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KHAO SAT PAC TRUNG PHO HAP THU CUA CHAM LUQNG TU PHONG CAU
e Hoang Sy Tai"

Tém tit
Trong gan ding khoi luong hiéu dung cho dién tir (16 trong), _trang thdi cua cham leong tir
phong cau khi khong co truong ngoadi va bo qua cdc tuwong tac va nhiéu logn duoc xét trong hé toa do
phong cau. Tri riéng va ham riéng ciia bai todn, thu dwoc sau khi khai trién va tinh sé trén mdy tinh
cau hinh phé thong, da dwoc dp dung dé khao sat phé hdp thu ciia cham lwong tir phong cau GaAs.

Két qua cho thay phép tinh va thudt toan gidi 6 cla t6i ¢6 thé thu duoc phé nang luong cua cham
lwong tur phong cau va phé hdp thu cia cdc cham luong tr phong cau Gads. Két qua ndy sé la co so

ng dung dé phat {rlen bai toan trén trong nhing diéu kién phirc tap hon.
Tur khoa: Cham luong tu, phong cau, pho hap thu, dang thuan, dang det.

1. Giéi thiéu

Céu tric thip chidu hinh thanh khi ta han
ché chuyén dong cta cac dién tir theo it nhat 1a
mot hudng trong pham vi khoang cach cd budc
song De Broglie cua no. Khi do, viéc giai
phuong trinh Schrédinger cho théy s6 chiéu déng
mot vai tro quan trong trong pho nang lugng cua
hé. Tuy theo s chiéu, nguoi ta chia vat liéu ban
dan 1am bén loai: ban dan khdi, giéng luong tir
(quantum well), day lugng tir (quantum wire) va
cac cham luong tir (quantum dot — QD). Trong
QD cac hat bi gidi han theo ca 3 chiéu trong
khong gian va khong thé chuyén dong tu do va vi
thé chi ton tai cac trang thai gian doan trong
khong gian. Phd ning luwong lién tuc chuyén
thanh cac muc nang lugng gian doan theo céa ba
chiéu trong khong gian.

QD la tinh thé ban dan, co kich thudc ¢& nm,
¢6 thé chira tir 1-1000 dién tir. Trong QD, cac mirc
nang luong cua hé bi lugng tir hda. Thoi gian song
phat xa cua QD dai do d6 lam tang xac sudt hap
thu tai cac bude song ngan hon va lam cho pho
hap thu mé rong. Do ning luong ving cim
quyét dinh budc song phat xa photon, bdi vay
c6 thé kiém soat budc song phat xa qua kich
thudc cua hat nano. Phé hép thu rdng cua cac
QD cho phép ta kich thich, tai cung mgt budc
song, kich thich cung luc cac QD kich thudc
khac nhau, trong ving phd rong. Nghién ciru vé
QD bt dau tir nam 1986 va ting manh cho dén
nay di c6 nhiéu dang ky phat minh cho céac mg
dung cua QD. Nhu trong cic linh kién chuyén
doi nang lugng mat troi, cac linh kién quang
dién tr, cac detector si€u nhay, cac linh kién
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phat sang, trong cac ung dung y — sinh [5], [6],
cac cam bién sinh hoc nano [7]. C6 thé noi, hién
nay 1a thoi dai cia QD vi ¢6 rat nhiéu tmg ndi bat
cua QD trong cac linh vuc trén.

Trong bai viét ndy, chim luong tir phong
cau dang thuan va det khi khong c6 truong ngoai
va bd qua cic twong tac, nhiéu loan dugc xét trén
hé toa do phong cau trong gan dang khdi luong
hi¢u dung. Viéc khong tinh dén cac tuong tac va
nhiéu loan nhu trong mot s6 bai viét [1], [2] cho
phép thu dugc tri riéng va ham riéng cua bai toan
bang tinh 6 trén may tinh céu hinh phd thong
sau khi khai trién. Két qua thu dugc dugc ap
dung dé khao sat ph6 hap thu cta chdm luong tir
phong ciu dang thuin va det ciia mot s6 ban dan
dién hinh

2. Co s¢' Iy thuyét va phuong phap nghién ciru

2.1. Bai toan bién cho chim lwong tir
phéng cau dang thuin va det trong gan diing
khéi lrgng hig¢u dung

Trong gan dung kh01 luong hiéu dung, xét
cham luong tir phong cau (SQD) trong md hinh
lugng tir hoéa kich thuéc manh. Phuong trinh
Schrodinger cua dién tir (15 tréng) trong tu
truong déu H voi thé vec to A va dién
truong £ cia SQD nhu sau:

le//(re7rh) = E‘//(re'rh); (21)
(G

—Z{

i=e,h

=i (E1) +Voons (F) =

ad, }+ Wh_ (2.2)

wlel) - xR -nl

Bai toan trén dugc giai trong pham vi: SQD
khong chiu anh hudng cua dién truong ¢, khong
chiu tac dung cua tir truong H =0 va bo qua ca
tuong tac Coulomb giira dién tir va 1 trong cing
v6i anh hudng cua tap chat.
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L1~'1c Qé, phuong trinh Schrodinger cho dién
tur va 10 trong c6 dang :

Hy (r) = Ey(r) (2.3)
véi: H = > p? +Veory (F); m* 1a khoi luong
m*
hi¢u dyng cta di¢n tir (hodc 16 trong), con thé
cam ti Vg (F) c6 dang:
- . |0 (0<S(r)<1)
Vet (F) =V (F) = N . (2.4)
o (S(r)>1)
Vo1
- X2+ 2 2
sy=2-"1 4% (2.5)
a c

O day a,c 1a cac ban truc ciia SQD. Trong
truong hop chdm lugng tir phong cau dang thuin
(prolate spheroidal quantum dot — PSQD) ta co
c>a va chim luong tr phong cau dang det
(oblate spheroidal quantum dot — OSQD) ta c6
c<a.

2.2. Nang luwgng va ham song caa dién tir
trong SQD

Trong phan nay, toi trinh bay cach giai
phuong trinh (2.3) dé tim ham song va phd ning
lugng cua mot hat bi giam gilr trong mot khong
gian khép kin vo1 dang phong cau. Chon hé truc
toa do sao cho ban truc a ctia chdm ndm trong
miat phang Oxy con ¢ huéng doc theo truc z.
Mién khao sat bi giéi han boi bé mat S voi
phuong trinh tham s6:

X =acosesind
y=asingsing,
z=ccosf
voi 0< <27 vd 0<@<r. Van dé clia bai toan
la giai phuorng trinh Schrddinger cho hat tu do:

‘W(x,Y,2), (2.7)

(2.6)

2m*
véi diéu kién bién:
\P(x,y,z)|(xyyiz)ES =
* Xét trong PSQD
Bai toan bién dugc gidi trong h¢ toa do
phong cau dang thuan (&£,77,9):

(2.8)
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x = f&2 ~1/1-n?cose

y = &2 -1y1-n’sing, (2.9)
z=1&n
voi 1<E<+4o0-1<n<L0<p<2z, f Ia

hang sb.

Chon n=co0s@ véi 0<O<rx, tu phuong
trinh (2.9) t6i thiy trong hé toa d6 phong cau, bé
mat véi phuong trinh & =const mé ta cho ho
cac ellipsoid vaGi ban truc f«fﬁz —1 (trong mat
phangOxy) va f¢& (doc theo trucz). Vi vay,
tham s6 f dugc xdc dinh bodi diéu kién 1a
ellipsoid thudc vé ho bé mit (2.6), nghia 13, phai
tdn tai mot gia tri é_: cua & sao cho:

f=c /l—izzce
X

= _
f_§ . R 1 1 . (2.10)
fé=c = T—T"%e
-
X
. f 1 . . o
O day e=—= |l-— la tdm sai cula
c X

ellipsoid. Phuong trinh (2.10) xac dinh khi

¥ = ¢ >1. Bay gio, c¢6 thé viét lai va tach bién
a

phuong trinh (2.7) trong hé toa d0 mdi véi m va

A lahang sb tach, h=¢f = fafz;:;* :

5{(52 1)—R(§)} {/1 h?&’ +§ }R(f) 0. (2.11a)

dé
a{(lfﬂz)*S(ﬁ)}{lfhznz7?}5(,7):0_ (211b)
2
¢(1 ) dd > $() = (2.11c)

Chu y rang cic phuong trinh (2.11a) va
(2.11b) duoc lién két boi ca hang sb tach va h,
Trong truong hop nay, phuong trinh thir hai
phai duoc giai véi h ¢b dinh va A roi rac 1a
ham cua h.

img

2z

Nghiém cta (2.11¢) c6 dang @(p) =
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v6i m=0,#1,+2... 1a sd luong tir phuong vi.
Trong khi d6 nghiém cua phuong trinh (2.11b)
c6 dang to hop tuyén tinh cdc ham phong cau
goc dang thuan loai mot va loai hai [5]:

Sm(h,) =CSiy (W) +C, 80 (hyp)  (2.12)

VO SO (hm =3 d" (R, () VA SO (h,n) = id:m(h)Q.Le(n).

r=01 r=—

Trong d6 R'.(n) va Q' .(n) l1a cac da thirc

Legendre lién két va | >m. Cac ham S{?(h,n)
phan ky khi 7 =1. Vi vay, d& ham séng hitu han
voi —1<np<1thi C,=0.

Cac nghiém cta phuong trinh (2.11a) la t6

hop tuyen tinh ctia cac ham phong cau xuyén tam
dang thuan loai 1 va loai 2 [5] :

Rn(h,£) =BRY (h,&)+B,RP(h,&). (2.13)

Ham R®(h,&) phan ky tai £=1. Vi vay,
dé ham song hitu han khi 1< £ <& ta phai chon
hé s6 B, =0.

T nhitng két qua trén, toi tim dugc ham
song dién tu (10 trong) trong mot PSQD nhu sau:

W (& me) = ASi (h) Ry (h, )™, (2.14)
v6i A 1a hé s chun hoa.
Khi d6 diéu kién (2.8) tr thanh :
RY(h,&) =0. (2.15)

Xét trong OSQD

Bai toan bién trong trudng hop nay dugc xét
trong h¢ toa do phong cau dang det s€ dugc giai
quyét theo trinh ty nhu PSQD. Phuong trinh
(2.7) trong truong hop nay dugc tach thanh:

24)—R A-h? R o, (2.16a
6{(5 )§<§>H 55 }(5) ( )

dn{(l-;f)dS(n)}{zmznz—l_”;f}sw):o, (2.16b)
1 d?
#0) do —— 9(p) = (2.17c)

Nghiém cua phuong trinh (2.16b) co6 dang
t6 hop tuyén tinh cac ham phong cau goc dang
det loai mot va loai hai [4]:

Sin(-ih,7) = C,S& (i, ) + C,52 (-ih, ) (2.18)

VO 5O i =S d" (iR, () VA s.‘;’<—ih,n>:id:m(—ih)q.te(zn-

r=01

|+e(77)Va Q|+e(77) la cac da thirc
C,,C, la cac tham

Trong do
Legendre lién két va | >m;

s0; d!™1a hé sb khai trién. Cac ham S (~ih,7)
phan ky khi 77 =1. Vi vy, dé ham song hitu han
-1<p<1thi C, =0.
Cac nghiém cta phuong trinh (2.16a) la t6
hop tuyén tinh cia cac ham phong ciu xuyén tim
dang det loai mot va loai hai [4]:
R (-ih,i&) = BRY (-ih,i&) + B,RO (-ih,ig). (2.19)
O day, B,,B, la cac hé sd; Cac ham phong
cAu xuyén tim dang det c6 dang:
1 (& —1]
3 4" (2|+r)'k g

r=0,1

v6i r bat dau tir 0 hodc 1 tuong tmg |—-m Ia

vOi

Z jret-mgim () LT (Zl + r) i® (he)

r=0,1

Rin(h.&) =

chin hogc 1¢. j® 1a ham Bessel cau bac i cap
n. Ham R (~ih,i&) phan ky tai £=1. Vi vay,
dé ham song hitu han khi 1< £ <& ta phai chon
hé s6 B, =0.

Tir nhimg két qua trén, t6i tim dwoc ham
song cua dién tir (hay 16 trong) trong mot OSQD
nhu sau:

W(En,p) = ASE (-ih,7).RY (-ih,i&)e™, (2.20)
v6i A 13 hé sb chuin hoa. Khi d6 diéu kién (2.8)
v61 OSQD tro thanh :

RY(-ih,&)=0. (2.21)

Phuong trinh (2.15) va (2.21) cho phép ta
xac dinh dugc pho nang luong gian doan
2m*E"

hZ

L

E =

cua hat giam gilr trong PSQD va

0SQD. Véi méi cip gia tri |,m xac dinh va tng
voi mot gia tri xac dinh cua g? ta tim duoc mot
tap cac gia tri ro1 rac cua h va tir d6 xac dinh
duoc pho nang luong.

2.3. Hé s6 hap thu ciia SQD

Vi ¢ ddy chung ta khoéng dé cap dén hiéu
mg exciton nén hé sé hap thu duogc tinh gan
dung theo cong thirc nhu sau [3]:
Ko™ a,0)=Y K, (0™ acu) =AY I, sho™ -W,,)(3.1)

2
IV'V,:Uy/j(r,a,c,ye)z//:‘,(r,a,c,yh)dr . (32)

Trong d6: A ti 1& véi binh phuong yéu t6
ma tran trong phan tich Bloch; w¢ va . 1a ham

riéng cua dién tir (e) va 16 tréng (h); E° va E)
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la tri riéng nang luong cua (e) va (h), phu thudc
vao cac ban truc a,c va tap hop cac sb lugng tur
doan nhiét v =[n,|,m] va v‘:[n',l',m'], vOi
m=-m’; E; la bé rong ving cAm cia ban din

khéi, "™ 1a tin s§ anh t6i,
h
W, =E,+ES(ac)+E.(a.c)
chuyén tiép giita cac ving ung véi gia tri 16n
nhit cia K(o™).
Ta viét lai khai trién (3.1) du6i dang:

K (o™, a,c) = AE;Z l,,oLf, W]

sang
la nang luong

(3.3)

£ () = oy Ef@o+Erac) {H&} _ (3.4)
" Eg 2/ueczEg Hn !
ho™ —E

Véi o = . 1a ning lugng quang
9
hoc chuyén tiép giira cac ving.
Xét cac SQD véi ban truc dugc viét lai

a=u,a duoc xac dinh boi thong s6 ngau nhién
U voi ham phan bé P(u). O day ta sir dung ham
phan bé Lifshits-Slezov [3]:

1

Feyle /s Khi 0 3
| Uu<—
P(U) _ 25/3(U+3)7/3(%—U)11/3 <u< 2 . (35)
0 khi u<0oUu 2%

Hé s6 hip thu KP(»™,a,C) vai kich thude
khac nhau ctia ban truc dugc khai trién nhu sau:
KP (0™, a,¢) =IK(wph,a,E,up)P(up)dup. (3.6)
Ta dwa dén khai trién giai tich ctia hé s6 hap
thu K (0™, a,c) cia mot hé cac QD ban din voi
phan b ngiu nhién cua ban tryc:

K(a)ph) KV’V,(a)ph)
K =vv’s K .

K 0( "“)H Odf " o0
v @ v

K—OZ 1, (u) T(U) P(u,)-

u=ug
Vé6i Ky =A E;* 1a hé sb chuan héa, u, 1a

v (Ug)=0.

3. Két qué va théo ludn
Str dung phan mém Mathematica chung t6i
thu dugc do thi sy phu thudc nang lugng vao

nghiém cua phuong trinh f

84

yung voi cac bo gia tri (nlm) khac nhau nhu
trén Hinh 1.

2 2B/ a) b) )
. I 2m*Enac/h? ;“
T By /
P
®, 74 Zhy
/
—~—— .. Zy
10 10 ? Zy " / //
6 — % o7 /4 z %7
n
20 7_79 » HY F4
i —_— 2 7, (]
3 Zy T y
8 /5 # %
. 6 77 3
10 - _: - ) o S e Zhue
e S — T ://T/ ,4:,
n’ 2 3 4 13 7 00 02 04 08 os 10
x=cla x=cla

Hinh 1. Sw phu thudc ciia ning luwgng dién tir vao ¥
trong PSQD (a) va OSQD (b), véi: (1) 100; (2) 110;
(3) 11+1; (4) 120; (5) 12+1; (6) 12+2; (7) 200; (8) 130;
(9) 13+1; (10) 13+2; (11) 1343

Chang t6i thdy ring néu y >1 & cac
trang thai voi n, m gidéng nhau nhung | khac
nhau tré thanh suy bién gan nhu nhau véi gia
tri x 16n. Ching t6i ciing thiy ring véi
X < 1 & céc trang thai véi n, m giéng nhau
nhung | khac nhau tr¢ thanh suy bién gan nhu
nhau véi gia tri xy nho. Cac mic nang luong
trong hai pho khac nhau xuat hién mic giao
cit, diéu nay giai thich sy hién dién cua su
suy bién ngiu nhién.

Trén Hinh 2 va Hinh 3 1a phan bd xac suét
tim thay dién tir (10 trong) trong SQD & trong cac
trang thai twong ing voi ba bd s6 luong tir (nlm)
khac nhau dugc chiing t6i lya chon.

Hinh 2. Do thi mat dd xac suét tim thiy hat trong
PSQD khi y =2 va(n,I,m) lan lwgt 1a (1,0,0),
(1,1,0), (1,1,2)
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-1 os
n=I;1=1;m=0

n=1;1=0;m=0

Hinh 3. Do thi mét d xac sg?it tim thay hat trong
0SQD khi y =2 va(n,I,m) lan lwgt 1a (1,0,0), (1,1,0)

Thyc hién tinh s bang chuong trinh lap
tr,inh trén phan mém Mathematica vdi cac hang
sO cua GaAs: 1, =0,067m, va
4 = 4, =0,558m, lan luot 1a khdi lugng cia
dién tir va 16 trong, E, =1430 meV la bé rong
viing cim, a; =104x107"° m la ban kinh Bohr
exciton cua mot cap dién tir - 10 trong.

b)

Hinh 4. Phé hip thu ciia PSQD GaAs véi y =2 (a)
va y =5 (b); a=2ag lay tong cac sb luwgng tir diu
tiéen (n=11=0,1,2...,m=0,1,...,1)

Chung t6i dua ra hai d0 thi cua hai gia tri y
khac nhau dé c6 thé so sanh cac gia tri cyc dai
cling nhu sy bién thién cia hé sd hép thu trén
PSQD. Pudng mau d6 cao nhét trén do thi mé ta
hé s6 hap thu toan phan va cic dudng mau xanh
con lai phia dudi tuwong mg 1a hé sé hap thy
riéng phan lay theo mot tap hop cac sO luong tir
xac dinh. Chung t6i thiy hé s6 hap thu toan phan
cua PSQD GaAs trong truong hop y =2 c6 do
16n thdp hon va chiéu bién thién dién ra it tron
hon so v6i hé s6 hap thu toan phan trong truong
hop y =5 thé hién ¢ Hinh 4.

EREN

u,c/
e |
/

Hlnh 5. Pho hap thu cia OSQD GaAs véi x=0,2
(@ va y =01 (b); c=ag lay tong cac sb lugng tir
dau tién (n=21=0,1,2..,m=0,1,..,1)

Chung t6i ciling thay hé sb hap thu toan phan
cua OSQD GaAs trong truong hgp y=0,2 ¢0
d6 16n thap hon va chiéu bién thién dién ra it tron
hon so v&i hé s6 hap thy toan phan trong truong
hop y =0,1 thé hién ¢ Hinh 5. Trong tuong lai,
phép tinh va thuat toan giai s6 cta ching toi trén
day sé 1a co s¢ tng dung dé co thé phat trién bai
todn trén trong nhitng diéu kién phuc tap hon
nhu c¢6 két hop thém viéc khao sat cac hiéu ung
exciton cling nhu tuong tac gitra dién tr voi dién
ttr va 16 trong véi 16 tréng, hay thay cho céc thé
giam giit khac thé v han...

4. Két luan

Ching t6i da tim dugc ham song va cac
mirc ning luong cua dién tir (16 tréng) trong
PSQD va OSQD, xay dung duoc do thi biéu dién
sy phu thudc cia cdc muc nang lugng cua dién
tr va mat do xac suét tim théy dién tu trong SQD
va g voi mot sd cac gia tri khac nhau cua .
Str dung ham phan bd Lifshits-Slezov ching toi
da xac dinh dugc biéu thic giai tich cua hé sb
hap thy. Chiing t6i di tinh s6 va v& dd thi cua
phd hap thu ctia mot he PSQD GaAs va OSQD
GaAs mg voi cac gia tri khac nhau cua y. Két
qua nay 1a mot dong gop vao viéc tim hiéu cac
hé thap chiéu trong chit rin néi chung va ban
dan néi riéng. Tu do biét duge dic diém cua vat
liéu nano va di dén cac ung dung cu thé trong
thuc té./.
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INVESTIGATING THE ABSORPTION SPECTRUM OF SPHEROIDAL QUANTUM DOT

Summary

In the effective mass approximation for the electrons (holes), when there is no external field,
with interaction and perturbations neglected, the state of prolate and oblate spheroidal quantum dots
are considered in the prolate spheroidal coordinate system. The eigenvalues and eigenfunctions of the
problem, obtained after being conducted on ordinary PC configurations, have been applied to
investigate the absorption spectrum of spheroidal quantum dots GaAs. The results show that these
calculations and numerical algorithms can obtain the energy spectra of the spheroidal quantum dots
and the absorption spectra of the GaAs spheroidal quantum dots. Thus, the results make ways for the
above problem in more complex conditions.

Keywords: Quantum dot, spheroidal, absorption spectrum, prolate, oblate.
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