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Tom tat

Chu triic ving ning lugng cia Ge c6 thé bi thay ddi néu tao ra mot g sut cing va pha tap dién tr trong mang Ge.
Diéu ndy lam cho kha nang phat quang cua Ge dugc cai thién dang ké. Mot cach tlep can moi dé tang nong do cac
nguyén t6 pha tap trong mang nén Ge dugc dua ra la ky thuét ddng pha tap tir hai nguon ran GaP va Sb. Trong nghién
clru ndy, sy phan bd cua cac nguyén tir P va Sb pha tap trong mang Ge dugc tap trung khao sat theo diéu kién xur ly
nhiét. Mang Ge dugc ling dong trén dé Si (100) bang phuong phéap epitaxy chum phan tir MBE (Molecular Beam
Epitaxy). Phép do phd nhiéu xa dién tir phan xa nang luong cao RHEED (Reflection High Energy Electron Diffraction)
va anh kinh hién vi dién tir truyén qua (TEM) dugc dung dé danh gia chit lwong bé mit ciia mau ciing nhu chat lugng
tinh thé cia mang Ge. Mang Ge duoc xir 1y nhiét sau khi ting trudng & nhiét d6 650°C trong vong 60 gidy dé tao tmg
suét va kich hoat dién tir pha tap déng thoi cai thién chét lugng tinh thé. Hiéu suét phat quang ciia mang Ge dugc danh
gia tir phép do phd huynh quang trong ving hdng ngoai.Vi tri cua cac nguyén tir P va Sb dugc xay dung lai nho k§
thuat chup cit 16p dau do nguyén tir (APT).

Tir khéa: Ge; ddng pha tap; phan bd nguyén tir P va Sb; ky thuat cit 16p dau do nguyén tir; phd huynh quang.

Abstract

The Energy band structure of Ge could be modified if we apply a tensile strain and n-doping in the Ge layers. As a
result, the photolumiescence ability of Ge is enhanced. In this paper, we propose a new approach to increase the total
dopant concentration in the Ge matrix by using co-doping technique from two solid sources of GaP and Sb. In this
study, the distribution of Sb atoms as well as P atoms is focusing studied following the thermal treatment condition. The
Ge films were grown on Si (100) by Molecular Beam Epitaxy technique. The Reflection of High Energy Electron
Diffraction(RHEED) technique and Transfer Electron Microscopy (TEM) image are used to evaluate the surface quality
as well as the Ge crystal . After growing, we apply a thermal annealing on the Ge layers at 650°C in 60s for inducing a
tensile strain and activating doped electrons. The photoluminescence efficiency of the highly n-doped Ge layers was
evaluated by the photoluminescence spectrum. Owning to the atomic probe tomography (APT) technique, the place of P
and Sb dopants are reconstructed.
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1. Mé& dau

Su giam kich thudc cua cac vi mach dya trén
cong nghé¢ CMOS (Complementarry Metal
Oxide Semiconductor) dang tién dén dan dén
muec téi han. Hon nita, tbc do xir ly cia cong
nghé nay ciing chi dat ngudng thap hon nhiéu
so voi cac cong nghé khac. Nguyén nhan chinh
12 do nguyén nhan sy tré ctia cac thanh phan tu
tré mic bén ngoai mach [1]. Chinh vi vay viéc
xdy dung mdt hé théng lién két cac linh kién
khép kin trong céc IC (Intergrated Circus) dang
1a mot huéng di kha quan trong viéc co thé
nang cao duoc téc do xir ly. Pé dat duoc diéu
nay thi phai tim dugc cac vat liéu thay thé duoc
cac thanh phan RC hodc st dung mot tin hiéu
khéc khong phai tin hi¢u dién dé loai bo hoan
toan thanh phan RC (Resistance Capacitance).
Giita nhitng hudng tiép can trén thi thiét ké mot
hé théng lién két bang tin hiéu quang tuong
thich v6i cong ngh¢ CMOS dang ndi 1én nhu
mot giai phap kha quan nhat. [2]. Hé thong
quang bao gom cac thanh phan chinh nhu:
Nguon phat; module chuyén tin hiéu; kénh dan
song; bd nhan tin hi¢u [3]. Hau hét cac thiét bi
trén da duoc phét trién trén nén CMOS véi
bang thong 16n, duy nhit phan ngudn bom van
con 1a van dé nan gidi khi n6 chua thyc sy
tuong thich véi cong nghé nay [4].

Vi vdy, nhiéu hudng tiép can dé giai quyét
van dé nay di dugc dua ra nhu nghién ctru kha
nang phat quang cua cac loai vat liéu trén nén
Si [5-9]. Tuy nhién dén thoi diém nay, van
chua c6 cach tiép cin nao 1am cho Si c6 hiéu
suit phat quang manh ¢ nhiét do phong. Mot sd
khao sat gan day vé kha nang phat quang ctia
mang Ge da chi ra rang, khi thay doi ciu trac
ving nang luong ctia nguyén tir Ge bang cach
tao ra ung suit cing dong thoi pha tap dién tir
trong mang Ge thi cdu tric ving ning luong
ctia nd bi thay doi [10]. Tir d6 lam cho Ge tir
mot vat lidu ban dan chuyén tiép xién thanh vat
liéu ban dan chuyén tiép thiang v6i hiéu suat

phét quang cao [10-12]. Hon nira, mang Ge c6
thé tang truong truc tiép trén dé Si bang k¥
thudt ting truong hai budc véi chat luong tinh
t6t va phut hop cho nhitng tmg dung quang dién
tr [4]. Cac nghién ctru di chi ra rang, so véi
huéng tao ra Gmg suit cing thi huéng pha tap
dién tir vao mang Ge t6 ra hiéu qua hon trong
viéc nang cao kha nang phat quang ctia mang
Ge [13]. Dé pha tap dién tir vao 16p Ge, ching
ta thudng pha tap cac nguyén té thudc nhém V
trong bang hé thong tuan hoan nhu P, Sb hoic
As. Vi khi t6 hop va thay thé vi tri ctia Ge trong
mang nén, cac nguyén td nay chi tham gia lién
két v6i 4 nguyén tir Ge 1an can va thira ra mot
dién tu. Trong bai bao nay, chung téi dua ra
mot cach tiép can moi dé ting nong do dién tur
tong cong trong 16p Ge. Vi dd hoa tan cta mdi
nguyén t6 trong vat liéu nén 1a hoan toan xac
dinh nén ta c6 thé ting mat do tong cong cia
dién tir bang cach sir dung ky thuat dong pha
tap. Trén co s& do chung té1 da nghién cuu
mang Ge pha tap dién tir mat do cao su dung k¥
thuat dong pha tap P va Sb. Trong nghién ctru
nay, P duoc t6 hop vao mang nén Ge tir ngudn
ran GaP vi P dugc phan tach tir ngudn GaP ¢
hé sb dinh 16n gap 10 1an so v&i phdt pho duge
tao ra tir nguon khi PHs thong thuong khi mau
dugc ché tao bang phuong phap CVD [14].
Diéu tha vi 14 ban kinh nguyén tir ciia P (128
pm) nho hon 10% so vo1 Ge (137 pm) trong khi
ban kinh nguyén tir cua Sb (159 pm) 16n hon
16% so v6i Ge. Do d6, cac truong két hop cta
P va Sb trong mang tinh thé Ge c6 thé duoc bu
ddp 1an nhau va cho phép ting néng d6 hoa tan
téng cta nguyén t6 pha tap trong Ge. Khi pha
tap dién tir dong thoi tir ngudn rin GaP va Sb,
nong do dién tir sau khi kich hoat bang phuong
phép xtt 1y nhiét nhanh dat khoang 4,2x10*cm’
3, tuy nhién mat do tong cong ctia cac nguyén to
pha tap dat t6i 8,7x10°cm=[15], nghia la van
con mot sd luong 16n cac nguyén tr P va Sb
dang & vi tri xen k& trong mang nén va chua
thay thé cho nguyén tir Ge dé tao ra cac hat
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dién tr ty do. Vi vay, trong nghién ctru nay, su
phan bd cta cac nguyén tir pha tap P va Sb
dugc tap trung khao sat theo diéu kién xir 1y
nhiét (truéc va sau khi xtr 1y nhiét nhanh dé
kich hoat dién tur).

2. Thwe nghiém

Mang Ge dugc ling dong trén dé Si bing
cach str dung hé thong MBE tiéu chuan véi ap
suit nén thdp hon 3+5x10™%orr. Nhiét duoc
cung cip ¢ hai ving trén ngudn Knudsen lam
cho Ge bay hoi véi toc do bdc bay khoang tir 2
dén 5nm/phit. Cac nguyén td Sb va P duoc t6
hop vao mang nén Ge tir cac ngudn ran Sh va
GaP trong cling qua trinh ling dong cua 16p Ge.
Cac ngudn ran nay duoc lip dat trong budng
tang truong MBE. Chi y rang khi ngudn GaP
duoc nung nong thi xdy ra sy phan tdch thanh
cac nguyén t6 Ga va P, tuy nhién nhd c¢o ciu
tao dang biy cia ngudén ma hau nhu chi c6
nguyén td P dugc thoat ra khoi nguon dé to hop
vao mang nén Ge [14].

Dé Si phang c¢6 dinh hudng (100) va dugc
pha tap tir nguyén tr B (loai n). Bé mat dé duoc
lam sach qua 2 giai doan: giai doan xur 1y hoa
hoc va giai doan xtr 1y nhiét trong buéng MBE
[16]. Sau khi hoan thién quy trinh lam sach
mau, quan sat RHEED cho thay sy xuat hién rd
nét ctia vach (2x1) dic trung cho su tai cdu trac
bé mit caa Si. Mot cong tac cap nhi¢t duoc gén
& mit phia sau ctua dé Si dé xac dinh nhiét do
tang trudng voi do chinh xac khoang + 20°C

Kiéu tdng truong cua mang Ge trong qua
trinh lang dong dwoc quan sat bang thiét bi
RHEED duoc lap dit trong budng ting trudng
MBE. Thiét bi nay cho phép quan sat kiéu ting
truong cia 16p Ge ngay trong qué trinh ling
dong. Nho vao phd nhidu xa dién tor phan xa
nang luong cao RHEED véi chum di¢én tr to1
gin nhu song song voi bé mit mau. Do chum
dién tr nay chi di sau vao vai don 16p cua mang
Ge nén tir tin hiéu RHEED chung ta c6 thé
khao sat chat luong bé mit cia mang Ge.

Phé huynh quang cta 16p Ge dugc do khi sir
dung dau thu InGaAs dé thu tin hiéu huynh
quang phat ra tir mau. Mau duoc kich thich
bang ngudn laser c¢6 budc song 523nm. Cic
phép do huynh quang duoc tién hanh & nhiét 6
phong. Phép do chup cit 16p dau do nguyén tir
¢o laser hd tro duoc thuc hién nho su dung dau
do nguyén tir dién cuc cuc bd LEAP 3000X HR
dé xay dung lai su phan bd cia cic nguyén tir
pha tap P va Sb cling nhu nguyén tr dong vai
trd mang nén Ge.

3. Két qua va thao luin

Dé danh gia chat luong bé mit ctia mang Ge
ddng pha tap P va Sb ting truong trén dé Si,
phép do phd nhidu xa dién tir phan xa ning
lugng cao RHEED duoc sir dung dong thoi véi
qua trinh ling dong mang. Hinh 1(a) cho thiy
khi dong pha tap P va Sb hinh anh phd nhidu xa
quan sat dugc 1 rang, cac vach sang dong déu
cho thiy bé mit ciia mang kha min. Tuy két qua
do RHEED trong trudng hop dong pha tap bt
dau co6 sy hinh hinh thanh cham 3D nhung van
con hién dién céc vach (2x1) dac trung cua su
tai cdu tric trén bé mit Ge. Didu nay co nghia
1a sy tang trudng ciia mang khi dong pha tap P
va Sb voi Ge van dugc tién hanh thong qua ché
d6 timg 16p mot. Didu nay ciing phu hop véi
anh TEM cua mang Ge (hinh 1b). Tuy nhién
sau khi xir Iy nhiét nhanh giup chat lugng tinh
thé mang duoc cai thién (hinh 1c) thi 16p Ge tro
nén dong déu véi mat do sai hong thap.

200 nm

Hinh 1. a) Quan sat RHEED ctia mang Ge dong pha tap

P va Sb trong qua trinh ling dong theo hudng [100]. Anh

TEM cua 16p Ge pha tap dién tir ngay sau khi 1éng dong
(hinh b) va khi d& xt@ 1y nhiét nhanh.
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Hinh 2 biéu dién phdé huynh quang trong
ving hong ngoai ciia mang Ge pha tap dién tir
(Ung voi Tae=170°C va Teap = 725°C; Tsp =
275°C) va mang Ge tinh khiét. Cac miu co
cung d0 day mang (600nm) va sau khi tang
truong, mau duoc xir 1y nhiét nhanh ¢ 650°C
trong thoi gian 60 gidy dé kich hoat cac dién tir
pha tap dong thoi cai thién chit luong tinh thé.
Phép do phd huynh quang dugc tién hanh &
nhiét 6 phong. Tir hinh 2 ta thdy cuong d6 phd
huynh quang cua mang Ge khi pha tap (duong
mau tim) ting gip 150 1an so vé6i 16p Ge tinh
khiét (duong mau xanh). Cha ¥ rang tGng suat
cang trong 16p Ge dugc tao ra trong qua trinh
xtr 1y nhiét nhanh va gia tri cta Ung xuat cing
chi khoang 0,10% khi pha tap minh P va ung
sudt cang tang 1én 0,20% khi dong pha tap hai
nguyén t6 P va Sb [17].

Nho ki thuat chup cit 16p dau do phan ti, sy
sdp xép vi tri clia cac nguyén tir pha tap P va Sb
cling nhu nguyén t6 mang nén Ge dugc xdy
dung lai mot cach chinh xac. Hinh 3 14 anh hai
chiéu khi tai xay dung vi tri cdc nguyén td cta
mang Ge dong pha tap nguyén t6 P va Sb trén
dé SOI tai nhiét do tang truong 3000C. Tir hinh
vé ta thdy nguyén t6 P va Ge duoc phan bd kha
dong déu trong mién ctia microtip trong khi ban
d6 ctia nguyén t Sb cho thay su phan b6 khong
ddng déu doc theo chidu dai ting trudng
500nm. Ciing d& nhan ra ring tai ving cta 16p
dém Ge c6 su khuéch tin manh mé cua céc
nguyén td P va Sb ¢ 16p tiép giap. Ban do phan
bb ctia nguyén t6 Sb ciing chi ra mot sé thong
tin 1y tha vé chat lugng mau, trong d6 nhimng
nguyén t6 Sb di chuyén vé nhitng vi tri khuyét
tat trong mang nén Ge va ciing tap hop tai ving
day clia microtip. Day chinh 1a bang ching cho
thiy c6 sy hinh thanh cac ving gidu nguyén t6
Sb hay con goi la sy hinh thanh dam Sb trong
mau. Cac phép phan tich APT cho thiy (khong
chi ra ¢ day), mat do trung binh ctia nguyén tir

P va Sb twong tng 1a 1,32x10%° nguyén tir/cm?
va 5,7x10% nguyén tir/cm?®.
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Hinh 2. Phé huynh quang tai nhiét d6 phong ciia mang

Ge ddng pha tap P va Sb ling dong trén dé Si(100) sau

khi xtr Iy nhiét nhanh (dwong mau tim) va ctia mang Ge
tinh khiét (dwong mau xanh).

Mait d6 nguyén tor pha tap trung binh la
1,377 nguyén tir/em®. Pang luu y rang véi ky
thuat pha tap bén trong, su dung ky thuat
epitaxy chum phan tir 13 mot k§ thuét rat hiém
dé co thé tao ra mot 16p pha tap dong nhat doc
theo mot ving rong cia chidu dai ting trudng.
Goi Dmax 12 khoang cach 16n nhat giita céac
nguyén tir Sb trong méi dam va Nmin 12 s
nguyén tir ti thiéu cho mdi ddm thi Dmax c&
2,5nm va Nmin c& 6 nguyén tu/dam.

100

a) b) )

Hinh 3. Ban d9 tai ciu tric cac vi tri cia nguyén tir phan
b trong mang Ge ddng pha tap P va Sb (hinh a); Sur
phan b cua cac nguyén tir Ge (hinh b), nguyén tir P(hinh
¢) va nguyén tir Sb(hinh d) theo chiéu dai ling dong.
Phép do duoc thuc hién khi mau chua duge xir 1y nhiét.
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Hinh 4. Hinh anh ba chiéu ciia cac dam nguyén tir Sb
phan bo theo chi€u sdu cua mang Ge va anh tur trén
xudng cua chang.

Hinh 4 biéu thi sy phan bd cua dam nguyén
tr Sb trong mau theo ciu trac ban d6 3D va 2D
theo goc nhin tiét dién ngang. C6 thé thay tir
hinh t6 hop rang cac dam Sb ciing phan bd
khong dong nhit trong mau. Cu thé 1a mat do
nhiing ddm Sb dugc tap trung cao ¢ vung day
clia mang va véi k¥ thuat chup cat 16p dau do
phan tir, chiing ta c¢6 thé xac dinh vi tri chinh
x4c ctia nhimg khuyét tit duong bén trong
microtip. Xir Iy nhiét 13 phuong phap dién hinh
dé kich hoat nhirg nguyén t6 pha tap trong vt
liéu ban dan. bé Xay ra su khuéch tan kich
hoat, nhiét d6 cung cép phai du 16n dé thing
duoc rao thé ning twong tac gitta cac nguyén tir
clia mang nén va chiém giit vi tri cia nguyén tir
mang nén.

Db6i véi mang Ge pha tap dién tir tir cac
nguyén tb nhu Sb hoic P thi viéc xtr 1y nhiét
phai thuc hién & vung nhi¢t do thich hop trong
thoi gian ngan dé giam thiéu hiéu tmg khuéch
tan ngoai cua cac nguyén té pha tap. Céc
nguyén t pha tap nay c6 hé s6 khuéch tan 16n
va ¢6 xu hudng don 1én ving bé mit ciia mang
Ge va tao ra sy khong dong nhit vé nong do

dién tir trong toan bd mang Ge, anh hudng dén
hiéu sudt phat quang cua 16p Ge. Sau khi
nghién ctru cac diéu kién nang nhiét (khong
duogc trinh bay & ddy), ching t6i dd tim ra diéu
kién U mAu thich hop dé hiéu suit phat huynh
quang cua mang la 16n nhit. Mau duogc xur ly
nhiét nhanh & 650°C trong thoi gian 60 gidy.
Sau khi xur 1y nhiét, cac nguyén to P va Ge
dugc phan b dong déu hon va nhiing dudng
sai hong trong mang Ge giam dang ké (hinh 5),
diéu nay hoan toan phu hop véi két qua phan
tich anh TEM ctia mang Ge sau khi xur ly nhiét
nhanh. Tt hinh 5 cho thay, su tach pha cua céc
nguyén tir pha tap tai vung bién cta 16p dém Ge
va dé Si ciing giam rd rét.

100

T
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Hinh 5. Hinh anh ba chiéu vé sy phan b cta cac nguyén
tr P va Sb trong mang Ge (hinh a); Su phan b cta cac
nguyén tir Ge (hinh b), cac nguyén tir P(hinh c¢) va céac

nguyén tir Sb(hinh d). Mang Ge da duoc xt 1y nhiét
nhanh tai nhiét d¢ 650°C trong thoi gian 60 giay.

Lién quan dén hiéu tng khuéch tan ngoai, su
phu thudc cia mat do cac nguyén td P va Sb
theo chidu dai ting truong (hinh 6) chi ra rang
sau khi xt ly nhi¢t nhanh, mat d§ cua ca
nguyén tor P va Sb so voi trude khi xur 1y nhiét
bi giam mot bac do hi¢u tng khuéch tan ngoai.
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Hinh 6. Sy phu thudc ciia mat do cac nguyén tu P (duong mau den) va nguyén tir Sb(dudng mau do) theo chiéu sau cta
mang Ge khi mau chua dugc xur 1y nhiét (hinh a) va sau khi mau da dugc xu 1y nhiét nhanh (hinh b).

Tuy nhién, mat d0 cta cac nguyén tir pha tap
duoc phan b dong déu hon theo chiéu dai lang
dong cia mang. Mat do tong cong cua cic
nguyén tr trong microtip la 8,5x10%m
nguyén tir/em®. Luu ¥ rang theo phép phan tich
Hall thi mat d6 dién t&r da kich hoat dat c&
4,2x10"° dién ti/cm®. Nghia 1a van con khoang
4,3x10% nguyén tir pha tap/cm® van con ton tai
& cac vi tri xen ké va chua duoc kich hoat.
Tuong tu nhu truong hop trude khi xtr 1y nhiét,
cac phan tich vé hién tuong két dam da duoc
thuc hién cho ca hai loai nguyén tor P va Sb.
Két qua cho thdy, d6i v6i nguyén tor Sb sb
luong dam di giam dang ké tir 83 xubng con 18
trong microtip va s nguyén tir trung binh trong
mdi dam 13 9 nguyén tir (quan sat theo tiét dién
ngang). Diéu nay duoc 1y giai dya vao dic tinh
khuéch tan manh ciia nguyén tir Sb dudi tac
dung cua qua trinh xtr ly nhiét nhanh. Tt quan
sat ban dd tai cau trac vi tri ctia nguyén tir Sb &
Hinh 7 cho thiy 16p dém Ge 16 nét va hau nhu
khong con cac nguyén tir Sb trong vung nay.
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Hinh 7. Ban do tai cu trac theo ba chiéu vi tri ciia céc
nguyén tir Sb trong mang Ge dong pha tap P va Sb (hinh
a). Sy phan bo cua cac dam Sb theo tiét dién ngang (hinh
b) va tai vung dém cua 16p Ge (hinh c).

4. Két luan

K¥ thuat chup cit 16p dau do nguyén tir
ciia mang Ge dong pha tap P va Sb ling dong
trén dé Si da dua ra cai nhin tong quat vé sy
phan bd vi mé ciia cac nguyén tir P va Sb ciing
nhu nguyén tir mang nén Ge trudc va sau khi
xtr Iy nhiét. Két qua cho thdy, truéc khi xir 1y
nhiét cac nguyén tir Sb c6 xu hudng tdp hop
thanh nhirng dudng sai hong bén trong 16p Ge
cling nhu & ving tiép giap Ge/Si trong khi
nguyén tir P lai dugc phan bd kha dong déu doc
theo chiéu lang dong. Sau khi xtr Iy nhiét nhanh
& 650°C trong vong 60 gidy thi mat do va kich
thudc cia cac dam nguyén t6 pha tap giam
dang ké.

Loi cam on

Xin chan thanh cdm on nhém nghién cuu
“Heterostructure”, vién CiNam cua Truong Pai
hoc Aix- Marseille, Cong hoa Phap vi su gitp
dd trong qua trinh thuc hién nghién ctru nay.
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