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TOM TAT

Trong bai bdo nay, hiéu ting Stark quang hoc ba mtc cua exciton trong chdm
luong tir dang dia TnossGao.7As/Inos2AlossAs véi the parabol dwoc nghién ctru bang
ly thuyét ham séng tai chuan héa. Bang viéc 4p dung md hinh hé ba mtc gom hai
muc lwgng tir hda dau tién cua dién tir dugc lién két boi mot song bom manh cdng
huéng va mitc lugng tir hda thdp nhat ctia 16 trong, ching t6i da quan sat thdy dau
hiéu ton tai hiéu Gng Stark quang hoc cua exciton thong qua sw xudt hién hai dinh
hdp thu riéng biét trong phd hap thu cua exciton. Ngoai ra, anh hudéng manh ctia
ban kinh chadm luong tt, d6 1éch cong hwong cua song bom va tan s6 giam git caa

hé 1én hiéu ting Stark quang hoc cta exciton cling duoc khao sét chi tiét.

Tt khoa: hiéu ting Stark quang hoc, phuong phap ham séng tai chuan héa, cham

Iwong tit dang dia.

1. MO PAU

Céc cau tric ban dan thap chiéu la co so ctia nhiéu thiét bi ban dan van dang tiép tuc
duoc nghién ctu va ing dung. Nho sy ra doi ctia cac ki thuét tién tién ma nguoi ta da
tao ra dwoc cac hé vat liéu ban dan thap chiéu dap tng céc tiéu chuan can thiét d€ san
xuat cac thiét bi hién dai. Cham lwong tr la mot trong nhitng cdu trac thap chiéu so htru
nhiéu tinh chat dac biét da gay duoc su chu y cta cac nha khoa hoc. Cung véi cac tinh
chat vat ly doc dao do hiéu tng lugng tir hda kich thude theo ca ba chiéu trong khong
gian mang lai, sy phong phti vé hinh dang va kich thudc da gitip cho cham luong ti tro
thanh mét ddi tuong hoan hao trong nhiéu tng dung khac nhau, bao géom tinh toan
luwong ti [1], laser [2], cam bién sinh hoc [3], diéu tri y hoc [4] va la thanh phén trong cac
thiét bi quang dién tr nhw dén LED [5] va pin mét troi [6]. Chdm luong tit ban dan dang
dia 1a mot trong nhitng cu tric dic biét c6 hinh dang phang va det, trong d6 sit giam
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cam luong tix cht1 yéu xay ra theo huedng thang diing. Nho hinh dang ddc déo ctia cham
luong tr dang dia cho phép kiém soat cu thé cac tinh chat dién tr va quang hoc cta
chiing, lam cho chdng trd nén c6 gia tri trong cac tng dung cong nghé tién tién [7], [8].

Trong cac cdu tric ban dan thap chiéu, nguoi ta dd quan sat duoc su ton tai ctia
hiéu ting Stark quang hoc ctia exciton khi chiéu mot xung laser bom cuong do manh 1én
hé. Hiéu tng nay la két qua ctia su tuwong tac gitra cac trang théi exciton ma biéu hién
cuand la sy phan tach va dich chuyén pho hap thu ctia exciton [9]. S& di c6 mét s6 luong
rat I6n cac cong trinh ly thuyét va thuc nghiém danh cho hiéu ting nay do tiém nang
tng dung cua nd ddi vai cac thiét bi quang hoc phi tuyén cuc nhanh nhu cong quang
hoc [10], [11] va cong tic quang hoc siéu nhanh [12]. Dac biét, moi lién hé gitta hiéu tng
Stark quang hoc ctia exciton, hiéu ttng Stark quang hoc cuia nguyén tit va hiéu tng
polariton la khé co ban d€ chung ta ¢ thé hiéu vé tuong tac gitra photon va cac chat ban
dan.

Trong cong trinh nay, chung toi ap dung ly thuyét ham séng tai chuan héa dé
nghién ctru hiéu Gng Stark quang hoc ba muc trong chdm luwong ti dang dia
Inos3sGaoarAs/Inos2AlossAs voi thé parabol. Bai bao gom cd ba phéan chinh dwgc t6 chite
nhw sau. Trong phan 2 ching tdi trinh bay m6 hinh ly thuyét va cac phuwong trinh co
ban. Tiép theo, phéan 3 trinh bay cac két qua va thao luan lién quan. Cudi cung, cac két
luén duoc trinh bay trong phan 4.

2. MO HINH VA LY THUYET

2.1. Ham s6ng va cic mitc nang lugng cta dién ti va 16 tréng trong cham lugng ti
dang dia

Trong nghién cttu nay, chung toi xét trang thai cia moét dién tr dwoc giam gite
trong mot cham luwong t& dang dia ¢6 ban kinh R véi thé€ giam git cua hé duoc chon
nhw sau

N S
V(7)) = Emewgrz, (1)
trong d6 w, 1a tAn sd cta thé giam gitt, m, la khéi lugng hiéu dung cua dién tir va r la
khoang cach tur vi tri ctia hat dén tam ctia cham.

Ham séng bao md ta trang thai ctia dién ttr va 16 trong trong chdm lwong tk dang
dia theo phuong giam git c¢6 thé duoc viét nhu sau

| m+1 *k:z'r-2 { .
\I/;Z r :\I};:, reY = ﬁk‘zz e ? rml]: ]{127”2 eme (2)
nl(n+m+ ,
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Dé nghién ctru hiéu ting Stark quang hoc ctia exciton trong chdm lwgng tr dang
dia, chting tdi 4p dung m6 hinh hé ba mtc ctia dién tir va 10 tréng bao gdm hai mttc ndng
luong luong tit hoa thap nhat cua dién ti E{, va E;, va mtc nang luong luong ti hoa

thap nhat cta 16 tréng £ (hinh 1.a).

Néu chon gdc tinh thé ndng tai dinh vung hda tri, cic mic ndng luong luong tr
hoa cta dién tir va 16 trong duoc cho boi

h
E, =hw,
ES[) = Eg+hwﬂ7 (3)
Egl = Eg+2hw0'

Céc ham song phu thudc vao thoi gian tuwong ttng voi cdc mic nang luong ¢ phuwong
trinh (3) ctia cac hat tai dwoc xac dinh nhw sau

i

nm #t =u 7 0 eTEmL
00 " T Ty 00 ’
i e
——Egt
e = _ = e o0
= \ g
Iy, 7t =u, 7 Ye , (4)
U e
I vt =u ¥ ¥° eTEmt
o1 Y T e 01 .

voi ¢, v la cac ki hiéu chi vung dan va vung hoa tri twong tng; u_ () la ham Bloch tai

lan can tam vung Brillouin.
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E¢ | ¢ T Aw o 01
01 | Eg, ‘ - B
| w,
. . Bt
& ‘ i3 : e
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Hinh 1: So d6 hé ba mtc nang luong: a) Khi chua 6 séng bom, hé gdbm £/ 1a mtc cta 16 trong,
E;,va E; lahai mitc ciia dién tx. Song do w, tim dwge mot chuyén doi lién vung tir mirc E(?o
lén mic E| . b) Khi c6 séng bom w,, mutc E| bitach thanh hai mic E | va ESJ ;muc B bi
tach thanh hai miic E;, va E;.S6ng do w, tim thay hai chuyén doi lién viing tir mtic E(?o lén

mtc B vatimic E) 1énmic B

2.2. Phé hap thu cta exciton trude khi bat song bom

Sy ton tai ctia hiéu ting Stark quang hoc ctia exciton duoc xac dinh thong qua
pho hap thu ctia exciton. Mdt khac, pho hap thu cua exciton phu thudc vao toc d6 chuyén
doi quang gitra cdc muc ctia 16 tréng va dién tir. Do d6, chung ta can dwa ra duwoc bidu
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thirc ctia tdc d9 chuyén doi quang lién viung thong qua yéu t6 ma tran chuyén doi quang
gitta mttc thdp nhat ctia 16 tréng 1én cac muc kich thich ctia dién tkr. D&i véi truong hop
hé chi chiu tac dung ctia mdt laser do ¢ ning lwong phti hop Aw,, theo qui tac loc lya
ddi v6i cdu truc cham luong tir thi chi ton tai mot chuyén doi quang lién vung ttr muic
thap nhat cta 16 trdng E. 1én mic thap nhat cua dién tr E, (hinh 1.a). Do d9, yéu t&

ma tran chuyén doi quang lién vung gitta hai mitc nay dwoc xac dinh béi cong thire

i 3 h
thpcu €E By =By —hus, t

mozwl

T, = (1, it | A

int

Ii[go i:, t > = 9 (ES)

trong d6 p,, 1 yéu t8 ma tran phan cuc gitta viing dan va vung héa tri duoc cho boi

phuong trinh sau

P = (u, 7 |1 Blu, 7 ), ©6)
va H! . mo ta tuong tac gitra dién t&r v6i trudng laser do 6 thé dugc viét dudi dang
. q Ate—zw,t R
t -5
Hmt - T n.p. (7)
m, W

Theo qui tac vang Fermi, biéu thitc t8c d6 chuyén doi quang lién viing tlr mtec
thdp nhat ctia 16 tréng 1én mitc thap nhat ctia dién tir khi khong cé mét ctia laser bom
duoc dua ra boi

2

_2 r

h

qA,p,,

MyWy

Wo (8)

I 2 5
E&) - E(IL[) - h""t + T
trong do I' 1a d¢ rong vach pho duoc dua vao mot cach hién tuong luan.
2.3. Ham séng va cac mttc nang lwgng caa dién tit khi c¢6 mat cia séng bom

Dbé khao sat hiéu ting Stark quang hoc ba mttc cua exciton, chiing ta can xét dén
ca hai loai chuyén doi: chuyén doi quang ndi vung gitra cac muic ctia dién tv dudi tac
dung cia mot laser bom manh va chuyén doi quang lién ving gitta mitc thap nhat cta
16 tréng véi mike thap nhat cta dién tir dudi tac dung ctia mot séng do cd ceong dd yéu
hon.

Pau tién, ching t6i sé dua ra biéu thirc ctia yéu t6 ma tran chuyén doi quang ndi

vung gitta hai mic Ej va E; cua dién tir dudi tac dung ciia mot song bom manh cong
hwong v6i hai méc nay. Mot song do yéu xac dinh cac chuyén doi lién vung tir mirc cta
10 trong 1én cac mic ctia dién tir. Cac song dién tir duwoc chon nhu sau

Bt —itde ™, 9)
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trong do6 7 la vecto don vi chi huéng truyén soéng, ki hiéu z = p chi séong bom, = =t
chiséng do, A va w_labién do va tan s6 cuia cac séng tuong tng.

Bang cach 4p dung chuan Gauge va gia st rang cuong dd truong dién tir khong
qua manh dé loai bo cac s6 hang bac cao, Hamiltonian tiwong tac gitta dién tt va treong
song bom c6 thé dugc xac dinh boi biéu thie sau

A efiw[lt ]
Ar, =L g =y (10)
m() pr
trong do
A . -
_yr__ 49
Vp = Vp = —m—oﬁn p, (11)

voi A, va w, lan lwot la bién do va tan s6 cua séng bom. Yéu t6 ma tran chuyén doi
quang gitra hai mic £, va E; cua dién tir duoc xac dinh boi

v = (u, (7)), ()| A7,

u, (7) W5, (7)) (12)

int

Thay phwong trinh (10) vao phuwong trinh (12), ta cé

vy = (u, ()5, )|V, [0, ()W) e " = Ve, (13)
trong d6
Vi = (u,(F) (7)5, (7))
- _mi()%@ff ) ‘ﬁ NG (14)
mi“%% By — By (W5, 7 [it-7|wg, 7).

Chung toi gia st réng song bom chiéu téi duoc phan cuc tuyén tinh doc theo truc Oz.
Do dé, yéu t& ma tran chuyén doi quang ndi vung ¢ biéu thirc (14) c6 thé duoc viét lai
nhuw sau

A, P
Vi =~ e B~ By x [P ML kr? Ly kyr? rdr. (15)
m, zw zh
Khi hé dugc kich thich boi mot sébng bom cwong do cao va cong hwong vdi
khoang cach gitta hai mitc ndng lwong luong tit hda dau tién cua dién tie thi dién tk luc
nay sé ¢ trang thai chong chat duoc bidu thi bang ham séng tai chudn héa cé dang sau

Vig
2090,

il i
enggl t enggft

¢ 1 Bt B
e . (7,t) = —| e + e h u, v II5,(7) —
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voi
. 1/2
Aw? | Vi P Aw
QR:T+—2 ’ . “1193*77
h va A (17)
ES — E° = =
Aw:wp—%7 a, = Qp + 5

T phuwong trinh (16), ching ta thdy rdng duwdi tdc dung cta séng bom thi phd
nang luong luong tit hoa cua dién ti bao gom bon mikc trong d6 hai mic Ej, va Ej
dwoc tach ra tit mic Ej,, hai mic E;; va Ej duoc tach ra tit miec Ej; (xem hinh 1b).

Bon mttc nang lwong madi nay duoc xac dinh boi cac biéu thirc sau

Egy = Egy + hay,

va
ES; = Egl - hal’ (19)
ng = Egl + ﬁa2.

Tt cac phuwong trinh (17), (18) va (19), tacd
Esy — Egy = 2hQ,, 20)
Eg — By = 2hQ,.

2.4. Phé hap thu cta exciton sau khi bat song bom

Tiép dén, ching tdi xay dung biéu thirc ctia yéu t6 ma tran chuyén doi quang
lién vling gitra trang thai ctia 10 tréng va trang thai chong chat cta dién t& dudi tic dung
ctia séng bom manh c6 dang

T

mix,0 - <1_[C

miT

(7o) | HL, | T (7,0)). (21)

Bang cach thay thé cac phuong trinh (7), (4) va (16) vao phuong trinh (21) va ap dung
quy tac loc lyra cho qud trinh chuyén doi quang trong chdm lwong ti, phirong trinh (21)
coO thé dwoc viét lai thanh

miz,0

B th?)w o e% B — Bl —hw, t LY e% B — Bl —hw, t - 22)
myiw, | 20, 20,

Ap dung qui tdc vang Fermi, ta dwa ra dugc biéu thiic ctia téc dd chuyén doi quang lién

vung trong chdm luong tr dang dia véi thé parabol khi c6 tac dung cta laser bom dudi

dang
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2 2 2
W = 2 thpcv ! r + Q I (23)
A myw, %) pe _gh _pw Sar2 \X%) ger _ph gy P2
00 00 00 00

t t

3. KET QUA TiNH SO VA THAO LUAN

Trong phan nay, ching t6i xac dinh va phan tich phd hap thu cta exciton thong
qua téc dd chuyén doi trong hai truong hop: khi khong cé tac dung cta laser bom va khi
6 tac dung cta laser bom cong hwong voi hai mike kich thich cua dién ti trong cham
luong ti dang dia InossGaoarAs/Inos2AloasAs véi thé parabol. Cac tham s6 vat ly duoc st
dung trong tinh s& nhur sau. Khdi lwong hiéu dung ctia dién tx va 16 trong cta vat liéu
chdm InessGaowAs la m’ = 0.042m, va m’ =0.052m,, d0 rdng vung cam caa vat liéu

E =750 meV, bién @0 ctia laser bom A =6x 10° V/m va d6 rong pho I'=0.1 meV.

Pau tién, chung t6i vé pho hdp thu ctia exciton nhu mot ham nang leong cua
song do trong hai treong hop: khi khong song bom (dwong dit nét) va khi c6 song bom
(duong lién nét) trong cham luong tit dang dia voi ban kinh chdim R =50 A va nang
luong ctia thé giam gitt fiw, = 20 meV. Quan sat tir hinh vé, ta thdy rang sau khi hé duoc
chiéu xa bdi mot laser bom manh cong hudng véi hai mike cua dién ti thi trong phd hdp
thu ctia exciton xu4t hién hai dinh ndm déi xtng voi dinh ban dau (khi hé chua chiu tac
dong cua laser bom). K&t qua nay 1a bang chiing cho su ton tai ctia hidu ting Stark quang
hoc ba murc cta exciton trong cham lugng tit dang dia voi thé parabol. Su xudt hién hai
dinh mdi nay c6 thé duoc ly giai nhw sau.

Trudc khi cé tdc dung ctia song bom, theo nguyén ly loai trit Pauli thi trong hé
s€ ton tai bon trang thai kha di ctia dién tir trén hai mic ban dau E; va E; . Tuy nhién,
sau khi hé chiu tac dung cia mot song bom cong huwong manh thi hai mac nay dwoc két
cdp véinhau dé tao thanh mot mirc duy nhét. Do d6 d€ dam bao s6 trang thai duoc phép
ctia dién t& van 1a bon thi mi mitc ban dau cta dién t& phai tach thanh hai mtc con E.
va ESf tuong tng (hinh 1b). Tuy nhién, theo quy téc loc lyra trong cau tric chdm luong
tt, ching ta chi quan sat thay hai dinh trong pho hdp thu ctia exciton, twong tng véi hai
chuyén quang lién ving tir mtc E! ctia 10 trong 1én hai mic tach E., va E. cta dién
ttt, chtt khong phai tir mikc E! cta 16 tréng 1én hai mitc tach EY, va E!; ctia dién ti (hinh
1b).
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10+
Khi khong co6 laser bom

Khi co laser bom

Toc @6 chuyén doi (dvbk)

0.
7800 7895 7900 7905 791.0
haw, (meV)

Hinh 2: Pho hédp thu cta exciton trong cham luong tir dang dia véi thé parabol khi khong c6
mat cua laser bom (dwong dit nét) va khi cé tac dung laser bom véi d9 1éch cong huong

hAw = 0 meV (duong lién nét).

Tiép theo, ching tdi tién hanh nghién ctu chi tiét cac ddc tinh caa hiéu tng Stark
quang hoc ba mutc thong qua viéc khao sat anh huedng ctia cac yéu t6 tham sd cau trtc
hinh hoc, treong ngoai cting nhu thé giam gitr 1én hiéu tng nay. Dau tién, ching to6i
khao sat sy phu thudc ctia phé hép thu lién vung vao ban kinh cta chdm luong tir duoc
thé hién & hinh 3. T hinh vé ta thay rang rang phd hap thu lién viing ctia exciton phu
thudc rat nhay vao ban kinh cham. Cu th€, khi tang ban kinh cham thi hai dinh hap thu
mdi ctia exciton déu co xu hudng dich chuyén ra xa vé hai phia so véi vi tri ctia dinh hap
thu ban dau. Tuy nhién, trong khi d cao cta cac dinh hdp thu ¢ vung nang luong cao
c6 xu hudng giam dan vé phia viing budc séng ngan, thi d6 cao ctia cac dinh hap thu o
vung nang luong thip ting dan vé phia vung budc séng dai. Ly do cho két qua nay la
khi tang ban kinh cham thi theo phuong trinh (15) yéu t6 ma tran chuyén doi quang ndi
vung V., ting dan dén tan s& Rabi 0, ting (theo phuwrong trinh (17)). Khi tan s& Rabi téng

thi hiéu nang luong gitta hai mtc tach E; va E; tang vi d0 léch nang lwong gitta hai
mtkc nay bang hai [an tan s6 Rabi (theo phuiong trinh (20)). Vi vay, khi ting ban kinh ctia
cham luong tr thi khoang cach gitta hai dinh méi trong phd hap thu cta exciton ciing

duwoc mo rong vé hai phia so v6i vi tri cua dinh pho ban dau.
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V]
(1qAp) 1op uAnyd dp 20,

789.0 789.5 hw, (meV)

Hinh 3: Su phu thudc ctia pho hdp thu cta exciton trong cham luong tit dang dia voi thé
parabol vao ban kinh chdm v6i d6 léch cong hudng cua laser bom hAw = 0.2meV va nang
luong cua thé giam gitt fw, =20meV.

0.6 #1Aw (meV)
04

02

NOA o e =

(1qAp) 1op uAnyd dp 20,

791.0

, ©790.0
789.5 Kooy (e V)

789.0

Hinh 4: Anh huong cta trieong laser bom 1én t8c ¢ chuyén doi ctia exciton trong cham luwong
tlr dang dia voi thé parabol v6i ban kinh chdm R = 50 A va nang luong cua thé giam gitr

fw, =20 meV.

Tiép theo, sy phu thudc cuia téc dd chuyén doi vao d¢ 1éch cong hwong cta laser
bom duoc quan sat thong qua hinh 4. T hinh vé ta nhan thdy d¢ cao va vi tri cia dinh
nang luwong cao ¢6 xu hudng tién dan dén dd cao va vi tri ctia dinh cong huong ban dau.
Trai lai, d0 cao va vi tri ciia dinh nang luong thap lai giam va dich chuyén ra xa so voi
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dinh hédp thu ban dau. Két qua nay hoan toan phu hop vdi cac két qua thu duoc tir nhitng
cong trinh triede d6 ciia nhém nghién ciru [13 - 16].

hwy (meV)
114
11.2

11.0
3

01qAp) 1op uknyd Op 20,

775

772

hw, (meV)
771

Hinh 5: Anh huong ctia tan s giam giit 1én t8c d6 chuyén doi ctia exciton trong chdm luong tir
dang dia véi thé parabol khi ban kinh chdm R = 50 A va d0 1éch cong hudng cua laser bom

hAw = 0.1 meV.

Hinh 5 chi ra t6c d6 chuyén doi trong chdm luong tir dang dia thé parabol phu
thudc khd nhay vao tan s6 giam gitt w,. Qua hinh vé ta quan sat thdy rang khi tan s&
giam gitt tang thi cac dinh hap thu mdi déu dich chuyén vé vung nang luwong cao (dich
chuyén xanh). Két qua nay c6 duoc la do khi ting tan s6 giam giir thi cdc mirc ndng
lwong ctia dién tir va 16 tréng cang 16n. Do vay dé kich thich chuyén doi quang lién viing
tr mtkc ctia 10 tréng 1én cac muc tach cta dién ti thi hé can phai hap thu mot photon ¢
nang liong 16n hon. Ngoai ra, tit hinh vé ta ciing nhan thdy rang khi ting tan sd giam
gitr thi d§ cao ctia dinh hdp thu nang lwong 16n hon sé giam dan va dd cao ctia dinh hdp
thu nang luong thdp sé tang dan. Mdc du vay, trong tat ca cac truong hop dang khao
sat, chiing toi c6 thé thdy rang tong tdc dd chuyén doi duegc bao toan.

4. KET LUAN

Tém lai, trong cdng trinh nay ching t6i da 4p dung ly thuyét ham soéng tai chuan
héa vao mo hinh ba muiic nang lwong dé€ nghién ctru pho hédp thu lién vung ctia chdm
luong tir dang dia InossGaoazAs/Inos2AloasAs voi thé giam gitt ¢ dang parabol dudi tac
dong ctia mot séng bom cong hwong manh. Cac két qua ciing cho thiy rang bién do va
vi tri cia hai dinh hap thu cua exciton trong truong hop ¢d mat laser bom khong chi phu
thudc rat nhay vao d¢ léch cong hwong, cac tham sd ciu trac hinh hoc ctia chdm ma con
phu thudc tan sd giam git. Ddc biét, khi d6 léch cdng hudong cua laser bom hay ban kinh
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cham luong ttr cang 16n thi hai dinh hap thu cta exciton déu c¢6 xu hudéng dich chuyén
vé phia ving mau do. Tréi lai, dich chuyén xanh ctia cac dinh hap thu méi ctia exciton
sé dugc quan sat khi tdng tan sd giam gitt. Chung t6i hy vong cac két qua nay sé co
nhitng dong gdp quan trong vao viéc nghién cttu va tng dung hiéu tng Stark quang
hoc ctia exciton trong tuong lai.
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A THEORETICAL STUDY OF THE THREE-LEVEL OPTICAL STARK EFFECT
OF EXCITON IN Inos3GaosrAs/Inos2AlossAs DISK-SHAPED QUANTUM DOTS
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ABSTRACT

In this paper, the three-level optical Stark effect of excitons in
InossGaoarAs/Inos2AloasAs disk-shaped quantum dots with parabolic potential using
the renormalized wave function theory. By applying a three-level system model
consisting of the first two quantized levels of electrons linked by a powerful resonant
pump wave and the lowest quantized level of holes, we observed the existence of
the optical Stark effect of excitons through the appearance of two distinct absorption
peaks in the absorption spectrum of excitons. In addition, the strong influence of the
quantum dot radius, the pump field detuning, and the confinement frequency of the

system on the optical Stark effect of excitons is also investigated in detail.

Keywords: the optical Stark effect, the renormalized wavefunction method, disk-

shaped quantum dot.
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