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Tight-binding theory of ZnS/CdS nanoscale heterostructures: Role of strain and d orbitals
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The electronic and optical properties of colloidal multishell ZnS/CdS nanoscale heterostructures have been
studied in the framework of empirical tight-binding models. Our approach takes into account the effects of the
strain caused by the large lattice mismatch at the interface between the two materials. We show that the
inclusion of d orbitals into a minimal basis set is necessary to provide a correct description of the ZnS and CdS
clads that are only a few monolayers (MLs) thick. The role of strain is also important. Strain shifts of the
electron energy levels are highly dependent on the thickness of the core and shell materials. The effects of
strain in the valence band are more complex. In CdS/ZnS structures, strain can change the symmetry of the
ground hole state. In ZnS/CdS systems, strain lowers the energy of the ground hole state of P symmetry with
respect to the first S symmetry state. Lattice relaxation also redistributes the charge densities of electron and
hole states. The predicted absorption onsets resulting from our model are in good agreement with the experi-

mental data and in better agreement with data than previous theories without strain and d orbitals.

DOI: 10.1103/PhysRevB.74.205309

I. INTRODUCTION

Chemical growth of colloidal quantum dots enables the
synthesis of extremely small multishell structures built with
concentric layers of different materials, with shell thickness
down to a single monolayer.'> The most enticing feature of
multishell nanocrystals is the flexibility to tailor their dis-
crete spectra by sequentially cladding narrow- and wide-gap
materials. In particular, cladding a narrow-gap core nano-
crystal with a larger gap barrier material localizes the elec-
tron and hole states to the internal core and passivates core
surface dangling bonds. This capping enhances the dot lumi-
nescence efficiency. More complicated nanoscale hetero-
structures (nanoheterostructures) with a core, a lower band-
gap shell that acts as a well, and a high band-gap cladding
layer can also be grown. In such nanodots, the optical prop-
erties are mainly controlled by the size and location of the
well. Quantum-dot quantum-well (QDQW) nanostructures
made of CdS/HgS/CdS have been grown and
characterized."®7 HgS and CdS have similar lattice con-
stants, which allows the fabrication of lattice-matched
QDQWs. Nanoheterostructures with a large exciton binding
energy and a large band gap, useful for blue-green emitting
devices, can be made of material pairs like ZnS and CdS
with a large lattice mismatch. The appealing applications of
such nanoheterostructures as efficient, high-temperature and
short-wavelength light sources has stimulated the develop-
ment of their synthesis. As a result, small (2—3 nm in size)
CdS and ZnS core nanocrystals, covered by one- or two-
monolayer (ML)-thick shells and clads have been grown.*

Modeling the optical properties of multishell nanostruc-
tures with thin layers is challenging. Although effective-mass
theory can predict some features of the optical spectra in
reasonable agreement with the experiment,®® a theory for
QDQW structures that can account for atomic-scale variation
in composition, such as shells that are only one monolayer
thick, is required. Tight-binding (TB) theory, as an atomistic
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approach, allows for precise, unambiguous modeling of the
dot size, shape, and composition.”!%!! Previously the semi-
empirical sp>s” tight-binding model including interactions up
to nearest neighbors but excluding the effects of lattice mis-
match was employed to model the optical properties of the
above-mentioned ZnS/CdS heterostructures.*!>!* Reason-
able agreement with experiment was obtained but significant
differences remained.*

In this paper, we reinvestigate the electronic and optical
properties of CdS/ZnS nanoheterostructures to extend and
improve our understanding of these systems. Previous mod-
eling of these nanoheterostructures was limited for two im-
portant reasons. First, in the previous sp’s” tight-binding
models, a phenomenological s™ orbital was used to simulate
the effects of higher bands, such as those due to d orbitals,
on the conduction band.'* However, suitable tight-binding
models with d orbitals in the basis set have now been devel-
oped for II-VI semiconductors including CdS and ZnS. They
provide a correct description both for the bulk band
dispersions' and the band-gap evolution with size in homo-
geneous nanocrystals.'®!” In our recent studies of the optical
properties of GaAs (Ref. 18) and CdSe (Ref. 19) nanocrys-
tals, we also showed that the inclusion of d orbitals in a
minimal sp3d> basis set is necessary for a proper description
of the lower electron states, especially for small nanocrystals,
i.e., in the strong confinement regime. The nanoheterostruc-
tures we investigate in this paper are built with CdS and ZnS
shells and clads that are just one or two monolayers thick.
Therefore the quantum confined states will be made from
bulk states with k vectors that are away from the zone center.
The spd° tight-binding model reproduces the bulk-band cur-
vatures near high-symmetry points better than the sp’s™ mod-
els can and thus is needed to provide a good description of
the electronic structure of systems with thin layers. For this
reason, we have extended our tight-binding model to include
d orbitals.'>?® We show here that the inclusion of d orbitals
significantly changes the electron and hole energy levels and
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is necessary for the proper description of the optical proper-
ties of ZnS/CdS and CdS/ZnS nanoheterostrucrures.

ZnS/CdS nanoheterostructures have a large (=7 %) lat-
tice mismach at the ZnS/CdS interfaces. Similar lattice mis-
match occurs in self-assembled InAs/GaAs quantum dots
grown by the Stransky-Krastanov technique. This interfacial
stress is responsible for the growth of such dots and substan-
tially influences their electronic and optical properties.?'~3
This suggests that strain and lattice relaxation effects should
also be taken into account in modeling multishell ZnS/CdS
quantum dots. However, strain effects have been neglected
so far in modeling ZnS/CdS heterostructures.'>!3

Interfacial strain has been studied previously in
CdTe/CdS systems. Rockenberger et al.>* demonstrated by
extended x-ray-absorption fine-structure experiments (EX-
AFS) that the smaller-lattice shell made of CdS compressed
the larger-lattice core, increasing the Debye temperature of
the CdTe core. The CdTe core also expands the CdS clad,
softening the vibrational modes of the surface CdS. Thus a
theory that provides a reliable description of optoelectronic
properties in multishell nanostructures formed of compo-
nents with a large mismatch should include strain and lattice
relaxation effects. Here, we include strain and lattice relax-
ation effects in our modeling of ZnS/CdS nanostructures.
This atomistic modeling adequately accounts for strain ef-
fects in multishell nanocrystals.

In this work, the electronic and optical properties of
spherical ZnS/CdS, CdS/ZnS core-shell, and
ZnS/CdS/ZnS QDQW systems are studied within the semi-
empirical sp’d® model. Small uniform ZnS and CdS nano-
crystals are also considered. To explain the role of d orbitals,
a comparison with the results obtained in the sp*s” model is
given. Large differences are observed between the two ap-
proaches, particularly in the description of uniform ZnS nan-
odots and CdS nanocrystals covered by ZnS clads. Strain
effects are included in both models by means of the valence
force field (VFF) approach.? Strain affects the electron and
hole energy levels and significantly changes the degree of
carrier localization in the CdS layers. Our results are com-
pared with the available experimental data, yielding im-
proved agreement between theoretical and experimental ab-
sorption onsets.

II. THEORY AND COMPUTATIONAL DETAILS

In our TB scheme, we begin with the atoms in the nano-
heterostructure initially located on the regular zinc-blende
lattice of the uniform core material. Such a uniform system
exhibits enormous strain, because the atoms in clad layers
that are different from the core are far from their bulk posi-
tions. To minimize the strain energy, we relax the lattice
using the valence force field method.?>>® We allow the atoms
in the dot to move in any direction to achieve strain relax-
ation at the interfaces. The minimization of the strain energy
is performed using a combination of the steepest descent and
conjugate gradient techniques.?’” The lattice relaxation stops
when the maximum force applied to each atom is less than
6 X 107% eV/nm. With the lattice relaxed and all the atoms in
their new positions, the local strain tensor € and strain pro-

PHYSICAL REVIEW B 74, 205309 (2006)

files are calculated.”> We analyze both the Tr(e), which rep-
resents the hydrostatic strain, and biaxial strain component
B=¢_.—(€,+€,,)/2. These values help to understand how
strain effects influence the one-particle states in quantum
dots. In particular, Tr(e€) and B can be used to estimate strain-
induced confinement potentials [i.e., the spatial dependence
of the modified conduction-band (CB) and hole valence-band
(VB) edges in the quantum dot].

The relaxed atomic positions produce local changes of the
bulk matrix elements between neighboring atoms (off-site
TB parameters V). The effects of changed bond angles are
calculated using the Slater-Koster formulas;?® the power-gaw
scaling is used for the changed bond lengths: V= Vgl(%)’(,
where d;; is the bond length between the nearest neighl:l)/ors
i and j, and the superscript O corresponds to the unstrained
values. The exponent « is determined by fitting the ZnS and
CdS volume deformation potentials under hydrostatic pres-

sure, a,‘j‘:V%Vﬂ vy to their experimental values, where a
is an interband transition.?! In Ref. 29, the experimental
pressure (p) coefficient for the interband transition,
r.—r,, a{r)(.—rv’ is quoted for both CdS and ZnS. a,r;‘_rv
is related to the volume (v) deformation potential via the
bulk modulus D, agf"rv=—(£—)) a"eTv 22 From this relation,
a'Tv=-4.93 eV for ZnS, and a<Tv=-2.83 eV for CdS. In
principle, k may have different values for different off-site
parameters. However, we find that in the sp°d® model a
single exponent, k=2.03, for all matrix elements and both
materials is sufficient to provide a reliable description of the
bond-length dependence. A single exponent is sufficient be-
cause in the sp>d® parametrization proposed by Sarma,' the
hopping parameters obey the universal Harrison scaling law,
ensuring transferability to the nanosystems. For the sp’s”
parametrization of Lippens,* matching the experimental vol-
ume deformation potentials requires rather different expo-
nents for the two materials [k(CdS)=3.78, k(ZnS)=2.15]. In
the absence of more detailed experimental data on the vol-
ume deformation potentials for different interband transi-
tions, the same exponent x was employed for all off-site
parameters.

We have used two different TB parametrizations to de-
scribe the investigated nanocrystals. In the sp3s™ model, the
parameters are taken from Ref. 30; in the sp>d® model, they
are taken from Ref. 15 and changed slightly to reproduce the
correct bulk band gap.3' Spin-orbit coupling was incorpo-
rated in both models by including the contribution from p
orbitals, while the much smaller splittings of the excited d
orbitals were neglected. The p-state splitting adds two extra
parameters: X\, one for cation and one for anion. A, is
intended to reproduce the bulk zone-center splitting Ag,
between the split-off band (SO) and the light- and heavy-
hole (LH, HH) bands [Ag,(CdS)=80 meV, Ag,(ZnS)
=67 meV].32 We set the zero of the energy to the top of the
highest valence band. The corresponding zinc-blende bulk
band structures calculated in both models are shown in Fig. 1
and will be discussed below.

To mimic the effect of surface passivation by ligands and
to eliminate spurious surface states lying inside the gap, the
energies of the the sp* hybridized dangling bond orbitals on
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FIG. 1. Bulk band structure for ZnS and CdS
along the I'-L (111) and the I'-X (100) directions

obtained with the sp3d® model (solid line) and the
sp3s™ model of Lippens (Ref. 30) (dashed line).

the surface atoms are shifted well above the conduction-band

edge. The valence-band offset between ZnS and CdS is taken
as 0.2 eV.>® Once the nanocrystal structure is defined, the
single-particle electron and hole eigenvalues are found by
diagonalizing the TB Hamiltonian with the use of an iterative
solver.

The energies and relative strengths of the electron-hole
optical transitions are also estimated. The oscillator strengths
are calculated by evaluating the dipole matrix elements with
the use of the electron and hole TB states expanded in the
atomic s, p, and d orbitals. The nonzero local dipole mo-
ments are evaluated by representing these orbitals in real
space with Slater-type functions** and performing numerical
integration for the radial part and exact integration for the
angular part.>> Only matrix elements between basis orbitals
on the same atom site are considered. This approximation is
reasonable since matrix elements between bonding orbitals
on nearest neighbors are at least one order of magnitude
smaller than the on-site matrix elements.'83

III. RESULTS
A. ZnS and CdS nanodots

To identify the contribution of d orbitals in TB theory to
the correct description of multishell structures, we first inves-
tigate their role in small homogeneous, uniform nanodots.
The CdS and ZnS bulk band structures predicted by the sp3s”
and sp3d® models are presented in Fig. 1. The two models for
CdS are similar except near X. For ZnS, the differences be-
tween the two models are more important. The models pro-
vide different band curvatures at high-symmetry points at the
X and L edges of the Brillouin zone. Significant discrepan-
cies are also observed in the vicinity of the I' point, resulting
in different effective masses. The CB effective mass (in elec-
tron mass units) is 72,=0.49 in the sp3s” model and m,
=0.27 in the sp>d® parametrization. The sp>d® model yields a
CB effective mass in agreement with the experiment.>* The
lowest conduction band anticrosses with the higher band al-
most halfway between I' and X. Since the higher conduction
band contains important contributions from d orbitals in the
sp3d® model, the orbital character of the lowest CB changes
from s-like to a mixture of p-like and d-like orbital character
along I'-X. As a result, the discrete electron states of small

nanocrystals, with energies well above the bulk CB edge,
will have very different character in the two TB models.
Similar behavior occurs in I1I-V semiconductors.'

The extension of the orbital basis set to include d orbitals
provides extra degrees of freedom to fit the bulk band struc-
ture to the experimental data and should yield a more realis-
tic description of the band curvatures and the dependence of
the dot energy levels on dot size. To see this, we compare in
Fig. 2 the experimental absorption onset for several ZnS
nanocrystals of different sizes with the predictions of the two
TB models. The results obtained using the empirical pseudo-
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FIG. 2. Evolution of the first absorption peak in a ZnS dot vs dot
radius. (a) The sp3d® model, which assumes a bulk gap E, of
3.776 eV (solid line with open circles); (b) the sp3d® results shifted
down by 0.176 eV to model dots at room temperature with a bulk
gap E,=3.6 eV (solid line with open boxes); (¢) the sp’s” model of
Lippens (Ref. 30) (E,=3.704 eV) (dotted line with open triangles);
(d) the pseudopotential results (Ref. 36) (dashed line with crosses);
(e) the sp3d® parametrization with anion-anion interactions em-
ployed in Ref. 16 (dashed line); (f) the cation sp*-anion sp*d> pa-
rametrization with next-nearest neighbor interactions developed in
Ref. 17 (dotted line). Experimental absorption onsets are shown
with full symbols: triangles (Ref. 41), diamonds (Ref. 42), inverted
triangles (Ref. 43), boxes (Ref. 44), dots (Ref. 45).
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FIG. 3. Near band-edge optical spectra of a ZnS nanocrystal of
radius 1.1 nm obtained with (a) the sp’d® model; (b) the sp3s”
model (Ref. 30). Transitions corresponding to the emission (e) and
the intense absorption peaks (la and ua) are indicated. la, and ua,
peaks label the strong transitions involving the split-off states of S
and P symmetry, respectively. The atomic dipole moments used for
these calculations were (s|z|p,)=0.110 nm (Zn), 0.059 nm (S);
(s"|z|p.y=0.020 nm (Zn), 0.012 nm (S); {p.|z|ds.2_,2)=0.019 nm
(Zn), 0.009 nm (S); {p,|z|d,)=0.017 nm (Zn), 0.008 nm (S); and
(pylzld,;)=0.017 nm (Zn), 0.008 nm (S).

potential method® are also included.?” In each case, we shift
the lowest optically active single-particle transition energy
by the exciton binding energy?’ to obtain the energy of the
first absorption peak. The ZnS bulk band gap varies strongly
with temperature. Our spd> model assumes the bulk band
gap to be 3.776 eV. However, at room temperature the band
gap is reduced to 3.6 eV.%° In Fig. 2, the sp’d® results have
been shifted down by 0.176 eV to model a room-temperature
gap. The effects of inhomogeneous broadening and the ex-
perimental uncertainties concerning the size of the dots stud-
ied and the temperature at which the absorption measure-
ments were performed are responsible for the differences
between the absorption onsets cited in the literature.*'~* De-
spite these uncertainties, Fig. 2 shows that the experimental
absorption onsets are located in the energy region spanned
by the sp3d’ results at room and low temperature. In contrast,
the sps” model predicts absorption onsets at lower energies.
Pseudopotential calculations also underestimate the energy
of the first absorption peak in the whole range of the studied
nanocrystal sizes. The results of our TB model are in agree-
ment with those obtained in the framework of other sp3d® TB
parametrizations that include anion-anion interactions,'®!7 as
shown in Fig. 2.

To check the influence of d orbitals on the optical re-
sponse of ZnS quantum dots, the spectrum of a 1.1-nm ra-
dius ZnS nanocrystal has been calculated with both models.
They are presented in Fig. 3. Two transitions marked as la
and ua dominate the spectra. Both models assign the la peak
to the transition between the ground electron state (S,) and
the first hole state of the S symmetry, whereas the ua peak
involves the P electron states (P,) and the first hole state of
P symmetry. In the sp>s” model, the ground hole state is of P
symmetry, which gives rise to a single-particle transition
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weakly coupled to the electron ground state. In contrast, in
the sp3d5 model, the order between the lowest hole states of
S and P symmetry is reversed and therefore the same transi-
tion, i.e., 1.5,-1S,, is the lowest active transition in absorption
and emission.

The single-particle band gap for this small ZnS dot
[Eg(sp3s*)=4.44 eV, Eg(sp3d5)=5.01 eV] as well as the
separation between the two main absorption peaks la and ua
(300 meV in the sp’s® model and 423 meV in the spd®
model) differ significantly between the two models. These
differences are a consequence of the different effective
masses predicted in the two models (see Fig. 1). Because the
spin-orbit coupling and bulk splittings between the HH/LH
and SO bands are included similarly in the two models, the
energy separation between the la(ua) peak and the la,(ua,)
transition involving the corresponding split-off state is simi-
lar in the two spectra. The larger effective masses predicted
by the sp®s” model lead to a denser distribution of transi-
tions. In the sp®s™ model, the first excited electron state is
approximately sixfold degenerate,*® while in the sp3d® model
the degeneracy is eightfold.*” Detailed analysis of the orbital
content for the first excited electron state in the spd® model
confirms that this state is built mainly of k vectors in the
vicinity of the L point, instead of the I" point as predicted by
the sps™ model. These differences arise because the sp’s”
description of electron states built from the bulk states at the
edge of the Brillouin zone is not reliable because this model
predicts an almost flat conduction band along X —W—K
— L-edge symmetry lines.'®

The differences between the sp>s™ and sp’d® models for
CdS nanocrystals are not so pronounced as for ZnS dots.
This can be inferred from the comparison of the correspond-
ing bulk band structures presented in Fig. 1. However, since
the sizes of the nanocrystals studied in this paper are small
(=3 nm in diameter), some discrepancies in the energy spec-
trum are still observed. In particular, the 1P,-1S, energy
separation in a small, 3-nm-diameter CdS dot increases from
361 meV in the sp’s” model to 437 meV in the sp’d® ap-
proximation [see Fig. 4(a)]. Electron and hole states have
smaller confinement energies in the sp3s™ approach due to
the larger effective masses. The difference between the
ground hole states in the two models is 67 meV [Fig. 4(b)].
As in the case of ZnS, the near-band-edge optical spectra
obtained in both models are qualitatively similar. The differ-
ences arise in the energy separations between the main opti-
cally active transitions.

B. CdS/ZnS nanoheterostructures

In this section we study the effect of d orbitals and strain
on the properties of CdS/ZnS nanostructures with different
thicknesses of the ZnS clad. We consider first structures with
an unrelaxed lattice (no strain effects included). The energy
levels of the electron and hole states of S and P symmetry,
involved in the transitions labeled previously as la and ua,
are presented in Fig. 4 for two different ZnS clad thicknesses
(in the figures, CdS/ZnS indicates a 3 nm CdS core with a
1-ML ZnS clad, CdS/ZnS:ZnS indicates a 2-ML ZnS clad).
For comparison, the energy levels of the uniform CdS nan-
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FIG. 4. Energy levels for a CdS dot and CdS/ZnS nanohetero-
structures with one and two capping layers of ZnS. The CdS core is
3 nm in diameter in each case. Electron (A) and hole (B) energy
levels of the first state of S (dots) and P (boxes) symmetry calcu-
lated in the sp’s™ model (dashed lines) and the sp3d> approach
(solid lines) without (full symbols) and with (open symbols, STR)
strain effects. The origin of energy scale is located at the top of the
valence band of CdS. The dashed line marks the ZnS VB edge. The
ZnS CB edge is at 3.58 eV.

odot with a 3-nm diameter are also shown. The addition of a
ZnS clad (one monolayer thick) stabilizes both the electron
and hole energy levels. Stabilization of the electron levels is
much more pronounced in the sp>d® model, with the energy
of the ground 1S, state lower than in the sp®s” approxima-
tion. This is surprising, because in uniform nanocrystals the
energy of the 1S, state in the sp>d® model is higher than in
the sp3s™ approach. This strong energy stabilization occurs
because the electron wave functions in the sp’d® model are
pushed from the ZnS barrier back into the internal CdS well
(the depth of the CB well increases in the sp>d® model by
126 meV). As a result, the electron states are more localized
to the CdS core [as shown in Fig. 5(a)] and their energies
decrease. Further increase of the width of the ZnS clad does
not lead to any significant changes in the electron energy
spectrum.

The stabilization of the hole states by covering the CdS
nanodot with a 1-ML-thick ZnS clad is stronger than for the
electron states. Thus in the sp*s” model both the lowest S and
P hole states become bound in the CdS well. The binding
gets stronger when another ZnS ML is added. One can also
see that the presence of an external ZnS clad reduces the
separation between the lowest hole levels of S and P sym-
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FIG. 5. Probability to be in the CdS core for the first electron
(A) and hole (B) levels of S (dots) and P (boxes) symmetries. The
investigated structures are those shown in Fig. 4 with lines and
symbols as in Fig. 4. In the CdS/ZnS structure, the S and P hole
levels calculated with the sp3d® STR model overlap in the figure.

metry (sp’s” model) in comparison with the uniform CdS
nanodot.

We now consider the effects of strain. When CdS and
ZnS, with a large lattice mismatch, form a CdS/ZnS nano-
heterostructure, the shorter lattice-constant ZnS external clad
compresses the internal core of CdS. Conversely, the larger
lattice-constant core expands the ZnS clad. The magnitude of
strain induced in CdS and ZnS depends on the relative
widths of the layers. When a thick CdS core is covered by a
thin ZnS clad, almost the entire tensile strain accumulates in
the ZnS layer. With increasing width of the ZnS shell, the
strain in this shell decreases, but at the same time it increases
in the internal CdS core.

In Fig. 6(a), we show the strain-modified profiles of the
CB, HH, LH, and SO band edges*® along the (001) direction,
calculated for a large dot built of a CdS core of radius 6a (a
is the lattice constant of the unrelaxed CdS core) covered by
a ZnS clad of width 6a. The corresponding unstrained con-
fining potentials are marked with dashed lines. Here, we con-
sider such a big dot to have enough cation atoms along the
radius to clearly display the relaxed confining potentials.
Similar trends concerning valence-band ordering and the
band-edge shifts are observed for smaller structures. The CB
edge changes due to the hydrostatic strain [Tr(e)]: it shifts up

205309-5



DIAZ et al.

3.75+
3004 Cds
S 225+
o ]
§ 1.504
5 ]
S 0.75
0.00 1 g
[ S S e e S AR
'075 T — T 7‘71 T T T T T »‘ T — T
-15 -10 -5 0 5 10 15
Cation position along (001) (latt. const.)
3.754
] | g I |
3.001b) cas Zns
o 2.254
% ] —-CB
= 150 N
.50+ —a—LH
o
g) ] —v—80
g 0.754
000] e T
TV v v-v—v—y—v—v-y-v—v //';’"'-H
'075 T T T T T
-15 -10 -5 0 5 10 15

Cation position along (001) (latt. const.)

FIG. 6. Strain-modified confining potentials along the (001) di-
rection for HH (dots), LH (triangles), SO (inverted triangles), and
conduction (boxes) bands in CdS/ZnS (a), and ZnS/CdS (b) dots.
The core radius is 6a, the external clad width is 6a, where a is the
lattice constant of the unrelaxed core. The unstrained bulk band
edges are shown as dashed lines.

(down) in the compressed (tensile) regions, respectively.
Thus in the investigated CdS/ZnS nanocrystal, the strain in-
duced in the CdS core shifts the electron energy levels up
[Fig. 4(a)] and their charge densites in the CdS core diminish
[Fig. 5(a)]. As mentioned above, the thicker ZnS clad yields
stronger compression of the CdS core. As a result, when
another ZnS ML is added to the clad, the strain induced
destabilization of the electron energy levels doubles (from
~50 meV to =100 meV). It is worthwhile to note that in
both models (sp®s” and sp>d®) strain influences the electron
states in a very similar way.

Strain effects in the valence band are more complex than
in the conduction band. We have checked that biaxial strain
component vanishes in the internal CdS core independently
of the width of the CdS and ZnS layers and therefore the HH
and LH bands remain degenerate there [Fig. 6(a)]. However,
at the interface, biaxial strain is not zero, leading to a split-
ting of the HH and LH states. The LH band lowers its energy
at the interface and in the thin ZnS clad, leading to formation
of a light-hole well in the ZnS clad (instead of the barrier in
the unstrained case). The HH barrier in the ZnS region is
enhanced by the effects of biaxial strain. Additionally, the
hydrostatic strain in the core shifts the upper valence bands

PHYSICAL REVIEW B 74, 205309 (2006)

slightly down, making the CdS well shallower. These trends
help us to interpret the behavior of the discrete hole states in
these quantum confined systems.

The most striking observation is that the hole state of §
symmetry becomes the ground state when the lattice relaxes,
regardless of the model employed. The S-type hole state is
stabilized strongly by the strain. This stabilization occurs in
both models (sps” and sp3d®) and for two different ZnS clad
thicknesses. An inspection of Fig. 5(b) reveals that the
charge density of the § state, which is initially located mainly
in the CdS core, moves towards the interface, i.e., towards
the LH well. This behavior is due to the significant contribu-
tion of the LH band to the character of the S state. When the
CdS core is covered by a 1-ML-thick ZnS clad, the charge
density of the more HH-like P state concentrates in the CdS
core rather than in the ZnS HH barrier, and its energy desta-
bilizes due to hydrostatic strain in the core. However, this
trend is reversed for a 2-ML ZnS clad possibly due to a
larger LH contribution to this state.

C. ZnS/CdS and ZnS/CdS/ZnS nanoheterostructures

In ZnS/CdS core-shell and ZnS/CdS/ZnS QDQW struc-
tures the electrons and holes can be confined in the potential
well defined by the CdS shell. This allows the optoelectronic
properties to be tailored to a larger extent because the struc-
ture of discrete energy levels is here sensitive to both the
radius of the internal ZnS core and the width of CdS shell.
This also implies sensitivity to the model used in the calcu-
lations.

In Fig. 7 we show the single-particle near-band-edge op-
tical spectra for a core-shell structure with an internal ZnS
core of diameter 2 nm and one ML external CdS clad. The
spectra were calculated with the sp>d® and the sp>s™ models,
with and without strain effects. The sp°d® model predicts
larger separation between the two main optical peaks (la and
ua) and a smaller la-e shift. In the absence of lattice relax-
ation effects, the ua-la separation is 237 meV in the sp*d’
model, and only 154 meV in the sp>s™ approach. On the
other hand, the sp®s” model predicts a la-e shift that is twice
as large as in the sp>d® approach. The inclusion of strain acts
in the opposite way: it reduces the ua-la splitting (for sp>d°,
168 meV; for sp’s®, 72 meV), and enhances the la-e shift
(for sp3d®, 175 meV; for sp3s”, 210 meV).

In the following we analyze in detail the influence of d
orbitals and strain effects on the optoelectronic properties of
core-shell and QDQW systems. The electron energy levels
calculated in different approximations for four different sys-
tems investigated are presented in Fig. 8(a). In all of these
nanoheterostructures, the core radius is 1.5 a’, where a’ is
the lattice constant of the unrelaxed ZnS core. The electron
states of multishell nanostructures with a one-ML-thick CdS
clad are not bound in the CdS well, i.e., they have energies
above the ZnS CB edge E3=3.78 eV, according to the
sp3d® models. At least two CdS monolayers are needed to
bind the first electron level in the CdS well. As can be ob-
served in Fig. 8, the two TB models predict quite different
positions and separations of the energy levels. This is be-
cause the CdS well is only one or two monolayers thick and
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a) sp°d® model

la

b) sp*d® lattice-relaxed model

FIG. 7. Single-particle near band-edge optical
spectra of ZnS/CdS nanostructure calculated
with (a) sp3d® model; (b) sp3d® model with strain
effects included; (c) sps™ approach; (d) sp>s™ ap-
proach with strain effects. The internal ZnS core
diameter is 2 nm; the external CdS clad is 1 ML

il thick. Transitions corresponding to the emission

(e) and intense absorption peaks (la, la,, ua, and
ua,) are indicated. The same atomic dipole mo-
ments were used as in Fig. 3 for Zn and S.
Atomic dipole moments for Cd are (s|z|p,)
=0.127 nm, (s"|z|p,»=0.023 nm, {p.|z|ds.2_,2)
=0.019 nm, {p,|z|d.,)=0.017 nm, and {p,|z|d,,)
=0.017 nm. Exciton binding energies have been
neglected for sake of comparison between the
two TB models.

3.8 4 4.2 4.4 4.6 48 38 4 4.2 4.4
Energy (eV)

thus the electron states are built of large k vectors, away
from the bulk I point where the two TB models differ sig-
nificantly. Additionally, the electron charge density is distrib-
uted between the CdS clad and the ZnS core. The bulk band
structure of Zn$S is poorly reproduced by the sps” model.
However, a closer inspection of Fig. 8(a) reveals that the
major effect on the electron energy levels, due to the d or-
bitals, is the significant destabilization of the electron levels.
The only exception is the ZnS/CdS:CdS/ZnS structure,
where this trend is diminished for the excited P, state and
slightly reversed for the S, state. One should also note that
the stabilization of the electron energy levels of the QDQW
systems due to an external ZnS clad is much stronger in the
sp3d® approach. Figure 9(a) shows that in the sp>d® model
the charge densities of the electron states are more concen-
trated in the CdS well (and therefore their maxima are closer
to the CdS outermost surface). This explains in part why the
electron states are more sensitive to the external cladding in
the sp*d® approach.*’

The energies of the hole states are strongly destabilized in
the d-orbital model with respect to the sp3s” case. This de-
stabilization occurs in the QDQW structures for both the
relaxed and unrelaxed systems. In the ZnS/CdS core-shell
structures, destabilization of the ground hole state (which is
always P-type) occurs when strain effects are ignored but not
when strain is included. The influence of strain effects there-
fore requires a detailed analysis.

In ZnS/CdS structures the internal ZnS core is stretched,
while the external CdS clad is compressed. As a result, the
hydrostatic strain shifts up the CB edge of the CdS clad and
lowers the CB edge of the ZnS core. Therefore the CdS well
becomes shallower, enhancing leakage of the electrons into
the ZnS. This is well seen in Fig. 9(a) for both sp3s™ and
sp>d® models. It is interesting to note that although lattice
relaxation pushes the electron charge densities from the well
into the ZnS barriers, the energies almost do not change. For
ZnS/CdS hole states, the biaxial strain stabilizes the HH
band in the CdS clad with respect to the LH band [Fig. 6(b)],
reversing the order between them in comparison to CdS/ZnS

la ua
L wa | T
la, 1

z | ua, | & g,
=
= !
'g 7 7 7 € 1 U - T T T 7 € T 4
z ¢) sp* model d) sp%s* lattice-relaxed model
z | | ua
£ ua

| I la

r ] 3 la,

a ua; ua,
: i Ll | s
: € I[.| |Il i II j“ xitllbll € . i ‘|||Il l.ll }f [‘lu
6 4.8

dots. Thus strain should yield hole states with HH character
to become more localized in the CdS well. This is the case of
the ground hole state, which has P-type symmetry in all the
structures considered. The strong localization in the CdS
well [Fig. 9(b)] is accompanied by a large energy stabiliza-
tion (=120 meV in sps® and =200 meV in sp’d® model,
respectively) seen in Fig. 8(b). In contrast, the lowest hole
state of S symmetry is more concentrated in the ZnS region
[see Fig. 9(b)]. This is seen for the ZnS/CdS structure where
only the 26% (sp>d®)/12% (sp3s™) of the charge density is
located in the external clad. After the lattice is relaxed, the
charge density is pushed towards the external CdS clad. Thus
61% (sp*d® model)/34% (sp>s” model) of the charge density
is in the external clad (the effect is shown in Fig. 10). This
severe rearrangement does not translate into substantial en-
ergy change (the energy remains unchanged in the sp’s”
model and changes by about 50 meV in the sp’d® model)
due to the larger LH character of the S state. As a result, the
energy separation between the lowest S and P hole levels is
greatly enhanced after the lattice is relaxed, particularly in
the spd® model (see Fig. 8).

A crucial test of these models is a comparison with the
experimental absorption spectra for these nanohetero-
structures.* Inhomogeneous broadening of the spectra does
not allow a resolution of individual absorption peaks, like,
e.g., the la and ua peaks. However, comparisons can still be
made. A comparison between experimental spectra and
theory was previously addressed in the framework of the
sp3s™ model.**1340 However, no strain effects have been
considered so far. In Ref. 40 the ua peak, involving the tran-
sition between the lowest electron and hole states of P sym-
metry (see Figs. 3 and 7), was considered and the energy of
this transition was compared with the experimental spectrum
onset and the main broad absorption peak. However, in the
sp3d® approach the la transition can be stronger than the ua
transition. Because both transitions are significant in the
sp’d® model (see Fig. 7), we assume that the energy range
spanned by these two transitions should be compared with
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FIG. 8. ZnS/CdS core-shell and ZnS/CdS/ZnS QDQW nano-
structures: Electron (A) and hole (B) energy levels of the first state
of S (dots) and P (boxes) symmetry. The core radius is 1.5 a’,
where a’ is the lattice constant of the unrelaxed ZnS core. The wells
and clads are 1 or 2 MLs, as indicated. Lines and symbols are as in
Fig. 4. Dashed line in (A) shows the bulk ZnS CB edge at 3.78 eV.
Dashed line in (B) marks the ZnS valence-band edge. The CdS VB
edge is at 0.2 eV.

the low-energy part of experimental absorption spectra (the
onset and the first broad maximum). In Fig. 11, we compare
the experimental absorption spectra for the homogeneous
ZnS and CdS dots and the ZnS/CdS nanoheterostructures®
with the absorption interval defined by the ua-la transitions
calculated in the lattice-relaxed sp>d® model. The binding
energy has been estimated perturbationally and subtracted
from the single-particle transitions. We have assumed €
=5.13 for ZnS,’° and e=5.5 for CdS.>!

For the homogeneous ZnS (labeled z in the figure) and
CdS (c) dots, the ua-la interval resulting from the sp’d®
model defines the region between the absorption edge and its
maximum in the experimental spectra (Fig. 11). In contrast,
in the sp3s* model, the la wavelength for both CdS (A
=423 nm) and ZnS (A=314 nm) nanocrystals is well above
the absorption edge. Even assuming a larger (e=8.1) dielec-
tric constant,’” the resulting absorption edge (A=300 nm)
overestimates the experimental wavelength for ZnS. This
suggests the necessity of including d orbitals in the basis set
for a proper description of ZnS and CdS nanocrystals in the
strong confinement regime.
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FIG. 9. Probability to be in the CdS clad for the first electron
(A) and hole (B) levels of S (dots) and P (boxes) symmetries. The
investigated structures are those shown in Fig. 8 with lines and
symbols as in Fig. 8.

The experimental absorption onset for the ZnS/CdS/ZnS
QDQW (zcz) is also well-described with our model (N
=320-340 nm). This contrasts with the sp’s™ results (\
=345-362 nm) which cannot reproduce the absorption
maximum. The sp’d® approach predicts a large blueshift
when the external ZnS capping layer is removed. The theo-
retical absorption interval for the ZnS/CdS structure (zc) is
between 298 and 311 nm. In contrast, the experimental ab-
sorption onsets for both the core-shell (zc) and the QDQW
(zcz) nanodots are almost indistinguishable. This experimen-
tal evidence suggests an incomplete passivation for the
ZnS/CdS structure which acts in a similar way to the exter-
nal ZnS clad. The theoretical absorption onset for the core-
shell material with 2 ML of CdS (zcc) defines an interval
between the experimental absorption maximum and its edge.
The energy interval defined by the sp’s” model (A
=372-383) described only the absorption onset. In this case,
the effects of surface passivation are smaller since the CdS
clad is wider. However, the predicted onset for the corre-
sponding QDQW structure with two 2 MLs of CdS in the
middle well (zccz) matches the experimental absorption edge
but not its maximum. The good agreement obtained between
the sp3d® model and experiment suggests that the CdS clad is
smaller in this QDQW. For a QDQW with the CdS well and
the external ZnS clad both about 1.5 ML thick (zc-cz in Fig.
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FIG. 10. Charge density for the first hole state of § symmetry in
the ZnS/CdS nanostructure with a 1.5 a’ ZnS core and a 1-ML CdS
clad: (A) sp3d® model without strain effects; (B) spd® model in-
cluding strain and lattice relaxation; (C) sp3s™ approach without
strain; (D) sp3s™ approach with strain effects. The size of the circles
quantifies charge density on anions in the dot midplane. Full circles
represent atoms belonging to the external CdS clad; open circles are
the atoms in the ZnS core. The total charge density in the CdS clad
is indicated. Small asymmetries in the states appear because only
one state from the degenerate manifold is shown.

11), the theoretical absorption onset matches the experimen-
tal maximum.

IV. SUMMARY

We have studied the electronic structure and optical prop-
erties of small homogeneous ZnS and CdS nanocrystals and
ZnS/CdS nanoheterostructures with sp>s” and spd® tight-
binding models. Our results show that tight-binding param-
etrization with d orbitals is necessary to describe quantita-
tively the absorption features of small homogeneous dots and
multishell structures. The two models provide very different
curvature of the bulk ZnS and CdS conduction band for en-
ergies well above the CB edge. As a result, for small nano-
crystals, the sp®s” model underestimates the experimental ef-
fective band gap and the energy splitting between the two
main absorption peaks. Particularly large differences be-
tween the two TB models are found in the case of ZnS nan-
odots.

We have also investigated the role of strain caused by the
large mismatch at interfaces between ZnS and CdS. For core-
shell CdS/ZnS structures, the hydrostatic strain makes the
conduction-band CdS well shallower, concentrates the elec-
tron density in the ZnS barrier, and produces energy shifts of
the electron levels that are sensitive to the ratio between the
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FIG. 11. Experimental absorbance for homogeneous ZnS and
CdS dots, and several multishell nanostructures of Ref. 4 compared
with the energy range spanned by the ua-la transitions calculated
with the lattice-relaxed sp>d® approach (horizontal lines). The di-
ameter of each nanostructure is indicated. zc-cz labels the QDQW
structure where a 1.5-ML CdS middle clad was modeled.

core and shell sizes. Biaxial strain affects mainly the valence
bands: it leads to an attractive LH well at the interface and in
the external ZnS clad, making the S symmetry state the
ground hole state.

For ZnS/CdS core-shell and ZnS/CdS/ZnS QDQW
structures, a 1-ML-thick CdS well is unable to bind the
ground electron and hole states in the CdS well; the charge
densities are distributed between the CdS well and the ZnS
barrier(s). In contrast to CdS/ZnS systems, the biaxial strain
here stabilizes the HH band in the CdS clad, which binds the
first hole state of P symmetry in the CdS well. As a result,
the separation between the two main absorption peaks is re-
duced. Lattice relaxation also causes substantial rearrange-
ment of the charge density of the first hole state of § sym-
metry, moving it from the dot center to the CdS clad. Our
results show that the sp3d® model with strain effects taken
into account provides good agreement between the predicted
energy range spanned by the two main optical transitions and
the experimental absorption onsets and significantly im-
proves the theoretical understanding of these nanohetero-
structures.
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