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NGHIEN CUU Sy’ PHAN BO CUA CAC NGUYEN TU PHOT PHO PHA TAP
TRONG MANG GE TANG TRUONG EPITAXY TREN DE S1(100) BANG KY
THUAT CHUP CAT LOP PAU DO NGUYEN TU'
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Céc nghién ctru cho thdy kha nang phat quang ciia Germani (Ge) c6 thé cai thién dang ké néu ap
dung mot Umg suét cing va pha tap dién tir trong mang Ge dé thay dél céu tric vung nang luong
cta nd. Dién tir pha tap dugc tao ra nho pha tap phét pho (P) tir ngudn ran Gali phdt pho (GaP).
Mat d6 nguyén tir P tong cong trong 16p Ge 1a 7,5x10%° Cm tuy nhién nong do dién tr da kich
hoat sau khi xir Iy nhiét chi dat ¢& 2x10" cm™. Nghia 1a vin con 7,3x10%° cm™ nguyén tir phbt pho
van chua dugc kich hoat va chiém gitr cac vi tri xen k& trong mang nén. Trong nghién ctru nay, su
phan bd cua cac nguyén tur phét pho pha tap trong mang Ge duoc tap trung khao sat. Vi tri cua cac
nguyén tir P dugc thiét 1ap lai nho ki thuat chup cét 16p dau do nguyén tir (APT). Mang Ge dugc
xu 1y nhi¢t sau khi tang truéng ¢ nhiét do 700°C trong thoi gian 60 gidy dé tao tmg suat va kich
hoat dién tir pha tap dong thoi cai thién chét lugng tinh thé. Mang Ge duoc ting trudng trén dé Si
dinh hudng (100) bang k¥ thuat epitaxy chim phan tor (MBE). Chét lugng bé mit cia mang va va
chét lugng tinh thé cua 16p Ge dugc khao sat béng thiét bi nhidu xa dién tir phan xa nang lugng
cao (RHEED). Hiéu suit phat quang cia mang Ge duoc danh gia tir phép do phd huynh quang
trong ving hong ngoai.

Tiwr khéa: Germani; pha tap phot pho; phé huynh quang; chup cdt I6p dau do nguyén tir; quang

dién tw

MO PAU

Viéc hién thuc hoa mot nguén sang trén co sO
Si dé twong thich v6i cong nghé ché tao mach
tich hop CMOS (Complementarry Metal
Oxide Semiconductor) 12 muyc tiéu cua nhiéu
nhom nghién ctru trong nhitng thap nién gan
day. N6 s& mé ra nhiéu trién vong tung dung
quan trong, nhat 1a viéc thay thé truyén thong
tin bang tin hiéu dién sang truyén din thong
tin bang tin hiéu quang trong cac linh kién
quang dién tir nham ting tc do truyén dan va
xtr 1y s6 lidu ciing nhu giam ton hao trong qué
trinh hoat dong. Chinh vi thé di c6 rat nhiéu
huéng nghién ctru dé tiép can van dé nay bao
gOm céc nghién ciru vé vat liéu Si phat quang
nhu Si x6p [1,2], Si pha tap Er [3,4], nano
tinh thé Si [5] hay chdm luong tir Ge/Si self-
assembled [6,7], tuy nhién chua c6 nghién
ctru nao thu dugc hiéu qua phat quang 16n &
nhiét ¢ phong. Nhitng nghién ctru gan day vé
mang Ge c6 ng suit cing va pha tap dién tur
noéng do cao da thu dugc nhiéu két qua kha
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quan vé hiéu suit phat quang cta 16p Ge.
Viéc tao ra tng suét cang két hop voi pha tap
dién tir 1a nham thay doi cau trac ving ning
lwong cua nguyén tir Ge dé bién né tir chét
ban din chuyén tiép xién voi hiu suat phat
quang thap thanh chét ban dan chuyén tiép
thang va c6 hiéu sudt phat quang cao trong
ving budc song 1550 nm[8,9,10]. Cac nghién
ctru da chi ra rang véi g1a trj ing suét cang ¢
~1.9%, do rong ving cdm cua Ge s& giam
xudng ~0.5 eV twong Gng voi viée s& co thé
phat xa photon voi bude song khoang 2500
nm[11,12]. Tuy nhién dé vuon t&i gan hon
budc song truyén théng khoang 1550 nm, thi
viéc pha tap dién tir theo mot gia tri ing suit
nao do c6 thé san bang sy chénh léch ning
lugng giita chuyén muc xién va chuyén mic
thing. Pién tir pha tap s& chiém ngit tai cac
muc nang lugng cua thung ling L, dudi su
kich thich ning lugng tir bén ngoai s& dan dén
kha néng cao cac dién tir co thé xuat hién tai
thung ling I" va tang kha nang phat quang cho
méang Ge. Dé pha tap dién tir trong mang Ge,
ngudi ta pha tap phdt pho tir ngudn rin GaP
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vi P dugc phan tach tir nguén GaP ¢6 hé sb
dinh 16n gip 10 lan so véi phdt pho duoc tao
ra tir nguén khi PH; thong thuong [13,14].
Nong d6 nguyén tir phdt pho duoc t6 hop vao
mang nén 1a 7,5x10° cm® nhung ndng do
dién tir da kich hoat (ng voi ndng d6 nguyén
tr phét pho thuc su thay thé vao vj tri cia Ge
trong mang nén) sau khi xir 1y nhiét chi dat c&
0,2x10" cm™[15]. Pidu d6 ddng nghia ring
van con 7,3x10%° cm™ nguyén ti phét pho van
chua duogc kich hoat va ndm vao cac vi tri xen
k& trong mang nén. Trong bai bao nay ching
t6i tap trung nghién ciru sy phan bd cia cac
nguyén tu pha tap trong mang Ge bang ky
thuat chup cat 16p dau do nguyén tir dé xay
dung lai hinh anh khéng gian 3 chiu cua cac
nguyén tr P trong mang Ge. Bén canh do,
hiéu ng khuéch tan ngoai cua nguyén tir P
pha tap khi xir Iy mau & nhiét d6 cao ciing
duoc khao sat va nghién ciru.

THUC NGHIEM

L6p mang Ge duogce ting truong nhd hé thong
MBE chuan véi ap suit co so thip hon
2+10™" torr. Ge dugc bay hoi tir ngudn
Knudsen véi hai viing dugc ddt néng, tbe do
béc bay hoi nim trong khoang tir 2+5
nm/phut. Dé ting trudng 1a dé Si phang, pha
tap loai n voi dinh hudng (100). Viéc lam
sach bé mit dé dugc tién hanh qua 2 budc,
budc thtr nhét 14 xir Iy bang phuong phap hoé
v6i chu trinh 6xy hoa bé mat trong axit HNO;
dic nong va tay 16p oxit trong dung dich axit
HF dé an mon nguyén tir carbon nhiém ban
con du trén bé mat. Sau khi loai bo 16p oxit
tho rap trén bé mit dé, mot 16p oxit méng min
duogc hinh thanh khi ngdm miu trong dung
dich HCI:H,0,:H,0 dé bao vé bé mt khoi su
nhiém hydro carbon trong qua trinh van
chuyén miu vao budng MBE. Budc lam sach
thir hai 1a 1am sach bang nhiét trong chan
khéng siéu cao dé bdc hoi 16p SiO, mong da
duoc hinh thanh trudc d6 ¢ nhiét d§ khoang
650°C trudc khi nung nhiét nhanh & 900°C
trong vong 5+10 gidy. Sau budc lam sach
nay, bé mat Si thé hién rd sy tai cau tric cua
vach (2x1) trong quan sat RHEED va phép do
phd phét xa nguyén tir AES (Auger Electron
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Spectroscopy) khong phat hién thay bt ctr sy
c6 mit cta nguyén t6 oxy hodc carbon trén bé
mit dé. Nhiét d6 dé duoc xac dinh nho mot
cong tac cdp nhiét duoc gén & mit sau cua dé
v6i d6 chinh xéac khoang 20°C.

Budng ting truong dugc trang bi thiét bi
RHEED cho phép quan sét kiéu ting trudng
cua mang Ge ngay trong qua trinh thi nghiém.
Nho ¢6 phé nhiéu xa dién ta phan xa nang
lwong cao RHEED véi chum electron t6i gan
nhu song song v&i bé mit miu va chi tuong
tac voi vai don 16p cilia mang ma tir do6 ta
cling c6 thé danh gia chat luong bé mat va
chat lugng tinh thé cua mang Ge.

Ph6 huynh quang trong ving hong ngoai ciia
mang Ge dugc khao sat nhd mot ngudn kich
laser c¢6 budc song 523 nm dugc hdi tu trén
bé mit mau. Tin hiéu huynh quang duoc do
bang dau thu InGaAs va cic phép do dugc
thuc hién ¢ nhiét d6 phong.

Phép do chup cat 16p dau do nguyén tir co
laser hd tro dugc thyc hién nho sir dung dau
do nguyén tir dién cuc cuc b LEAP 3000X
HR dé xdy dung lai su phan bd cua cac
nguyén tir P va Ge trong mang.

KET QUA VA THAO LUAN

Do su sai khac hang sb mang giita mang Ge
va dé Si 1a dang ké c& 4,2% nén kiéu ting
truong dac trung cua 16p Ge la tang trudng
dang dao (ting truong 3D) voi mat do sai
héng 16n [16]. Cac sai hong nay s€ tr¢ thanh
chc tAm tan xa va 1am suy giam dang ké hiéu
suét phat quang cua vat liéu.

(100 Ixt

Hinh 1. Hinh anh nhiéu xa RHEED doc theo hai
hwong chinh la huong [100] (hinh 1a) va huong
[1-10] (hinh 1b) ciia mang Ge pha tap P tang
truong theo mé hinh hai bucc
Dé khong ché kiéu ting trudng ndy va tao ra
mot 16p Ge cé bé mat min va mat do sai hong



Luong Thi Kim Phugng

Tap chi KHOA HQC & CONG NGHE

189(13): 79 - 84

thip tmg dung trong cac linh kién quang dién
tir, chung t6i st dung phuong phap ting
truong hai bude [17]. Mot 16p dém Ge co do
day 50 nm dugc ling dong & nhiét do 270°C
va 16p Ge thir 2 pha tap dién tir tir ngudn ran
GaP dugc thuc hién ¢ nhiét do dé 1a 170°C va
nhiét d6 nguén GaP la 725°C. Pay la dicu
kién t6i wu dé 16p Ge pha tap c6 hiéu suit
phat quang 16n nhat [18]. Hinh 1 13 anh nhiéu
xa RHEED dac trung theo hai huéng [100] va
huéng [1-10] ciia mang Ge trong sudt qua
trinh pha tap. Két qua cho thdy mang Ge dugc
ling dong theo tig 16p (ting trudng 2D) voi
bé mat déng déu, min va chat luong tinh thé
tot, duoc dic trung boi cac vach (1x1) va
vach (1x2). Trong d6 cac vach (1x2) la cac
vach dac trung cho sy tai cu triic cia cac
nguyén tir Ge trén bé mat. Sy co6 mit cua cac
nguyén tir pha tap khong anh huong den chat
lwong va cau tric tinh thé ciia mang nén.
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Hinh 2. Phé hupnh quang ciia mdang Ge tinh khiét
(dwong mau den) va cua mang Ge pha tap P tir
nguon ran GaP (dwong mau xanh la) voi cung

diéu kién tang truong

Hinh 2 biéu dién phd huynh quang trong ving

hdng ngoai cia mang Ge pha tap dién tir (ing

voi Tg=170°C va Tgp=725°C) va mang Ge
tinh khiét. Cac mau c6 cing do day mang

(600nm) va sau khi ting truéng, mau dugc xir

Iy nhiét nhanh & 700°C trong thdi gian 60

gidy dé kich hoat cac dién tir pha tap ddng

thoi cai thién chét lugng tinh thé [15]. Phép
do phé huynh quang dugc tién hanh ¢ nhiét
d6 phong. Tu hinh 2 ta thdy cuong do pho
huynh quang cua mang Ge khi pha tap tang
gap 50 lan 50 Vi 16p Ge tinh khiét. Cht ¥
ring Ung sudt cing trong 16p Ge dugc tao ra
trong qua trinh xt 1y nhiét nhanh va gia tri

clia ng xuat cing chi khoang 0,10%. Diéu
nay khang dinh rang hé sé dinh bé mit cia
phan tir P, dong vai tro chu dao quyét dinh t6i
hiéu qua cua qua trinh pha tap Va hiéu suat
phat quang cua mang Ge. Ung suit cang cla
16p Ge tinh khiét dugc ting trudong va xt Iy
nhiét trong cing diéu kién vé6i 16p Ge pha tap
P ciling c6 gia tri 1a 0,10%. Nghia la sy c6 mat
clia nguyén tr P trong mang nén Ge khong
gy nén su thay doi ing suét trong 16p Ge. Su
phan bd cua cac nguyén tir P pha tap trong
16p Ge dugc xay dung lai nho ky thuat chup
cat 16p dau do phan ti (hinh 3). Mang Ge
dugc ting truéng trén dé SOI (Silicon On
Insulator) & 170°C. Trudc khi xtr 1y nhiét, cac
nguyén tr dugc phén bd kha dong déu trong
vi ddu do doc theo bé day lang dong
(500nm).Tuy nhién van con xuat hién nhiing
duong sai hong trong 16p Ge.

P6i v6i mang Ge pha tap dién tir tir cac
nguyén t6 nhu Antimon (Sb) hodc P thi viéc
xtr 1y nhiét phai thyc hién & vung nhiét do
thich hop trong thdi gian ngin dé giam thiéu
hiéu tmg khuéch tan ngoai ciia cic nguyén té
pha tap. Cac nguyén to pha tap ndy co hé s6
khuéch tan 16n va c¢6 xu huéng don 1én ving
bé mit cia mang Ge va tao ra su khong dong
nhit vé ndng d6 dién tir trong toan bo mang
Ge, anh huéng dén hiéu suat phat quang cia
lop Ge.

100

200

300

v Ge v P
= -

Hinh 3. Su phdn bé ciia cdc nguyén t Ge va
nguyén tu P doc theo chiéu day mang dwoc xay
dung lai nho ky thudt APT
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Sau khi nghién ctru cac diéu kién ning nhiét
(khéng dugc trinh bay ¢ day), chung toi da
tim ra diéu kién ¢ mau thich hop dé hiéu suit
phat huynh quang ctia mang 13 16n nhat. Mau
dugc xir ly nhiét nhanh & 700°C trong thoi
gian 60 gidy dé cung cap cho nguyén tir pha
tap mot dong ning da 16n dé vuot qua thé
nang tuong tac gilta cac nguyén ti clia mang
nén va chiém gitr vi tri ciia nguyén tr Ge. Sau
khi xtr Iy nhiét, cdc nguyén tir P va Ge dugc
phan bd dong déu hon va nhiing dudng sai
héng trong mang Ge giam dang ké (hinh 4).
Nhu dé trinh bay ¢ trén, nong d6 dién tir da
kich hoat trong mang nén Ge 13 0, 2x10% cm®
va ndong do nguyén t6 P pha tap dang ton tai &
nhiing vi tri xen k& 1a 7,3x10% cm®. Céc phép
phan tich vé su két dam ciia nguyén t6 pha tap
P cho thiy, cac nguyén tir P da hinh thanh cac
dam nho trong mang tinh thé ctia Ge. Két qua
chup cét 16p dau do nguyén tir ba chiéu (hinh
5a) dé chi ra rang khoang cach lon nhat gitra
mdi dam P 13 3,5 nm va s nguyén tir P thip
nhit trong mdi ddm 1a 8 nguyén tir/dam. Ban
dd nguyén tir 3D cho thdy cac dam P dugc
phan bd khip toan mién cta vi dau do. Véi vi
dau do co chiéu dai 1a 750 nm thi tong s6 dam
P chira trong d6 1a 245 dam. S nguyén tir
trung binh cho mdi dam 1a 14 nguyén ti/dam
va mat do dam trong 16p Ge l1a 6,2x10%
dam.cm,
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Hinh 4. Su phdn b6 cia cic nguyén tir Ge va
nguyén tr P sau khi xi Iy nhiét 6 700°C trong thoi
gian 60 giay
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Anh chyp tir trén xudng (top-view) & hinh 5b
chi ra rang cac dam P khong dugc phan bd
déu trong vi dau do. Nhu vy so véi trudng
hop chua xu 1y nhi¢t thi thi sau khi xur ly
nhiét, cac nguyén tir pha tap P c¢6 xu hudng
tap hop lai voi nhau va hinh thanh cac dam
nhd. That vay, cac nghién ctru thuc nghiém
gan day cho thdy su khuéch tan cia cac
nguyén td pha tap loai n nhu P, Asen (As), Sb
trong Ge dugc phan bd lién quan dén co ché
16 tréng. Pay 1a hé qua cia viéc ning luong
hinh thanh cua 13 tréng (1,88 eV) thdp hon
cua vi tri xen k& (3,07 eV) trong Ge.
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Hinh 5. Hinh anh ba chiéu ciia cdc dam nguyén tir
P phdn bo theo chiéu sau cua mang Ge (hinh 5a)
va anh tir trén xuong cua cac dam P (hinh 5b)

KET LUAN

Két qua chup cat 16p dau do nguyén tir cta
mang Ge pha tap P tir ngudn ran GaP di chi
ra rang cac nguyén tir P dd hinh thanh céac
dam nho trong mang tinh thé cua Ge. khoang
cach 16n nhat giita méi P dam 1an can 14 3,5
nm va sd nguyén tir P thép nhét trong mdi
dam la 8 nguyén ti/dam. Cac dam P duogc
phan bb khip toan mién cua vi dau do. S6
nguyén tir trung binh cho mdi dam la 14
nguyén ti/ddm va mat do dam trong 16p Ge la
6,2x10"° dam.cm®. Tuy nhién, cac dam P
khong duoc phan bd déu trong micro tip. Sau
khi xir ly nhiét & 700°C trong vong 60 gidy thi
cac nguyén tir P duoc phan bd déu hon trong
mang nén Ge va mat do cac sai hong giam
dang ké.
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ABSTRACT
STUDY OF P DOPANT DISTRIBUTION IN GE FILM EPITAXIAL GROWN ON
Sl (001) SUBSTRATE BY ATOMIC PROBE TOMOGRAPHY TECHNIQUE

Luong Thi Kim Phuong”
Hong Duc University

It is shown that a strongly optical gain could be obtained when applying a tensile strain and n-
doping in the Germanium (Ge) layers to modifier its energy band structure. Electron dopant in the
Ge film was obtained by phosphorus (P) doping from GaP solid source. The total P atom
concentration in the Ge layers was 7.5x10%° cm™. Nevertheless, the activated electron
concentration after thermal annealing was only 2x10%° cm™. Thus, there are still 7.3x10% cm™ P
atoms were not activated which occupy in the interstitial sites in the Ge matrix. In this work, we
focus on investigating the distribution of P dopant in the Ge film. The place of P atoms was
reconstructed by Atomic Probe Tomography (APT) technique. After growth, the Ge film was
thermally annealed at 700°C in 60s. Post-thermal treatment after growing is a necessary step to
enhance tensile strain value and crystal quality of the Ge film. The film is grown by Molecular
Beam Epitaxy (MBE) technique. The surface quality was investigated using Reflection of High
Energy Electron Diffraction (RHEED). The photoluminescence efficiency of the Ge layers was
evaluated by the photoluminescence spectrum in the infra-red range.

Keywords: Germanium; phosphorus dopant; photoluminescence; atomic probe tomography;
optoelectronic.
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