TAP CHI KHOA HQC TRUONG PAI HQC HONG DUC - SO 51.2020

NGHIEN CUU PO LINH PONG CUA HAT TAI TRONG KENH DAN
GE PHA TAP PIEU BIEN PHU THUQC VAO NHIET PQ

Tran Thi Hai', Nguyén Thi Thao’, Nguyén Thi Dung’, Nguyén Thi Ta*
TOM TAT

Trong bai bdo nay ching téi tinh todn sy phy thuéc cia dé linh déng 16 trong
vao thanh phcin nhiét do trong cdu tric kénh dan Ge pha tap diéu bién & nhiét dé cao.
Trong viing nhiét dé nay, ching t6i dwa ra ham tir twong quan cho sy phan bé cia hat
1Gi va cdc co ché tan xa cia ching. Chiing 16i dd xem xét cdc co ché tdn xa co ban,
ddc biét la tdn xa gdy béi phonon. Két qua chi ra rang, tdn xq gdy boi dé nham bé
mat va phonon am dong vai tro quan trong trong viéc gioi han do linh dong cua hat
tai. Chiing t6i xdc dinh dé linh déng phu thudc vao nhiét dé lén t6i 300°K. Ly thuyét
clia chiing t6i c6 thé mé ta khda tot thue nghiém vé hién tirong van chuyén ciia 16 trong
trong kénh Ge pha tap diéu bién trong khoang nhiét do tir 50K dén 300°K.

T khoa: D¢ linh dong, tan xa phonon ém, pha tap diéu bién, kénh din Ge.

1. DPAT VAN BE

Céac céu tric ban dan di chat chira Ge va SiGe ngay cang nhan dugc nhiéu sy
quan tdm nghién ctu ctia cic nha khoa hoc trong nudc va qudc té vi tim quan trong
ctia chiing trong viéc tng dung cidc may mdc, thiét bi [1-5]. Cac nghién ctru vé kénh
dan Ge pha tap diéu bién ¢ nhiét do thap cho thiy tan xa do nham bé mat 1a co ché tan
xa co ban gioi han d6 linh dong cua hat tai [4,6]. O nhiét d6 cao hon 150K, tan xa
phonon am va phonon quang c6 dong gép quan trong va la mft trong nhirng co ché
tan xa co ban gidi han d§ linh dong cta hat tai [2,7].

Trong nhitng ndm gan ddy mot vai nhém tic gia [4,5,8,9] dd dua ra ly thuyét
nghién ciru vé d6 linh dong cua hat tai giam cam trong cac cau tric giéng luong tir pha
tap diéu bién. Céc tac gia nay da tinh dén d6 linh dong phu thudc vao mat do hat tai va
d6 rong kénh dan nhung chua tinh dén d6 linh dong phu thudc vao nhiét d§. Chinh vi
vay, nhom chung t6i lya chon bai toan nghién ctru va tinh todn dg linh dong cua hat tai
trong kénh dan Ge & nhiét do cao. Trong nghién ctru trude ddy [8], chiing t6i da ap dung
md hinh 1y thuyét cho mau kénh dan di chit Ge pha tap mot phia. Céc két qua tinh
toan duge so sanh voi s6 liéu ctia nhém Irisawa [3] voi d6 rong kénh dan L = 7.5nm,
Ld = 10nm, Ls = 20nm, 16p Ge dugc nudi cdy ¢ nhiét do 350°C. Trong bai bao nay,
chung t6i tiép tuc 4p dung phuong phép bién phan dé mo ta giam cdm luwong tir trong
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céu tric kénh dan Ge pha tap diéu bién mot phia. Két qua duoc so sanh véi thuc nghiém
ctia nhém Myronov [2] v6i d6 rong kénh dan L = 20nm, Ld = 10nm, Ls = 20nm, 16p Ge
duoc nuoi céy & nhiét @6 300°C, trong dé tat ca céac co ché tan xa phonon am, phonon
quang, do nhdm bé mat va tap chat bi ion hoa déu dugc tinh dén. Cau tric cua bai bao
nhu sau: trong phan II ching t6i dan ra phuong phép tinh toan cic co ché tan xa trong
cAu tric kénh dan Ge pha tap diéu bién mot phia ¢ nhiét d6 cao. Tur d6 rut ra do linh
ddng cua h¢ hat tai trong cAu truc trén. Phan IIT 1a mot s6 két qua va thao luan.

2. NOI DUNG NGHIEN CUU

2.1. M6 hinh nghién ciru

Chung t6i tién hanh nghién ctru cau trac kénh din Ge duoc nudi cdy trén nén vat
liéu Si (Hinh 1). Bang viéc nudi cay lién tuc cac 16p vat lidu trén 16p nén Si, ngudi ta
sé tao ra duoc kénh dan Ge, ma & d6 tap trung cac hat tai mang dién.

S1

300°C

B(=2x10""cm™):Sig 13Ge047

LT- Siy ,,Gey o,
Sig74Geg 27 500 nm
LT-Si 50 nm
n-type Si (001)

Hinh 1. Céu tric miu [2]

Véi mo6 hinh nhu trén, ta ¢6 duge mot kénh dan Ge ndm gitra hai 16p Si3:0¢6;
va duge pha tap boi mot 16p nguyén tir B ¢& 10nm. Nhu véy, ta c¢6 thé xem vat liéu ban
dan trén co cdu tric 1a mot kénh dan c6 dang mot giéng lwong tir pha tap diéu bién mot
phia véi d6 rong ctia kénh dan 1a bé rong ctia 16p Ge kich thude 20nm, hai 16p réo chinh 1a
hai 16p vét lidu S, 1,Ge, (, va dugc pha tap mot phia boi 16p nguyén tir B ¢6 bé rong 10nm.

Chung t6i ¢ mé hinh héa cau triic trén bang hinh vé 2.

Khi nghién ciru ciu trac ban dan di chit nhu trén, chung ta da xét anh huong cua
cac nguén giam cam c6 mat trong hé¢ nhu: Cac tap ion hod, ban than khi hat tai 2
chiéu, tirc 1a thay vi chi xét giéng vudng goc phang, ching ta phai xét dén hiéu tng
udn cong vung ning lugng (band bending).
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Flat-bent

Spacer

L L. -2 0 L/2
Hinh 2. M6 hinh giéng lwong tir pha tap mét phia

Ly thuyét uén cong viing nang lugng giit mot vai trd kha quan trong d6i v6i su hinh
thanh kénh dén trong cdu trac di chat. Khi cé pha tap mot phia kénh dn, s& dan t6i hiéu
g udn cong ving ning luong lam cho su phan bd ciia hat tai trong kénh Ge ¢ dang bat
d6i xtmg: tang vé phia c6 pha tap (z < 0), giam vé phia khéng c6 pha tap (z > 0).

Cu thé 13, dudi anh hudng cua hiéu tmg udn cong ving ning luong, cac hat tai
trong truong hop pha tap mot phia khong con déi xing nhu trong mé hinh flat-band
ma 16ch v& phia c6 pha tap. Theo mé hinh nay thi viéc diéu bién bat ddi xtng ham
song, nghia 1a 6 dbc ciia ham song thay doi, lam tiang tan xa do do nham bé mit gay
nén ma tan xa nay la tan xa chu dao, vi thé do linh dong cua hat tai giam manh.

Kénh din c6 chiéu cao rao thé 13 vo han, chung toi sir dung ham séng bao &
trang thai co ban c6 dang nhu sau [8]:

T /4 = L
B\/:cos z e L khi |Z|S—
L L 2

L
|

{(z)= 2.1)

0 | > —,

2
O day L1a d6 rong cua kénh dan, Bva c 1a nhimg tham sb bién phan xac dinh.
B va ¢ duoc xac dinh dua vao diéu kién chuan hoa ham song.

2.2. Xac dinh d¢ linh dgng cuaa hé hat tai
Trong ly thuyét van chuyén tuyén tinh, d§ linh ddng cua hat tai dugc cho bdi :

eT * Z. . . .. 4 2
M= o voi m 1a khoi lugng hiéu dung cda hat tai. Thoi gian song van chuyén duogc
biéu din qua ham tu tuong quan (AFC) d6i véi mdi nhidu loan bang [10]:
q’ <| @ >

T © i F@

1_
T

(2.2)

O day, ¢=(¢,®) 1a xung luong truyén hai chiéu cho bdi cac co ché tan xa trong

mat phing x, y: ¢ =|q| =2k sin(9/2) v6i 9 1a gbéc tan xa. Nang lugng Fermi dugc
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xdc dinh: E =1’k2/2m" véi ky =\[277p, 1a s6 song Fermi, p.(z) 1a ndng do hat tai
hai chiéu xé4c dinh trong [11].

Ham dién moi &(g) dinh luvong cho hiéu ung chin cua thé tin xa cia hat tai hai
chidu. Ap dung gan dung trudng ngiu nhién ta c6 [12,13] :

&(q) = 1+%E(q)[1—6<q)], for q <2k,

Trong d6, g, =2m'e’ / &,h* 1a nghich dao chiéu dai chin hai chiéu Thomas-Fermi.
Hiéu chinh truong cuc bd do tuong tac trao doi gitra cac hat véi nhau dugc cho boi [14]:

q
G(g)=—F—=
2Jq* +k;

Thira s6 dang chin F.(q) phu thugc vao tuong tac cia hat doc theo phuong nudi
duoc xéac dinh boi [12,13]:

+00

F(q)—jdzjdz

—0

2 o=

(2.3)

Str dung ham song & phuong t11nh (2.1), chiing ta s& xac dinh duoc thira sd dang
chan cho boi phurong trinh (2.3). Céc hat tai trong kénh din Ge chiu tic dong cua
nhiéu ngudn tan xa khac nhau, mdi ngudn tin xa tuong tng v4i mot ham ty twong
quan <|U(q)2> trong khong gian véc to séng. Do vdy, dé xac do linh dong tong cong ta

phai x4c dinh cac co ché tan xa anh huong dén qué trinh van chuyén cua hat tai trong
kénh dan Ge. O nhiét do cao, c4c hat tai c6 thé co cac co ché tan xa sau: Tap chat bi
ion hoa (RI), d0 nham bé mat (SR), thé bién dang khop sai (DP), tan xa phonon am
(AP). Thoi gian song tong cong dugc xdc dinh boi quy tac Matthiessen:
1 1 1 1 1

=t —t—+—. (2.4)
Twi  Tuc Trz Tri T

2.2.1. Tan xg phonon dm

Tan xa phonon 13 ngudn goc quan trong gidi han d6 linh dong cia hat tai. Theo
1y thuyét van chuyén tuyén tinh, thoi gian hdi phuc xung lugng cia tan xa phonon 4m
cho béi [15]:

E = ZW(k k)(1=cos a), (2.5)
k

O day W(k,k) 1a x4c sut chuyén tiép tir trang thai k t&i trang thai k , € 1a goc
tan xa. Trong khoang nhiét dd ma chung ta tim dd linh dong ctia hat tai thi tdn xa
phonon dugc xem la dan hoi. Xac suat chuyén ti€p duoc cho dudi dang:

M@

W(kk)_szLj o5 )

(2.6)
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Thé bién dang khop sai (DP - Deformation Potential).

Déi véi cac phonon 4m duoc tao boi thé bién dang khdp sai thi yéu t6 ma tran
tan xa dugc cho boi [16]:
D’ha,

M) =
|M (q)| T

Trong d6, D 14 hang s6 dang khop sai.
Thoi gian hoi phuc xung luong cua tan xa phonon 4m trong thé bién dang khép
sai (DP) dugc cho béi:

1 mD%k,T 7] —cosa
J 11@)r da.
TDP(E) 4zh’ C 0 ( L)
Trong do, q, = 2k sin & /2.

(2.7)

— . da, (2.8)

Thé dién dp tich dién (PZ - Piezoelectric coupling).
Cac phan tir ma tran trong thé dién ap tich dién (PZ) c6 dang [16]:

) eZPZha)q
M=

0~r

(2.9)
v6i P 1a hing sb dién ap.
Khi d6, thoi gian hdi phuc xung luong do co ché khuéch tén c6 thé viét dudi dang:

1  Pk,Tprl—cosa

Tpy, ﬂhaz, 0 SZ(qL)

S6 hang cudi trong tich phan dugc cho bai:

G,(q,)da. (2.10)

Gy(q.)=) 5—5dq.. (2.11)
S(q) 12 hé s chin tinh ¢6 mdi lién hé vdi thira s6 dang chian F(q) 1a:

2me? F ()11 (¢

S(g) =1+ (@)lg), (2.12)
€0q
voi1 I1(g) 1a ham phan cyc ¢ nhiét do hiru han.
(g, T.E,) = r H(q,O 5) dé ==——=71+Tanh £ ,
4k, T "o 2 Er=¢ 27h 2k, T
osh et 2k, T ) ’

B

Trong d6, 11(q,0,&) 1a ham phan cyc & nhiét 46 T=0 K, c¢6 dang:

*

5 |12
m 2k
anoaé): B l_e(q_zkl«“) 1_[ F\J
h q
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2.2.2. Tan xa do dé nhdm bé mdt (SR)

Ham tu twong quan do nham bé mat gy ra anh hudng 1én do linh dong cia hat
tai dugc tinh todn trong cong trinh [17] c6 dang nhu sau:

Use(q) =Vo1¢:1° A,

2.2.3. Tap chdt bi ion héa (RI).

(2.13)

Ham ty tuong quan cho tan xa tir sy phan bb ngﬁu nhién cua tap duoc xac dinh boi [11,18]:
(va (@)= (v (@) )7 (a) (2.14)

3. KET QUA VA THAO LUAN

Trong phan nay chiing t6i 4p dung ly thuyét tinh toan dé nghién ctru hién tuong
van chuyén cta hat tai trong kénh dan Ge pha tap diéu bién & nhiét do cao. DI tuong
nghién cuu la do linh dong cua hat tai trong kénh Ge dugc nuoi boi 16p nén Si, Si;.
Ge,/Ge/Si;«Ge, Nhu di chi ra trong cong trinh [19], dbi v6i kénh dan Ge nudi trén 16p
nén Si, 16p pha tap cé dang Si;«Ge, c6 ham luong pha tap Ge 13 x=0.67. Vi viy, cdu
tric nghién ctru cta bai toan s& 13 cau tric di chat Sig33Gegs7/Ge/Sio 33Geg.s7 [20,21]
trong d6, 16p rao lam bing vt liéu SiGe dugc pha tap boi B v6i Ly = 100 A°, L, = 200
A’ Vi d6 cao cua rao thé 14 16n Vo> 270 meV nén ta c6 thé coi giéng thé 1a cao vo han.

Dé tinh sé chung ta can cac tham sé dau vao, & diy chung ta dd bo qua sy khac
nhau cua hiang s dién moi giita 16p giéng va 16p rao, st dung gia tri trung binh cia
chung. Pdi v6i kénh dan Ge, khdi lugng hiéu dung trén phuwong z va mat phang (x, y)
la khac nhau, cy thé m, =0.19m_, m"~0.Im_ [22,23]. Hing s6 bién dang cting

¢, = 12.85 ¢, = 4.83, ¢, = 6.80 trong mot don vi 10" Pa, va hang s6 bién dang
dan hoi cho bai b = 2.55, dy = 5.50 [24].

20 T y Y -Z
a: ps=5.10 cm
° b: 10"
c: 5.10"
— b
E
o a
= 10+ .
5
e
— hent - band
= flat - bamd
0 " 1
-50 v] 50
L (A)

Hinh 3. Cau triic kénh din Ge pha tap diéu bién véi cac
gia tri khac nhau ctia ndng do hat tai p,
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Trén hinh v& 3, cdc duong dut nét 1a ham séng trong mod hinh flat-band,
cac dudng lién nét 1a ham séng trong mo hinh kénh Ge pha tap mot phia voi
bé rong kénh dan L = 150 A° va céac gid tri khac nhau cua ndng do6 hat tai p,
voi py=5.10",10"2,5.10"cm ™.

Quan sat hinh v& ta nhan thay: trong mé hinh flat-band ham séng c¢6 dang d6i
xung va khong phu thudc vao néng d6 hat tai trong kénh dan. Tai néng do hat tai
nho ¢& py=5.10"'em > ham song flat-band va bent-band gin nhu tring nhau. Khi ta
ting ndng do6 hat tai p,, ham séng trong kénh pha tap didu bién mot phia bién dang
nhung van c¢6 dang d6i xtmg; tiép tuc ting p,, ham soéng bién dang manh m& hon,
cac hat tai ¢ xu huéng don vé phia c6 pha tap nhiéu hon.

Hinh 4 chung t6i v& su phu thudc ciia do linh dong gy ra bdi tat ca cac co ché
tan xa va dg linh dong téng cong vao nhiét dg.

10° == r r ——
10°} ; —
7 pz Rl Pz
- SR
’071 O'F Tot

50 100 150 200 250 300
T (K)
Hinh 4. D¢ linh dong phu thugc vao nhiét dé T ciia tat ca cAc co' ché tan xa: Thé bién
dang khép sai (DP), Thé dién tich ap dién (PZ), Tan xa do tap chit bi ion héa (RI), tin
xa do d9 nham bé mit (SR), va do linh dong tong cong i,
ot

Nhin vao d6 thi hinh 4 ta thdy, d6 linh dong téng cong A cang giam khi ta
tang nhiét do 7. BJ linh dong téng cong chiu anh hudng nhiéu nhat béi tan xa do
d6 nham bé miat gy ra, ddy 1a co ché tan xa chi dao ¢ nhiét do thip da duoc
nghién ctru nhiéu & céac cong trinh [4,5,9]. Tuy nhién khi nhiét d¢ tang 1€én, vai tro
ctia cac co ché tan xa do phonon giy ra cang thé hién vai tro quan trong, chung da
lam giéi han d¢ linh dong téng cong cua hat tai, dan téi d6 linh dong téng cOng
giam dan khi nhiét d6 tang 1én. Pudng cong cua dg linh dong téng cong phu thude
ngady cang nhiéu vao do déc cua cac dudong cong do tan xa phonon 4m gy ra. Anh
hudng cia tan xa gy bai tap chit bi ion héa 1a it nhat. Nhitng két qua nay kha phu
hop véi céc tinh toan trong [2,24]. Ly thuyét ciia chung t6i da giai thich dinh tinh
dugc sy phu thudc cua do linh dong téng cong cua hat tai vao cac co ché tan xa
gay boi phonon.
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Hinh 5. D¢ linh dgng £, phu thudc vao nhiét d¢ 7.

Trén hinh 5 cdc chAim vuong la sb liéu thuc nghiém ctia nhom Myronov [2], vé
su phu thudc cua do linh dong tong cong vao nhiét do, duong lién nét 1 1y thuyét
tinh todn ctia nhém chung toi. Trong mién nhiét do thap céc tac gia [4,5,8,10] dd xay
dung ly thuyét trong d6i hoan chinh dé nghién ctru d6 linh dong cia hat tai phy
thudc vao cac tham sb cua giéng lugng tir. Khi nhiét d6 tang 1én, lam xuét hién tan
x4 cua cac phonon am va phonon quang, lam cho viéc tinh todn tré nén phiic tap.
Trong truong hop nhiét d6 cao tac gia di sdu xem xét anh huong cua co ché tan xa
do phonon gy ra va chtng minh co ché tan xa do phonon 1a co ché tan xa co ban
trong vung nhiét 46 nay. Quan sat hinh 5 cho thay ly thuyét tinh toan cho két qua
kha phu hop véi thuc nghiém trong ving nhiét d6 16n hon tir 50°K dén 300°K. Két
qua trén cling hoan toan phu hop khi sir dung ly thuyét tinh toan dé ap dung cho
kénh din Ge pha tap mot phia trong thyc nghiém cia nhém Irisawa [3] d3 duogc
chiing t6i dan ra trong cong trinh [8].

4. KET LUAN

Bai bdo di dua ra biéu thuc tinh do linh dong cua hat tai trong kénh Ge pha tap
diéu bién mot phia. PBa tinh dugc do linh dong cua h¢ hat tai phu thudc vao nhiét 46 T’
gay ra bdi tit ca cac co ché tan xa. Giai thich dinh tinh dugc co ché tan xa co ban cua
h¢é hat tai khi nhiét 0 tang 1&én. Trong do, tdn xa gy bdi do nham bé mat va phonon
am 1a co ché tan xa co ban, tan xa gay boi tap chdt bi ion hoa anh huong it nhat. D
so sanh tinh toan ly thuyét voi thuc nghiém, két qua cho thay dudng tinh toan ly
thuyét phan anh tuong ddi tot két qua do dac thyc nghiém, dac bi¢t trong vung nhiét
46 tir 50K dén 300K, tir d6 ching t6 tAm quan trong cua tan xa phonon am trong viéc
lam giam d¢ linh dong cua hat tai khi nhiét do tang Ién.
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STUDY THE MOBILITIES OF CARRIERS
DEPENDENT ON TEMPERATURE IN GE CHANNEL
MODULATION-DOPED STRUCTURES

Tran Thi Hai, Nguyen Thi Thao, Nguyen Thi Dung, Nguyen Thi Tu
ABSTRACT

In this paper we calculate the temperature dependent part of the hall mobility in

Ge channel modulation-doped structures with very high room-temperature. At high

temperatures, we were able to derive the autocorrelation functions for the distribution
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of carriers and their scattering mechanisms. We incorporate all possible main
scattering mechanisms, especially acoustic-phonon scattering. It is shown that
surface-roughness and acoustic-phonon scattering play a dominant role in limiting
the mobility. We analyzed the behavior of the mobility for temperature values up to
300K. Our theory is able to well reproduce the experimental data about the transport
of holes in Ge channel modulation-doped structures from 50°K to 300°K.

Keywords: Mobility, acoustic-phonon scattering, modulation-doping, Ge channel.
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