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Excitons in quantum-dot quantum-well nanoparticles
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A variational calculation is presented for the ground-state properties of excitons confined in spherical core-shell

quantum-dot quantum-well (QDQW) nanoparticles. The relationship between the exciton states and structure pa-

rameters of QDQW nanoparticles is investigated, in which both the heavy-hole and the light-hole exciton states are

considered. The results show that the confinement energies of the electron and hole states and the exciton binding

energies depend sensitively on the well width and core radius of the QDQW structure. A detailed comparison between

the heavy-hole and light-hole exciton states is given. Excellent agreement is found between experimental results and

our calculated 1s.—1sy, transition energies.
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1. Introduction

During the past few years semiconductor quan-
tum-dot quantum-well (QDQW) nanoparticles have
attracted much attention due to their interest-
ing physics and possible electronic and optical
applications.! =) The so-called QDQW nanoparti-
cle is typically a spherical core-shell three-layer het-
erostructure composed of two different semiconduc-
tor materials, in which the material with the smaller
bulk bandgap is embedded between a core and an
outer shell made of the larger bandgap material (see
Fig.l).[l’z] The QDQW nanoparticle can also be re-
garded as a complicated semiconductor quantum-dot
(QD) structure with a smaller bandgap layer in its
core acting as an internal well. In a QDQW, the in-
troduction of the smaller bandgap shell layer gives rise
to a significant redistribution of the electron and hole
wavefunctions and can be expected to bring about
a certain radial separation of the electron and hole
wavefunctions,[®4 which is different from that in a
simple QD structure.'°~12] The QDQW nanoparti-
cles provide the flexibility to tailor the electron and
hole wavefunctions in a QD by changing the core di-
ameter, the thicknesses of the well and of the out-
ermost shell, which amounts to a three-dimensional
example of wavefunction engineering. The electron
transition energies can also be tuned. The radial sep-
aration of the electron and hole wavefunctions in a

QDQW is expected to lead to a long lifetime exciton

http://www.iop.org/journals/cp

with a large dipole moment, thus enhancing nonlin-
ear optical properties of QDQW nanoparticles.l4 All
these unique properties of QDQW nanoparticles have
stimulated intensive theoretical and experimental re-

search in recent years.

CdS HgS CdS H,0

Fig.1. A schematic drawing of a CdS/HgS/CdS QDQW
nanoparticle in dielectric water.

The first example of a successful synthesis of

QDQW nanoparticles used a CdS/HgS/CdS material
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system with a size-quantized CdS particle with a di-
ameter of 4.7 nm acting as a core and a complete layer
of HgS on the surface of this core followed by, again,
CdS as the outermost shell embedded in water as the
dielectric environment (shown in Fig.1).!2] This work
paved the way for further theoretical and experimen-
tal investigations of QDQW nanoparticle physics. To
date, most theoretical works have used the effective
mass approximation and have neglected the mixing
of heavy-hole (hh) and light-hole (lh) states.>~6®]
Within the framework of the effective mass approx-
imation, Mews et al(?! investigated the 1s,~1lsy elec-
tronic transition energy in CdS/HgS/CdS particles,
in which the Coulomb interaction between the elec-
tron and hole was ignored. Haus et all¥ studied the
electron and hole wavefunctions, the shift of bandgap
energy, and the overlap of wavefunctions using the in-
finite barrier approximation at the QDQW nanoparti-
cle boundary. Chang and Xial*! investigated the elec-
tronic structure, the overlap of the electron and hole
wavefunctions and the exciton states of semiconduc-
tor QDQW nanoparticles using a numerical diagonal-
ization method and adopting an infinite barrier ap-
proximation at the nanoparticle boundary. In Refs.[3]
and [4], the interesting radial separation between the
electron and hole wavefunctions in QDQW structures
Schooss et all! further

investigated, both theoretically and experimentally,

were investigated in detail.

the Coulomb interaction energy between the hole and
electron and the 1s.—1sy, electronic transition energy,
considering the finite barrier effect at the nanopar-
ticle boundary. Bryant!®! gave a configuration inter-
action calculation of exciton states in CdS/HgS/CdS
QDQW nanoparticles. In Refs.[2]-[6], the heavy-
hole states were not considered. Quite recently, a
multi-band calculation of electron and hole states
in QDQW nanoparticles has also been developed.!”]
Good agreement between experiment and the effec-
tive mass theory shows that the envelope function ap-
proximation is suitable for describing the electron and
hole states in QDQW nanoparticles containing layers
as thin as one monolayer, as pointed out in Refs.[2]-
[8] and [13], and thus it has been widely adopted,
for example in Refs.[2]-[8]. The valence band mix-
ing effect, as stated by Chang and Xia,[! is weak for
QDQW nanoparticles, less than 10 nm in diameter,
and also strongly supported by the cluster band struc-
ture calculations.['4~16! Hence, the valence band mix-
ing effect has been neglected in the investigations of

the exciton states in QDQW nanoparticles in Refs.[2]-

[6].

It is well known that one of the most interesting
novel features of a QDQW nanoparticle is the elec-
tronic transition between the electron and hole states
localized in its internal well layer. This transition gives
rise to a new bandgap observed experimentally, re-
ferred to as the 1s—1s transition in Refs.[2]-[5]. So
far, all of the reported experimental results have con-
centrated on the 1s—1s electronic transition energy in
QDQW nanoparticles with a narrow internal well layer
less than three monolayers in thickness.2:5], Thus, in
this paper we concentrate on the 1s state with the
main quantum number n = 1 and the angular momen-
tum quantum number ! = 0. This state is significant
due to the localization of the electron and hole wave-
functions in the quantum well (QW) layer, leading to
a large optical matrix element and strong absorption
for the 1s-1s transition in QDQW nanoparticles.>~?!
Furthermore, in commonly used QDQW samples with
narrow internal well layers, the 1s state is the only

confined state in the internal well layer.

In this paper, we present a variational calculation
for the ground-state properties of excitons confined in
a spherical QDQW nanoparticle. In our theory, both
the finite value of the quantum confinement potential
and the different effective electron and hole masses of
the QDQW nanoparticle are explicitly taken into ac-
count. Moreover, the heavy-hole states, which have
not been investigated in Refs.[2]-[6], are also included
in this calculation. For simplicity, we use the effec-
tive mass envelope function approximation and ne-
glect the valence band mixing effect, as has been done
in Refs.[2]-[6].

energies of the electron and hole states, the 1s.—1sy

We concentrate on the confinement

transition energy and the exciton binding energy in

CdS/HgS/CdS QDQW nanoparticles.

This paper is organized as follows. Our theory
describing the electron (hole) states and variational
calculation of exciton states in QDQW nanoparticles
is outlined in section 2. Numerical results for electron
and hole states, exciton binding energies, and a de-
tailed comparison of the experimentally and theoreti-
cally determined 1s.—1sy transition energies are given
in section 3. Finally, in section 4, we summarize the

main conclusions obtained in this work.

2.Theory

2.1. Electron and hole states
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We consider a spherical QDQW nanoparticle em-
bedded in water used as the dielectric environment
(see Fig.1). Within the framework of the effective
mass envelope function approximation, the wavefunc-
tion of the electron (hole) states confined in a QDQW
nanoparticle has the following general form

’(/Jj(’l”,e,qb) = Rj(r)yrlm(ea({b)a (1)

where Y}, (6, ¢) are spherical harmonics. R;(r) =
x;(r)/r is the radial wavefunction, and x;(r) satisfies

the following radial wave equation

F i+ ;) - D]y =0,
X;(r) =30, (2)

where m;(r) is the electron (hole) band mass given by
maj, 0<r<ry,

mgj, T1 <71 <79,

m;(r) = (3)

The confinement potential v;(r) is given as

V15, 0<r<ry,
Uzj(: 0), ry <r<rg,
v;(r) = (4)
V35, rg <r<rs,
V435, r>rs,

where the subscripts j = e, hh, lh denote the electron,
heavy hole or light hole, respectively.

We have pointed out in section 1 that the 1s state
in QDQW nanoparticles is the most important state,
especially when the QDQW nanoparticle contains a
narrow QW layer, as common in experiments. We
will thus restrict the calculations to the 1s state, as
has been done in Refs.[1]-[7]. For the 1s state with
I = m = 0, the spherical harmonic Yyo(6, ¢) yields
only a constant factor of 1/\/E
Eq.(2) for the 1s state takes the following form

The solution of

mgj, T2 <71 <T3,

Myj, T >T3.
Cyjsinh(kqy;r), 0<r<ry,
ngsinkgj (T‘ — 7‘1) + ngCOSij(T‘ — 7‘1), ry <r<ry,

XJ(T) = ks'(’l‘f’r‘z) 7]93'(’[‘77‘2) (5)
C4je 7 + C5je 7 R ro <r<rs,
Cﬁjeik‘l]‘(rira), r>rs,

where k;; is defined as
2mij . .
kij = 2 lvij — Ej|, i=1,2,3,4 and j = e, hh,lh. (6)

We use the

dlny;(r
<%() — —) is continuous at the interfaces r =
r T

r1, T2, r3. This is equivalent to taking both R;(r) and
1 dR;(r) } 235 .
—227 as continuous.[>35 We then obtain
m;; dr

boundary condition that
mij

m;(fs + fa)[(k2jrafi — f2)coskaj(ra —r1)

— (f1 + kojrafo)sinkg;(ra — r1)]

+ ;i [(1— ksjra) fs + (1 + ksjra) fa]

- [fisinka;(ra — 1) + facoskgj(re —r1)] = 0. (7)

This equation determines the ground-state confine-
ment energy E; of the electron or hole in the QDQW
potential Eq.(4). Using Eq.(7) is more convenient for
numerical calculations in investigating electron transi-

tions and optical absorption than previously.>~® The

quantity f; (i =1,2,3,4) in Eq.(7) is defined as

f1 :m—%:klj’l‘l + < — %> tanh(kljrl),

mlj m]_]'
fg :kzjrltanh(klel),

kyj ms; ms; ks
= _ = k . 1— 3573
fs {( ks; m4j) 37 + ( m4j) ¢ ’
kq; m3; ms; o
= (1 4+ 22N Vkaipa — (1 — J 2ksjr2 (g
fa {( + Fo; m4j) 373 — ( s )] e (8)

The function x;(r) can be normalized as follows:
/ X?(r)dr =1. (9)
0
2.2. Variational calculation of the exciton

states

In order to investigate the ground-state properties

of excitons confined in a spherical QDQW nanopar-
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ticle, it is convenient to use triangular coordinates
(re, ™, 7en) defined by17—19]

Te = |T‘e|, ™ = |Th|7 Teh = |7'e - ’I"h|, (10)

where r. (ry,) is the position vector of the electron
(hole) with the origin at the centre of the QDQW
nanoparticle.

Within the framework of the effective mass ap-
proximation, the Hamiltonian of excitons confined in

a spherical QDQW nanoparticle can be written as!*!
n* ([ 0

2me (a— *
h* (62

—— |zt
2my, <87“}21

n? [ 02 N 2 9
2u 87“311 Teh OToh
o2

H=-

2 0 rg — rﬁ + Tgh 9?2
Te OT% TeTeh OreOTen

2 0 +r}21—r§+rzh 0?2 >

Th 87“}1 ThTeh aThBTeh

+ ve(Te) + vn(rn) —

(11)

AmegErey’

1 -1

1
where p = <—+ —

Me mp
exciton, ¢ is the permittivity of free space and € is the

is the reduced mass of the

effective mean relative dielectric constant of the em-
bedding material between the electron and hole.[>~7]

As we have analysed in section 1, in commonly
used QDQW samples with narrow internal well layers,
the 1s state is the only confined state in the well. In ex-
perimental studies of QDQW nanoparticles, the most
interesting electronic transition is the ls.—1sy transi-
tion between the electron 1s state and the hole 1s state
with the angular momentum quantum number [ = 0.
Thus, when we build a trial wavefunction for the ex-
citon ground state confined in QDQW nanoparticles,
the angular correlation between the electron and hole
will be ignored, which has also been confirmed by
Ref.[6]. Moreover, we know that the QDQW nanopar-
ticle can also be regarded as a complicated QD struc-
ture with a smaller bandgap layer in its core acting as
an internal well. Both the QDQW and the QD struc-
tures have a spherically symmetric potential. Hence
the exciton trial wavefunction in QDQW nanoparti-
cles can be built from the corresponding trial wave-
function in QD structures. Considering the above two
factors, we have chosen the exciton trial wavefunction

in a QDQW nanoparticle to have the following form
w(rea"“hﬂ"eh) = e_)\rehRe(re)Rh(rh)v (12)

where A is the variational parameter, and the func-

tions R.(r.) and Ry(rh) are the radial eigenfunctions

of the electron and the hole, respectively. The varia-
tional wavefunction (12) can be regarded as an exten-
sion of the formalism of Refs.[18] and [20] in a simple
QD structure. As a trial function, Eq.(12) has the ad-
vantage of having a simple form. It was also shown
that it can give a good description for the exciton
states confined in QD structures.['8:2°) Our numerical
calculations (see Fig.2) clearly show that the 1s.—1sy
electronic transition energies calculated using Eq.(12)
are in excellent agreement with the experimental re-
sults, confirming that the chosen trial wavefunction
(12) describes accurately the exciton states confined

in spherical QDQW nanoparticles.

2.4

2.0

1.6

Transition energy/eV

0.2 0.4 0.6 0.8 1.0
HgS layer thickness/nm

Fig.2. The calculated 1se—lsy transition energy in
CdS/HgS/CdS QDQW nanoparticles, with the CdS
core diameter of 4.7 nm and the outermost CdS shell
thickness of 0.6nm as a function of the HgS layer
thickness. Experimental results taken from Ref.[2] are
shown as black dots (e).

The ground-state energy of an interacting
electron—hole pair is computed from the expectation
value of the Hamiltonian (11) with the trial wavefunc-
tion (12). After a lengthy calculation, we obtain the
energy of an exciton confined in QDQW nanoparticles

as follows

~ min | 1)
Eexciton —m)}n <w|,¢)> ]

=F. + Ey + min [R°X2-I(N)], (13)

where FE, (Ey) is the electron (hole) confinement en-
ergy and can be directly obtained by solving Eq.(7)
numerically. The exciton binding energy is obtained

from
EB = E.+ Ep — Fexciton = — mAin I:h2>\2 ’ I()‘)] . (14)

The function I(A) in Egs.(13) and (14) is defined
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as where the energy E; is the bandgap energy of the well
/ dre/ drpSy(re, Th; A) layer material in QDQW nanoparticles.
(15) The average relative distance 7., between the
/ dre/ dry Sz (re, Th; )‘) electron and hole can be defined as
where
dre/ drpS3(re, rn; A)
S1(re,mn; A) Fop = (¥ |7"eh|¢ / ,
=R (re) Rn(rn){rernRe(re) Ru(rn) (Wh) / dTe/ drySa(re, Th; A)
0 0
X [Li(re +71) = Li(|re — mu])] (20)
— (2 =) <e—2>\(re+rh) _ e—2)\|re—rh|> I where
1
gL Lo ) = Loflre—mbll, (18)  Sy(resrid)
and =rernRe (re) Ry (rn)[L2(|re — mu]) = La(re +mm)].(21)
Sa(re; Th; A) The parameter A in Eq.(20) can be determined by the

=rernR2(re)RE (1) [La(Jre — mul)

The functions of Ly (z), La(x) and L in Eq.(16) and
L3(z) in Eq.(17) are defined as

2 1 3
Ll(w) — e—ZAz <67_ + -z — _> ,

— Ls(re +rn)]- (17)

2megAR’E  p 2u
Ly(z) = e 2 [2xz(\z + 1) + 1],
1 dRe(re) 1 dRy(rs)
Li = ErhT%Rh(rh) + mthe d’rh Re(’re),
Li(z) = e 22Xz + 1). (18)

The 1s.—1sy, transition energy can be calculated

as follows

Els—ls = Ee + Eh + Eg - EB = Eexciton + Eg7 (19)

variational calculation from Eq.(14).

It is worth pointing out that the above theory
can easily be extended to more complicated QDQW

structures with a larger number of layers.

3. Numerical results and discus-
sion

We have performed numerical calculations for the
exciton states confined in the CdS/HgS/CdS QDQW
nanoparticles embedded in water used as the dielec-
tric environment by employing the above theory. The
material parameters used in the calculation are listed

in Table 1.

Table 1. The material parameters used in this work. me, mj, and myy, are the effective masses of

electrons, light holes and heavy holes in units of the free electron mass; € is the dielectric constant;

Ey is the bandgap; and Vg and Vy/g are the conduction and the valence band offsets, respectively.

Material Me min Mhh € E,/eV Veos/eV VwB/eV
Cds 0.2[2:4-6] 0.712:4-7] 5.07] 5.504~6l 2.52:4-7] 1.35[2:4.6] 0.65[2:4]
HgS 0.036[2:4-6] 0.044[2:5:6] 0.31(7] 11.364-6] 0.5[2:4-6]

H,0 117 107 117 1.78[4-6] 8l7] 3.7517] 3.75(7]

* The number(s) in the bracket refers to the reference number

For the chosen seven CdS/HgS/CdS QDQW
structures, the calculated confinement energies for the
electron, light hole and heavy hole are shown in Ta-
ble 2. Table 3 summarizes our calculated results for
the 1s.—1sy transition energies. For the purpose of
comparison, some theoretical and experimental results
are also shown in Table 3. We can see from Table 3
that our variational calculation results for the light-

hole exciton 1s.—1s; transition energies are in good

agreement with the previous theoretical calculations of
Refs.[4] and [5], indicating that our variational wave-
function (12) is suitable for the exciton states confined
in QDQW nanoparticles. Moreover, Table 3 suggests
that the experimental results for the 1s.—1s}, electronic
transition energies for samples 1-3 can be explained
as due to heavy-hole exciton transitions. The corre-
sponding results for samples 4-7 are attributed to the

light-hole exciton 1s.—1s}, transition. Table 3 clearly
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shows that the previous theoretical results in Refs.[4]
and [5] have also been significantly improved by our
variational calculations. For example, the experimen-
tal result for the 1s,—1s}, transition energy for sample

1 is 2.10eV, while our calculation gives 2.17eV with

an error of 3.3%. The corresponding value calculated
in Ref.[5] is 2.27eV with an error of 8.1%. Reference
[4] gives an even higher transition energy of 2.31eV

with an error of 10%.

Table 2. The CdS/HgS/CdS QDQW sample parameters and the corresponding confinement
energies for the electron (E.), light hole (E},) and heavy hole (Eyy).

Sample CdS core HgS layer CdS layer E./meV Ey,/meV By /meV
diameter/nm thickness/nm thickness/nm
1 4.7 0.3 0.3 1238.77 609.51 509.26
2 4.7 0.3 1.0 1202.62 541.83 469.16
3 4.7 0.3 1.5 1195.76 536.54 468.30
4 4.7 0.6 0.3 937.68 442.49 325.41
5 4.7 0.9 0.3 732.03 337.92 229.45
6 4.7 0.9 1.5 745.38 307.24 219.28
7 4.7 0.9 2.2 745.51 307.18 219.28

Table 3. The 1s—1sy, transition energies for the chosen seven CdS/HgS/CdS QDQW samples given in Table 2.

Columns 2 (lh) and 3 (hh) show the present calculated transition energies. The previous theoretical results are

given in column 4. The experimental results are shown in column 5. All of the transition energies are given in

units of eV.

Sample 1se—1sy (1h) 1se—1sy (hh) 1se—1sp (Theor.) 1se—1sp (Expt.)
1 2.27 2.17 2.31[4], 2,275 2.10(8]
2 2.17 2.11 2.1615] 1.96/°]
3 2.16 2.10 2.15[5] 1.9405]
4 1.81 1.70 1.9041, 1.83[5] 1.7615]
5 1.51 1.40 1.72041 1.53[5] 1.6015]
6 1.50 1.40 1.5005! 1.5505]
7 1.50 1.40 1.5009! 1.5405]
Figure 2 shows the 1s.—1s} electron transition of Ref.[2]. This further confirms that the variational

energy as a function of thickness of the HgS inter-
nal well layer in CdS/HgS/CdS QDQW nanoparticles
with the CdS core diameter of 4.7nm and the out-
ermost CdS shell thickness of 0.6 nm. The calcula-
tions were carried out for the heavy-hole and light-
hole excitons, separately. We can see from Fig.2 that
the 1s.—1sy, transition energy decreases monotonically
with increasing HgS well layer thickness. This is be-
cause the confinement energies of the electron and hole
states decrease if the well width is increased. Figure 2
also clearly indicates that the transition energy of the
heavy-hole exciton is smaller than that of the light-
hole exciton. The reason is that the heavy-hole state is
more strongly localized in the well than the light-hole
state due to the larger effective mass of the heavy hole.
Moreover, Fig.2 shows that our numerical results are

in excellent agreement with the experimental results

wavefunction (12) is an excellent choice for the exciton
wavefunction in QDQW nanoparticles. According to
Fig.2, the experimental transition energies for the well
widths 0.3 and 0.6 nm are due to the heavy-hole ex-
citon transition; in contrast, the corresponding result
for the well width 0.9 nm is attributed to the light-hole
exciton transition. This result is different from that
in Fig.3 of Ref.[6].
also show that the mixing effect of the heavy-hole and
light-hole states is weak if the QDQW nanoparticles
are smaller than 10 nm in diameter, confirming that
the assertion of Refs.[4] and [14]-[16] is reliable. Sur-

prisingly, the effective mass envelope function approx-

Furthermore, the results of Fig.2

imation gives a good description of the electron and
hole states confined in the QDQW nanoparticles con-
taining layers as thin as one monolayer, which has also
been confirmed by Refs.[2]-[8] and [13].
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Exciton binding energy/meV

54 1 L
0.2 0.4 0.6 0.8 1.0

HgS layer thickness/nm

Fig.3. The ground-state exciton binding energy as a
function of the HgS well layer thickness in the same

CdS/HgS/CdS QDQW structures as in Fig.2.

The results of our calculations of the ground-state
exciton binding energy as a function of the HgS well
layer thickness are plotted in Fig.3 for the heavy-hole
and light-hole excitons in the same CdS/HgS/CdS
QDQW nanoparticles as in Fig.2. Figure 3 clearly
shows that the exciton binding energy decreases
monotonically with increasing HgS layer thickness or,
equivalently, the total radius of QDQW nanoparticles,

s.[18:20] Tpy order

similar to that in simple QD structure
to understand the results shown in Fig.3, we further
calculate the average relative distance 7., between the
electron and the hole in Fig.4, which determines di-
rectly the exciton binding energy. Figure 4 indicates
that 7., increases with increasing HgS layer thick-
ness or the total radius of the CdS/HgS/CdS QDQW
nanoparticles. At the same time, the absolute value
of the Coulomb interaction energy between the elec-
tron and the hole is reduced. Thus, the exciton bind-
ing energy decreases with increasing HgS layer thick-
ness or the radius of the QDQW nanoparticles. The
results shown in Fig.3 are also confirmed by Refs.[4]
and [6].
ergy of the heavy-hole exciton becomes larger than
that of the light-hole exciton if the well width is larger

than 0.3nm. This can be completely understood on

Moreover, Fig.3 shows that the binding en-

the basis of calculations of the average distance 7ey,.
Figure 4 indicates that the distance 7., between the
electron and heavy hole is smaller than that between
the electron and light hole if the well width is larger
than 0.3nm. Thus, the exciton binding energy of the
heavy hole is larger than that of the light-hole exciton,
as shown in Fig.3.

Figures 2—4 show that the electron, hole and ex-
citon states in CdS/HgS/CdS QDQW nanoparticles
depend sensitively on the HgS well layer thickness.
We have further investigated the relationship between

the exciton states and the CdS core size. Our calcula-
tions show that the exciton binding energy decreases
continuously with increasing CdS core radius in struc-
tures with the HgS well layer thickness of 0.6 nm and
the outermost CdS shell thickness of 1.0nm. This
is due to an increase in the average distance 7., be-
tween the electron and hole. When the CdS core ra-
dius increases, the confinement energies of the electron
and hole are reduced, while the Coulomb interaction
between the electron and hole becomes weaker, and
thus the 1s.—1sy, transition energy remains almost un-

changed.

3.9

3.7¢

3.5

/nm

Teh

331

0.2 0.4 0.6 0.8 1.0
HgS layer thickness/nm

Fig.4.
the electron and hole as a function of the HgS well
layer thickness in the same CdS/ HgS/ CdS QDQW

nanoparticles as in Fig.2.

The average relative distance 7., between

When the CdS outermost shell thickness is in-
creased, our calculations show that the exciton bind-
ing energy is reduced. The 1s.—1sy, transition energy is
also reduced if the CdS outermost shell thickness dgqs
is less than 1.0 nm and can be approximately regarded
as a constant if dggg is larger than 1.0 nm, which has

also been confirmed by experiments.[5]
4. Conclusion

In this paper, the Schrodinger equation of
the electron (hole) confined in a spherical QDQW
nanoparticle has been solved exactly within the frame-
work of the effective mass theory for the most impor-
tant ground state. An analytical solution has been
obtained, which is more convenient for investigating
the electron transition and optical absorption than the
previous means.>~® A variational calculation is pre-
sented for the properties of the excitons confined in
a spherical QDQW nanoparticle. In our variational
calculations, both the heavy-hole and the light-hole
states are included. The finite value of the quantum

confinement potential and different effective electron
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and hole masses of the QDQW nanoparticle are also
considered explicitly. Numerical results are given for
the CdS/HgS/CdS QDQW nanoparticles. The dif-
ference between the heavy-hole and light-hole exci-
ton states is discussed in detail. The average rel-
ative distance 7., between the electron and hole is
calculated. Our calculations show that the electron
and hole states depend sensitively on the core radius,
the well width and the outermost shell thickness of
QDQW nanoparticles. With increasing radius of the
core or the shell thickness, or, equivalently, the en-
tire radius of QDQW nanoparticles, the exciton bind-
ing energy is reduced and the average relative dis-
tance 7o, between the electron and hole is increased.
The exciton binding energy of the heavy hole becomes
larger than that of the light-hole exciton for larger well
widths (>0.3 nm).

The 1s.—1sy, transition energy is calculated vari-
ationally. A detailed comparison with some theoret-
ical and experimental results is given. Our results
are in excellent agreement with the experimental re-

sults. According to the present work, some experi-

mental results can be explained as heavy-hole exciton
transitions, and others are interpreted as light-hole ex-
citon transitions. The present theoretical framework
can also easily be extended to much more complicated
QDQW structures with several layers. This work thus
offers a theoretical basis for further investigation of the
exciton states in general QDQW nanoparticles. The
present calculations also strongly support the fact that
the effective mass envelope function approximation is
an adequate means to describe the electron and hole
states confined in QDQW nanoparticles with layers as
thin as one monolayer. The valence band mixing ef-
fect is weak for QDQW nanoparticles with a diameter
of less than 10nm. We hope that the present theory
may motivate further theoretical and experimental in-

vestigations of QDQW nanoparticle physics.
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