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Binding energies of heavy- and light-hole excitons in CdS/MgS single quantum wells (SQWs) are
calculated by considering the effect of dielectric confinement (image charge effect). The increase
in maximum heavy-hole (light-hole) exciton binding energy calculated by considering the image
charge effect is 7.7 meV (5.9 meV). When the well width of the CdS/MgS SQWs is in the range
of 0.5 nm—4.0 nm the heavy- and light-hole exciton binding energies calculated by considering the
image charge effect are larger than the longitudinal optical phonon energy of CdS.

Key words: CdS, MgS, ZnS, band offset, exciton binding energy, image charge.

PACS number(s): 73.21.Fg, 78.20.Bh, 81.05.Dz

I. INTRODUCTION

CdS/ZnS has a strong confinement of charge carri-
ers and possesses strong excitonic properties which al-
low highly efficient luminescence at elevated tempera-
tures [1]. However, in order to enhance these excitonic
properties and achieve an even higher luminescence effi-
ciency, particularly at room temperatures (RT), stronger
confinement is necessary. Furthermore, the CdS/ZnS sys-
tem has a large lattice mismatch (7.3%). Thus, controlla-
bility of the well width of the CdS quantum well (QW) is
limited by the critical thickness of CdS on ZnS. Recently,
remarkable development in heteroepitaxial growth tech-
niques have enabled the fabrication of zinc-blende MgS
layers. The stable crystal structure of bulk MgS is a rock-
salt structure [2]. Zine-blende MgS has a bandgap of 4.8
eV and a lattice constant larger than that of ZnS [2].
Hence, zinc-blende MgS is an excellent barrier material
for CdS QWs [2]. On the basis of the linear combina-
tion of atomic orbitals (LCAO) theory [3] the conduc-
tion and valence band offsets at the CdS/MgS interface
without induced strains are evaluated to be 1.99 and
0.25 €V, respectively. These values are larger than those
in the CdS/ZnS system (1.12 and 0.16 €V, respective-
ly). In addition, the lattice mismatch between CdS and
MgS (3.7%) is smaller than that between CdS and ZnS.
In order to realize strong quantum confinement in QWs
operating at a short wavelength, we propose the use of
a CdS well combined with a MgS barrier. The exciton
binding energy calculated by considering the effect of di-
electric confinement (image charge effect) is larger than
that calculated by neglecting the image charge effect [4].
We calculate the exciton binding energies in CdS/MgS
single QWs (SQWSs) by considering the image charge ef-
fect. We also calculate the exciton binding energies in
CdS/ZnS SQWs by neglecting the image charge effect in

order to compare them with the exciton binding energies
in CdS/MgS SQWs.

II. CALCULATION METHODS

Greene et al. have reported the details of the method
for calculating binding energies in QWs [5]. We use a
variation method for calculating the exciton binding en-
ergies. The exciton Hamiltonian is given by [5]
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where py is the exciton reduced mass and e, the dielec-
tric constant. Ve (z.) and Vj(zp) are the conduction and
valence band offsets, respectively. A trial function [6] is
given by
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where @.(z.) and ¢ (z1) are the electron and heavy-hole
wave functions, respectively. o and (8 are variational pa-
rameters.

To account for the effect of dielectric confinement on
the electron—hole Coulomb interaction, we use the ef-
fective potential term Vi, as defined by Kumagai and
Takagahara (KT), using the image-charge method [4].
The abovementioned expression is given in the form of
an infinite series. For example, when the electrons and
holes are in the well, Vi is expressed as [7]
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where £ = (e¥ —€%)/(e¥ +¢%), and € and € are the static
dielectric constants for the well and the barrier, respec-
tively. L,, is the well width. Details of the method for
calculating the exciton binding energies by considering
the effect of image charge on the electron-hole Coulomb
interaction are provided in [4].

We calculated the critical thickness of the well mate-
rial (CdS) on the barrier material (MgS or ZnS) using
Matthews and Blakeslee’s (MB’s) mechanical equilibri-
um model [8]. The critical thickness h. is given by
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where v is the Poisson’s ratio; f, the lattice mismatch
between the well and barrier; and b, the Burgers vector.
Here, we assume that b = v/2a, cosa = 0, and cos A = 1;
a is the lattice constant of the well material.

The conduction, heavy-hole, and light-hole band off-
sets have been calculated using the “model solid ap-
proach” [9]. The heavy-hole band offset is calculated as
the difference between the energy at the top of the heavy-
hole band in the well and that in the barrier. The light-
hole band offset is calculated in the same manner. The
conduction band offset is calculated as the difference be-
tween the energy at the bottom of the conduction band
in the well and that in the barrier. The energy at the
top of the heavy-hole band in strained CdS is calculat-
ed by the summation of the energy at the top of the
valence band in unstrained CdS and the energy shift of
the heavy-hole band in strained CdS. The energy at the
top of the light-hole band in strained CdS is calculated
in the same manner. The energy at the bottom of the
conduction band in strained CdS is calculated by the
summation of the energy at the bottom of the conduc-
tion band in unstrained CdS and the energy shift of the
conduction band in strained CdS.

The following expressions are used to describe the shift
in band-edge energies with strain [2]:

e = % (5)
= -2, (©)
Es = —b(e., —¢), (7)
By = ay(2e +¢..), (8)
dE. = a.(2¢ + ¢..), (9)
dEw, = Eg + Es, (10)
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where a,, and ap are the lattice constants of the well and
the barrier, respectively.
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€ and €,, are the strain tensors, and C1; and Cyo are
the elastic stiffness constants. x = Eg/As,, where Ay, is
the spin-orbit splitting energy. a, and a. are the hydro-
static deformation potentials in the valence and conduc-
tion bands, respectively, and b is the shear deformation
potential. The energy shifts of the conduction, heavy-
hole, and light-hole bands under the strain are given by
eqs. (9), (10), and (11), respectively

The heavy-hole exciton transition energy is deter-
mined by subtracting the heavy-hole exciton binding en-
ergy from the effective heavy-hole bandgap energy; the
effective heavy-hole bandgap energy is calculated by the
summation of the minimum conduction subband ener-
gy, minimum heavy-hole subband energy, and heavy-hole
bandgap energy of the well layer. The light-hole exciton
transition energy is calculated in the same manner.

III. RESULTS AND DISCUSSION

The physical parameters used for our calculation are
listed in Table I. The effective masses of heavy- and light-
holes in the z-direction and for the z-y plane are deter-
mined in terms of the well-known Luttinger parameters.
For simplification of our calculation, the effective masses
of electrons, heavy-holes, and light-holes are assumed to
be position-independent and equal to the effective masses
of those of CdS.

The critical thickness of CdS on MgS is estimated to
be 4.0 nm; therefore, we calculate the heavy- and light-
hole exciton binding energies in CdS/MgS SQWs until
the well width (L,,) = 4.0 nm. On the other hand, the
critical thickness of CdS on ZnS is estimated to be 1.5
nm; however, we calculate the heavy- and light-hole ex-
citon binding energies in CdS/ZnS SQWs uutil L,, = 4.0
nm for the sake of comparison with those in CdS/MgS
SQWs. The conduction, heavy-hole, and light-hole band
offsets in CdS/MgS SQWs are 1909, 257, and 220 meV,
respectively, and those in CdS/ZnS SQWs are 956, 175,
and 133 meV, respectively.

Figure 1 shows heavy- and light-hole exciton binding
energies in CdS/MgS and CdS/ZnS SQWs as functions
of L,. The heavy- and light-hole exciton binding en-
ergies calculated by neglecting the image charge effect
in CdS/MgS SQWs are larger than those in CdS/ZnS
SQWs; this is because the conduction and valence band
offsets in CdS/MgS SQWs are much larger than those in
CdS/ZnS SQWs. The maximum heavy-hole (light-hole)
exciton binding energy calculated by neglecting the im-
age charge effect is 52.6 meV (45.3 meV), whereas that
calculated by considering the image charge effect is es-
timated to be 60.3 meV (55.1 meV). Hence, the maxi-
mum heavy-hole (light-hole) exciton binding energy cal-
culated by considering the image charge effect is 7.7 meV
(5.9 meV) larger than that calculated by neglecting the
image charge effect. Changes in the binding energies of
heavy- and light-hole excitons with L, are essentially
similar. Even after considering the image charge effect,
no notable change is observed in the shape of the curve
obtained for the dependence of the heavy- and light-hole
exciton binding energies on L,,.
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CdS MgS ZnS
Lattice constant (nm) 0.5832 [10] | 0.562 [11] | 0.54093 [10]
Bandgap energy (eV) 2.56 [12] 4.8 [11] 3.84 [10]
Top valence-band energy (eV) | —11.68 [3] | —11.93 [3] -11.84 [3]
Electron effective mass 0.173 [13]
Luttinger parameter, ~y; 2.2 [13]
Luttinger parameter, v2 0.35 [13]
Relative dielectric constant 8.5 [13] 4.506 [14]

Table 1. Physical parameters used for our calculation.
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Fig. 1. Calculated (a) heavy- and (b) light-hole exciton
binding energies in CdS/MgS and CdS/ZnS single quantum
wells (SQWs) as functions of L.,. Closed triangles and squares
indicate the calculated values of the exciton binding ener-
gies by neglecting the image charge effect in CdS/ZnS and
CdS/MgS SQWs, respectively. Closed circles indicate the ex-
citon binding energies by considering the image charge effect
in CdS/MgS SQWs. Solid lines serve as a visual reference.
Broken lines indicate the longitudinal optical (LO) phonon
energy of CdS.

The binding energy of heavy-hole excitons calculated
by neglecting the quantum confinement effect (21.0 meV)
is smaller than that of light-hole excitons calculated by
neglecting the quantum confinement effect (24.6 meV).
However, the maximum binding energies of heavy-hole
excitons calculated by neglecting and considering the im-
age charge effect are larger than those of light-hole ex-
citons calculated with the same considerations. This is
because the degree of compression of the exciton wave
function for a heavy-hole exciton is larger than that for
a light-hole exciton. In order to determine the degree
of compression of the exciton wave function, we calcu-
late the dependence of spatial separation of excitons in
the z-direction ({z)) on L. (z) is calculated using (z)

= {p|(ze — zh)2|<p>1/2 [15]. The minimum (z) for heavy-
hole exciton (light-hole exciton) is estimated to be 0.48
nm (0.81 nm). The minimum (z) for heavy-hole exci-

tons is smaller than that for light-hole excitons, hence,
the larger degree of compression for heavy-hole excitons
than that for light-hole excitons.

When the well width of the CdS/MgS SQW is in the
range of 0.5-4.0 nm, the heavy- and light-hole exciton
binding energies calculated by neglecting and considering
the image charge effect are all larger than the longitudi-
nal optical (LO) phonon energy of CdS (37 meV) [16].
This indicates that the exciton characteristics are pre-
dominant even at RT. The strong interaction between the
excitons and LO phonons usually results in the dissocia-
tion of the excitons at higher temperatures [17,18]. Ion-
ization of excitons should be prevented in system where
all the excitations of the exciton have an energy larger
than that of the LO phonon [17,18]. For a more realistic
understanding of the exciton stability, the calculation of
the excited exciton states is necessary. For simplification
of our calculation, we discuss only the binding energy of
the ground exciton state; therefore, our result is not the
whole story of the exciton stability.
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Fig. 2. Calculated heavy- and light-hole exciton transition
energies in CdS/MgS SQWs as functions of L. The closed
square indicates the measured value of CdS/ZnS SQWs cited
in [1].

Measured binding and transition energies of heavy-
and light-hole excitons in CdS/MgS SQWs are not avail-
able at present. In order to compare the theoretical re-
sults with the experimental results, we use the energy
of the exciton transition measured by experiment for
CdS/ZnS SQWs [1] because the well layer of this SQWs
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consists of a CdS. We calculate the heavy- and light-
hole exciton transition energies by considering the im-
age charge effect in CdS/MgS SQWs. Figure 2 shows the
calculated results; whereas the closed square indicates
the measured value of CdS/ZnS SQWs cited in [1]. The
heavy- and light-hole exciton transition energies calculat-
ed by considering the image charge effect are larger than
the measured value of the same for CdS/ZnS SQWs; this
is because the bandgap discontinuity between CdS and
Mgs is larger than that between CdS and ZnS.

IV. SUMMARY

We have calculated the binding energies of heavy- and
light-hole excitons in CdS/MgS SQWs by considering the
image charge effect. The maximum binding energy of the

heavy-hole (light-hole) exciton calculated by considering
the image charge effect is 60.3 meV (55.1 meV). The in-
crease in the maximum binding energy of the heavy-hole
(light-hole) exciton calculated by considering the image
charge effect is 7.7 meV (5.9 meV). The dependence of
heavy-hole and light-hole exciton binding energies cal-
culated by considering the image charge effect on L,,
is qualitatively the same as that by neglecting the im-
age charge effect. When the well width of the CdS/MgS
SQWs is in the range of 0.5 nm—4.0 nm, the heavy- and
light-hole exciton binding energies are larger than the
LO phonon energy of CdS. The heavy- and light-hole
exciton transition energies calculated by considering the
image charge effect are larger than the measured value
of the same for CdS/ZnS SQWs. Therefore, CdS/MgS
SQWs can be used for the fabrication of ultraviolet ap-
plications based on RT exciton transition.
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BILJINB OIEJJEKTPUYHOI'O OTOYEHHS HA EHEPIII 3B’4I3KY EKCUTOHIB ¥V
KBAHTOBUX SIMAX CHUCTEM CdS/MgS

. 1 . T4 . 2
Yikapa Onozepa”, Macaaxi Vomrizga
! Texniuna cmapwa cepedns wxora m. Tosada, npedexmypa Aomopi, Anowia
2 Howionansnutd mexnivnud xoredoc m. Tavinoze, npepexmypa Aomopi, SInowis

Eneprii 38’3Ky Ba)KKUX 1 JIErKHX €KCUTOHIB y KBaHTOBUX simax Kpucrajais CdS/MgS obuucieno 3 ypaxyBaH-

HsIM eDeKTy JIeIEKTPUYHOIO OTOYEHHS, SIKMH IPUBOJXTD J10 3POCTAHHSI MAKCUMyMy Ha 7.7 MeB (BHnasoK BaskKux

ipok) i 5.9 meB (Buna ok serkux mipox). s mupun simu 0.5-4.0 aM o64aucieni eneprii 38’a3ky 6iinbii 3a enepril

o3/10BXKHiX onTuvHuX (orouiB y CdS.
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