4.3. Nhimg thong so chinh ciia Te
- Nguyén tir s6: 52; Nguyeén tir lugng: 127,61,
- C4u hinh dién tir 1s225%2p%3s73p%3d'%45%4p°4d' %55%5p*.
- Khéi lugng rieng: 6,25 g/em’; s§ nguyén tir trong lem?®; 2,95.10%°
- Nhiét d6 néng chay: 452°C; nhiét do soi 1390°C.
- Hing s0 dién mai: 23.
- Hing s6 mang a =4 495A, b =3,74A, c = 5,912A,
- Géc hod tri 102°%.
- Di hudng vé dién trd sudt:
Song song véi truc ¢ : 0,307 Qem.
Yuong géc truc ¢ + 0,525 Qem.
- B¢ linh dong hat din & 294K.
clia dién tir p, = 1890 cm*fv.s.
cha I8 tréng p,= 790 cm?/vs.
- Saft nhi¢t dién dong & 300K cd (300 + 500) mv/K.
- Khéi lugng hiéu dung cia 16 tréng mg, =0,11m; my = 0,25m.
- B& rong viing ciim ctia Te khodng 0,3 eV,
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Chuang 7: Ban dén hgp chal AY8Y

CHUONG 7
BAN DAN HOP CHAT A"BY

Nam 1952, Welker nhan xét ring gali-arsen (GaAs) vi nhimg hop chit
A"'BY twong ty 13 cdc chit ban din. Ong d4 tién dodn dugc nhimg dac trung
cta ching va chitng minh diéu d6 bang thuc nghiém. Phat kién nay duoc x&p
vio danh muc cdc cong nghé ban din ban 1 (Key semiconductor
technology). Vat 1y, cong nghé va linh kién trén co s& loai ban din nay bat
ddu duge chi ¥ nghién ciu tng dung tir ddy.

Cic hop chit A'"BY 12 nhitng hgp chét cdu tao tif cde nguyén t& nham IIT va
cdc nguyén t6 nhém V. Tuy nhién chiing ta s& chi xét cdc hop chit cdu tao tir
cdc nguyén té phan nhém Illa (B, Al, Ga, In, T1) vA cdc nguyén t§ phan
nhém Vb (N, P, As, Sb, Bi). Mic di1 ¢6 tén tai mot s6 hop chat dang A"BYP
vd A""BY nhumg cdc hop chét ndy thudng két tinh du6i dang NaCl va it
duge nghisn ciru (ng dung. Trén thuc t€ s6 cac hop chat duge nghién ciu
con it hon, ¢6 thé nét chiing gém 16 hgp chat héa hop tir 4 nguyén t6 nhém
Illa (B, Al, Ga, In) va 4 nguyén td nhém Va (N,P, As, Sb). Cic hgp chat nay
duge sdp xEp trén so d6 hinh 7-1. Mébi 0 trong so d6 ghi cong thitc héa hoc
cia hop chat va phia dudi ghi cde s6 ligu theo thi ty san:

- Hang s6 mang a (A) néu 1 cfu tric Z; a (A), ¢ (A) néu la c4u triic W,

- Nhiét d¢ néng chay T, (°C)

- BE rong viing c&m AE, (eV), phia tréi ¢6 ghi chit D hoc I d€ chi 18 ban

din viing c4m thang (D) hoac ban din viing cam xién (I).

- D6 linh dong cia dién tir b, (cm?/V.s).

- D¢ linh dong cia 16 trong p, (cm*/V.s).
Phia trdi so dé & hinh 7-1 13 mét cot ghi cong thiic va s liéu cla cdc bdn din
nguyén t6 nhém IV va hop chat hodc dung dich rin cta chiing. Trong s d6
nay, theo chiéu tit trén xudng trong cdc ¢ot, dién tich hat nhan trung binh

trong hop chit ting lén (con sé phia trdi cong thitc héa hoc clia bop chat 1
dién tich hat nhan trung binh cia hop chit).
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6 C 6 BN
3.56 A 3615 A
4130 °C 3000 °C
53eV 10eV
1800 cm’/v.s
1400 cmiv.s
10 §iC 10 BRP 10 AIN
308 A 4538 A 3.1044; 4,965A
2500 °C 2400 'C
299 ¢V 59eV I. 60cV
400 e\ s 30 eV .5
50 co’/V.s 14 cmifv.s
14 Si 19 BAs 14 AP 19 GaN
543 A 4777 A 554 A 3,18A; 5,166A
1417°C | | ceeeeees 2000 "C 1500 "C
L12ev 34eV I 343eV D. 3.6¢cV
1450 cm®/V.s
450 cm*/V.s
23 SiGe 28 BSh 23 AlAs 23 GaP 28 IaN
5,17 A 560 A 545 A 1,534, 5,69A
1600 °C 1467 °C 1200 °C
24eV I 24eV I 226eVv D. 20cv
110 em¥V.s
75 cm/V.s
32 Ge 32 AlSb 132 GaAs 32 InP
5.65 A 6.135 A 5635 A 5.868 A
937,2°C 1065 "C 1238°C 1058 °C
0,69 eV I. 1.58ev D. 142eV D. 135ev
3900 cm/V.s 200 cm?/V.s 8500 ecm*/V.s 4600 cm/V.s
1900 cm/V.s 420 cm¥/V.s 400 cm?/V.s 150 em*V.s
41 GeSn 41 GaSb 41 InAs
6095 A 6,058 A
706 'C 942 'C
D. 072eV D. 036eV
5000 cm?*fV s 33000 cm*/V.s
850 cm¥/V.s 460 cm?/V $
50 Sn 50 InSh
6,48 A 6478 A
232°C 530C
0,08 eV D. 0,18eV
2500 em*/V s 80000 cm?/V %
2400 AV s 1250 em¥/V.s

Hinh 7-1: S0 dé bidu dién céc hgp chét A" B,
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Trong 16 hop chat bi¢u dién trong sa dé (hinh 7-1) ¢é 12 hop chat, dé 1a céc
hop chét cua P, As, Sb v6i 4 nguyén 1d B, Al, Ga, In, két tinh dudi dang zinc
blend (gia k&m) va ba hop chit cla N v6i Al, Ga, In [a cdc hop chat AIN,
GaN, InN c6 thé két tinh dudi hai dang zinc blend va wurtzite (luc gidc xép
chat), Chi c6 BN két tinh dudi dang luc gidc nhung khong phai céiu tric
wurtzite, ma bi bién dang thanh cdu tric gin giéng graphit.
Céc phuong phép ché tao cdc don tinh thé A"BY thudng gém cdc cong doan
sau day:

- Ché tao va lam sach cdc don chit.

- Ché tao cdc hgp chit.

- Nu6i don tinh thé va lam sach.
Trong nhimg muc dudi day s&€ gidi thiéu phuong phdp ché tao cic don chat
va hop chit.

7.1. CHE TAO VA LAM SACH CAC PGN CHAT

Chung ta bit ddu bing cong nghé ché tao va 1am sach cdc don chat va chi
gidi thiéu cdc don chat san: B, Al, Ga, In, P, As, Sb.

7.1.1. Ché tao va lam sach B

Bo 14 nguyén t6 duy nhét ¢6 it hon bdn dién tir trong 16p ngodi cling ma
khéng c6 tinh kim loai. Tinh bdn dn clia bo di duge chiing minh béng thuc
nghi¢m va duge gidi thich bdi kich thudc nho cha nguyén tir bo. Bo c6 ba
dang tinh thé khdc nhau: mang b6n phuong, mang thoi  (nhiét do cao) va
mang thot ¢ (nhiét d¢ thap). Bo nhan duge tir phan tng hodn nguyén béing
hydro hodc natri hgp chit bo halogenua nhu: BBr;, BF,, BCl;, Bl;, hay tir
nhiing phan ting nhiét phan ly cla diboran B,H,. Cdc phén tng hoin nguyén
hay nhi¢t phan ly déu x4y ra trong moi truémg chita hén hop khf va cé mot
day dot néng 1am tir W, sdt, platin, tantan, graphit, molipden hay titan:

BBr; + 3H, — 2B+ 2BrH,

B,H¢ —» 2B + 3H,

Pé nhan duge bo tinh khiét, céc khi nguyén liéu nhu bo-halogenua, diboran
dugc 1am sach bang phuong phdp chung cat. Bo nhan dugc bing phan img
hoan nguyén hay nhiét phan ly duge 1am sach bang phuong phdp ndng chay
ving vi trong qud trinh nuéi don tinh thé Czochralski.
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7.1.2. Lam sach Al

Bing phuong phdp dién phan dung dich néng chiy ngudi ta di c6 thé dat
dugc nhom vdi d6 sach 99,999%. Dé dat duge do sach cao hon ngudi ta
dung phuong phdp néng chdy ving trong chan khong hodc trong méi trudng
khi tro.

Phuong phap ndng chdy viing & day duge tién hanh hai cach: Cach thit nhat
la dung thuyén dung bing graphit hay bing oxit nhém, cich nay di sao vin
gy nhiém ban tir vat liéu 1am thuyén dyng. Cich thit hai (3 néng chayviing
khong ding thuyén dung. Néng chdy ving nhom c¢6 thé thuc hién theo hai
phuong dn:

Phuong 4n thit nhit ding cho nhimg thanh nhom c6 tigt dién tron v6i diwdmg
kinh nho hon 10 mm. Ving néng chéy duge tao nén bing dong cao tin va
duoe giit bing sic cing miat ngoai (nhu d&i v6i Si), thanh nhom nim theo
chiéu thang dimg,

Phuong dn thit hai thuc hién néng chdy viing nhom 14 ding tix trudng dé giir
ving ndng chdy. Thanh nhém ndm & trang thdi nim ngang vi ngudi ta cho
mot dong dign mét chiéu chay qua thanh. Cuon cdm ting hay 13 cuén day dét
bang dien trd cung véi nam cham chuyén dong doc theo thanh nhom (hay
thanh nhom chuyén dong ma cugn day va nam cham dimg yén) tao nén mot
tir trudng ndm ngang vudng géc v6i thanh nhom. Tir d6 xust hien mot lyc téc
dung tir dudi 1én trén, v6i mot cudng d¢ tir trudng vi cudng do dong mot
chiéu thich hgp s€ giit duge ving nhom ndng chiy.

7.1.3. Lam sach Ga

Ga thuong gap v6i nong do rat nho trong quing cla cdc kim loai khdc nhu
Al, Zn, Ge. Qud trinh 1am sach Ga thudng di qua hai budc, Bude thit nhat 1a
lam sach so bo dat do sach khodng 99,9% dén 99,99%. Budc thit hai nhdm
tac ra Ga siéu sach chi chita ¢d 10™* % tap chat. Tap chét trong Ga thudmg la
Na, Mg, Ca, Al, Si, Sn, Pb, Cu, Ag, Zn, Cd, Hg, Fe, Cr, Mo, V.

Trong cong nghiép (vi du trong cdng nghé tinh ché Zn, Ge)} Ga thudmg nhan
dugc dudi dang dung dich trong moét cong doan trung gian, dé két tha cac tap
chat trong dung dich dé nhur Sn, Cd, Cu... ngudi ta phai dung H,S. Con trong
cong nghiép tinh ché Al, Ga nhan duge dudi dang dung dich natri galatat
(Na;Ga0;). B¢ 1am sach dung dich ndy ngudi ta dung FeSO, (hoan nguyén
va két tha cde tap chit).
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D¢ nhan duge Ga sach ngudi ta thudmg t6 hop cdc phuong phép lam sach véi
nhau, ¢6 thé phan biét hai nhém phwong phép sau day:

- Céc phuong phap tac dung truc ti€p vio kim loai Ga: Tac dung bang axit va
loc, tdc dung bing oxi vi cdc khi khdc, d6t néng trong chan khong, két tinh,
tdc dung bdi cdc kim loai 1ong khac (Hg).

- C4c phuong phap xir 1¥ cac hgp chdt ctia Ga: dién phan, tich chon loc
GaCls, chung cét céc hop chat halogenua cia Ga, lam sach bang néng chay
ving GaCl;, nhan cdc hgp chét hitu co chita Ga réi phan ly ching.

7.1.4. Lam sach In

In tim thdy v&i ndng d6 nho trong céc quing Fe, Pb va Cu. In thu duoc dudi
dang dung dich trong axit. Dung dich nay dugc lam sach, lam gidu réi cho
tdc dung v6i NH, d€ nhan In. D€ nhan dugce In siéu sach, ngudi ta két hop
nhiéu phuong phdp lam sach v6i nhau nhw:; phuong phap dién phan (véi chat
dién phén floborat In, Zn, Cd, S, Se, Te), phuong phdp két tinh, phucng phap
chung cat trong chan khong, phuong phdp tao hgp chét lam sach réi sau do
phan 1y (vi du tao In halogenua) bing 16 hgp cic phuong phdp trén co thé
nhén dugce In v&i néng do tap nho hon 107 %.

7.1.5. Lam sach P

Trong tr nhién photpho thudng gip dudi dang photphat, nhu canxi photphat
(Ca,(PO,), hay floapatit (CaF;.3Ca;(PO,),). Photpho nguyén td trong cong
nghiép nhan duoc tlr photphat ti nhién bang cdch hoan nguyén trong 10 dién,
phan 1ing xay ra theo hai giai doan sau:

2Ca;(POy), + 6510, — 6CaSiO, + 2P,0;

2P,0, +10C - 10CO +p,*

Hoi photpho bay ra duge lam sach cho ngung tu thanh dang long va duge loc
d€ loai tap. Tix day thu duge P véi d6 sach ¢d 99,5%.

Photpho tho niy dugc 1am sach bing 16 hgp cdc phuong phdp sau: Xir 1y
bang dung dich axit, chung c4t trong chan khong, chuyén photpho tring
thinh photpho d6. Bing cdc phuong phép trén day c6 thé thu duge photpho
v6i do sach ¢d 10 %.

7.1.6. Lam sach As

Trong ty nhién ciing ¢6 thé gip As du6i dang nguyén t6 nhung chil y&u As
ndm dudi dang cdc hop chat nhu As, S, As,S,, FeAsS hay As,O.
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As nguyén t6 c6 thé nhan dugc bing céch hoin nguyén As;0O; bang carbon.
Cac sulfua arsen duge nung néng dé€ bign thanh As,O, v sau dd hoan
nguyén As,O; bang carbon. D€ nhan duoc As siéu sach ngudi ta ding 16 hop
nhimg phirong phdp lam sach sau day:

- Chumg cét trong chan khong,

- Chung ciét trong hydro & nthiét dé cao.

- Tdch tir dung dich trong chi.

- Nuoi don tinh thé As bing phuong phép két tinh dinh hu6ng Bridgman.
- Hoan nguyén oxit ba clia As.

- Hoan nguyén clorua ba cia As.

- Nhi¢t phin hiy arsin trong hydro.

- Bién phan.

- Nong chdy viing cdc arsenua.

7.1.7. Lam sach Sb

Antimon trong ty nhién chi y€u ndm dudi dang sulfua va oxit. C6 nhién
phuong phdp dé ché tao Sb nhung trong c6ng nghiép ngudi ta thudng dimng
hai phuong phédp: phuong phép hoa luyén va phuong phép dién luyén. Bing
cdc phuong phap ndy ngudi ta nhan duoc Sb sach c& 99,9%.
D¢ nhan duge Sb siéu sach ngudi ta ¢6 thé sir dung cic phuong phdp lam
sach sau:
- Phuong phdp héa hoc: tir Sb tho diéu ché thanh cdc hop chat (vi du, sufua,
clorua, oxit...) lam sach céc hop chét ndy réi hoan nguyén chiing dé nhan
duge Sb sach,

- Phuong phap di¢n héa: 1 phuong phip dién phan cdc hgp chét clia Sb nhu
sulfua, clorua...

- Phuong phdp chung cét trong chan khong.
- Phuong phdp néng chiy viing.

7.2. CHE TAO CAC HQP CHAT A"™BY

D¢ ché tao céc hgp chit AMBY ngudi ta phai nghién citu gidn d6 pha clia he
hat nguyén, 4p sufit bio hoa ctia céc nguyén 6, dac biét 1a cla nguyén &
nhém V vi né anh huong rit manh dén tinh chdt cla tinh thé hgp chat. Van
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dé dam bdo thanh phdn hgp thifc trong hop chét ciing |4 vin d& quan trong
trong cong ngh¢ che tao cdc ban dan A"BY. Dudi day chiing t6i gi6i thigu
viin tit cong nghé ché tao cdc hop chat dé.

7.2.1. Cong nghé ché tao BP

Cic phuong phdp ch€ tao BP (bo photphua) ¢6 thé ké vén tit nhu sau:
. BCl; + PH, (hay P,+ Hy) 190°€C Bp | 333y

2. BCl, + PClL + 3H, 2%°S Bp 4 6HCI

3. BCl, + PCls 3000° § BP + 4C1,

4. 5(BO)y +7P ———>  5BP+ P,0;

5

. MeP + BClI —> BP + MeCl,
6. Két tinh tir vat lieu néng chay.

p—

BP néng chay & nhi¢t do rdt cao (3000 °C) nhumg bi phan ly & nhiét do thap
hon, & nhigt 4o 1550 °C 4p sudt hoi P dat dén laim, vi viy khong thé img
dung phuong phdp néng chdy viing vd Czochralski. Tuy nhién vin ¢6 thé
nhan dugce BP bing phuong phép keét tinh tir vat ligu néng chay, Bva P cd do
hoa tan khd cao trong mot s kim loai. Ngudi ta c6 thé diing hién trong néy
dé két tinh BP. Vi du ngudi ta ding Ni nhu mét kim loai dung moi (NiP c6
T,=1110°C). Bt viio mot ddu clia mot Sng thity tinh hin kin hop kim néng
chdy NiB, giit ddu nay & nhi¢t do khoang 1200 °C. Pdu kia cha éng thily tinh
chifa photpho va duge giit & nhigt 4o thich hgp dé€ tac nén 4p sudlt bio hoa
hoi photpho cin thiét. Khi dung dich néng chay da bao hda boi hoi phat pho
thi ha nhig¢t do dung dich xuf.'ing nhiét do két tinh, trong vat lidu sé tao nén
cdc tinh thé BP. Céc tinh thé niy c6 thé tich ra duge bang céch hoa tan kim
logi déng vai trd dung méi (Ni). Bing phucrng phdp nay thudng thu dugc BP
loai p v6i ndng dé hat din ¢& 10'® cm™, va do linh dong & nhiét d¢ phong cd
300 - 500 cm*/V.s.

7.2.2. Cong nghé ché tao AIP

AIP ¢6 thé duge ché tao bing mot s6 phuong phdp sau:
- D6t hdn hop bot photpho dd va nhom trong chén nung bing thép.
- Nung bot nhdm trong hdi photpho, khi nhom néng do s& dot chiy.
- B6t hdn hop bot nhom va photpho trong ddng hoi photpho.
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Céc phuong phép nay thudng cho AIP con chita kim loai Al chua phan ing hét.
- Phuong phép tic dung Al va photpho dd trong 6ng kin ¢é thé cho AIP
khéng con chita kim loai nhém. Qua trinh nay ¢6 kém theo nung néng vai
ngay & nhiét 46 1000 °C v6i 4p sudt hoi P vuot qua 1 atm. DE tranh tic
dung lam cham phan (g cua thach anh, phin 6ng dung Al duge thay
biang &ng oxit nhém va ddn véi phdn 6ng thach anh bing keo chiu nhiét.
- Phuong phédp phan iing thé:
2Al +Zn,P, » 2AIP+ 3Zn

Phan ting thuc hién bing céch dét bot nhém va Zn,P, trong thuyén thach anh
hoac graphit.

7.2.3. Cong nghé ché tao GaP

Dé ché tao GaP ngudi ta di nghién citu cdc phuong phdp sau:

- Phuong phdp truc tiép 0y hai nguyén 16 Gava P:

Ngudi ta c6 thé két tinh GaP tir dung dich néng chiy Ga-P ding hop thit,
gén ding hgp thic, hodc giadu Ga. Phuong phédp niy ¢6 nhitng khé khan do
nhiét d6 néng chiy cao (1500 °C) va 4p sudt phan ly hgp chdt cao (30 atm).
Vi vy, qud trinh téng hop phai thuc hién trong 6ng kin, theo 1y thuyét
ong thach anh c6 thé chiu duge 4p sudt 40 atm, nhimg thyc € 4p sudt dé
thap hon nhiéu vi nhitng khuyét tat trong thach anh va dac biét 12 khi gia
cong théi ong thach anh. D€ khic phuc khé khin niy ngudi ta di cé
nhitng gidi phdp k¥ thuat dic biét dé 10 phin ing chiu dwgc dp sudt cao tir
6 -35 atm. Trong céc thié€t bi ndy ngudi ta ¢6 thé ti€n hanh cdc phwong
phép nuodi tinh thé vd lam sach nhw: néng chdy viing ndm ngang, néng

chay viing khong thuyén dung, phuong phap Bridgman, phuong phap
Czochralski.

- Phuong phdp ding phdn itng pha hoi:

Cic tinh thé GaP ¢6 thé nhan duge § nhiét do thap hon nhiét do néng chay
rit nhiéu bing cdc phan fing xay ra trong pha hoi.

Vi du 1: C4c phan timg c6 dang saun day c6 thé dwa dén GaP:
2Ga + GaX; - 3GaX

2GaX + %.m - GaX; +2GaP
trong d6 X 13 k¥ hi¢u cdc halogen nhi clo, brom, iot. Phan ing giita GaX va
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P dugc thyc hién trong dng kin duge d6t néng déu va sau d6 ha nhiét do
xudng ¢& 1050 °C dé cho GaP két tinh.

Vi du 2: GaP cd thé nhan duge nhd céc phan tng:

4Ga + Ga,0; ->»  3Ga,01

Ga,0+ P, —  2GaP + P04
Trong mot Sng kin mot ddu dé (Ga + Ga,0,;) mot ddu khéc dé P. Nhiét do
Ga + Ga,0, ning lén khodng 975 - 1060 °C gy ra phan iing tao nén Ga,0,

sau dé nhiét do ddu dng dung P tang 1én tao nén 4p sudt P cd 0,1 + 1 atm.
GaP duge tao ra ¢ doan giita &ng.

- GaP ciing cé thé tao nén tiy cdc phdn itng loai khdc:
Vidu I:
3GaCl, + P 2%°§ phic ¢6 man 22°G 2GaCl, + GaP

Trong phén ng nay lic ddu 3GaCl, + P dugc nung néng § 300 °C trong |
gi®y tao nén mdt phirc c6 maw, sau d6 tir tir nang nhigt 6 1én 500 °C, phitc d6
bi phan ly tao ra GaP.

Vidu2;

GaCl, + PH; 2% phitc mau vang 200 40 X% G5ap ...

Trong phin ng ndy ngudi ta cho khi nitg mang hai PHy di qua GaCl, va
cudi ciing ¢é thé nhan GaP ciing c4c sén phdm khdc nhu HC), P, va hon hop
clorua.

Vidu 3:
PCl, + Ga - GaCl; +P
GaCl; + Ga —  Gadl,

GaCl, + P 2%°S phic comdu  —52GaCl; + GaP

7.2.4. Cong nghé ché tao InP

Ciing nhur d6i v6i nhiéu hop chdt A"'BY, cong ngh¢ ch€ tao InP gap hai kho
khan chinh: dp sudt phan ly tai diém néng chdy clia InP cao (c@ 20-30 atm),
hoat tinh clia cdc nguyén t6 & nhiét do cao thudng rédt cao. D¢ ché tao InP,
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ngudt ta diing cde phuong phép cong nghé khic nhau duge tign hanh trong
ong kin bang thach anh.

Phuong phdp ding cdc phdn iing héa hoc:
Vidu 1: Nung chiy clorua In vdi photpho tring:
2InC1+P — InCl, + InP
3InCl, + P — 2InCl, + InP
Vidu2:
PCl, + 2In (thira ra) — InP + InCl,
Phitong phdp két tinh dung dich long:

Phuong phép ndy thudmg duge sir dung d6i voi cdc hop chit ma tdng hop
ching tir dung dich néng chdy diing hgp thirc xdy ra & dp suit rat cao.

Vidy I: Nung néng dung dich chéa 10 - 20% photoho treng In dén nhiét do
cao hon nhiét d¢ ket tinh InP, sau dd cho dung dich ngudi tir tir v6i téc do
khong déi. InP nhan duge dudi dang nhimg t4m mong tinh thé ndm lan trong
In thira, In thira duge hda tan trong axit clohydric & 180 °C.

Vidu2: In néng chdy dwgc dung trong thuyén, dat trong mat dng kin & viing
nhi¢t d6 cac 6 gradien nhiét d doc theo dng (1000 °C - 1060 °C). Trong
ving nhi¢t do khdc clia 6ng kin dat photpho, tang dan nhiét do ving ndy, ap
sudt hoi photpho tang lén, photpho bi In hdp thu tao ra InP két tinh & phén
ngudi hon cia thuyén.

Vi du 3: Kéo don tinh thé InP bing phuong phdp Czochralski, phuong
phdp va thi¢t bi giong nhu trong trudng hop kéo don tinh thé Ge,
GaAs..., nhung vdi dp sudt nhd hon thanh phan hgp thitc vi vi the 16¢ do
kéo phdi rit nho.

Pintong phdp két tinh trong diéu kign ¢6 gradien nhiét do:

Phuong phdp nay ding d€ nuoi tinh thé 1t dung dich néng chay, dung dich
lofing hodc ding thanh phin hop thic. Qué trinh duge thue hién trong 6ng
kin ¢6 hai ving nhiét d9, trong ving nhiét d¢ thap nhiét do déng déu va
khong déi, trong viing nhiét d¢ cao nhiét do thay déi, c6 mat gradien nhigt
d¢ doc thee 6ng va nhiét d¢ c6 thé thay déi theo thdi gian nhu biéu dién
trén hinh 7-2.
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Trong viing nhiét d¢ thip dat P, 4p
suft cla nd cé thé kiém sodt bing
nhiét do dé khong vugt qud mic
cfn thiét. Trong ving nhiét 44 cao
dé In néng chdy. Qua trinh két

T

tinh InP dugc thuc hién bing cdch Khoang cach
h‘? nhl\ét \do t\ron}g V}l ng cao mot Hinh 7-2: S¢ d8 bigu dién gradien nhiét do
cach tilr tir nh&r kéo 16 v&i mot tée trong qué trinh két tink InP.

46 10 mm/h.

7.2.5. Cong nghé ché tao AlAs
AlAs duge ché tao bing cic phuong phédp sau:

a- K&t tinh dinh hudng tir dung dich néng chay khong ding thanh phin hop
thitc. Thiét bi nudi tinh thé AlAs dugce trinh bay trén hinh 7-3.

- Trong dng kin thach anh ¢6 mét thuyén dot chira dung dich néng chay
(nhom), mot ddu khdc cha 6ng c6 dit As. Ong kin nay dwgc dat trong mot
he 10 gom mot 10 nung mot viing va mot 10 nung hai viing, sao cho thuyén
dung Al ndm trong viing lam viéc clia cudn cdm ing cao tin, cdn As ndm
trong mot viing clia 1o hai viing va ¢6 thé diéu chinh d€ thay ddi dp sudt hai
As trong Ong.

15 @:én trd) hai vang 1 dién trdy mét viing
ﬁs thuyéin chira Al néng chiy

khi trd 9

/
Sog thGy tinh thach anh

gia didn trd graphite

Hinh 7-3: So d6 thi€t bi ché tac Alhs béing phucng phap két tinh dinh hudng.

- Nang nhiét do dung dich néng chay lén 1700 °C. Di¢u chinh nhigt d6
ving I (gdn vdi 1d mét viing) dén 1000 °C va nhié¢t d¢ vang II dé dat 4p suat
hoi As 2 atm.

- Duy tri ché do ndy tir (1/2) h dén | h dé phin tng héa hgp AlAs xdy ra
xong.
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- Dich chuyén 6ng kin tir ving nhiét do cao 10 mot ving dén Id hai ving dé
cho AlAs két tinh, t6c d¢ dich chuyén thich hop 1a 3,5 cm/h.
b- Ket tinh dung dich néng chdy khong ding thanh phin hop thic bang
phuong phip bdo hda. Noi dung phuong phdp nay gidng nhu phuong phip
két tinh dung dich loéing d6i véi InP.

7.2.6. Cong nghé ché tao GaAs
Nhw dd m6 4 trong phdn trén, cong nghe ché tao GaAs c6 thé thyc hién
bang nhidu phuong phap:
- Phuong phdp keét tinh tir dung dich néng chay khéng ddng thanh phén hop thic;
- Phutong phdp ket tinh tir dung dich néng chay giau Ga hay As;
- Phuong phdp két tinh tir pha hoi;
- Phuong phdp ché tao GaAs tir phan tng héa hoc.

7.2.7. Cong nghé ché tao InAs

D61 v6i hop chdt nay, cdc nguyen t6 thanh phan c6 4p sudt hoi hét sitc khéc
nhau. In c6 dp suat hoi rdt nhd, trong khi d6 As c6 4p sudt hoi c& 30 atm &
nhi¢t d6 néng chay, dp sudt phan Iy clia hop chit & 1000°C ¢& 0,25 atm. Dé
nhan InAs ngudi ta ¢6 thé ding cdc phuong phép cong nghé:

a- Phuong phdp nhan InAs trong 1d mét viing nhiét dg: bé vao 6ng kin bing

thach anh In va As v6i thanh phén diing hgp thifc. Nang nhiét d6 lén 600 °C
(ap sudt As dat ¢@ I atm) va doi vai

. . . LU nung
ba gir dé cho As kip khuéch tdn - 0
phit Ien In va lam bdo hda dung (777 Dok 2220
dich In bing As tao nén hop chat =
InAs. Sau d6 nang nhiét do lén cao et !?luyén thity tinh
hon (dén 970 °C) vi tién hanh két b) -'!m:c TnAs ng thisy tin
tinh dinh kuéng véi t6c do cham. 50 ‘E/—IR

b- Phuo‘ng‘;)hép phzip. nhan II}AS Hinh 7-4: So d6 1o nung ba ving d§ ché tao
trong 10 nhi¢u viing nhiét d9, vidu  inas, a- SO d6 thiét bi: b- phan b nhigt 06
16 ba viing nhiét d) nhu bidu dién &  trong thiét by,

hinh 7-4,

¢- Phuong phdp nudi tinh thé InAs tir dung dich néng chay khong diing hop
thitc (dung dich In chita 10-20% As).
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7.2.8. Cong nghé che tao AISb

AlSb ¢6 thé téng hop tric 1i€p trong 10 bang alun (1& bing oxit nhom) va thuc
hi¢n kéo don tinh thé theo phuong phdp Czochralski. Mot trd ngai I6n cho
phuong phép nay la dnh hudng cla oxit nhém dén qué trinh kéo don tinh thé
vi oxit nay khé néng chay va bay hoi, thudmg néi trén bé mat dung dich.
Ngudi ta ding mot s6 bién phép k¥ thuat sau day dé khéc phuc tré ngai nay;
- Ding chén nung det quay nhanh @€ lgi dung lie ly tam lam oxit vung ra
phia ngoai.
- Diing nhiing "mo6i" bing alun nhing vao dung dich dé cho bé mat dung
dich bi dong lai rdi "vét" ra, trong phdn bi déng nay cé oxit.
- L6p oxit trén bé mat nhom ¢6 thé loai bd bing cdch gia cong nhiét & nhiét
d¢ 1000 °C wong chan khong. Bing cdch nay ¢6 thé oxit nhom bi hoin
nguyén thanh monoxit thém va bay hai.

7.2.9. Cong nghé ché tao GaSh

GaSb c6 thé nhan duge bing cdc phuong phip sau:
a- Nong chay ving trong thuyén nim ngang.
b- Phuong phip Czochralski.
Hop chat duge tdng hop bang cdch cho néng chiy truc ti€p céc nguyén ligu

thanh phan Ga va Sb. Trong phuong phdp Czochralski & day cling phai quan
tam dén cdc van dé san:

- Khéc pnuc é&nh hudng clia cée oxit trén bé mat dung dich.
- Gradien nhiét do theo bén kinh ¢én déng déu.
- Co ché kéo va quay phai trdnh duge cde dao dong.

7.2.10. Cong nghé cheé tao InSb

InSb dugc tdng hop bing cdch cho néng chay tryc ti€p In va Sb trong mot
binh nung, trdnh duoe sy tiép xdc véi oxy. Vat ligu InSb néng chdy sau khi
téng hgp duge rét qua mat vdi hep théng qua ddy binh,
InSb sau khi téng hgp 6 thé 1am sach bing phuong phdp néng chay viing.
InSb dom tinh thé c6 thé ché tao bang céc phuong phép sau:

- Phuong phdp Bridgman ndm ngang,.

- Phuong phdp Czochralski, bing phuong phdp nay tinh thé c¢é xu hudéng

két tinh theo phuong [111], tinh thé phat trién theo huéng [110] va [100]
thudmg ¢ xu huéng phét trién song tinh.
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7.2.11. Cong nghé epitaxy hgp chat A'"BY

Nhu chiing ta nhan thdy trén day, cong nghé ch€ tao A"BY du6i dang céc
thoi don tinh thé 1 phifc tap hon rét nhiéu so vdi cong nghé ché tao don tinh
thé ban ddn nguyen 16 nhu Si, Ge. Tuy nhién rat nhiéu cic ban dan hgp chét
duge st dung dudi dang cdc 16p epitaxy trén cac d€ don tinh thé ban din
khic, nghia [a ché tao bang cong nghe epitaxy di chat.

Cong nghé epitaxy da duwge mo ta trong muc (4-8) chuong 4. D6i vdi cic
chat A"B" ngudi ta thudng ding cdc phuong phdp CVD, MOCVD via MBE.
Tuy nhién dé nhan duge cdc 19p epitaxy 6 chat dugng cao cin dam bdo cic
diéu kién sau:

1- C4u triic tinh thé cha I8p epitaxy va clia d€ phéi gidng nhau,

2- Hing 30 mang cua ching phai tuong thich (khong khdc nhau nhiéu qua).

Néu cfu tric linh kign gém céc l6p A"BY thi diéu ki¢n thif nhdt luon thoa
man, tuy nhién diév kién thit hai thudng khé dip ing. D€ dép ting duge diéu
kign thtt 2 ngudi ta si dung cdc dung dich ran (hay hop kim) gilta cdc chat
A"'BY dang ba nguyén nhu: A!'C}" BY, A"'D)B,_, ; dang bon nguyén nhw:

Al'CY BY D1 4+ Vi hang s6 mang cdc hgp kim nay phu thugc vio x (hay x

vay). Qua céc chi s thanh phin x vay ngum ta con ¢ thé diéu chinh dugc
bé rong vung cam cha hgp kim, ¢6 thé ndi day ciing 12 mot phuo’ng phap
“thiét k&” vimg cdm, mdt cong nghé thiét k& vat ligu ma ching ta s& bin sau
nay. Trong qud trinh tién hanh MBE ngudt ta thudng diung phuong phip
nhiéu xa dién tr nang lugng cao (Reflection high - energy electron
diffraction. - RHEED) dé theo d&i su phdt trién tinh thé trén bé mat. Chinh
bang phuong phip RHEED ngudi ta di phat hién ra ring cdc nguyén tir As
chi bim vio bé mit GaAs khi trén bé mat dé di ¢6 sin cac nguyén tir Ga.

7.3. CAU TRUC TINH THE CUA HQP CHAT AMBY

Ba cdu tric kim cuong (D), zinc-blend {Z) va wurtzite (W) déu thudc loai
¢&u tric t dién (tetrahedral), nghia 12 c8u tric ma trong dé mdi nguyén tr 1a
tam clia mot tr dién cfu tao tir 4 nguyén tr gan nhét. Trong cfu tric kim
cuong thi nguyén tir & tam va nguyén to & 4 dinh cla tt dién 14 cling loai,
con trong ciu tnic Z va cdu tric w thi nguyén tir & tdm 12 khic loai v6i 4
nguyén tu & dinh ti dién. Céu tric D va Z 12 thudc mang lap phuong tam
mat, trong hai ciu tric ndy cdc ti dién la déu va hai tit dién canh nhau quay
tuong d6i v6i nhau mot géc 60° nhu & hinh 7-5a.

Cau tnic W khong thuoc mang 1ap phuong tam mat ma thudc mang luc gidc,
nhung su sép x&p nguyén tir trong cdu tric dé vin ¢ dang uf dién, nhung 1a
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td dién khong déu, hon nita hai it dién ¢6 cdc canh cha ddy tam gisc song
song v&i nhau nhu & hinh 7-5b.

Truéce tién ching ta phan tich k§ hon vé cu tric zinc-blend (Z) 13 c4u tric
dac trung cua hop chat A"VB, Ciing nhu cdu tric D, c4u tric Z thudc mang lap
phuong tam mat, tuy nhién
gdc mang trong cdu tric Z
gdém hai nguyén tr khac loai,
trong khi dé trong ciu tnic D
goc 1a 2 nguyén tir cang loai.
Vi vay cdu triic Z ¢6 thé xem
[a gébm hai mang lap phuong
tam mat 16ng vao nhau, mang
thit hai dich chuyén so véi
mang thtt nhat mot vecto  Winp 7-5: a- Hai tir dién canh nhau clia cau trac Z:

aaa b- Hai it dién canh nhau clla cdu tric W.

T=|—,—,—|, trong dé a la
474'4

hing s6 mang 1ap phuong tam
mat, nhu biéu dién & hinh 7-6.
Cau tric Z ¢6 nhém khong
gian la (F4_13m). mbi 0 co ban
¢6 4 phan tr ZnS véi 4
nguyén tr Zn & cdc vi tr
(0,0,0); (0,1/2,1/2)(1/2.,0,172);
(1/2,1/2,0) va 4 nguyén tr S
tai cdc vi tri (1/4,1/4,1/4);
(1/4,3/4,3/4),  (3/4,1/4,3/4);
(3/4,3/4,1/4).

Néu su sép xép cac nguyén tif
khong thdy déi dén tan ngodi bé mat tinh thé, tht cdc mat (100), (1 10) va
(111) ciia can triic Z c¢6 dang nhu 6 hinh 7-7a, b, c.

Hinh 7-6: Mang Zinc-blend (2).

- Mat (109) tao boi cdc nguyén tir A hay cdc nguyén tir B. Mt nguyén tiy
d€u cé hai dién ur lien két dang sp’ v6i cdc nguyén tir nim phia du6i. Hai
m&i lién k&t khdc trd thanh ty do (lién két khong biio hod). Cau tnic bé mit
(100) khong phu thudc vao viée nhitng nguyén tir ndo ciu tao thanh 1&p trén
ciing ciia mit dé (A hay B).
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- Mat (110) bao gbm s&
nguyén tr A bing sd
nguyeén tir B. Mdi nguyén tir
¢6 1 lién két véi nguyén ti
lp phia dudi. Hai lien keét
nim trén b& mit lien ket voi
hai nguyén tit bén canh, con
lién ké&t thit tu tu do.

- Mat (111) c6 thé c6 hai
trutmg hop. Tuy nhién trong
mdi trudng hop dé 16p trén
cung chi gém cidc nguyén tir
A hay cdc nguyén ti B. Céic
nguyén tit A trong trudng hop I cé 3 lién két v6i cdc nguyén tir 16p dudi, con
lien két thit tu 14 tu do. Trong trudmg hop thi I cdc nguyén tir B 16p trén
cung chi ¢d | lien két véi 16p dudi con 3 lién két con lai 1a ty do. Hai trudng
hop d6 luan phién nhau khi mat (111) duge tao thanh tir 16p nay sang 16p
khde. Cdc 16p duoce tao thanh bdi céc nguyén to A va B ndm cdch 16p dué6i
nhimg khoang cdch khong gi6ng nhau. Ldp nguyén tr A ma moi nguyén tu
¢6 ba lign két cdch 16p dudi mot khoang cdch ngin hon so véi trudng hop
16p B ma méi nguyén tir chi ¢é 1 lién két. Nhu vay mit (111) va mae (1,1,1)
1a khong twong duong. Thong thudng mat (111) duge hiéu 12 mat cdc nguyén
tr A vamat (1,1,1} 13 mat cic nguyén tit B,

Hinh 7-T: Su sép xép
nguyén tir trén cdc mat:
a- {100} b- (110);

c- (111).

Da6i ximg 1t dién cha cau tric bé mit tinh thé bi sai léch. BE mat A bi sai
léch manh hon boi vi tdt ca ba dién tir hod tri cla cic nguyén tir hod tri ba
trén bé mat déu tao nén cdc moi lién két hudng vio trong. Sy khdc nhau gilta
bé mit A vibé mat B gidi thich duge nhidu k&t qua thue nghigm.

Bé& mit (111) khong thé 13 16p B vi trong 16p ndy mdi nguyén tir ¢S 3 lién két
tr do chi ¢6 mot lién két v6i mang tinh thé, c4u triic nay khong bén vé mat:
ning lugng. C4u triic Z biéu dién trong dang hai chiéu & hinh 7-8a chi 15
nhan xét t-én d6ng thdi cling cho thiy ring néu trén bé mat (111) ¢é céc bac
thang thi bac thang kKhong phai 1- nguyén tir ma bac thang 2- nguyén tir.

‘Cén phdi nhan manh ring mat (111) ¢ thé gdm céc nguyén tir nhém I
(A™) c6 thé gdm cdc nguyén tir nhém V. Nguyén it nhém A" ¢ ba dién i
hod tri vA phai diing ba dién tlt d€ tao thanh ba mdi lién két vdi cdc nguyén
tir 16p dudi nén mat (111) A™ sé khong con dién tir “lo limg”. Nguyén ti
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nhém V ¢é nam dién ti hod tri, nd ding ba dién tr dé tao thanh ba méi lién
két v6i cdc nguyén tir phia dudi con lai hai dién tr “lo limg”. So d6 trén hinh
7-8b minh hoa hai loai nguyén tir b€ mat: nguyén tr In va Sb.

(111

' @
VW

{In}  {sb}

P OFD
b)

Hinh 7-8: a) Céu triic Z biéu didn trong dang hai chiéu; b) Sd d6 biu dién 2 nguyén

it bé mit In va Sbh.

Nhu di dé c4p o trén trong 16 hop chdt A"BY ¢6 4 hgp chdt 12 BN, AIN,
GaN, InN ¢6 thé két tinh dudi dang cdu tric Z hay cfu triic wurtzite (W).
Cau tnic Z da duge dé cap dén trén day. Trén hinh 7-9 biéu dién cdu triic W.

Cau tric W ¢ nhom khong gian
(P6;mc).

Cau tric W c6 thé xem 1a hai
mang luc gidc x€p chat 16ng vio
nhau vd cing 12 modt ciu tric
dang t& dién véi hai tf dién canh
nhau cfu tao tir hai loai nguyén
tit khdc ahau (A"™ va BY) nhu
biu dién & hinh (7-4b). Trén
hinh 7-9 cdn v& cdc dutmg diit
nét dé bidu dién mot 6 co ban cé
canhlaa, a, ¢c. O nay da dugc vé
riéng & hinh (7-10), mdi mét 6 co
ban chita 2 phan tit ZnS. Toa do
hat nguyén tir Zn vi du 1a (000)
va (1/3 2/3 1/2) va hai nguyen tir
S 14 (00u) va (1/3 2/3 1/2 + n) véi

Hinh 7-9: C4u tric tinh thé wurtzits.

u = 3/8, Mdi nguyen tir Z lién k&t véi 4 nguyén tir S, trén 4 dinh cha ut dién:
mot nguyén tir S cdch nguyén tir Z mot doan bing uc cdn 3 khoang cich

khéc I3 nhur nhan {1322 +¢2 (u-1/2)2 |2

Trudng Bai hoc Bach khoa Ha Noi

253



VAT LIEU BAN DAN

Trong 16 hop chat & hinh 7-1 thi BN ¢6 dang ddc biét nhat d6 13 mang
wurtzite bién dang nhu & hinh (7-11). O day 3 trong 4 nguyén tir gin nhit
clia 1 nguyén tir ndm trén 1 mat phing véi nguyén tir d6. Con nguyén tr thir
4 nam ngodi mat phing d6 vA nim trén phuong vudng géc véi mat phang.
Mang ndy cé céu triic 16p giéng nhir mang graphit.

- —— = (Y ——— -

Hinh 7-10: O nguyén thuy cta mang W. Hinh 7-11: Célu trac wurtzite bidn dang cla BN,

7.4, LIEN KET HOA HOC TRONG BAN DAN HOP CHAT A"BY

Céu tnic kim cuong, zinc-blend va wurtzite déu ¢6 dang tif dién (tetrahedral)
mdi nguyeén tir lien két v6i nguyén tir xung quanh nim & bén dinh cia ur
di¢n. Trong ban dén nguyén t6 nhém 4 nhu Si, Ge, céc lien két hod hoc 14
litn ket dong hod tri, dugc thyc hién bing mot doi dién tir ¢6 spin nguge
chiéu nhau, phan b6 & khodng giffa hai nguyen tir, déng vai trd nhu mot c4i
“cdu dién tr” néi hai nguyén wr. Dang lién két ndy 13 lién két déng cuc
(homopolar) di duge dé cap trong muc (1.2.2) & chuong 1 véi thuat ngir
déng hod tri.

Trong ciu triic z vd w cdc nguyén it & tam va & dinh céc f dién quanh né 1a
khéc loai, ¢6 56 dién tir hod tri khdc nhau. V€ trung binh, trong céc ban din
hop chat A"BY, A"B", A'B'", két tinh dudi dang tetrahedral ciing ¢6 téng
dién tir ho tri clia hai nguyén tlr canh nhau 1 8, giéng nhy trong cfu tric D.
Ve trung binh méi nguyén tr cfing ¢6 4 nguyén tir hod tri dé c4u tao bon lign
ket v6i 4 nguyen tir xung quanh. Vi vdy trudng hop ndy cé thé tao nén cdc
lién ket dong hod tri nhu trong ¢du triic D, tuy nhién sy khdc nhau cia hai 15i
ion ctta hei nguyén tir khic loai dd khong cho phép ta mong doi diéu d6. Lsi
ion trong tinh thé Si 1a Si** trong khi d6 16i ion trong GaAs 13 Ga®* va As™.
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Trong céc cu triic Z vi W cdn ¢ thé ¢6 nhiing cd ché lién két khic, Thay vi
lien ket do nhimg cap dién tit c6 spin nguge chiéu nhau ta ¢6 thé hinh dung
ra mot loai lién két di cuc (heteropolar). Trong trudng hep nhu vy mot
nguyeén tir (vi du A" nhu Ga) chuyén ci 3 dién tir hod tri cho nguyén t khac
loai (BY nhu As), bing cich dé ca hai nguyen tir déu c6 16p dién tt ngoai
cung ddy kin, nhung mot nguyén tix tich dién duong (Ga**) va mot nguyén tr
tich dién am (As™) nghia 1a trd thanh hai ion trdi d&u. Lién két giita cdc
nguyén tir dugre thue hién bing lyc hit gifta cdc ion, lién két ion nhu tinh thé
muéi NaCi.

Welker 1i ngudi ddu tién gia thiét ring trong GaAs t6n tai ¢a hai loai lien
két: lién két déng cuc (ddng hod tri) va lién két di cuc (lién két ion). Ong
cho réng: trong GaAs ton tai chil yéu lién két déng hod tri ¢ pha thém mot
phén lién két ion. Sy t6n tai lién két ion 1a do trong tinh thé GaAs phdn 15i
nguyén tu c6 dién tich khdc v6i dién tich ion trong tinh thé kim cuong mot
lugng bang + e. C6 thé sy pha thém lién két ton di tang cudng nang lugng
lién k€t v& tr d6 tang nhi¢t do néng chdy va tang bé rong viing c&m cita ban
dén hop chit.

C6 hai can cif g6p phin khdng dinh gid thiét clia Welker:

1. Cdc vat liéu c6 cau tric tit dién c6 ciing s6 dién tit ¢ha hai nguyén tir canh
nhau (cé dién tich hat nhan trung binh nhv nhau) thudng c6 héng s6 mang
rit gin nhau:

Z =14 Si(543A) - AIP(5,54A)

Z =32 Ge (565A) - GaAs(5,6354)
7 =50 Sn {648 A) - InSb(6,478 A)
Z =41: GaSb (6,095 A) - InAs (6,058 A)
Z =23 AlAs (5,61 A) - GaP(545A)

& day ching ta ciing nthan thdy ring cdc ban din nguyén td nhém 4: Si; Ge,
Sn ¢6 hang s6 mang gidng céc hop chit ¢6 cling s6 dién tich hat nhan trung
binh. Diéu d6 néi 1én réng lién két ddng hod tri déng vai trd chi yéu, lién ket
ion Ia thit ¥&u (pha thém).

2. Vi mdi nguyén 16 ngudi ta ¢6 thé dua ra mot “ban kinh déng hod tri” clia
nguyén tir, sao cho téng hai bdn kinh dong hod tri clia hai nguyén tir canh
nhau trong cdc tinh thé AB", A"BY luén khép v6i khodng cdch giita céc
nguyén tir d6. Diéu nay néi fén riing ban chit loai lién két chl yéu trong cdc
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hop chat trén 1a giong nhau. Trong bang 7-1 biéu dién ban kinh déng hod tri
cla mot s6 nguyén (4.

Bang 7-1: Bén kinh d6ng hod tri clia cac nguyén 7 (A)
B C N Al Si P Ga Ge As Im Sn Sb Pb Bi
0,88 0,77 0,70 1,26 1,17 1,10 1,26 1,22 1,18 1,44 140 1,36 146 146

Can phai néi rang ngoai hai loai 1ién két dong hod tri va lién két ion ngudsi ta
con dua ra mot loai lién két thi ba goi 13 lién két trung hoa, Ching ta xét
“cAu dién (" gilta hai nguyén tr gdn nhét trong A™BY. Néu trong tam cita
"c4u dién " nim chinh giita hai ion A**, va B®" chiing ta n6i ring lién két
12 déng hda tri. Dién tich cdc ion bi che chin bdi cic dién tit héa tri trong
lién két 1am cho cdc nguyén tir ¢6 dién tich hidu dung 1a +e.
Trong trutng hop nay, lién két déng héa i s& dugc mo ta boi cong thifc
A'"B"™. Nguoc lai trong tridmg hgp hodn t0an lién két ion thi duge mo ta
béi cong thic A**B>. Giita hai truong hop cuc doan trén day c6 thé ¢6
nhiing trudng hop trung gian thuc hién bang hai cich:

- Tir lien két déng hod tri ta mo ta lién két on bang sy dich chuyén trong
tam cta lidn két (46 phan cue cha cdu dién tin).

- Tir lién két ion thudn khiét ta mo6 ta sy xudt hién cin dién tir nhu 1a két
qua cia su phan cuc dinh hudng cla cdc ion gin nhau nhat.

Tuy nhién ¢6 mot trugmg hop trung gian rit quan trong 1a khi trong tam cia
cdu dién tir dich chuyén tuong d6i v6i nguyén tr B sao cho dién tich hiéu
dung clia cic nguyén tit cha mang déu bing khong. Trudng hop nay dugc
mo ta boi cong thite A’B® va chinh 12 lién k&t trung hoa. Trong kim cuong
lién ket via 12 dOng héa tri vita 12 trung hda. Vi tinh chat cia cdc chét bdn
din nhém IV va A"BY tuong ty nhau nén ta gid thiét 1a A"BY dugc dac tnumg
boi lign ket trung hoa gan dung.

D€ danh gid mot cdch dinh lugng, ngudi ta dic trung cho lién k&t déng héa
tri cia hai nguyén tir gin nhau A va B bi t hop ham séng lai sp*: ¢, va @,

Y=0, + Op (7-1)
Trong trudmg hop lién két ddng héa tri ¢6 pha ion, ta c6 thé viét:
W =20, + 0y (7-2)

A 13 he s¢ xdc dinh bing phuong phdp bién phan. Biét A cé thé tinh dugc
dién tich hi¢u dung clia ion cha timg nguyén tur,
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Tit (7-2) ta thay phdn thdi gian ma dién tir & gdn nguyén tir A Ia A%(14209),
cdn phén thei gian & gdn nguyén it B 1a 1/(1+4%). S8 dién tir trung binh &
nguyén tir A ma gay nén bon méi lién két bing [- 8 e A2(1+A%)].

Dién tich hi¢u dung cia nguyén tir A la:

. _( 873} _3-5%
e, =(3- e= e
1422 1+%

Dién tich clia nguyén tir B bang: ¢ = —¢, .

H¢ s6 A thay ddi tr 1 d6i véi trudng hop lién két déng héa tri thudn khiét
(el = - e) v bang khong d6i v6i udmg hop lien keét ion thudn khiét ( e;‘ = + 3e).

Lién két trung hdatng véi: A=A = \E =0,774; e:’\ =ey =0.

Trong bang 7-2 trinh biy gid tri ¢'/e cha mot s6 chat A"BY:
Bang 7-2: Gia trj e'/e ciia mot s6 chat AYgY

BN | AIN |GaN | InN | BP | AIP | GaP | InP |AlAs|GaAs|InAs | AlSh |GaSh| InSb

0,43(0,56[0,55(058{0.32(046;045|049(047|046 (0,49 (0,44 | 043|046

Né&u sép x5p cdc hop chét theo chiéu tang cla tinh ion trong lién két ta s& 6
str phan bé sau:

(BP), (BN, GaSb), (AlSb), (GaP), (GaAs, AlP, InSb), (AlAs) (InP, InAs),
(GaN), (AIN), (InN).

7.5. CAU TRUC VUNG NANG LUGNG CUA HOP CHAT A'"BY

Nhur chiing ta da néi, ¢6 12 hgp chat A"BY trong so d6 hinh 7-1 két tinh du6i
dang gid k&m. Viing Brillouin ciia c&u tric Z, mang 14p phuong tam mit, 13
hinh khdi 14 m#t 6 mat vudng theo huéng [100] va tuvong duong, 8 mit luc
gidc theo hudng [111] va tuong duong, nhu biéu dién & hinh 1-10. Nhém
khong gizn cha cdu tric Z 13 F43m trong khi d6 nhém khong gian clia

cfu tnic kim cuwong 14 Fd3m. So v6i cdu triic D thi cfu tric Z khong ¢6
tAm d6i xdng.
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Tinh todn cdu tric viing nang lugng cha cdc hop chit A™BY duge tién hanh
bing cdch so sdnh v6i cau tric viing nang lugng cla cdc nguyén t6 nhém IV
cdn ¢t vao dién tich hat nhan trung binh v du:

GaAs véGi Ge

AlP  v& S

InSb  véi o - Sn.

Chinh vi trong hop chat A™BY, dang cdu triic Z, khong c6 tam déi xing ma
cdu tric ving nang luong cua cac hop chdt nay ¢6 mot s& chi tidt khic vdi
cdu tric ving nang lugng cua cic ban dan nguyén t& nhém IV.

Ngudi ta gia thi€t rang truong thé tinh thé cla hop chat A"BY duge ky hiéu
12 U"™Y ¢ thé biéu dién dudi dang 6 hop cla trudng tinh thé nhém IV, duge
ky hiéu 12 U™ cong vdi mot thanh phdn nho khong d6i xing duge xem nhu
thanh phéa nhiéu loan di lam thay déi viing nang luong di bi&t clia tinh thé
nhém IV, dudi dang todn hoc diéu d6 ¢6 nghia la:

U )= U ) 0, @) [aUs ) a0, (] 0

trong do: Ug"™ ™" (F)= US]V_[\’r (-7) 1a thanh phan d6i xing cla trudng
tinh thé nhém IV - IV,

UaV-IV (1) = - U,V-IV (- F) 1a thanh phédn phin d6i ximg cha trudng tinh
thé nhém V-1V,

Cac gid tri AUg va AU, 14 cdc thanh phdn d6i xing vA phén d6i xing cia
thé nhifu loan. D&i v6i ban din nguyén t6 AU_(F)- thinh phén nhidn loan
phan d6i xing bang 0. D6i vdi bdn din hgp chat cha hai nguyén t6 trong
cing mot chu ky cia bang tufin hoan, thanh phin nhiéu loan chl yéu 13
thanh phén phan déi xing AU, (7).

Phan tich céc két qua thuc nghiém cling v6i nhiing tinh todn 1y thuyét din
dén so d6 viing nang lugng cua cdc hop chat AMBY. Trén cdc hinh 7-12,
7-13, 7-14 gi6i thiéu so d6 ving nang lugng cia 12 hop chét clia cdc kim
loai Al, Ca, In lién két v&i 4 nguyen t6 N, P, As va Sb du6i dang tinh thé
gid kém (2).
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Hinh 7-12: 80 d6 ving nang lugng cha AIN, AIP, AfAs, AlSh.
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Hinh 7-14: 80 d6 viing nang lugng cda InN, inP, InAs, InSb.
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Cau tric viing nang luong cua cic hgp chat A"BY niy vé co ban giéng ciu tric
viing nang lugng clia céc ban din nguyen 16 nhém 1V Si, Ge. Ving din va viing
hod tri dé gom cdc viing con chdng lén nhau. Tuy nhién cfu tric nang lugng
ciia cdc bdn dan A"B dang Z cling c6 nhitng diém dic biét sau day:

1. Mat dang nang & lan c4n cuc dai viing hod tri va cuc tidu viing dén déu [
nhitng mat cdu, vi the kh&i lugng hiéu dung cla dién tir ciing nhu cia 16
trong 12 nhitg dai lugng vo hudng,

2. Trong ving hod tri cling ¢6 ba nhénh ng véi 16
trong nang, 18 trong nhe va 1§ tréng trung binh,
trong d6 nhdnh 16 tréng trung binh ¢ cuc dai tai
tam vung Brillouin, ha thdp xudng moét khoang ning
lugng AE do tuong tae spin - qui dao. Khdc vdi tinh
thé nhém IV-IV, hai nhanh 14 trong nang va 16 tréng "
nhe cua cdc hop chit A"BY bj tdch ra & tam ving  Hinh 7-15: Cyc dai cda
Brillouin do ¢6 thanh phdn phin d6i xing tron 16 tring nang va lémlrdng
0 thanh p P ) g & nhe cia cac chét ABY,

trudng tinh theé. De hi€u ré sy tdch rit nhd cia cuc

dai hai nhanh, cdc cuc dai d6 duoc vE to hon & hinh 7-15 theo huéng [111].
Hi¢u tng tdch hai cye dai nay thé hign & chd céc cyc dai lech khoi tim viing
Brillouin theo hudng [111] hay {100}, vi du theo huéng [111] nhu & hinh 7-
15 trong d6 c6 thé chi mot cyc dai lech khdi tam hodc ca hai léch khéi tam
vimg Brillouin. Tuy nhién do léch rdt nhd, nang lugng E(0) & tam ving
Brillouin nho hon nang luong cuc dai ¢d phén tram tham chi phén nghin eV,
d6 l¢ch nho nhét ¢6 thé bing khang, vi du: d6i v&i InSb va InAs.

Nang kfong

i¥7 fogal ™ fira

3. Cyc tiéu tuyét d6i cha ving din c6 thé ndm & tam ving Brillovin nhu
GaN, InP, InAs, InSb, GaAs, GaSb; nim & b viing Brillouin theo huéng tinh
thé [111] nhe GaP, AlSb hodc nim theo huéng {1007 nhu AIN, AlAs, AIP.
Vi vy cic chat A"BY ¢6 thé ¢6 viing cdm thing nhu GaAs, InSb... hoic
ving cdm xién nhu AIP, GaP, AlISb... Trong bang 7-1 tinh chét cia ving
cdm dugc chi ra & hang thit tu, ky hiéu D chi viing c4m théng, ky hiéu I chi
vung cim xién.

4. Khoi luong hieu dung ciia dién tir trong céc hgp chat A" BY thutmg nhé
(xem bang 7-3) vi 1a dai lugng vo huéng. Khéi lugng hieu dung nhé chimg
tG sy tang nhanh clia niing lugng theo syt tang clia vécto séng K. V6i gid trj
K chua l6n 1dm nang lugng da khong con 13 ham bac hai cha K ma 13 ham

cao hon béc hai cia K. Vi vay, khoi lugng hiéu dung xdc dinh irong céc
miu cd néng d6 dién tir tr do khéc nhau 13 khdc nhau, hay néi mot cdch
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khéac khoi lugng hiéu dung cia dién tr phu thudc vao vecto séng K v biéu
thitc nang lugng cé dang:

E(K)=E (Ko )+ K
2m (K}
Bang 7-3: Khoi lugng hidu dung cla dién (i, I8 trdng
GaP AlSb GaAs InP GaSb InAs InSh
7 23 32 32 32 41 41 50
mn' 013 | 011 0,084 0,072 (046 0,026 0,0152
w | 056 4 1.0 10 | o7 | 082 | 052
mxm, 0,13 0,12 0.1 0,086 0,053 0,031 0016

5. Bé rong viing cfm phu thudc vao nhiét dd néng chdy tuan theo quy luat
chung 12 ¢v xu huéng tang theo nhiét d¢ néng chay nhu biéu dién trén bang 7-4.
Bang 7-4: Nhigt d8 nbng chdy va bé rong vang c&m cta cac hop chat A"BY
InSb |GuSb|InAs| InP |GaAs| InN | GaP |AlAs | GaN | AP | AIN! BN
Tn(°C) | 530 706 | 942 | 1058|1238 | 1200| 1467|1600 | 1500| 2000|2400 | 3000
AE, (eV} 0,18(0,72]036|1,35| 142 | 2,0 |2,20] 24 | 33134338 | 46

Bé rong viing cfm phu thudc vdo dién tich hat nhan, ¢é xu hudng giam
xudng khi dién tich hat nhan ting 1én. Xu huéng nay thay rd trén bang 7-3:
cling mot nguyén t& nhém A", bé réng viing cdm AE, gidm xudng khi dien
tich nguyén t6 nhém B" tang ddn, cling nhu vy cling mot nguyén 6 nhém
BY, AE, gidm xudng khi di¢n tich nguyén 16 nhém A" tang lén. 56 lieu vé
cia cdc hgp chit
lay tir nhiéu nguén

Bang 7.5. Su phy thudc AE, vio dien tich hatnhan g
BN BP BAs BSb BBi A'B

10eV | 59eV | 34eV 2.4 1,7 tai lidw khac nhau dg chinh
AIN AP AjAs AlISbh AlBi x4c khdc nhau nén chi ¢o
6,0eV | 343eV | 24eV | 1,58eV | 07 gid tri tham khdo v& xu

GaN GaP | GaAs | GaSb | GaBi hudng thay déi cha AE,.
36eV | 226eV | 1,42eV {0,726V [ 0256V o
I'N | TP | InAs | InSb | InBi | 1rong so d6 trinh bay o
24ev | 1356V |036ev |0,18ev | 00ev | hinh 7-1 c6 ba hgp chat
TIN TIP TiAs TISb TIBi AIN, GaN va InN két tinh
14eV | 0,5eV 0,15 0,0eV ] 00eV dudi dang wurtzite (W).
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Ving Brillouin thd I cla cdu
tric W 1a khéi lue gidc, trén
hinh 7-16 biéu dién 1/8 ving
Brillouin clia cdu tric W v& 16ng
trong 1/8 vung Brillouin clia ciu
triic Z. Trén hinh 7-16 ciing chi
ra cdc diém dic biét cha vimg
Brillowin. Cau tric nang lugng
cua hgp chat InN biéu dién trén
hinh 7-17, ciia hop chit AIN va
GaN trén hinh 7-18. Trén cic
hinh nay sy phu thuoc E = f(K )
duge bién dién theo nhiéu
phuong ddi xiing khic nhau.

ving Brillouin
ctia tinh thé
gia kém

LY
viny Brillauin
clia wurtzite

Hinh 7-16: S0 @3 mdt phén ving Brillouin ing
vai mang tinh the wurtzile hé luc gidge x8p chat
cung voi vang Brillouin img v&i mang tink thé gid
kém (zinc blend).

wurtzite InN
15
\\t | — At
" ’;—’2:% |
s | -

-
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Hinh 7-17: Sa d8 ving nang lugng cla InN.,
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Hinh 7-18: 50 d8 ving néng lugng cda céc linh thd wurlzite AIN va Ga:V.
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Ching ta nhan thdy rang trong s6 cdc bin din thudc dang cdu tric W, hop
chat InN va GaN la céc ban din viing cidm thing con AIN 13 bin din viing
cAm xién,

Bé rong viing ca&m va tinh chdt ving cdm cia céc hgp chat InN, GaN va
AIN duéi dang W va dud6i dang Z giéng nhu nhau vi vay trong céc tai liéu
khong thdy phan bi¢t gilra d¢ 16n bé rong viing c&m véi cdu tric tinh thé
khdc nhau.

7.6. DUNG DICH RAN CUA CAC HOP CHAT A™BY

Dung dich rin duge tao thanh khi chit bi hda tan {tap chdt) duge pha vio
chét hda tan (chat chi) khong lam thay ddi cau tric tinh thé, fing nhu
khong tao nén nhitng cdu tric mdi.

Cdc chat ban ddn nhém IV khong phai tat ca ¢é thé tao thanh dung dich rin
vdi nhau. Vi dy nhu Ge va Sn hoa tan vio nhau véi mot ty 1& rat nhd. Trong
khi d6 Ge va Si tgo thanh nhitng dung dich ran v6i bat ky mot thann phén ty
1€ nao tir Ge nguyén chat dén Si nguyén chit va ¢ tinh chéat thay déi lién tuc
tir tinh chét cha Ge dén tinh chat cua Si. Nguoc lai Si v C chi tao thanh
dung dich ran v6i mot thanh phdn nh4t dinh 13 SiC.

D¢ tao thanh dung dich rén théng thudng chit hda tan va chit bi hoa tan phii
co nhitng tinh chat sau day:

- Kich thudc nguyén tir chit hoa tan va chat bi hoa tan tuong d6i gdn nhau.
Su khdc nhau v€ bén kinh nguyén i khong vuot qud + 15%.

- Chat hda tan va chét b hda tan ¢6 ching loai cdu tric tinh thé.

- V& phuong dién dién héa, chét hoa tan vh chét bi hoa tan phai ¢6 su tuong
dong, béi vi gilta mot nguyén t6 "duong tinh" vi mot nguyén t& "am tinh”
thudng dé tao thanh mot hop chat hon 12 mot dung dich rin thay thé.

- Héa tri clia chét hoa tan va chit bi hda tan ciing 1a mot yéu t6 quan trong
quyét dinh kha nang hinh thinh dung dich rdn. Thong thudng mot kim loai
¢6 xu huéng hoa tan manh cic kim loai ndo ¢6 héa tri tén hon so vdi cac
kim loai ¢6 héa tri nhéd hon.

Nhimg diéu trén day ding véi nhitng dung dich rin hai nguyén, nghia 12
dung dich rin gitta hai nguyén t6. Trong trudng hop cic dung dich rin giita
hai hop chét, nghia I nhitng dung dich r&n ba nguyén (v du nhu InAs - InP,
hay InAs - GaAs), nhitng dung dich rén bén nguyén (vi du nhu ZnSe - CdTe)
con c6 nhimg y&u 6 khdc cin ké d&n.
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- Hang s6 mang cta hai chét khong dugc khdc nhau nhiéu vi hing s6 mang
duge xdc dinh bdi kich thude ciia cdc nguyén tr thanh phan,

- C6 sy tirong déng gitra hai hop chat hda tan va bi hoa tan vé d¢ phan cuc
trong lién két clia ching nghia 14 thanh phan lién két ion trong méi lién két
cua cde chat d6 12 khong khéac nhau nhiéu.

B3 v6i céc hop chit A"BY ngudi ta ta da chimg minh duge réng: Do phan

cue trong mdi lién két tang 1én d6i véi cde hop chat xép theo thit tu sau:
(GaSb, AlSb), (GaP, GaAs), (InSb, InP, InAs).

Duéi day chiing ta s& diém qua mot s6 hé dung dich rin di duge nghién ciu,

7.6.1. Céac hé dung dich rén dang: A", C"™ BY

Day 1a h¢ dung dich rin giita A"BY v C""BY, nghia 13 hai hop chét cia ciing
mat chdt nhém V, B, v6i hai chat nhém II1 khde nhau, Ching ta ¢ thé ké
mdt 56 h¢ loai nay da dugic nghién ciru nhiéu:

- Hé InSb - GaSb cho ta In; ,Ga,Sb.

- H¢ InSb - AlSb cho ta In,_ AL Sb.

- H& GaSb - AISb cho ta Ga, ,Al, Sb.
- H¢ InAs - GaAs cho ta Iny_ Ga, As.

7.6.2. Cac hé dung dich rdn dang: A™BY,_ D,
Pay 1a h¢ dung dich rdn gita A"BY, v6i A'""DY nghia 13 hai hop chat cla
cling mot chat nhém M1, A" | v6i hai chdt nhém V khéc nhau nhu:

- Hé InSb - InAs cho ta InSb,_,As,

- H¢ GaSb - GaAs cho ta GaSb, ,As,

- H¢ InAs - InP cho ta In As|_P,.

- H¢ GaAs - GaP cho ta GaAs, P,.

Céc h¢ dung dich rin trén day 12 nhimg dung dich rdn ba nguyén, thong
thudng duge ché tao bang cach nung téng hgp bot clia hai chét tharh phin &
nhiét do cao.

Dé tao duoc tinh thé déng nhat, qud trinh nung tién hanh rat dai (c6 khi dén
hang tudn) va qud trinh két tinh tién hanh rdt cham (cm/ngiy).
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Cac hé¢ niy thudng 1a nhiing dung dich rdn lién tuc, ¢6 hang s6 mang phu
thugc thanh phin, nhir trén hinh 7-19 trinh bay su phu thudc hing s6 mang a
va thanh phin mole % cia cdc dung dich ran InSb - GaSb 7-19a; InAs -
GaAs 7-19b; InSb - InAs 7-19¢ va InSb - AlSb 7-194.
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® 52t 4 Zis
BT} ) 57
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et ~ - \\ ~
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nt:u ?E \'\\‘l
51 — 6.1} .
3
5,0 1 L L ! 6,01 L I J 1
InSb 20 4 60 80 InAs In8d 20 40 60 80 AISh

Thaah ph&n, % mel Thanh phén, % mol
£) d) .
Hinh 7-12: So d8 bidu diéin su phu thudc hdng s6 mang a vao thanh phdn % mole cia

cac dung dich rdn ba nguyén: a- (InSb-GaSh), b- (InAs-GaAs), =- (InSb-
inAs), d- (InSh-AlSh).

Cic h¢ dung dich rin nay thudng ¢6 bé rong viing cAm phu thudc vao thanh
phdn, nhur trén hinh 7-20 trinh b3y sy phu thudc dé clia mot s6 dung dich rin
nhu: InSb - GaSb trén hinh 7-20a, GaSb - AlSb trén hinh 7-20b, InAs - GaAs
trén hinh 7-20c, GaAs - GaP trén hinh 7-20d. Nhd tinh chat nay cla dung
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dich rin ma ngudi ta ¢ thé ché tao nhitng vat liéu cé bé rong viing cdm mong
mudn. Thong thudmg cédc tinh chat khdc cua h¢ ciling phu thudc vao thanh
phdn cha cic chét trong dung dich rin. Vi du trén hinh 7-21 trinh bay su phu
thugc clia do linh dong Hail cha dién ter vao thanh phin cia hé InSb - GaSb.

AE,.{eV) AEy, (eV)
0.8 - 1,7 —]
-2
0.8 *-2 / 1.5 -
N7
1.3 -
0.4 ¥
> - b ™ 1'1 i
i
0,2 bg ] osk |
U] N
e B‘?‘ i L 1 [}
InSb 2¢ 40 60 B0 GaSh AiSh 20 40 B0 B0 GaSh
Thinh phdn, % mol Thanh phia, % mol
a) b)
AEg (eV) AE, (eV)
1.4F Y T T- T34 2.4
120 ""V‘*u-\
21 g 1
1,8} \\
148 <
0.8 N
B
\
6.6 15 \.\
0.4
L 1 L | 1‘2
InAs 20 4 60 80 GahAs GaP 20 40 60 80 GaAs
Tharh phéa, % mol Thaah phén, % mol
c} [}

Hinh 7-20: Sy phy thudc ciia bé rdng ving cdm AE, véo thanh phén % mole cia mdt s&
dung dich ran ba nguyén: a- (InSh-GaSb), b- (inAs-GaAs), c- (InSb-inAs),
d- {InSb-AiSb).

Sy phu thugc bé rong viing cidm cia dung dich rin vao thanh phdn cia céc
chat trong dung dich d&i véi mot s6 hé ba nguyén c6 thé biéu din dudi dang
nhitng biéu thic:
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AlLIn,_ P (1,351 +1,23x) eV ;_Irna‘(m?r‘m

AL Ga,  As: (1,424+1,247x) eV . .

AlIn A5 : (0,360+2,012x+0,698x%) eV . gl oz

Al Ga, Sb : (0,726+1,129x+0,368x) eV )

AlIn; ,Sb : (0,172+1,621x+0,43x%) eV 3'\

Ga,n, P : (1,35140,643x+0,866x%) eV \ \

GaIn, ,As : (0,36+1,064x) eV BN

Ga,In, ,Sb : (0,172+0.139x+0,415x%) eV T
GaP As,, : (1.424+1,150x+0.176x%) eV A
GaAs,Sb,,: (0,726+0,502x+1,2x%) eV g;g; fol v e e 0
IPAS, 1 (0,360+40,891x+0,10lx)ev G2 dung dich rdn ba nguyén

InAs,Sb, ., : (0,18+0,41x+0,58x%) eV

Nhu vy bing céch thay d6i thanh phdn cdc chdt trong dung dich rin ngudi
ta ¢6 thé thay ddi hing s6 mang, thay di bé rong viing cam tham chi ¢6 thé
chuyén tir ban din ving cdm xién thinh bn din viing c4m thing. Néi tém
lai c6 thé thuc hién mot cong nghé thiét k& vat lieu. Bing cong nghé nay
ngudi ta c6 the thiét k& ché tao ra nhimg vat liéu nhan tao ¢é céc tinh chat
dic trung mong mudn, duge st dung nhiéu trong linh vire quang dién tir.

7.6.3. Céc he dung dich rin bén nguyén hé (A,"'B*,C™; D", )

Pay 14 h¢ dung dich rin tdng qudt nhit vi néu y = 0 ta c6 hé ba nguyén thit I,
néu x = 0 ta cé hé 3 nguyén th hai. C§ ba loai dung dich rén dugc nghién
ctru ing dung réng rdi hién nay la: Ga,In;,As, P ; Ga,In As,Sb,, va
Al Ga, (As,Sb, .

Trén hinh 7-22 biéu dién su phy thuge bé rong viing cdm vio hing s mang
ctia hop chat hai nguyén, dung dich rin ba nguyén va bdn nguyén cla chiing,

bé x4y dvng mot cdu triic di chét ft tam bit hat din (traps) phii dat duwoc sir
twong thich vé mang va hing s6 mang. Vi du néu ta dimg GaAs 1am d¢ thi dung
dich rin ba nguyén Al,Ga, As c6 su twong thich vé hing s6 mang v6i d6 chénh
hing s6 mang nhd hon 0,1%. Tuong tu nhu vy, véi InP (a = 5,8687A) nhu mot
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vat liéu de thi dung dich rdn boén nguyén Ga,In, ,As P, c6 thé dim bao su
tuwong thich tot vé hing s6 mang.

3.0
AEg(ev)

25

2.0

15F

1.0

0.5

6.8

a(d)
Hinh 7-22: Su phu thuéc bé rong ving cdm véo hang s6 mang ctia hop chét hai nguyén
A"BY va céc dung dich rén ciia chung.

Trong cong ngh¢ thiét ké vat li¢u chiing ta khong nhimg chi thiét ké hing s6
mang ma con phai thiét k&€ bé rong viing cdm AE, ciing nhu céc dic trung
quan trong khédc cta vat liéu c6 phu thudc va thanh phdn vat liéu. Trén hinh
7-23 biéu dién su phu thudc bé rong viing cAm cuia dung dich ran ba nguyén
(Al,Ga, ,As) vao thanh phan x cia Al. Dung dich ran ndy c6 ving cim
théng khi x nim trong khoang (0 + 0,45), khi x > 0,45 dung dich tr¢ thanh
ban din viing cdm xién.

Trén hinh 7-24 biéu dién sy phu thudc cta chi s6 khic xa fi vio thanh
phén x trong dung dich (Al,Ga, As). Vi du véi x = 0,3 tir hinh 7-23 ta
thdy dung dich 1a bén din viing cdm thing v6i AE, = 1,789 16n hon AE

cua GaAs 0,365 eV; dong thoi c6 chi s6 khic xa fi bing 3,385, fi nho
hon clia GaAs 6%.
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AEeY) i
k¥ ]
30r 3018
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! 34
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1 ! viing cfm xign
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15 : o2
P | DEg=1.424
1,426 i 31
L0 i 045
[ c8m thing AlyGay.gAs 3.0
. T=297K
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Hinh 7-23: Sy phu thudc bé rong ving Hinh 7-24: Sy phy thudc chi s6 khic
cdm cda Al Ga, As vao thanh phin xa A cda Al,Ga; As védo thanh phén
cua Al cia Al

Nhiing nghién cifu gan day vé dung dich rin A"B" lam cho cong r.ghé thiet
k& va ché& tao cdc cdu tric dj chat, cic linh kién quang dién tir dat duge
nhitng thanh tyu ddng ké vé hiéu suit phat quang cling nhu bude séng 4nh
sAng phét ra.

1.7. CAC TINH CHAT, PAC TRUNG, UNG DUNG CUA
HOP CHAT A"'BY

7.7.1, Tinn chit dong clia hop chat AMBY

Mot trong nhimg dac tnmg quan trong nhét cla tinh chdt dong 12 do linh
dong cla hat din, p, va Hp. Trén hinh 7-1 trinh bay d¢ linh dong clia dién tir
va 16 rong trong mot s6 hdp chdt A"BY théng dung. Chiing ta nhan thiy
rang d¢ linh dong cla dién tir trong cac hop chét niy cao hon do linh dong
clia 16 tréng nhiéu va khdc nhau manh trong cic hop chit khac nhau, c6
nhitng hop chit ¢6 do linh déng cla dién tir rét cao nhu InSb (80000
cm%V.s) InAs, (33000 cm¥/V.s). C6 nhimg hop chat c6 do linh dong ciia
dién tir r4t thap, vi du GaP (110 em?/V.s) va AlSb (200 cmzN ).

Trong mdi 6 mang nguyén thiy (t5i gidn) cha tinh thé A™BY ¢6 hai nguyén
tr (gbc) khic nhau, cho nén co ché tan xa cha hat din chil yé&u 12 tvong tic
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phén cuc cla hat dan véi cdc dao dong mang tinh thé thudc nhdnh qrang hoc
(phonon quang hoc). D6 chinh 1a vi trong A"BY sy chuyén dong tuong dai
cua hai nguyén tir khac nhau lam phat sinh cac momen phan cuc 1én, tdn xa
trén cdc dao dong mang thudc nhinh quang hoc thudng goi 14 tdn xa phan
cuc, DEi v tdn xa phan cuc ngudi ta rat khd xdc dinh mot thai gian hoi
phuc 1, nhu thuémg lam duge véi tdn xa trén phonon am hoc. Tuy nhién bing
nhirng tinh todn rit phic tap ngudi ta cling dua ra mot thoi gian héi phuc
hiéu dung 1. v2 cho ring 1., ~ EP, trong dé p duge goi |3 chi s& tdn xa phu
thudc vao nhiét do kha phiic tap.

7.7.2. Tinn chat quang cua hop chat A™BY

Bé rong viing cam clla cdc chat A"BY trai dai tir 0,17 eV déi v6i InSb dén
3,44 d&i vai GaN, img vdi viing séng 7,29 pum dén 0,36 pm (tiy viing hong

ngoai dén viing cuc tim). . .
§03 & Cl ) Bdng 7-6: 8BS rdng ving ¢dm AE, clia mot 5§

Bé rong viing c¢im thay ddi theo hop chit A"BY phy thubc nhiét do
nhiét d6 nhy biu dién trong bang Hop chdt AE(T) AE  (300K)
7-6 (d61 véi mot s6 ban dan ' (eV} (eV)
v

ATBY). S | 025-28.10°T| 0.167
Trong cic chat A"BY c6 nhiéu hop InAs | 044_2810°T| 035
chat 1a ban dan ving cdm thang -

nhu: InN, InP, InAs, InSb, GaN, InP 141-4,6107T 1.26
GaAs, GaSb. Nhiing bdn dan viing GaSb | 0,78 -3,5.10°T 0,67

cdm thing thudng c6 hé s& tdi he 2
biic xa lgn, vi dgu GaSb (13.10?:lg Cads [1.53-50107T) 149
em’s™), mAs (21.10"% em'sh, GaP 1240-55.10°T 2.24
InSb (40.10" ecm’s™h) so véi Si Alsb [ 170-35.10%T 1,6
(0,002.10 "2 cm?s ™).

7.7.3. Nhimg iing dung cia vat liéu A"'BY

Céac vat lieu AMBY thudng c6 dang tinh thé hoan héo, diing thanh phan hop
thitc, d& ch& tao bin din loai n va bdn déin loai p bang cdch pha tap. Hat
déin, dac biét 1 dién tlt, trong da s6 cdc chdt AMBY ¢ do linh dong cao,
nhiéu ban din A™BY 13 ban din viing cim thing c6 hé s& tdi hgp bitc xa
cao. Vi vay céc chit AMBY duge diing dé€ ché tao cic linh kién quang dién
tit (opto electronic) bao gobm cac ngudn phét biic xa dién tir nhu diode phat
quang (LED), diode laser, cdc photo-detector, cdc linh kién dién tir hoat
dong nhanh (high-speed electronic devices).

Truéng Bai hoc Bach khoa Ha No! 273



VAT LIEU BAN DAN

Céc hop chét AMBY ¢6 bé rong viing cam dudi 0,5 eV nhu InSb, InAs duge
x€p vao lcai ban dan viing cdm hep, duge ng dung trong linh virc quang -
dién tr hong ngoai. Cac hop chét ¢6 bé rong viung cdm nhu GaN, AIN duge
x€p vao bén din ving cdm réng, dugc sir dung trong linh virc quang - dién tir
vliing kha kién va viing cuc tim cfing nhir dé ché tao céc linh kién cong sust
cao hoat ddng duge  nhiét do cao.

Ngay nay mot s6 hgp chat A™BY dang nitride nhu InN, GaN, AIN duge xem
14 nhitng bdn din viing cdm rong ¢6 trién vong: 2 eV (InN}, 3.4 eV (GaN),
6,3 eV (AIN). Céc dung dich ran lién tyc ciia cdc ban din ndy cho phép thiét
ké nhiing vat liéu ban diin viing cam thing ¢6 bé rong viing cam kéo dai tir 2 eV
dén 6.3 eV, nghia Ja trdi dai tir ving kha kién dén viing tir ngoai.

Dung dich ba nguyén dang (Al,Ga,_ ,As va GaAs, ,P,) v dung dich rin b&n
nguyen (Ga,l,_(As,P|,) cho phép chiing ta thiét k&, diéu chinh nhimg tinh
chat cua vat ligu theo mong mudn, thich hop véi nhimg linh kién cdn ché tao
dua vao sy thay déi thanh phdn x va y. Cic chit ban dén hop chat A"BY
duge st dung dé ché tao cde cu tric di chat trén cdc d& nhur GaAs hay InP,
vi du cdc ciu tric (Al Ga, (As) trén GaAs hay (Ga Jny P(As P,y rén d¢ InP.
Béng cdch chon cic gid tri x, y ¢6 thé dat duge do twong thich cao vé hang
s6 mang giita d& va 10p epitaxy cling nhu dat dugc nhitng tinh chit, thong s
cén thiét cia 16p epitaxy.

GaAs ciing ¢6 thé dugc nuéi theo phuong phép cpitaxy di chat trén cdc d¢ nhu
Ge, Si. Dar biét 1a epitaxy GaAs trén d€ Si c6 mot ¥ nghia guan trong trong viée
tich hop cdc linh kién quang dién nr dua trén hcp chat A"BY (GaAs) va mach
tich hop d%n ar trén chip Si. D€ giam mat do léch mang do su khong firong
thich hiing s6 mang gifta A"B vi d& ngudi ta sir dung cdc gidi php sau:

- Lya chion mot dién tich dé nuoi lop AMBY,
- Dang siéu mang céc 16p co gidn (SLS).

- Xit 1y nhiét dé gii tod nhimg ng suft du do sy khdc nhau vé hé s6 nd
nhiét cha d€ va 16p epitaxy.

Ung dung cu6i ciing 12 sit dung cac vat lieu ABY dé ché tao céc linh kién
quang dién tir ¢6 thé tao nén cdc cdu tric nhiéu giéng lugng tir ‘multiple
quantum well (MQW) (d6 12 cfu tric bao gém nhiing 16p méng vat lieu
khdc nhan tudn hoan luan phién nhau). Dya trén nhing hop chét nay c6 thé
tac nén nhimg cfu tric cho phép thiét k&, diéu chinh cdu tnic viing ning
lugng ciia vat ligu, thi€t k€ duge nhimg linh kién ban din méi v6i nhimg dac
trung mong mudn.
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_ CHUONGS
BAN DAN HGP CHAT A'BY

Céc hgp chdt A"BY' 1a nhimg hgp chat ciu tao tit cdc nguyén t& nhom I va
cdc nguyén té nhém V1. Tuy nhién & day ching ta s& chi xét cdc hop chat
cfu tao tr cic nguyén td thudc phan nhém IIb nhu Zn, Cd, Hg véi cac
nguyén to thugc phan nhém VIb nhu O, §, Se, Te. Trén thyc t€ ngudi ta tap
trung nghién cita nhiéu nhét vao chin hgp chat c4u tao tir ba nguyén t6 nhém
VIb 1a cdc chalcogen §, Se, Te véi ba nguyén t6 ctta nhém IIb 1a Zn, Cd, Hg.
Céc hop chét ndy duge sip x&p trén s¢ dé & hinh 8-1, méi 6 trong so d6 ghi
cong thirc héa hoc clia hgp chat va phia dudi kém theo cic 50 1iéu vé:

- Bé rong ving cdm.

- 86 liéu vé mang tinh thé thudng gap vdi tr cdch 12 mot chat ban din.

- Nhiét d3 nong chay,
Trong so dd nay, theo chiéu tir trén xudng trong cdc cot, dién tich hat nhan

trung binh trong hop chét tang lén (con s6 phia trdi cong thifc hda hoc cia
hop chat la dién tich hat nhan trung binh cha hgp chat),

Trude khi xét céc tinh chat cla cdc hgp chat A"BY' chiing ta s& di€ém qua
nhing diic diém quan trong cha cdc nguyén 6 thinh phén.

8.1, CAC NGUYEN TO NHOM IIB VA NHOM VIB

8.1.1. Kém (Zn)

K&m ¢6 céu hinh dién o 1s? 2s2 2p® 3pb 3d!0 452, Z = 30.

0 thé hoi k&m nam dudi dang don nguyen t&r, C4c tinh chit co ban cla kém
duoe chi ra & bang 8-1. K&m duge xem 14 mot nguyén t6 ¢6 nhiéu trong tu
nhién. Trong ty nhién kém ton tai trong quing dudi dang ZnCOs;, ZnS,
ZnS0,, Zn0, ZnOALO,,.

K&m tinh khi&t v6i do sach 99,9999% c6 thé dugc ché tao vi 1am sach bang
phuong phap dién phan va néng chdy viing.
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23
ZnS
AE, =137
a= 38230
c=06,2565
2103K
32 32
Cds ZnSe
AE, =24 AE, =26
a=4,348 a=3,996
c=06,7490 ¢ =06,625
1748K 1793K
48 4] 41
HgS CdSe ZnTe
AE =2 AE, =17 AE,=2,]
a=>5,84] a =4,300 a=6,101
¢ = 6,007 1568 K
1512K
57 50 -
HgSe CdTe
AE, =06 AE, =15
a= 6,048 1356K
1072K a=64822
66
HgTe
<0
883K
a4=06,4623
Hinh 8-1: 50 d¢ bidu didn cac hop chét A B,
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Bang 8-1: Mot s6 tinh chat clia cac nguyén td nhom Iib va Vib

Ddc trung vdt Iy Zn Cd Hg
Nguyén tir 56 30 48 80
Cau hinh dién tr 3d"%4s 4d'"5s* 5d'%s"
Nguyén tir luong g/em’ 65,38 112,41 20,61
Dang tinh thé luc gidc bign dang
cfa 1,8566 1.8556 18.556
Bin kinh t& dién A 1.31 1,48 1,48
Bdn kinh ion A 0,83 1.03 1,12
Nhiét do néng chdy °C 420 32 -38,84
Nhiét do soi °C 906 767 357
Kh6i lugnyz riéng g/lem’ 7,130 8,64 13,546

s Se Te
Nguyén tir s¢& 16 34 52
Ciu hinh dién tir 3s73p* 45%4p* 58%5p°
Nguyén tir luong 32,0064 78,96 127,614
Dang tinh thé o-S hinh thoi AR lyc gidc A8 luc gidc
Hing s6 mang A a=4,355 a=4,457

c=4,"72 ¢ =.5,9290

Bin kinh tf dién A 1,04 1,14 1,32
Khdi lugng riéng  gfem’ 2,06 4,50 6,2199
Nhiét 4o néng chiay °C 19 217 449.5
Nhiét do soi °C 445 635 990
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8.1.2, Cadmi (Cd)

Cadmi ¢6,cdu hinh dign tir 15°25*2p®3s%3p%3d'%45%4p%4d'9552, Z = 48. O thé
hoi cadmi ndm dudi dang don nguyén tir. Trong tu nhién cadmi duge tim thay
trong dang quang. Cadmi 14 kim loai tring, mém, dé bién dang c6 4nh kim.
Trong khong khi cadmi bi phit mot 16p oxit CdO mong lam cho né trd nén
xdm xit lai. Cadmi bat ddu thang hoa trong chan khong & 160 °C. Khi dot
nong cadmi trong khong khi né sé chdy tao thanh CdO.

Cadmi duge lam sach bang céch cho thang hoa trong chan khong & nhiét do
700 °C, cadmi khong néng chay & dp suét binh thuomg.

Dé lam sach, cadmi duge chung cat trong céc cot thuy tinh thach anh va
néng chdy viing trong thuyén c6 dong hydro sach.

8.1.3. Thay ngan (Hg)

Cdu hinh dién tir cua Hg: 15°25™2p%3s™3p"3d'%s%p%4d 0411455250550 %2,
nguyén tr s¢ Z = 80, duge tim thdy trong ty nhién dudi dang HgS. O nhiét
do6 phong Hg 1a mét chat long kim loai ¢ miu tréng bac. Thiy ngan cé do
nd nhiét va 4p sudt hoi bdo hda cao. Hoi thily ngan rat doc. Mot mét khai
khong khi & 20 °C bao hoa khi Hg chita 0,014g Hg.

Trong khong khi kho Hg khong bi 6xy héa. Dot Hg trong khong khi gin
diém s6i tao nén HgO, oxit thily ngan & nhiét d6 cao hon lai bi phar ly thanh
Hg va O,, Hg tdc dung manh véi Cl va S.

8.1.4. Luu huynh (S)

Luu huynh ¢6 cdu hinh dién wr 1s%2s%2p®3s%3p*, Z = 16. & thé hoi hm
hujnh ndm dudi dang don nguyén tir, hai nguyén tr va tim nguyén tr. Trong
tw nhién c§ thé tim thdy luu huynh dusi dang ty do (nguyén 15) cling nhu
du6i dang hop chat. Luu huynh keét tinh dudi dang thoi (a-S) meiu vang,
khéng dén dién -5 néng chiy & nhiét do 110 °C. Khi cho nguoi dén trong
dung dich ndéng chay hinh thinh cdc tinh thé hinh kim khéng mau don i
(B-S, d = 1,96 g/cm®).

Néu nang nhiét d6 dung dich néng chdy thi S néng chiy bi sém lai va g
thanh quinh hon, & 200 °C, dung dich tr thanh nau quénh hon gdn nhu hic
in, & 400 °C dung dich lai linh dong hon va & 444,6 °C dung dich soi,
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V§i oxy, luu huynh tdc dung tao nén mét s6 hop char: SO;, SO, Vaéi
halogen luu huynh tao nén cdc hogp chat khic nhau, mét trong nhimg hgp
chét thudng gip la SCI,.

Vdi hydro luu huynh tao nén hep chit dang khi H,S khd doc hai, mui khé
chiu. Mot s& hgp chét gilta luu huynh v6i kim loai ¢6 tinh ban dan. B¢ sach
cia lvu huynh thudmg kém d¢ sach clia cac nguyén 4 khéc.

8.1.5, Selen (Se)

C6 c4u hinh dién tir: 15°2s™2p*3s73p°3d!%4s?4p*, Z = 34. Trong trang thdi hoi
selen & dudi dang Se, Se, va Se, trong trang thai rin selen tn tai dudi nhiéu
dang thil hinh: Selen vé dinh hinh, selen thiiy tinh, selen don t4, selen luc gidc.
Tat ca cac dang thil hinh ndy déu c6 thé ton tai & nhigt 46 phong, numg dang
thil hinh bén nhét 12 tinh thé luc gidc, nhan duge tit qué trinh }am sach dung
dich Se néng chay dén 180 °C va gitt & nhigt do nay trong mot thoi gian dai.
Selen ¢6 tinh bdn din nhimg cho dén nay Se vAn chua nghién ciu duge ky
cang vi do sif bat dinh chia né vé c4u triic ciing nhu vé tap chit trong Se. Dign
tr&s sust cita cdc loai Se khéc nhau c6 thé thay ddi tir 107 dén 10" Qcm.,

Bé rong ving cim cia Se luc gidc 1a 1,8 eV, dé lam sach selen c6 thé skt
dung phuong phdp néng chdy viing trong thuyén graphit ¢ nhigt do 200 °C.
8.1.6. Telua (Te)

C6 cfu hinh dién tir 15225%2p"3s73p®3d'%4s%4p°4d"’Ss?5p?, Z = 52. Trong
trang théi hoi Te niim & dang don nguyén tir Te hoic Te,.

Telua c¢6 4nh kim bac tring hoi xanh. Tinh thé chia Te cfu tao tir nhimg
chudi hinh 1& %o, nhitng phan tif telua; Te - Te - Te... Gilta cdc nguyén wr
trong phan tir chudi cé mai lién két dong héa tri, giita cdc chudi véi nhau 6

lien két Van Der Waals, dp sudt bdo hoa trén chét rén & nhiét do 320 + 410 °C
duge tinh theo cong thirc:

1gP = - 7393,758/T + 9,753
Ap suft bio hda trén Te néng chdy & nhiét do 640 + 990 °C la:

—5960,2
—

lgP = 7,60

trong d6 P tinh bing mmHg, T tinh bing K.
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Trong khong khi telua bén vimg, khi d6t thi chéy tao nén TeO,. Telua tac
dung manh vdi cic chat chalcogen ngay & nhiét d¢ phong. e} nhiét do cao
hon telua tdc dung v6i tdt ci cdc kim loai tao thanh teluarua.

Pé nhan duoge telua sach, ngudi ta ding lién ti€p hat phuong phdp chung cat
trong chan khong va néng chdy viing trong dng thach anh va trong thuyén
v@i dong chay Hs,.

8.2. NHONG PAC PIEM VE CAU TRUC TINH THE CUA A'BY
8.2.1. Gian do trang thai cic hé hai nguyén A" BV

Cic gian do trang thii clia cdc he A"BY' thudng gidng nhau, cé diém chung
la chiing chi hinh thanh mot hep chat duy nhat fa MN (AB).
Budng hod long (liquidus) trong gian dé trang thdi nhi¢t d¢ - thanth phén cia
tat ca céc heé A"BY déu dugc nghién citu, ty nhién trong mot s¢ trudng hop
chiing chi dugc biét trong mot viing thanh phan (x) gidi han,

Su phu thudc giira 4p sudt - nhiét do chi duge nghién ciu d6i vai he Cd-Te.
Nhiét do va dp sudt cao I nhiing khé khin 1am cho thiéu vang nhitng sé liu
cn thiét nay.

Théng thudng trang thdi can bang rdn - 1ong - khi duoe bidu dién bang gidn
d6. Trong 6 c6 ba bi€n s6 dé dac tnmg cho mot he: nhigt d6, dp su4t, thanh
phdn. Ap suft lién quan dén mt nguyén (6, bién s6 x xdc dinh thanh phdn
nguyén tir cita mot trong hai thanh phdn M hay N.

Néu biéu dién trang thdi can bang rén - 1ong - khi trong khong gian ba chiéu
v6i cic toz do P, T, x thi sy can biing ba pha duwoc biéu di&n bai hai mit.

Mot mat biéu dién pha 1ong (mat liquidus). Mat nay thay ddi theo x tir 0 dén
1, theo T tir nhiét do thdp nhat trong hai nhiét d¢ eutectic dén nhiét d6 néng
chay, theo P vdi cdc gid tri phu thuge vio viéc chon don vi tinh.

Mot mat trang thdi khdc 132 mat pha rén (mat solidus). Thé tich kep giita hai
mat trang théi long va ran (ng v6i viing t6n tai clia ba pha.

B¢ thun tién trong viéc bidu dién st can bing ba pha ngudi ta chiéu hai mit
trang thai l6ng va rin (mat liquidus va mit solidus) len mot mat phing hai
chiéu. Diéu d6 din dén ba loai gidn d6 pha: T-x; P-T vi P-x. Trong gidn dé
P-T céc dudng liquidus va solidus triing nhau.

Trong céc hé A"B" chi ¢6 hé CdTe 12 duge nghién ciu k¥ hon ¢4,
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Céc gian d6 T-x dugc biéu dién trén hinh 8-2 ddi v6i cac hé ZnSe, ZnTe,
Cds, CdSe, CdTe, HgSe, HgTe.

T.C ey
1200 ~ 1520"(:"\5 1285 ST 12395
i ) 4 P\
sl - 2 a 1%
a) h) \ ¢) i)
wnpE? in Teo }_ 317
Sed T: Cd S Ta 213
I : | 2 J Se
50 100 100 10o

0
Zn % ng.lir Se Se Zn % ng !l] Te Te Cd % n;;h.rs S Cd % nq. IﬂSe Se

% 1rgng lugng Se

T S
To0) nun; dich
1200 400
500 HgSe \
800 e 200 (]
ag0 Ted0F  2eeeC \
£ i
1 1 i} 1 1 1
02550, 15 160 6D 7. w00 0 25 68 75 100
Cd % ng.idTe Te % ng. 16 Se Hy % ng. 1k Te Te

Hinh 8-2: Gign dd pha clGa mot s6 hdp chat A" BY.

8.2.2. Cau triic tinh thé cdc hop chat A" B!

Céc hop chit A'BY thudng ket tinh vo hai dang thi hinh chinh: Lap phwong
kiéu gid kém va luc gidc wurzite, trong dé su siip xép c6 dic trung it dien
{tetrahedral) nhu trong cic nguyén t8 nhém IV (Si, Ge)

Trong céu tric gid k&m, nhém khéng gian 13p phuong tuong fing: F43m.
Trong mot 6 co bin ¢& bdn phan tir ZnS duoc biéu dién & hinh 8-3, toa do
cdc nguyén tir nhe sau:

48:(0,0,0,(0, 2, ):(%3.0, )2):(%4, 4,0)
LUV VAV AV AV AR/ AY A
Trong cau tnic wurtzite, nhém d6i xing khong gian twong img: P63me.

Trong mdt 6 ¢d ban ¢6 hai phan tir ZnS duge bidu dién & hinh 8-3b toa do
cdc nguyén tir d6 nhy sau:

2Zn:(0,0,0);(%4.%, %)
28:0,0,4):()4.%4. Y5 +u) trong d6 u=~ ¥
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M&bi nguyén tir Zn lién
két vdi bon nguyén tr S,
" nam trén bon dinh cba
mot ¥ dién gin déu.
Trong 4 khoang céch tir
Zn dén bdn nguyén tr S
¢6 mot khodng bang uc,
con ba khodng khic

bang: | Hinh B-3: Su sdp x8p cac nguyén Ui trong linh thE gid kém
(zinc-blend) (a) va trong tinh thé wurlzite (b).
[%az +¢? (u_%)Z]/z_

Chiing ta c6 thé diém qua diéu kién hinh thanh cdc dang thil hinh khdc nhau
d6i véi cic hop chat:

-ZnS: - Dang wurzite bén ¢ nhiét do cao.

- Dang gi& k&m lap phuong & nhiét do thap, nhiét d6 chuyén tir gia
kém sang wurzite xdy ra & 1020 °C.

-ZnSe: - Tinh thé dang gia kém 1ap phuong két tinh ti pha hoi & nhiet do
trong khodng 1120 - 1200 °C.

- Ngudi ta cling d3 ché tao duge ZnSe dang wurzite nhung hing s6
mang cua tinh thé trong c4c thuc nghiém khic nhau, sai léch
nhau khd nhiéu.

-ZnTe: - Thuong k&t tinh dang gia kém lap phuong.

- Ngudi ta cling ¢6 thé nhan duge tinh thé ZnTe dang luc gidc.
-CdS: - C6 thé nhan duge CdS luc gide (mau dd)

- C6 thé nhan duge CdS 1ap phuong (mau vang)
-CdSe: -0 nhiét do cao két tinh dang wurzite.

- (3 nhiét do phong dang gia k&m, & nhiét d6 130 °C chuyén dén
sang luc gidc.

-CdTe: - Thuomg két tinh dang gid kém,

- Dang lyc gidc nhan dugc khi ché tao dudi dang mang méng.
Pan tinh thé luc gide thudng chuyén ddn sang dang 14p phuong.

-HgS: - Két tinh dang gia k&m.
- Khéng nhan duge dang wurzite,
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8.2.3. Lién két hoa hoc trong hop chat A"BY

Céc hgp chat A"BY ciing ¢é cdu tric tetraedral va hai nguyén tir canh nhau
cing ¢6 tng s6 dién tir hod tri la (2+6) = 8, nghia 12 s6 dién tr trung binh
trén mot nguyen 1r 1a 4, gidng nhu Si va céc hop chat A™BY. Vi vay ngudi ta
ciing gia thi€t ring lien két hod hoc trong céc hop chat ABY' cling giong
nhu trong A"'BY, mot phén 13 lién két déng hod tri vi ¢6 mot phén lién ket
ion. D& mo té lién ket hod hoc trong nhimg tinh thé ¢6 lien két hén hop nhur
theé ndy nyudi ta dua ra mot dai lugng dac trumg 14 dién tich hiéu dung e’
Trén bang (8-2) bidu dién e /e clia mot s6 hep chit,

Bang 8-2: Dién tich hiéu dung cla céc nguyén ttr trong hop chéat A'BY
| Zn0 | ZnS | ZnSe | CdTe | HeTe r cds | cdse

|
e'/e i 0,90 ‘ 0,88 } 0.70 ‘ 0.70 ; 0,60 ‘ (0,73 = 0,90) \ (0,55 + 0,68)

bi¢n tich hiéu dung cia Si bang 0, dién tich hiéu dung cang I6n thi thanh
phan ion trong lién két cang lén. Chung ta th&y dién tich higu dung cia cdc
hop chit A'BY 16n hon ctia c4c hop chat A™BY.

8.3. CAU TRUC VUNG NANG LUQGNG CUA HQP CHAT A"BY

Vi tinh thé loai gia k&m (14p phuong tam mat) ving Brillouin ¢6 dang mot
khdi 14 mat. Vi tinh thé loai wurzite (luc gidc) viing Brillouin ¢é dang khéi
luc lang tru 8 mat nhy & hinh 8-4,

Viing nang luong clia A"BY véi cdu tnic gid k&m, duge nghién cfu nhur 13 mot
tinh thé véi lién ket déng hod tri c6 nhidu loan, dua dén mét s6 két luan sau:

- Viang cam ¢6 xu hudng rong ra theo chiéu hudng 6r nguyén t6 nhém
IV 5 A"BY - AR

- Trang thdi thip nhat cla viing din trong cdc diém d6i xing, cé chiéu
hudng 12 trang théi s.

- Déi v6i A"BY' ¢6 xu hudng c6 viing c4m b +N
thdng véi céc cuc tritai K = 0. 4 7
- Bé rong viing cam gidm khi s dién tich K‘% e K
trung binh cda hat nhén tang. N C AN

X L
Phd nang lugng cla hai hop chit ZnSe, %
CdTe két tinh dudi dang 1ap phuong (zinc

s Hinh 8-4: Sg d6 ving Brillouin cia
Blend) dugc biéu dién & hinh 8-5. tink thé luc gidc wurtzite.
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Vang hod tri ¢6 3 nhanh biéu dién bing cdc cong thic sau:
. . /2
Ey,y, = AR+ BXR*+ C(KIKZ + K K2 + KﬁKi)]‘(
E, =AK’-AEg

trong dé A, A', B, C la cic
hing s6.

Ving nang lugng cla céc
chat A"B"' két tinh dang

L j 7 7 :v’/,'-',j/.'._ ; /77
wurzite nhu ZnS duge biéu % e
dién & hinh 8-6. e

J { r xn r
Doi v6i cuc tiéu viing din a)
va cuc dai vung hoa tri cua
mot s6 ban din A"BY' ta ¢6
mot s6 nhan xét sau day:

Hinh 8-5: So d6 vung nang lugng cda céc tinh thé lap
phudng tam mét: a- cla ZnSe, b- cla CdTe.

CdTe: Cuc tiéu viing din c6 mat ding nang la mat cdu véi m , = 0,11m tai

= a

K =0. Cuc dai viing ho tri tai K =0 viing cAm théng.

+05

L AH KML
Hinh 8-6: So d6 ving nang Iugng cda tinh thé dang wurtzite cda ZnS.

ZnSe: Cuc tiéu viing dén tai K =0, ving c&m thing v6im , = 0,15m
ZnTe: Cyc dai ving héa tri tai K =0, viing c4m thing, m’ =0,6m.
ZnS: ving cdm thing, cuc tri tai diém tai K=0.

p trung binh
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CdS: Cye iéu1gi K =0 déi véi CdS ap phuong m™, = 0,22m.
boi vor CdS luc gide me =0,151m, my, =0,171m.
Viing c&m thing.
CdSe: Ving nang lugng gidéng CdS.
ZnS: Ving nang lugng giong ZnSe.
Nhu ta dd thay da s6 cac hop chét A'B”' 1a bdn dan viing cam thing vi vay
A"BY' duge dung nhiéu trong linh vire vat lieu phét sang huynh quang.

Trong bang 8-3 lié1 ké gid tri bé rong viing cdm clia cdc hop chit A"BY
Bdng 8-3: Bé réng vung cdm AE, clia hop chét A'B"
CaS | CaSe ! CaTe | MgSe | MgTe | ZnO | ZnS | ZnSe

AR, (eV)| 54 | 50 | 43 | 56 | 47 | 32 | 37 | 26

ZnTe | SrO SrS SrSe | SrTe | CdS | CdSe | CdTe
AEg(eV] 2,1 58 4.8 4.6 4.0 2,4 1.7 1,5

BaO | BaS | BaSe | BaTe | HgS | HsSe | HgTe
AE, (eV) 42 | 40 {1 37 | 34| 20 | 06 | <0

8.4. NHUNG TINH CHAT, PAC PIEM, UNG DUNG CUA HQP
CHAT A'BY

Céc hgp chat cua hai kim loai Zn va Cd v4i ba nguyén to chalcogen S, Se, Te
6 cdc tinh chat dién tlr vd quang hoc quan trong, c6 mot dai bé rong viing
ciim thich hgp tir 1,5 (CdTe) dén 3,7 eV (ZnS). Céc hop chit nay dé dang
tao thanh dung dich riin lién tuc, ¢6 thé “diéu chinh” nhiéu tinh chit khic
nhau. Tuy nhién cong nghé ché tao cic vat liéu ¢é chat lugng cao doi véi
céc hop chat A"BY' chua dat duge trinh dé hoin hdo nhu déi véi Si va céc
hop chat A™BY.

Cac hgp chdt A"BY' phé bién c6 tinh dén loai n, ngoai trir ZnTe la bdn dan
loai p. Trong céc ban din hgp chat A"BY' chi CdTe cé thé thay déi tinh din
dé dang bing cdch pha tap chit ¢ thé nhan duge CdTe loai n ciing nhu
CdTe loai p. Cic hgp chit ZnSe, ZnS va CdS von 12 bin din load n, bang
cdch pha rap acceptor ciing chi ¢6 thé nhan dugc mot ndng do 16 trong nho
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ma théi. Vi vly cong nghé ché tao linh kién tir hgp chat A"BY' ¢6 thé thuc
hién theo cdch khong diing chuyén tiép P.N déng chit:
- Tao cdu tric di chit trong do phdn n vA phdn p 12 ban din A"B"' khdc nhau.
- Dung cau tric kim loai - ban dan va cdu triic kim loai - dién moi - ban
ddn d6i véi linh kién ¢6 phun hat dén.

V1 tdt cd cdc ban din hop chit A"B"' déu 14 ban dan viing c4m thing nén vat
licu nay thudng cé hiéu sudt phat xa hay hdp thu séng dién tir cao. Nhitmg
ban dan nay vi th€ ¢6 tinh chdt quang quan trong. Sit dung cdc hgp chét hai
nguyen két hgp cac dung dich ran ba nguyén (nhur Zn, ,Cd S va ZnS,Se ) va
dung dich ran bon nguyén (nhu Zn,,Cd,S,5e,) cho phép digu chinh cic
tinh chét qua thanh phdn (x, y) trong vat liéu, Mot van dé quan trong trong
img dung cdc vat liéu A"B"', ngoai trir CdTe 12 hién trong tw b trir (self-
compensa.ion), d¢ la sy phdt sinh cdc sai hong diém ngi tai (native point
defects) 12 b trlr cdc nguyén tif tap chét pha vio vi gay trd ngai trong viéc
tao chuyén ti€p P-N trong da s cic ban dan. Hién tuong ty b trir trong céc
hop chat A"B"' c6 thé hiéu duge vi cic hop chat nay phan ndo cé thé xem la
tinh the ion, cdc nit khuyét anion va cation ¢6 thé xem nhe 13 cdc acceptor
vi donor.

Mot img dung quan trong ciia hop chdt A"BY 13 sit dung dé ché tao mau
huynh quang trong céc loai thiét b hién thi (nhu hién thi nh chim dién tir -
CRT, hién thi ban phéng dién huynh quang sir dung ZnS:Ag, ZnS:Mn); ché
tao céc photodetector trén co s& h¢ (Hg, Cd, Te); ché tao cdc cita 56 bao ve
va t€ bdo quang dign, detecto hat nhan (CdTe); ché tao pin mat tréi tir vat
liéu CdS CTdTe; ché tao céc diode phdt quang séng ngin (laser dnh sdng
xanh), cdc hé quang - dién tir tich hop véi silic va GaAs.

Ngay nay cong nghé vat liéu vin chua cho phép ché tao nhitmg thdi don tinh
thé hop chét A"B" nhu déi véi silic hay GaAs, vi vy cdc hop chat A'BY!
dugc sit dung chii yéu duéi dang mang méng, 16p méng tham chi dusi dang
bot da tinh thé. :
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CHUONG 9
CAC BAN DAN HOP CHAT VO CO KHAC

Trong chuong 7 va chuong 8 chning ta d4 xét hai loai bdn din hop chét vo co
quan trong A"'BY va A"BY". Trong chuong ndy chiing ta s& diém qua céc loai
ban din hgp chat vo co con lai, bao gdm: cdc hgp chat hai nguyén nhu
A"BY, A"BY, A"BY, AYB"", A"B"' ; cdc hop chdt ba nguyén. Tuy nhién do
khuén khé chia gido trinh ching ta s& chi dimg lai xem k¥ mot s6 loai hop
¢hdt bdn dan dugc chi § nghién citu nhiéu va ¢6 nhiéu img dung.

9.1. CAC BAN DAN HOP CHAT A"B"

Céc hop chat ban diin A"BY' da dugc nghién ciiu va tmg dung chi ¢6 ba chi -
chalcogenua PbS, PbSe, PbTe. Chi (Pb) 12 nguyén t8 nhém IV véi nguyén tir
s0 82, c6 cdu tric 16p ngodi cling cla vo dién ti 1a 6s°6p, gidng nhu Ge va
Si. Luu huynh, selen va telua ¢6 cfu tric dién i twong tng 12 3s%3p*(S),
45*4p*(Se), 5*5p*(Te). Ca ba hop chét nay két tinh dudi dang tinh thé mu6i
NaCl {c8u triic R nhu & hinh (1-11) muc {(1.2.1)). C4u wmic tinh thé R Ia
mang lap phuong tam mat vdi gdc 12 hai nguyen tir khéac loai (Pb va S, ching
han), rong dé n&u nguyén tir Pb nim & miit mang véi toa do (0,0,0) thi S cé

toa 40 la (%,0.0). M®i nguyén tit Pb cd 6 nguyén t S gdn nhat & khoing

cich % . Cdu tric R ¢6 nhém d6i xing khong gian 1 (Fm3m).
So sanh véi cdc chalcogenua khic nhu (CdTe, HgTe) thi chi - chalcogenua
¢6 nhiéu diém khdc biét. Diéu khdc biét ndy khong chi dimg lai & chd cu
triic tinh thé clia CdTe va HgTe 1a cdu triic Z v6i nhém d6i ximg khong gian
(F43m). Pién khdc biét ¢6 tinh nguyén téc 12 cdc hgp chét chi-chalcogenua
PbS, PbSe va PbTe 12 ban din phan cyc (hay 1a di cuc) manh dic trung boi
héng s dién moi 16n, hé s6 nhiét cla bé rong viing cim duong (nghia 12 bé
rong ving cdm AE, tang khi nhigt d6 tang, trong khi d6i véi céc ban din
khdc thi AE, giam khi nhi¢t d¢ ting). Mot diém khdc biét quan trong nita [a:
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thong thudng cic hop chit ban dan dang kim loai - phi kim (M-x) ¢6 bé rong
vung cim gidm xudng khi dién tich trung binh tang 1én, trong khi dé d6i vé6i
chi - chalcogenua ta thdy bé rong vitng cdm cua PbSe nhd hon cia PbTe.
Trong muc 7-4 khi ban vé& lién két dong hoa tri pha lién két ion trong bin
din hop chat A"BY ching ta ¢6 dua vio hé s6 dic trimg cho tinh chit lién
ket trong cong thic (7-2), (7-3), hé sd dic trung lién két A cb gid tri trong
khodng O<A<l; A = 1 g v&i lién két thudn khiét d6ng hod tri, & = 0 ting v6i
tritong hop thudn khiét ion, d6i véi hop chat A"BY, A = A, = 0,774 1ing v6i
lien ket trung hod. D6i vdi hop chit chalcogenua, ban din phén cuc, nguoi ta
dua ra h¢ s6 lién ket ion ky hiéu la f, thay doi rong khodng O<f<1; déng thii
ciing xac dinh mot gid tri £ tdi han, {- = 0,785, Cac tinh thé duogc xem 1a
dong héa tri khi f < . vA duge xem 1a tinh thé ion khi £f,.. Céc tinh thé chi -
chalcogenua c6 gia tri f gdn bang 1, nghia |2 lién két gin nhu lién két ion.
Céc chi - chalcogenua cé hing s6 dién moi rdt cao va duoc giai thich 1a do
ching cé h¢ s6 phan cyc o cao. Trong bang 9-1 biéu dién maot s6 thong s6
thay ddi theo nhiét do cla cde chi - chalcogenua dé minh hoa nhitng nhin
xét trén day.

Bang 9-1: Myt 56 thdng s6 theo nhiét db cba chi-chalcogenua

Vit | Hdng so' | BErong vang cdm AE,{eV)| Hé¢so Hdng so dién moi £
ligu \mang (A) | 424 | 77k | 300K | 373K |phdn cue @] 77K | 300K | 373K
PbS | 59362 {0286 0307 | 041 | 0,44 ,33 181 169 | 160
PbSc| 6,1243 |0,165]0.176} 027 | 031 0.23 231 | 210 | 204
PbTe| 6,4603 |0,190(0,217 | 0.21 | 0,34 0,15 478 | 425 | 415

Cau tric viing ning luong chia chi - chalcogenua cling ¢é nhimg diéu dic
biét, thoi gian ddu da ¢6 nhimg tranh ludn cang thang xung quanh két qua
tinh todn cho ring PbTe 12 bdn din ving cm xién.

Dén nam 1965 Conklin, Johson va Pratt dd duwa ra két qua tinh todn chinh
xdc hon cho thdy ¢ ba hop chét PbS, PbSe va PbTe déu 6 cye tiéu viing din
va cuc dai viing ho4 tri tai diém L trén bd ving Brillovin theo phuong [111).
Vi viy cd ba hop chét nay déu 1a ban ddn ving cdm thing nhung cuc tiéu
viing diin v cic dai viing hod tri khong nim tai K = O nhu cdc bén din
ving cdm thing A"BY. Mat ddng nang lan can cye tiéu viing dan ciing nhu
cyc dai viing hod tri déu la mat elip tron xoay. Do d6i ximg clia viing
Britlouin v& do cdc cuc tri déu nam trén by viing nén cé 4 elip dang nang
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quanh cye tidu va 4 elip dang nang quanh cyc dai. Pay 12 nhém bén din diac
biét khac la so véi ban din Ge, Si vi A"BY.

Khéi lugng hiéu dung cla ba hgp chét chi-chalcogenua & 77°K duoc bidu
dién & bang 9-2.

Bdng 9-2: Khéi Iugng hiéu dung cla chi-chalcogenua

m;
m,/m,, my/m, K= o
Ving din 0,10 0,11 1,1
PbS
Viing hod tri 0,10 0,11 1.1
Viing din 0,05 0,08 1.6
Pb& - PETT TP
ving hod tri 0,05 0,08 1.6
Viing din 0,025 0,22 8.7
PbTe :
Ving hod tri 0,025 0,22 87

Trén hinh 9-1 biéu dién so d6 viing nang lugng cia PbSe (a), chia PbS (b) va
clia PbTe (c).

E(sW) PbSe E(eV) PhS Efev) Pbhie
8 8 10
6 6 8t
\\/ \f J ol
4 4
DM D ;-u@
01 A= 0 -/»-—-... fn @\ f/
-2 \/ -2 / \ -2 \/
-4 | . ] -4}
STV VTV s
10] L 8r
bl :2"‘“‘“"\,_../" — 12 N o BN
Wil T X r wi T X r wi I X {
K X K
a} [5)] c)

Hinh 9-1: S0 d8 ving nang lugng clia PhSefa), cla PbS (b} va cda PoTe(c).
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Két qua nghién cttu cdc trang thai tap trong cdc hop chat AVBY khong ¢6
nhiéu vi nhimg khé khan lién quan dén viec 1a rat khé dat duge cdc hop chat
A'"BY! ding thanh phan hop thitc.

Nghién citu cho thdy rang nhitng nguyén it Pb du xir sy nhu céc trang théi
donor voi cdc mifc ndng lugng khong sau 18m, trong khi d6 cdc nguyén tit S,
Se, Te trong PbS, PbSe va PbTe xU sy nhu céc trang thii acceptor vai cdc
muc nang luong néng.

Ngudi ta con nhan thdy rang PbS tai nhiét do néng chdy cue dai ¢6 chia
6.10" .cm™ nguyén tir chi du. Trong Pb§ bismut déng vai trd nhu tap chat
donor, trong khi d6 Ag, Cu déng vai trd acceptor khi chiing thay thé& Pb, Mit
khdc cdc nguyén tir Ag va Cu trong trang thai nguyén tir xen k& gilta it
mang lai déng vai trd donor. Cic hop chdt A™BY' chi - chalcogenua dic
trung bdi bé rong viing cdm nhd, d6 linh dong cha hat dn 16n va hing s6
dién moi cao.

Nhimg ting dung chinh ctia vat liéu PbS, PbSe, PbTe 1a ché tao céc linh kién
phat quang va photodetector trong viing phé héng ngoai.

9.2, CAC HOP CHAT HAI NGUYEN KHAC

Céc hop chat oxit cling 1a nhitng hgp chat ban dan vé co duge chii ¥ nghién
ciiu vd duge ing dung trong thyc & nhw da gi6i thiéu téng quan trong
chuong 2. Nhitng ban din hgp chit v6 co hai nguyén khac ching t6i khong
¢6 diéu kign gi6i thiéu ti mi, chi dua ra mot vai thong s& nhu loai mang,
nhém khong gian, bé rong viing cfm trong bang 9-3 dudi day.

Bédng 9-3: M3t vai théng s6 clia cac ban dan hgp chét vé co hai nguyén.

Nhom Bdn ddn Logi mang | Nhém khong gian AE, (eV)
n-1v Mg,Si c.fc Fm3m
Mg,Ge c.c Fm3m
Mg,5n c.he Fm3m

1-v Na;Sb Hex PGy/mmc

Cs3Sb cfe Fm3im
Li3Bi cfe Fm3m
LiAs monoclin P21/c
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n-v ZnsP, Quadrai, Pd,/mmc
Zn3As, Quadrat. Pd,/mme 0.93
Mg;P, c.be la3
MgAs, cbe Ia3
Mg;Sb, Hex. PIml 0,32
CdsP, Quadrat. P4,/mme 0.5
Cd;As; Quadrat. Pd,/mmc 0.13
ZnSb Orthorh. Pbea 0,585
CdSb Orthorh. Pbca 0,46
1-V1 ADS(B) cbe 1.2
AgoSe (B) c.b.c 0,075
_____________________________________________ ApTe@® | = Pt | 0.025
AgyTe (o) .mOrlh()rh‘ lllllll
Cu,0 Cub. Pn3m 20
_______________________________________________________________ CuS | Hex | Peymme |
Cu,Se cfe F43m
e Ty ST
HI- VI InTe Quardrart. 14/mem
TiSe Quardrat. 14/mcm 0,57
Ga8 Hex. R3m 2,52
GaSe Hex. R3m
Ga,Tey cfc F43m 1,09
In,Te; c.fe Fd3m 1.0
T1,S Rhomb R3
Y-Vl AsyScq Amoph 1.3
As,Tey Moncclin cm LO
SbyS, Orthorh, Pnma 1.2
BiySe; Rhomb. RIim
Sb,Te; Rhomb. R3m 0.3
Bi,Te; Rhemb. R3im 0,16
II-vIl CdF, c.fc Fm3m 6,05
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9.3, CAC HOP CHAT BA NGUYEN

Tat ca nhitng ban dan hop chdt xét trén day déu 12 b4n din hop chat hai
nguyén hay 1a dung dich rdn cla chiing.

Trong thyc & ngudi ta di nghién citu va sit dung cdc ban din hop chat ba
nguyen hodc bén nguyén, mic ddu van con han ch€ do nhitng khé khin
trong céng nghé ché tao chiing, dic biét 12 nhiing khé khin d€ nhan duge
nhimg ban din nhiéu nguyén ding thanh phin hgp thiic.

‘Chiing ta thay ring khi s§ di¢n tir héa tri trung binh trén mot nguyén tir bing
bon thi vat ligu c6 xu huéng két tinh dudi dang cdu tric ¢ dién, nghia 14
trong mang tinh thé mdi nguyén tir déu ndm & tam mot ut dién ddu hoac gin
déu tao nén bdi bon nguyén tlr gin nhat. '

Céc nguyen t6 nhém IV két tinh dudi dang cdu trile ti¥ dién kim cuong. Cic
hgp chat hai nguyen A"BY, A"BY va A'B"" két tinh dué6i dang cdu tric t
di¢n gia km hodc wurtzite. Trong dé tdng dién ¢ héa tri cha hai nguyen tir
gdn nhit la bing 8, [(3+5) = 8, (2+6) = 8 hay (1+7) = 8. Nhu vay s dién tir
héa tri trung binh trén nguyén tir bdng bon va hop chdt hai nguyén nhéan
dugc trén co sd cdu tric cha ci¢ nguyén (6 nhém IV.

Bing cdch twong tr ta ¢6 thé nhan duge bén d4n hop chat ba nguyen tir hop
chét hai nguyén né€u thay mét nira s6 nguyén tr trong mot mang con bing
cdc nguyén tir 6 héa tri thap hon va thay nira s6 nguyén tif khic trong mang
con d6 bang cdc nguyén tir ¢d héa tri cao hon, nghia 12 vin gift nguyén s6
dién tix héa tri trung binh trén mot

nguyén tir. Trén hinh 9-2 biéu dién 1V, 1v,
so d6 mo 1a sy thay thé d6. \
Nhi vay tir cic hop chat AMBY ta e Ve I, v

: . ! 2N\

¢6 thé nhan duge hai nhém hop

chit ba nguyen: A" BVCY,, vi du: 1wy, Illlz v VI

ZnSnAs, va A",BYC", vi du: Hinh 9-2: So 96 céu tao cac hap chiét ba

Al,SnTe. nguyén tif cac hop chét hai nguyén A"BY
béing cach thay thé mot nia mang.

Néu thay cidc nguyén tir cia mét

mang con bing céc nguyén tif clia cdc nguyén t6 bén trdi va bén phéi (theo

vi trf cha chiing trong bang tudn hoan Mendeleev) ta s& dugc nhiing hop chat

ba nguyérn, vi du nhu biéu dién trén so d6 hinh 9-3. G day ta thu dirge hagp

chét ba nguyen A'B"Y,CY;. Vi du nhur CuSi,P;.

Ba loai tinh thé ba nguyén trén day nhan duoc tir so d6 xudt phét tir hop chat
Ava.
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Chiing ta ciing c¢6 thé xay dung mot so dé thay thé
dé tao ra céc hgp chét ba nguyén xudt phdt tir hop
chat A"B"' nhyv & hinh 9-4.

Tir day ta cd cac hgp chat ba nguyén dang
A'B"CY',, vi du: AgInSe,, CuGaTe,.

Tuy nhién, cdn phai lvu ¥ ring khong phai tat ca
nhimg hop chat nhiéu nguyén thu dugce tir nhimg
so dd trén day, hodc bing cach tuong tu, déu ton
tai trén thyc t€. Su tén tai cdc hgp chit nhidu
nguyén d6 con do nhiéu nhan t6 quyét dinh, vi
du, su twrung doéng vé 46 phan cyc cha cic moi
lien két. Vi 18 d6 ma cdc hgp chit dang
A"B™CY,, nhu ZnSnAs,, c6 thé khong tén tai
hodac khong bén vitng, & ddy moi lien két (II-V)
s€ phan cuc manh hon lién k&t (IV-V).

Bay gidr chiing ta s& xét nhimg hgp chat ba nguyén

IV,
7N\
L, Vv,

7N\,

I Iv, v,

Hinh 9-3: So d6 céau tao
cac hgp chét ba nguyén

ter AMBY blng cach thay
thé phan mang A",

v,
SN
iy, VI

N 4{

1 11 VI,

Hinh 9-4: 50 @8 cu tao
hop chdt ban nguyén.

thuoc dang A"B"CY,. Céc hop chat niy rat khdc nhau vé mitc d¢ nghién cifu
ting dung.

Hop chét loai A"BYCY, ¢6 thé t6n fai néu lien ket (1I-V) va (IV-V) khong
khdc nhau nhiéu qua.

Trong tinh thé hop chét ba nguyén ndy, chiing ta thy ring mot nguyén tir C¥
s& lien k&t v6i hai nguyén ti A" va hai nguyén tr BY, cdc nguyén tir nay tao
thanh mot 6t dién. Trén hinh 9-5 trinh bay ba mang tinh thé: mang kim
cuong 9-5a, mang
gid kém 9-5b trong
dé cic hinh tron
trdng 12 cdc nguyén
tr nhém V, cdn cic
hinh tron den A
nguyén to nhém II1,

mang  chalcopirit

9-5¢c cua hop

ch4t ba nguyén

A" BYCY,, trong d6 Hinh 9-5: S0 d8 so sanh ba mang tinh thé: a- mang kim cuong,
c4c hinh on tréng 1 b- mang gia kém, ¢- mang chalcopirit,
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nguyén tt nhém V, cdn hinh tron den 12 nguyén tit nhém II, hinh trdn gach
gach la nguyén wr nhém IV. Ching ta cling thdy ring 6 cd ban cia mang
chalcopirit ¢4 kich thude gap doi 6 co ban clia mang gid kém, vi du d6i véi
ZnSnAs, cé ¢ =2a.

Pa 56 cdc hop chat ba nguyen dang A"BY'CY, ket tinh dusi dang chalcopirit
nhu & hinh 9-5¢. Mgt s6 két tinh dui dang tinh thé wurtzite din sust tuong
tr chalcopirit.

Céu tnic viing nang lugng cla A

hop chdt ba nguyén dang
A"B¥'CY,, dugc nghién ciru trén

cd s& so sdnh cin tric zine- 7
blend (Z) wva cfu tric AN P
chalcopirit. Trén hinh 9-6 biéu '*)'_‘,\
dién viing Brillouin thif nhat cla 4 %
cu tric chalcopirit 16ng trong \ 23 [
ving Brillouin thit nhat cla ciu K
triic Z. 7 W

Cau tric viing nang luong duge P

xéc dinh trén co s cfu tric viing

nang lugng cia céc chit A"BY. Hinh 9-6: Ving Brillouin thif ciia chalkopint g
Nhl‘i‘ng tinh todn cho th ﬁy rﬁng trong vang Briffouin cia céu true zinc-blend.

phé nang luong cia 16 tréng lan

can diém cyc dai ca viing hod tri gdn giSng nhu truomg hop céc chat AVBY,

Theo c&u triic ving dan, ban din hop chat ba nguyén A"BY'CY, dugc phan
thanh hai nhém:

- Nhém I: ZnSnP;, CdSnP,, ZnGeAs,, CdGeAs,, ZnSnAs,, CdGeP,,

CdSiAs,. |
- Nhém II: MgSiP,, ZnSiP,, ZnGeP,, ZnSiAs,, CdSiP,.

Trén hinh 9-7, 9-8, va 9-9 bi¢u dién so A6 viing nang lugng cdc hop chat ba

nguyén ké trén,

Ngudi ta nhan thiy rang cuc tiéu viing dn & tit ¢a cdc hop chét nim tai tAm

ving Brillouin. Ving hod tri cla tdt ci cdc hgp chal vé mat dinh tinh I

giong nhau, dinh ctia viing héa trj ciing nim tai diém T tam viing Brillouin.
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Hinh 9-7; 8¢ d6 ving néng lugng cia céc hop chat ba nguyén MgSiP; (a), ZnSiP, (L),
SnGeP, (c) va CdSIP; (d).

Truéng Pai hge Bach khoa Ha Néi 295



VAT LIEL BAN DAN

N
. >
e fj_ ag,
L #e
I ey
¥ ”p#gé
I i,
5 o, s /::
o 13
3 7
. ‘é ”""M#;
/5 =
A
42 :, 7 :ﬁ
astL. i d I
r 'a 4 P4

c)

)

By

Hinh 9-8: So d6 viing ndng lugng cda céc hap chét ba nguyén ZnSiAs, (a), ZnSnP, (b),

CdGeP, (c) va ZnGeAs, (d).
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Hinh 9-9: 30 d6 ving ndng lugng cla céc hop chat ba nguydn CdSiAs, (a), CdSnP, (b),
ZnSnAs; (c) va CdGeAs, (d).
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Trong bang 9-4 biéu dién mot s6 tinh chét, dac trung chia cdc hop chit ba
nguyén A"BVCY,.

Bdng 9-4: Mot s6 théng s6 déc trung cla A'B¥GY,

Hop chdt| a(d) | c(4) (2—3 T,(°C) | AE (eV) ﬁ:}f (cm"z‘}‘ys) (cmg;VSJ
MgSiP, | 5728 | 10,114 | 023 3.1

ZnSiP, | 5,399 | 10435 | 007 | 1300 20 |nop| 200

CdSiP, | 5.678 [ 10431 016 | 1120 2,2 P 30
ZnSiAs, | 5606 [ 10,890 006 | 1038 | 225 n 150

ZnSnP, | 5651 | 11,302| 0,00 1,45 P 60
CdGeP, | 5741 | 10,775 | 0,12 800 1,30 p 10
ZnGeAs, | 5672 | 11,153 | 0,03 8350 [, P

CdSiAs, | 5,884 | 10,882 0,15 1,62 P 300
CdSnP, | 5900 | 11,518 [ 0,05 1,16 n 1500

ZnSnAs, | 5.852 | 11703 | 0,00 775 0,66 p 190
CdGeAs, | 5943 | 11.217] 0,11 671 053 | np| 2000 250
CdSnAs, | 6,094 | 11,018 | 0,04 569 026 | np{ 25000 300
ZnSnP, | 6.28 | 12,56 | 0,00 410 0,3 p 70

Céc hgp chat ba nguyeén néi chung va hgp chét c6 dang AB"'CY, ndi riéng
chua duge nghién cite k¥, cdc s6 liéu thue nghiém vé ching con tan man,
cdc (ng dyng cdn han ché. Tuy nhién trién vong tng dung cda ching l1a rdt
phong phii, nhiéu hgp chét ba nguyén ciing nhir dung dich rin ¢ha chiing c6
nhiéu dac tnmg déng quy vi dung dich rin gilta hgp chélt hai nguyén InAs va
hop chat ba nguyeén CdSnAs, ¢6 d¢ linh dong cao v cb AE, thay déi lién tuc
theo thanh phdn clia dung dich.
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Chuong 10: Ban dén hop chét hiu co

CHUONG 10
BAN DAN HOP CHAT HUU CO

10.1. CAU TRUC TINH THE CUA BAN DAN HUU CO

Cau tric eha cdc bén din v6 ¢o thudmg duge dac trung béi lien két déng hod
tri hodc fién két ion giita cdc ngnyén tlf trong tinh thé, vi vay sy chuyén van
cia dign tich trong cdc cfu tric x€p chat niy 13 két qua 4t y€u cla tuong tic
trao d6i do su chéng chéo clia cdc ham séng (cic quy dao) gay neén. Trong
tinh thé ban dén hitu co, sy lién két giita cdc phin t cha mang duge thuc
hién bang luc phan tlr, Iyc Van Der Waals, su chéng chéo cha cac ham séng
phan ti, vi sy trao ddi dién tir giita cdc phéan tif rit nho, két qua 1a su chuyén
van di¢n tich rat khé Khan. Trén hinh 10-1 biu dién cau tric ciia mot s6 loai
bén dan hitu co dién hinh naphotalin (C,gHy), antraxen (C,4H,,), polyetilen.
Cau tric clia naphaotalin va antraxen cfing nhu ¢iia nhiéu ban din hitu co don
phan ur khdc thugc dang don ta tim ddy, 6 co ban ¢6 ba canh khong bing
nhau va c6 hat canh vudng gée véi nhau. True & khong vuéng géc vdi mat
phang b vi vay ngudi ta thudng ding vecto &' vuodng goe v6i ab. Gid tri a,
b, ¢ vi gbe f (g6c gilta @ vA b) clia mot s6 tinh thé ban din hitu co duge
biéu dién & bing 10-1.
Bang 10-1: Gia tri a, b, ¢ va goc f clia mdt s6 tinh thé ban dén hit co

Tink thé a(A) b (A) c(d) B
Naphaalin 8,235 6,003 8,658 122%55°
Antraxen 8,562 6,038 11,184 124°42°
[3 -Pepilen 11,27 5.88 G.65 9291
Biphenin 8.12 563 Q.51 95%]°
n - Triphenin 8.106 5613 13,613 92°1*
n- Tetraphenin 8.05 5,55 17.81 95°8°
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0 2 4 6 8 10A 0 2 4 6 8 10A

a) b)

viing tinh thé

;ﬂninn

0,255 nmn

0,741 nm 0,494 nm

c) d)

Hinh 10-1: C4u truc tinh thé cda naphotalin (a), antraxen (b), polyethylene (c) va so d6
sdp xép céc chudi trong polyme (d).

Mbi 6 co ban c¢6 hai phan tir va mdi phén tir ¢6 12 phan tir gin nhit.

Cdu tric cla polyethylene (hinh 10-1c) 1A dién hinh cta céu tric bdn din
polyme. O day cdc phan tir tring hop thudng rat dai va dugc lién két lai
trong tinh thé mang thoi. Tuy nhién polyme bén din thudng la té hop cha
tinh thé va vo dinh hinh. Trong mot vat polyme ngudi ta thdy c6 nhimg viing
tinh thé xen lin nhitg viing v6 dinh hinh.
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Chirong 10 Ban dén hgp chat hitu co

Hinh 10-1d biéu dién so dd sip x&p cla cic chudi phan tiy (trong gidng nhur
vin tay), trong d6 cé cé cdc viing tinh thé noi céc chudi sip x€p trat tr xen
1an céc viing vo dinh hinh,

Ngay nay ngudi ta da nghién ciu thanh cong cong nghé ché tao cdc don tinh
thé ban din hitu co. Khodng mudi nam trude diy nguii ta che tao duge don
tinh thé hitu co bang phuong phap két tinh tir pha hoi.

Nguon vat li¢u hite co duge 1am sach bing phuong phap sic khf hay phuong
phdp thang hoa phan doan va duge dua vao mdt ddu ong 10 bang thach anh.
Dong khi mang trung tinh nhu Ar, N, hoic H, duge théi qua vat tiéu hitu co
dugc dot néng dén (hoac cao hon) nhiét d6 thang hoa clia nd. Vi vit liéu niy
dd hod hoi nén duge khi mang van chuyén viio ong 1d v sé& két tinh trong
ving ¢6 nhiét 46 giam ddn. Phu thudc vioe loai vat liéu va kich thuéce tinh thé
mong muén qiia trinh nudi don tinh thé c6 thé dién ra tir muoi phit dén mot
s0 ngay. Tinh thé thu duoge thudmg ¢6 dang nhimng 16p méng c6 bé day tir
hang chuc nanomet dén hing micromet va cé kich thude réng moét s cm.
Kich thudc va hinh dang tinh thé phu thude vio ciu tric hod hoc cla vatliéu,
dic biét 1a vao do 16n va tinh d6i ximg cia twong tac phan tir. Vi du, trong
khi cac vat liéu rubrene, pentacene, tetracene ¢6 thé két tinh duéi dang tinh
thé c6 kich thude, hinh dang c6 thé diéu khién duoc thi mot s6 cic vat lieu
khac chi két tinh dudi dang hinh kim khong tién lgi cho viéc sir dung,

Méi day ngudi ta dd nghién cia thanh cong phuong phdp cong nghé mdi dé
ché tao don tinh thé ban din hitu co, d6 1a phuong phdp hod tan. Phuong
phédp nay thu dugc két qua sau phuong phdp pha hoi 14 vi nhitng ban dan hiru
co quan trong nhat khong thé hod tan vio nhimg dung méi chung thong
thudmng. Mdi day ngudi ta d2 nhan duge don tinh thé chét lugng cao bing
phuong phép hoa tan trong dung mdi hilu co.

Nudi don tinh thé bing phuong phdp hoa tan c6 thé thuc hién bing cdch rét
dung dich quid bfo hod cia vat liéu bin din 1én bé mat d&, hay 1a nhing d&
vao dung dich quéd bdo hoa cla vat liéu bdn din. Bay 1a mot phuong phép
don gian, ré va tién lgi. K&t hgp 1am ngudi va cho bay hoi dung méi ta thu
duge don tinh thé trong khuon hay tryc tiép trén bé mat d&. Téc do két tinh
va kich thudc tinh thé ¢6 thé diéu khién dugc qua qué trinh 1am ngudi va bay
hoi dung maoi cliing nhu cdch chon loai dung moéi va néng do dung dich. Tuy
nhién & day vat liéu ban din phai dé hoa tan vao dung mdi dé bay hoi, ma
diéu nay khong phai liic ndo ciing dé dat duge. Vi vay phuong phidp nay ¢6
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higu qua nhat d6i v6i cic vat lieu nhu: pentacene, tetracene, anthracene,
rubrene, oligothiophenes phthalocyanines.

10.2. PIEN TU ¢ PINH XU VA DIEN TU IT KHONG PINH XU/

V& phuong dién hod hoc nhitng ban din nhw naphotalin, antraxen, tetracen [a
nhimg carbua hydro thom véi nhimg vong lién ket lién hgp va c6 thé xem
nhu nhimg déng dang clia benzen (CsHg).

Hinh 10-2: a- céc quy dao lai o cda nguyén tif cachon trong benzen,
b- cac quy dao phén X 17 trong benzen.

Thudt nglt "lién hop” & day chi sy luan phién gifia lién ket don vi lién két
kép trong phan t¥ gibng nhu trong benzen. Nguyén tir carbon trong phan tir
benzen duge dic trung béi ba quy dao lai sp° tao nén ba méi lién két o trong
mit phing cia phan tif va tao véi nhau céc géc 120° nhu biéu dién & hinh
10-2a va m¢t quy dao 2p, dang s6 8 cin ma truc clha né vudbng géc véi mat
phing phan tit. Mot quy dao lai duge dung trong lién két véi nguyén tir
hydro, hai qu¥ dao lai khic dung trong lién két véi hai nguyén tir carbon bén
canh. Cdc quy dao 2p, cna cic nguyén tir carbon gdn nhau, tao nén quy dao
IT va dién tich chia dién tir phan bg dSi ximg theo cdc qu¥ dao I1, két qua 1a
tao nén hai vong may dién tir ¢6 dang luc gidc nam phia trén va phia dudi
mat phing chita cdc hat nhan cha cic nguyén tir carbon nhw & hinh 10-2b.
Céc quy dao o phan bd doi xting va tao nén céc lién két dinh xit C-C va C-H.
Céc dien ti, chiém cic quf dao o, goi 12 céc dién 1 o, chiing tap trung chi
y€u trén doan thing ndi hai hat nhan carbon hosc carbon va hydro, céc dién
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tr d6 12 cdc dién tir dinh x1d. Cdc dién to phan bo trén cdc quy dao I, goi la
cic dién tr IT. Chiing khong tham gia vdo mot mdi lién két nao va khong
dinh X nai nao trong tat ca cdc nguyén tr carbon, néi cdch khic chiing c6
thé di chuyén ti do trong phén . Cac dién tir IT vi th& duoc goi 14 cdc dien
tir linh dong hay cdc dién tir khong bdo hod. C6 thé tudng tuong 1 sdu dién
tir I tao nén mot dong dién chay vong trong phan tir néu ¢é mat dién ti tir
nguyén t thi nhit chay vé phia nguyén tir thit hai, thi cing liic y cling ¢6
mot dién tu t nguyén tir thit hai chay vé phia nguyén tir thi nhit, tao nén
mot dong dién cling cudng d¢ nhung nguge chiéu, két qua 1a dong dién
tong cong bang khong.

Nhd cé céc dién ti linh dong I1, tdc dung cira dién trudng 6 thé chuyén tir
phan nay dén phin khidc cla phan tir. Chinh cic dién tit IT dam nhiém viéc
truyén dat nhiing tdc dung hoc hoe, vat Iy doc theo cdc dai phan il trong céc
hé sinh hoc.

Cic quy dao khong dinh x(¥ IT da duge tinh todn nhd cdc phuong phdp gin
ding nhu phuong phép lién két hod tri, phuong phdp hinh hoc cic quy dao
phan tu, ly thuyét dién tr i do... Le Blanc va Thaxton di diing gén ding lién
két manh, dé xay dung ham s6ng cla tinh thé v6i muc dich nghién citu ciu
tric viing nang lugng va sy vAn chuyén hat ddn trong tinh thé hop chat hitu
co. Nhimg ham séng dé duge x4y dung trén co s&¢ mo hinh mot dién tir
Hatri, 13 t6 hgp tuyén tinh cdc ham séng phan tir trong gin ding mot dién
¢ » {T-1) nhan dugc tit céc quy dao 2p, .

10.3. MO HINH VUNG NANG LUQNG

Bang thuc nghiém ngudi ta thiy ring 46 linh dong cia hat din gidm khi
nhiét d6 ting lén, nghia 1a hé s6 nhiét cta d¢ linh dong c6 ddu am, su kién
ndy goi ¥ cho cdc nha nghién citu ing dung ly thuyét viing Bloch vao qua
trinh vin chuyén hat d4n trong tinh thé ban din hiu co.
Trong 1y thuyét viing ngudi ta phdi thire hién nhimg gid thuy&t gin ding sau:
- Gié thuyét gdn diing mot dién tlt: ¢6 thé xem mot dién tir chuyén dong
trong tinh thé nhu 1d chuyén dong trong mot trudng thé tuidn hoan
U(T)=U(T-1), trong d6 fi 1a vécto mang tinh thé.

- B0 qua céu triic da mikc phifc tap cha timg nguyén o rong tinh thé riéng biét.
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- C6 thé xem tuong tdc gita dién t& véi mang tinh thé nim trong khudn
khé ciia 1y thuyét nhiéu loan, nghia 1a trong tic duge xem 13 yéu.

D6i v6i ban din hitu co gid thiét gdn ding thit ba 1a quan trong nhét. lophe
di chu‘ng minh rang d6i v6i mot chat ¢6 do linh dong cta hat din nhd hon
100 em?/V s va quing dudmg chuyén dong ty do trung binh khong vuot qua
budc séng cua dién tir nhi¢t (c6 nang lugng bing kT) thi tuong tic dién o -
mang tinh thé s& manh dén muc khéng thé tng dung duge 1y thuyet viing do
vi pham gia thuyét thit ba.

B¢ linh dong clia hat dén trong t4t ¢ cdc ban din hit co thudng rét nhd, vi
thé img dung Iy thuyét viing & day s& gap kho khin do su vi pham nguyén Iy
bat dinh Heisenberg. Chiing ta sé phan tich vin dé nay mat cdch dinh tinh
nhu sau,

Nhu chiing ta da biét, theo 1y thuyét viing nang lugng, ham séng cha dién tir 1a
ham Bloch dugce dac trung bdi vecto séng K (KoKy Ky Sau mdbi 14n va cham
dién tir tir trang thdi K chuyén sang trang thdi K'. Vi vay thoi gian chuyén
dong tr do trung binh 1 chinh 13 thd gian song cla dién tir trong trang thdi K .

Trong diéu kién tdn xa din hdi dang huéng, thoi gian chuyen déng tr do trung
binh chinh 1a thdi gian hoi phuc. Ciing theo 1y thuyét ving nang lm:mg thi bé

rong vung niang lugng AE chinh 1a “d¢ nhoé” hay la d6 bat dinh vé nang luong
cua dién tir. Tir day, theo nguyen 1§ bat dinh Heizenberg ta c6

AEt2h-—> AE> hft
trong dé AE 13 bé rong viing nang lwgng cho phép, t 12 thdi gian héi phuc
bang {,/v, £, 12 quing dudmg chuyén dong tv do trung binh vi v 13 van téc
cia dién tr,
T day ngudi ta dd ching minh duge ring vdi AE < kT mudn ing dung
dugce 1y thuyét viing thi quang dudng chuyén dong tu do trung binh cta hat
din £, phai 16n hon hing s6 mang a va d¢ linh dong cla hat dén:

qa
H>=F (kT)

2
& day q 1 dién tich ¢lia hat ddn. Néu ldy a=5 A thi: p > AE/kT[i'E-J.
V.§
Tuy nhién v6i mé hinh ving nang lugng ngudi ta ¢6 thé gidi thich duge
nhidu hién twong quan trong lién quan dén sy van chuyén hat dan, vi du nhw:
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sur bat ddn}, hudmg cita do din va do linh dong cha hat din, su phy thugc vao
nhiét do ciia do linh dong, hiéu tng Hall bat thuong. Vi vay, bing gm ding
lién két manh Le Blanc vi cong su da tinh bé rong viing ning lugng cua tinh

thé antraxen. O nhiét do phong ho nhan dugc gid tri AE = 0.56KT. Sau d6
Thaxton vi cong su ciing da tinh duge AE cho cdc tinh thé naphotalin,
tetraxen v pentaxen.

Katkz J.L. da khac phuc mot s6 nhugc diém trong tinh toan cua Le Blanc
va dung phuong phap gin dung fién két manh d€ tinh cdu tric “ving cla
mot dién tir du™ va “ving cua mot 16 tréng du™ doi vdi naphctalm antraxen
va mot s3 polyphenin khdc. Hinh dang viing dién tir du va ving 16 trong dur
trong antraxen duge bidu dién & hinh 10-3. Ving nang lugng v&1 mot dién
tr du trong tinh thé khong chita cdc hat tich dign khic duge gOI 1a "ving
dién tir du”, con viing niang lugng véi mot 16 trong du duge g01 [ "vang 16
trong du”. Cd(. thuat ngt nay duoc ding thay thé viing din va ving hod tri
thudmg ding dé nhin manh ring nhimg tinh todn nay dugc uén hanh doi

n

1] Ty
it
g (3 12
8
= 8
w 7 = 5]
P o
F o &
. & =
< e
2} Ew
W =4
3 w
2 ]
1 2
1
[ e = e T e
] 7Y x& Iy x ) L7 Xy 31;4 x

a} b)
Hinh 10-3:  a- Dang céc vung d;fén 17 dis trong aniraxern;
b- Dang cac ving 16 trdng dif trong anfraxen.
v6i hai hé khéc nhau chit khong phai 12 hai trang thai cta cbng mot he¢. Cic
chi s¢ (l) vi (2) xmg véi viing trén vA ving du6i trén hinh 10-3 theo céc

hudng a ', b ', ¢ ' (trong khong gian déo). Tir hinh 10-3 ¢6 thé thay ring
trong ving 16 trong dv dugc dic trung bdi mot khodng phan cich bing
khong hay 14 rat nhd, trong khi d6 khoang phan cich trong ving di¢n tr du theo

hwdng ¢! 14 rat 16n. Bé rong cdc ving nang hugng déi v6i antraxen AE > kT, trir
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cdc viing nang lugng dién tir dur theo hudng ¢ '. Ly thuyét viing nang luong
doi vi ban dan hitu co da dwge nhiéu nha khoa hoc quan tam nghién ciu
hoan thién,

10.4. PO LINH DONG CUA HAT DAN

Pa $06 cdc chét hitu co tinh thé ¢6 cdu tric viing déu ¢é tinh bat ding hudmg
vé tinh chat dién. Sy bat dang huéng vé d6 linh dong cling 13 do sy bat dang
hudng vé cdu tric viing nang luong. Tir ¢ triic viing nang lugng ngudi ta cé
thé tinh duwge do linh dong theo cic huéng vecto d,b va ©. C6 thé thay ring
két qué tinh todn dua trén mo hinh viing nang lugng sé phil hop véi két qua
do d¢ linh ddng, ngoai trir cdc s6 liéu vé do linh dong cudn cla dién tir theo
hudng vectar T'. Dudi day ching ta di€ém qua mot s6 yéu 16 dnh huéng dén
do linh dong.

10.4.1. Su phu thudc vao nhiét do cua dé linh dong
Thyc nghi¢m cho thdy rang d¢ linh dong phu thudc vao nhiét do theo dang:
pu=cT"

trong d6 ¢ 14 hng s6. Theo hai phuong 4 vab, ncé gid tri am, nghia 1A do
linh dong gidm khi nhiét do tang lén. Diéu nay phil hgp véi 1y thuyét viing
nang lugng. Tuy nhién theo phuong €', phwong vudng géc véi @ vab, gid
tri n dwong, nghia la d¢ linh dong tang khi nhiét do tang. Ngui ta gidi thich
gid tri n duong theo phuong ¢' bing gia thuye't cho ré‘ing theo phuong ¢' co
ché van chuyén hat diin chi yéu la co ché "nhdy céc”. Tuy nhién ciing khong

thé loai bo anh hudng ciia tam bét nong thudmg cd tic dung 1am cho d¢ linh
déng ting theo nhiét dg,

10.4.2. Su phu thudc vao ap sudt cia do linh dong

Thue nghiém do d¢ linh dong theo dp sudt thdy ring: trong antraxen ciing
nhu nhiéu bdn din hi co khac, do linh déng theo phuong song song véi
mat phing @b tang 1&n theo 4p suét, con do linh dong doc theo truc &
(vuong géc vé6i ab ) thi hdu nhu khong phu thudce 4p sudt. Nguoi ta gidi thich
su phu thude cha dé linh dong vio dp suét 1a do sy thay déi kich thudc o
co ban clia tinh thé. Sy thay déi kich thuée cha 6 co ban din dén su thay
déi do chéng chéo clia ham séng, do viy lam thay d8i do cao hang rao
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the va tlr d6 thay déi do linh dong hat diin ding cho ci hai co ché Iy
thuy€t ving ciing nhu co ch€ nhay c6c. Gid tri thay déi kich thudc tinh
the theo cic phuong &.bva @ twong tmg theo ty s6: 3.5 : 1.2 : 1,0. TY 56
nay phu hop vdi ty s do nghiéng cia cac dudng phy thude d6 limh dong vio
dp suat theo cic phuong,

10.4.3. b6 linh dong trong transitor hiéu ing trudng
Vigc ché tao thanh cong don tinh thé bin din hitu co cho phép ngudi ta nghi
dén viée xdc dinh tinh chét riéng (intrinsic properties) clia vat liéu nay, nghia
Ia nhimg tinh chat thuc s dac trung cho vat liéu, tranh duoc nhitng anh
huong ngoeai lai khéc.
Dé nghien cdu d¢ linh dong clia bn din hiru co don tinh thé ngudi ta di
diing don tinh thé ndy ché tao thanh transitor hiéu fing truding va xdc dinh do
linh dong hat dan trong dé.
Nhimg transitor ndy ¢6 cuc cira la kim loai hogc silic pha tap manh (5i**}, ¢6
I6p dién moi cyc cira khong khi, oxit, polyme, thuy tinh... Cic cyc ngudn,
ming 1am bang mang kim loai phi lén don tinh thé bdn din hitu co. C6 ba
loai céu triic da duoc thiét ké ché tao:
- Cau tric tiép xdc ddy (BC) cuc clra ddy (BG);
- Clu triic tiép xdc dinh (TC) cuc clta ddy (BG);
- Cau tric tiép xiic dinh (TC) cuc ctra dinh (TG).
Trong bing 10-2 winh bay két qua do do linh dong cia hat dan trong
transitor trudmg ché tao trén ¢o s&¢ don tinh thé bdn dan hitu cd nudi theo
phuong phép tir pha hai va tir pha dung dich véi ba loai cdu triic khéc nhau,
trong d6 :
CuPc - copper phthalocyanine,
FCuPc - perflucrinated copper phthalocyanine,
TCNQ - tetracyanodomethane,
DPh - BDSe - diphenilbenzondiselenophene,
BP2T - biphenyldithiophene,
DT-TTF - dithiotetrathiafulvalene,
CHAT - cyclohexylquaterthiophene,
PIPS - triisopropylstlane.
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Bang 10-2: B4 linh déng hat dan trong transitor hiéu tng triong don tinh thé ban

dan hit cd.
Phuong phdp nuoi Vit liéu Loai dan | Do link dong | Loai cdu tric
don tinh thé #(em’/V.s) FET
Rubrene P 20 BC, BG
Pentracene P 2.2 TC, TG
Tetracene p 2.4 BC, BG
Antracene p 0,02 BC, BG
Pha hoi CuPc p ] TC, TG
FCuPc n 0.2 TC. BG
TCNQ n 1,6 BC, BG
DPhR-BDSe P 1.5 TC, TG
BP2T p 0,42 TC, TG
DT-TTF p 1.4 BC, BG
Pha dung dich  |CH4T p 0,2 BC, BG
TIPS pentacene P 0,17 BC, BG
Anthraditiophene p 1,0 BC, BG

10.5. HIEU UNG HALL

Vi dd dan chia ban din hitu co r4t nhd nén de hiéu tmg Hall trong 6i 1 rat
khé. Mat khdce néu chiing ta do duge thi nhitmg két qui do d6 ciing khong
cho biét hat din 1a dién tir hay 12 15 tréng. Vi vy hiéu ting Hall trong cdc vat
liéu c6 d¢ dan thap thudng duge thyc hién nh& sy phun hat dan quang dién
tir hay 16 tr6ng tir mét eyc clia méu do. Chinh vi vay, hat din loai ndo gay
nén higu tng 12 da biét trude tir didu kién cha phép do. Phuong phdp do hiéu
tmg Hall nhu vay goi 13 hi¢u {img Hall quang hoc (photo - effect Hall). Su
phan tich 1§ thuyét vé anh hudng cta cudtmg do tir trudng dén sy van
chuyén cha hat dan trén co s Iy thuyét ving chimg té ring hat din trong
tinh thé phan ti ¢6 thé biéu hién mot hiéu wng Hall di thudng. Thuat ngir
"di thudng" & day chi ring & trong viing 16 tréng ta phdt hién duge hiéu
mg Hall am (héng s& Hall nhd hon khong) con trong ving dién tir ta phét
hién dugce hiéu dng Hall duong (hdng s6 Hall 16n hon khong), nguoc lai véi
trudmg hop ban dian vo co. Nguii ta dd xdc dinh bdng thuc nghiém ty s6 do
linh d6ng Hall, py, trén dd linh dong cudn p va so sinh vdi 1y thuyét. Két
qua cho thdy riang Iy thuyét ving cta Katz va cng sur 12 phi hop hon ca.

Tir Iy thuyét viing suy ra ring dau cna d6 linh dong Hall phu thuge vio miic
dién ddy cdc trang thai din. Trong trudng hop ving ning lugng hep, tat cd
cdc mufc duge dién ddy v6i mifc d6 gan nhy nhau cho nén su déng gop cha
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cdc trang thdi ¢é khoi lugng hiéu dung am gén bang su déng gop cua ciic
trang thdi ¢6 khoi lugng duong. Trong tir trudmg, su dong gép ciia méi loai
khéi tugng hiéu dung (am hay duong), phu thuée vio mot he sé lién quan
dén cdu tric viing. Néu nhu sir déng gdp cia logi khéi lugng hién dung &m
1611 hon thi ta quan sdt dwgc hiéu ing Hall am. Di¢u ndy ¢é nghia 1A cic hat
dén s& léch vé phia ngugc lai cua luc Lorenz.

10.6. CAC CO CHE DAN DIEN

Cho dén nay ngudi ta vin gid thiét ¢é nhiéu co c¢h€ van chuyén hat dén
trong tinh thé bdn din hitu co. R4t ¢6 the nhiéu co ché cung xay ra mot hic,
trong dé tity diéu kién cu thé, c6 thé c6 mot hoac mot vai co ché 1a chi dao.
10.6.1. M6 hinh Ly thuyét ving

( day gid thi€t qud trinh tdn xa y&u céc trang thai khong dinh xi, trang thdi
trii rong Bloch déng vai trd quan trong, dién ti chuyén dong gin nhu ty do
trong cdc viing dién tit du, 16 tréng chuyén dong trong cac vung 16 trong dur,
giong nhu trong viing d&n va viing hda tri clia bin dan tinh thé vo ca.

10.6.2. M6 hinh chuyén tiép duong ngam

Trong mé hinh ndy ngudi ta gid thiét dién ti nam trong mot trang thai [T cua
phan tif, khi bi kich thich lén mifc nang lugng cao hon, ¢6 thé xuyén ngdm
qua hang rao thé nang sang mot

trang thdi ctia phan tr bén canh, nhu 0 Ghé nivdy 6o ;"w-c:j ngam

bidu dién & hinh 10-4. Nang lugng  — _,'?j‘* % % =
cha dién tir khi xuyén ngim vin . ‘ //i 7 7 :-i
dugc bio todn, dién tit vin & trang 3w % 5 N Zm N l
théi kich thich c6 thé tiép tuc xuyén 7, D 7 D

ngam sang phan tir bén canh hodc _ o6 ché

trdr vé trang thdi co bin, C6 thé gih ] FNCIN S gupng ngam
thiét rang trong tr%r(‘)'ng hgphangrao SRS : u-.‘._*
hinh chit nhat chiéu cao hang rao Ey o .

biing ning lugng icn hda cia phan %_%:%:, '“.l
tir. Tuy nhién hing rae thé ning g mma 2 1

hinh thanh i nhiéu luc twong tic % cy S v o0 ohi

. 4 z s Hinh 10-4: S0 d6 co ché dudng ngém va cd ché
thay 5101 tl?eo k!}odr}g cdch Vl. ,va¥ nhay cac trong ban ddn hiu co lrong tnfing hop
mo hinh hiing rao hinh tam ZI4C G pang rao thé hinh chit nhat (a), trsing hop hang
hinh 10-4b 14 hop 1y hon. rao thé tam giac (b},
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Mo hinh chuyén tigp dudng ngdm khong gidi thich duoc hé s6 nhiét do am ciia
do linh dong vi su khdc nhau gitta d6 linh dong ctta dién tlr va cha 18 trong.

10.6.3. Mé hinh "nhay céc"

Trong mo6 hinh ndy ngudi ta gia thiét hat din & trang thdi kich thich ¢é thé
‘nhdy céc” qua hang rao thé nang nhur & hinh 10-4 dé sang phan tir bén
canh. Tiéu chudn phan dinh co ché chuyén vin cua hat din trong tinh the
phan tr phu thudc vao quan heé twong tic gitta dién tlr v6i mang tinh thé.
Trén co sd nhitng mo hinh tuong (ac gilfa dién tir v6i mang tinh thé ngudi
ta da tinh todn d6 linh dong cha hat dan trong mo hinh nhay céc va so sanh
v thue nghiém. Tuy nhién, su phii hop gilta 1y thuyét va thue nghiém &
miute do vira phai.

10.7. DO DAN PIEN CUA TINH THE BAN DAN HOU CO

D6 din di¢n cha ban dan hitu cg 13 mot van dé rat quan trong vi méi quan hg
gitia do din dign cia dign tir va cilu tric héa hoc cia vat lieu (3 diém mau
chot gitip chiing ta tim hiéu cic hé sinh vat, cho phép tdng hop nhimg ban
dan hitu co cén thiét,

D¢ dén trong t6i clia da s6 ban din hitu cg xdc dinh nhd céc dién cue phun
dién ir trong dién trudng, dige bidu dién bai cong thife:

0=0¢exp[~AE 4 /kT]
trong d6 o, duge goi 1a thira s6 trude ham mil, AE, 1a nang hrong hoat hoa.

Céc dai luong o, vd AE; thye ra khong phai 12 céc hing s6 don tri béi vi do
dén téng cong ciia bén din hiu co duge xdc dinh boi nhiéu qué trinh. Cong
thifc co bin cla do din c6 dang:

c= e(pnn + ppp)
trong do n va p duge x4c dinh bdi cac cong thiic san:
n=Ngexp[(Fy -E. )/kT]
p=Ny exp[(E -F, }/KT]

Bai lugng AE; nang lugng hoat héa cita do dén lién quan dén céc yéu 16
sau day:
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- AE, lién quan dén bé rong viing cim AE, hay nang lugng ion héa tap
chit AE;, AE,.

- AE, lién quan dén do siu cha cdc tam bt AE, = E. - E (hay E, - E,).

- AE; lién quan dén nang lugng hoat héa trong qua trinh xuyén ngdm hay
chiéu cao hang rao thé trong qua trinh “nhdy céc” cia hat dan. Gilfa ig(c,)
va AE; ngudi ta thiy 6 sy lien quan. Lan déu tién. khi nghien cttu mot s6
bin ddn hitu co. D. Eley xdc dinh durge sy phu thudc wyén tinh gitta 1g{(a,)
vl AE,. Hiéu tng nay vé sau duge goi 1a hi¢u ung bu.

MGi lien hé giiia 12(a,) v AEq 6 thé biéu dién mot céch téng quét dudi dang:
AFg=a+blgloc,)

trong d6 a v b 12 cdc h¢ s¢ dac tnung cho nhimg nhém chat khic nhau. Mot

diéu 1y thd 1a néu nhyr pha vao trong ban din hitu co mot s6 tap chét nao A6 lam

thay ddi AEg va lg{o,) thi mdi lién quan tuyén tinh giilta ching van gilr nguyén.

10.8. TINH QUANG DAN CUA BAN DAN HUU CO

Bén din hitu co thudng cé do din tai rat nhd nhumg c6 thé ¢6 do quang din
16n v chinh vi tinh quang din khd manh ma bdn dan hitu co da duoc diing
nhiéu nhu mot vat li¢u nhay quang. Mot van dé quan trong duge dit ra tir lau
14 co ché kich thich hat dan.

Dién tr va 16 trong c6 thé phat sinh do nhiét kich thich hay la do quang kich
thich dién tir tir viing héa tri nhy trong ban din vé co. DO din t6i chia nhiéu
hop chit hiru co phu thuge vao cu tric phan tir clia né va tang lén khi ting
s6 dién tir TT trong nhing nhém phan ti chic nang cha hgp chét 46. Yéu 16
nay dugc xem 12 1y do gidn ti€p dé 6 thé cho rang qué trinh phdt sinh hat
ddn 12 co ban (riéng) va lién quan dén mot bé rong ving cam.

Tuy nhién diéu dé ciling chwa du sic thuyét phuc dé loai bo nhitng co ché
din dién c6 thé khdc. Vi du, do nhiét kich thich hodc quang kich thich dién
tit ¢6 thé chuyén 1én cic trang thdi singlet hodc triplet ¢6 néng lugng cao hon
tao nén maot exiton, exiton do cd thé chuyén dong trong tinh thé va trd thanh
ngudn hat din méi khi né va cham v6i bé mat dién cuc hay bat ¢ mot bé mat
phan céch nao.
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Nhing ddi quang din ¢ viing s6ng dai ghi nhan duge & mot s6 ban din hitu cg
déu duoe gan cho qua trinh kich thich kiéu IT — IT', nghia 1 kich thich gay
ra chuyén mitc cfia dién ti nim trong quy dao - T1 lien két phan (it sang quy
dao T phan lién keét, hoac 13 gdn cho qua trinh kich thich kiéu n — I1",
nghia 1a kich thich, gay ra chuyén miic cla dién tir - n khong lién két sang
quy dao phdn lien két I1". Theo Resenberg B. nang lugng hoat héa cho
qud trinh phét sinh hat din nay ¢6 thé lién quan vai nang lugng tao thanh
trang thii triplet va vai mét s6 mic nang lugng dao dong ctia phan tir.

BG6i véi mot s6 ban dén hiru co, nang leong quang hoat héa (photo-
activation) c6 thé xem bang nang lwong nhi¢t hoat héa (thermo-activation)
cua do din 151 va tring v&i nang lugng kich thich chuyén mic Il — [T
Trong trudng hop naty ¢6 thé gia thiet rang d¢ dan 5i va do quang din i do
d¢ dan riéng (chuyén mic rieng, cg bin).

Tuy nhién trong mot sé ban din hitu ¢d, nang lrgng quang hoat héa tritng
vG1 ning luong kich thich chuyén mic I1 — 1" nhing khédc nang luong
nhi¢t hoat héa ctia do dan 16i. Khi d6 do quang dan 1a d6 din do chuyén mitc
riéng (intrinsic) con do dan t6i 13 d0 dan tap chat (extrinsic).

Qud trinh quang phit sinh riéng (co ban) cé thé chia ra nhimg dang sau:

- Qué trinh mot photon; Trong qud trinh nay chi ¢6 mot photon hay mot
exiton tham gia, chia ra:

+ Qua4 trinh jon héa truc tép: Trong qué trinh ndy mot photon bi hap thu
true ti€p sinh ra mot cap dién 1, 16 tréng, khong xdy ra nhitng qua trinh
trung gian, khong ¢6 sy tham gia clia exiton.

+ Qud trinh ion héu gidn ticp: Trong qud trinh nay lic d4u photon bi hap
thu tao ra exiton, exiton ¢6 thé di chuyén va bj ion héa do nhiét hay do
dién tredmg tao ra hat din.

- Qud trinh hai photon: Trong qud trinh ndy c6 sy tham gla dong thai cling
mot kic hodc la: hai photon, hodc 13 hai exiton, hoac 13 mot photon va mdt
exiton,

- Qud trinh nhiéu photon: Trong qui trinh ndy cling mot Itic ¢6 sur tham gia
cha ba lugng tir trdr 1én (luong 1ir ¢6 thé 12 photon, hodc exiton).

Bin dan hitu co dugc pha tap ciing ¢6 thé 1r& thanh bén din tap chat giong
nhu trong bdn din vo co. Vi dy, néu ta pha vao antraxen mdt ham lugng
naphotalin (hoac tetraxen) thi ¢6 thé tao nén trong ving cdm hai mitc nang
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lugng {(dono va axepte). Thuc t€ 1a tap chat pha vao di (am cho nong do hat
dan tang tén trong poly-N-vinin cacbazon, trong photaloxianin va csic ban ddn
hitu co khdc. Diéu nay chimg 0 ¢6 qud trinh kich thich trong bin din tap
chat hiru co gay nén d6 din dién tap chat. Qui trinh kich thich cling ¢6 thé
xdy ra theo ki€u quang kich thich hodc nhiét kich thich gidng nhu trong ban
dan vo co.

B§ nhay quang ciing nhu phé do nhay quang dén cta bdn dan hin co phu
thudc rat nhiéu vao céng nghé ché tao v gld cong nhiét. D€ lam vi du, trén
hinh 10-5 biéu dién phé d¢ nhay quang din cta polyetilen v&i cdc nhi¢t do gia
cong khac nhau,

VE 1.2

18 v T e B 60 Y/E(3) TRy %l
T T 1190
18
8 100}
2014 40 495
3
R
g 50
o 8 70 S0
4 485
0420 500 800 TDO 8O0 A(Mm) 200 460 80 ’ 800A(Nm}

Hinh 10.5: Ph& do nhay quang dan cla Hinh 10-6: Phd quang dén (1), phé quang

polyetilen gia cdng & nhiét d6 265°C (a), dén sau khi chiéu phu bang tia cue tim (2)

8 360°C (b) va & 430°C (c). phé quang dign (3}, phd hdp thy (4) cia
dietininbenzen.

Pho quang dén lien quan dén cdc dic trung quang va quang dién khdc cia
vat ligu. Trén hinh 10-6 biéu dién phd quang din, phd quang dan sau khi tién

hanh chiéu phu bang tia cyc tim, phd quang dién (phd siic quang dién dong)
phé hép thu ctia ban dén hitu co dietinin benzen.

10.9. QUA TRINH PHUN PIEN TICH TRONG POLYME LIEN HOP
- QUA TRINH PHA TAP CHAT

Mot thanh tuu quan trong bic nhdt trong [inh vuc nghién ciiu polyme 1a phat

minh ra cdc polyme dan dién vi khd nang pha tap dé ¢6 duge polyme c6 do

dan nam trong khodng tir 46 din clia dién moi dén do din cia kim loai.
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Nhifng cdu trnic hod hoc dugc nghién citu ng dung nhiéu nhdt rong céc
loai polyme dan duge trinh bay & hinh 10-7. Tat ca cac polyme lién hgp &
hinh 10-7 déu cé cau tric hod hoc tao nén vat liéu véi cau tric dién tir cla
cdc ban din. O day quy dao phén tir dién ddy cao nhit cia monomer don vi
& tao thanh viing n dién diy (occupied = - band, hay 1a viing hod tri) cia
polyme con quy dao phan tir khong dién ddy thdp nhit cia monomer don vi
$€ tao thinh viing n* trong hodn todn (unoccupied n* - band, hay viing dén
cita polyme). Qud trinh “phun” di¢n tich vio cac chubi dai phan tir ban din,
e [a qud trinh “pha tap” (doping) dan dén rit nhiéu nhimg hién tuong quan
trong va 1§ thi. Ching ta ¢6 thé ké ra day nhiing phuong phdp “pha tap™,
ding hon ta nhimg phuong phap duge goi 13 “pha tap™ vi ching khong binh
thuong 1a cdc phuong phéap pha tap dung trong cong nghé ban din vo co
- Pha tap bang phuong phédp hod hoc (chemical doping);
- Pha tap béng phuong phip dién hoa (electrochemical doping);
- “Pha tap” biang phuong phédp kich thich quang hoc (photo-doping by
photo-excitation);
- “Pha tap” bang phuong phap phun dién tich qua phan bién cila c&u tric
kim loai - dién moi - bdn din.

Trong trutmg hop pha tap bing phuong phdp hoa hoc va bang phuong phap
dién hod hoc, do din dién duge tao nén trong polyme la c¢ dinh. Trong
trudng hgp “pha tap” biang phuong phap kich thich quang hoc thi d6 quang
dan ¢6 tinh chuyén ti€p (transient) chi kéo dai trong thdi gian kich thich
sau dé hat din bi bt (u = 0) vi ndng do hat ddn suy giam theo thdi gian
dénn — 0.

Trong trudng hop phun dién tich qua cfu tric MIS, néng d6 hat dan trong
I6p tu hay 16p ngheo chi tén tai khi ¢6 thién dp trén cuc clta. Qud trinh “pha
tap” cdn ¢6 thé 1am dich chuyén thé dién hod cita polyme, biing cich d6 tao
nén mot pin polyme, cic dién cuc poltyme duge kich hoat dién hod va cic
chuyén tiép P-N polyme.

Qua4 trinh “phun dién tich” ¢6 thé din dén viéc hinh thanh nhimg sai hong
cdiu triic dinh X va cde trang thai dién tf trong vang cdm.

“Pha tap” bing phun dién tich qua cdu tric MIS polyme ¢4 thé tao nén linh
kién tich cyc nhu la transistor hién Ung trudng mang mong.
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Hinh 10-7: Céu tric hoa hoc cda mdt s8 polyme.
Nhiing nghi¢n citu thyc nghiém chimg t6 ring c6 sy fién quan giita 46 dén
di¢n va tinh chit co hoe clia polyme. Ddi v6i polyme din nhitng tinh chat
dién va tinh chdt co cling duge cai thién, vi du, khi cdc chubi polyme durge
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dudi thang va kéo dai ra. K&t qua thuc nghiém ciing chiing t6 ring d¢ din
dién tang tuyén tinh véi mddun v sde cang, vdi su dinh hudng cua cdc
chudi polyme.

Nhiing céu triic hod hoc trén hinh 10-7 [4 nhimg hé ¢6 trat tu trong dé cdc
dién tir  khong dinh vi (trdi dai) lam cho do linh dgong hat dén twong d6i cao
khi pha tap va kich thich quang hoc. Tuy nhién nhitng cdu tric hoa hoe do
tao ra mot bic tranh khong ddy di ciia mot cdu tric polyme dén, trong
nhimg hé thyc & cdc dai phan tir thudng cuén lai, thianh ra “rgi rim™ trong
phan 16n the tich vo dinh hinh.

Ngay trong polyme c¢é d6 tinh thé cao thi d¢ dai cdu trdc déng bo {structural
coherence lengths) ciing khong vugt qua 100A. Ciu tric mit trat ty thir cdp
nity dan dén tam sai léch chiéu dai lien két, géc lign két, sir wwong tic gilta
céc chudi. Dén lugt, sy mat trat o nay da han ché do dai lién hop hiéu dung
1am cho ham séng cda dién ti n tré thanh ham dinh vi (khong tréi dai).

Phutong phdp don gian nhat dé gidm dé mat trat tu trong polyme 3 dubi
thang cac chudi vi dinh huéng cdc chudi bing cdch kéo cang. Tuy nhién mat
do twong doi cao clia nhitng “réi rdim”™ ¢6 mit trong polyme da gidi han ty s6
kéo cd thé, Dé khic phuc khé khan ndy ngudi ta da sit dung quy trinh gel
{gel processing). Khi hod lodng polyme thinh gel mat do réi rim sé giam
manh trong gel so véi trong polyme ché tao biang phuong phiap néng chiy.
Mat d¢ cdc rdi rdm trong gel & gilt dugc gid tri thap khi tao thanh polyme.
Nhimg gel d6 cd thé kéo cang v6i mot 1y s6 kéo cao, trong qud trinh d6 cdc
dai phan tr s&€ 1a nhitng chudi duge dudi thing. Su dinh hudng vi mo & cap
dd cao cha polyme lién hop ¢6 thé dat dugc bing cach ché tao ra hén hop
nhd quy trinh gel v kéo cang.

10.10. PIEN HUYNH QUANG, DIODE PHAT QUANG POLYME

Sir dung mét kim loai ¢d cong thodt nho lam tiép xic véi n-polyme loai p ¢6
thé ché tao thinh mat diode ¢ dac tuyén V-A rit 161, Néu phun dién tich
qua tiép xic chinh luu viio polyme s& din dén qud trinh tdi hop biic xa va
qué trinh dién huynh quang, nghia 14 tao nén mot diode phat quang.

Ngay tir giai doan mdi bit ddu nghién ciu ché tao cdc LED polyme da cé
nhiéu hira hen. LED polyme c6 dién dp ngudng ¢& 3V, ¢6 hiéu sudt luong 1
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tuong doéi cao (1 phan tram photon trén mot dién tlr phun vao), cic LED nay
c6 thé phét anh sdng xanh va da cam thudng duogc ché tao trén dé thuy tinh
hodc trén dé chat déo.

Ciu tric va cac budc cong nghé ché tao LED dugc trinh bay trén hinh 10-8.
Trén dé thuy tinh (hay trén dé€ polyme) nguoi ta phi mot 16p oxit indi - thiéc
(ITO) nhu & hinh 10-8a. Phia trén 16p dién cuc trong sudt ITO ngudi ta phi
mot 16p ban din polyme, vi du 16p MEH-PPV bing phuong phdp quay pht
(spin-coating) dung dich polyme. L6p MEH-PPV c6 bé day déng déu nam
trong khoang 1000 - 1500A. Phia trén I6p bdn dan polyme MEH-PPV phi
mot 16p dién cuc kim loai ¢6 cong thodt nho (vi du indi hay canxi), dién cuc
nay la tiép xic chinh luu, phun hat diu vao 16p polyme, con 16p ITO la tiép
xtic omic & ddy diode va 1a cira s8 bitc xa dnh sang.

Boi vi danh sdang chi phat xa ra tai noi ¢6 dién tich duge phun vao, nghia la
ngay dudi dién cuc chinh luu bing canxi chéng han, nén phin phat quang
cua I6p ban din polyme ¢6 hinh dang ctia dién cuc. Néu dung quang khéc dé
tao ra dién cuc c¢6 hinh dang

mong muén (vi du chir viét, =

con s0, hinh anh...) ta s& duoc s
hinh anh mong muén. Quang L9 thujTinh-
khic hinh anh c6é thé thuc a)

hién d6i véi dién cuc trong
suot ITO truée khi phu 16p A 560 AL
polyme béan dan. céng nghé ché tao LED

Diode véi dién cuc canxi, véi

thién dp 2V dat dugc ty s6 khuéch dai bang 10°. Diode phdt dnh sing vang -
da cam mdt thudng nhén thdy duge véi thién dp thuan thap hon 4V. Cudng
do dién huynh quang tang don di¢u theo dong thuan khi dién dp thudn ting
lén. Gia tri dién dp ngudng thdp cta LED polyme rét thich hop véi dién tir
k¥ thuat s6, d6 1a mot dac diém wu viét ctia LED polyme. Nghién cttu su phu
thudc cuong do dién huynh quang theo nhiét do da ching to6 co ché huynh
quang trong LED polyme 1a do dién tir tir dién cuc chinh luu (dién cuc
canxi) bang hiéu tmg dudng ngdm xuyén qua hang rao th€ nang dén cic
trang thdi polaron trong ving cdm (polaron gap states). Cdc trang thdi kich
thich bi phan huy (decay) va biic xa ra photon. Két qua do cudng do dién
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huynh quang gidm khi nhiét d¢ tang chimg té dién tix phun vao khong phai
bang con dudg kich thich nhiét.

10.11. NHUNG UNG DUNG CUA BAN DAN HUU CO
10.11.1. Ung dung nhiing tinh chat dién
Ngay nay ngudi ta dd tim duwge rdt nhiéu loai polyme c6 do dan dat
10 'em™), ¢6 hé 6 nhiét dien rd am va duong, véi hat din loai n va loai
p, ¢0 tinh nhi¢t dan héi (thermo plastic), c6 d¢ linh dong ciia hat dén tir 10
dén 100 (em?/V.s), c6 sust nhigt dién dong tir 1000 + 3 (WW/K). Ngoai ra
¢on c6 cde polyme, khong chi 3 thuan tir, nghich tir ma ca st tir.
Céc polyme nity ¢6 thé ndm dudi dang mém ciing nhu ¢6 thé 1a nhilg vat
lidu rat cimg, ¢4 tinh chiu nhiét cao, c6 thé 12 trong suét, dé& dan héi...
Ket hgp gilta nhitmg tinh chat dac bigt clia polyme va nhiing tinh chat dién
nhu mot bin dan, polyme ¢6 thé sir dung vao nhiéu muc dich dac biét duoc
liét ké dudi day:

- Lam vt liéu ché tao céc thiét bi dién, dién .

- Ché tzo 16p chuyén tiép p-n, cic diot.

- Che tao cic linh kig¢n mang mong.

- Ch¢'tao cde linh kién dya trén dong dién gidi han béi di¢n tich khai.

- Ch¢ tao nhiét dién tro.

- Ch€ tao cic cam bién co hoc, cam bién tenxo.

- Sir dung nhu mét pin nhiét dién, cdc bo 1am lanh nhiét dién.

10.11.2. Ung dung nhimg tinh chat quang va quang dién
K¢t hop céc tinh chat dac biét cha polyme va cdc tinh chat quang va quang
dién ngudi ta 6 thé ing dung polyme vio céc muc dich sau day:
- Ché tao detecto hdng ngoai.
- Polyme 14 vat liéu quan trong dé ché tao céc photorexepte sir dung trong
k§ thuat chup anh tinh di¢n va nhitng linh vuc lién quan.
- Polyme dung dé ché tao 16p quang din trong camera vo tuyén truyén hinh
{vidicon).
- Ché tao cic quang dan.
- Ché tao t€ bao quang dién, pin mat tri.
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10.11.3, Ban dan hiru co duoge sir dung nhu mét vt liéu tich cuc cua laser

Hudng thit nhat sir dung bite xa kich thich do chuyén mitc dién t trong phén
tir cia polyme ban din. Vi du trén hinh 10-9 biéu dién so dé cic chuyén
miuc nang lwgng trong mot [oai polyme cacbua hydro thom, duge sir dung
nhu vat liéu tich cuc trong laser.

O day qud trinh bom quang hoc va phit xa cudng bic kich thich thyc hién

110t —_—
Ed e
Irang{hau -
snglat 3 = > TG sirgiat kich thich
et - | trarg tra
o % / e mi tngiet
T=w" 10s - =
» @
. phist xa kigh thich kich thich )
= T
o
2 4 kY v ; ) =
trang tha o0 han it 2 Wi thich trang thar co ban T
Hinh 10-8: S0 dd cac chuyén muc nang Hinh 10-18: S0 d6 cac chuyén e néng
fuang trong polyme hydrocachon thom. lugng trong polyme chira Eu {oropi).

theo sa dd ba mitc giong nhi trong laser hdng ngoc.

Huéng tht hai sir dung polyme bdn din nhu mét vat liéu chu, qud trinh
bom quang hoc va phit xa cudng bic duge thuce hién trén hé cdc muc ning
lugng cua ion kim loai dat hiém chia trong polyme. Trén hinh 10-10 biéu
dién mot so doé cdc chuyén muc ndng lugng trong polyme chia ion ddt
hiém Eu (Oropi).
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CHUONG 11
BAN DAN VO PINH HiNH

11.1. CAU TRUC VO DINH HINH

Khdc voi vat lieu don tinh thé, trong vat liéu vo dinh hinh cdc nguyén tr sép
x€p khong c6 trat tr tudn hodn, nhin chung 13 khong c6 trét tr xa. Tuy nhién
do ban chat lién két, cich sap xép cic nguyén tir xung quanh mot nguyén tir
nao d6 van c6 mot trat tr nhét dinh, d6 13 trat tr gén. Vi vay cfu triic vo dinh
hinh cua chat nay va chat kia vén ¢6 nhimg diém khac nhau dic tnmg, tuy
ching déu khong ¢6 trat ty xa.

Cdch pho bién dé dac trung cho trat ty gdn 1a ding ham phan b6 nguyén tu
xuyén tam (Atomic Radial Distribution Function - ARDF). Ta xét chit vo
dinh hinh chi ¢6 mét foai nguyén tlr nhu bdn din vo dinh hinh don nguyeén.
Gid sur vat ¢6 N nguyén tir v6i thé tich 13 V. Ta ldy mot nguyén tir 1am goc,
xét mot thé tich dV cdch géc toa do mot khoa% r. Néu khong ¢6 twong téc
gilia cdc nguyeén tlr thi xdc sudt d€ tim thay ¢6 nguyén tir trong thé tich dV
1¢ vOi dV/V. Néu ¢6 twong tc thi xdc sudt tim thdy ¢6 nguyén t trong dV
con phu thude vao khodng cdch r tir dV dén nguyén wr 1dy 1am géc. Goi W(r)
1a ham lién quan, ta ¢ xdc sudt tim thdy trong dV ¢é nguyén ti 1a ti 1& v6i
W(r) vi dV/V. Néu chi ¢d tuong tdc & khodng cach gin ta cé W(r) # | khir
nho, W(r) = 1 khi r lén.

Goi ofr) 1a mat do nguyén tir & vi trf cdch géc mét khodang r, ta ¢6 G(r)dV la
s nguyén tir trong thé tich dV vay:

o(r) = N. W(r)/v (E1-1)
Khi r I6n, W(r) = 1 ta ¢6 mat do trung binh o, = N/V. 86 nguyén tir nim
xung quanh nguyén tir gdc cdch gdc trong khodng tir r dén r +dr 1a:
4mr?o(r)dr = D(r)dr (11-2)
D(r) = 4nr°o(r) duge goi 1a ham phan bd nguyén tr xuyén tam.
Dé thay rd sy thay ddi do ¢6 trat tu gdn, ngudi ta ding him vi phan cla phan
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b6 nguyén tir xuyén tam {Differential Atomic Radial Distribution Function -
DARDF), d6 la ham

4dnrfo(r) - o ) (11-3)

Cac phuong phdp nhiéu xa tia X, tia dién 0, tia notron cho phép tir thuc
nghiém xdc dinh duge cic dudng phan bd ARDF va DARDF, tir do biét
duoc trat tr gan trong cau trnic v dinh hinh. Ngudi ta thudmg dua vao két
qua nhiéu xa tia X {tia dién tir, tia notron) dé phan bi¢t vat ran ¢6 ciu tric
tinh thé hay cdu triic vo dinh hinh.

Vit ¢6 cdu tric tinh thé cho dnh nhiéu xa tia X v6i nhiéu cuc dai 16 nét, trdi
lai vat vo dinh hinh chi cho mot s6 qudng (halo), ¢ gdn tam cta anh nhiéu
xa. MGi nhin thi cdc quang cta cdc vat vo dinh hinh khdc nhau la giéng
nhau, nhung phan tich ky thi ¢é nhiéu chi 1iét khdc nhau, chimg td ¢6 nhiéu
kiéu cdu tric vo dinh hinh.

Ngudi ta da dira ra mot s6 mo hinh cdu tric vo dinh hinh va kiém tra sy ding
dan cia né bang cdch déi chigu vot thyce nghiém.

Pé mo td cau tric vo dinh hinh ¢6 ba mo hinh gdn diing: vi tinh thé, tinh thé
nhiéu loan, mang lién tuc.

1- Trong mo hinh vi tinh thé, ngudi ta xem v6 dinh hinh gém nhilng hat tinh
thé cuc nhd, su dinh hudng cdc tinh thé cuc nhd nay thay ddi dot ngot khi di
tir hat ndy sang hat khdc. Céc hat vi tinh thé nay ¢6 kich thuéc chi ¢& 10 + 20
A trong khi d6 bién gidi giita cdc hat 1 phdn hoin toan khong ¢6 trat ty eling
c6 bé day c& vai chuc A. M6 hinh ndy da duge dng dung cho Si, Ge nhumg
khong dua lai sy phil hop gitra tinh todn va thuc nghiém. Cic nghién cie d6i
v6i Se vo dinh hinh, C vo dinh hinh tuy d gid thiét cho cdc hat vi tinh thé
¢6 nhiéu dang thi hinh nhung két qua tinh todn ciing chura that phi hgp véi
thwe nghiém.

2- Trong mo hinh tinh thé bi nhiéu loan, ngudi ta xem vt rin vo dinh hinh
duge hinh thanh do ngudi nhanh tir nhiét d6 cao. Vi chua dat can bang da
déng cling nén vat rin vo dinh hinh xem nhu tinh thé khong can bang chifa
rat nhidu sai héng cfu tric. O day cdc dang thir hinh cha tinh thé da duoc
tinh dén, nghia 12 & trang thdi vo dinh hinh vat rin dé xem ¢6 mot hodc mt
58 dang tinh thé, nhung khong cn bang va ¢6 nhiéu sai héng.

Ngudi ta dd tién hanh tinh todn theo mo hinh tinh thé bi nhiéu loan d6i véi
Se ¢6 ba dang thii hinh (ba phuong, mét nghiéng o, mot nghiéng B), két qua
nhidn dugc dudng cong phan b ¢é sur phit hgp véi thye nghiém t6t hon so véi
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truomg hop selen chi c6 mot dang thd hinh ba phuong. Tuy nhién khi xem
cdc tinh the bi nhiéu loan nhir vay phéi cho khodng céich gilta cdc nguyen 1
va géc lién ket bi thay d6i it nhiéu so v6i trudng hop tinh thé can bang. Tir
cde sd ligu nay 6 thé tinh ra nhiét ket tinh, nic [a nhiét tda ra khi di tir trang
thdi selen vo dinh hinh sang selen tinh thé. Nhung nhiing két qud tinh todn
v€ nhiét ket tinh nay lai khong phit hgp véi nhiét két tinh thue nghigm. Nhir
vay mo hinh tinh thé nhiéu loan ciing chua duge nghiém ding.

3- Trong m6 hinh mang 1uéi lién tuc, vét rin vo dinh hinh duge xem nhu
gém nhimg nguyén tir lién két nhau theo nhitng ddy khong tudn hodn vi
dai vo tan theo cd ba chiéu. Trat ty gan quanh mdi nguyén i tong i
nhur trong tinh thé 13 do ban chat lién két héa hoc quyét dinh. G day ¢o
mot mau thudn 1a mot mat phai ¢6 trat tw gén ca tinh thé, mat khdc lai
khéng c6 trat ty xa. Mau thuéin ny duge gidi quyét bing cach pha tron
cde ki€u trat tw gdn tng véi cdc dang hinh thd khéc nhau va pha tron
giifa cdc khodng cdch dén nguyen tir gan nhdt, gan thit hai va gdn tha ba,
nhu vay bit budc phai ¢ sy thang gidng vé chiéu dai lién két, gdc lien
két. Cdu tric ndy cé thé xem (2 cdu triic chuén tinh thé.

Cic phép tinh todn theo mo hinh mang 1u6i lién tuc nay da duoe tién hanh
véi Si, Ge, Se va Te. Nhimng két qua thu duge déu ¢6 thé coi 1a phd hgp véi
thue nghiém,

Tom fai trong ba mo hinh, moé hinh mang 1u6i lién tuc hay 12 mé hinh chudn
thé it bi mau thudin nhdt so v6i thuc nghiém, 1 cich tiép can théa man nhat.,

11.2. CAU TRUC VUNG NANG LUQGNG PIEN TY/ TRONG CHAT
RAN VO DINH HiNH

11.2.1. Ly thuyét cau tric viing nang lugng dién tir trong chudn tinh thé

Chiing ta c6 thé cot chét rin vo dinh hinh nhu tinh thé ¢6 sip xép nguyén tr

bi vi pham, gia thiét nhimg vi pham d6 |3 nhé.

Gia sir trudng hgp mang mét chidu gdm mét loai nguyén tir, chu ky mang la

a, ¢6 the néng nhu & hinh 11-1a, cdc nguyén tlr ¢6 vi tri x, = na, d6 1a tinh

thé mot chiéu.

Bay gid gid thiét ta ¢6 mot chat vo dinh hinh mot chiéu, trong d6 vi tri cée

nguyén tir by sai léch, nguyén tl thit n c6 vi tri x, = na + y,, v6i y, = ny,a. ta

c6 chudn tinh thé nhu & hinh 11-1b, néu nhu 1 << 1, v, 1 cdc bién ngiu
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nhién. Pdng thoi ciing gid thiét 13
mang bi nhiéu loan khong gian nd so
vdi mang tinh thé, nghia la ¥ =0.
Gia thiét bién nglu nhién cé phan
bd chudn Gauss, ¢6 thé suy ra 13 s&
mat trat ty xa {mat tinh tuin hoin)
néu khoang cidch gom N chuky ma N
> 1/n%. Nhu vay véi mot 1 d4 cho chi
c6 thé coi la chuan tinh thé trong mot
doan ngén hon N = I/n?,

Ngoai nhiéu loan vé vi tri con cé
nhiéu logn vé thé nang nghia 14 &
cdc niit mang trén day ¢ thé cé céc
thé bi¢n déi ngdu nhién xung quanh
mot gid tri trung binh nao d6. Phiic

a)

—_ i\ Xn = na ,._
L) .:

- el L

e [} SRy
<)

Hinh 11-1: a- M5 hinh tinh thE mot chiéu,
b- M& hinh v& dinh hinh mét chiéu cb sai
l8ch vé vi Iri nguyén I, c- M6 hintt vo dink
hinh mot chidu co sai tech cd vé vi ti
nguyén it cd chidu cao thé.

tap hon la trong dily ¢6 ca nhiéu loan v& vi tri va nhiéu loan vé th& nhur trén

hinh L1-1c.

Cac phép tinh chimg té rang trong pham vi chuin tinh thé ¢6 su bién déi
trong cdc ving nang lugng nhu trén hinh [1-2 nghia 14 bd cha cdc viing cho
phép s& nhoe ra, ving cim thu hep lai. D9 nhoe ra clia viing nang lwong cho

phép vao cd:

8E = AEn*?

(11-4)

trong d6 AE 12 bé rong cia viing niang lugng cho phép chua bi nhoe.

Nhu vay viing cm sé bi pha kin néu phin nhde ra cla hai b clia viing trén

va vung dudi gdp nhau nhur o
hinh 11-2, nghia 1a 8E, + 8E, >
AE,, trong d6 SE,; 1a d¢ nhoe cla
ving trén, 8E, 1a do nhoe ctia
viing dudi, AE, 12 bé rong viing
c&m cua tinh thé twong ng,

V6i miu Kroning - Penney,
mau tinh thé mot chiéu c¢6 ham
thé¢ dang ham 3, vdéi nhiéu loan
vi tri mi cdc ham & déu co

NEH e

Hinh 11-2: M&t a5 trang thai trong ving ho4 tri

va ving dan cla vat v dinh hinh.
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cung cudng do, phép tinh gin ddng cling cho két qua 1a viing cho phép bi
nhoe ra vdi do nhoe 8E = AE.n va viing cdm bi thu hep lai,

Ching ta ¢6 thé md rong khdi niém chuén tinh thé mot chiéu ra chudn tinh
thé ba chiéu, ¢6 thé hinh dung don gidn 1a: Xudt phat tir mot mang tinh thé
ba chiéu réi tir d6 cdc nguyén tir nit mang dén chd ngdu nhién dén cac vi tri
khong con la mét mang tuén hoan nita, nhung gid thiét sy sai léch khoi tinh
tudn hoan 12 nhd. Goi £ 12 toa do gén véi mau tinh thé tudn hoan ban ddu, i
13 toa do gan v6i mang sau khi dd bi xé dich.

Trudng tinh thé V(%) va V(&) la trudmg tuong tng khi di bi xé dich va
truong tudn hoan ban dau.

Co thé viét h¢ thite lién quan giita chiing nhu sau:

V(X) = VL&) + nV (§) (11-5)
trong dé n 1a mot thong s6 nhod (n << 1) dé dam béo tinh chudn tinh thé, cdn
tinh bién déi nglu nhién chita trong V°(E).

Cac phép tinh sau khi lay trung binh thong ké qua cdc théng sd ngiu nhién
cho hamiltonian cta mang c6 dang:

H=H, +qU+ 2 Q (11-6)
trong dé H, 12 hamiltonian khi tinh tudn hodn van nhu cii, hai s§ hang sau
cta v& phdi ing véi cdc nhiéu loan ngiu nhién sau khi da 18y trung binh (céc
bién déi ngdu nhién chita trong U va Q).

Phép tinh ving néng lrgng cling cho két qua gidng nhu trudng hop mét
chiéu, nghia I bd cdc vling nang lugng cho phép cling nhoe ra véi do nhoe:

SE~ 12 .AE (11-7)
trong d6 AE 13 bé rong ciia viing ldc ban ddu. So sdnh hai dai lugng 8E,| e,
va OE 3 i, chiing ta thiy:

BE 3 cpigy << BE; ohigy

Két qué trén diy ¢6 thé dugc gidi thich bdi tinh tdn xa cha bét cit nhiéu loan
nao ¢ trong mang mot chiéu dai véi séng dién . Trdi lai & mang ba chiéu

cdc séng dién tir c6 thé truyén vdng qua cde nhiéu Joan nhd ma khong bi tdn
xa. Nhimg két qua trén day ciing chi méi 12 dinh tnh,
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11.2.2. Mau Anderson - Mott

Pé nghién ciu cdc vat rin khéng cé tinh tudn hoan, Anderson dua ra mo
hinh céc hé thé€ c¢é do sau bién déi nglun nhién khdc nhau, nhe trén hinh
11-3b, hinh 11-3a bi€u dién ham th& tudn hoan, ding phuong phép lién két
chat cho cdc mic nang lugng cua nguyén tir co 14p.
Chiing ta biét ring déi vdi tinh thé, cdc mirc nang lugng cha nguyén wr co
lap E, s& xudt hién cdc ving nang lugng tuong Gng. Két qua dp dung phuong
phap lién két chat cho trudng hop mang 1ap phuong don gian cho thay viing
nang lugng c6 dang nhu cong thuc (11-8):

E(K)=E, +C~2A(cosKya+cosKya+cosK,a) (11-8)
trong dé A 1a nang lugng trao déi. Gid tri 12A =AE cho ta bé rong ving
nang lugng cho phép.

Lt a—

==ttt

N{E)

LEPU

N(E)

=

Hinh 11-3: a- Cdc hd thé ndng trong mang tinh theé,
b- Céc hé thé ning trong mo hinh etia Anderson, cac hinh bén canh la
mar dé trgng thdi irong img.

Bay gid theo miu Anderson phai thém vao hamiltonian thé nhiéu loan ngiu
nhién U" ma sau khi 4y trung binh ta cé:

Uy =u2 (11-9)
U, biéu thi cudng d¢ nhiéu loan.

Anderson di dén két luan rang néu (U /AE) > 5thi moi trang thdi dién tir déu
14 cdc trang théi dinh xi (nghia 12 khong thé tham gia dan dién).
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Chang ta biét réng trong 1y thuyét tinh d6 din dién cha dién tir trong vat rén
(kim loai, ban dén), ching ta thutmg diung khdi ni¢m quang duomg twr do
trung binh ¢, d6 la quing dudng trung binh ma hat dan chuyén dong giita
hai lan tin xa. Nhu vay ¢, 13 dai luong dac trimg cho mic d6 tan xa giy ra
boi cde the tdn xa trong vat rén, c6 thé thaly né 6 12 nghich véi U3 . Nghia I3
khi U7 tang len thi 7, gidm xudng.

Quéng dudmg tu do trung binh chi con cé y nghia khi 7 ¢6 do 16n ciing &
hoac 16n hon chu ky mang, nghia ta fn=a

Boi vay dién tir chi ¢ thé tham gia din dign néu tich clia vecto séng va ¢,
phai rdt 16n hon don vj (vi vecto séng K ctia dign tr ¢6 d6 16n vio ¢d nghich
dao chu k¥ mang, K ~ i/a), nghia la K¢y >> 1.

Néu khong thoa mién diéu kién Kéy, >>1 thi khii ni¢m quing dudng tr do
trung binh khong thich hop nita va d6 ciing 13 dau hi€u cho biét trang théi
tuong Ung cua dién tir 12 trang théi dinh x.

Nhur vay cing trong mot viing nang lugng cho phép ¢6 thé ¢6 nhiing miic
nang lugng (6 gifra viing) ting véi cdc trang théi trai rong, nghia Ia céc dién
t, & trong cdc trang thdi d6 (dac tring bdi E(K)) ¢6 thé tham gia qud trinh
dan dién, ddng thoi cling ¢6 thé'l ¢6 cdc trang théi dinh xd, nghia I3 cdc dien
tir & cdc trang thdi nay khong thé tham gia qud trinh din dién.

biéu quan trong 13 véi cdc vat ran vo dinh hinh, céc trang thai trai rong va
dinh x1t khong cdch nhau bdi mot khe

nang lugng cim nio cd, ma chi ¢é mot N(E)

mitc nang lugng dic tnmg E. nhw
biéu dién & hinh 11-4.

Mott va Davis da nghién citu cdc viing
nang lugng dién tlr trong vat rin vo i
dinh hinh bing phuong phdp mat do Ec. Ec; E
trf'mg [hé‘if Uu dién‘i cia phuo:ng phap Hinh 11-4: M3t do trang théi trong mé
nay_ Ia, '110 khéng tach blét Cac_ m?ng hinh Ander.son,' lror.;g do g’;‘c trang thai trdi
thdi tri rong va céc trang thdi dinh rong nédm ¢ phén gita ving, cac trang thai
X1t béi vay thich hgp cho trudng hop dinh xit ndm trong phén gach gach, £, va
vét ran vo dinh hinh nhy d3 thay tir két E,2 18 mut nang lugng phéan cach gitia céc
qua cla miu Anderson, trang théi Irdi réng va dinh xit
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Ching ta biét ring trong tinh thé v6i gin ding xem phé nang lygng gin cuc
tri ¢6 dang parabol: E=#K?/2m" véi mat ding nang la mat cdu ta c6 thé
tinh dugce mat dé trang thii:

N(E)zZn(zm*f

hZ

(SR

JVE—-E; (11-10)

Trong truong hgp vo dinh hinh su phu thude E(K) dugc tinh theo gdn dung

bac hai cua phuong phap nhiéu loan, E(K) tr&s nén phifc tap hon, mat ding
nang khong con Ja mét cdu, mat 4o trang thii N(E) c¢6 5 dang khic nhau
duge biéu dién & hinh 11-5: '
- Hinh 1-5a biéu dign mat ~ NME} ) F NE) g
d6 trang thai trong trudng | 1

hgp kim loai ndng chay
hoac vo dinh hinh;

- Hinh 11-5b biéu dién mat -
do trang thdi bin kim voé
dinh hinh; N{E} N(E)
- Hinh 11-5¢ biéu dién mat
do trang thdl bin kim vo
dinh hinh véi “chuin ving |
cim” sau hon.
- Hinh 11-5d biéu dién mat E
do trang thai trong ban din N(E)

hay dién moi vé dinh hinh.

- Hinh 11-5¢e biéu dién mat
do trang thdi trong bdn dan
loai n pha tap manh & nhiét

dd thap.
. . ; Hinh 11-5: Mat dd trang thai cda cac vat liéu phi link
Trong cdc truong hop ke ren "¢ 43 pmuc Fermi & 0K, odc phan gach gach ng vdi
F 1a mitc Fermi & OK. cac trang thai dinh xu: a-, Kim loai Iéng hodc vo dinh
. hinh ; b- Bén kim; c- Ban kim voi “chudin vung cdm
Sau khi xay dung phuong  sau™ d- Dién méi hodc ban ddn riéng: e- Ban din
phdp xdc dinh cdc dang c6  oai n pha lap manh.
thé cha N(E) trong cdc chat rin vo dinh hinh, 1y thuyét Mott - Davis da
chiing to ring, néu ty s6 gifra cudng do nhidu loan va bé rong nang lugng
cho phép U/AE vugt qud mot gid tri xdc dinh thi cdc trang thii dién tr trd

-— T

T
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thanh dinh xtt khi E < E| hoac E > E,,, cdc trang thdi dién tir véi E., <E<E,
fa cdc trang thdi trai rong.

Nhir vy trong cdc chdt ban dan vo dinh hinh thyc ra bé rong viing cfm duge
xde dinh bang khodng cach gilta cdc bd "viing linh dong”, chit khong phii by
ving nang lugng cho phép cua dién tir.

11.3. CAU TRUC VUNG NANG LUONG CUA BAN DAN VO PINH HINH

Nhu da trinh bay trén day, mac ddu trong chit ran vo dinh hinh khong con
tinh tuan hoan (trat tir xa) nhung van con trat tr gan va vin tén tai cdc ving
nang lugng cta dién tir trong chét rén vo dinh hinh.

Tuy nhién tinh todn 1y thuyét ching t6 ring, phu thudc vio cdc nhiéu loan clia
truong the, do sir mat rdt by xa gay ra, ngay trong cdc viing cho phép cling ¢6
thé xudt hién cdic trang thai dinh xu, nghia 1 trong viing cho phép khong phdi
moi mife ning lugng déu dng véi trang thdi trdi rong. Ap dung kél qua trén day
vao cdc chit ran ban dan vo dinh hinh, ¢6 cdc miu chi yéu sau day:

11,3.1. Mau Mott - CFQ

Theo miu nay viing héa tri va viing din cdch nhau bdi mot viung cim, giéng
nhu déi vét tinh thé. Tuy nhién do cu triic vo dinh hinh, céc trang thii dinh
XU cua cée by viing dén va viing héa tri kéo dai vio trong viing cfm, mifc
Fermi, F, lui vio khodng giiia viing cam.

B& viing ¢am duge xdc dinh khong phai bing bd viing héa i va ving din ma
bitng bir ciia do linh dong clia cc viing tuong tmg nhue trinh bay & hinh 11-6a,b.

Cohen, Fritzsche v Ovshinsky di dwa ra m¢t miu phan bé mat do nhu &

thai trii dai

cac trgng thii dinh xr
dudi gidng acceptar

. CAC frang 14
dinh xf gida wing cim
cé4c trang 1hdi dinh w0
dudi giding donor
¢4C trahg thé trdi da
N{E}

Hinht 11-6: Mat d6 lrang thai (a} va bo "ving linh déng” (b) trong ban dan vé dinh hinh theo
Mott, mat dd trang thai theo mé hinh CFO (c), mat d8 trang thai theo mé hinh Davis-Mott {d).

N{E}
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hinh 11-6¢, trong 36 ving dan va vang héa tri ¢é mot cdi dudi 12 céc trang
thdi dinh x& kéo dai vio sau trong viing cAm va phi lén nhau & gifta viing
cam. Dién tr tlr dinh cia viing hda tri ¢6 the chuyén lén céc trang thai & day
viing din va tam cho mitc Fermi nim trong viing phu lén nhau cia hai viing,
nhu & hinh vé 11-6¢.

11.3.2. Mau Davis - Mott

Davis - Mott dua ra mdu phan bé mat dé nhu ¢ hinh 11-6d. Theo mau nay
b& cua d6 linh dong O cidc mic E. va E,, nhung cdc trang thai dinh x do
mat trat ty xa kéo dai dén E, va E,. Con cdc trang thdi dinh xt gay ra b
cic sai hong (tap chat, niit khuyét...) hinh thanh mot viing hep {¢d 0,1 ¢V)
nim gin gitta ving c¢dm nhu & hinh 11-6d va ¢6 mat d6 kha cao du dé
giir cho muc Fermi bi ghim lai trong ving dé trong mot dai nhiédt do
kha rong.

Maiu nay dugc chip nhan nhu mot miu hodn thién t6ng quit nhit, bao
g0m: cdc trang thai trai dai véi nang luong 16n hon E. (nhu trong vung
din cha tinh thé), cdc trang thdi dinh x\r dudi gidng acceptor, cde trang
thdi dinh x{ dudi gidng donor) cac trang thdi trai dai véi nang lugng nhd
hon E, (nhir trong ving hoa tri coa tinh thé), cdc trang thdi dinh xi giita
viing cam,

Mo hinh nay giai thich do truyén qua khd cao ctua nhiéu loai thay tinh déi
v6i bitc xa ¢6 budc séng dai hon bude séng ngudng hap thu co ban.

Mat do trang thdi cao tai mic Fermi dd duge chimg minh bing thyc nghiém
vé do din cha vat rin vo dinh hinh trong trudng xoay chiéu, d¢ din mot
chiéu & nhiét d¢ thap...

11.3.3. Mau Marshall - Owen

Mau niy dua ra chi yéu d€ gidi thich cdc tinh chat cla I6p bdn dan vo dinh
hinh kiéu As,Sey cling nhu dnh hudng cla sy pha tap chdt Ag vao As,Se.
Hinh 11-7a biéu dién mat do trang th&i trong As,Se, khong pha tap, hinh 11-7b
biéu dién mat 4o trang thii trong As,SeiAgygs. O day ngudi ta cho ring
vilng trang thdi dinh x bi thu hep lai do téc dung cha Ag 1am thay déi cau
triic cia vo dinh hinh, tua hé nhu 1am gidm sy nhiéu loan. Mitc Fermi trong
trudmg hop nay duge xac dinh bdi viing trang thdi dinh xif lién quan dén céc
saj hong (cde trang thdi dinh xy gilta viing cam).
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Tuy theo cdc cau hinh cua cdu tritc vo dinh hinh con ¢6 thé dua ra nhiéu cau
triic viing nang lugng cua bdn dén vo dinh hinh, ching cé thé din dén nhiéu
tinh chat dac thil cua vat liéu nay.

n

Hinh11-7: Mat d¢ trang thai trong As,Se; : a- khéng pha tap. b- co pha tap Ag.

Cic phuong phip mé phong hién nay két hop véi cde phuong tién tinh toan
hig¢n dai cho phép xdc dinh cdc dang viing nang lugng cla vat liéu vo dinh
hinh phtt hop vé6i cac két qua thuc nghiém.,

11.4. DO DAN DPIEN CUA BAN DAN vO DINH HINH
11.4.1, Co ché dan dién

V6i mo hinh mat d¢9 trang thdi va do linh dong trén day, trong ban din vé
dinh hinh ¢6 thé c6 ba co ch& din dien sau day:

1. Dan dién do hat d&n chuyén mifc vurgt qua cdc bd linh dong (mobility

shoulders) viio cdc trang thdi khong dinh xir, hay céc trang thdi trdi rong.
Néu hat din co ban 12 10 rong, ta ¢6 thé viét:

o =g, exp{F-E, )/KT} (11-11)
trong d6 thong s o, cho béi biéu thic:
o = 2:06¢ (11-12)
haE

Dai v6i ban din vo dinh hinh ¢6 s6 phéi vi bing 6, a, 13 thong sd thé hién
anh hudng clia sy thang gidng thé ndng trong chét rdn vo dinh hinh lén mat
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d6 trang thai, duge 1dy bing 4 A ; ta ¢6 o, = 350 Q@ 'em™. Trong phén 16n
c¢éc ban din vo dinh hinh, o, ¢6 gid tri tir 100 dén 500 Q 'em ™,

Biéu thirc khic clia o, 1a:
o, = eN(E, )kTu, (11-13)

trong dé , 1a d6 linh déng dmg vdi mite co ban cia hat din, né bién thién
nghich dao vé6i nhiét do T, bdi vay o, khong phu thude nhiét do. Do d6 ta
thily dudng biéu dién In(o) theo 1/T s& 1a mot dudng thing.
2. ¢ dan dién lién quan dén cdc hat din chuyén mitc dén céc trang thdi
dinh xt & gan bd viing nang lugng. vi du gin E,, E,, ta cling gia thiét ring
hat dan co ban 12 16 tréng, khi d6 do din do co ché€ nhay cée duoe cho bdi
biéu thiic:

o =ay exp[-(F~Ep + AE; )/kT] (11-14)

trong do AE, la nang lugng kich hoat céc buGe nhéy cta hat din (dinh x),
Eg la nang lugng & bo viing. Gid tri cGa o, nhé hon o, tir 10° +10 1dn 1a do
vlia gidm mat do trang théi, vira gidm d9 linh dong tuong ing. Ta ciing ¢6
quan hé tuyén tinh giita In(o) va 1/T.

3. D¢ dan dién lién quan d&n qud trinh nhay c6c (hay higu img dudmg ngdm)
gitta cdc trang thai dinh x& gdn muc F,

Qua trinh ndy wong v nhu quéd uinh din dién do cdc trang thdi dinh xa
trong cdc bin din pha tap rit manh, ta c6 thé viét:

o =02 exp(—-AE; /kT) (11-15)

trong d6 o, clng ¢ vdi 6, (o, = &;), cdn nang lugng kich hoat nhdy céce
cla hat din AE, xdp xi 1/2 b€ rong cla viing nang lwgng hep do sai hong
gdy nén. Sy phu thuge cla In(o) vao 1/T ciing ¢6 dang dudng thang néu o,
va AE, khéng phu thudc nhiét do.

Sy phu thuc In{c) vao 1/T s& 13 dudng thang chi khi dé din chd yé&u Ia do
chuyén muc (nhity cdc) xdy ra giita cic mdc dinh x canh nhau. & kha VIC
nhigt do thap, ta ¢6 In(e) = A — B TV Ja phi hop véi thuc nghiém vi tic d6
vai trd di ngdm gitta cdc mie dinh x1 trd nén quan trong. PO din toan phin
bao gbm tat ¢cd cdc co ché ¢é thé biéu dién nhu 14 tich phan theo tat ¢a céc
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trang thdi cé thé. V4i cdce trang thdi nam cao hon mic Fermi ta c6 thé diing
phan b Boltzmann va cong thitc d9 dén dién c6 dang:

o=e [N(E)u(E)f(E)dE (11-16)

trong d6 f(E) =e CEBAT 15 ham phan bd Boltzmann.

Hinh 11-8: Sa 968 bidu dién dnh hudng cia nhist dd dén céc co ché dén dién trong
ban dan vo dinh hinh ofE) = eN(E).u(E).FE) Ty > T, > T5.

Trén hinh 11-8 biéu dién su thay ddi N(E), w(E) va f(E) theo E véi ning
luong E 16n hon F Tir day thdy rd cich thitc o(E) thay ddi theo nang lugng E.

Trén hinh 11-9 biéu dién sy phu
thu¢c In(o) theo 1/T, trén dé ghi
rd fimg dudmg thing thudc vé cac
co ché (1) {2) (3). Néu mat do
trang thai sai hong cao thi cd ché
(2) s& khong ddng ké trong mot
viing nhiét do ndo ca, khi d6 do
din tir viing nhiét do cia coché (1)
chuyén thing sang cd ché thit (3).

3 nhiét do phong (20°C) néi
chung d¢ din ¢ cla cdc ban dén

vo dinh hinh ¢6 thé viét bing
biéu thigc:
AE

0=C‘exp(—ﬁ) (11-17)

Hinh 11-8: Sy phu thudc Infa) vao 1/T theo cac
cd ché khac nhau: a- cd ché (1), b- co ché (2),
c- co ché (3).
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rong d6 C v AE 14 hai thong s¢ dic trimg cho mdi bidn dan, trén hinh 11-10
mdi diém trén so d6 dic trung cho hai gid tri C vad AE Gng v6i mot ban din
¢6 k¥ hiéu ghi & bén canh. Tuy nhién chua tim ra mot quy luat ndo chi phdi
gid tri C v AE.

1 >
10 CdGeAs, Ss.
| SeJee SesTe »
Te® Ge® A
32533 » SeAs
® InSb \
107 (As,SbySe,” Q5,559
[ ] AxSe Te {A
- Ag,SeTe! PI & As;Se Te (Ag)
- AszTea L] AszsasTe
Py GQTG
T
E l ® SeAs
% 102 : R
U -
S&zAs
10 . B A AR ot
- SeAse M:s
a
] ] I 1 1 ] ] ] 1

9,2 0.3 0.4 0,5 0.6 0.7 0.6 0,9 1.0 1
AE (eV)

Hinh 11-10: Gié tri C va AE voi ban dfn vé dinh hinh o d6 dén gén nhié! dg phong bidu
didn bdng cong thifc o= C.exp(-AEKT).

11.4.2. Po déan gan diém ndng chay

Bay gid chiing ta xét d6 din cha bén dén khong trat ty tai di€ém néng chéy.
V& mat ndy ngudi ta phan bigt hai nhom vat ligu:

a- Cdc vAt liéu khong phéi 12 thity tinh khong thé ché tao bang cdch ndng
chéiy - ngudi nhanh, nhu cdc chit: Ge, Te, A"BY, & trang thai long 14 kim
loai thi do din dién tang dot bién khi di qua diém néng chay nhu trén
hinh 11-11a. '

Truiting Bai hoc Bach khoa Ha Ngi 133



VAT LIEU BAN DAN

Trong cdc vt liéu nay khoi lugng rléng cung tang dot bién khi di qua diém
néng chay nhu trén hinh 11-11b, 56 phdi vi ciing thay d6i khi di tlr thé rdn
sang the 16ng.

Ge OO i- Ge
",0 : 5,5r %
|
1
o Ty r 54k t
g0 o i
; 53 1
i
2,0 A J X ! 5,2' N ! LM
400 800 1 200 200 600 1000
T T
Gash ot 50~ |
a0k :..._ GaSb ]
| T 59 h
o b | )
_g-, 3,0 : - 5,31' :
1
1

InSb G4k InShb ,\\
: I
© 40 C
L) Mw ] »
g i !e.z- H A
& -

2
[
\
\
o~
[
F

i
LY
8
[<.]
?ﬂ
I x?
-

dé
£
f
g

Hinh 11-11: Buac thay d6i dot ngdt cia d6 din a) vd mit dd b) trong mét sb chét vo
dinh hinh phi thuy tinh tai didm nong chdy.

b- Cdc var liéu thiy tinh bdn dan, 12 ban din vo dinh hinh c6 thé ché tao
bang phuang phdp néng chiy - ngudi nhanh loai nay ¢6 thé chia 1am hai
phin nhdom:

- Phan nhdém thd nhat 1a cdc thiy tinh bén, né khong bi tinh thé héa khi
nung nong tir tir.

- Phan nhém thir hai 1a cdc thuy tinh khi nung nhanh n6 khong b; tinh thé
héa nhung s tinh thé hod khi nung tir ir,
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Tuy nhién trong ci hai 10

phin nhém nay hién tgng -

lwu gitr tinh bdn dén trong an \
thé 16ng hinh nhu 12 giong i (®)

nhau. D&i véi cdc thay tinh
bin dan néi chung thi dang
phu thudc In(c) theo /T
khong c6 thay dé6i dot bien
khi di qua diém néng chay,
tuy nhién & thé long ¢6 thé  ° 4
¢6 do ddc cao hon. Diéu
nady cé nghia 13 trong thé
long bé rong ving cdm
(néu con ¢6 thé néi dén dai
lugng nay) thi hinh nhu 1081
nho hon trong thé rin va ¢
thé tién dén khong & nhiét 1o 20,30 40
d6 cao. 19T 1K

. o+ Hinh 11-12: Budc thay d6i dot ngdt cda d6 din theo
Trén hinh 11-12 bi€u dién  [yist g cha met vai thuy fin chaicogen G thé rén va

dudng In(o) = f(1/T) cla thé idng: a- AS3uTe4Si;,Gesy b- As;Taes - As,S;ThTe,
mot s6 thuy tinh bin dan, d- As,SeTe,, e- AspSe,Te, f- As 5oy

-6

11.4.3. Po linh dong cudn

Mot trong nhitng céch gidn ti€p dé xdc dinh xem c6 tén tai hay khéng céc
trang thdi dinh X & gan cdc cyc tri cila viing din va viing héa tri 14 sit dung
sy phun hat din tr mot di€ém cta miu va xdc dinh théi gian dich chuyén T,
dén mot diém & khodng cach d, dudi tic dung ciia dién trudng £ . D¢ linh
dong cudn duge xdc dinh bdi cong thiic: '

no=— {1i-18)

Néu thoi gian héi phuc Maxwell (thoi gian h6i phuc dién moi bang 107 pe/dr,
véi p dién trd sudt, € hdng s6 dién madi cha vat liéu) ma céc hat din trén lien
quan dén nhod hon t, thi hat din du s& nhanh chéng duge che chin bdi hat
din nguge déu, cho nén sur trung hoa vé dién van duge duy tri.
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Vi diéu kién dé nén ching ta chi ¢6 thé do dugc do linh dong cudn cia hat
ddn khong co ban (thi€u s6). Phép do d6 linh dong cudn dugc thuc hién
trong c4c vat liéu ¢6 dién trd sudt cao (p > 107 Qcm), trong d6 hat dan duw
trong qud trinh di chuyén khéng bi bao vay bdi mat "lan may" céc hat din
trdi dAu. Qud trinh di chuyén cia ca dién tlt va 16 trong déu ¢é thé quan sat
bang cdch chon dién 4p phan cyc thich hgp. Trén hinh 11-13 trinh bay mot
so d6 do do linh ddng cudn. Ldp mong ban déin (bé day c& 50 um) dge ché
tao giita hai dién cuc phing (giong kiéu banh kep - sandwich). Cuc din dién
trong sudt (hay bdn trong sudt) dé cé thé chiéu dnh sdng vio mau qua di¢n
cyc nay, thyc hi¢n qud trinh quang phdt sinh hat dan {optical injection).
Cdc hat dén c6 thé duge phun vao bing xung dién véi do dai thdi gian
xung nho hon 1, hoac bang xung sdng hay chum dién tir.

Neéu dién lugng phun vao duge duy tri
nho hon CV (Cg -dién dung 16p mong,
V - dién dp phan cuc trén mau) thi
dién trudng trong miu c6 thé xem 13
khong déi trong qua trinh di chuyén
cla hat dan,

Thoi gian dé dién tich dwge phun vao
di chuyén dén dién cuc d6i dién duge
xdc dinh bing cdch quan sdt sy di

chuyén cha xung déng dang vudng, o
hode su di chuyén ciia xung dién tich Hinh 11-13: So d6 do do finh dong
dang nghiéng, trong cdch ddu CR << 1, cudn cda béan dén v6 dinh hink.

trong cdch thit hai CR >> 1.

Mot diéu rat quan trong 13 phai biét chic ring ¢é thé xdc dinh duge chinh
xdc th¥i gian di chuyén hat dan, dién trudng va bé diay méu ducc chon 13
thich hop vdi phép do. N6i chung phép do khé thuc hién néu xung dién tich
phun vio bi nhog ra trong qud trinh dich chuyén, do su khuéch tan hoic do
qué trinh bit hat din va giai phéng hat din thudng 14 nghu nhién. Céc tam
bit nong c6 thoi gian thd hat din ngdn hon thdi gian di chuyén 1am cho do
linh dong cudn nhd hon d¢ linh dong din (do linh dong vi ma).

Néu tdn tai cdc tam bit sau thi hat din c6 thé bi bt giit trong khi di chuyén va bi
mat. Trong truding hgp d6 dang xung bi sai léch va khé do thdi gian di chuyén.
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Khi d¢ linh déng cudn g, bi gidi han bdi cac bdy nong thi né bi gidm xudng
so vdi d¢ linh ddng dan p, boi phin thai gian ma hat din t6n tai trong ving
cho phép (d6i vdi ban dan vé dinh hinh 1 trong viing linh dong) bi gidm
xuéng, vi vy ta co:

“D:p,o[ Tlo ] (1-19
n, +m

trong d6 n, va n, 1a nong d9 hat dén trong viing cho phép va trong biy tuong ing.
Gid sir cd su phan bd can bing giita cac hat din tr do va hat dén bi bat trong
thoi gian di chuyén, sy phan bé tuan theo dinh luat thong ke,

Gia str trong ban din tinh thé & mic nang lugng cdch phia dudi b viing cho
phép mot khodng AE, ¢6 mat do trang thdi tam bit 1a N,, ta cé:

-
Ho = Mo 1+%.cxp(&Et /kT) (11-20)

[

Néu tinh gén ding ta cé:
Ne
Mp zpo-l\-r—.cxp(—AE[ JllrkT) (11-21)
t

o day N, 12 mit d¢ trang thdi hiéu dung cta viing cho phép.

Néu v& d6 thi In(uy) theo 1/T thi dé déc cita dudng thing s& cho ta do sau
cla AE, cha cdc by hat din. Néu biét p, vi N_ thi diém cét vdi truc tung
cho ta mit do trang thai tam bit. Tuy nhién trong thuc t€ ta thudng gap
trudng hop khi N, , trang thdi phan b6 gdn nhu ddong déu trong khodng
nang lugng tr bdy viing cho phép dén do sau AE,. Trong trudng hgp dé dé
dang thay ring:

p = Mo (N/N). (AE, / KT) exp (-AE/KT) (11-22)

Trong cac ban din v dinh hinh, nén mat d cdc mic dinh xi cling tang
tuyén tinh v6i khoang cdch nang lugng dén bd cia viing dinh xi thi ¢6 thé
chimg minh do linh ddng cudn cling c6 dang twong tu:

AE AE
- AE .| AE 1123
Fp =Ho Ty CXP[ kT} (11-23)
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trong d6 AE la khodng cdch nang lugng tinh tr by cla viing mét d¢ trang
thdi dinh xit. Trong trudng hop ndy ta cling s& ¢6 quan he tuyén tinh giita
Inp,) va t/t. Két qua nay da dugc thuc nghiém x4c nhan & nhiéu vat ligu vo
dinh hinh, tuy nhién, vi tinh da dang cla c4u tric vimng trang thii dinh xit,
nén sy phu thuoe In(p,,) vio phigt do ciing rdt da dang va phu thude vao
khodng nhiét d¢. Vi du, d6i v6i mang a-Si, In(u,) ¢6 dang tuyén tinh, nhung
dén khodng nhiét do T = 200K thi lai ¢6 su thay déi do doc.

11.4.4. D6 dan trong trudmg bién thién ciia ban dan vé6 dinh hinh

Ciing giong nhur khi xét d9 dfin tinh, chiing ta s& xermn xét ba co ché din dién,
nghia la ba loai hat dn:

(1) V61 cac hat dan wr do tng véi cdc trang th4i khéng dinh xi (trai rong) ¢
gin E. vi E,, ta ¢6 biéu thitc nhr trong tinh thé:

_ _o(0)
1?2
trong d6 o(0) Ja 46 dén ing v6i trudng tinh (» = 0), t 12 thai gian héi phuc .
Vi hat ddn tr do ¢6 thdi gian hoi phuc rat ngén (1 ~10s) nén chi v6i tin s6
cao (v = 10" Hz) thi mdi thdy r3 sit phu thudc ciia T theo o. Con véi tin 6
thap nhu tan s§ thude dai séng vé tuyén (v = 107 Hz) thi s& khong thiy 16 su
phu thudc clia T va .

c(w)

(11-24)

(2} Vi cdc hat dén kich thich tir trang thdi dinh x&t & gdn cdc by viing nang
lugng (cic trang thi duoi) va tham gia din dién bling co ché nhay céc, thi
do din s& phu thudc vio @ theo dang o.(In[vy0,(0)]% nghla 13 x4p xi
khi 00 << V003 Vohon 12 tdn 6 clia dao dong phonon déc trung trong ban dén
vo dinh hinkh, '

(3} Vi cdc hat din kich thich tir cdc trang thdi dinh xt 1an can F gln giita

ving cdm va tham gia din dién bing co ché nhdy c¢éc, Davis vi Mott tim
duoc biéu thirc:

':’(“’)=%?"E’ZI(T[N(F)]2 Bw{ln{v[’::nﬂd (11-25)
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trong dé [3 14 mot thong s phu 10

thugc vao cdu hinh trat ty gén w02t )
cia chat bidn din v6 dinh hinh |

ma khong phu thude vio tin sO ; 7

w. O day ta thdy su phu thudc © 10’4? ’ s
cha d¢ dan trong trudng hgp nay P

cling giéng nhu trong trudng g 10°

hop (2). g

= 30Ty

Trén hinh 11-14 bi€u dién sy phy 3 .4

thugc tan s6 cna do din doi vai . 11} Ay Tey

mot s§ thiy tinh ban din loai T Ei;}'::i:is;“cew
chalcogen. T dé thi ching ta e 14) As, e,

thdy khi t4n s6 16n hon MHz thi T — ".w” LIS
d6 din ~ 0% Ta thidy do déin W (Ha)

dang nay it phu thudc vao nhi€t d0,  Hinh 11-14: Sy phy thusc vao tan s6 cila do
nén ta c6 thé xem dé 1a trudng hop  dén cla mot s6 thuy tinh chaicogen.
thudc co ché (3) trén day.

11.4.5, Hiéu ting dao va hiéu \ing nhd trong mang méng ban din vo
dinh hinh

Dau tién Ovshinsky va san dé nhiéu nguti khic nghién ctru phdt hién thiy
trong cdc mang mong ban ddn vo dinh hinh ma dién hinh 1 cdc mang mong
thiy tinh chalcogen (As,Se;, As,Te;, AsyS,,...) ¢6 hién tugng ddo va hién
tugng nhd, t6n tai va 1ap lai nhiéu 14n én dinh (c6 khi lap lai dén 10° ian ma
vét liéu vin khong bi ph4 hiiy). Dé
lam thi nghiém ngudi ta thudmg ché&
tao miu do ¢6 cfu hinh gdm 16p
mang mong thiy tinh bdn din (goi
la vat liéu Ovonic) kep gilta hai
di¢n cuc nhu trén hinh 11-15 (G4t | L
ca tren mot gid dé). Khi tdc dung  ypp 4 45 50 08 méu do hisu ing ddo
dign thé V giita hai dién cuc, di¢  (switohing) trong ban dén vo dinh hinh:
tuyén I-V c6 thé c6 dang nhu trén  1- dé, 2- iop cach dién, 3- Idp kim loai fam
hinh 1 1-16. dién cure, 4- ban dan vé dinh hinh.

Trén hinh 11-16 ta thay khi V tang 1én qui mot gid tri i han V, (véi dién
trudng khodng 10° V/em) thi phén tir ovonic chuyén tir trang théi dién trd
cao (A) sang trang thai dién trd thap (B} tiic 1a tir dong dién thip dén dong
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dién cac mot cich dot bién ma lai ¥ng véi hiéu dién thé thip hon, nghia 1a
ing vdi doan AB c¢ dién tr& vi phan am. Sir bign ddi dot ngot d6 goi A higu
tng ddo, ddo tir trang thai ngat (off) sang trang thdi thong dién (on). Khi da
t61 B phai gilf dién the d¢ cho dong dién duge duy tri & trang thai thong dién
(c® 1V va 0,2 + 0,5 mA). Néu giam dién dp hoac

dong dién cdn thiét dé thi trang théi thong dién &
s€ mat di va trg vé trang thdi ngit. Ngoai ra con
c6 thé gip mot loai dac tuyén V-A khéc ctia higu
img dao. O day ngay cd khi ta giam dién 4p
xudng gin bang khong, trang thai thong dién vin
duge duy tri va ta goi hiéu dng nay 14 hiéu dng
nhd. Muén cho né tr& vé trang thai ngét thi phai
"x6a" bang moét xung cé dién 4p phan cuc nguoc
lai. Cdc linh kién nay thudng ¢é dién trd & trang

thdi ngdt vao khodng 10° - 107 Q & 300K. Thoi Y
gian ddo thudng rat nhanh c& < 107, Nhitng qud  Hink 11-16: Dac tuyén V-A
trinh dién tif x4y ra trong ban din vo dinh hinh  frong phén (& ovonic voi phén
din dén cdc hiéu ting ddo va higu tmng nh¢ da  9n w0 viphan am.

duge nhiéu cong trinh nghién cdu dé cap dén.

In J}

Di ¢6 nhiéu co ¢h€ duge dua ra dé giai thich nhung chua ¢6 co ché nao bao
qual duge cde hién tugng déo va nhd rat da dang d4 phdt hién ra. Mott gidi
thich hién twgng d6 nhu sau: Khi dién trudng du Ién cic dién tir duge gia toc
nhan duge nang lugng biang hodc lon hon nang lugng trao cho mang (1am
phat sinh cdc phonon), khi d6 dién tlr c6 thé kich hoat céc dién tir khdc tham
gia cic qué trinh dan va hinh thanh mét plasma dan di¢n duge duy tri gén
dién cuc. Do d6 ¢6 su ddo sang trang thai thong dién. D€ danh gid dien thé
16i han ta cé thé ding biéu thifc:

2 _
euat - hmghon

trong d6 hoyphon 12 nang lugng cha phonon khodng 3.107 eV, d6 linh dong.
clia dién tit u = 3 cm?/V.s, ta tim thdy €, = 3.10° V/em.

11.5. TINH CHAT QUANG CUA BAN DAN VO DINH HINH

Tinh chdt quang cla ban din vo dinh hinh c6 nhitng dic diém khdc v6i ban
dén tinh thé 12 do trong c4u tric viing nang lugng cla bdn dén vo dinh hinh
xuft hién c4c trang thai dinh xit & bdr cc viing din, viing hoéa tri va ¢6 thé &
g4n mutc Fermi (gitta viing cdm).
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11.5.1, Po quang dan va hiéu suat lugng tir

Hiéu iing quang dan & trong ban ddn vo dinh hinh ciing rit manh nhy trong
ban dén tinh thé, tuy nhién no ciing cd mot s¢ dac diém sau day:

- Khdc vdi bin din
tinh thé, khi ma do
quang dan thudng dat
gid tri cuc dai sau
ngudng hap thu riéng va
giam xudng khéd doc khi
nang lugng photon ting
lén, trong ban dan vo
dinh hinh d¢ quang dan
sau ngudng hap thy
riéng van ti€p tuc tang
lén gidng nhu phé hap
thu khi ning lugng
photon tang Jén thé hién
trén hinh 11-17. Diéu
niy néi én rang qud
trinh  tdi hgp bé mat
trong bin din vo dinh
hinh khong manh nhu
trong ban dan tinh thé so
vGi tdi hop trong khoi.

- Sy phu thugc do
quang din vao nhiét do
clia mot s6 ban din vo
dinh hinh cé hé s6 hdp

1a°: T
&
105}
3 ¥ AspSersTery
o
- AszS8,
{0 h 3 T
~ F «—— phi hdp thy
3 - oo piS quang dén
B e
10°L :
3 feem A5ySe3 (8700 A)
L s TeghsSi (3200 4)
- T As 80,5764 (8800 A)
102 ' :
PR T IR 1Y SO T S SR T T
0.5 46 1.5 20 2,5 30 35
hv {eV}

Hinh 11-17: Ph8 quang din (dudng dat nét) va phé hép
thu (dudng ién nét) cha mdt s6 mang chalcogen & nhigt
dé phong.

thy anh sdng cao thudng c¢é mot cuc dai nhu & hinh 11-18 doi vdi hgp kim
chalcogen loai AsysTeqoSi,,Gey P, Dé gidi thich hién tuong ndy ngudi ta gia
thiét ring: dong quang din tuy do cdc hat dén & cdc trang thai trdi rong gay
nén & trong c& hai viing nhiét do nhd hon va 16n hon Ty, nhimg co ché téi
hop trong hai viing nhi¢t ¢ d6 c6 khic nhau. Khi nhiét do nho hon T, s6
hat dan do nhiét phat sinh nhé ¢6 thé bo qua, co ché tdi hop 1a ludng phan tir
(bimolecular), khi nhiét do 16n hon T,,,, nong d6 hat dan do nhist phit sinh
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ting manh va 16n hon néng
do hat dan quang phat sinh
nén co ché tdi hgp 14 don
phan tr (monomolecular).

- Hiéu sudt lugng tr 13 s6
cip dién tr-15 tréng sinh ra
khi mgt photon bi hip thuy.
Hiéu sudt lugng tlr c6 thé
dwgc do trén mau do kidu
bdnh kep nhu & hinh 11-15 véi
dign trrdng dat lén hai cuc do
cao dé trdnh cho hat din khoi
bi bét bdi cdc tam sau.

Két qua do hi¢u suat lugng tir
d6i v6i Se va As,Se; cho thdy
hiéu sudt lrong tir phu thuoe
vao nang lugng photon, nhiét
d9, dién trudng (khi dién
truomg khong cao) chi dat
dén gid tri 1 14 cao nhat. Trén
hinh 11-19 biéu dién hieu
sudt lugng tir tir s6 lieu cia
mot s6 tdc gia vi hé s6 hdp
thu trong selen vé dinh hinh
0 nhiét d¢ phong. Chiing ta
it khé xdc dinh dau 13 by
hép thy, nhung rd rang ring
&gid tri hv =2,1¢eV, hé s6
hip thu 13 khd 16n nhung
hi¢u suadt lwgng tr giam
xudng rat nhd va chi dat dén
gid tri bdo hoa bing 1 khi
hv > 3 eV. Ngudi ta gidi
thich khoang "cdm" giiia he
6 hap thu va hiéu suft luong
tir bing gia thiet ¢6 sy hdp
thu exiton & b& hdp thu riéng.

105

2 4 3 III 1‘2
10007 (K

Hinh 11-18: Sy phy thudc véo nhist db cila d0 quang dén
ciia mang As,sTe,Si,Ge,.P,; .
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Hinty 11-19: Ph6 hap thy va phé hidu suét iiong 1 i ca
sefen v dinh hink gén ba hép thu oo ban.
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Trong mét s& vat lieu chalcogenua, trong trudmg hop dién trudng 1dn, ngudi
ta ¢é thé€ xéc dinh duge hiéu sudt lugng t&r n 16n hon 1 bdi hién tugng ion héa
do va cham.

11.5.2. Dang phd hap thu & gan bo hip thu co ban

Qua4 trinh hdp thu séng dién tir clia ban ddn vo dinh hinh cling twong tu nhu
trong bdn din tinh thé, Khi ning lugng photon cdn nhd thi hap thy chi yéu
x4y ra do cdc chuyén mifc trong viing hodc cdc mufc dinh Xt gan ving cho
phép v&i vung cho
phép. Khi ning
legng photon tuong wr
img véi bé rong
viing cam thi hé so
hip thu dot ngot
tang tén. Dang phd
hap thu & gin by
hip thu co ban
trong bin din vo
dinh hinh bi chi
ph6i bdi nhidu yéu Catiehs,
t6¢ gidng nhu trong

g

GeTs

Ha 20 hap thyaiem
2

3

T I T YT A LR 90 2% 24 88 T4

bén din tinh thé, vi Nang luigng photon (e¥}
dy nhu chuyén mic  Hinh 11-20: Phé hép thy gén bo cd bén cha mot s6 ban dén v
thang, chuyén mic dinh hinh.

xién, chuyén mudc
duoc phép hay chuyén mufc cm, kich thich exiton...

Trén hinh 11-20 biéu dién cdc dudng cong phé ha'p thu thuc hién gin bo
hép thu co bdn clia médt s§ chat ban din. Néi chung & gén bd hap thy, hé 50
hdp thu tuan theo quy luat Urbach, duge thé hién bing cong thiic sau:

a = 0, exply (o —AEg )/ kT )} . (11-26)

11.6. MOT SO BAN DAN VO DPINH HINH THONG DPUNG
11.6.1. Silic vé dinh hinh

Cic 16p silic vo dinh hinh c¢6 thé ch€ tao bang nhi¢u phuong phéap: boc bay
trong chan khong, phuong phdp phiin xa trong argon (sputtering in argon),
tuy nhién phuong phép cé hiéu qua nhét 1a phuong phdp phéng dién trong
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khi kém (glow discharge). Phuong phdp phéng dién trong khi kém thudng
ding hig¢n tuong phéng dién cao tan (1 MHz) trong hén hop khi H, va SiH,.
Tinh chdt cia a-Si thu duge phu thude manh vio cic thong sé céng nghé,

Céu tric cla a-Si duge nghién ctu bang cach xdc dinh ham phan b6 xuveén
tam. Trén hinh 11-21 bi¢u dién ham phan bo xuyén tam clia a-Si va tinh the
sitic xdc dinh tr s¢ licu phan tich
nhiéu xa di¢n tlr, Tir day ¢6 thé rit ra

mot st l'lhifln Xét: [ mang Si 100 A
- Theo cye dai thi 1, ta tinh duge mT ::'::;'a"“m"
khoing cdch nguyén tir 1a 2,35 A va ol

s6 phoi vi bang (4,0 £ 0,1) gidng
nhau cho ca a- Si va Si tinh thé.

- Theo cyc dai thi 2, ta tinh duwoc
khoang cdch nguyén tir va s6 phéi vi
twong img bing 3,86 A va (11,6 +0,5)
gin nhu nhau cho cd a-Si va silic
tinh thé.

- Nhung cuc dai thi 3 ¢6 & ming Si
tinh thé thi hdu nhu bién mat & mang o - \/
a-Si. ‘ y

- Tinh chét dién cta a-Si: sy phy
thudc dién trd sufit vdo nhiét do cua X
sitic dugc trinh bay & hinh 11-22, néi o=
chung ¢6 thé bigu dién bing cong thite:

AE, I !
P =p,EXPp T (11-27 ff l.. }
H

oo T T )

Tinh chat dién cia silic phu thudc rat 'or&o
phifc tap vao cic tham s6 cong nghe, :
nhu nhiét dé d¢, nhiét do 0. Hinh 11-21: Ham phén bd xuyén tam cia

. . - e e a-Si {dudng duit nét) va cta Si tinh g
- Tinh chat quang cua a-Si: Bd hdp (duing ﬁéngnér), )

thu ¢o bin cua a-Si phu thuoc rit

manh vao di¢u kién cong nghe ché tao. Trén hinh 11-23 bidu dién dang phd
hdp thu gan b& hdp thu co ban cfia Si tinh thé va a-Si. Trén hinh 11-24 bigu
dién dang phd hép thu gdn bd hap thu co bin ctia a-Si sau khi d4 0 trong hai
gi & nhimg nhiét do chi ra & trén hinh, mang tinh thé nhan dugce khi G &
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nhiét do 500 °C. Trén hinh 11-25 biéu dién ddi hdp thu co ban cha a-Si so
sdnh vdi ddi hip thu co ban cta Si tinh thé. Chiing ta thdy ring dai hdp thu
co badn cia a-Si ¢6 ngudng hip thy dng véi nang lvong photon thip hon va
thay déi mot cach don gidn hon so véi silic tinh thé.

Nhimg tinh chat dién va tinh chdt quang cia a-Si néi chung phit hop vai
cdch giai thich chung d6i véi bdn din vo dinh hinh d3 trinh bay trén day.

10 =]
Ga = ,r”’ /'f
T 1ot g 1ot St v dinh hink: "_/'
= ‘% /.f' Sitinh 1hi ,
B gl N ot - .
[~} 7 7
b
+ i T ;
¥
7z | ;
n g A TR L 1 T 3
%am-:, Nang higng photon. {eV)
Hinh 11-22: Sy phy thudc vao nhiét do Hinh 11-23: Dang ph8 hép thu gén be
coa dién i sudl cia mang sific vo dinh hép thy co bdn cda a-Si va Sitinh thé.

hinh va germar vo dinh hinh.

- Bing phuong phdp phéng dién khi kém trong hén hgp hoi H, va SiH,
thudng thu duge cic mang silic vo dinh hinh ngdm hydro (hydrogenated a-Si)
k¥ hi¢u la a-Si: H. Trong cdc mang ndy nguyén tir hydro ¢d lién két hda hoc
v6i cdc nguyén tir silic theo kiéu (= S:H), nghia 1a mot nguyén tir silic lién
két v6i 3 nguyén tir silic trong mang t& dién va mot nguyén tir hydro béng
mot doi dién tr diing chung k¥ hiéu biang hai chdm. Nhitng nguyén tr hydro
con lai khong lién két héa hoc vdi nguyén ti silic ¢6 thé duge x€p vio mit
trong ¢la cdc 16 héng nhd ludn tén tai & trong mang a-Si, mbi 16 héng co thé
chifa tir 5-9 nguyén tir hydro, su ¢6 mat cla hydro trong mang a-Si: H 1am
cho mang cé nhiéu tinh chit quang va tinh chat dién dic biét, vi dy a-Si: H
6 dign trd suat toi rat cao ¢& 10" Qem. Loai mang nay c6 nhiéu ing dung
trong k¥ thuat va doi song, vi du:

- Ché tao pin mat troi;

- Hién thi ban phing;

- Céc linh kién két ndi dién tich;

- Diode phat quang;
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- Cam bién hinh 4nh;
- Siéu mang vo dinh hinh;
- Cam bién vi tri;

[T T T T —a T
Nhigt dd a:
hi
a nséeigo;:hmg B wl r| %
C 23 % :'i
b 308 | B
E 50 *C i i .!l.inh thé
F s49°C "LJ i
:‘lo‘ 2 0+ oo H
; i |
E i
s € ! :
Z ‘ i1
£ ; I
& I P
,§ L dinh hinh ll
T 1
10f
A CF/
102 i i 1‘ L A M e
00 o4 OB 12 16 20 24 28 o 2 4 ] [}
Ning lugng photan (eV) Nang lvgng phaton [eV}

Hinh 11-24: Dang ph6 hép thy co ban coa  Hinh 11-25: Ph& hap thu co bdn cda silic
mang a-Si sau khi nung hai gig & nhig¢t a6  v6 dinh hinh va silic tinh thé.
ghi trém hinh.

- Ché tao céc photoreceptor;
- Ché tao céc transitor mang mong.
Mot s6 vu diém quan trong cta silic vo dinh hinh 1a:

- C6 thé ché tao nhitng t&m ¢6 kich thu6c 16n sir dung trong linh vire dién
twr tam 16n;

- C6 co tinh bén vitng, én dinh nhiét;

- Cong nghé ché tao da duge nghién citu nhiéu, gid thanh ha, vat lieu
phong phii.

11.6.2. Cac thuy tinh chalcogenua

Cic chalcogenua 1a nhitng hgp chét cia céc chalcogen nhu; S, Se, Te véi cdc
nguyén t6 khic nhu: As, Ge, Si, Tl, Pb, P, Sb v& cdc dung dichwrén cia
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chiing. Tuy nhién chi ¢6 As,Se; va As,S; 12 nhitng hop chat twong ddi giong
nhau, dugc nghién ciru nhiéu va ¢é nhiéw img dung.

B¢ dan dién cla cdc thuy tinh chalcogenua phu thude vao nhiét do theo dang
ham mii duge biéu dién & hinh 11-26:

o =C exp (-AE/KT) (11-28)

Céu tric chia As,Ses ¢6 dang cdu tric don ta (monoclinic, Cgh , €6 9 nguyén
tix trong mot 6 co bin, méi nguyén tir As ¢6 3 nguyén tir Se xung quanh va
moi nguyén tir Se dwge diing chung nhau béi hai nguyén tr As, nhu & hinh
11-27. Tinh th¢ As,Se; ¢6 cdu triic 16p, ¢é thé béc tich theo mit chia truc C
V& truc a.

1 I GeTe
o 2 As,Te, T1,Se
I | 3 As,Te,
1} ‘ 4A32T% " As! 8&_‘
b a3 A-Sz Se,.TI, SQ
-} 6 3As,5e,.28b,Se,
104}
10-5f
100 f
-
joap
) " (5 )
0 1 2 3 4 & 6 T 8
10007 (K}
Hinh 11-26: Su phu thudc d6 dén dién vao Hinh 11-27: C8u truc cda tinh
nhigt d6 cda mot s6 chalcogenua vé dinh hinh. thé As;Se; (gicng nhur As,S3}

Két qué nghién cifu c4u tric a-As,Se; bing tia X cho thdy ring toa do cdc
nguyén tir gin nhat va nguyen tir gin thit hai trong As,Se, v dinh hinh ciing
tuong tu nhur trong tinh thé, Diéu niy khién ngudi ta nghi réng c4u trdc 16p
trong a-As,Se; vin dugc bdo t6n. Tuy nhién rdt ¢6 thé cic 16p s€ bi gy ra
thanh nhimg vong gém 12 khiic nhu & hinh 11-27,
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Tinh chal quang cia As,Se;: Trén hinh 11-28 biéu dién dang phé héap thu
gin by hip thu c¢o ban clia As,Se; tinh thé (dudng dit nét) vdi dién trudmg
cua bifc xa song song truc a (a), véi dién trudng cua bifc xa song song vdi
truc ¢ (b), pho hip thu clia a-As,Se; 13 dudng lién nét.

Trén hinh 11-29 biéu dién phé phan xa clia As,Se, tinh thé va clia a-As,Se;.

As,Se; 12 vat liéu quan trong dé ché tao cdc photoreceptor sir dung trong cac
mdy photocopy hién nay.

-+ IS
80 3 ," ‘\
-~ 0
w F - Y
4 \ flfe
50T I" g i
" | / fre .
— S T
- = 40 _;’r V4 Vo
Ete | . i vl
8 o f i (" ~
o w wr ;//\ | ' ST e
! ‘o dinn st v - -
i \‘..f
1o | fate b S
;
[ / ®
10 L i i N 1 i " 0 ' i 1 i e
o 19 1.5 g0 25 30 35 4¢ [ 2 ) [ a w12 14
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Hinh 11-28: Dang phd hép thu gén b hdp  Hinh 11-29: PhS phén xa clia As;Se4 vo

thu cd bén cia As;Ses! a- khi dién trudng  dinh hinh (duiing Kién nét) va cta As,Se,
ctia bue xa song song vd fruc a, b- khi dign tinh thé (dutng dut net).
rudng clia bire xa song song voi truc ¢.

11.6.3. Selen vo dinh hinh

Selen vo dinh hinh duge cau tao chi y&u tir hdn hgp hai loai cdu tric: cdu
tric chudi dai va cdu tric vong 8 nguyén tir, lién két gilta cic chudi va cic
vong la lién k&t Van Der Waals. Giita cdc nguyén ti trong chudi hoic trong
vong la lién két dong héa tri tuong d6i bén. Ty phén gifta hai loai cfu tric
chudi vi vong phu thudc vae diéu kién ché tao. Cac mang selen thudmg duge
ché tao bing bay hai trong chan khong,

Do din dién cla selen vo dinh hinh tinh khigt & nhiét do phong khoang 10'®
Q'em™. Tuy nhién né khéng ndm ngoai ludng d6i véi cdc ban din vo dinh
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hinh ¢6 ving cdm Ién hon 2 eV va nhu trén hinh 11-10 néu xem d6 dén tuan
theo quy ludt ¢ = C.exp(—E/kT) thi C=10°.Q"em™,

Do linh dong cudn cua selen
cing duwge xdc dinh bing
phuong phip nhu & hinh 11-13,
trén hinh 11-30 biéu dién do
linh dong cudn cua dién tir va 16
trong trong selen vo dinh hinh
phu thudéc vao nhiét d6. Tu
nhiing sé liéu trén hinh 11-30
ngudi ta xdc dinh duoc ning
lwgng hoat héa cla qua trinh
chuyén dong cudn clia hat din.
Mot trong nhitng co ché vat Iy
quyé&t dinh qud trinh chuyén
dong cudn 1a hién tugng bar hat
din bdi cic bdy. Cic hat din
trong khi chuyén dong cudn
dudi tac dung cua dién trudng
trong mau lién tuc bi bit 6l
dugc thd bdi cac trang thdi ndm
gin bd ving din (hodc ving
héa tri). Trong mo hinh ndy thoi
gian van chuyén qua miu 16n
hon thdi gian nay trong trudng
hop khong ¢6 tam bat.

Co ché thi hai frong qud trinh
chuyén dong cuén c¢6 hoat héa
12 chuyén d6ng cha hat dén theo
mo hinh nhay céc. Hién nay
vin chira 18 trong selen vo dinh
hinh hat din van chuyén theo
co ché ndo, tuy nhién nhiéu két
qué thye nghiém ching to ring
ca ch€ bét hat din bdi cdc biy
1a quyét dinh. Mot két qua minh

e

B& nhay cudn (emy-1s1)
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Hinh 11-30: Su phu thudc vao nhigt do coa do
linh déng cla dién tix va I8 tréng trong a-Se.
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Hinh 11-31: Dang ph& hép thy & gédn bo hap
thu cd ban cla selen va telua.
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chitng cho di¢u nay 1a sy khdc nhau rét ré rang giita do linh dong cha dién tlr
va do linh dong cilia 16 tréng.

Dang phé hap thy gdn bd hdp thy co ban cla selen va telua duoe bidu dién &
hinh 11-31. Trong viing gdn bd hé s6 hap thu cla selen ¢6 thé bidu dién
bang cong thiic:

a =735.10" exp (4 /0,085 eV)

Su phu thudc vio nhiét do . T
ctia hé s6 hap thu cha selen
v0 dinh hinh va selen long 1o
duoc biéu dién & hinh 11-32,

Selen la vat liéu ban din
khong rat wr di duge diing
rit sém: Cic mang selen
luc gidc da tinh thé a3
duge ding dé ché tao t€
bdo quang dién, cdc chinh
hm dong khd I6n; cic o
mang selen vo dinh hinh
trén deé kim loai (nhom) di 'r
12 nhimg photoreceptor ddu A
tien dugc sit dung trong B VSN LIME™ e 1)
KANg Iugng photon (av)
cic mdy photocopy, d&  Hinh 19.32: Sy phy thuc vao nhiét o ciia hé s6 hap
duge ding ché€ tao cdc  thu gén bd hép thu co bén ciia selen vo dinh hinh va

camera (dang vidicon). selen nong chdy.

Hid s& hip thy (et}

11.6.4. Ban dan v6 dinh hinh sit dung trong kj thuat chup anh tinh dién

Phuong phip chup anh tinh dién (electrophotography) con duge goi 1a phuong
phép chup dnh khé (xerography) dugc Chester Carlson ph4t minh nam 1937.
Nguyeén Iy hoat déng clia k¥ thuat chup 4nh finh dién dya trén tinh chat quang
din clia cdc 16p ban dén nhay quang vo dinh hinh, c6 dién d sust 6i rit cao,
duge phu trén mot dé kim loai (nhom), goi 14 photoreceptor. Trén hinh 11-33
biéu dién so dd céc khau trong mot chu trinh chup anh tinh dién (photocopy):

- Tich dién: béng phuong phdp phéng dién hio quang tir mot sgi W rat
ménh (¢ =100 pm) tao nén trén bé mat 16p nhay quang cfia photoreceptor
mot 16p dién tich déng déu trong t4i,
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- Chiéu anh: Chiéun hinh 4nh cén sao chup lén bé mat |ép nhay quang da
tich dién. Nho hiéu ting quang dan, trén bé mat 16p nhay quang duge tae nén
anh tinh dién 4n.

- Hién hinh: cho bt muc tich dién trai ddu vai dién tich trén anh tinh
dién 4n ti€p can véi bé mat cha &p nhay quang di ¢é anh tinh dién 4n. Do
lye teong tdc tinh dién, bot muc bi hdt va dinh chét vio bé mat 16p nhay
quang tai cdc vi tri ¢6 dién tich cia dnh tinh dién 4n lam cho anh 4n nay
dugce hién hinh,

- Chuyén hinh anh: bot muc trén photoreceptor duge chuyén lén gidy bing
cich tich dién trdi ddu vdi dién tich cha bot muc [én mit sau cla to gidy
cling bang phuong phdp phéng dién hio quang.

- Pinh hinh: ¢4 dinh hat muc bang cdch cho né néng chay trén gidy.

- Lam sach: trung hoa dién tich trén bé mat va ding chéi 1am sach bé mat
photoreceptor, chuén bi thuc hién chu trinh chup anh méi.

nguyan ban
\/ E\ ~ 2 bt mue tich dién duong
photorecaptor ~ ’
oz
-~ s
- ~
vttt ——————
— m
-
1. Tich dién 2, Chidu sang 3. Hién hinh

LB |{=l /?/%i\ —
— W[;‘  ——— |

-
£ Chuygn hinh lén gidy 5. Lam néng chiy hét muye 8. Lém sach

Hinh 11-33: Sa d3 cac khau trong mdt chu trinh chup dnh tinh dign {photocopy).

Nguyén 1y chup anh tinh di¢n trén day di duge nghién ciru, hoan thién va
ting dung trong nhién k§ thugt chup anh, in 4n, truyén hinh anh camera
(vidicon), ghi hinh dnh. Nhimg vat liéu sau day da timg dugc nghién ciu va
ttng dung d€ ché tao cdc photoreceptor:
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- Nhitng photoreceptor dan tién duge ch€ tao thir nghiém tir hru huynh tinh
khiét néng chay. Muon hon mot it 12 cdc ban antraxen (anthracene) nhay
quang.

- Nhitng mdy photocopy ddu tién duge ché tao diing photoreceptor selen.

- Gidy phi ZnO duge ding trong phuong phép photocopy truc tiép goi la
electrofax.

- Polyme hifu co diing lam 16p nhay quang.

- As,8e, vo dinh hinh ding 1am [&p nhay quang.

- a-Si: H dling 1am 16p nhay quang.

Nhar vay tat ca cdc logi photoreceptor déu 1a mot 16p ban dén nhay quang vo
dinh hinh duge phi trén mot 3¢ kim loai {nhoém). Ldp ban din nhay quang
va dinh hinh thudng phai dat cdc yéu cdu sau:

- C6 dién tro sudt tdi cao, cd dién 4p ddnh thiing cao, ¢6 t6¢ do sut thé bé
mit trong t6i nho, nghia 1a ¢6 kha nang giir duge 1dp dién tich trén bé miit
¢ trong tGi lau,

- C6 do quang din cao, nghia 12 hiéu suit lugng tir cao, do linh dong has
dan cao nhd dé ¢6 téc A6 sut thé bé mat khi chigu sdng cao.

- C6 t6c do dap fmg quang cao, nghia 14 ¢6 néng do¢ cdc tam bit hat dén
nho, dé linh dong cua hat din 16n va do d6 quén tinh quang thap.

Ngay nay cdc vit liéu nhay quang vo dinh hinh vén dang dugce tiép tuc tim
ki€ém, nghién cire hoan thién ing dung rdt manh trong k¥ thuat hinh énh
(imagics).

11-7. NHONG UNG DUNG QUAN TRONG CUA BAN DAN VO PINH HINH
Trong cdc chat ban din vo dinh hinh thi silic v6 dinh hinh dZ duge chd ¢
nghién citu va ting dung réng réi hon cd, vi vay trong phin nay chiing toi chu
yéu gidi thiéu nhimg tmg dung quan trong cna silic vo dinh hinh.

11.7.1. Pin mat troi silic vo dinh hinh a-Si:H

Silic v6 dinh hinh a-Si:H ¢6 nhiéu nhitng dac biét din dén nhing tinh chat
quy bdu clha mot vat lieu 1am pin mat trdi sau day:

- C6 hé s6 hap thu 4nh sdng cao trong ca ving phd kha kién chli yéu (@ > 10°cm™)
vi vy chi cédn diing nhimg mang méng bé day ¢& (1000 + 1500) A do d6 ha
duge gid thanh pin mat trén.
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- Nhiét d6 tao mang thép (= 250°C), dé dat dugc do déng déu cao trén mot

dién tich rong.

- Bé rong viing c&m quang hoc (optical band gap) ¢& 1,7 eV nim gén gid

tri nang lugng photon ting véi hiéu sudt chuyén déi nang lugng cao nhat.

- Dé dang, don gian trong khau t8 hop ting phén tif riéng biét lai, tranh duoc
khau cua, cat tinh thé t6n

kém va cic ph ha
I ) L,_l l. P dén shiic t@p’l’ wong, phap

ki coscigmaigg— 0 0 - Vat liéu dé ché tao pin

' mit trdi vo dinh hinh nhu

L (chuyén tiép PIN a-Si:H) Si, H,, B, P tuong dei déi
dao.

ITO (oxit thidc + indi) . ; -

thige - Silic v6 dinh hinh a-Si:H

s _ c6 céc tinh chat dong cén
Hinh 11-34: Céu truc pin mét tréi don chuyén tiép PIN

dé trén. thiét cta dién tir, 16 tréng
thich hgp dé ché tao pin
N A O O mat trdi. Cdu triic cia pin

mit tréi a-Si:H c¢6 hiéu
sudt cao hién tai dugc chi
¥ dén gém hai loai chinh:

(chuy@n tiép PIN . g e
”:hap'ba a-SiH) Loai thi nhat dugc giGi

thiéu & hinh 11-34 la loai
CTO (oxit thiéc pha canxi) don chuyén tié'p PIN dé
R thiéc ; . 3

(RN I T trén (single junction PIN

s 1 ) . superstrate hay “supbstrate
Hinh 11-35: C&u trac pin mét troi chuyén tiép PIN chap =
ba dé dudi. up”) .
Loai thit hai dugc gidi
thi¢éu & hinh 11-35 1a loai chuyén ti€p PIN chap ba d¢€ du6i (Triple junction
PIN substrate down).

Trong khi nghién cttu thiét k& pin mat trdi silic vé dinh hinh nhiig van dé
sau day di duoc quan tim:

- Céu tric pin gdm nhiéu 16p vat liéu ti€p xdc v6i nhau vi vay cdn quan tim
nghién citu cdc trang thai phan bién.
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- Trong pin silic vo dini hish st dung mot hodc mot s6 cau tric chuyén tiép
PIN, rong d6 18y P v 180 N pha tap manh va vi vay khong c6 sy van chuyén
cia cac hat din koag oo oan trong céc 16p nay. Lép P & pha 4nh sdng 16
€6 bé day ahd (¥ 160 A zé gidm 36 photon hap thu trong 16p nay, ciing
nham rouc dich dé I¢p }, can o b rong ving cfm 16n nén thudmg duge [Am
tr carbua silic v dizh Binh dang (a-S1C:H) ¢6 bé rong viing cdm ¢§ 2,0 eV,
Lop ban déa ricsg I kiting aa tap ¢& bé day [6n cd 100004, cac cap dién nr
16 trong chil yeu .'ab ra ~ Ay b day 15p 1 iom 1am tang hieu sust clia pin. Lépn”
o8 bé day o (157 - S A
- Lop didn oy o ong 5050 38 gom deng pida dnh sdng 1o phai ¢é do trong
sudt cao va ritig 47 uini e hao, thong thudng ngudi ta ding 16p ITO cé
bé day (7504 ~ lung. Lop &y UnIGig ¢6 cau trde texture ¢4 tac dung tan xa
dnh sdng lm g 1w o e t@ cta dnh sdng trong 18p PIN dé tang hiéu
SuAt cua pin mi tron,
- Lép ti¢p xiic phia di6i phdi ddm bdo tiép xic omic véi 16p n* vad ¢6 téc
dung phar g dre sérg vi vay né gém mot 16p ITO va dudi d6 [a mot lép
thiéc.
- Su dung pin mgt i chuyén tiep PIN chap doi (tandem) chap ba (triple)
cho phép “ign dung” cic viing phé khdc nhau ctia bitc xa mat trdi. Trong finh
ki¢n chap ba bé rong viing cdm 16p I gidm ddn (2,0 eV; 1,7 eV; 145 eV).
Trén bang (11-1) biéu dién tinh nang mot s§ pin mat rdi (1989) trong d6
Uge - The b mach, J 5 - mat 36 ddong ngdn mach, 1 - hiéu sudt.

Badng 11-1. Tinh ndng ca mot SG pin mat tréi v8 dinh hinh

Vai liéu So chuyén iiép | AE, (eV) Uoc (V) [ Jes (ﬁ] {%)
a-Sifa-Si Tandem LI 1.69 83 IQ.O
a-Sifa-5iC Tandem 1,85/1.7 1.75 8.16 10,2
a-S5iC/a-SiGe Tandem 1,85/1,55 1,75 9,11 0.5
a-5iC/a-Si/a-SiGe Triple 1,85/1,7/1,55 248 4,99 83
a-SiC/a-Sifa-5iGe Triple 1.85/1,7/1.45 2,17 7.30 10,2
a-SiC/a-Sifa-SiGe Triple 1,85/1,7/1.,4 2,38 7,01 10,7
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11.7.2. Hién thi ban phing ding linh kién ban dan vé dinh hinh

Phuong phép hién thi ban phéng bing tinh thé 16ng dua trén nguyén 1y hoat
dong cua t€ bao tinh thé 16ng que xoén (twisted nematic liquid crystal cells -
TNLCC) biéu dién & hinh 11-36.

Té bao TNLC gém hai d€ thuy tinh, trén méi dé€ c6 mot 16p dién cuc trong
sudt ITO, hai d€ ngoanh 16p ITO vao nhau va gifta hai 16p dién cuc dé 1a
tinh thé 16ng. Bé mat dé
thuy tinh va I6p ITO dugc
gia cong theo hai chiéu
vudng goc vGi nhau, sao
cho khi chua cé dién
truong giita hai dién cuc
ITO cédc phan tir hinh que
(nematic) c¢6 truc xoédn
mot géc 90° khi di tir mat
dé trén xuéng mat dé€
dudi. Phia trén d€ trén va

hia dudi d€ dudi duoc )
g i trf hai kinh-oh ' Hinh 11-36: So dé nguyén Iy hoat dong cda t& bao tinh
O tri hai kinh phan cuc ¢ 509 que xodn (TNLCC): '

c¢6 mat phan cuc vuéng  a) Khi khéng c6 dién truding; b) Khi co dién truong.

géc v6i nhau. Anh sdng

di qua kinh phan cyc phia trén tr& nén phan cyc tuyén tinh. Anh sang phan
cuc tuyén tinh di qua 16p tinh thé 16ng do hién tugng ludng chiét bi “xoin
ddn” dén mat d¢€ dudi thi xodn dugc mot géc 90° va di qua kinh phan cuc
dudi. Nguoi ta n6i trong truong hop nay t€ bao TNLC hoat dong theo ché
do “thudng tring”, nghia 12 khi chua c6 tin hiéu dién dat vao hai dién cuc’
ITO thi t€ bao cho dnh sdng di qua. Khi c6 dién trudng giita hai dién cuc
ITO cdc phan tir que ctia tinh thé 16ng sép xép dé cho truc ctia chiing vudng
goc v6i cdc mat phing d€, 4nh sdng phan cuc tuyén tinh di qua 16p tinh thé
long khong bi xoén va khong thay déi mat phan cuc nén khong thé di qua
kinh phan cuc phia dudi c6 mat phan cuc vuong géc v6i mét phan cuc clia
kinh phén cuc phia trén.

phan ti que
tinh thé 16ng

Trong hién thi ban phing méi t€ bao TNLC déng vai trd mot phan tir hinh
anh (pixel), dugc sdp xép vdo mot ma trdn X - Y va dugc diéu khién biang
mot ma trin céc transistor mang mong (thin - film transistor - TFT).
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Mo6i mot pixel clia man hinh hién thi gém mot &€ bio TNLC va mot TFT
dinh vi tai diém giao nhau cla hai tuyén doc va ngang. Tuyén ngang duoc
ky hiéu G;, G,... Gy goi 13 tuyén dia chi (address line - gate line) vi tuyén
doc duge ky higu la Dy, D,... Dy, goi la tuyén s6 liéu (date line - signal line)
nhu duge biéu dién & hinh 11-37.

Cdu triic clia man hinh hién thi tinh thé ldng dugc bidu dién & hinh 11-38
bao gém céc Idp sau:

- Hai d€ thuy tinh: d¢ trén phia ngudi quan sdt, d€ dudi phia nguén sing.

- Hai 16p phén cuc c6 mat phan cuc vudng géc v6i nhau mot I6p & mat trén
cla d€ trén va mot 6p & mat dudi cla dé dudi.

- Mit du6i d¢ uén 1 16p loc mau (color filter) theo co ché thay ddi bé day
" 16p tinh thé 16ng.

Gy Gga Ga

tin hidu Vid,e:rﬁ

SHs

h
2]
E

i
!

-
-!D

"
»

Fiy

———————————

b
P

TFT

i N Y

‘ @
dign cyc chung
Hinh 11-37: So d8 mach hién thi bén phéng tinh thé idng vai ma tréin tich cue.

- Tiép theo 13 1dp dién cuc trong sudt ITO ti€p xic truc ti€p vdi 16p tinh thé
long, déng vai trd dién cuye chung.

- Mat trén cia d€ duéi cling 12 16p dién cuc trong sudt ITO tiép xiic truc tiép
véi I6p tinh thé 16ng, day 12 dién cyc d€ hién thi (display electrode). Mét phin
bé mat cha d€ dudi 12 ma trin cdc transistor mang moéng vé dinh hinh Si.
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- Cu6i cling 12 16p khuéch tin 4nh sdng véi ngudn sdng la dén huynh quang
phia dudi.

Trén hinh 11-39 biéu dién hinh 4nh nhin tf trén xudng mot phén tir hinh anh
(pixel) kém theo mot TFT.a-Si:H gdn giao diém clia tuyén dia chi vi tuyén
s6 lieu. O day tuyén s8 liéu (date line) 12 nhimg déi kim loai, con tuyén dia
chi (address line) 14 nhitng dai ITO.

Trén toan b bé mit phin t& hinh anh ndy 12 16p tinh thé 1éng, tuy nhién

m:})ap kinh phan cifc tuy#n sd lidu

- _ = % /dé thuy tinh phia ngudi quan sal a-SitH-TFT
> ’___Eép loc mau {theo bé day ¥dp TTL} uyén dia ch

%“- i8N Gyt trang sud1 1TO, didn cyfe chung
———tinh thé dng (TTL)
. mach TFT a-SitH

—dign cyc ITO {display electrode)

dign cye
S e A d4 thuy tinh phia ngudn géng cda
NS p kinh phin e P
Idp khudch 1an dnh séng
ngudn sdng {dén huynh quang)
Hinh 11-38: So d6 c&u truc hién thi ban Hinh 11-39: Hinh énh mt phén
phdng tinh thé 18ng. ti hink dnh nhin tr trén xudng.

phén dién tich truyén dat tin hiéu dnh séng hién thi chi c6.16p tinh thé 16ng
nim phia trén dién cuc trong sudt ITO cha pixel. Mot dién cyc nita cia pixel
Ia dién cuc chung tic 12 16p ITO ném trén mat dudi cha d€ tren.

Pé diéu khién hoat dong chia ma trin pixel c6 mot ma tran céc transistor
(hay céc loai linh kién tich cuc khic), & day 12 cdc transistor mang mong
silic v6 dinh hinh a-Si:H-TFT. Ngudi ta 43 nghién cdu thiét k€ rdt nhiéu
loai TFT kh4c nhau, trén hinh 11-40 gidi thiéu so d6 nguyén 1y cta mot
trong cic loai d6.

Day 12 loai TFT ¢6 cyc clra dudi ddy, cyc clia G, cye ngudn S vi cuc méing D
déu 13 kim loai. Cuc clta nim trén bé mat dé€ thuy tinh va ndi véi tuyén dia
chi G|, Gy... Gy. Cuc méng D n6i v6i tuyén s6 liéu Dy, D,... Dy. Cyc ngudn
S n6i véi dien cyc chia pixel.
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- Hién nay hién hinh bin phang tinh thé (ong
transistor mang mong di duoge img dung 8 a-8H D
rong réi, chat luong hinh anh rat tét. Trong N _
cong nghé TFT CLD vai trd chinh cia cic Ll
khau tao ming méng, quang khdc, tdm thyc I % _ '
trén di¢n tich rong fa quan trong va khong dE thuy\nh -
nging duge nghién citu cii tien, trong d6 16p didn mai g
- cong nghé ché€ tao mang Si v6 dinh hinh c6
chat lvong cao 12 quan trong bac nhit.

Hinh 11-40: Cdu troc a-Si:H TFT

11.7.3. Diode phdt quang vo dinh hinh va vi tinh thé carbua silic

Nam 1985 mét s6 nha nghién ctu Nhat Ban cho thily ring c6 thé phat trign
mét [oai diode phdt quang mang moéng vo dinh hinh carbua silic (a-SiC:H
thin film LED - a-SiC:HTFLED) ¢6 kha nidng phit dnh sang d6, da cam,
vang, xanh trén co s& chuyén ti€p PIN. C6 thé diing céc loai a-SiC:HTFLED
vdo muc dich hién thi ban phing dién tich rong, hoat ddng & dién 4p thap (co
10V) ¢6 thé gin két v6i mach diéu khién (driving circuits), c6 thé tao ra céc
linh kién quang dién tr ba chidu trén c4c d€ khdc nhau (thuy tinh, polyme,
g0m, thép khong gi).

Carbua silic vo 'djnh' hinh ngam hydro (a-SiC:H) duge che tao bing cong
nghg ling dong hod hoc pha hoi trong plasma cao tdn. Ba I6p P, I va N duoc
che tao trong ba bubng phan ting riéng c6 phdn gid d€ thong nhau, dé dang
di chuyén de qua lai d€ I4n luot phit lén dé cac 16p P, I v N. Hon hop khi dé
ché tao cdc 16p khic nhau dugc chon nhu sau:

- Lop P: CH, + SiH, + B,H, + H,

-Lép I: CH, + SiH, + H,

- Lép N: CH, + SiH, + PH, + H,
Trong qud trinh nghién ctru cong ngh¢ ché tao cdc 16p carbua silic vo dinh
hinh ngudi ta rit ra duge nhiing ké&t luan sau day:
- Be 1ong ving c&m quang hoc (duge xdc dinh bang phuong phép quang
*hoc) ky higu AE, . Phu thugc vao thirh phin nguén khi chia carbon trong
hén hop khi dua vao.
- Phé quang huynh quang (photo luminescence spectra - PLS) c¢6 thé diéu
chinh tir mau dd dén mau xanh khi bé réng ving cdm quang hoc thay déi tir
2,25eV dén 3,5 eV. Phd PL chi c6 mét cyc dai rong,
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- Gi4 tri ning luong /g véi cuc dai phé PL (FL pear enzrgy) kK¢ higu 1a
E, tang tuy€n tinh theo AE, . va luon luon o 13 b aE, o, Hign tuong
E, < AE, ,, dudc goi ]a stokes shift (su dich chsvin st skes) vi duge gidi
thlch 1a do nhimng sai hdng cla mang hay 13 do #:.5 "] hii phue coa hat
din dén cdc trang théi sau trong ving dar rvde - 'éi '"*p

Cifu triic mot a-SiC:H TELED dugc biéu cidn :és Hinh 1:-41, O day 16p P

va 16p N déng vai trd 18p phun 13 tréng va Hién & (L. (Gp L, idp buynh quang
tich cuc.

o D 1Y P

AE, o cua 16p N va 16p P dugc Elﬁ' bang | Wm

2,0 eV bao ddm do din ¢d 10%Sem™) con 1 1 s F-a-SICH (N

AE, . cia 16p 1 thay déi trong khosing tir 3-+a-SICH (i)

2.5eV dén 3,2 eV, Cuting d¢ dign huynh reerreeed_0-8-SIGH (P)

quang (EL) phy thudc manh vao bé dav fatmgam N
vyt v S e * ShdE thuy tinh

va AE, o ciia 16p L.

Cit Futroc a-SiH
Bitc xa dién huynh quang (EL) c6 thé {1 futuca-SiH TRLE.

quan sdt dugc khi diode phan cyc thuan, 4€ ¢4 2vem 4nh sdng kha kién thi
AE, ot cia l6p I phai 16n hom 2,2 eV, trong khi 15/ hgop 1n lop PvalépN
chi khoang 2,0 eV. V1 vay ¢6 su gidn doan b¥ +ing -9m %3 K, bude nhay
mic E, 12 AE_, budc nhdy mic E, 1a AE ; Ngvdt @0 »£2 dinh duge ring
AE, = 0,758(AE) VA AE =0 258(AE,) véi AT, kit té rong ving cdm.
Co ché phun hat din tir 16p P vio 16p I v tir i< N “Ac idv [ la co ché phat
xa tunnel (field-tunneling emission). Pé ¢ & 'fn phireg tinh nang cia a-
SiC:H TFLED ngudi ta 83 quan tdm nghién ¢du =3 tini ro nhiéu gial phap
k¥ thuat:

- Tim bé day t6i uu clia 16p I dé dat dwoe cudmg 60 EL cve dai, bé day d6 ¢&
500A.

- Nang cao higu suat phun dién tif tir 16p N vio 14+ T va 16 tréng tir 16p P vao
16p 1 bing céch ding vt ligu ¢é vimg cém rong hay dimg hiéu dng tunnel
hat d4n néng (hot carrier tunneling effect).

- Nang cao hiéu suft t4i hgp bic xa bing higv g nhét hat ddn (carrier
confinement effect).

Nhitng nghién citu trén 3 dan dén viec thi€t ke ri cée ciu tric sau day:

- Cfiu tric dang tandem dang (PIN/PIN),

Truésng Dai hoc Bach khoa Ha Nji 3159



VAT LIEU BAN DAN

- Ldp huynh quang dang siéu mang c6 bé rong viing cam luan phién rong,
hep kiéu (a-51:H/a-SiC:H), (a-Si:H/a-SiN:H) va (a-SiC:H/a-SiC:H).

- Cdu tric phun tunnel hat din néng (Hot carrier tunneling injection
structure)} tao dwoc bing cdch cdy thém vio mot 16p nira dién méi (semi-
insulator) ¢6 dién tré cao hon 16p I vao cdc mét phan bien P/1 va N/L

- St dung céc 16p carbua silic vi tinh thé loai P va loai N (ue-SiC:H) 1am
18p phun hat din. L6p (uc-SiC:H) duoe ché tao bang phuong phip EVR
plasma CVD (phuong phdp CVD plasma cong hudng dién tlr cyclotron).

Céc tng dung cia a-SiC:H TFLED:
- Béng vai trd phén tir chire nang quang dién tir (optoelectronic functional

element) trong cdc mach tich hop quang dién r (OEIC - optoelectronic
intergrated circuit).

3 $
s s W S, g

L T S
L TG TR —TFPoA
| LY ] 68 thuy tnn
{ T e
OR Kot
B A ::
!'-/ AND
[ 3% R
o TSN -

Hinh 11-42. Mach lich hop quang dién t,

Trén hinh 11-42 biéu dién mot mach tich hop quang dién tr ba chiéu gém
day photodiode mang méng (TFPDA - thin film photodiode array), cdc TFT
(transistor mang méng) va TFLED (LED mang méng). ¢ day biéu dién céc
mach logic co ban OR, AND vi NOT.

Nhiing mach logic co bén ket hop v6i bo lwu triv dien hodc quang c6 thé sit
dung dé tao nén: bo ghi dich quang dién tir (OE - Shift registor}, b flip-flop,
b phit chitc ning (functional generator), bd cong (adder) va nhur vay c6 thé
phdt trién thanh mot mdy tinh quang dién tr (OE- computer).

Sir dung b6 xir 1y théng tin hai chiéu (two dimensional information
processing) bang OE-IC c6 thé phat trién: bo chuyén déi hinh anh (image
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convertor), by lum wrir hinh 4nh (image storage) bd nhan dién (pattern
recognition). Trén hinh 11-43 ching t6i gidi thiéu so d6 nguyén 1y hoat
dong ciia miy chiéu quang dién tlt (optoelectronic image translator) d€ minh
hoa nhitng img dung quan trgng ciia cdc linh kién ché tao tir vat lidu vé dinh

hinh &nn sempling
didu vao
a}
b)
TFPDA
Hinh 11-43. a. S0 d8 nguyén ly hoat dong clia may chidu quang dién tir; b- Mot

manh clia DIPUS.

hinh bin din. G day ngudi ta sit dung bo xir 1§ phan b6 hinh anh (distributed
image processing units - DIPUS) dugc c4u thanh tir diode phdt quang mang
moéng té hap (integrated TFLED) va cdc pin mat trdi silic vo dinh hinh
(a-Si:H solar cells).
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CHUONG 12
BAN DAN THAP CHIEU

Nhimg cfu tric bin dén ¢6 mot, hai hodic ca ba kich thude nim trong khoang
tr 1 dén S0nm (hay 10A dén 5004) duge goi 12 ban dan thp chiéu hay la
nhitg cdu tric nano (nano structures). Trén thue t&€ kich thude clia cfu tric
nano & mitc do ¢6 thé so sanh vé&i bude séng De Broglie clia hat din. Dién wr
trong nhifng cdu triic nano ¢6 thé xem nhu bj nhét trong mot hé the ning ¢6
mot, hai hodc ca ba kich thude ¢& (1 + 50)nm. Vi vay d€ tim hiu nhimg tinh
chét dic trung clia bdn din thép chiéu chiing ta hiy nhéc lai bai todn dién o
trong mdt giéng thé nang c¢6 kich thude nanomet.

12.1. BAI TOAN DIEN TU TRONG GIENG THE NANG MOT
CHIEU VOI VACH CAO VO CUC

Gia sir ta xét mot hé cdc dién i trong viing din clia mot ming mong ¢6 bé
day d. Dién tr trong mang mong ban din duwge xem nhu dién tir tr do ¢é
kh&i luong hiéu dung m™ (ding hudng) duoc nhét trong mot giéng thé nang
¢6 kich thuge d theo truc x va kich thude theo hai truc y va z rét I6n (duoc
xem bing vo cue).

Day 1a bai todn mot chicu, dién tir bi nhét trong mot giéng thé nang giita hai
véich co chiéu cao thé ning bang U, = ¥ = 4i luc hod hoc clia dién ti trong
ming mong, nghia 1 bing khodng cdch nang lugng tir mifc chan khong dén
diy ving ddn E .

Gia sit ham séng ciia dién tir trong bai todn mot chiu 1a yw(x), nd 1 1di giai
cua phuong trinh schrodinger
R dlw(x)

— 5+ U(x)w(x} = Ey(x) (12-1)
2m dx?
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Chudng 120 Ban dén thép chidu

v61 ham the nang U(x) ¢ dang nhu sau:

U =U,khix <0 vax2>d
=0khi0<x<d

ViU, ¢6 gid tri ¢ 5eV >> kT nén ¢ thé xem nhu viich th€ nang cla giéng
la cao vo eye U, ~ oc. Tir diéu kién gdn diing nay c6 thé xem ham séng w(x)
& ngoai giéng the nang (nghia 1a x < 0 v x > d) 14 bing 0 va ta ¢ thé viét
diéu kién bién:

W) =y(d) =
Phuong trinh Schrodinger d&i véi dién 1 trong giéng 0 < x < d sé& la:
52 42
v =0 (12-2)
2m’ dx?
2 2,2 2
h .
Vi E=T+U=—ar =8 e (12:2) o6 dung d—lzﬂuczwzo véi diéu
2m 2m dx

kien bien w(0) = y(d) = 0.

Phuong trinh c6 19t gii dang y(x) = Ae’™* + Be ™, Uhg dung diéu kién bien
tacé:

x=0 y(0)=0 A+B=0 A=1B

x=d w(d) =0 Ale Bele_Ale Aele 0

hay 1a sinKd =0 Kd=nn - K=K, =-d~v6i n=1,2,3. . (Chiyn
khong thé bing Ovin=0thiK=0 w(x)=0).
Thay cdc gid tri A, B vio K, vao ta ¢6:

Yo (X)=A, sinK,x=A, sinr:i—xx 12-3)

d

Tir diéu kién chudn hod fhy, (x ¥ dx =1 ta tim duge A, = J% v ham séng
4]

dién tir trong giéng th& nang bi giéi han mot chiéu véi kich thude d 1a:

Wn (X)= ‘[sm—wx (12-4)
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22 2.2 2
Nang lugng cha dién ti E,= L K*“ = L n‘ n_2 {12-5)
2m 2m d

viiin=1,2,3, ..«

Nhir vay chiing ta thdy ring thanh phdn dong ning theo truc x ta goi 13 E_,
la gian doan va gid tri cla ching ciing nhu khodng cdch gilta ching phu
thudc vio n va vio d

Tit diéu kién bién tuidn hoan Born-Karman (2-5) ta ciing suy ra dugc

2n 2z
K, =K , =n~—=n.— dodé:
x nx L d

X

E,

X

_RKE A (Znn ]2 R n?
2m" 2m'\ d " d?
T nguyén 1§ bdt dinh Heizenberg AP, .Ax > h ta suy ra AP, cuc tiéu,

AP, min = % , trong mang mong c6 kich thude theo truc x 1 d ta c6 thé coi

Ax do bdt dinh vé vi tri theo truc x 1a d, Ax =d vd AP, i, =§ . Néu chiing

ia e k
ta gia thiét P, = nE ta cling suy ra dugc

2 2 2 2 2
B e 2 1
2m 2m | d d
Nhir vay bing nhiéu céch tiém cén vén dé ching ta di dén mot két luan:
nang lugng dic trimg cho chuyén dong cla dién tlt theo phuong x vudng géc
v61 mat phing hai vdch cla rao thé E,, 1a gidn doan, khong bing 0, phu
thugc vio d?, d 12 kich thude clia giéng the nang.

Nang lugng toan phin clia mot hé luong tr kich thuéc c6 phé hén hgp vira
gidn doan vira lién tuc, nd gbm mot téng céc gid tri gidn doan v mot s
hang lién tuc. Téng gidn doan mo t& chuyén dong theo huéng lugng tir hod
(truc x), s& hang lién tuc lien quan d&n chuyén déng trong mat phang cha
véch hang rio the (x, y). Nghia 12 ta ¢6:
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Pf +PZ2
E=E,, + : (12-6)
2m
2 p2
Nhur vay nhd thanh phin lién tuc | ——2 | dién tir thudc cliing mét miic
2m

E, €6 thé c6 nang lugng toan phén tit E,, khi P, = P, = O dén vo cyc. Tit ¢4
cdc trang thdi xdc dinh bdi mét gia tri n ¢ dinh thudng duge goi 12 mot
viing con lugng tir kich thude (quantum - size subband). Trén hinh 12-1 biéu
dién phd ning lugng cha dién tif trong

h¢ lugng tir kich thude theo x (a) va E €

theo K=,KZ+K. (b). Ching ta

nhan thay ring sy gidn doan clia ning
lvong E,, cang tang khi d cang giam, E,
ddng thei miic nang lugng cyc tiéu E,
cang l6n khi d cang nhé. Mic nang g,
luong E| I6n hon mic E_ va cang 1én
hom khi d cang nhé, din dén bé rong E, e e e
ving cdm ting 1én. a z 0 K

Khi d gidm thi cdc mic nang hegng 3) b}
cing cdch xa nhau hon. Goi AE, 1a  Hinh 12-1: Su phy thudc néng ong vao
khoang cdch nang lwong gifta hai miic  toa do x (a) va vao K = /K| + K. (b).
canh nhau E; va E_, tacé:
2
+) Rl
AE, = By, -E, _ TRl 2 041 5 Bl (127)
oo ' 2n'd 2md )=
Dé quan sdt duge hiéu tng lugng tr hod trong he dién tir, hé d6 phai d4dp ing
mét s diéu kién sau day:
- Khoang cich ning lugng gilta hai mi¥c nang luong canh nhau phai Ién
hon nang lrgng chuyén dong nhiét kT, nghia 1a AE, = E__, - E, > KkT.
- Khodng cach nang lugng AE, phai I6n hon d¢ bt dinh vé nang luong AE (d6
nho#) clia cdc trang théi dién ti duroe dic trumg bdi vecto séng K (K, K, K)

hay 12 (n, Ky, K)vi K =n .

Tnigng Bai hoc Bach khoa Ha Néi 365



VAT LIEU BAN DAN

Theo nguyén ly bat dinh Heizenberg ta c¢6 AE > h trong dé t la “thdi gian
1

g " T s p Ll n + - -l o h—' o .
song” cua trang thai K, nghia la gid tri cuc tiu cha AE =— . Thai gian
T

s0ng cla trang thdi K c6 thé xem 12 thai gian hdi phuc, trong diéu kién tin
xa dan héi va dang huéng né bing thdi gian chuyén dong tu do trung binh
T V1 vay ta ¢6:

AE, =E,, -E, >AE=— - (12-8)

Tth  pm
Nhu vay muén quan st duge hiéu tng fuong tir kich thuée miu cin 6 thoi
gian héi phuc [6n, o linh dong hat din 16n hay 1a quang dudmg chuyén dong

tw do trung binh (; 16n.

Chiing ta cé thé ching minh rang, diéu kién d€ quan sdt duge hieu ing lugng
i hod kich thudc 1a:
£p>>d (12-9)

Diéu d6 c6 nghia 12 hat trong trang thii gin tu do s dao dong tudn hoan
gitta hai véch, diéu ki¢n {,, >> d bdo dim cho dién tir c6 thé thuc hién mot
§6 dao dong giira hai 14n va cham (tdn xa).
- Phdn xa cua séng dién tir trén hai bé mat vich phai 12 phén xa grong,
Trong phan xa guong thi K, va K, 1a khéng ddi nghia 12 trang thdi cila dién
tir khong déi. Néu khong dam bdo dwgc didu kién phan xa guong nghia 1
sau mbi l4n phén xa K, va K, s& thay déi ddn dén hat chuyén sang trang thii
K' khéc va quing dudmg chuyén dong tu do trung binh {, < d, khong dédp
ing diéu kién {,, >> d.
Nhu vay d€ quan st duge hiéu tng lugng tir hod kich thudc cdc bé mat vdch
phdi phéing, nhitng mép mo g ghé phai c6 kich thude nhd, nhd hon nhiéu
tdn bude séng De Broglie ctia hat va khong chita cdc tam tich dién.
Tom lai dé quan st duge hiéu tng lugng tir hod kich thudc thi hé cidn
phai ¢6:

- Bé day d nhd;

- Nhiét do du thép;

- D¢ linh dong hat dan (thi gian héi phuc) dii cao:
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Churang 12: Ban dén thip chiéu

- Nong do hat dén du nho;
- Mat vich di d¢ bing phing.

Cic diéu kién nay khong tén tai doc 14p ma lién quan mat thiét véi nhau.

12.2. NHUNG KHAI NIEM, TINH CHAT, PAC TRUNG CUA VAT
LIEU BAN DAN THAP CHIEU

Tir bai todn dién tir trong giéng the nang trén day ching ta thdy ring tinh
chét, dac trung cia vat liéu ban dan khong chi phu thuée vao cdu tric tinh
thé, thanh phén hod hoc ma con phy thude vao kich thuéc, hinh dang cda
nhilng cdu tric thanh phin tao nén ching.

Mot ciu triic ¢éd mot, hai hodc ca ba kich thude ¢& 1 dén 50nm (10A dén
500A) dugc goi 1a c4u triic nano. Kich thude nano tuong Ung véi budc séng
De Broglie cua hat din cGa h¢ di gdy nén cdc hiéu tmg nhot lugng tir
{quantum confinement) cdc hiéu (ng thap chiéu. C6 ba dang cau tnic nano:

- Gi€ng lugng tu (quantum Wells - QW) 12 dang cdu triic trong dé chuyén
dong cua hat dan chi duge phép xdy ra trong hai chiéu (2D) twong ting 13
nhét mot chién. That ra cfu tric nay phai got 13 16p lugng tir.

- Day lugng tir (quantum wires - Q.wire) 12 dang c#u tric trong d6 chuyén
dong cta hat din chi duge phép xay ra trong mot chiéu (1D) twong (ng ia
nhot hai chiéu.

- Chém luong tir (quantum dots - QD) 1a dang cau tric trong d6 chuyén déng clia
hat déin duge phép trong zero (khong) chiéu (OD) twong (ing 13 nhét ba chiéu.

Tit két qua cua bai todn dién tif trong giéng thé ning trén day chiing ta cé thé
viét lai phd nang lugng trong cée c4u tric khdc nhau,
Trong cu tnic tinh thé ba chiéu (3D) nhu ching ta da biét véi nhing gin
didng khéi lugng hiéu dung clia dién tir 1a ding huéng, mat ding nang 13 mat
clu, cho E, = 0 ta c6:

S

Eyp =———=——{ K2 +K2+K? (12-10)
P om" T am ( Y z)
Trong cau tric hai chiéu (2D) gi€ng lugng tir (Q.W) ta c6:
2 2,2 2
Eyp =B, + H(KE+K: )= L 0l + i (K +K7) a2
' 2m 2m dy 2m
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Trong cdu tric mét chidu (1D) day lugng tir (Q.W) ta ¢6:
RIK2 Rl s Wt , R

Ep=E..+E,, + n, +
: mOEY T Mt 2m d2 2m"d§, ¥ om

_K2  (12-12)

Trong céu tric khong chidu (OD) cham lugng tir (Q.D) ta c6:
Epp =En +E, +E,, (12-13)

Bay gid chiing ta xét mat do trang thai trong cac dang cdu tric khdc nhau.

Mat d¢ trang thdi trong ciu triic tinh thé ba chiéu (3D) véi E, dat bing O (tinh
¢d hai trang thdi véi spin khéc nhau) ta cé:

. \3/2
2m IT! t
N(E);p = 41{ 2 J = g (12-14)
Bay gi ching ta tinh mat d6 trang thdi trong c4u tric hai chidu (2D) giéng
lugng tir QW, ¢6 phd néng lugng nhw bidu dién & (12-11)

2. 52
P, +P,

2
EzD:Enx+h—*(K§+K§ J=Eg L2 (12-15)
2m
Truéc hét chiing ta hiy tinh t8ng s6 trang théi dién tlr 6 nang luong tir 0 dén
E, goi ham nay la G(E). B&i vi nang lugng cyc tién cla dién tir 1a E,, vi vay
néu E < E,, thi G(E) = 0. Bay gi¥ ta xét khoang nang lugng E,, < E < E,,.
Nang lugng nhé hon E chi ¢6 thé thude vé nang lugng & mice thit I trong d6
xung lugng toan phdn

P=\P?+P? <2m"(E-Ey,) (12-16)

Nhu‘ng dlén tir ndy chi€m mot thé tich khong gian pha bén chiéu (y, z, P, P,) 13
—np .Ly.L;; thay (12-16) vao ta co: -

V,=21m'(E - E, L, L, (12-17)
trong d6 L, L, 1a kich thudc cia miu (khong bi gi¢i han). Theo nguyén Iy
cua vat Iy théng ké, moi trang thédi lugng tf cha hat chuyén déng trong cau
triic hai chiéu tng v6i mot thé tich pha 1a (2rh)?. Vi vay, tng s6 trang thdi
c6 nang lugng nho hon E ¢6 tinh dén sy suy bién vé spin s& 1a:

21rm*(E—E]K)LyL m'L,L

G(E)=2. =Y (E-E,, (12-18)
(E} Tahy 2 (E-Ejx)
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Tur (12-18) chiing ta c6 thé tinh dwge mat do trang thai trong ciu tric hai chiéu
(2D), d6 1a 56 trang thdi trong mot don vi nang lugng, mét don vi dién tich:

%

1 dG(E)_ m

LyL,” dE  zp?

N(E) = (12-19)

v6i E|, <E < E,,.

Bdi v&i nang lugng E > E, dién ti ¢6 thé nim trong vung con thit I ma cling cé
thé thuge v& mot viing con khdc cao hon, Méi mot ving con sé déng gép vio
N(E) mot s6 hang ki€u nhu (12-19), vi vay mit do trang thdi trong ciu triic hai
m

chiéu (2D) s& c6 dang bac thang v4i mbi bac bing R
FLE#

nghia 1a ta ¢é:
L]

—— Y 8(E-E,,) (12-20)

wh° n
trong d6 O(E - E,,} goi la him bac thang don vi, bing 1 khi E > E,_ vi bang
0 khi E < E,;,. Trén hinh 12-2 biéu dién him N(E) clia cdu triic hai chiéu
giéng luegng tr (Q.W), vi du nhu

N(E) =

trong mot mang mong ¢6 bé day d . } N(E) _

¢ nano mét. “E:%z .............. ;.’.;,..-’_m_
Tinh todn 1y thuyét xdc dinh duge am o

su phu thuoc gilta mat do trang :'nzh‘2 ol :

thdi N(E) v ning lugng E tdng L) BV A :

quat cho céc loai cdu tric tir ba mch A i i

chiu (3D) dén mot chiéu (1D). - ' -
L . e v . Eqx FEox Eax E

Neéu goi D i s6 chi¢u cha cu triic N - .

thi mat do trang thdi cha. cdu trdc M 12-2: Matdd trang thai trong giéing lugng tir

N(E} c6 mot dang phu thudc vao E chung nhu sau:

24)
N(E)~ E* 2 (12-21)
- Cau tnic ba chiéu D = 3; N;p(E)~E'? J=EiI2

()
- Clu tnic hai chiéu D=2: Nyp(E)~E‘2 / =E°, phi hop véi dang N(E)

& hinh 12-2 khong phu thuoe vao E.
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1

—-1

- Céu triic mot chiéu D =1: Njp(E) ~ E|‘ =E~"2. Dang cna N(E) di
v0i cdu tnic day lugng tr (Q.Wire) duge biéu dién & hinh 12-3. Ching 1a
thady doi véi gid tri E; < E < E, mat do trang thdi N(E) ~ E'*, Ciing tuong tu
nhu vay khi E, < E < E;..

N,,{E) Non (E)

4] E1 EQ 53 E ¢ E1 EZ Eg E

Hinh 12-3: Su phu thube cla mét dd trang thai N(E) véeo nang luong:
a- Trudng hop day tugng td; b- Trudng hgp cham fuong t

- D61 véi ciu triic khong chiéu (OD), cdc chdm lugng tl, mat do trang théi
Nou(E) chi ¢6 thé mo 14 bang mot loat cdc ham gian doan 8 (discret §-function).
Cham Jugng tir duge xem nhu mot nguyén tif nhan tao (artifical atoms).

12.3. TONG QUAN VE CAC CAU TRUC BAN DAN HAI CHIEU

Trén day ching ta dé cdp dén hi¢u ing lwong tir kich thutde trong mang
méng. Tuy nhién hiéu dng lugng tir kich thuéc khong chi xdy ra trong
mang mong hay trong tinh thé ¢6 mot, hai hoic ba kich thudc c& nanot mét
ma cé thé xdy ra trong nhing méu cé kich thuéc binh thuong. D6 1a vi
nguyén nhan gy ra hig¢w tng lugng «r kich thude 1a hién tugng dién tir
chuyén dong trong mot gléng thé nang ma & d6 ¢6 mot kich thude cha
giéng rift nhod. Vi vay c6 thé ¢6 nhiéu cau triic khong ¢6 kich thude nao da
nhd, nhung trong d6 tdn tai cdc gi€ng th€ nang “nhot’ dién 1 cé mot kich
thude dil nhéd dé xay ra hiéu tng lugng tir kich thude. Chiing ta ¢6 thé di€m
qua dudi day nerng cu tric véi hiéu ing lugng tir kich thude thuong gap,
ngoat trir mang mong.

12.3.1. Cau tric MOS

Trén hinh 12-4 biéu dién so dd nang lugng mot cdu triic kim loai - dién moi
(oxit) - ban din (MOS) nhy & hinh 12-4.

Khi cye clra cha cau tric MOS ¢6 dign the U, duong so v6i d€ bin dan loai p
thi trén 16p phan bién ban dan - oxit s& hinh thanh mot 16p nghéo va khi U,
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du lén dé cho do cong viing ning lugng w, = 2y, thi trén bé mat s& hinh
thanh 1dp dao, nghia 1a mdt 1op dién tir. Nong do dién ur trén bé mat n, duge
tinh béng cong thic y

no=tefely —u,) @220

edgy

trong dé d,, 1& bé day 16p oxit, g,, 14 hang aly
s6 dign moi 16p oxit, U, 1a dién dp cyc cira,  Tv_ ]
U, la dién 4p ngudng nghia 14 dién ap cuc

clta 1ing vdi trudmg hop bat ddu hinh thanh

16p ddo. Trong trudmg hop nay digntrdwge — ¥
nhot trong mot hd the nang trong d6 MmOt Hinh 12-4: So d6 h6 thé nang luong
vich 12 bé mat phan cich ban din-dién W kich thudc trong céu tric MOS.
moi, mot vach i ddy viing dén cla ldp ban

dan bi uon cong. Hai vach nay thuc chat 120 thanh giéng thé hinh chit V nhu
& hinh 12-4, Trong cdu tric MOS chiing ta dé dang thay ddi ndng do dién tir
n, bing cdch thay déi dién dp cuc cira vA khdc vdi trudmg hgp mang mong
trong giéng the tac nén do cdu triic MOS chi ¢6 thé nhét mot loai hat dan,
trong vi du ctia ching ta & hinh 12-4 d6 la dién ur.

12.3.2. C4u triic chuyén tiép di chat

Trong chuyén tiép di chat duge bidu dién & hinh 12-5 mat phan bién v6i
cdc budc nhdy dot ngot cha miic nang lugng ddy ving din AE. (hodc
bude nhay cia muifc nang luwgng dinh viing
hod tri AE,) cling v&i by cong clla mifc
ning lugng ddy ving dan déng vai trd hai
vich cla mot giéng thé nang, trong dé ¢d
thé nhét dién tir. Bude nhdy AE, bang hiéu s6
cua hai gid tri 4 luc hod hoc AE, = %5 - ¥4,
néu 1ay goc toa do 1a mire chan khong & xa - >

mau thi AE, = E,, - E, budc nhay AE, duge E}:nhg ‘,ftzl’f-i;ciOthdjﬁgl?rziéhfhﬁf’gﬁ
tinh bang AE, = AE,, - AE,; - AE.. li€p dj chét.

Khéc v6i 1iép xiic ban din - chan khong, bdn dan - dién moi, vich thé ning
¢6 thé cé chiéu cao cd eV, trong chuyén ti€p di chal bidc nhdy AE_ chi dat

Trudng Dai hoc Bach khoa Ha Noi 371



VAT LIEU BAN DAN

¢ 0,3eV. Vi vay trong chuyén ti€p di chdt khong thé 4p dung duoc gia
thuy€t hé thé nang sau vo han (vich cao vo cic). Trong cau tric chuyén tiép
di chat, bang cong ngh¢ hoan hao va cich chon cap vit liéu cé hdng s6 mang
tuong thich ¢6 thé c6 cic giéng the ning véi cic vach phing v c6 thé dat
mat do trang thdi bé mar thap (10%cm™), trong khi céc cau tric MOS cho gid
tri d6 thap nhat 1a ¢& 10'%m™. Diéu kién niy Jam cho dé linh dong cfia hat
dén trong 16p gdn phan bién (bi nhét trong giéng thé) dat gid trt cao, vi du trong
cu tric GaAs - AlL,Ga;_ As ¢6 thé dat do linh dong cha dién tir vuot qua gid
tri 10cm?/V s, néng 4o hat dan n, khong vuegt qui 10'2em2.

12.3.3. Céu tric chuyén tiép di chat kép

Céu triic chuyén tiép di chat kép gom hai chuyén tiép di chat duoc tao nén tir ba
16p vat li¢u trong dé 16p & giita thudmg cé bé rong viing ¢&m nhd hon hai |Gp hai
bén va ¢6 bé diy c& nanomet. Nguii ta phan biét ba loai c4u triic chuyén tiép
di chat kép sau day:

- Cdu triic chuyén tiép di chat kép
Ioai 1 ¢6 so d6 viing ning lugng
dugc trinh by ¢ hinh 12-6a. § day
cdc ving nang lugng tao nén cic
tiéu ning lugng cho ci dién ti, cho
cd 16 tréng trong 16p vat liéu ving
¢dm hep, ¢ dién tir va 18 tréng duoc
nhét trong 19p nay.

- Cdu triic chuyén tiép di chat kép
loai Il ¢6 so doé viing nang lgng
duge trinh bay & hinh 12-6b. & day
cde viing nang lugng tao nén cuc
tifu nang legng cta dién tr trong
mot [6p (I6p gifra trén hinh 12-6b)
con cyc tidu nang lugng cha 18
tréng trong mot 16p khac (néu lép ¢ Ci——
ndy ciing mong).

Evz

- Cdu tric chuyén tiép di chét kép
loai IIT ¢6 so d6 ving nang lugng

Hinh 12-6: S0 d8 vang nang huong cia chuyén
HED df chét kép foai | (a), foai It (b) va loai iil {c).
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duge trinh bay & hinh 12-6¢. O day cdc viing ¢4m khong c6 phén nao chéng
lén nhau.

12.3.4. Cau tric giéng lugng tir lién két

Pdéi véi cac giéng lugng tit hinh thanh trong chuyén tiép di chit kép cic
vich thé nang cé do cao 1a AE_, AE, véi do 16n ¢& 0,3eV & lat, vi vay
khong thé xem 12 ¢6 vdch cao vé cyc. Véi nhimg giéng luong tir c6 véch
the ndng gi6i han nhu vy, ham séng dién tr & ngoai giéng gin by gieng
khong bang 0 ma giam dén theo ham exponent khi di ra ngoai giéng. Néu
¢6 hai giéng lugng tir canh nhau va cach nhau mot hang rdo thé mong thi
cac giéng lugng tir nay sé “lien két” véi nhau thong qua hiéu fng dudng
ngdm, két qua clia su “tham nhap” cla ham séng dién tir vio 16p hang -
r2o the ngoai giéng. Nhu vay néu hai hay nhiéu gi€ng cdch nhau nhimg
16p hang rao thé cé bé day 16n (d€ khong thé xdy ra higu ving dudng
ngdm) thi ta ¢6 mdt tap hop nhiéu gi€éng higng tir don. Tuy nhién néu
nhitng 16p hang rao th& ngan giita cdc giéng di mong (dé c6 thé xay ra
hiéu ting dudng ngdm) thi ta ¢6 mot hé cic giéng lugng tir lien két
(coupled Q.Ws). Trong nhitng c&u tric nhu vay cdc tinh chat cla giéng
lugng tir phu thude vio d¢ sau cla giéng (AE,, AE,) phu thudc bé rong
cua giéng, khoi lugng hiéu dung cita hat din bj nhdt trong giéng va bé
rong cia cac 16p hang rao.

12.3.5. Sién mang v6i cdu tric chuyén tiép di chat

Néu ching ta tao cdc chuyén tiép di chat tr nhidu I6p ké ti€p nhau ta s& ¢
mot diy cdc gigng th€ nang gidng hét nhau, cdch déu nhau biing nhitng 16p
hang rdo mong gidng hét nhau, nhu ¢ hinh 12-7.

Trong trudng hop bé day d,, cla 16p hang rao bdn din ving cdm réng Iém
hom khoang 100A thi s&
khong xdy ra hiéu ung L

dudmg ngdm cia dién tlr IEc2| 3! [_] H HAE,
gita c4c giéng canh ' - '
nhau, cidc giéng lan can

i .
. ; i
khéng anh hudng ldn _Eeld LI L] 1] Lise

. . . V1
nhau, hiu tmg kich .4 50 7 5o 06 ving nang kong caa sieu mang céu
thuGe manh 1én don gidn trc chuyén tidp df chat.
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la do déng gop cua nhiéu giéng riéng biét. Nhimg cau tric nhr vay dugc £0i
1a cdu tric nhi€u giéng luong tr {multi-quantum wells-MQWs).

Trong trudng hop be day d, cita Idp hiang rao di nhd dé cho xdc suat truyén
qua cac I6p hang rio giita céc giéng theo co ché hieu (ng dudmg ngam (4
dang ké thi phd ning luong clia heé sé& bi thay déi. Néi cdch khéc, trong cdu
triic nhy th€ s& ¢ sy tuong tac giita cdc trang thdi trong cdc gigng v6i nhau
dén dén sy tich cdc mic nang lugng ing véi cdc trang thdi trong timg giéng
¢0 lap.

Mbi mite nang luong lugng tr kich thude trong giéng c6 1ap nay tich thanh
mot dii nang lwgng, giong nhu cic mie nang Wwgng nguyén tir co lap khi cic
nguyén ttr lién két thanh chudi twong tic 1in nhau. Loai cdu tric nay chuyén
thanh mt cau triic méi goi 12 siéu mang,

Céc siéu mang thuong duge ché tao bang cong nghe epitaxy chiim phan tiy
(MBE). D¢ 1am vi du chiing ta xét mot & hgp gom céc 16p mong GaAs (16p
A) c6 be day d, va cc 16p méng Ga, AL As (16p B) cd bé day d,. Cau tric
nay tao nén mot diiy giéng thé nang c¢6 bé rong d,, c6 chiéu cao hang rio thé
trén viing din ¢ AE_ = 138meV, ¢6 chiéu cao hang rao thé dui viing hod tri
¢& AE, = 162meV. Nhu vay ta c6 A = AE_ + AE, = 300meV = AE g - AE,,,
trong dé AESB 1a bé rong viing cam cha Ga, Al As véi x = 0,3; AE,, 12 bé
rOng ving cdm ctta GaAs. Tinh todn thong thudng cho ta mic nang lugng
cua dién tit trong dai ddn mini thd j cha 16p A (Ga As) ban din viing com
hep E;(d,) phu thudc vao bé day d, 1a:
22
Ecj(da)=h—:r?(j+l)2 (12:21)
a~a

trongdéj=0,1,2, 3..; ma* la khoi lugng hiéu dung ctta dién tr trong viing
dan cla i6p A. .
Vi céc dién tir trong cdc 16p mdng 1 khi dién ti hai chiéu va kich thude theo
chiéu x 1a nhd - chiéu lugng tir hod clia chuyén dong dién tr, nén ta phai xdc
dinh cc mife nang lugng trong dai mini 1ing v&i chuyén dong lugng it hod,
nghia la ta tinh E(K,).

E ]

Gid str khdi lugng hiéu dung ctia dién 1ir trong céc 16p giong nhaw: m, = m,“=m
ta co:
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Ej(dy, K = Ei(d,) - A(dy)cosK,d (12-22)
trong d6 E(d,, K,) 12 ndng lugng dién tir trong viing dén thuoc 16p A véi
vecto song theo tryc x 1a K5 A 1a bé rong chia dai mini phy thugc manh
vao dy, - bé day 16p hang rao (bdn din viing cdm rong); d 1a hing so siéu
mang d =d, +d,.

Tur nhimg phan tich, tinh todn trén day ching ta thdy réng: thay déi d, va d,
ta cd thé lua chon vi tri cia cdc dai mini E; va bé rong nang lugng cta dii
Ag. Chinh vi vay bang cong nghé

AE

epitaxy chitm phan tir ta da tao ra kha i |
nang “thiét k&” cdc viing néang luong. T T T ST e Tt

¢ e e THonE P =577
Trén hinh 12-8 bigu dién sy hinh : \ / ; ' dii |
thanh cdc dai mini trong siéu mang : Y | ] 0 mini |
vdi hing s6 siéu mang (chu ky) d R Ek

. i - x ; : i -

trong tinh th¢ cé hang s6 mang tinh -y T o’n'm S s

the la a. 0 day khodng khong gian K- o o d6 dai nang fugng mini
i (—E] dén [+-’5] bidu dién rong siéu mang.

a a
ving Brillouin thit I clia mang tinh thé ¢ hing s6 mang a, khodng khong

gian K tir { —% J dén [ +g ) ¢6 thé xem 13 viing Brillouin thit I cha siéu
mang véi hang s¢ siéu mang (chu k) d.

12.3.6. Cac 16p delta va siéu mang nipi

Cidc 16p delta 1a nhiing ban dén cé sy phan bd tap chdt hét sitc khong
dong nhdt, trong d6 cic ion tap chdt duge tap trung trong mot 16p heét
sttc méng (trong trudng hop 1y tudng 12 mot I6p don). Cdc hat din
khuéch tdn tir cdc ion tap chat bi kim gitt gin 16p tap chdt boi dién tich
cua ching. Dién trudng do ion tap chat gay nén (dién trudng clia tap
chat, dién trudng noi):
_2nNe
EE

& (12-23)

o]
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trong dé N, 1a mat do bé mat chia tap chét tinh bing don vi (cm’2). Dien

trutng cia tap chdt €, bj chan boi dién tr ty do véi néng do bang N,, két qua
tao nén mot giéng the nang c6 dang nhu biéu dién & hinh 12-9. Trong giéng
the nang c6 thé t6n tai mot s6 mife nang luong gisn doan E . Diém dac
trung cia cdc 16p delta 13 cé kha
nang nhan duge mét néng do6 rit cao
cdc hat dan lugng tir kich thude (size-
quantized carriers), N, ¢6 thé dat t6i
10"cm? 16n gdp boi nong do hat din %

E
0
7§ B
s EIE2
lugng tir kich thude trong nhiing céu Nif
tric dd mo ta trén day. \ /’/

Siéu mang nipi 12 mot don tinh thé, o : ,

vi du GaAs, trong d6 c¢6 luan phién Hinh 12.9: ﬁ%ﬁgpg}?& gi:? eng o
nhimg 16p mdng pha tap loai n va

nhitng 16p mong pha tap loai p cich nhau nhimg 16p khéng pha tap (loai i).
Nhiing 16p pha tap thudng rdt mdng nhu nhitng 16p delta da néi trén day.
Se d6 viing nang lugng clia mot doan trong siéu mang nipi duge biéu dién
& hinh 12-10a.

Khi situ mang duge chigu sing, céc a)
hat din quang phat sinh bi phan chia

z

bai dién trudng ndi € va bang dien Ny Ng Ng
tich clia minh ching lam thay ddi so ™

d6 ving nang lugng vA nhiéu tinh

chdt lién quan dén so 46 ving nang W\/\/
lrgng, vi du pho hdp thu. Trén hinh  Fa

12-10b biéu dién so dé ving nang Foz------- e A
lwong ciia siéu mang nipi khi chidn E e o S
sing. O day mic Fermi F wong diéu o 12902 59 45 ving nang Long ofe
kién cén bang 14 chung cho ca Phan  pana' b Khi chisu sang.

b6 dién tir va 18 tréng duge thay bing

chudn mitc Fermi cla riéng timg loai hat ddn F," va Fp* dac trung cho ndng
d6 hat din khong can bing,

Higu g thay ddi dang viing nang lugng cla siéu mang nipi ¢6 thé dat duoc
khong chi bing cich chigu sdng, ma c6 thé birg cach dat thién 4p gifra 16p n
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va 16p p nhd cédc dién cuc chon lge dac biet. N6i mot cach khdc sién mang
nipi ¢6 thé xem nhu mét ban din v6i ving nang lugng c6 thé diéu khién
dugc. Tinh chdt ndy cua siéu mang nipi 1am cho cfu triic ndy duge dung nhu
mot linh kién nhay quang véi chite nang nhu mét photo-detector.

12.3.7. Siéu mang cic 1ép co gian

Siéu mang céc Idp co gidn (strained layer superlattice - SLS) da duge gidi
thiéu trong muc (7.4.7), & day cde 1dp co gian phai c6 bé day nho hon bé
day i han dg. Bé day téi han 1a bé day cla 16p epitaxy co gidn ma nang
lugng ¥mg sudt do sy co gidn hing s6 mang da qud 1dn cdn dugce gidi phong
dé trd vé cau tric mang von cé va 1am xudt hién cdc léch mang khong
tuong thich (misfit dislocation) trén phéan bién gitta d&€ va 16p epitaxy. Bé
day t6i han phu thudc vao d¢ khong tuong thich, vi du néu dg chénh léch
hing s6 mang 1a 1% thi dg bing bé day 50 16p don, néu do chénh hang s
mang 14 4% thi dg bing bé day 6 16p don. Nhu vay céc 16p co gidn ciing cé
kich thudc nanomet va siéu mang cdc I6p co gian (SLS) ciing 1a mét cau
triic thép chiéu, hiéu tmg lugng tlr kich thude s& 1am thay déi co ban viing
nang lugng cha céu tric. Bing céch chon cdc cap vat liéu, xac dinh kich
thudc céc 16p ta c6 thé “thist k&” mot vat lidu v6i cdu tric ving nang lugng
mong mudn. Mot didu dac biét 12 tir hai vat liéu ¢6 bé rong viing cdm khdc
nhau nhung déu 1 ban din ving cdm xién nhu silic vd germani (cé 4o
chénh hiing s8 mang khodng 4%) c6 thé tao nén siéu mang cdc 16p co gidn
(Si-Ge) 12 vt liéu bén din viing c&m thang.

12.3.8. Siéu mang ban dan vo dinh hinh

Tir nhitng nam 1980 nhifng cdu triic nhiéu 16p moéng bén dén vo dinh
hinh duge nghién ctu nhw: (a-Si:H)Xa-Si; C,:H); (a-Si:H)/(a-Si;_,N,:H);
(a-Si:H)/(a-Si, ,O,:H): (a Si:H)/Aa-Si, Ge H). Sy tdn tai hieu vng lugng tir
kich thuéc trong cic giéng lugng tir ban din vo dinh hinh, vi du (a-Si:H), di
duoc chimg minh bdi hiéu dng dudng ngdm cong hudng cia di¢n tr trong
cic diode (a-Si:H)/(a-SisN,:H) va gin day 1a bing hién tugng dich chuyén
viing con quang hoc (subband optical transition) duge phat hién trong ciu
tric (a-Si:H.quartz) va (a-Si;C,:H)/(a-Si:H). Tuy nhién nhiing tinh chat
dien, tinh chit quang cha cdc he giéng lugng & van dugc bi€u dién trén co
s hiéu tmg kich thude Iugng tir trong siéu mang tinh the,

Trudng Bai hoc Bach khoa Ha Noi 377



VAT LIEU BAN DAN

Cac cdlu tric siéu mang vo dinh hinh dugc che€ tao bang cdc cong nghe xua
nay vin ding dé ché tao cdc Ip ban din vo dinh hinh nhur: phuong phdp
phdng dién trong khi kém (glow discharge), phuong phép phun xa hoat tinh
(reactive sputtering), phuong phép ngung dong hod hoc pha hoi quang
(photo-CVD), phuong phdp plasma CVD....

Sieu mang bdn din v6 dinh hinh khéng phai twan thi nhitng diéu kién
nghiém khéc vé sy tuong thich cau tric hing s¢ mang gitta cdc 16p vat lieu,
Vi vy ché tao cdc siéu mang ban din vo dinh hinh c6 thé dé dang va dan
gian hon siéu mang tinh thé, Tuy nhién dé cé duoc nhimg cdu tric siéu
mang bdn din v6 dinh hinh cé chat lugng cao ngudi ta di chd ¢ nghién ciru
nhitng vin dé sau day:

- Nghiép ciru im nhimg gidi phdp cong nghé dé tao duoc nhimg chuyén tiép
di chat dot ngét, tzo duge nhimg 16p phan bién giita hai 16p canh nhau bang
phing & mic do nguyeén .

- Nghién citu tim ki€m cong nghé ché tao dugec nhitng 16p méng déng déu
vt thanh phin hod hoe mong mudn, trinh duge sy nhiém ban do quy trinh
lién 1i€p ché tao cdc 16p vat liéu khac nhau.

Sieu mang bdn din v6 dinh hinh duoc chi y nghién ciiu va di tim duge
nhi¢u ting dung trong thyc 1,

12.4. NHONG PAC PIEM, UNG DUNG CAU TRUC BAN DAN
HAI CHIEU

bac diém chung clia cfu tric ban dan hai chidu, céc giéng luong tir (16p
lugng tir) 14 hiéu tng nhot lugng tir trong mot chiéu kich thude nanomet,
nghia Ia hiéu ¥ing lugng ti kich thudce:

- Phé nang lugng 1 gidn doan, mic nang lugng thdp nhit 12 E, > E_ din dén
bé rong viing c4m quang hoc tang 1én (hién tugng dich vé phia tim). _

- Viing nang luong clia cdc c4u tric siéu mang thay ddi va c6 thé diéu chinh
dugc tir ban din viing c4m xién c6 thé chuyén thanh bin din viing cim
thang.

- Nhi¢u tinh chat clia cau tric thay déi nhidu so v6i mAu ba chidu, vi du: do
linh dong cha hat dan trong giéng lugng tir thudng cao hon trong miu ba
chiéu. Nhimg tinh chat dac biét cia ban dan hai chiéu di duge dng dung dé
ché tao cdc linh kién. Chiing ta s& diém qua dugi day mot s img dung dé.
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12.4.1. Laser giéng lugng tir hay lasers chuyén tiép di chat kép

Str dung chuyén ti€p di chét kép véi gieng luwong tir ddi véi ca dign tit va 16
tréng trong cau tric diode laser nhu & hinh 12-6a c6 nhitng uu viét sau day:

- Nhir hidu g nhot hat dAn dé dang tang cudng duge trang thdi dao mat 4o,
giam duge mat do dong ngudng, tang hiéu sudt phét xa.

- Nho hiéu ting luong it hod kich thude ¢6 thé tang va diéu chinh duge tn s 4nh
sdng laser thong qua kich thude giéng lugng tir: hv = AE," = (AE, + E, + Ep).

- Théng qua hiéu img “clra &~ giam dugc sy tdi hap thu cdc bic xa laser
phét ra tir viing tich cuc 12 16p ban din viing c4m hep, giéng lugng tr, khi di
qua lép ban dan viing cim rong.

- Néu chon dugc 16p tich cuc chiét sudt cao hon hai 16p hai bén c6 thé tao
thanh mot 16p "nhdt photon” nhd hiéu ting phan Xa toan phén.

Vi nhiing 1§ do trén cdc diode laser ngly nay déu c6 cdu tric giéng lugng tr
kiéu chuyén tiép di chat kép loai 1.

12.4.2. Piéu bién quang dang giéng lugng tir v6i can tric chuyén tiép di
chat kép

Giéng lugng tlr v6i cdu tmic chuyén 6igp di chét kép duge sit dung nhu mot
diéu bién quang vi nhimg yéu 1o sau:

- Trong giéng lwgng tir vach hdp thu exciton rat nét vi cudng do rit manh
ngay & nhiét do phong.

- Vi trf clia vach phé hap thu exciton c6 thé dich chuyén déng ké khi dat vao
chuyén tiép di chét kép mot dién trudng vudng géc voi cic bé mat vich giéng
luwong tir. Yé&u 6 ndy ¢6 thé
hiéu duogc bing so dé trén

hinh 12-11b, khi trén Etn
chuyén tiép di chat kép & i

hinh 12-11a duoc dat mot AEGT  |aEg
thién 4p. o o [

Vi ning luong lién két

. . E;

exciton AE hidu nhy Hinh 1211 o Chuyén tiép di chat kep,
. A giéng luigng K trong ¢l tnic diode faser
khong phu thudc vao di€n vy gigy bién quang: b- Chuyén tiép di chét

trudng va vi hiu tng  kepkhico thien ap, AE,” thay déi
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nhét hat dén nén dién trudng ciing khong thé phan chia dién u, 15 trong,
Keét qua la khi dat thién dp vao chuyén ti€p di chat kép vach hdp thu
exciton vin nét binh thuong, cudng do vach exciton ven manh (hon trong
thé khéi) nhung vi tri phd ciia vach d6 sé dich chuyén theo cong thie:

hVere = AES - AB,_ (12-24)
trong d6 AE,™" phy thuge vao dien truomg nhu trén Minh 12-11b, Sur dich

chuyén vi tri phd 1am thay d6i r4t manh h¢ s6 hap thu o déi v6i 4nh sdng cho
trude va 13 nguyén 1y hoat dong cia diéu bien quang.

12.4.3. Photodetector c¢é ciu triic nipi

Céu triic siéu mang nipi trinh by & hinh 12-12 ¢6 thé hoat dong nhu mot
tinh kién nhay quang, photodetector.

Photodetector ¢6 dang 1a mot
linh kién quang dan, cdu tric
siét mang nipi ¢6 hai tinh  #nhsang
chat dic biét so véi mot
quang dan ba chiéu:

a. Sy dich chuyén bd nhay aEg-AES"
quang vé phfa séng dai do by Hinh 12-12: Sa d6 ving nang fudng cla photodetecior
hap thu co ban & day dugc  c6 cau tric sieu mang nipi.
xéc dinh boi gid tri AE
bang khoang cdch nang luong cue tidu gilta trang thdi thdp nhat trong
viing din E,, va trang thdi cao nhat trong ving hod tri B, ,, nhu biéu dién
trén hinh 12-12, AEg"'ff < AE,. Chuyén mitc ca dién tir gitta hai trang thai
nay va do d6 qud trinh hap thu xay ra & gi rj hv < AE,. Qua trinh h4p thu
dugc xdc dinh bdi sy tring nhau clia ham séng dién tir va ham séng 15 tréng.
Bi¢n do clia ham séng dién ti¥ trong viing 16 tréng bi nhot phu thudc vio xdc
suat “"xuyén hdm" clia dién 6 qua mot rao thé hinh tam gidc ¢6 bé rong
AE, - AES

Ax 2 va chiéu cao 1a AE = AE, - AE;H, trong dé €, 13 cudng

ek,
d6 dien trudng noi ton tai trong siéu mang nipi. Néu néng do tap chat N, va
N trong si¢u mang biing nhau va bang N; thi cudng d¢ dien truting

dmeN,
g, =

712-25)
€8,
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Xéc sudt hiéu dng "xuyén hidm cla dién t0" sé bing

eff 3/2
D=exp -4J§(3E3_AEg ) (12-26)
Jehg,

Nhu vay trong ciu triic siéu mang nipi pha tap manh, €, s& 16n, sy hédp thu
photon c6 nang luong hv nho hon AE, trd nén déng k€, trén thuc (€ giong
nhu hiéu ing Franz-Keldysh trong dién trudng not.

b. Su gia tang ddng ké thii gian séng trong c4u tric siéu mang nipi so véi
trong mdu ba chiéu 14 do sy phin chia hai loai hat din khong can bang trong
céc 16p khdc nhau. Céc dién tir khong can bing tip trung & cuc tiéu viing
dan, cdc 16 trong khong can bang tap trung & cuc dai viing hod tri. Tir hinh
12-12 ¢6 thé thdy ring d¢€ hai loai hat din c6 miit tai cing mot vi tri va t4i
hgp v6i nhau ching phai vugt qua mot rao th€ nang bing AE, - AEgcrf chinh
vi viy thdi gian s6ng tang 1én va phu thugc vao (AE, - AEgeff):

AE, -AE ST
T=1,eXp % (12-27)

trong d6 1, 12 thdi gian séng trong bdn din dbng nhat ba chiéu. Su gia ting
clia thii gian sOng bl vao sy gidm sdt hiéu dng tunnel trong qud trinh hap
thu 1am cho ciu tric siéu mang nipi ¢ d6 nhay quang déng ké trong viing
phd véi hv < AE, va 1a photodetector thich hgp trong viing phé séng dai hon
s0 v&i ban din dong nhat.

12.4.4. Transistor hiéu tmg truong pha tap diéu bién

Transistor hiéu tng trudng pha tap diéu bi€n (Modulation doped field
effect transistor - MODFET) hay con duge goi 13 transistor do linh dong
dién tir cao (high electron mobility transistor - HEMT). Pay 14 mot loai
transistor hi¢u ing trudng (FET) nhung mang hai céi tén ¢6 vé rdt khic
nhau: tén thit nhat mo ta cdu tao cha transistor, d6 12 transistor trudmg cé
cdu triic chuyén ti€p di chdt pha tap diéu bié€n. Tén thif hai néi len dic
trung quan trgng cua transitor, trong dé dién tir cé d¢ linh dong rat cao,
nghia 12 nhitng transitor tdc dong nhanh trén co s& cfu tric chuyén ti€p di
chét pha tap diéu bién.
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Khai niém pha tap diéu bién (modulation doping) dugc hidu 1a: trong mot
chuyén ti€p di chit, bdn dén viing cdm rong duoc pha tap (vi du Joai n) con
bin dan viing cdm hep khéng pha tap (ban dan riéng). Trén hinh 12-13 biéu
dién so d5 viing nang lwong chuyén tiép di chét pha tap diéu bign. Tir so d6
nay ching ta thdy réng trong giéng thé nang
tao nén trong 16p ban din viing cdm hep gén bé
mét phan bién dugc nhdt mot 16p khi dién tr
hai chiéu. D¢ linh dong cla dién tir trong Iép
khi hai chi€u nay duge gia ting dang ké so véi
trudmg hop ban dan déng nhét vi hai 1y do sau
day:

- Cdc vich cua giéng lugng tir ¢6 chit luong
cao trinh duge tan xa trén bé mat phan bien, do Eg‘n” 'Ci;;:"c"hfd éiaﬁ‘é‘?”gi”jg
linh d9ng cua dién tir vi the dugc gia tang. oha ?ap diéu bi'g'n. p o

- Trong cdu trisc nay |dp khi dién tr hai chiéu

va 16p ion tap chdt nam & hai phia cha 16p phan bién. Sy phan chia vé vi tr
cha Idp ion tap chat va 19p dién tir hai chiéu lam gidm qu4 trinh tin xa ciia
dién tr va la nguyén nhan gia ting do linh dong cla chdng.

Dé tang hon nita do linh dong cha dién t&f ngudi ta chita mot 16p mong &
trong bdn din viing cdm rdng ti€p gidp vdi I6p phan bién c6 bé day d khong
pha tap, 1dp nay duge goi la 16p gidn cdch. Bang cdch ndy ngudi ta 1am cho
khodng cdch tix dién t&r tw do dén cdc tam tdn xa la jon tap chat tang lén va
do d6 dé linh ddng cta dién tir ting cao. Trén hinh 12-14 biéu dién so do
mét MODFET c4u tao tir chuyén ti€p di chdt GaAlAs/GaAs, trong dé
GaAlAs 12 ban din viing c&m rong, GaAs 14 bdn din viing cidm hep.

Trong transistor & hinh 12-14 diing
cuc cura la ti€p xic Schottky v&i ban
dan ving cdm rong GaAlAs c6 pha
tap diéu bién. B&é day 16p bdn din
ving cdm rgng rit mong cho nén 16p
kéAh dien ngheo clia chuyén tiép di chét va cha
' tiép xtic Schottky chéng lén nhau va
tat cd cdc donor trong ban dan ving
cdm rong da ion hod, két qua 13 18p nay ddéng vai trd Idp dién moi cha cuc
ctra. Vi vay cfu tric di chéit nay gidhg nhu cfu tric MOS thong thudng va
16p dién tlr hai chiéu déng vai trd 13 kénh dién tlr thay déi mot cach tuyén
tinh theo dién dp cuc clra nhu trong MOSFET.

Hinh 12-14: So 46 MODFET.
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MODFET cé d¢ linh dgng dién ti rit cao va hoat dong nhu mat linh kién tac
dong nhanh duge sir dung d¢€ thiét ké ché tao cdc mdy tinh siéu téc.

12.4.5. Transistor dudng ngam cong huong

Transistor dudng ngdm cong hudng (resonant tunneling transistor - RTT)
g6m mot 16p emitter mot 16p collector va mot c&u tric hang rao tunnel kép
(double - tunnel - barrier} cé mét gigng lugng tir (QW). Mot cdu triic nhu vay
duge biéu dién & hinh 12-15, né gém mot 16p ban din ving cdm hep (GaAs)
nam giita hai 16p bdn din ving cam rong (GaAlAs) va hai 16p n™-GaAs
nidm ngoai cling & hai bén dé cung cdp va gom dién t&. Hai 6p hing rio
bdn dan ving cdm rong GaAlAs ¢ bé day ¢& {(5+10) nm cho phép xdy ra
hi¢u ing tunnel xuyén qua cic 16p nay dé dang.

V@i cdu tric ndy, thoat ddu

khi mitc nang lugng thap nhit GanlAs  GaplAs

E, trong QW GaAs cdn cao

F Et
hon mifc F trong 16p n*-GaAs Q) | e
thi khong c¢é dong tunnel oy oot
xuyén qua ldp GaAlAs. Tuy ot

GaAs GaAs GaAs

nhién v6i mot thién dp du Ién
U duwge dat vio 1am cho mire

F cua 16p n*-GaAs nang lén . , E; [
ngang muc E, trong QW {g&ieu

GaAs thi sau dé s& xdy ra '
dong wnnel (hinh 12-15b). Fort [ B '---reu
Hién tugng ndy duoc goi la ) U

hién tugng dudng ngim cong ¢}

hutmg va céc dién wr tr 8i€ng  pinp 12.15: S0 a6 vung néing lugng trong transistor
GaAs lai xuyén hdm qua  dudng ngdm cong hudng: a. Khi chua co thién ap,
hzmg o GaAlAs bén phé.l b- Khi co thién 4p; - Bdc tuyén V - A ctia diode.
gdy nén dong dién di qua

transistor. Néu tiép tuc tang thién 4p U dén khi mic F (phia bén trdi) khong
con thing hing v6i mic E, trong QW GaAs (miic F cao hon E,) thi do
khéong con cdc trang thdi khdc chdp nhdn higu tng dudmg ngdm nén dong
qua transistor s& giam xudng va tao nén mot viung dién trd am. NEéu tiép tuc
tang thién dp U thi diéu kién tunne! s& xudt hién trd lai véi mic ning lugng
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cho phép khdc (E,) trong QW. Két ludn lai, nguyén tic hoat dong ciia RTT
1a dién tir chi c6 thé di tir emitter dén collector néu ching dude noi lién bdi
mot mitc nang lugng céng hudng. RTT duge ing dung trong cdc linh kién
nhé nhiéu trang thit (multiple-state memory devices).

12.5. CHAM LUGNG TU VA TRIEN VONG UNG DUNG

Trong cdc linh kién tmg dung cdc giéng lugng ul, cdc cdu trilc hai chiéu trén
day, vi du nhu transistor dutng ngdm cong hudng (resonant tunneling
transistor), hat ddn chuyén dong vudng géc véi bé mic d€ khi ching chuyén
dong tit emitter dén collector. Nhimg linh kién nay duge mo td nhur 12 nhitng
linh kién thang dimg (vertical structure) va chitng ta mdi chi quan tam dén
kich thue cia linh kién theo huéng thang ditng ma théi. Tuy nhién néu
muén b6 tri nhiéu linh kién nhu the trén mot dién tich dé€ cho trude thi ching
ta cdn phai cyc ti€u hod phén dién tich ma méi linh kién chiém giit. N6i cach
khdc chiing ta phai giam dén t6i thiéu kich thuéc ngang cha linh kién, Viec
d6 ¢6 thé thuc hién duge bing phuomg phip quang khic nhu trong cong
nghé vi dién tir. Bing cdch d6 chiing ta c6 thé nh4n duge nhitng dio véi dién
tich nho trén d& nhu & hinh 12-16. Khi nit ngan kich thude ngang dén miic ma
ban chét séng cha dién tir theo cdc phuong dé di

tr¢ nén quan trong thi dién tir coi nhu bi nhét

trong ¢d ba chi€u va d6 1a nhimg chdm luong tir

{(quantum dots - QD). Trong giéng huong tr ta @

xét trén day tinh chat séng cua dién ttr xudt hién a8

o rét khi kich thudc giéng dat khodng mét vai _

phdn tram pm (~1 O'Sm).‘ B¢ tao ra duge cic ?;120’?;’3;,53“"; ;Sjr’]’; ’;‘ggg
chdm lugng tU ta ciing phai gidm hai kich thuéc  guang knde.

ngang xudng d&én mic d6 nhu vay. V6i cong

ngh¢ quang khéc hién dai ching ta cling chi méi gidm kich thude ngang clia
cdc ddo dén ¢ mot phdn mudi pm (~107m). May mén 12 ching ta ¢6 thé dat
dugc cic chdm lugng tir khi kich thude ngang cita chiing chi dat ¢d ~107"m,
d6 1a nhd céc trang thai bé miit bit gift dién ti trén cdc bé mat cha chdm
lugng tir sau khi tdm thye., Cac trang thai bt dién tir nay thuc chat 13 nhimg
dién tir hod tri trén bé mit khong tham gia cdc méi lien k&t vi né thudc vé
cdc nguyen Hr ngodi cing trén bé mat. Nhing dién tir duge gilt lai trén bé
mit ¢ xu huéng ddy cdc dién tir oy do trong chdm lugng th rdi xa bé mat
vao phia trong, ndi cdch khdc chiing tao nén mot dién trudmg noi "dubi” cic
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dién tir ddn vao phia trong. K&t qua 1a cdc dién ur tr do bi nhét trong mot hd
thé nang gidi han ca ba chiéu véi kich thude bé hon nhitng ddo vat liéu tao ra
bing phuong phdp quang khic, nghia 12 ching ta dat dugce nhitng ch3m
lugng tir. Nhu vay bing phuong phdp quang khic hién dai ching ta c6 thé
tao ra mot ma tran hang I6i ngay ngén cdc chdm lugng . Mot phuong phdp
khic d€ tao ra cdc chim luong tir 13 phuong phap nhét dién tr trong cdc ho
thé nang bing cich ding cac dai dién cue. Y d6 nay duge minh hoa trén
hinh 12-17. Trén bé mit cfu tric 19p tao nén giéng lugng tir ching ta pha va
quang khic dé tao nén cac dai dién cuc kim loai. Khi céc dién cuc kim loai
tich dién am né s& "dudi” céc dién 1l trong giéng luong tir nam phia dudi cic
dai dién cye. Két qua 1a dién tir bi nhét trong nhitng phén tir giéng lugng ti
bi gidi han bdi cdc hang rao the hinh thanh dudi cdc dién cuc tich dién am.
C6 mot diu dac biét 14 ¢6 thé didu khién s6

dién tr trong chim lwgng tir bang cdch thay

Qai
- g 5 fe dia kim foai
d6i dién the trén céc dién cuc. &\’7&6" oo
Bay gid ching ta gid thiét ring chi ¢ mot @ =7

; o)
dién tr don 1€ duge chita trong chdm lugng @ &
tir, Céu triic chdm lugng tr chita mot dién tir

goi cho fa hinh anh nguyén it hydro.

z qidng lugng td
Tuy nhién nguyén tir binh thudmg véi chim 706 @w)
lugng tu ~(duc::tc goi 1a nguyén tfx‘nhan tao, Hinh 1217: Phutong phép fso chéim
nguyén tu thigt k&) cd E'n(}t s yéu o khﬁc wut&bénbcécdéfméngbkkn!oai
nhau. Vi du, nguyén tr cé ddi xing céu,
trong d6 dién tir chuyén dong dudi dnh hudng cla hat nhan & trung tam,
trong khi d6 hinh dang cia chim lugng tir duge xdc dinh bdi cdc dién cyuc
phia ngodi va hing rao thé€ bao quanh hd thé nang trong dé chifa dign .
Chinh vi vay c6 thé thay déi hinh dang, déu chinh kich thudc clia nguyén tit
nhén tao. Ta c¢6 thé tao nén mot chdm lugng tir ¢ dang 1ap phuong, lang try,
ding ba dai dién cuc ta ¢6 thé tao nén mot chim cé tiét dién tam gidc. Bing
céch dira vao trong chi&m luong tir hai dién il ching ta c6 thé tao ra mot
"nguyén tir heli nhan tao". Chiing ta ¢6 thé tao ra cdc nguyen tlt nhan tao véi
ba, bén... thAm chi hang tram dién t&, n6i cdch khdc cdc nguyén tir duge
thiét ké.

Nhimg nguyén tir duge thiét k& nhur the c6 thé ding d€ taora nhiing "vat ligu
mdi". Vi du chiing ta b tri mot s6 chdm lugng tlr sat nhau dé dién tir duge
nhét trong chiing ¢6 thé trong téc v6i nhau tao ra mét "phan tir thiét ke
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Néu ta sdp x&p cdc chim lugng canh nhau thanh mét day, do tuong tac giira
cic dién tir trong cde chdm mitc nang luong gidn doan trong chdm lugng 1l
s¢ tao thanh dai nang lugng, giéng nhu cdc mitc nang lugng gidn doan trong
nguyén (r tao nén céc viing nang fugng trong tinh thé, hay cdc trang thai
gidn doan trong giéng lugng tir tao thanh cdc dii mini trong siéuw mang,

Bay gidr ching ta ban dén nhiig trién vong ing dung ciia chim lugmg 1,
V6i cong nghe quang khic ngly nay chiing ta cé thé thuc hién duge nhimg
ddi dién cuc dé chia bé mat giéng luong tir thanh nhimg hinh vuéng kich
thirde ¢& 0,1um, nghia 13 mot d& 6 dién tich lem? ¢6 thé chia 10 ty (10"
cham lugng tlr. M&i chdm lugng tir ¢6 thé thuc hién chie nang clia mot
transistor cong hudng dudng ngdm gidng nhu mot transistor binh thudng
khéc. Nhu vay cdu tric ¢6 mot dung lugng virgt qud ca nhimg may tinh siéu
toc cyc manh ngay nay chi nim gon trén mot chip don [&.

Tuy nhién dé img dung duge cic chim lugng tir thi con cé rt nhidu nhimg
vin dé héc bia can gidi quyeét.

Vin dé héc bia ddu tién 13 tao cic dién cuc ndi véi mdi transistor - mai
cham lugng tir. Hon thé nita, cho di c6 thé giai quyét duoc chc dién cyc thi
h¢ cdc dudng nai giifa cde linh kién ciing 1am cho chting ta nén chi.

Chinh vi vay d€ c6 thé sir dung duge tidm ning to I6n cia cham lugng tir
phéi thyc s thay ddi tu duy thiét k& mach tich hgp, ngudi ta chid § dén may

-

¥ trdng sau:

- Khuynh huwéng twong lai 13 huéng dén cic linh kién chic nang (functional
devices).

- Khi cdc linh kién b6 trf gdn nhau thi chiing tré nén khé cich ly mhau, ¢in
thiet phai lgi dung sy tuong téc gifta céc linh kién.

V&i nhimg suy nghi dé6 mét nhém nghién ciu ngudi An D¢ di dua ra mét
loai t€ bo don v co ban: cdc cdu tric gém 5 cham luong tir duge goi fa mot
t€ bao (cell), s6 di¢n tir trong mbi t€ bao dugc khéng ché chinh xéc 13 hai
dién tlr. Do lyc ddy giifa cdc dién tir mbi t& bao o6 thé c6 hai ¢4u hinh img
v6i hai ky hi¢n 0" va "1" nhu biéu dién & hinh 12-18a. Vay la ching ta cé
co s6 nhi phan gidng nhu trong mdy tinh thudmg ding.

Do su twong tic clia cdc t€ bao canh nhau cho nén sy phdn bd cia dién ur

trong mot t€ bao ¢4 xu hudng gay nén sy phan b dién tir twong tu trong t&
bio k¢ ti€p. Bang cdch d6 tin hi¢u duge truyén di doc theo hang, vi du
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trong mot hiang € bao biéu dién &
hinh 12-18b chiing ta dat gid tri cua
t€ bao phia trdi hang & trang thdi "1",
diéu d6 1am cho t€ bao k& ti€p phia
bén phai roi vaoe trang thdi "1" va cit
nhu thé€ qud trinh tiép dién dén trang
thdi cudi cing & bén phai, 16i ra cia
hing. Su tuong tic phic tap hon
nhiéu xdy ra trong mot ma tran hang
c6t hai chiéu cla cdc t&€ bao nhu &
hinh 12-18c. Néu ching ta dua céac
tin hi¢u vao (input} dén cdc t&€ bio &
mot phia clia ma tran, cdc t€ bio bén
trong ma tran sé thay déi trang théi
cliia minh sao cho toan hé ma tran dat
duge cdu hinh can bang. Tai thoi
diém nay ching ta x4dc dinh dugce tin
hiéu ra (output) clla hé¢ ma tran bang
cic trang thdi cla cic 1€ bao & phia

)
a} o o

B) ‘"fﬂ" -‘..1..1..l..‘..‘0u:nm

11 1 1§ 1 OQutput

c) L . L *» - -

76T T 1 € 0 Input
Hinh 12-18: a- T4 bao 5 chdm; b- Tuong
tac gida cac 16 bao gay nén su lan truyén
tin higu; c- Mot ma trén céc 1€ bao déng
val lrd mot finh kién chue ndng.

cudi ciia ma tran. Trong trudmg hgp ndy chiing ta khong thé néi dén nhimg
linh kién riéng biét, cdc cham lugng tir rieng biét, mi toan b ma tran cdc
chdm hoat déng nhu mot linh kién chitc nang,

Nguti ta con sdng tao ra mot kha nang hét siic 1y thi dé 1a hé "phan cham
luong tir" goi tat 1a hé "phan chdm" (antidots) 13 mot cdu tric ¢6 thé goi 1A
he¢ bl (complementary) v&i hé cic cham. Thay vi nhét cdc dién tir trén cic

mic nang lugng trong cic chdm
lwgng tir, cdc chdm tré thanh ving
cdm (khong duge phép) va cic dién
tlr bi ddy sang cdc kénh bao quanh
chim. Ching ta c6 thé ché tao hé
phén chim biing cdch tdm thuc tao ra
cdc ho trong 1dp giéng lugng tir trén d¢
nhu cdu tric trinh bay & hinh 12-19,. Ta
ciing c6 thé tao nén hé anti dots bing
cdch thay ddi ddu dién thé dat vio hé
dai dién cuc rén bé mit gigng lugng
tlr. Khi ching ta dat di¢n thé duong

@»- ~antidot
s

Hinh 12-19: Hé céc antidot tao nén bang
cac hi 18m thue,
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Ién he dién cyc, dién tir duge nhét vao cdc ho the nang duge tao nén & phia
dudi cdc dai dién cyc kim loai trong [6p giéng lugng tir,

Cudi cing phai nhdn manh ring hi¢n nay c6 rat nhiéu huéng nghién citu ché
tao va img dung bdn dan thdp chiu néi chung, giéng lugng tir, chdm lugng
1 néi riéng. Trén day chi 1A mét s6 vi du d&€ minh hoa nhitng vin dé dugc
néu ra ma thoi. Trong cdc phuong phdp ché tao céc he chdm lugng tir ching
ta cling chi méi néi dén phuong phdp quang khic vé6i kich thuéc nanomet
cdc 16p moéng c& nanomét. Phuong phép thit hai d€ ché tao céc he chim
lugng tir duge goi la phuong phap e lip ghep (self-assemby). Trong phuong
phap ndly cdc nguyén tir, phan tir duge sdp x&p vio trong cdu tric nano cé
trat ty nhd nhimg nghién citu vé nhiét dong hoc. Qud trinh tir 1ip ghép cé thé
x&y ra nhd sy tuong téc gita cdc nguyén tit hap phu trén bé mat tinh thé, hay
la nhimg tinh thé nano tw 14p ghép c¢6 thé duoc ché tao bang cdch két tha
trong dung dich & nhitng diéu kién dic biét.

Phuong phap thit ba ché tao cdc h¢ chidm lugng tir dya vio k¥ thuat hién vi
ddu do quét (scanning probe mieroscopy - SPM) trén co s& cdc loai tuong tac
giita miii nhon - d¢€ (tnp substrate) nhu: lyc hit, luc ddy, tia dién tir, dién
trudng. Vi dy: trong kiéu tuong tdc gay ra hién ting dudmg ngdm, khi khoang
cach giia miii nhon va d¢€ di nhd va miii nhon tich dién dwong, higu tng
dudng ngdm cla céc di¢n tlr tir cdc nguyén tir lién két bé mat dén mii nhon
cho phep "diftt ra” mot cich chon loc céc nguyén tlr bé mit va ti€p theo dé 1A
chuyén cdc nguyén tr dinh vio miii nhon dén bé mat d€ khi dat dién dp am
l&n miii nhon.

Cac miii nhon trong hién vi quét tunnel (STM) c6 thé sinh ra mot chiim dién
tlt tiéu ty rat méanh (cd kich thuée nanomet) véi ning lugng khoang 20eV, ¢6
thé gay nén trén bé mat d&¢ nhiéu qué trinh khdc nhau nhu: phan ting hod
hoc, bé gdy cdc mdi lién két, di cu bé mit chia céc nguyén tir. Thue hién qud
trinh song hanh véi nhimg day mili nhon STM ¢6 thé 13 mot bién phdp tién
ich trong cong nghé ché tao cdc cfu tric nano bing ky thuat STM,

Tuy nhién nhiing kho khan gap phdi 12 khong nhd, vi du: d€ c6 duge mét day
(10* + 10% c4c miii nhon STM cén mot cong nghé nano - quang khic rat
tinh vi. Nhing van dé quan trong trong k§ thudt nay 1a: su déng nhat, cich
bé tri chinh xdc va d 1ap lai cla cong nghé.

D€ ket thiic chuong nity chiing t6i néu ra day nhimg vin dé quan trong nhat
ddi véi cac cau tric ban din nano:
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- Diéu khién, khdng ché chinh x4c kich thudc, thanh phén vi su sip xép
cAc clu tric nano.

- Xdc dinh rd vai trd cla bé mit va cdc phan bien.

- Nghién ctu dat duge nhimg ti€n bo trong k§ thuat ché tao va x4c dinh dac
tring ctia cdc cdu triic nano.

- Ché tao v&i kha nang lap lai cao cédc cflu tric nano.

Y . . & - . i o . -
- On dinh dugc cdc cdu tric nano vé mat hod hoc va vé mat nhiat do.
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