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TOM TAT

Sw khuéch tan tap chdt trong chat ban dan la mét hién twong cé y nghia quan trong ca Vvé mdt cong nghé

lan khoa hoc. Thit nhdt, qud trinh khuéch tan tap. chdt xdy ra trong hau hét cac cong doan ché tao linh kién

dién tir. Thir hai, khuéch tan lién quan mdt thiét dén cdc tinh chdt co ban cia chat ban dan, thieong bi chi phoi

boi cac khuyét tGt diém noi tai nhw nguyén dién ké (self- interstitial) va 16 trong (vacancy). Do su tuong tac

gitra tap chat véi mang tinh thé, qud trinh khuéch tan tap chit trong silic thuong tao ra dong thoi cdc khuyét

tat diém, va cac khuyét tdt nay cing khuéch tan song song voi tap chdt. Vi vay, qud trinh khuéch tan ciing nhu

cdc hé s6 khuéch tan cia tap chat va khuyét tit diém iro nén rat phire tap. Dua trén Iy thuyét nhiét dong hoc

khong thudn nghich, bai bao trinh bay va thao lugn h¢ 56 khuéch tan hiéu dung cua bo (B), nguyén tir dién ké

(1) va 16 trong ( V) trong silic. H¢ so khuéch tan hiéu dung ciia khuyét tat diém c6 thé nhdn gid tri am, dan den

hién twong khuéch tan nguoc cua khuyet tt trong silic. Bai bao ciing nghién ciru sy phu thugc cia h¢ $6

khuec@ tdn ciia bo va khuyét tdt diém vao hé sé khuéch tan don gian ciing nhw nong dg ciia bo va cdc khuyét

tdt diem.

Tir khoa: Hé 56 khuéch tan hiéu dung, Tap chat B, Dién ké silic, L6 trcfng, Sai hong diém
ABSTRACT

Dopant diffusion in semiconductors is an interesting phenomenon from both technological and scientific
points of view. Firstly, dopant diffusion is taking place during most of the steps in electronic device fabrication.
Secondly, diffusion is related to fundamental properties of the semiconductor, often controlled by intrinsic point
defects (self-interstitials and vacancies). Due to the interaction between dopant with the crystal lattice, the
dopant diffusion process in silicon often gives rise to point defects, which will diffuse simultaneously with the
impurities. So, the diffusion process and diffusivities of dopant and point defects are very complex. Based on
irreversible thermodynamic theory, the effective diffusivity of boron (B), interstitial (I) and vacancy (V) in
silicon are presented and discussed. The effective diffusivity of point defects may be negative and diffusion of
point defects in silicon could be backward diffusion. In this paper, the dependence of diffusivity of boron and
point defects on simple diffusivity and concentration of boron and point defects are studied.

Keywords: Effective diffusivity, Boron impurity Silicon self-interstitial, Vacancy, Point defects.
MO PAU
Heé s6 khuéch tan 13 dai luong déc trung cho kha
nang xay ra qua trinh khuéch tan va dong vai tro
la dong luc cua sy khuéch tan. Déi véi cac hé
khuéch tan don gian nhu trong chat 16ng va cht

tan dong thoi cia tap chét va cac khuyét tat diém
[1-6]. Do ton tai sy twong tac giita tap chét va
khuyét tat diém, hé s6 khuéch tan trg nén phirc
tap. Tuy vy, dua trén 1y thuyét nhiét dong hoc
khéng thuén nghich, c6 thé thiét 1ap hé phuong

khi, hé sb khuéch tan thuong dugc xem 14 mdt
hang s6 vat 1y, phu thudc vao kich thudc phan
tir, cac tinh chit ciia chat khuéch tan ciing nhu
nhiét do va ap suét. Tuy nhién, trong chat rin,
dac biét 1a trong chét ban dan, hé sé khuéch tan
¢6 ban chat phirc tap hon nhiéu. Phan 16n cac qué
trinh khuéch tan trong chét ban dan 1a sy khuéch

trinh khuéch tan dong thoi va tir d6 xac dinh cac
hé sb khuéch tan hiéu dung cta bo va cac khuyét
tat diém.
1. Co ché khuéch tin trong chét ban din

Dé hiéu rd ban chat vat 1y cua qué trinh
khuéch tan, cin xem xét cac co ché vi méd chi
phéi chuyén dong ctia nguyén tir. Trong chit ban
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dan ton tai mot sé co ché khuéch tan chu yéu
nhu: co ché dién k&, co ché 16 tréng, co ché hon
hop, co ché “day ra” (kick-out) va co ché phan
ly. Co ché don gian nhét 1a co ché dién k&, trong
d6 nguyén tir khuéch tan nhay tir mot vj tri dién
ké& sang vi tri xen k& khac trong khoang trong
gilta cac nguyén tir mang. Co ché pho blen va
dugc nghién ciru rong rai nhét 1a co ché 16 tréng,
¢6 thé duoc mo ta thong qua phan tng [6]:
As+V — AV (1)
Trong d6 As 1a nguyén tr ndm & vi tri thay thé
trong mang tinh thé, V 1a khuyét tat 16 trong va
AV 1a cip nguyén tir — 10 tréng Ld tréng 1a mot
vi tri mang tinh thé bi bo trong Trong co ché 15
trong, cac nguyén tu khuéch tan trong mang
bang cach trao d6i vi tri voi cac 16 trong ‘Trong
co ché xen k&, hay con goi 12 co ché khuéch tan
dugce trung gian boi nguyén tir xen k& qua trinh
khuéch tan dién ra thong qua phan tng [6]:
As+1 — A1(2)
Trong d6 Ar 1a nguyén tir nam & vi tri dién k&
trong mang tinh thé con I 1a nguyén tir dién k& tu
than. Vi tri thay thé twong tmg véi vi tri mang
tinh thé thong thudng, trong khi nguyén tir dién
k& ty than 1a nguyén tr du chiém cac vi tri nim
gilta nhiing nat mang trong tinh thé. Trong co
ché dién k&, cac nguyén tir hoa tan & vi tri thay
thé khuéch tan bang cach twong tic voi céc
nguyén tur dién k& ty than, thong qua qua trinh
“day” 1an nhau tir vi tri thay thé sang vi tri dién
ke khac. Khi mot nguyén tir 6 kha nang ton tai
ca & vi tri thay thé va vi tri dién k&, qua trinh
khuéch tan c6 thé dién ra theo co ché “day ra”
(kick-out) hodc co ché phan ly theo phan ting [6,
7]:
As - A1+V(3)

Noi cach khac, mot nguyén tir & vi tri thay thé c¢6
thé phan ly thanh mét nguyén tir 6 vi tri dién ké
va mot 16 trong va phan ng ngugc xay ra khi
nguyén tir dién k& tai hop véi 16 trong dé tro vé
trang thai As. Tuong ty nhu co ché kick-out,
nguyén tir & trang thai dién k& (Ar) c6 thé khuéch
tan trén nhitng khoang cach dai theo co ché dién
ké truc tiép trudc khi tai hop véi mot 16 trong dé
trd thanh nguyén tir ¢ vi tri thay thé. Pic trung
chung ctia hai co ché nay 1a hé sé khuéch tan
hiéu dung 16n, do khuéch tan truc tiép theo co
ché dién k& dién ra rat nhanh so v6i khuéch tan
duoc trung gian bai khuyét tat diém. Tuy thudc
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vao diéu kién khuéch tan, co ché kick-out c6 thé
12 nguyén nhén tao nén nhimg dang phin bd
ndng do “bat thuong” quan sat duoc trong mot
s6 thuc nghiém khuéch tan. Nhimg dang phan b
nay co thé duoc sir dung nhu mot dau hiéu nhan
biét cho co ché kick-out. Pay 1a truong hop dac
biét, boi vi trong hau hét cac tinh hudng, khong
thé suy ra truc tiép co ché khuéch tan vi mdé ma
dua trén hinh dang cta cac dudng cong phan bd
ndng d6 thuc nghiém [8, 9].
2. Khuéch tan thong qua Khuyét tat diém
trong chit ban din

Dé mot nguyén tir c6 thé khuéch tan, né phai
thuc hién mdt budc nhdy sang mot vi tri mang
khéc. Budc nhay nay doi héi phai vuot qua mdt
rao can nang luong nhat dinh, rao can nay gilt
cho cac nguyén tir nam 6n dinh tai nhimg vi tri
uu tién trong mang tinh thé. Gia thiét rang nang
luong can thiét dé vuot qua rao can nay c6 ngudn
gbc tir chuyén dong nhiét, tirc 1a xac suat xay ra
budc nhay khuéch tan phu thudc vao nhiét do.
Khi d6, qué trinh khuéch tan thong qua co ché
(a) c6 thé dugc md ta theo biéu thirc [9]:

D = Dy exp(—5) (4)

vo1 Do duoc xac dinh boi:

Sm
Do = ga3vo exp() (5)

Trong d6 gq 1a hé s6 hinh hoc, phan anh anh
hudng cua hinh hoc mang tinh thé; ao 1a khoang
cach budc nhay; vo 1a tan sé thir;, H™, S™va klan
luot 1a enthanpi, entropy di chuyén nguyén tu
khuéch tan va hang s6 Boltzmann. Phan 16n cac
co ché khuéch tan 13 gian tiép, doi hoi sy tham
gia clia cac nguyén tir dién k& hoic 16 trong nhu
nhimg “phuong tién” van chuyén khuéch tan.
Dleu nay c6 nghia la nguyén tur dién k& hoic 16
tréng trudc hét phai di chuyén dén ving lan can
ctia nguyén ttr khuéch tan thi budc nhay khuéch
tan méi co thé xay ra. Sau khi budc nhay khuéch
tan da dién ra, xac suit dé bude nhay bi triét tiéu
boi mot bude nhay nguoc thuong lon hon xac
suat dé xay ra mot budc nhay tiép theo, do
khuyét tat van con ¢ gan nguyén ttr dang khuéch
tan. Hién tuong nay duoc goi 1a twong quan va
can dugc tinh den cung voi nong do khuyet tat.
Khi két hop ba yeu td: hé s6 hinh hoc, nong do
khuyét tat va hiéu tng twong quan, ta thu duoc
biéu thirc cho hé sé khuéch tan cua nguyén tir
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danh gléll thong qua co ché dién—thay thé hoic
co ché 16 trong nhu sau [9]:

D0:

v61 Do duoc xac dinh bé’i'

(3déySF,SmIaenUopHnnhVaenUopldichuyén
dién k&, va HF, H™ la enthanpi hinh va enthanpi
di Chuyen dlen k&. Céc phuong trinh (6) va (7)
cho thay hé sb khuéch tan cua tap chat trong chét
ban dan phu thude vao co ché khuéch tan. Tuy
nhién, trén thue t&, hé sb khuéch tan cua phén
16n cac tap chét trong chit ban dan, dic biét 1a
trong silic, con phu thudc vao nhiéu dic trung
khac cta hé khuéch tan, chang han nhu ndng do
tap chit va mc do tuong tac gilra tap cht vai
cac khuyét tat diém.
3. He¢ s6 khuéch tan hig¢u dung ciia bo va dién
ké trong silic

Qua trinh khuéch tan tap chit bo trong silic 1a
qua trinh khuéch tan dong thoi. Do su ‘tuong tac
gitta cac nguyén tir bo va mang tinh thé silic, cac
khuyét tat dlem dugc tao ra. Cac nguyén tur dién
k& va 15 tréng nay khuéch tan dong thoi véi bo
trong silic. Chinh céc tuong tac nay cing 1am cho
hé s6 khuéch tan ctia bo va cac khuyét tat dlem
trong silic tré nén phuc tap. Viée xac dinh hé 50
khuéch tén trong truong hop nay la rat kho khan,
Tuy nhién, c6 thé thiét 1ap cac biéu thic cho hé
s6 khuéch tan ciia bo va cac khuyét tat diém thong
qua h¢ phuong trinh khuéch Onsager [10]. Céc h¢
s0 khuéch tan thu duoc trong truong hop nay
duge goi la hé s6 khuéch tan hiéu dung. Ap dung
ly thuyet nhiét dong hoc khong thuén nghich cho
hé khuéch tan da thanh phan cac biéu thirc tong
quat cho mat 46 dong khuéch tan cta bo (Jg),
nguyén tir dién k& (1) va 13 trong (Jv) c6 thé duoc
viét duéi dang sau [10-12]:

Jp = LppXp + Lp1 X1 + Lpy Xy (8)
Ji = LipXp + LyyXy + Ly Xy (9)

Jv=—Us+J» (10)
Trong d6, Js, Ji va Jv 1an luot 13 mat d6 dong
khuéch tan cua bo (B), nguyén tir dién k& (I) va 16
tréng (V). Cac dai luong Xa, X1 va Xv 13 cac luc
dan dong tuwong tmg. Cac hé s6 Lgp, Luva Lyv 1a
cac hé s6 hién tuong. Cac hé s6 Lay, Ly, Lis, Liv,
Lys va Lyr 12 cac hé s6 chéo, dic trung cho su lién
két va twong tac gitra cic thanh phan khuéch tan
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khac nhau [6,7]. Hé phuong trinh khuéch tan
dong thoi cua bo, nguyén tir dién k& va 10 trong
¢6 thé duoc viét dudi dang sau [10-12]:

aCp 82Cg aCg

ot~ DeB 5z ~Us 75, (11)
ac a2c ac
a—tI: elﬁ;—ula—xl—clcl (12)
ac aCg . aC
a_tv =—( atB ) 13

Trong d6 Deg Va De 1an lll’Qt la hé sb khuéch tan
hiéu dung ctia bo va nguyén tir dién ké trong silic.
Céc dai lugng Ug va Uy 13 van toc d6i luu hiéu dung
ctia bo va nguyén tir dién k& trong silic. Cg, Ci va
Cv lan luot 1a ndng d6 cua bo, nguyén tir dién k&
va 10 tréng. Pai lugng o) 1a hé sé sinh-huy cia
nguyén tir dién k& trong silic. Cac hé s6 khuéch
tan hiéu dung ctia bo va nguyén tir dién k& trong
hé phuong trinh khuéch tan dong thoi cia bo,
nguyén tir dién k& va 16 tréng trong silic dugc xac
dinh béi céc biéu thirc sau:

Dep =5 (2Dg + Dy + 222210

) (14)
— ) (19

Trong d6 Dg, D1 va Dy lan 111()1 1a cac hé sb
khuéch tan don gian (simple diffusivity) cua bo
(B), nguyén tu d1en ke (1) va 16 tréng (V) trong
silic; day la cac h¢ s6 khuéch tan cua B, Iva VvV khi
¢6 thé bo qua su twong tac giita ching. Hé s6
khuéch tan hiéu dung cua bo Dep trong silic
khong chi phy thudc vao hé sd khuéch tan don
gian va nong do ciia bo, ma con phu thuge vao hé
s6 khuéch tan don gian va nong do cua nguyeén tur
dién k& va 16 tréng. Tuong tur, hé s6 khuéch tan
hiéu dung ctia nguyén tir dién k& De trong silic
khong chi phu thudc vao hé sé khuéch tan don
gian va ndng do ctia nguyén tir dién k&, ma con
phu thudc vao hé s6 khuéch tan don gian va néng
d6 ctia bo va 16 trong. Hé sb khuéch tan hiéu dung
ctia bo Dep va clia nguyén tir dién k& Der duoc
khao st trong bai toan khuéch tan dong thoi ctia
bo va cac khuyét tat diém trong silic cho truong
hop mot chiéu, voi cac gia tri: Dp = 3,54.107
(cm?s 1) D1=3,57.10"" (cm?s 1)VaDv— 421.10
10" (cm?s™). Cac diéu kién bién va diéu kién ban
dau duoc cho nhu sau: Cp(0, t) = 10" (cm™);
Cg(o, t) = 0; Ci(0, t) = 1,12.10" (cm™); Cv(0, t)
= 1,04.10 (cm™) and Cg(0, 0) = 10" (cm™);
Cg(x>0, 0) = 0; Ci(x, 0) = 1,1.10" (cm™); Cv(x,
0) = 1,04.10"° (cm™). Thoi gian khuéch tan 1a 10
phut ¢ nhiét @6 T = 1300 °C.

(213I + Dy + D‘C‘ DBCB
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Hinh 1. B thi sy phu thudc hé s6 khuéce tan hiéu
dung cua B theo nong d¢ trong silic

Cac két qua thu dugc dugce trinh bay dudi
dang db thi. Trong hinh 1 14 d6 thi biéu dién hé
sd khuéch tan hiéu dung cta bo, cho thiy ring
hé s6 khuéch tan hiéu dung cta bo phu thudc
manh vao né)ng dd bo. Hinh 2 14 d6 thi biéu dién
hé s6 khuéch tan hiéu dung cua nguyén tir dién
ké, cho théy rr:ing hé s6 khuéch tan hiéu dung cua
nguyén tir dién k& phu thudc vao do sau x. D6 thi
hé s6 khuéch tan hiéu dung cua bo trong hinh 1
cho thay khi ndng do bo ting thi toc do khuéch
tan cua bo ciing ting theo. Tuy nhién, hé sb
khuéch tan hiéu dung cta bo luén mang gié tri
duong, do do qua trinh khuéch tan cta bo trong
silic luén 1a khuéch tan thuan (ttc 1a thong lugng
khuéch tan c6 huong tir vung c6 noéng do cao
sang ving c6 nong do thap). Nguoc lai, d6 thi
trong hinh 2 cho thiy hé sb khuech tan cua
nguyén tir dién k& c6 tinh chat rat phic tap. Pic
biét, trong vung do sau tur 0 dén 1,5 pum, hé )
khuéch tan hiéu dung cua nguyén tir dién k&
nhan gia tri 4m, vi vay qua trinh khuéch tan ctia
nguyén tir dién k& 1a khuéch tan nguoc (tirc 1a
thong lwong khuéch tan co6 huéng tir ving c6
ndng do thap sang viing c6 ndng do cao). C6 thé
14 do khi khuéch tan cac nguyén tir B va I bi nung
néng va bi ion hoa rat manh lam cho B mang
dién duong con cac phan tor I mang dién tic
duong. Chung hat nhau 1am B thi khuéch tan
tang cudng con I khuéch tan nhugc tro lai.

KET LUAN

Ap dung 1y thuyét nhiét dong hoc khong
thudn nghich cho phép xay dung mot khung ly
thuyét tong quat dé mo ta khuéch tan ddng thoi
ctia bo, dién k& va 13 tréng trong silic va hé sb
khuéch tan hiéu dung ctia tap chat bo va sai hong
diém xen ke.
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Hinh 2. B thi su phu thudc hé sé khuéc tan hiéu
dung cua xen ke theo do sau trong silic

Hé s6 khuéch tan hiéu dung cta bo luén
duong va ting theo ndng d6 bo, phit hop véi ban
chat khuéch tan thuan trong silic. Piéu nay
khang dinh vai tro chi phdi ctia nong d6 tap chét
d6i v4i toe 6 khuéch tan va phan bd bo trong
cac qud trinh cong nghé ché tao linh kién.

Hé s6 khuéch tan hiéu dung cua nguyén tir
dién k& c6 thé nhan ca gia tri duong va am, phan
anh ban chat phi tuyén va phu thudc manh vao
tuong tac trong qua trinh khuéch tan. Sy ton tai
ctia hé s6 khuéch tan am chi ra rang trong mot so
vung, gradient nong do khong con 1a yéu tb
quyét dinh duy nhat d6i v6i huéng cua thong
lwong khuéch tan.

Hién twong khuéch tan nguroc ctia nguyén tir
dién k& cho thay can mo rdng cic md hinh
khuéch tan c6 dién dya trén dinh lut Fick dé bao
ham anh hudng cua tuong tac gitta cac thanh
phan va cac hi¢u ung nhiét dong hoc khong
thuan nghich. DPay la co s& quan trong cho viéc
xdy dung cac md hinh khuéch tan tién tién hon
trong chat ban dan.

Céc két qua cua bai bao gop phan 1am 16 vai
tro ciia khuyét tat diém trong viéc diéu khién
khuech tan tap chat va c6 ¥ nghia thuc tlen trong
t6i wu hoa cac quy trinh c6ng ngh¢ nhu cdy ion,
1 nhiét va ché tao cau tric nano trong silic.
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