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Tom tat

Bai bdo tdp trung nghién civu hé sé hdp thu quang hoc (OAC) trong chdm heong tir hinh
cau (SOD) vit liéu GaAs dudi tac dong ciia thé giam gitt diéu hoa. Bang cach ap dung phuong
phap Nikiforov-Uvarov (NU), phwong trinh Schrédinger dwoc gidi dé thu dwoc cdc biéu thire
gidi tich twong minh cho ham séng va phé nang lrong cua electron. Dya trén Iy thuyét nhiéu
loan phu thuéc thoi gian bdc mot, biéu thirc tong quat cia OAC cho ca chuyén murc ngi vung
(intra-band) va lién ving (inter-band) da dwoc thiét lap. Cdc két qua tinh todn sé va do thi
bang phan mém Mathematica cho thay OAC phu thudc manh mé vao cac tham sé vit Iy ciia
hé. Cu thé, khi ban kinh cham (ry) tang, cwong dé hdp thu cue dai giam dang ké do sw thay
doi mire do khu trii ciia ham séng. Nguweoe lai, nhiét do (T) tang dan dén sw gia ting cuwong dé
hdp thu theo phin bé Fermi-Dirac. Ddc bi¢t, cac dinh hdp thu chi xudt hién khi théa man quy
tic chon loc AC=+1. Két qua ciing chi ra rang cdc chuyen mufc lién vung xay ra o vung nang
luong cao hon va c6 cwong do I6n hon hang chuc lan so véi chuyen mikc ngi vung. Nhitng
phat hién nay cung cap co so' ly thuyet quan trong cho viéc thiét ké va téi uu héa cac thiét bi
quang dién tir hién dai nhw laser cham lwong tu, cam bzen va pin mdt troi hiéu sudt cao.

T khéa: Cham liwong tir hinh cau (SOD), hé sé hap thu quang hoc (OAC), phirong
phap Nikiforov-Uvarov (NU), thé giam giit diéu hoa.
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Abstract

This paper focuses on investigating the optical absorption coefficient (OAC) in GaAs
spherical quantum dots (SODs) under the influence of a harmonic confinement potentia,. By
applying the Nikiforov-Uvarov (NU) method, the Schriodinger equation is solved to obtain
explicit analytical expressions for the electronic wave functions and energy spectra. Based on
first-order time-dependent perturbation theory, the general expressions of the OAC for both
intra-band and inter-band transitions have been established. Numerical results and graphical
representations generated using Mathematica software indicate that the OAC is strongly
dependent on the physical parameters of the system. Specifically, as the dot radius (r0)
increases, the peak absorption intensity significantly decreases due to shifts in the localization
level of the wave function. Conversely, an increase in temperature (T) leads to an enhancement
in absorption intensity following the Fermi-Dirac distribution. Notably, absorption peaks only
emerge when the selection rule Af==x1 is satisfied. The results also reveal that inter-band
transitions occur at higher energy regions and possess intensities dozens of times greater than
those of intra-band transitions. These findings provide a crucial theoretical basis for designing
and optimizing modern optoelectronic devices, such as quantum dot lasers, sensors, and high-
efficiency solar cells.

Keywords: Harmonic confinement potential, Nikiforov-Uvarov (NU) method, optical
absorption coefficient (OAC), spherical quantum dot (SOD).
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1. Mé diu

Trong vai thap ky tré lai day, cac hé ban dan ¢6 kich thude nano da tr thanh doi tuong
nghién ctru dugc quan tim rong rii do biéu hién nhiéu hiéu Gng lwong tir dic trung cung tiém
ning tmg dung trong cac thiét bi quang dién tir va quang tir hoc (Goel & cs., 2025; Phuc,
2026a; Tan & cs., 2020; Zhang & cs., 2010). Trong do, chim lugng tir (Quantum Dots - QDs)
noi bat boi kha ning giam giir hat tai dién theo ca ba chiéu khong gian, tao nén phd niang luong
o1 rac tuong ty nhu nguyén tir, vi vay chung thuong dugc goi la “nguyén tit nhan tao” (Klimov
& cs., 1999; Luque & cs., 2013; Wehrenberg & cs., 2002). Chinh dic diém nay cho phép diéu
chinh cac tinh chét dién thong qua viéc thay doi. Pac biét, kha nang diéu chinh linh hoat cac
dac tinh quang - dién tir thong qua viéc kiém soat kich thudc, hinh dang va thanh phﬁn vat
lidu, tir d6 mo ra trién vong tmg dung trong laser, cam bién, pin mit trdi hay cong nghé thong
tin lugng tr (Chen & cs., 2021; Garcia de Arquer & cs., 2021; Sargent, 2008; Wu & cs., 2015;
Yoffe, 2001). Trong cac dic trung vat 1y ciia QDs, tinh chit quang hoc giir vai tro cbt 18i vi
chung anh hudng truc tiép dén hiéu qua hoat dong cua cac linh kién thuc té (Al-Douri & cs.,
2023; Chistyakov & cs., 2017). Cac cong trinh gan day cho thiy su da dang trong ciu trac
nano giup diéu khién linh hoat cac thong sé quang - dién tir, trd thanh nén tang cho nhiéu
hudng phat trién trong cong nghé quang - dién tir va moi truong (Al-Douri & cs., 2023; Bich
& cs., 2025; Hoa & cs., 2026).Dac biét viéc diéu chinh phé hép thu quang hoc thong qua su
thay doi cta co ché giam giit mang lai kha ning thiét ké cac vat liéu véi tinh chdt mong mudn
trén mot dai phd rong (Phong & cs., 2026; Phuc, 2026b). Khi chdm lugng tir dugc sip xép
thanh mang, su két hop giita hiéu ing giam gitt vi mo6 va su ghép nbi vi mo tao nén céc hién
tugng moi lién quan dén truyén dan dién tich va hap thu quang, c6 ¥ nghia thuc té cho cac
thiét bi quang dién tir hién dai (Chistyakov & cs., 2017). Trong bdi canh d6, hé sé hap thu
quang hoc (Optical Absorption Coefficient - OAC) la mot dai lugng quan trong. Viéc nghién
ctru chi tiét OAC c6 thé gitip 1am sang té ban chat qué trinh vi mo, dong thoi cung cp cong
cu dé tdi wu hoa céc tinh chat quang hoc ctia QDs (Phuc, 2026b). Vé mit 1y thuyét, moé hinh
thé giam giir da dugc dé xuat ¢& mo ta QDs. Cac md hinh don gian nhu thé hé vudng (Ugajin,
1996) thuong hitu ich trong viéc minh hoa co ché lugng tir hoa nhung lai khong phan anh dwoc
su phirc tap thuc t&. Nguoc lai, thé giam gitr diéu hoa (parabolic potential) dugc xem 1a mot
trong nhitng mo hinh phu hop hon, béi tinh chat giai thich thuan loi va kha ning mé phong
gin dung su giam giir thuc té trong QDs (Cakir & cs., 2012). Cac nghién ctru da chi ra ring,
thé diéu hoa khong chi cho phép khai thac bai toan & dang giai tich ma con mé ta t6t sy phu
thudc cua phé nang lugng va OAC vao cac tham sb vat 1y cta hé, déng thoi mé ra kha nang
phan tich cac hiéu ing quang hoc tuyén tinh va phi tuyén. Xuat phat tir co s& trén, viéc nghién
ctru hé sb hip thy quang hoc véi thé giam giir diéu hoa vira mang ¥ nghia 1y thuyét, vira c6 gia
tri thuc tién. Nghién ciru nay hudng dén viéc xay dung mé hinh 1y thuyét dé xac dinh phd ning
lugng va ham song cuia hat tai dién trong QDs, tur do thiét 1ap biéu thie cho hé s6 hép thu
quang hoc va khao sat sy phy thudc cia nd vao cac tham sb nhu sb luong tir, ban kinh chdm
va nhiét do. Nhitng két qua nano ban dan con cung cép dinh hudng cho viée thiét ké, ché tao
va img dung QDs trong cac thiét bi quang dién tir thé hé méi.
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Céc nghién ctru trude di khao sat hip thu quang trong chim lugng tir hinh ciu véi thé
parabol va nhiéu thé giam giit khac (Cakir & cs., 2012; Aghoutane & cs., 2018; Bich & cs.,
2025; Phong & cs., 2026; Phuc, 2026b). Khéc véi viéc chi nhic lai pho dao dong tir dicu hoa
da biét, nghién ctru nay tap trung xay dung phan tir ma tran ludng cuc cho céc trang thai kich
thich, khao sat théng nhét cac chuyén mirc ndi ving va lién ving, va phan tich anh huéng cua
kich thudc hitu hiéu ciing nhiét d6 théng qua xac suét chiém chd. Pay 1a pham vi dong gop
chinh cua bai bao.

2. M6 hinh toan hoc

Xét mot cham lwong tir ban dan (SQD) trong d6 dao dong cua hat chi phéi béi thé giam
gitr diéu hoa. The di€u hoa dugc xac dinh boi: Dang parabol la gan dung bac hai cua thé giam
gilr tron quanh vi tri can bang va thuong duoc dung dé mo ta gan dung cham luong ti tu t6
chuce (Cak1r & cs. 2012) Trong mo hinh nay, r0 la ban kinh giam giir hitu hi€u, dugc quy uéc
boi V(1) =V,,; dod6 &’ =2V,, / m'r;. Viviy, r, di vao Hamiltonian gi4n tiép thong qua tan
s6 o, thay vi 1a mot bién cimg ciia mién nghiém.

V(r) = % m*w?r?, (D)

trong d6 m” la khéi luong electron. Chuyén dong ciia hat tai c6 khéi luong hiéu dung m*trong
truong thé nay dugc md ta boi phuong trinh Schrodinger:

[;nfi vE 4+ V(T)] Ynem (1,0, @) = Engnem(r, 0, 9), ()

trong d6 V? 1a toan tir Laplace. Ap dung phuong phdp tach bién Y(r,0,¢) =
Rue(M)Yern (6, 0). Vi Yy, (6, @) 12 cac ham cau dicu hoa, ta thu duge phuong trinh xuyén
tam v6iR = G/r:

d?¢ | 2m*

@z T [E = Vers] =0, 3)
trong d6 thé ning hiéu dung bao gdm ca sd hang giam giir va s6 hang ly tam:

h20(f+1

Vers(r) =V (r) + =500, )

Phuong trinh (3) ¢6 thé duoc bién d6i vé dang
—&1r?+6r=¢3
dr2 2 G=0. ®)
re 1 J4 . ~ 1 1 {’({’+1)

Vi cac tham so dugc dinh nghiala: & = 2 &= - f3 . Bing cach sir dung phuong

phap Nikiforov-Uvarov, biéu thirc ham ham séng Va nang luqng duoc xac dinh dudi dang:
—12/2q2 +1/2 (T2
Rie(r) = Apg vl /20 [J/2 (1), (6)

trong d6 Ay, 14 hing s6 chuin hoa, duoc cho bai cong thic:

2 n!

Ane = @ (s D)1 (7

Céc gia tri riéng nang lugong tuong ung dugc tim nhu sau:

En, = (ny +3) ho, (n, =0,12,...), (8)

¢ day, ta dinh nghian, = 2n+ ¢ la sO lugng tir chinh, n 12 s6 niit cia ham séng xuyén tam.
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Hinh 1. Thé niing hiéu dung V¢ (1) va mat dd xac xuét twong wng cho cac trang thai
dién tirvéi(a) £ = 0,(b)£=1,(c)£=2,(d) £ =3 . Cac tinh toan thwc hién
cho mot SQD véi mg = 0.067 my, Vo = 228meV, va ry = 7nm.

Két qua cho thiy thé ning hiéu dung duoc tao thanh tir su két hop giita thé giam giit
dicu hoa va thé ly tm. Vi € = 0, thanh phan ly tam triét tiéu nén thé nang c6 dang parabol
v6i cuc tiéu tai tam cham luong tir (r = 0). Nguoc lai, dbi véi € = 1,2,3 thé ly tam tao ra rao
thé manh & vung gan tam. Khi £ ting, rao the ly tAm cang 16n, 1am cho cuc tiéu cua thé ning
dich chuyén dan ra xa tim hé. Mat do xac suét xuyén tim phan anh rd tinh chét lugng tir hoa
thong qua s6 nit ctia ham séng. Trang thai 1s khong c6 nut, trong khi cac trang thai 2s va 3s
lﬁn luot c6 mot va hai nit. Pong thoi, khi sb lwong tir chinh n ting, mat do xac sudt mo rong
vé phia ban kinh 16n hon, cho thay electron ¢ cac mirc nang luong cao c6 xu huéng phan bd
xa tim hon. Anh huong cua so lugng tr quy dao € ciing thé hién r6 tai ving gan r = 0. Vei
£ = 0, mat d6 xac suét tai tdm c6 gia tri hiru han; nguoc lai, ddi véi £ = 1,2,3 mat do xac suét
triét tiéu hoan toan tai tam do tac dong cuia rao thé ly tam va diéu kién bién cta phuong trinh
Schrodinger. Nhin chung, cac két qua cho thdy cac sd lugng tir (n, €) quyét dinh céu trac thé
nang va sy khu trii khong gian ctia electron trong chim lugng tir GaAs. Su gia ting s6 lwong
tir quy dao 1am ting anh hudng cua hiéu ung ly tam, tir d6 day electron ra xa ving 15i va thé
hién rd dic trung giam giit lwong tir manh cta hé nano ban dan. Can luu y rang V,, 1a gia tri
ctia riéng thé diéu hoa tai r = r,. Pudng biéu dién trong Hinh 1 14 thé hiéu dung V, £r(r); vi
vay, v6i €>0, rao ly tim co thé 1am Veff 16n hon V,, ¢ ving r nho.

3. H¢ s6 hap thu quang hoc (OAC)

D6i voi mot hé lugng tir tuong tac véi buc xa kich thich c6 nang luong photon la hQ,
cuong d6 anh sang tuong tmg ¢ thé duoc biéu dién dudi dang I, = ceonrﬂ Az / 2, trong do
A ky hiéu cho bién d6 cua thé vecto, n, 1a chiét suat ciia mOi trudng nén, €, la hang s0 dién

moi chan khong, va c 1a van tocvanh sang. Dya trén cAu trac toan hoc nay, hé $6 hap thu quang
hoc (OAC) duoc xac dinh tir biéu thic tiéu chuan:

(@ = 178 Wil FED — FEPL, ©)

trong d6 V 1a thé tich cua hé, phép lay tong duoc thyc hién trén tit ca cac trang thai dau |i) =
In, £,m)va trang thai cudi |f) = |n',&',m'). O day, f(Eyy) =1+ Exp((Eyy - Er)/
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-1 , . ~ A 2
kg T)] biéu thi x4c suat chiém cho cua trang thai dau/trang thai cuoi, voi Eg 1a nang luong
Fermi va kgT 1a nang lugng nhiét. Xac suét chuyén muc dugc xac dinh:

Wy = 25 (040)?|dsi| 6 (Epi — he2), (10)

trong do dﬁ =e(fle.r|i)la yéu t6 ma trin ludng cuc; O day, e la vecto don vi doc theo hudng
phan cuc cua trudng buc xa.

Xét 6 chénh 1éch nang lugng giira hai trang thai: E; = E;- E;. Dbi voi anh sang phan
cuc doc theo truc z, toan tir ludng cuc dugc gian luge thanh e.r = rcos 6, va yéu td ma tran
ludng cuc trd thanh:

ds; = ef <|rcosO|i >=e.b5, nlg. I, (11)

trong do

(#+1)2—-m?2 P2
lo = \ @)D B¢ 41 +\/ (20— 1)(2£’+1) 8 -1, (12)

I = Nyeplpe GOV TQ 4 D x S (A7 P (T8 (MR ay

n—k/\n—k n

Vai A_ﬂﬂ B=t 4 p=b+2

Nhu vy phuong trinh (11) mé ta vé sy hap thu quang hoc trong hé théng luong tir. N6
cho thay sy hap thy chi phat sinh khi ca diéu kién chiém giir thong ké lugng tir, thong qua Af=
f(E;) — f(Ef), va didu kién bao toan ning lugng théng qua & (Eﬁ — hQ) dugc théa man.
Cudng d6 hap thu dugc quyét dinh thém boi yéu té ma tran ludng cuc d i, md hoa tinh d6i ximg
va d6 phu khong gian cuia cac ham song, cling nhu trang thai phan cyc ctia anh sang toi. Ngoai
ra, cac ham delta trong phuong trinh (12) cho thdy cic dich chuyén giita hai trang thai |i) va
|f) tudn theo quy tic chon loc £’ = £ + 1. Tich phan xuyén tim duoc thuc hién trén mién 0 <
r < oo ctia dao dong tir diéu hoa; ry khoéng dwoc ding lam cén tich phan. Vi chuyén mirc noi
vung, E; va Er thuge cuing mot ving nang lugng. Vi chuyén muc lién vung, nang luong photon
con gom nang luong ving cAm va nang luong glam giit clia electron va 13 trong; phan tir ma tran
duoc tinh véi khoi luong hiéu dung va tham so giam giit tuong ing cta hai hat.

4. Két qua va thao luin

Sau day, chung t6i trinh bay cac két qua vé hé s hap thu quang hoc (OAC) trong mot
cham lugng tir don (SQD) , st dung cac tham sb vat liéu sau (Aghoutane & cs., 2018; Li,
2000): khéi lugng electron hiéu dung m’ = 0.067 m, va khdi luong 16 trong nhe hiéu dung
mp* = 0.079my, trong d6 mo 1a khéi luong cua electron ty do; ning lugng ving cdm Eg = 1.607
eV; chiét sut n, = 3.2; va ty 1¢ tiém ning giam giit Von = 0.67Voe. Céc gia tri me*, my*, E, va
n; 12 tham sb GaAs léy tlr cac tai liéu da dan; V=228 meV va ro=4—7 nm duoc chon trong
mién thuong ding cho chim lugng tir GaAs dé minh hoa anh hudng cua d6 giam giit. Theo
quy wdc V(ro)=Voe, hai tham sé Vie va 1o xac dinh o.

Dua trén ndi dung hinh v€ va céc tinh toan tir cac nguén tai liéu (Bich & cs., 2025;
Phong & cs., 2026; Phuc, 2026b), ta c6 thé nhan xét vé su anh hudng cua cac ) lugng tirn va
£ dbi véi phd hé sb hap thu quang hoc (OAC):
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Hinh 2. Quang phé OAC do cac qua trinh chuyén mirc ndi ving (intra-band)
va (b) lién vung (inter-band). Cac két qua dwgc trinh bay tai m = 0, V. = 228 meV,
ro=7nm, Er=-0.22 eV va T =300 K.

Quang phd hé so hap thu quang hoc (OAC) do dich chuyen noi vung (hinh a) trong
chidm luong tir hinh cau (SQD) voi thé giam gitr diéu hoa chi xuét hién & mién ning luong
kich thich thp (tir 0.00 eV dén 0.20 eV). V& mit Iy thuyet vi tri nang luong cua cac dinh hap
thu duoc xac dinh boi diéu kién cong huong A = Ef — E;, phu thudc truc tiép vao céu tric
pho ning lugng lugng tir héa E = Aw(2n + £ + 3/2). Su bién doi cia s6 lugng tir quy dao £
(tir 0 dén 2) gay ra sy dich chuyén rd rét ctia cac vach cong hudng trén truc ning luong do su
thay d6i khoang cach gitra cac muc nang luong cua hé. Bén canh do, cuong do dinh hap thu
duy tri & mirc thp, tuan theo quy tac chon loc A € = +1 va ty 1é véi binh phuong phan to ma
tran ludng cyc | df; |2, noi sO nit ham séng xuyén tAm n dong vai tro c¢dt 18i diéu khién murc
do xen phu khong gian hat tai dién. 0 qua trinh dich chuyén lién ving (hinh b) cho thiy phd
OAC lién ving cia cham lwong tir hinh cau phu thudc manh vao céc s6 luong tir n va £. Su
thay d6i € 1am dich chuyén vi tri cac dinh cong hudng do bién ddi nang luong trang thai, dong
thoi anh huong dén cudng d6 hap thu théng qua phan tir ma trin ludng cuc. Trong khi do, n
chi phéi cAu trac xuyén tim ciia ham séng va d6 xen phu electron- 16 tréng, tir d6 tac dong dén
xac suat chuyén mtrc. Cac dinh hap thy xuét hién trong ving 1,6 — 1,9 eV véi cuong do cuc
dai khoang 60 X 10® m~1, phan anh dic trung cua cac chuyén muc lién ving trong hé. Xu
huéng phén tach o mlen nang lugng ndi vung va lién ving phu hop voi cac nghién ctru trudc
vé cham luong tir hinh cdu (Aghoutane & cs., 2018; Cakir & cs. ,2012). Piém duoc nhin manh
0 day la sy dong gop cua cac trang thai leh thich thong qua do chong lap xuyén tim va quy
tac chon loc.

e
=]
=]

(o) ]

1 =4nm T = 4nm
_ 6} T = 5nm — 300 T = >nm
E r=6nm | £ I 1 = 6nm
=4 = 200
‘g. =) , I‘"\.
© ® 100 /\\

1750 1800 1810
B (meV) hQ (meV)

Hinh 3. Quang ph(X) OAC do cac chuyén mirc (a) ndi vung (intra-band) va (b) lién vung
(inter-band) |1,0) — |1, 1) doi voi cac gia tri khac nhau cia rg véi m = 0. Cac ket
qua dwoc trinh bay tai Vy, = 228 meV,Ef = —0.3eVvaT = 300 K.

Déi véi chuyén mirc [1,0)—|1,1), khi ro tang tir 4 nm 1én 6 nm, cuong do dinh giam &
ca phd noi ving va lién ving. Theo quan hé @ =./2V,, /m'7; , 1o 16n lam giam giir yéu hon
va ham séng phan bd rong hon, qua d6 1am thay déi do chong 14p va phan tw ma trén ludng
cuc. Xu hudng phu thudc kich thude nay phu hgp véi cac nghién ctru trude vé hap thu quang
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trong cham luong tir (Aghoutane & cs., 2018; Cakir & cs., 2012). Két qua cho thdy kha ning
di€u chinh pho bang kich thudc trong pham vi mé hinh 1y thuyét.
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Hinh 4. Quang ph(R) OAC do cac mli’c (a) ngi vung (intra-band) va
(b) lién vung (inter-band) |1,0) — |1, 1) doi v6i cac gia tri khac nhau cia T tai m = 0.
Cac két qua dwge trinh bay tairg = 7 nm, Eg = — 0.3 eV, va V. =228 meV.

Nhiét d6 1am thay d6i bién do phd théng qua hiéu xac suat chiém chd f(E;)-f(Ey), nhung
khong lam thay doi vi tri cong huong trong mo hinh hién tai. OAC bang khong tai T=0 K trong
Hinh 4 khong phai vi chuyén murc quang bi cAm & nhiét do khong, ma do muc Fermi duge
chon thip hon cac trang thai ban dau nén f(E;)=f(Er)=0. N6i chung, néu trang thai dau bj chiém
va trang thai cudi con tréng thi hap thu van xay ra tai T=0 K. M6 hinh chi xét anh huéng cua
nhiét d6 qua phan bd Fermi—Dirac va ding d6 rong muc ¢6 dinh; su thay doi phan bb phonon
va tén xa electron—phonon chua duoc tinh hién vi. Pay 1a mot giéi han cta nghién ctu.

5. Két luan

Nghién ctru da xay dung biéu thirc hé s0 hap thu quang cho cham luong tir GaAs hinh
cau v6i thé giam gilr diéu hoa, bao gdm cac chuyen murc ndi vung va lién vung gitra cac trang
thai kich thich. Phin tir ma tran ludng cuc cho thiy cac chuyén muc tudn theo A¢=+1 va phu
thudc vao do chong 1ap xuyén tam. Két qua xac nhan sy tach biét vé mién nang luong gitia
hap thu ndi ving va lién ving, dong thoi cho thay kich thude hiru hiu va xéac suat chiém chd
chi phdi cudng do dinh. Cac xu hudng nay phu hop véi cac cong trinh trudc vé chim luong
tir hinh cau, trong khi dong gdp cua bai bao 1a phan tich thong nhét cac trang thai kich thich
trong cing mé hinh. Két qua chi c6 ¥ nghia dinh hudng vi mé hinh mot hat chua xét twong tac
Coulomb, phi parabol ving ning lugng va tan xa electron—phonon phu thudc nhiét do.
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