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ABSTRACT

In this reseach, we investigated the distribution of electron gas in the
ground state and the first excited state in semi-parabolic quantum wells
structure based on the polar materials. We have defined confinement
potentials and computed the average energy of an electron by variational
method, from which we have determined variational parameters in order
to investigate the distribution of electron gas. Especially, this study have
identified the role of polarization to the quantum confinement effect of
two-dimensional electron gas in the semi-parabolic quantum well based
on modulation doping AIN/GaN/Al.Ga,..N material. The obtained results
showed that the electronic gas distribution was dominated by the
polarization charges existing in the adjacent layers of heterostructure.

TOM TAT

Trong nghién cuu nay, chung toi khdo sat sy phan bo khi dién tw o trang
thdi co ban va trang thdi kich thich thir nhdt trong cdu triic giéng heong tir
ban parabol dya trén vt liéu co tinh phan cyc dién. Ching toi da xdc dinh
cdc thé giam cam va tinh gid tri ning lwong trung binh img voi mot
electron bang phuwong phdp bién phdn, tir d6 xdc dinh cac tham sé bién
phdn d@é khao sat sw phdn bé khi dién tir. Pdc biét, nghién ciru da xdc dinh
dwoc vai tro cua phdn cuc dién dén hiéu wng giam giir lwong tir khi dién tir
hai chiéu trong cdu triic giéng lwong tir ban parabol hinh thanh dwa trén
hé vt liéu AIN/GaN/AlGaN pha tap diéu bién. Két qua nhdn dwoc cho
thay sw phan bo khi dién tir bi chi phdi manh boi cdc dién tich phan cuc
160 tqi & tiép gidp di chat.

1 GIOI THIEU

Trong nhitng thap ky gan day, vt ligu chu truc

trién rat nhiéu linh kién dién tir, quang dién tir (sir
dung hiu tmg kich thudc va k¥ thudt ving nang

nano dwoc quan tm nghién ciru rat nhiéu vi nhleu
tinh chat vat ly ly thu ciia chiing, cu thé 1a cac cau
trac luong tir dwa trén cac chat ban dan: giéng
lugng tr (quantum well), day lugng tir (quantum
wire), chim luong tir (quantum dot) hay siéu mang
(superlattices)... (Alferov Z. L, 2001)]. Trong
nhiing cau trac nay, cac hi¢u ung luorng tir thé hién
mot cach rd nét, vi vy nguoi ta da va dang ung
dung céc hiéu ng luong tir ndy dé ché tao va phat
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lugng). Mot trong nhitng hién tugng lugng tr da
duoc ap dung cho linh kién ban dan 1a hién tugng
hép thu quang boi sy chuyén doi giita cic trang
thai lwong tir trong ving dan hay ving hoa tri ciia
céc hé thap chiéu.

Nghién ciru hién twong chuyén doi quang dién
tir dong vai trd rat quan trong trong vét 1y ban dan.
Nguoi ta ¢6 thé diéu chinh budc song hodc diéu
chinh thoi gian hdi phuc dya vao k¥ thudt ving,
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hodc tao cac hiéu img quang phi tuyén (Li Zhang
and Hong-Jing Xie, 2003). Tir d6, chung ta c6 thé
xac dinh duoc phém chét cta céu tric dé tdi uu hoa
cho viéc phat trién cac linh kién quang dién tir
(B.R.Nag, 2000). Anh huong manh mé& dén su
chuyén doi quang dién tir chinh 13 sy giam cim
lugng tir 1én cac hat tai ton tai trong giéng, khi do
cac muc nang lugng bi lugng ti hoa theo hudng
nudi tinh thé trong mau. Sy chuyén doi quang dién
tir ¢o hai loai co ban: chuyén doi gitra cac muc
ning lugng trong ving héa tri dén cac mirc ning
luong trong ving dan hay con goi 1a chuyén doi
ngoai vung (interband transitions), ngoai ra su
chuyén doi giita cac mirc ning lugng bi tach ra do
hiu g lugng tir trong cung mot vung dugc goi la
su chuyén doi noi ving (intraband transitions) hay
cling goi 1a chuyén doi gita cac vung con
(intersubband transitions). Co rat nhiéu két qua ly
thuyét va thi nghiém khao sat su chuyén doi gilta
cac ving con trén cac hé vat liéu khac nhau, ching
han nhu InGaAs/AlGaAs hay AlGaN/GaN va cac
giéng luong tr dua trén cic nguyén té nhom IV
nhu Si, SiGe (Bratati Mukhopadhyay and P. K.
Basu 2004; Carlo Sittori and Federico Capasso,
1991).

Dé khao sat su chuyén doi quang dién tir giita
c4c ving con ta phai xac dinh dwoc phan bé dién tir
& cac trang thai lwong tir, phan bd nay bi chi phbi
boi cac thé giam cam dién tir. Nhitng nghién ctru
gan day cho thiy c6 nhiéu diém thi vi hon khi
khao sat giéng lugng tir parabol (PQW) va giéng
lwong tir ban parabol (SPQW) so véi giéng luong
ti hinh chir nhit (RQW) (Wojtowicz T and et
al., 1996; Wojtowicz T and et al., 1997). Véi
PQW va SPQW, ngoai nhiing tri riéng cua nang
luong cach déu nhau mot cach rd rét thi nhiing tri
riéng nay con phu thudc vao chleu cao va dg rong
cua giéng trong cung mot tham s6 cong. Didu nay
gitip chung ta c6 thé xac dinh chinh x4c cac thong
s6 cua do léch ving (Wojtowicz T and et al.,
1996, Wojtowicz T and et al., 1997). Hon nita,
dbi v6i thé giam cam hinh dang parabol nguoi ta
¢6 thé ghi nhan dugc quang phd kich thich noi
ving con cua khi dién tir hai chiéu (2D) mot cach
don gian hon. Mat khac, tinh dinh xir trong thé ban
parabol manh m& hon nhiéu so v6i giéng hinh chit
nhit (Guang-Hui Wang and et al, 2003;
Wojtowicz T and et al., 1997). Vi vy, ta c6 thé
su dung hai ham song thtr riéng biét trong phuong
phap bién phan cho SPQW.

Maic du da co6 nhiing nghi@n clru vé su uu viét
cua SPQW, tuy nhién sy chuyén doi quang dién tu
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trong SPQW van chua dugc nghién ctru rong rii.
Nhing nghién ctru trude day phan nhidu déu tap
trung vao ciu traic RQW va nghién ctru vé& su
chuyén doi quang dién tir trong SPQW cho cac vat
liéu khong c6 tinh phan cuc (Kelin J.Kuhn and et
al., 2013) hodc khong dé cap vai tro giam giir
lugng tr cua cac dién tich phén cuc (Stephen P.,
2012; Thao D. N and Tien N. T., 2012). Do do,
trong nghién ctru nay chung ti s& khao sat phan b
khi dién t ¢ trang thai co ban va trang thai kich
thich thir nhét trong giéng SPQW dua trén vt liéu
phan cyc bang phuong phap bién phan. Két qua
nay 1am co sé ban dau cho nghién ctru hién twong
chuyén doi quang dién tir.

Bai bao gdm c6 bdn phan chinh, phan thir nhat
chung t6i gi6i thiéu m6 hinh vat ly cua hé can
nghién ctru, phan thir hai chung t61 s€ trinh bay cac
biéu thirc toan hoc vé cac thé giam cim trong gleng
lugng tir ciing nhu cac biéu thiic tinh sy phan bd
khi dién tir thong qua viéc tinh nang lugng ung véi
mdt dién tir cho trang thai co ban va trang thai kich
thich thi nhat, phan thi ba 1a cac két qua tinh so,
thao luan va cubi cung la ph?ln két luan.

2 MO HINH CUA HE CAN NGHIEN CUU

Mb hinh nghién ctru 1a giéng luong tir dang
ban parabol pha tap diéu bién da dugc tao ra
bang phuong phap nudi epitaxi chum phan td.
Giéng luong tir dugc tao thanh tir hé di chat
AIN/GaN/AlGaN c6 tinh phan cuc, tai tiép giap di
chat 6 ton tai cac dién tich phan cuc (GaN co céu
tric wurzite nén c6 sy phéan cuc ty phat va néu bi
bién dang c6 ton tai phan cuc ap dién). Trong mod
hinh nay ving tap dwoc pha nim cach biét véi
thanh giéng mot khoang cach 1a L, kich thudc
phan bd cua tap 1a Ly, bé rong cia giéng 1a L va x
1a phan tram lugng hop kim Al dugc pha vao dé
tao ra giéng thé c6 dang parabol (Hinh 1). Ngoai
ra, dé han ché vai tro cta phonon, trong nghién ctru
nay chiing t6i xét hé ¢ nhiét d¢ thap.

AIN GaN Al.GaN
X
— s>
Ly s o - F

Hinh 1: M6 hinh giéng lwong tir ban parabol
pha tap dieéu bién dwgc hinh thanh bang
phwong phap epitaxi chium phan tir
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3 CAC BIEU THUC TOAN HQC:
3.1 Cac thé giam giir dién tir
Chung ta s& xac dinh phan b6 khi dién tir hinh
thanh trong giéng lwong tir. Vi ki thuat pha tap
didu bién ngudi ta c6 thé tao ra giéng luong tir hinh
dang ban parabol, ¢ déy khi dién tur hai chiéu trong
vung con thap nhat dugc mo ta boi ham song thir
c6 dang (Wojtowicz T and et al., 1996; Wojtowicz
T and et al., 1997).
Ay exp( )
vo(2) ={ 0 & ﬂozz

z<0 (1)

By exp(-agz ) z20

Trong d6 Ay, By 14 céc hang s6 chudn héa; ay,
Bo 14 cac tham s dic trung cho mirc do udn cong
cua ham soéng bao co ban. Khi d6, ham séng bao
kich thich thir nhit dugc mé ta boi (Wojtowicz T
and et al., 1997, Roberto P, 20006).

AIZ exp(\/ﬁ712) z<0

) @)
BIZ exp(—alz ) z20

‘//1(2):

Trong d6 4, B, cling la cac hang sb chuan hoa,
a, i cing la cac tham sO dic trung cho muc do
udn cong cua ham song bao kich thich thir nhét. Dé
xac dinh cic ham song trén ta cyc tiéu hoa ning
lwgng mot dién to va xac dinh dugc cac tham $6
Ao, By, o, ﬂo va Ay, B, ay ﬂ] théng qua tinh Sé tor
chuong trinh may tinh.

Su giam gilt lugng tir doc theo hudng z dugce
xac dinh bdi Hamilton H véi

)

Trong do6, T 1a dong nang cua di€n tor con
Vi(z) 1a thé nang giam gitt hiéu dung theo
phuong z. D6i véi cau trac di chat dya trén hé vat
liéu AIN/GaN/Al,Ga, N, dién tu chiu cac thé giam
gilr sau:

V.

tot

H=T+V,,,(z)

=V, +V_+V, (4)

'V6i s6 hang thir nhat V, 1a thé rao dit & mat
phang z = Q vaz = L xuat hién do su chénh léch
day vung dan ¢ 16p ti€p giap khi ghép hai vat licu
AIN va AlGa;«xN lai véi nhau. Thé rao c6 dang
1

Vo

0<z<L
sau: V, (z) = (5)

z<0;z>L
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) hang Vj la d6 cao cua rao thé, v déc trung
cho mirc d§ udn cong cua thé giam cam béan
parabol tao nén giéng lwong tir ban parabol co ban.

Thir hai la :[hé Vs do céc dién tich phan cuc
hién dién trén bé mat AIN/AlGa;xN.

2rwe

V. (Z)——0| | 6)

Trong do, & 1a hang s6 dién moi trung binh cua
AIN va GaN, o 1a mat do dién tich phan cyc mat.

S6 hang thu b,a 1a thé Hartree tao boi cac donor
bi ion hoa va thé tuong tac gilra cac dién tich bi
giam gitt, do vay ta co the viet lai the Hartree dudi
dang V, =V +\}.

O day, Vi(z) va Vs(z) lan luot 1a thé riéng tao

boi cac donor va cac dién tir. Hai thé nay dugc tinh
theo phuong trinh Possion:

d*V(z)  ame

= N;(2)
e e ! )
2
dVg(2)  4me’
o) == NS (2)
dz &

Trong d6, Ni(z) 1a ndng do tap ba chiéu hay 1a
phan bd cua cac ion tap theo phuwong nuéi mau,
Ns(z) 1 ndng d6 dién tir ba chiéu ciing 1 phan bd
khdi cua cac dién tir theo phwong nudi mau.

Nong do dién tur ba chidu phan bé theo phuong
Oz trong giéng lugng tr dugc xac dinh boi phuong
trinh:

Ny(2)=nglw(2) ®)

Véing la n6ng do dién tr mat hay néng do dién
tir hai chiéu. Néu c6 dinh n, thi dang phan bd dwoc
xem nhu 1a binh phuong modul ham song.

3.2 Téng ning lwong ciia mot dién tir &
trang thai co ban va trang thai kich thich thw
nhét theo phwong phap bién phan

Theo phuong phap bién phan, khi ching ta xdac
dinh dugc cuc tiéu niang luong ta co thé tim duoc
céc tham sb bién phén va co thé xéc dinh dugc ham
song. Tur d6, ta xac dinh phan b khi dién tir hai
chiéu (2DEG).

Téng nang luong tng véi mot dién tir dwoc xac

dinh thong qua biéu thirc (Quang D.N and et al,
2008; Roberto P, 2006)
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— L
<E>n - <T>n + <Vb >n + <VO' >n + <VH >n (9) ]3 = J.O Z2 exp(—Zaozz )dz

V6i (V) =), +<V_ZS>

Vay, nang lugng trung binh cua mét dién tir &

Are?
(Vi) =———A3N; Uy + s+ 1 +17)

trang thai co ban c6 dang Véi
Vs LytLs) (L, + L)
(E)y =(T)y w7 >0 +<V0>0 +{")g +<2> (10) I = —_[ o %exp@«/ Byz)dz ,
O —
Tl}uc hién tinh toan giai tich ching t6i c6 dugc Lg z
cac ket qua ¢ trang co ban nhu sau: Is = L L+l )(7 +(Ly + Lg)z)exp(2y/ fy z)dz
d S
(1), =T ap A0, R —
0 Zme, 5 \/— I = J'_LS (Lyz =) exp(2[fy 2)ds
2
Vady =5, oAt ; _r"“ LT exo( 20,2
< > a, B I, = . (Lyz 5 )exp(—2ayz” )dz
<Vb> :%A§(11+12)+—7A§[3 v\ = 4ze’ I+ ]
0 2 <S>0_ ”SA0(8+9)
Trong do,
0 0 exp(44/
I, =J' exp(2y B, 2)dz, Véi I = j %Z
—0 —o0 0

+00 )
I, :IL exp(—2ayz")dz,

I = J‘+°°(exp(—2aozz) . \/;zErf[Jzao z] Lz 11

+—(— —i)Jexp(—zaoz2 Ydz
0]

0 46{0 2 2ao 2dﬁ0 4 ﬁ()
Tuong tu nhu tinh & trang thai co ban, chung I
t6i tinh nang lugng cua mot dién tr ¢ trang thai A :j z* exp(—2ay2%)dz
kich thich thir nhat va dugc két qua sau: 0
4re®
Vs ), = AN (Jy +Ts+Jg+J5)
<E>1 = <T>1 +<Vb>1 +<V6>1 +<V1>1 +<7>
1
Véi
Voi:
_ (Ly+Ls) (Ld + S)
" e - o 1 i J, = LO T 2 exp(2y/ B 2)dz,
1 2me, '8 2y 4 ’ -L 2
A Js = j ( ‘ )(%+(Ld + Lg)2)z> exp(2\[B 2)dz
—(Ly+Lg
<V0>1 4g 1 (Ol__ﬁ_) 0 I 5
LA Jg = j (Lyz= =) exp(2y/B, 2)dz,
-L
<Vb>1:VoA§(J1+J2)+57A§J3 +; 12
Trong do, Jr= |, gz =02 exp(-2en =z
0
Ji= | 2 exp2 B 4ré?
o \/T <VS>1 - nSA14(J8+J9)

+o0 ) 2
J, = j z” exp(—2a,z7)dz;
L
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I 3
Jg TJ. zzexp(4\/ﬁlz){ﬁ—22+ ﬂlzszz

Y

exp(—2alzz) N \/ZZErf[,Qal z] I

PENES

2
8a;

+o0
J =I
0 0[ 16a;"*

4 KET QUA TiNH SO VA THAO LUAN
Vai két’ qua tinh toan giai tich ¢ trén ching t6i
tiép tuc vi€t chuong trinh may tinh d€ xdc dinh sy
phan bo khi dién tir trong giéng ¢ trang thai co ban
va trang thai kich thich thur nhat.

Chung toi str dung cac tham sé nhap vao & bang
sau cho hé nghién ctru:

Bang 1: Cac tham s6 nhap vao dé tinh sé véi
chwong trinh may tinh (Stephen P, 2012)

D cao rao thé Vo =400

i meV
Do rong giéng thé L=40 A
Do rong ving phan bd tap Li=10 A
Khoang cach tir ving tap dén bién rao L=40 A
Mat do dién tir mat n= 10" cm?
Hing sb dién moi trung binh =10

Khbi luong hi¢u dung electron theo  me=0.48 mo

phuong Oz
mo: khéi lwong electron trong chén khéong
15 a)
<10
= o =510"cm™
N
g
5 o =310"cm™
oc=10"cm™
0
-40 -20 0 20 40 60
z(A)

() (10° &™)

2
1

&

3/2 8

44

ﬁlz 0‘12

4.1 Phan bb dién tir  trang thai co ban va
trang thai kich thich thir nhat khi thay do6i méat
do dién tich phan cuc

J z2 exp(—2a122 )dz .

Tir két qua tinh sd trén Hinh 2, ching ta thay
rang vai trd ciia dién tich phan cyc anh huong rat
quan trong dén phan bd dién tir & trang thai co ban
(Hinh 2.a). Méat @6 dién tich phan cuc cang cao
cang kéo khi dién tir tién sat lai bién rao. Tuy
nhién, véi trang thai kich thich tho nhat, su anh
hudng cia cac dién tich phan cuc ¢ bién rao 1én
phan bd khi dién tir hau nhu khong dang ké (Hinh
2.b), phan b khi dién tir hdu nhu dinh x@, b tro
v6i cac dién tich phan cyc. Chiing toi cho rang, no
¢6 lién quan dén vai tro dinh xtr cta cac dién tich
phan cyc. Diéu nay co thé két luan rang, vai tro cia
dién tich phan cuc chi anh huong chu yéu & trang
thai co ban, vai trd giam cam phan cyc anh huong
manh & trang thai nay. Mit khac, ta thiy ring tap
diéu bién va rao thé hitu han lam cho khi dién tt c6
thé chui ngam sang rao & ca hai trang thai.

b)
1.5
1.0
oc=1,3,510"cm?
0.5
0.0
-60 -40 -20 0 20 40 60
z(A)

Hinh 2: Phan bé dién tir trong giéng & hai trang thai: a) co ban va b) kich thich thi nhit v6i ¢ dinh
mét do tap pha Ni = 10'% ¢cm3

4.2 Phan bo dién tir & trang thai co ban va
trang thai kich thich thir nhét khi thay déi mat
do tap pha

Tu két qua tinh s6 theo dd thi trén Hinh 3,
chung ta thay rang, cac tap tich dién duong kéo
dién tir vé phia tap, su kéo cang manh khi néng do
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tap cang cao (Hinh 3.a va 3.b). Su kéo nay thé hién
¢ cd hai trang thai. Tuy nhién véi trang thai kich
thich thtr nhat, & phan khi dién tir loan vao trong
rio, ta thay su kéo nay khong rd nét vi ving tap
pha nam chdng 1an 1én khi dién tir trong ving nay
(L=40 A).
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5 N, =10 em™
a)

4 N, =10"% em™
< N, =107 cm™3
o 3
k=
N
Nz 2

1

0

-40  -20 0 20 40 60

Z (&)

(2) (10 3™

2
1

&
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2.0

15

1.0

0.5

0.0

-60

-20 .0
Z(A)

-40 20 40 60

Hinh 3: Phén bb dién tlr trong gleng & hai trang thai: a) co ban va b) kich thich thi nhit véi ¢b dinh
ndng dj dién tich phan cwe & bé mit di chit o = 10" cm2

5 KET LUAN

Bang viéc st dung phuong phap bién phan va
khao sat mo hinh giam cdm lugng tir ctia khi dién
tir gia hai chiéu, ching t6i da tinh giai tich va tinh
s6 xac dinh dugc phan bd khi dién tir trong giéng
lugng tr ¢ trang thai co ban va trang thai kich thich
thir nhét. Chiing t6i thdy ring, vai tro cia cac dién
tich phan cuc 1a quan trong, n6 anh huong quan
trong dén trang thai co ban, tir d6 n6 lam thay ddi
dang ké tinh chat dién va tinh cht quang cuia hé
khéo sat. Vi cac hé di chat co tinh phéan cyc thi
cac dién tich phan cuc c6 vai tro quan trong trong
hiéu tng giam cdm phan cuc khong thé bo qua.
Chung t6i cling ghi nhan ring c6 sy khac nhau vé
vai tro tuong tac dinh xr va khong dinh x1r cta céac
dién tich phan cuc va dién tich tap pha 1én su phan
b dién tir & giéng lugng tir ban parabol. Day la co
SO quan trong cho nghién ctru tiép theo cua ching
t61 vé viéc khao sat phd hip thu boi chuyén doi
gifta cac ving con trong giéng luong tir ban
parabol dua trén vat liéu phan cuc.
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