TAP CHi KHOA HQC TRUONG PAI HQC HONG PUC - SO 35.2017

NGHIEN CUU ANH HUONG CUA HIEU UNG UON CONG
VUNG NANG LUQNG LEN TINH CHAT PIEN CUA HAT TAI
TRONG MO HINH GIENG LUQNG TU PHA TAP MOT PHIiA

Nguyén Quyét Tién!, Trin Thi Hai
TOM TAT

Anh huong ciia pha tap diéu bién mét phia lén hién twong van chuyén cia hat tai giam
cam trong giéng thé vuéng géc & nhiét d thap dwge nghién civu. Bang viéc sir dung phwong
phdp bién phén va cac ham phu, cdc biéu thite mé ta anh huong ciia pha tap 1én sw phdan bé
ciia hat tdi trong giéng heong tir dd dwge tdc gia duwa ra. Cdc biéu thirc mé td cdc co ché tan
xa tac dong lén qua trinh van chuyén cua hat tai ciing dwoc xac dinh, dé‘ng thoi chi ra dnh
hiong ciia pha tap bdt déi xitng mét phia 1én sw phdn bé cia hat tai phu thuéc vao mirc pha
tap va do rong kénh dan.

Tir khéa: Pha tap mét phia, pha tap diéu bién, phirong phdp bién phdn, mirc pha tap,
do rong kénh dan.

1. DPAT VAN BE

Giéng luong tir pha tap diéu bién dua trén Ge va SiGe da nhan duoc nhiéu sy quan
tam nghién ctru trong thoi gian gan day vi tAm quan trong ctia no trong viéc tng dung
may moc, thiét bi, nhat 1a cac kénh dan loai p v6i do linh dong cao cua hat tai. Chung
duoc Gmg dung rong rii trong cic cdu trac transitor hiéu tng truong. Dé ting d6 linh
dong cua khi 15 trong, cac cdu tric di chit véi cac kénh dan SiGe dd dugc quan tdm
nghién cttu manh mé¢ [1,3].

Niam 2008, A. Gold [4] d4 sir dung 1i thuyét flat-band va thay rang d6 linh dong ting
don diéu va phu thudc vao bé rong giéng luong tir. Nhitng giai thich cta [4] nhidu diém chua
phu hop véi cac nghién ctru thuc nghiém vé sur phu thudc cua d6 linh dong vao bé rong giéng
luong tir [6]. Cac mo hinh nay chi giai thich dugc mot s6 két qua thyc nghiém nhu d¢ linh
dong u phu thudc vao nong do hat tai p,, nhung khong giai thich dugc sy phu thudc cua
d6 linh dong 1 vao bé rong giéng lwong tir L.

Dé khic phuc han ché cta nhirng tinh toan 1y thuyét khi sir dung mé hinh flat-band,
nam 2007 Giao su Quang va cong su [7] di dwa ra mot 1y thuyét bent-band, trong do
nhom tac gia tinh dén anh huéng cia hiéu tng udn cong ving ning luong 1én sy phan
bd cua hat tai trong giéng, tir d6 xac dinh cac co ché tan xa co ban anh hudng 1én qua
trinh van chuyén cua hat tai trong mé hinh giéng luong tr pha tap mot phia. Cu thé 13,
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du6i anh huong cua hiéu Gng ubn cong ving, cic hat tai trong truong hop pha tap mot
phia khong con dbi xtng nhu trong mé hinh flat-band ma 1éch vé phia c6 pha tap. Theo
mo hinh nay thi viéc diéu bién bat déi xing ham soéng, nghia 1a d6 doc ciia ham song
thay doi, 1am tang tan xa do d6 nham bé mat gdy nén ma tan xa nay la tan xa chu dao va
vi thé do linh dong cua hat tai giam manh.

Muc dinh chinh ctia bai bao nay 1a xét dén anh huong hiéu tmg ubn cong ving ning
luong do pha tap va dua ra cac co ché tan xa chu dao trong giéng luong tir vudng goc
SiGe/Ge/ SiGe & nhiét do thap. Li thuyét ciia nhom tac gia bao gom tt ca cac ngudn tan xa,
ké ca thé bién dang khop sai. Hon nita, 1i thuyét dugc gidi thidu trong bai bao s& hoan thién
mo hinh thyc cta giéng luong tir, véi viée xét dén hiéu tng udn cong ving.

So @6 trinh bay bai bao nay nhu sau: Trong muc 2 md hinh giéng luong tir pha tap
mot phia dugc gidi thi¢u, viéc tinh toan cac co ché tan xa co ban anh hudng 1€n qua trinh
van chuyén cua hat tai trong giéng duoc trinh bay & muc 3, phan 4 1a mét s6 két qua tinh sd
vé anh hudng cia hiéu tmg uén cong ving do pha tap va phan 5 1a phan tong két.

2. NOI DUNG NGHIEN CUU
2.1. M6 hinh giéng lwong tir vudng géc pha tap diéu bién mot phia
2.1.1. Ham séng bién phdn

bai véi giéng luong tir c6 chi€u cao rao thé 1a vo han, chiing t6i dua ra ham song bao
O trang thai co ban c6 dang nhu sau: [7]

Bm/Lcos(rz/L)e " khilz|<L/2

¢(z)= (1)
0 khi |z|>L/2,
O day L 12 bé rong cua kénh din, B, ¢ 1a cac tham s bién phan.
Str dung diéu kién chuan hoa ham song ta co:
L/2 5
[ &lce) =1 )
-L/2
Ta co:
/4
~By(c)=1 3)
2
voi
c
ko =Z (C=koL) (4)

trong do, y,(c) 1a ham duoc xac dinh boi phuong trinh (17)

Vi vay, ta chi can xac dinh mot tham doc 1ap c, do chinh 1a dai lugng dac trung cho
anh hudng cua hiéu ing udn cong ving 1én sy phan bd hat tai trong giéng.
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2.1.2. Thé Hartree
Trong mo hinh bent-band, Hamiltonian x4c dinh boi phuwong trinh:
H=T+V,(2)+V,(2) )

Trong d6, T 1a dong ning, Vi(z) va Vi(z) 1an luot 1a thé rao va thé Hartree.
Thé Hartree duoc tao boi ngué)n tap bi ion hoa Ni(z) va nguén hat tai tich dién p(z).

A 5 ’ 9 \ L r A A Ae o M s A <\
Bién dang pha tap ¢ phia dinh rao (z < _E) c6 mat do khoi cua tap Ni nam trong mién tir

% . L L \
zgdén -z, V61 z, =L, + L _+ 2 vaz, =L + bR La va Ls lan luot 1a d§ day cua 16p pha tap

va 16p cach dién.
Thé Hartree bao gdm tong cua thé tap va hat tai:
Vi(2)=Vi(2)+75(2) ()
Phuong trinh Poisson cho thé Hartree do khdi tap va khéi hat tai c6 dang:
d’ dre’
- V z)= N Z)— z 7
7 4 (2) SL[I()p()] (7
voi
N.(2) N,, —z,<z< -z, g
z)=
! 0, elsewhere ®)

£(2)[ v6i p, 1a mat do 14 tap hai

Phéan b cua hat tai ndm trong mién: p(z) = D,
chiéu va ham song cho boi phuong trinh (1).
Str dung diéu kién can béng dién tich ta co:
p,=N,L, )
Tién hanh giai phuong trinh Poisson cho thé Hartree do khdi tap va khi hat tai tao ra,
két hop vai diéu kién bién cua thé
z=-0:0V,(-0)/0z=0, V,(-0)=E, (10)
trong d6, E; 1a nang lugng lién két cua tap bi ion hoa.
Két qua ta thu duoc thé Hartree c6 dang nhu sau:

0, z<~z,
, (N[/2)(z+zd)2, —z,8z<-z
VH(Z)=E1+47T6 (N, /2)(z,—z)(2z+z,+z,), -z, <z<-L/2 (11)
"N, 12) (22 -2 - ple@)zg.h ] —L/2<z<L/2
(N,/2)(z;—z})-p,[h,-h_] ~L/2<2<0,
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Trong do, ¢, 1a hang so dién moi cua giéng lugng tur.

g(z) va h(z) duoc xac dinh:

(z)= 7B’L eizLﬁ {L 1 [(02 - 72'2)005% —27zesin %} 12
si== 8 & (+r) L L (12)
h(z)=g(z)-zg'(2) (13)

: . e L ,
Cac ki hiéu * tng véi cac gid tritai z :iE , trong truong hop nay: g\ =0g / 0z |

z=+=
2

2.1.3. Nang lwong tong cong cia hat
Ning luong tong cong clia hat ¢ trang thai co ban:
E(c)=(T)+{V,)+(V.) (14)

Ning luong riéng trong téng niang lugng duge dan ra dudi day.
Trong do, dong nang trung binh c6 dang:

(T)= [ dz (2)T¢ (2) (15)
mh’B’
(T)= oy {(c2 -7y, (c) + 27, (c)}, (16)
O day, m, 1a khdi lugng hiéu dung cta hat tai; 7, (x) va @, (x) dugc cho boi phuong trinh:
1 -D)"x 7.
v, (x)= [—+%] sinh x
X x+nrm
=)"'nr (17
w, (X) = ﬁsmh X,
X +n'rz

Thé trung binh cua tap cho bai:

(V,)=E, + z,—2,) (18)

Thé trung binh cua hat tai:

+

(1)== 22, [ (5 ()¢ 2 19

€

00

Hay

- M{i{ecm{f—3c2+7r2(c—1)]_ecayl(c)} !

- de,(*+n°) | ¢ c(c®+77%) oc (¢’ +7%)

(20)

¢ —

x[(%z +7t+ ”—;j 7,(2¢) + 2 27[2 [7/2 (2c)—-2y, (20)] —rclw,(2c) + 2a)1(2c)}
c
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Tai nhiét 46 thdp T = 0, ning luong cta ca khoi khi 1a nho nhat. Ta nhan thay ning
lwong/sd hat chinh 13 nang lwong trung binh. Tién hanh cuc tiéu hoa niang lugng toan phin
ung véi mot hat ta s€ xac dinh dugc tham s6 bién phan ¢, tir d6 xac dinh dugc ham song.

2.2. Cac thé tan xa co ban trong giéng lwong tir pha tap diéu bién mot phia

2.2.1. B6 nham bé mdt (SR)

Ta biét rang d6 16n cua thé tan xa trong khong gian vécto song duge xac dinh boi gia
tri cuc bd ctia ham song tai cac vi tri bién ¢ = (z =FL/ 2) , gia tri ctia thé trong khong
gian vécto song ddi v6i cac tan xa tir bé mat nham phia dinh c6 dang:

A, (21)

q

USR¢ (@) =V,
& day, A, 1a bién doi Fourier hai chiéu ctia cAu hinh bé mat.
Tién hanh tinh tich phan phuong trinh Schrodinger 1 chiéu v&i ham séng bao cho bai
(DHtrz=F oo tdiz=20 (z, >—L/2). Ta dugc:

3 2B4 _e
Vol [ =LE) - %(zo)]gz(on%{ﬂz I\ (2e,0)
28L(C +7 ) c
2 2
—(ujﬂ + ——[r +2¢,28)-T,(+2c,25)]+ (22
C

i%[QZ (£2¢,£ 8) + 20, (+2¢, % 5)]}

& day E(c) 1a nang luong tong cong cua hat & trang thai co ban.

2.2.2. Thé bién dang khép sai (DP)

Trong md hinh giéng lugng tir ma ta nghién ciru & day, 16p giéng bi bién dang véi do
léch mang nhu sau:

_4 49
§=—" (23)

Céc cong trinh [2], [9] cling chi ra, thé bién dang khép sai ddi vai cac loai hat tai khac
nhau 13 khac nhau, ddi véi dién tir chinh 1a thanh phan chéo cua tensor truong bién dang,
trong khi d6 d6i véi 15 tréng phai bao gom tit ca cac thanh phan.

Str dung ham song tir phurong trinh (1) chiing toi xac dinh dugc biéu thirc cho ham ty
tuong quan cho thé bién dang khép sai c6 dang:
" *a S AAB?

o - T

]F (1)

) 1/2 (24)

X {%[b (K +D] (1+sin* g+ cos*p) + (j—GJ (1+sin® 490052(”)}
Cya
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Trong d6, thira s6 dang
» 2
Fo(t)=te [71 (cit/z)] Fo.(?) (25)
2.2.3. Tap chdt bi ion héa (RI)

Tir md hinh trén, ta tién hanh xt Iy nhiét trong qua trinh nudi epitaxy chum phan ti.
Trudce khi bi dong dac, tai nhi¢t do cao, cac tap chét bi khuéch tan, trong khi khuéch tan
chung twong tiac Coulomb v6i nhau. Chinh twong tac nay lam giam xéc suat cho thing giang
16n cia ndng do tap va tao ra xu hudng phan bd déu, khi d6 trudng tap ngiu nhién sé yéu di.
Sy phan b tap tai nhiét do thap chinh 13 sy phan bd tire thoi cia tap tai nhiét do To ma tai
d6 qua trinh khuéch tan bi dong bang. O nhiét d6 cao, twong quan giita cac ion giam hon di
so v6&i ham tu twong quan cho cac tap bi tdn xa boi mot hé sb, vi vay

2 2
(a@f) =(Un@f ) Fetal), ©6)
Twr do ta tim dugc ham ty twrong quan cho tap c6 dang [6]
2
2ze* | N, I

<|UR1(q)|2> = ( j L= Fu(qL), 27)

¢ L q 4

t Rz(t) e—ZSt _e—Zdt
F e —— t = L , F 1) = ,

C(q) f+ tc c qc RI( ) 2 tz (f 4 fc) (28)

Nhu vay, véi viée st dung ham song bao ¢ phuong trinh (1), chung ta da xac dinh
dugc ham tu tuong quan cho tat ca cac co ché tan xa cua giéng luong tir pha tap diéu bién
d6i xtmg dudi dang giai tich. Cac ham tu tuong quan nay déu phu thudc vao tham sb bién
phan ¢, vi vy chiing ta phai tinh dén anh huong cuia hiéu tmg ubn cong ving.

O nhiét do thép, cac hat tai c6 thé chiu anh hudng cia cac co ché tan xa sau: Tap xa
(RI), 36 nham bé mit (SR), thé bién dang khép sai (DP). Thoi gian séng tong cong dugc xac
dinh boi quy tic Matthiessen:

1 1 1 1

- + tot + tot (29)

Tor  Tre Tsk  Tpp
Thoi gian sdng van chuyén dugc biéu dién qua ham ty twong quan:
2
R P s (vaf)
—=———[dq[de (30)
PaerSTAR Rl R Ly
Nhu di biét, do linh dong duoc xac dinh bang
er
H=—" 31)
m

Vé6i m* 1a khdi luong hiéu dung, t 1 thoi gian séng van chuyén cua dién tir. Cong
thirc (32) cho thy viéc mot trong cac bién phap nang cao do linh dong 1a tim cach kéo dai
thoi gian séng. Trong nhiéu bai toan cta hién twong van chuyén, vin dé trung tim chuyén
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sang cac bai toan nghién ctru thoi gian sdng va két luan vé hai dai lugng trén trong nhiéu
truong hop 1a dong nhét.

2.3. Két qua tinh s6 anh huwéng cia hiéu ing udn cong viung ning luong

Trudce tién 1a két qua tinh sé cho thay su thay ddi ciia ham song khi ¢6 hiéu tmg ubn
cong vung nang lugng.

75 50 25 0 25 50 75 |~ — flat-band
" . . . - a:5.10" cm?

b: 10" cm?
c:5.10"%cm?

20 - 20

m=0,19m,
L,=100 A°
L,=100A°
Bent-Band

L (A)

Hinh 1. Ham séng bao { phu thudc vao bé rong giéng lwgng tir L véi cic gia tri khac nhau ciia b,

D6 thi duoc vé cho trudong hop L = 150A° véi cac gia tri khac nhau cia nong do hat
tai p, =5.10", 10", 5.10%cm™. Ta thiy rang dudi anh huéng ciia higu timg uén cong viing
nang luong do pha tap, hinh dang ctia ham song biéu thi sy phan b cua hat tai trong giéng
c6 su thay doi dang ké, khong con ddi ximg nhu trong mé hinh flat-band ma né ting vé phia
c¢6 pha tap va giam vé phia khong c6 pha tap. Sy thay d6i nay phu thudc vao mirc pha tap va
bé rong kénh dan.

Tiép theo, chung t61 v€ dd linh dong cua hat tai do cac co ché tan xa SR, DP, RI gay
ra va do linh dong tong cong cua hat phu thudc vao ndng do hat tai trong giéng Sio3Geo.7/Ge/
Sio.3Geo.7 v6i s6 lidu thuce nghiém trong [8].

l ’
Prijp Bpp  , Hgg

" (104 cmZIVs)
N
T

Hinh 2. P§ linh ddng giy béi cac co ché tan xa va dd linh dong téng cong
phu thudc vao nong dd hat tai b,
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0 day L ="75A, bién dang pha tap c6 gid tri La= 100 A, Ly =100 A, c4c tham s6 nham
bémit A=4.8 A, A =120 A. Tanhén thay do linh dong tong cong dugc tinh theo 1y thuyét
do céc co ché tan xa RI, DP, SR cho két qua phu hop kha tét v6i thuc nghiém (cac diém tam
giac trén hinh).

3. KET LUAN

Nghién ciru anh huong cta pha tap diéu bién mot phia 1én hién tuong van chuyén
ctia hat tai giam cam trong giéng thé vudng goc ¢ nhiét d6 thip. Chung toi sir dung
phuong phap bién phan dé nghién ctru anh huong cua pha tap diéu bién mot phia 1én
hién tuong van chuyén cua hat tai giam cam trong giéng thé vudng goéc & nhiét do thap.
Bing viéc sir dung cac ham phy, chiing t6i d3 dua ra biéu thirc giai tich mé ta anh hudng
cua pha tap lén sy phan bd cua hat tai trong giéng, x4c dinh dugc cac co ché tan xa cua
hat tai. Chiing t6i ciing chi ra anh hudng cta pha tap bat d6i xarng mét phia 1én sy phan
bd cua hat tai phu thudc vao mirc pha tap va do rong kénh dan. Nhom tac gia da dua ra
mot 1y thuyét nghién ciru vé anh hudng cia hiéu tng udn cong ving ning lugng do pha
tap mot phia 18n qua trinh van chuyén cia hat tai trong mo hinh giéng luong tir vudng
goc pha tap mdt phia. Ly thuyét cua nhom tac gia da giai thich dugc mét s6 thuc nghiém
vé hién tuong van chuyén cia hat tai trong giéng luong t pha tap mot phia & nhiét do
thép ma trudc day chua co li thuyét nao giai thich dugc, nhu: sy phu thudc ctia dé linh
dong vao do rong cua giéng.
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BEND - BANDING EFFECTS ON TRANSPORT OF CARRIERS
IN THE SINGLE SIDE DOPED SQUARE QUANTUM WELLS

Nguyen Quyet Tien, Tran Thi Hai
ABSTRACT

The effect from single-side modulation doping on low-temperature transport
properties of the charge carriers confined in a square infinite quantum well (QW) is given.
With variational approach and the aid of our auxiliary functions, the expressions for the
carrier distribution in single-side square QWs are obtained analytically. We obtained their
roughness-induced scattering in the in-plane. We show that the impact of asymmetric
modulation due to single-side doping on the carrier distribution depends on the doping level
and channel width.

Keywords: Single-side doping, modulation doping, variational method, doping level,
channel width.
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