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Tém tat. Trong bai bdo nay chung t6i nghién ctru hiéu tng Stark quang hoc ctia exciton
trong giéng luong tr bang phwong phap ham séng tai chudn héa. Ching t6i da khao sat
phd hép thu cua exciton trong giéng luong ti vudng goc sdu vo han dwdi tac dung ctia laser
bom cong huong véi hiéu hai mic nang luong luong tir hda cua dién tie. Pong thoi, chiung
toi cling khao sat sy phu thudc ctia xac sudt hip thu vao bé réng cua giéng lugng tir va dd
léch tan s6 cong hudng ctia laser bom véi hiéu hai mic nang luong luong ti hoa cua dién
ttr. K&t qua cho thay rang khi c6 laser bom cong huéng véi hiéu hai mic nang luong luong
tr hda cua dién tir thi pho hdp thu cta exciton bi tach thanh hai dinh hép thu riéng biét nhu
la bang chiing rd rang vé su ton tai ctia hiéu tng Stark quang hoc trong ciu trtc giéng
luong tir. Dong thoi, cdc két qua ciing cho thay pho hédp thu cta exciton la mét ham cta dd

réng cta giéng luong ti.

Tt khoa: exciton, giéng luong tt, hiéu ting Stark quang hoc, ham séng tai chuan hoéa

1  Giéi thiéu

Céc cdu trac ban dan thap chiéu da va dang thu htt nhiéu sy quan tdm ctia cic nha
nghién cttu do s¢ hitu nhiéu tinh chat khéc thuwong so véi cac ban dan khéi [2, 3]. Pic biét, cac
tinh chét ctia cdc cdu tric nay c6 thé dugc thay d6i bang cach diéu chinh hinh dang va kich
thudc cta ching. Nho nhitng tinh chat wu viét d6 nén céc cdu tric ban dan thdp chiéu duoc
tng dung d€ tao ra c4c linh kién ban dan ¢ hiéu nang cao [3]. Trong s6 cac cdu tric thdp chiéu
thi giéng luong tit nhan duoc nhiéu sy quan tam nhat do dé ché tao va dé tng dung [2, 3]. Viéc
nghién ctu cac tinh chat cta giéng lwong tir da duoc tién hanh trong nhiéu nam, nhung van
con nhiéu van dé chua dwgc ré nhu hiéu tng Stark quang hoc. Hiéu ting nay gan day nhan
duoc nhiéu si quan tdm nghién cttu do nd cé thé anh huong manh lén tinh chat quang cta

giéng luong t& va c6 nhiéu tng dung trong cac linh viec méi nhw thong tin luong t [1, 4, 6].

Trong bai bao nay chung t6i sé nghién ctru hiéu tng Stark quang hoc trong giéng luong
t hinh chi® nhat ché tao tir cdp ban dan GaN/AIN. Cu thé, ching t6i sé nghién cttu anh huong
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ctia laser bom 1én phd hap thu ctia exciton bang phuong phap ham séng tai chudn héa. Chiing
toi xét mo6 hinh hé ba mitc nang luong dwoc chiéu boi mot laser bom manh cong huong véi
hiéu hai mtrc ndng lwgng luong tix hoa ctia dién tir. Phd hap thu exciton sé duoc khao sat boi
mot laser do c6 cuong do yéu. Két qua cho thdy ton tai hiéu ting Stark quang hoc trong cdu trtc
giéng luong tir khao sat. Pong thoi, cac két qua ciing cho thdy khi thay doi bé rong cua giéng

luwong tir thi phd hap thu cua exciton cling bi dich chuyén vé cac vung nang luong khac.

2 Mo hinh va Iy thuyét

21 Mo hinh

Chung toi xét giéng luwong ti hinh chit nhat c6 bé rong d véi hang rao thé cao v6 han doc

theo truc Oz. Ham séng ctia dién tr va 16 trong trong hé nay cé thé duoc viét dudi dang [6]:
hoe h h
Y (F)=uy (p)va (2), (M)

trong do
v, (2)= gsin(Ej )
) d d )

va p> =x*+Yy?%; U, (p) 1a cac ham séng Bloch hai chiéu ctia dién tir va 16 trdng, ky hiéu ¢, v
chi phan ham séng Bloch ndm trong viing dan va viing héa tri.
Chon gdc tinh ndng lwong tai dinh viing héa tri, nang luwong cta dién tir va 16 trong trong

giéng luong tir duoc xac dinh nhu sau:

WK +k) nirn

E: = Eg + + (3)
2m 2amd®
h hz(k:'f‘k:) nzﬂ_zhz
En = + 7, (4)
2m 2md

trong dé Eg la ndng luong vung cdm cua chét ban dan; m,, M, Tan luot 1a khéi luong hiéu
dung ctia dién tir va 16 trong trong ban dan khoi; K, , ky lan lwot la cac d6 16n cha vecto séng
doc theo cac truc Ox va Oy.

Hamiltonian mo ta twong tac ctia dién t véi treong dién tir dwgc viét dudi dang [7]:
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R e A(efia)x'[ A
Hyy=—————n-p, ®)
m, o

X

trong d6 N, P, A, ®, tuong tmg 1a vecto phan cuc, vecto xung luong cta dién ta, cuong do
va tan s ctia song laser; ky hiéu X dé chi song do hodc séng bom.
Khi d6, biéu thitc yéu t6 ma tran cho chuyén doi quang tir trang thai dau |I> dén trang

thai cudi | f > dwoc xac dinh nhw sau:
Tfi:<f|Hint|i>/ (6)
trong dé

i) =u (p)y" (2),
[ f)=u;(p)yi"(2).

2.2 Y&u td ma tran cho chuyén doi quang giita hai mc ning lugng lugong ti hoa ctia dién
e

Chung t6i xét mo6 hinh hé ba mtc, trong d6 muc thap nhat |0> c6 ning luong E, = E;
tuong g trang thai luong tix hda dau tién cta 16 tréng trong viing hoa tri, hai mtc con lai |1>
c6 ning luong E, = E] va |2> ¢6 ning luong E, = E5 twong tng véi hai trang thai luong tir

hoa thap nhat ctia dién tr trong ving dan nhue degc minh hoa trong Hinh 1.

U)
a) b)

Hinh 1. M6 hinh hé¢ ba mttc: E la mitc ctia 15 tréng, E, va E, la cdc mitc ctia dién tie.
a) Chuyén doi quang gitta hai m&c ndng luong cta dién te dudi tac dung ctia laser bom c¢6 tan s6 a)p dwoc
ky hiéu béng duong miii tén nét dit. b) Chuyén doi quang gitra hai mtic|0) va|1) dudi tac dung cua laser
do c6 tan s6 @, dwogc ky hiéu béng duong miii tén chdm cham.
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Trong muc nay chung t6i tinh yéu t6 ma tran cho chuyén doi quang gitra hai muic ndng
leong cua dién ti |1> va | 2) dwdi tac dung cua laser bom. Hai trang thai lwong tir hda caa dién

tr [an luot dwoc md ta nhw sau:

D =u.(p)v: (2),
12)=u.(p)y; (2).

Hamiltonian mo ta twong tac ctia dién t&t voi treong dién tir (phuwong trinh (5)) ¢6 dang:

()

—iwpt
n e Ape ~

H,=———"—0f-p, )
m, o,

trong d6 A, va @, Tan luot 1a cwong do va tan s§ ctia laser bom. Yéu t6 ma tran chuyén doi lién

vung con gitta hai mitc nang luong lwong ti hoa cua dién tie dwgc xac dinh nhu sau:
vy = (2|, 11) =(2|V [1)e ™ =V, e . (10)

Chon vecto phan cyc anh sang doc theo truc z thi biéu thic ctia VZlcé dang:

16d eApme
=—- E,—-E). 11
n=g 2 %wﬁ(z ) (11)
Tinh todn tuong tu:
{Vlz = Vz*lv (12)
Vi, =V, =0,

trong d6 V,, 1a lién hop phtic ctia V,,.

2.3  Hap thu exciton khi khong c6 laser bom
Viéc tiép theo 1a tinh y&u t& ma tran cho chuyén doi gitta hai mic thap nhat cua 16 trong
|0> va dién tt’r|1> khi khéng c6 laser bom, qué trinh dwoc mo ta bang duong cham chdm trong
Hinh 1b. Day la suw chuyén doi lién vung véi trang thai dau va trang thai cudi dugce xac dinh
nhu sau:
[0)=u, (p)wr (2).

D =u. (p)vs (2).

(13)
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Duéi téc dung cua laser do, yéu t8 ma tran ctia chuyén doi gitra hai mtc luong tir hda

cua 10 trong va dién tir duoc xac dinh nhu sau:

To=(11H,10), (14)

A

trong d6 H,, c6 bi€u thitc dwgc xac dinh tir phwong trinh (5) nhw sau:

A e Ae™™ -+
Hy=———""n-p. (15)
m, la,

Thay biéu thitc (15) vao biéu thirc (14) va st dung tinh chét triec chuan cua cac ham song
Bloch U, ( ,O) va clia cic ham /¢ " (Z), biéu thitc yéu t6 ma tran chuyén doi T, cé dang:

i
Tlo —_ eA pcv eg(ErEo—hwk)t

. , (16)
myia,

trong do
., = (U, (P)1B]u, (p)) . a7)
12 y&u t6 ma tran phan cyc gitta viing dan va vung héa tri.
Tt d6, biéu thirc t6c do chuyén doi (hay xac xuat hap thu trong mot don vi thoi gian)
dwdi tac dung cua laser do cé dang:

2
WO:%|T10|25(E1—EO—ha)t). (18)

Ap dung cong thtic ham dang Lorentz:
1 r
5 X)=—1—— , 19
() r X +T7? ()
biéu thirc toc do chuyén doi (18) dwoc viét lai dudi dang gan dung nhu sau:

2
WOZE-[eApWJ- L ; , (20)
h\ M ) (E -E,—he,) +I7?

voi I' — 0 1a do rong vach phd hap thu duoc dua vao mot cach hién twong luan.

Dit

h{ mao,

2
B:Z(gﬂh], 1)
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va
well
Eg =E -E,. (22)
Tt d6, biéu thirc cua téc d6 chuyén doi duoc viét lai nhu sau:
r

W, =B- . . (23)
(nge“ —ha)t) +1°

24  HAap thu exciton trong treong hgp c6 laser bom

Trong muc nay, phd hap thu cta exciton khi hé duoc chiéu boi laser do trong truong hop
c6 mat ctia laser bom véi tan s§ gan bang khoang cach hai mttc nang luong ctia dién tir sé duoc
khao sat. Khi c6 séng bom cdng hwong véi khoang cach hai mitc nang luong liong tt hdéa cua
dién ti thi ham song cuia dién tk bi tai chuan hdéa dudi tdc dung cuia séng bom, ham song tai

chuan hoa bay gio c6 dang:
2 —iEjt
e /= .
Hmix(r’t)zzcj(t)e ¢ ‘Hj(r)>/ (24)
=1

trong do IT, () v6i n=1,2 1a ham séng ctia dién tir & trang thai ding tuong tng véi cac muic
nang luong E; khi chua c6 tac dung ctia laser bom. Cac hé s6 c, (t) dwoc xéc dinh tir phuong

trinh Schrodinger phu thudc thoi gian va c6 biéu thitc dugce xac dinh nhw sau:

()= _2§12 (ale“’Z‘ +a,e )
v (25)
c.(t)=— 21 eiotlt _e—iazt ;
(1) ) l )
trong dé
2
(26)
Aw
a, = QR + T,
voi
2
Q. = |22 : + Ve
R 2 n (27)

Aw =, -y,
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va
ho, =E,-E =E, -E/, (28)
= (E,—E,). (29)
21 972_2 moa)ph 2 1

Thay cac hé s6 C; ('[) O phuong trinh (25) vao phuong trinh (24), biéu thitc ham séng cua

dién tw tai chudn hoa dwdi tac dung ctia séong bom cé dang:

o (Fi) =5 (™ e Jo 1711, (F) - 22 (e~ )e ', () . o)
R R
Hay
1 (1) =g e 1 )
R
31
V21 —il(Ez—hal)t —%(E2+/1a2)t ~ D
o ()
R

Biéu thuc (31) cho thdy ph6 nang lwong tuwong ting véi ham song (31) gom bdon mirc nhwe

sau:
E =E -7,
1 1 2 (32)
E'=E +ha,
va
E =E -fca,
2 2 1 (33)
E, =E,+ha,.

St dung (32) va (33), ham séng ctia dién ti tai chuan héa dudi tac dung ctia séng bom &
biéu thiic (31) c6 thé duoc viét lai dudi dang:

e (F10) == [%e_"E“+aze"lE“jH1(F)—%(e‘hE“—e_"Eﬁsz(F)' @)
R

Tt d6, biéu thitc cua yéu t8 ma tran cho chuyén doi quang gitra trang théi cta 10 tréng va

trang thai tai chudn hoa ctia dién ttr dudi tdc dung cua laser do dugc xac dinh nhu sau
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* -
I

T - fAPy) 1 (€ +ae™) e (35)
’ mylw, | 2Q,

Tinh toan twong tw nhu treong hop khong cé tac dung cua laser bom, biéu thirc tdc do
chuyén doi (hay xdc sudt hap thu trong mot don vi thoi gian) duwdi tac dung cua laser do trong

treong hgp c6 song bom duwoc xac dinh nhw sau

2 2
Wzg,(al j r . +[ %J L - . (36)
2Qq (Eg’ve" —ho, —haz) +I2 \2Q, (Egve" —hao, +hal) +T7

trong d6 B ¢6 biéu thirc dugc xac dinh 6 (21).

3 K&t qua tinh s6 va thao luan

Trong muc nay, chiing t6i thwe hién tinh s6 d6i véi toc d6 chuyén doi khi khong ¢é va khi
6 tac dung ctia laser bom trong giéng luong tir GaN/AIN. Céc thong s6 dugc sit dung dé tinh
sO la: khoi lwong hiéu dung ctua dién tk va 15 trong trong vat liéu giéng GaN ¢ 300 K la

m, =0,19m,va m, =0,60m, (véi m, 1a khdi luong ctia dién tir tw do); dd rong viing cdm cua
vat liéu giéng la Eg = 3400 meV; bién d6 cua laser bom la A =4 x10* V/em va do rong phd la
I'=0,1meV.

Hinh 2 m6 ta su phu thudc ctia xac sudt hap thu trong mot don vi thoi gian theo tan sd
v6i bé rong ctia giéng lwong tt d =60 A trong hai truong hop: khi khong c6 laser bom tuong
tng v6i duong dit nét va khi ¢6 laser bom tuong tng voi duong lién nét. Khi khong co laser
bom thi pho hap thu chi cho thdy mot dinh hap thy, twong tng véi su chuyén doi lién viung
gitta hai mtc nang leong luong tir hoa thap nhat ctia 16 trong va dién ti (Hinh 3a). Diéu nay c6
thé duoc giai thich boi quy tac loc lra d8i véi chuyén doi quang lién viing trong giéng luong ti.
Tuy nhién, khi chiéu mot laser bom cong hudng voi hai mie nang luong luong ti hda cua dién
tt thi trong d0 thi xuat hién hai dinh hap thu ctia exciton trong phd. Hai dinh hdp thu nay nam
do6i xing ¢ hai bén dinh ban dau. Pay la cac chuyén doi dugc mo ta trén Hinh 3b. Khi ¢6 séng
bom laser cong huong véi hai mitc nang luong lugng tir hda cua dién tir thi mdi mitc nang
luwong cua dién tir dwoc tach thanh hai muic con. Trong phd hédp thu sé xudt hién hai chuyén doi
tir mtic nang lwong cta 18 tréng 1én hai mtkc con bi tach |1+) va |[1-) clia mitc nang luong thix
nhét cta dién tw, tuan theo quy tic loc lwa. Sy xuat hién cta hai dinh hép thu méi nay khi co
mat ctia laser bom twong tu nhu hiéu ting Stark-hién twong tach vach pho cuia nguyén tie khi
duoc ddt trong mot dién truong ngoai. Két qua nay ching té sy ton tai ctia hiéu tng Stark

quang hoc trong mé hinh hé ba mtic trong giéng luwong tu.
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10— — — gn khong ¢6 laser bom | d=60A |2) . L@ [2) =5 ® A('U_
= " m
Khi ¢6 laser bom ll‘ x (Ul? . (UI’ o A [1+)
8| 1 ) ) .
1) 1) A I} Y.\
1 * I
X 6t h
o
, 3
> |
s I @, @ K @, @
=4 ;o ] 0 o "
\

]
2f Iy 1 a) b)
/ \
td
D, — = - 4

. ‘ ‘ . ‘ ‘ . Hinh 3. a) Chuyén doi tir mitc ndng luong cta 16
73 74 75 76 77 78 79

hu, [meV] tréng 1én mc ndng luong dau tién cua dién tir khi
khong c6 song bom laser. b) Khi c6 song bom laser
Hinh 2. Ph6 hap thu cta exciton trong giéng cOng hudng v6i hai mike ning luong lwong tir hoa ctia
luong tir c6 bé rong d = 60 A khi c6 song bom dién t&r, mbi mikc ndng lugng ctia dién tir duoc tach
va khi khong c6 séng bom trong truong hop thanh hai mtc con; t6n tai chuyén doi tir mitc ning
Aw=0meV. luong ctia 16 tréng 1én hai mic con ctia mitc nang

lwgng thit nhét cua dién te |1+> va |l—> tuan theo

quy tic loc lua.

Hinh 4a md ta su phu thudc ctia xac suat hdp thu trong mot don vi thoi gian theo tan sd
v6i bé rong clia giéng luong tir d = 60 A trong treong hop c6 laser bom véi cac d6 léch cong
hwong khac nhau Aw = 0 meV (duong lién nét), Aw = 0,1 meV (duong duit nét) va Aw = 0,3 meV
(duwong cham cham). Hinh 4a cho thdy trong ba truong hop déu xudt hién hai dinh cta exciton
trong phd hap thu. Diéu nay mot Ian nita khing dinh su ton tai hiéu tng Stark quang hoc trong
mo hinh hé ba mtic trong giéng luong ti. Dong thoi, d6 thi cling cho thdy d6 cao cua cac dinh
la khac nhau. D cao ctia hai dinh hdp thu phu thudc rat nhay vao d6 1éch cong huwong. Khi do
léch cong huodng thay doi thi d6 cao cua hai dinh hdp thu cing thay doi theo. Do 1éch cong
hudng cang tang thi d6 cao mot dinh hédp thu cang ltic cang tiang 1én trong khi dinh con lai cang
ltc cang giam di.

Su phu thudc cua xac suat hdp thu trong mot don vi thoi gian theo tan s6 trong trueong
hop bé rong ctia giéng lugng tir d =40 A duwoc khao sat trén Hinh 4b. Hinh 4a va 4b cho thay
v6i cung mét d6 léch cdng huong Aw = 0,8 meV, do cao ctia dinh hap thu thap thay déi theo bé
rong cua giéng luwong tir. Khi bé rong cua giéng lwong tir giam, dinh hap thu dich chuyén dan
vé vung nang luong cao theo quy luat nang luong ti 1€ nghich véi binh phuong cua bé rong
giéng, diéu nay ching to su anh hudng ro rét ctia hiéu tng giam gitt lwong ti. Hon nira, khi do
léch cong huwong thay doi thi vi tri ctua cac dinh cling thay doi theo. Diéu nay dugc thé hién ro
trén Hinh 5. Khi d6 1éch cdng huong tang tir 0 meV dén 0,8 meV thi d6 cao ctia mot dinh c6 xu
hudng tién dén khong trong khi d¢ cao cua dinh con lai tang dan. Tuy nhién, ca hai dinh déu
dich chuyén vé cung mot hudng va vi tri cua hai dinh phu thudc don diéu vao do léch cong

huwong.
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5L

s

T
Aw =0 meV

— = = Aw=03meV

Aw = 0.8 meV

d=60A

6F

Aw=0meV

5fL— — — Aw=0.3 meV

Aw = 0.8 meV

d=40A

W [dvbk]

164 165 166 167 168 169
hw¢ [meV]

fiw; [meV]

(a) (b)

Hinh 4. Sy phu thudc ctia xac sudt hép thu vao tan s6 khi cé séng bom véi cac do 1éch cong hudng khac
nhau Aw =0 meV (duong lién nét), Aw = 0,3 meV (dwong dut nét) va Aw = 0,8 meV (dwong cham chadm)
trong hai treong hop d =60 A ¢ Hinh (a) va d =40 A 6 Hinh (b).

W [dvbk]
2

0

76
hwmeV] 74

Hinh 5. Phé hép thu cta exciton trong giéng luong tit khi ¢6 tdc dung cta laser bom trong truong hop bé
rong ctia giéng d = 60 A nhu 1a ham ctia d6 léch ctia séng bom véi khoang cach hai mitc néng luong Aw va

ning luong photon A @, .

4  Kétluan

Chung t6i da nghién ctru hiéu tng Stark quang hoc trong giéng luong ti hinh chi* nhat
GaN/AIN duéi tdc dung cua laser bom cong hiedng véi hiéu hai mitc nang luong luong tir hda
ctia dién tir bang phuong phap ham séng tai chudn héa. Ching t6i da duwa ra dugc biéu thiic
xac suat hap thu exciton trong mot don vi thoi gian trong giéng luong tit véi bo thé cao vo han.
Két qua cho thay khi ¢ song bom cong huwong voi hiéu hai mite nang lwong luong ti hoa cua
dién tr thi hai dinh hap thu méi cua exciton xudt hién nhu la béng chiing ro rang vé su ton tai
cua hiéu ting Stark quang hoc trong cdu tric giéng luwong tit nay. Bién do va vi tri cta hai dinh
hap thu nay phu thudc chu yéu vao d6 léch cong huong gitra song bom laser va hiéu hai mic
nang luong luong tr hoa cua dién tir. Ddc biét, két qua cling cho thdy do 16n cua hai dinh hap
thu phu thudc rat nhay vao do léch cong huong va cang nhay khi kich thwdce ctia chdm luong ti

cang nho.
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Loi cam on: Nghién cttu nay duoc tai trg boi Quy Phat trién khoa hoc va cong nghé Qudc gia
(NAFOSTED) trong dé tai ma s6 103.01-2017.321.
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OPTICAL STARK EFFECT
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Abstract. In this paper, we study the optical Stark effect of excitons in GaN/AIN quantum
wells using renormalization wavefunction formulation. We investigated the absorption
spectrum of excitons in an infinite quantum well under the effect of a strong resonant pump
laser with two-electron quantized levels. We also investigated the dependence of the ab-
sorption probability on the width of the quantum well and the pump laser detuning. The re-
sults indicate that in the presence of a strong resonant pump laser with two quantized levels
of electrons, two new absorption peaks of excitons appear in the absorption spectrum as
clear evidence of the optical Stark effect in this quantum well structure. The results also
show that the absorption spectrum of excitons are functions of the well width.

Keywords: exciton, quantum wells, optical Stark effect, renormalization wavefunction for-
mulation

209



