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Hetero- and low-dimensional structures
Metal vacancies in Cd1–xZnxS quantum dots
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Abstract. Structural and electronic characteristics of metal vacancies in nanocrystals
Cd1–xZnxS have been studied within the density functional method. The electron state
density and vacancy formation energy have been calculated, and an analysis of structural
relaxation has been performed. With these theoretical findings and available experimental
data, we have concluded that the vacancies of cadmium are the possible centers of radiative
recombination in these structures.
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width 2.42…3.91 eV, accordingly to the impurity
concentration. Along with that, the density of electronic
states near the valence band top increases and the crystal
structure is improved [10, 11]. It allows extending the
field of application for this material. Particularly, QDs
CdZnS is a promising material for photoconverters in
tandem solar cells [12]. Thus, the quantum yield of QDs
CdZnS:Mn d–d emission reaches more than 30% with
the total quantum yield of 78%, what is much better that
one in well studied ZnSe and ZnS QDs, which quantum
yield does not exceed 50% [13]. Nanocrystals of such
ternary compounds as Cd1–xZnxS are studied widely in
the works [10, 14, 15]. Structural studies [10, 11] shows
that CdS of cubic symmetry predominates in Cd1–xZnxS
QDs at the concentration x = 0…1, while this symmetry
of separated CdS or ZnS phases does not appear,
indicating that the ternary composition is formed. PL
spectra of these samples demonstrate the broad bands,
which could be related with the presence of surface
defects [16, 17]. As shown in [10], defect bands are
present in the whole range of zinc concentrations in CdS
QDs, including undoped CdS and ZnS, and, therefore,
the possible kind of defects can be the native defects –
vacancies or intersite defects. The role of zinc vacancies
in ZnS QDs in luminescence is discussed in the works
[18, 19], where these defects are ascertained to be
responsible for the blue radiation. This work is aimed at
studying such defects as cadmium vacancy VCd, zinc
vacancy VZn in Cd1–xZnxS QDs.

1. Introduction
Semiconductor quantum dots (QDs) A2B6 produced using
the colloidal synthesis methods usually have unimodal
size distribution, which provides a narrow PL band and
high quantum yield [1]. It allows using them as a lightemitting material in rigorous important technological
applications, such as light sources, photoconverters,
biological markers etc. [2]. The most important feature of
QDs is the possibility to tune their photoluminescence by
controlling the size: at sufficiently large sizes,
luminescence has the exciton nature, and, therefore, the
quantum-size effect takes place here. However, at small
sizes, the ratio surface-to-volume is increased, which
gives rise in surface luminescence and dumps the
quantum-size effect: with the decrease in the currents
localization, the contribution of fundamental absorption
is also decreased and contribution from the localized
states becomes dominant. The nature of these localized
states often remains uncertained, because of the large
number of possible kinds of defects in both of QD and its
surrounding. Particularly, there are a series of articles
[3-9], devoted to studying the PL properties and ascertaining the possible mechanism of radiative recombination in CdS QDs, where the cadmium vacancy is
defined as the most probable channel of luminescence.
Another approach to control radiation is modification of the QDs composition. Introducing zinc impurities into CdS QD, one can obtain the band gap with the
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Fig. 1. Atomic structure of geometry-optimized clusters CdS, Cd0.5Zn0.5S and ZnS. Yellow color denotes sulfur, gray – cadmium and
purple – zinc. Dashed circles denote the atoms removed to form the vacancy. (Color online.)

2. Method of calculation
QD atomic structure calculation has been performed
within the density functional method in generalized
gradient approximation, as implemented in QuantumEspresso software package [20]. To simulate a single QD,
we used atomic cluster Cd33S33 in a cubic unit cell with
the lattice parameter 30 Å. In this case, the distance
between the periodic images (vacuum layer thickness)
was not less than 18 Å, making the cluster sufficiently
separated to treat it as isolated. We used the Martyna–
Tuckerman method for correct treating the long-range
interactions in such isolated systems [21]. We used the
Perdew–Burke–Ernzerhof (PBE) pseudopotentials in
ultra-soft form, which takes into account 4d105s2 valence
electrons for cadmium, 3s23p4 for sulfur and 3d104s2 for
zinc. Integration of the Brillouin zone was performed
using single Γ-point and Methfessel–Paxton smearing of
0.05 eV [22]. We performed a set of test calculations, and
all the results converged well with a 80 Ry cutoff in the
wave functions and 180 Ry in the augmented charge density, therefore, we used these parameters across the work.
3. Results and discussions
As it was described in [10] and discussed above, PL
spectra of Cd1–xZnxS QDs show the bands, which are
obviously related with the presence of surface defects.
Particularly, the most probable kind of defects in CdS
QDs, responsible for the luminescence, is the cadmium
vacancy [9]. Taking it into account, we study here electronic and atomic structure of CdS, ZnS and Cd1–xZnxS
QDs, containing metal vacancies VCd, VZn. As a model,
we cut approximately a spherical 66-atoms cluster
Cd33S33 from bulk hexagonal CdS, with the center
located in the middle of Cd-S bond. This system is
stoichiometric and consists of a magic number of atoms,
and, therefore, has a minimal number of dangling bonds
at the surface. To model ZnS, we used the same cluster
but with zinc in the places of cadmium. In its turn,
Cd1–xZnxS QD we simulate by selecting the cluster
Cd16Zn17S33, where sort of metal atoms was distributed in
a random order. This cluster preserves the condition of
minimal number of surface broken bonds and has a
component composition close to that of Cd0.5Zn0.5S.

Fig. 2. Radial distribution function (a) and density of electron
states (b) calculated for the clusters CdS, ZnS and Cd0.5Zn0.5S.

All the systems were relaxed until the Hellmann–
Feynman forces became less than 10−4 a.u., after that the
energy spectra calculations were performed. In Fig. 1, we
show the optimized atomic structure of the systems
Cd0.5Zn0.5S, CdS and ZnS. One can see that all these
systems have a similar geometrical structure and are
close to cubic symmetry, which, however, cannot be
ascertained exactly, because of a small number of atoms.
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we calculated the density of electron states for CdS,
Cd0.5Zn0.5S and ZnS clusters, as shown in Fig. 4: black
lines – defect-free cluster (bare), red (blue) lines –
clusters containing corresponding metal vacancy.
As seen, in all the clusters the metal vacancy leads
to additional energy level appearance in the band gap.
Moreover, in a case of CdS, this level is located near the
top of valence band, whereas in ZnS it is separated to the
region of 0.9 eV. Similar situation is with the solution
Cd0.5Zn0.5S: the cadmium vacancy forms the level close
to valence band top of defect-free cluster, while the zinc
vacancy – inside the band gap at the energy 0.8 eV.

Fig. 3. Atomic structure of optimized clusters containing the
metal vacancies VCd and VZn. Green color indicates the
electron charge density distribution as calculated using HOMO
only. (Color online.)

The calculated radial distribution function g(r) obtained
using Gaussian convolution with the half-width close to
0.1 а.о. for all the systems is depicted in Fig. 2a. The first
peak maximum, corresponding to the first coordination
sphere radius, is located at 2.56 Å for CdS, 2.40 Å for
Cd0.5Zn0.5S and 2.35 Å for ZnS. As expected, ZnS has
smaller lattice parameter than CdS, and the lattice
parameter of Cd0.5Zn0.5S is found to be an average
of these values. The calculated density of states have a
similar behavior, as can be seen from Fig. 2b: vertical
lines denote the calculated band gap (HOMO-LUMO) of
ZnS QD, therefore, with decreasing the zinc concentration, the band gap is also decreasing from 2.15 to
1.59 eV. In all the cases, there are no any peaks within
the band gap, which indicates the absence of surface
(defect) states. It is worth noting that all the densities of
states were obtained using Gaussian convolution with the
half-width close to 0.1 eV, to avoid the redundant details,
so the band gap edges became somewhat smooth.
We simulated the metal vacancy by removing a
single cadmium or zinc atom from defect-free system,
circled by dashed lines in Fig. 1, with following
geometry optimization. Optimized structure together with
electronic charge distribution obtained with the wavefunction of HOMO state are shown in Fig. 3. One can see
that, in general, after geometry optimization, all the
clusters still keep some crystal structure, and the largest
changes occur in the vacancy region. It is obvious from
the calculated charge density distribution that HOMO
level is mostly formed with the states of the nearest to the
vacancy sulfur atoms, whereas metal atoms practically do
not contribute into this state. Therefore, in all the systems
under study the HOMO level could be considered
as a defect (vacancy) level. To verify this assumption,

Fig. 4. Density of electron states for the clusters CdS (a),
Cd0.5Zn0.5S (b) and ZnS (c) containing metal vacancies.
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We calculated the neutral vacancy formation energy
Ef (X) by using the formula E f (X) = Etot − (Etot (X ) + µ(X ))
[23], where Etot is the calculated total energy of defectfree cluster, Etot(X) – calculated total energy of a cluster
with a vacancy of a metal X – cadmium or zinc, and µ(X)
– chemical potential of the atom X. Since technology of
Cd1–xZnxS QDs growth assumes an excess of sulfur
in a colloidal solution [10], then in these sulfur-rich
conditions the precipitate of crystalline sulfur can be
formed, and, therefore, we can approximate the chemical
potential of sulfur atoms in the cluster by the
corresponding value inherent to the bulk. Moreover, the
sum of chemical potentials of metal X and chalcogen S
must be equal to the chemical potential of molecular unit:
µ(X ) + µ(S) = µ(XS) . Under these conditions, we can
determine the chemical potentials of cadmium and zinc
in corresponding chalcogenides, however, these
conditions are not sufficient to determine the metal
chemical potential in the ternary compound. Therefore,
we have to assume here that the chemical potential of
cadmium and zinc in the ternary compound are close to
those in binary compounds CdS and ZnS, respectively.
To determine the chemical potential of sulfur, we
calculated the total energy of 32-atoms unit cell of bulk
sulfur α-S(16). To calculate cadmium and zinc chemical
potentials, we calculated the total energy of hexagonal
CdS and ZnS unit cells, respectively. All the parameters
were the same as in QDs calculations, apart the k-points
grid: for sulfur, we employ 4×4×4, and for CdS and ZnS
– 12×12×12 Γ-centered grids. As a result, for the binary
compounds, the formation energy of a neutral metal
vacancy are obtained with the close values:
Ef (Cd) = 0.68 eV and Ef (Zn) = 0.70 eV. In the ternary
compound Cd0.5Zn0.5S, the situation is different: the
cadmium vacancy formation energy appeared to be
Ef (Cd) = 1.23 eV, which exceeds significantly the
formation energy Ef (Zn) = 0.65 eV of zinc vacancy. The
changes in cluster atomic structure during the process of
cadmium vacancy formation are also significant: the
largest atomic displacement is 2.86 Å, and its total RMS
value is 0.40 Å, whereas in the case of zinc vacancy these
values are 1.50 and 0.37 Å, respectively. Such a large
value of cadmium vacancy formation energy and atomic
displacement are the consequence of a more strong
cluster relaxation: the nearest to vacancy cadmium atom
migrates and occupies the empty site, creating a new
vacancy with the following moderate changes in atomic
structure of its nearest environment. In the case of zinc
vacancy, no atomic migration occurs, and all the changes
in atomic structure are related with the nearest atoms. In
undoped CdS structures, cadmium vacancy formation
leads to the largest atomic displacement of 1.65 Å and
total RMS – 0.49 Å. For ZnS cluster, these values are
1.86 and 0.60 Å, respectively. Therefore, for all of
clusters under study atomic displacements during the
vacancy formation got the close values, apart the
cadmium vacancy in Cd0.5Zn0.5S, where the relaxation
process is much stronger. However, even with this strong
relaxation, the high value of formation energy makes this
defect less probable as compared to other vacancies,
although, as one can see in Figs 4a and 4b, the cadmium

vacancy forms the local states near the valence band top
and together with the zinc vacancy could serve as a
channel of radiative recombination. On the other hand,
PL spectra of CdS and CdS:Zn [10, 11, 24] shows bands
within the range 2.1…2.3 eV, which is in favor of the
cadmium vacancy as a possible channel of radiative
recombination in Cd0.5Zn0.5S QDs.
4. Conclusions
In this work, we studied ab initio atomic and electronic
structures of CdS, ZnS and Cd0.5Zn0.5S QDs by modeling
the atomic clusters Cd33S33, Zn33S33, and Cd16Zn17S33.
Metal vacancy formation energies and the magnitude of
the following structure relaxation have been calculated in
these structures. It has been found that neutral cadmium
vacancy in CdS and Cd0.5Zn0.5S forms the local states
near the valence band top, whereas the zinc vacancy
produces the local state at 0.9 еV in the energy gap.
Taking into account that experimental PL spectra of CdS
and CdS:Zn QDs show the bands within 2.1…2.3 eV
region, we can say that the cadmium vacancies are
the possible channels of radiative recombination
in Cd1–xZnxS QDs.
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