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Tém tit

Chiing t6i nghién civu tinh chdt hdp thu quang phi tuyén ciia cham lwong tir ¢6 thé Yukawa, thong
qua viéc khdo sat qud trinh hdp thu hai photon (TPA) va sir dung GaAs lam vt liéu minh hoa. Két qua
nghién citu cho thay sw khdc biét ré rét giita dich chuyén ni vimg va dich chuyen lién viing: chuyén tiép
ngi viing cé phé TPA hep hon va gid tri cuc dai cao hon so véi dich chuyén lién viing. Pang chii ¥, dinh
hdp thu twong vmg véi € = 2 lubn nam bén trdi dinh twong vy Véi £ = 1. Hon nira, sw phu thugc cua vi
tri dinh hdp thu vao bdc dich chuyén, n, doi véi cdc néi ving va lién ving la trai nguoc nhau. Chiing t6i
ciing quan sat thdy xu hwéng dich chuyén xanh trong pho TPA voi gid tri tang dan cia cd hai tham 0 Ro
va V. Nhitng phat hién nay hira hen quan trong cho sy phat trién ciia cdc thiét bi quang tir cdi tién bang
cdch t6i wu héa cac déc tinh vat liéu ciia chdm lwong tir.
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Abstract
We study the nonlinear optical absorption properties of Yukawa potential quantum dots, especially

focusing on the phenomenon of two-photon absorption (TPA) and using GaAs as illustrative material. The
research results show a significant difference between intra-band and inter-band transitions: the intra-
transitions have a narrower TPA spectrum and a higher maximum value because the transition energy has
a smaller value compared to that of the interregional one. Notably, the peak corresponding to £ = 2 is
always located to the left of the peak corresponding to £ = 1. Furthermore, the absorption peak position
shows a different dependence on the displacement order, n, for intra- and inter-transitions. We also
record a blue-shift trend in the TPA spectrum with increasing values of both parameters R, and V;.
These findings hold important promises for the development of improved photonic devices by optimizing
the material properties of quantum dots.
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1. Giéi thiéu

Trong linh vyc vat 1y hé thap chiéu dic biét 1a
hé chim lugng tir, qua trinh hip thy photon 1a mot
trong nhiing hién twong co ban quan trong, dong vai
trd chii chdt trong viéc hiéu va mo ta sy tuong tac
gita 4nh sang va vat chat. Qua trinh nay khong chi
Ia trong tAm clia nghién cru vé 4nh sang va quang
hoc lugng tir, ma con la mot phén quan trong cua
cac linh vuc ung dung nhu cong nghé thong tin
luong tir va y hoc. Do d6 tinh chat hip thy quang
tuyén tinh va phi tuyén da duoc nhiéu nha khoa hoc
quan tim nghién ctru trong nhimg nim gan day
(Nasa & Purohit, 2020; Tung & cs., 2018).

Trong s cac hé thap chiéu, cac chim lugng
tir, bao gdbm cac chdm luwong tir hinh cau, thé hién
cac tinh chat quang hoc phu thudc vao kich thuéc
cua chung, do sy giam gilt lugng tor. Khi kich
thudc cua cic chAm lugng tir gidm, do rdng cua
ving cim ting 1én, din dén su dich chuyén xanh
trong quang phé hép thu va phat xa. Bén canh do,
céc cham luong tir ¢6 phd hap thu rong, cho phép
hap thu anh sang trén pham vi rong. Nguoc lai,
chiung phat ra anh sang & khoang budc song hep,
duoc xac dinh boi kich thudc cia chiing. Pac tinh
nay to ra c6 loi trong cac ing dung nhu dén LED
va quang dién, trong d6 kha ning hip thu va phat
xa anh sang hiéu qua 1a tdi quan trong. Do do,
nhiéu nha nghién ctru da tién hanh nghién ciru sau
rong vé cac hé chAm lugng ti.

M6 hinh thé Yukawa (Yukawa, 1935) mot
trong nhitng dong gop quan trong nhat ctia linh vuc
vat 1y hat co ban, da thu hat sy quan tam 16n tir
cong ddng nghién ctru. M6 hinh nay duoc dé xuat
boi nha vat Iy nguoi Nhat Ban Hideki Yukawa vao
nhimg nim dau cua thé ky 20, md ta tuong tac
manh giira cac hat nhan thong qua trao ddi ciia mot
hat trung gian dugc goi 12 meson 7. Thé Yukawa
da chung minh tinh linh hoat va hi€u qua cua minh
trong viéc giai thich mét loat cac hién tugng tuong
tac hat nhan.

V6i su két hop gitra hai yéu tb trén, ching toi
tap trung vao viéc nghién ciu hap thu hai photon
trong chim Nuong tr voi thé Yukawa. Chung toi
thao luan vé qua trinh hép thy photon trong chdm
lugng tir va sy anh hudng cua mo hinh thé Yukawa
trong qua trinh nay. Nghién ctru nay khong chi mo
ra canh cira cho viéc hiéu rd hon vé co ché cua hép
thu photon ma con mang lai cai nhin méi vé tuong
tac giita anh sang va vat chat trong luong tir GaAs.
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2. Ham song va nang luwong.

Xét mot chdm luong tur voi thé Yukawa duoc
cho nhu sau (Bylicki & cs., 2007; Hamzavi & cs.,
2012; Yukawa, 1935)

17 e—é‘r

V(T') = - 1—! (1)

;
trong d6 V; = VyR, v6i Vo VA Ry lan luot 1a do sau
cua thé giam giit va ban kinh cia chim luong tir
Vi 8§ = 1/R, 1a mot tham sé cua thé giam giit.
Phuong trinh Schrodinger cho mét electron bi giam
giit trong cham lugng tir dwgc viét nhur sau

[_ % VZ + V(T)] lpn{’m(rt 9» ¢) = Enﬂpné’m (T’, 9: ¢) (2)

trong do m* la khéi luong hiéu dung cua
electron/‘l(:) trong va V2 1a toan tir Laplace trong hé
toa d¢ cau. Sur dung phuong phap tach bién, ta tim
ham song dudi dang
Ynem (1,0, @) = Rppo(r)Yom (6, §). 3)
Thyc hién phép bién doi Rye(1) = Gre(1)/T,
ta thu dugc phuorng trinh theo bién 7 nhu sau
:2 Gre(r) + 25 [ ne = Vaa(M)]Gre(r) = 0, (2)
trong do thé nang h1¢u dung duoc xac dinh nhu sau

-8r 2
Vpa(r) = —2—4 ZXED - (5)

. Dé giai phuong trinh (4), ching ta s& sir dung
gan dung sau (Greene & Aldrich, 1976; M.

T 2m*  r?

Hamzavi & cs., 2013; Hamzavi & cs., 2012;
Nikivorof & Uvarov, 1988)

1 e—é‘r

R (6)

Khi d6, thé hiéu dung ¢ phwong trinh (5)
tré thanh

e”20T  hZe(£+1) 48%e720T
Vhd = —26V1 e ¢ )
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—268r 2m* (1—6‘257‘)2'
I | . I j T T T
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—1f | — —
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Hinh 1. Thé ning hi¢u dung, V4, & phwong trinh (5)
va dang gan ding ciia n6 ¢ phwong trinh (7) véi cac
gia tri kh&c nhau cia € déi véi cham lwgng tir GaAs.
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Hinh 1 cho thay rang két qua gan dung ¢
phuong trinh (7) phu hop tét véi thé ning hiéu
dung dugc cho & phuong trinh (5). Thuc hién phép
do6i bién & = e7297 sau d6 thay phuong trinh (7)
vao phuong trinh (4), ta dugc

den#(SZ) 1- f dGn{’(f)
dg? §1-¢) d§
a;§%+az§-a;s —_
+ = Gne(§) =0, (8)
trong do ta da ki hi¢u
V. 2m*Ey
a = ’th tam €= TR ©)
G =5+00 (0 +1), (10)
as = 4%82 (11)

Ap dung phuong phap NU (M. Hamzavi &
cs., 2013; Nikivorof & Uvarov, 1988; Tezcan &
Sever, 2009), ta tim dugc nghiém cua phuong trinh
(8) nhu sau

Go(§) = Nypp&h(1 — §)22pP227D(1 _2g), (12)

trong d6 A; = \[€/462, A, = £+ 1, va PV 1a da
thire Jacobi v6i Ny, 1a hang s6 chuén hoa, duge tim
tir diéu kién chuan hoa

1= [ RuIPr2ar = [ 16,0dr. (13)
Th(irc hién phép doi bién?ﬁ =1 — 2¢, ta dugc
R EYTEYT
X [13,52’11'2’12‘1)@)]2 dt. (14)

Ta c6 cong thuc tich phén

1,1 - 24l g 4 2 B )
[ Y el
-1

2
2
= 2I'(21, + 1) [—(2'11; 1)”] To

(n,44,12), (15)

trong do (n), 1a ki hiéu Pochhammer, va

Ve (eV)

Ve (eV)

r(nm)

Hinh 2. Thé hiéu dung (dwdng lién ddm mau xanh
dwong) va mat d xac suét tim thiy electron trong
chdm lwgng tir GaAs véi cac gia tri khac nhau cia £:
@f=0(b)f=1,va(c)t=2.

n
(—n)y (ao)iI'(bo)
k! (co) T (do)
X 3F2 (—TL, ao, bo, Co, do, 1) (16)
Trong dO aAg=n + 211 + 212, bo = 211 + k
c0—2/11+1 va dg —2/11+2/12+k+1 Ap

dung cong thirc (15) ta thu duge hé sé chuin hoa
nhu sau

Jo(m, A4, 22) =

n! 28

Nne = (221+1)n \/F(2/12+1)]o(n'11'12)' (17)

Két qua nay 1a méi va chua dugc trinh bay &
cong trinh trude day (Hamzavi & cs., 2012). Bén
canh ham séng duoc thu nhan ¢ phuong trinh (12),
vi€c giai phuong trinh (8) con cho phép chiing ta
thu nhan dugc phd ning luong cia electron trong
cham lugng tir nhu sau

mv,

A 2
om* [hz(n+{’+1) —6n+i+ 1)] - (18)
Phuong trinh (18) c6 y nghia vat Iy vé6i diéu kién

Ene=—

m*V;
h2é

Tu diéu kién (19) ta thdy rang sd trang thai
cua electron trong chim luong tir v6i thé Yukawa
1a hiru han. S6 trang thai phu thudc vao d¢ sau va
tham s & cua thé ning giam giit.

n+f< -1 (19)

Sy phu thudc vao r cua thé nang hiéu dung va
x4c suat tim thay electron, |R,,(r)|?r?, trong cham
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luong tir GaAs ddi v6i mot vai trang thai dau tién
dugc minh hoa ¢ Hinh 2 (a)-(c). Ta thay rang, khi r
tang lén thé hiéu dung Vhd c6 xu huong tiém can
dén gia tri zero. D&i voi truong hop £ =0, thé
ndng hi¢u dung tang mot cach dong bién va khong
ton tai tuong thé niang & bén trai. Trong khi d6 dbi
voi cac truong hop £ # 0, ludn 6 tuong bén trai va
ton tai mot cuc tiéu trong dd thi cua thé nang hiéu
dung. DJ sdu cua Vy4 cang giam khi £ cang tang
1én. Luu y rang hinh dang cua V4, va do d6 ham
song va nang 1u'0ng cua electron trong cham luong
tir, phu thudc vao cac thong sb ciia the Yukawa, tirc
1a phu thudc vao gia tri cua V, va RO Diéu nay ngu
y rang ca do sau cua thé nang va ban kinh cua
cham luong tir c6 anh huong 16n dén /qua trinh hap
thu photon trong cham lugng tir. Két qua nay s&
duoc trinh bay trong phan tiép theo dudi day.

3. H¢ s6 hap thu hai photon

Khi mot chum &nh sang toi véi tan sé w duogc
chiéu vao hé, tuong tac electron-photon duoc biéu
dién thong qua Hamiltonian (Gong & cs., 2022)

e _
Hie =

(20)

trong do Al Aoe 1a the vecto cua anh sang toi, AO
1a bién d6 cua thé vecto cua 4nh sang toi, va
p= —ihV la toan tr xung lu’ong cua electron. Qua
trinh hap thy hai photon xay ra khi mot electron
hap thy dong thoi hai photon dé dich chuyen tur
trang thai c6 nang lugng thap lén trang thai c6 muc
nang luong cao hon. H¢ s6 hap thu hai photon, K,
dugc tinh toan thong qua xéac sudt chuyén doi hai
photon, W,, nhu sau (Fedorov & cs., 1996; Gong &
cs., 2022; Nathan & cs., 1985)

4hw
KZ = Wz,

2 (21)
IO

Trong d6 Iy = 2céon, 2A3 1a cuong do cua
anh sang téi voi ¢ la van tbe anh sang trong chén
khéng, n, 1a chiét suat cua vat liéu, va €, hang sO
dién (Nguyen & cs., 2017). Xac suat chuyen doi
hai photon cta electron tir trang thai ban dau |i)
dén trang thai cubi |f) duoc tinh bang 1y thuyét
nhiéu loan bac hai nhu sau

W, = 2—”zif|Mif|25(Ef — E; - 2hw), (22)

trong d6 Q 1a thé tich chuan hoa cua hé, va yéu t6

ma tran dich chuyén duoc tinh thong qua

Hamiltonian tuong tac electron-photon nhu sau
_ v {FlHeelo)IHeei)

= 2 Ec—E;—ho—ihy " (23)

O day, chi s6 ¢ dé chi trang thai trung gian va

Y¢ la nghich dao thoi gian h01 phuc Ta thay ring

ket qua thu duge dbi voi hé sé hap thu hai photon &
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phuong trinh (21) la tuong dbi phirc tap Dé hiéu 1d
hon ban chit vat 1y vé sy anh huong cua dac trung
cua vat li¢u, cac thong sO clia cham luong tir cling
nhu cac thong so ngoa1 1én sy hap thu hai photon
mdt két qua tinh toan s 1a can thiét. Két qua nay s&
dugc chung t6i trinh bay dudi day

Pé thue hién tinh toan s6 vé hé sb hip thy hai
photon trong cham lugng tir, ching t6i sir dung cac
théng s6 dau vao nhu sau cho vat lidu GaAs (Li, 2000):
me = 0.067my (my, = 0.082m,) 1a khéi luong
hiéu dung cta electron va 16 tréng, véi mq 1a khoi
luong nghi cua electron, E; = 1.61 eV 1a d6 rong
viing cim ciia GaAs, n, = 3.2, va hy, = 10 meV.

(3)
500 (a3
_400f i
= b3 — =1
2 300f 11,
E | f=2
S 200f 'lll
|
L
0ok ipl
/<" W\ (17 (1)
ok, N ]
0.0 0.1 0.2 0.3 0.4
(b)
25 (3)
_20f
=
?; 15
= (3)
g 10} i
2n (2) "
5t "
1 s (1) l I|||
0L RSP S | S AN ]
0.8 1.0 12 14 1.6
Hw (eV)

Hinh 3. Hé sb hap thu hai photon dbi véi qua trinh
dich chuyen ndi vung (a) va dich chuyen lién vang (b)
Vi cac gia tri khéc nhau ciia . Két qua dwgc tinh tai

Vi =228 meVvaRy,=15nm.

Trong hinh 3, chung t6i mo6 ta sy phu thudc
cua hé so hap thu ha1 photon vao nang luong cua
photon téi vé6i hai gia tri khac nhau cua £. C&c nhén
(1), (2) va (3) tuong Gng Vi dich chuyén n —» n +
1 véin = 0,1,2. Vi tri cua dinh hap thy, cling la gla
tri nang lugng ctiia photon dugc hap thy, bang gia
tri cia ning lugng dich chuyén AE =E,, —
Ene = 2hw. Bén canh d6 ching ta quan sat thay
rang do 1on cua dinh hap thu giam khi Aw cang
tang Mat khac, nang hrong dich chuyén dbi Voi
qua trinh dich chuyén noi vung nho6 hon dang ké so
v0i ndng lu:cmg dich chuyen d6i v6i qua trinh dich
chuyen lién ving (tir ving héa tri 1én ving dan).
Ket qua nay duoc minh hoa rd rang trén Hinh 3
rang vi tri cia cdc dinh hap thu do dich chuyén noi
ving (Hinh 3(a)) ndm ¢ ving nang luong nhé hon
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0 Vi vi tri cua cac dinh hap thu do dich chuyén
lién vung (Hinh 3 (b)) Két qua tuong tu cling duge
tim thay trong hé vong luong tir (Phuc, 2023).

Mat khac, do AE ti 1¢ nghich v6i £, nén vi tri
cua dinh hap thy déi voi trudng hop £ =2 ludn
nam bén trai cua dinh hap thy doi véi trudng hop
£=1. Ket qua nay dung véi ca hai tru‘orng hop
dich chuyén noi viing va dich chuyén lién vang.

_ Mot két qua tha vi duoc quan sat thay & Hinh
3 rang su phu thugc cua vi tri dinh hap thu vao bac
dich chuyén (tuc 1a vao sb lugng tir n) dbi véi dich
chuyen ndi vung va lién vung la trai nguoc nhau.
Dbi v6i qua trinh dich chuyén noi vung, nhu dugc
minh hoa & hinh 3(a), khi bac dich Chuyen tang 1én
vi tri cua dinh hap thu dich chuyén vé phia viing
ning luong thap. Két qua nay 1a do AE giam khi n
tang lén (xem phuong trinh (18)) Nguoc lai, dbi
voi qua trinh dich chuyen lién vung, khi bac dich
chuyen tang thi vi tri ciia dinh hép thu dich chuyén
v€ phia ving nang lugng cao.
bdc bi€t, cac dinh twong tng voi cac dich
chuyén |1, 1) — |2, 1) va |2, 1) 13, 1) (duoc danh
dau bang cac dinh c6 nhan mau do (2) va (3) trong
Hinh 3(b ) nam trong vung anh sang kha klen
Diéu nay cho thay tiém ning sir dung cua cac cham
lugng tr duge dac trung boi cac thong sb dugce néu
trong Hinh 3 dé san xuat dén LED phat ra anh sang
trong Vung kha kién.

(a) l _ Ry =10 nm
15F
‘ ------ Rp=15mm
2 I o
Z 10 e
2 I
b
2 | | ;
A
|I !
VAR
0 [t i i .
0.0 0.2 0.4 0.6 0.8
55k (B) r
_ 20 ‘
£ !
1t N
G 10b || :
0.5f | ||
0.8 1.0 1.2 14 1.6
fiw (eV)

Hinh 4. Hé s6 hap thy hai photon doi véi dich chuyén
n = 0 - n = 1 v6i cac gia tri khac nhau cia R: qua
trinh dich chuyén ngi vaing (a) va dich chuyén lién vang
(b). Két qua dwoc tinh taif =1va VvV, =228 meV.

Trong hinh 4, chung t6i md ta sy phy thudc
vao nang luong photon t6i ciia hé s6 hap thy hai
photon dbi vai dich chuyén tir trang thai [0,1) Ién
trang thai |1,1). Két qua dugce tinh cho ba gia tri
khac nhau cta ban kinh cham luong tir. Ta thay
rang trong ca hai truong hop dich chuyén noi
vung va dich chuyen lién vung, khi RO tang 1én vi
tri cua dinh hép thu dich chuyén vé phia vung
nang luorng cao, dong thoi d6 cao cua dinh hap thy
giam xuong.

10f (a) [ — =081 ]
S [ “ ______ III = S II[: ]
g ‘ ___________ V=127
=z sf | : 1
o4t ||I - b
|1
2F {1 \ N
|I II \
;'l I'x
ok L e : e ie-os |
0.1 0.2 0.3 0.4 0.5 0.6
20 (©® r| ]
‘ !
£ LS5t ‘ i ]
= I
El || i
= 10F | E ]
) | | H
0sf [ '. ]
| '
P i
0.0 by
0.9 L0 1.1 1.2 13 14

fw (V)

Hinh 5. Hé s6 hap thu hai photon ddi véi dich chuyén
n =0 - n = 1 v6i cic gid tri khac nhau cia V4: qua
trinh dich chuyeén ngi vung (a) va dich chuyen lién vung
(b).Oday® =1, Vy =228 meVvaRy = 15 nm.

Hinh 5 mé ta sy phu thudc cta hé sé hp thu
hai photon vao nang luo‘ng photon voi cac do sau
khac nhau cua thé nang glam giir. Két qua cho thay
rang khi d¢ sdu cua thé nang tang lén thi vi tri cla
dinh hap thy dich chuyén vé phia ving nang luong
cao trong ca hai truong hop dich chuyen noi vung
va dich chuyén lién vung. Piéu nay 1a do ning
lwong dich chuyén AE ting khi V; ting.

4. Két lujn

Chiing t6i da khao sat tinh chét hap thu quang
ph1 tuyén trong cham lugng tr GaAs véi the glam
gilt Yukawa. Két qua tinh sé cho thay rang vi tri
cua dinh hap thu do dich chuyen ndi Vung ludén
nim & ving nang luong thap hon so voi dich
chuyen lién Vung Trong d6 do cao cua dinh hap
thu noi viing ¢6 gia tri 16n hon so v&i dinh hap thy
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lien vung. Vi tri cta dinh hép thu tuong g voi
£ = 2 ludén nam bén trai so voi tnrong hop ¢ =1.
Bén canh d6 sy phu thudc cta vi tri dinh hap thu
vao bac dich chuyén ddi v6i dich chuyén ndi ving
va lién vung la trdi nguoc nhau. Khi ting do lon
ctia V; va R, dinh hap thu ludn dich chuyén vé phia
vung nang luorng cao. Tom lai, nghién ciu cua
ching t6i vé tinh chat hap thu quang phi tuyen cua
cham luorng tir v6i thé Yukawa mang lai nhiéu co
hoi cho tmg dung thue té trong quang dién tir. Bang
cach t6i wu hoa cac dic tinh cia vat liéu chdm
luong tir, c6 thé thiét ké cac thiét bi quang tir méi
va pin mat troi hi€u ndng cao.

Loi cam on: Nghién ctru nay duge hd tro bsi
dé tai ma s6 SPD2023.02.10.
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