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Theoretical optoelectronic analysis of intermediate-band photovoltaic
material based on ZnY1−𝑥O𝑥 (Y = S, Se, Te) semiconductors by
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The structural, energetic, and electronic properties of lattice highly mismatched ZnY1−xOx (Y = S, Se, Te) ternary
alloys with dilute O concentrations are calculated from first principles within the density functional theory. We demonstrate
the formation of an isolated intermediate electronic band structure through diluted O-substitute in zinc-blende ZnY (Y = S,
Se, Te) at octahedral sites in a semiconductor by the calculations of density of states (DOS), leading to a significant
absorption below the band gap of the parent semiconductor and an enhancement of the optical absorption in the whole
energy range of the solar spectrum. It is found that the intermediate band states should be described as a result of the
coupling between impurity O 2p states with the conduction band states. Moreover, the intermediate bands (IBs) in ZnTeO
show high stabilization with the change of O concentration resulting from the largest electronegativity difference between
O and Te compared with in the other ZnSO and ZnSeO.
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1. Introduction

In the quest for more efficient photovoltaics, a new pro-

posal was made recently,[1] in which a partially filled band is

introduced inside the band gap of a semiconductor so that the

promotion of an electron from the valence band to the conduc-

tion band may be produced not only with a photon of band gap

energy or higher, but also by absorbing two photons of lower

energy (Fig. 1). The process involves a partially occupied in-

termediate band (IB) that serves as a “stepping stone” for the

transition, which leads to an increase in photocurrent without

reducing the photovoltage. A maximum ideal efficiency of

63.1% can thus be attained, much higher than the well-known

Queisser limit of (single junction) normal cells (40.7%). There

is thus interest in finding material compositions able to pro-

duce the desired electronic structure.

Recently a new class of semiconductors has emerged,

whose fundamental properties are dramatically modified

through substituting a relatively small fraction of host atoms

with an element of very different electronegativity, the so-

called highly mismatched alloys (HMAs). III–V and II–VI

alloys in which group V and VI anions are replaced with the
isovalent N[2] and O,[3,4] respectively are the well-known ex-
amples of the HMAs. The band structure of HMA is well
described by the band anticrossing (BAC) model[5] which has
shown that some of the dilute nitrides or oxides exhibit un-
usual energy band structures each with a narrow band of states
located in the band gap of the host material indicating that
such HMAs could be used for multiband solar cells. Espe-
cially, López reported how the tailoring of the electronic band
structure of highly mismatched alloys could be used to design
semiconductor materials for specific device applications. They
were able to successfully realize an intermediate band photo-
voltaic device by N-doped GaAs alloys.[6]

The II–VI semiconductors have technological applica-
tions in fabricating optoelectronic devices. One of the salient
features of the HMAs is that a replacement of the anion atoms
with isoelectronic atoms with very different electronegativity
values results in the formation of localized electronic states.
As is well known, the group VI elements have electronegativ-
ity values ranging from 2.08 to 3.47 (from Te up to O) using
the Pauling scale.[7] At one extreme, S and Se are very similar,
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with only a 0.1 difference in electronegativity, and on the other
hand, Te and O differ by 1.39. Se and Te have a moderate elec-
tronegativity difference of 0.3. The BAC model suggests that
the strength of the anticrossing interaction in HMA depends on
the electronegativity mismatch. Therefore, one can anticipate
it to be particularly pronounced in group II–Ox–VI1−x alloys
in view of the very highly electronegative O atoms substitut-
ing the significantly more metallic column VI elements. The
new II–VI alloy IB materials have technological potentials for
photovoltaic applications. Efforts to improve the efficiency of
solar cells have led to extensive experimental and theoretical
studies of new materials and cell designs.[8–10]

CB

IB

VB

Eg
FC

Eg
VC

Eg
VF

Fig. 1. (color online) Band diagram of an IB solar cell, showing the
bandgap EVC

g , the sub-bandgaps EFC
g and EVF

g , as well as the conduc-
tion band (CB), intermediate band (IB), and valence band (VB).

While the band gaps of IB-materials are often used as an
evaluation criterion, the issue with shape and overlap of the
absorption coefficients has not been paid much attention so
far. In this work, a theoretical study is presented on the elec-
tronic and optical properties of the highly mismatched ternary
ZnY1−xOx (Y = S, Se, Te) alloys in the framework of density
functional theory (DFT). The calculated band structures and
absorption coefficients indicate that the highly mismatched
ternary ZnY1−xOx (Y = S, Se, Te) compound materials have di-
rect band gaps and are excellent new photovoltaic materials.
In particular, the characteristics and positions of the electronic
states formed in all cases are examined to anticipate the pos-
sible formation of an intermediate-band photovoltaic material
with the desired properties. In addition, optical properties of a
potential intermediate-band material close to the experimental
conditions are computed. The improvement on the absorption
coefficient across the solar spectrum produced by the IB is ver-
ified.

2. Method
Band structure and total energy calculations using first

principles density functional theory (DFT) were performed us-

ing the CASTEP program[11–13] with the plane wave pseudo-
potential approach. The generalized gradient approximation
(GGA) was employed to simulate the electron exchange–
correlation energy. The energy cutoff established for the ba-
sis set was 285 eV. Projector augmented wave (PAW) poten-
tials were used to represent the inert core electrons. Den-
sity functional theory (DFT) calculations were carried out to
obtain electronic and optical properties of compounds based
on ZnY1−xOx (Y = S, Se, Te) alloys at concentrations close
to those of the experiment.[14,15] Three different supercells of
conventional Zn4Y4 (Y = S, Se, Te) zinc-blende unit cell struc-
ture were considered to include the O implantation: 1×1×2
(Zn8Y7O1), 2×1×2 (Zn16Y15O1), and 2×2×2 (Zn32Y31O1)

(Y = S, Se, Te) where S, Se, and Te atoms were replaced by
O. For all calculations, the experimental lattice constants of
zinc-blende ZnS, ZnSe, and ZnTe are assumed to be 5.41 Å,
5.67 Å, and 6.10 Å, respectively. The samplings used to de-
scribe the Brillouin zone corresponding to the compounds de-
rived from the 1×1×2, 2×1×2, and 2×2×2 supercells were
centered 6×6×6, 4×4×4, and 2×2×2 grids, respectively. In
the optimization process, the energy change, maximum force,
maximum stress, and maximum displacement tolerances were
set to be 2×10−5 eV/atom, 0.05 eV/Å, 0.1 GPa, and 0.002 Å,
respectively. In addition, both lattice constants and atomic po-
sitions were optimized whenever available. The optical be-
haviors of the materials were characterized by their absorption
coefficients derived from the dielectric function. The imagi-
nary part of the dielectric function was obtained by the sum
over independent transitions between Kohn–Sham states.

3. Results and discussion
3.1. Cohesive energy and electronic structure

The electronic band structures of ZnY1−xOx (Y = S, Se,
Te) zinc-blende supercell structure are shown in Figs. 2(a)–
2(c), respectively. The band structures of zinc-blende ZnY ,
Zn8Y7O, Zn16Y15O, and Zn32Y31O (Y = S, Se, Te) were ob-
tained along the G–F–Q–Z–G path in the first Brillouin zone.
Similar results have been found in Yu et al.’s work.[16] From
Fig. 2, the band gaps of zinc-blende ZnS, ZnSe, and ZnTe are
about 2.11, 1.36, and 1.26 eV, respectively, and it is interesting
to note that the values of the experimentally measured band
gap are 3.6, 2.7, 2.25 eV.[17,18] Such an underestimation is ex-
plained by the DFT limitations, as the discontinuity in the ex-
change correlation potential has not been taken into account.
However, these results are advisable for the qualitative anal-
ysis and do not affect the accuracy of comparing the relevant
properties of crystals (band structure, density of states, and ab-
sorbed spectra).[19]
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Fig. 2. Band structures obtained for the relaxed ZnY1−x:Ox (Y = S, Se,
Te) compound corresponding to panels (a), (b), and (c).

As shown in ZnTe1−xOx band structure (Fig. 2(c)), the
energy level related to O impurities appears in the band gap
and the value of band gap is also found to decrease result-
ing from the increase of O composition. In addition, from the
view of band structure, Zn32Te31O, Zn16Te15O, and Zn8Te7O
are direct band gap semiconductors, and the calculated val-
ues of the band gap are about 0.31, 0.59, and 1.06 eV, respec-
tively, which are much lower than the band gap of zinc-blende
ZnTe (1.26 eV). Besides, for a small O concentration, the en-
ergy level related to O impurities is completely separated from
the CB, and the energy levels in CB become increasingly flat.
But for a heavy concentration of O in ZnY1−xOx (Y = S, Se,
Te), the energy level related to O impurities moves towards
the CB, and it evolves to connecting the CB even more. For
ZnSe1−xOx (Fig. 2(b)), these results are very similar to those

of ZnTe1−xOx, while for ZnS1−xOx (Fig. 2(a)), the trend of the
energy level related to O moving towards the conduction band
is out rapidly compared with for ZnTe1−xOx and ZnSe1−xOx.
It must be due to a small electronegativity difference between
O and S. Specifically, Te and O differ by 1.39. Se and O have
an electronegativity difference of 1.1. S and O have an elec-
tronegativity difference of about 0.99. The BAC model sug-
gests that the strength of the anticrossing interaction in HMAs
depends on the electronegativity mismatch.
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Fig. 3. Total DOSs calculated for the ZnY1−x:Ox (Y = S, Se, Te) com-
pound corresponding to panels (a), (b), and (c). The Fermi level is set
to be E = 0.

To explain the formation of the IB, the systems we are in-
terested in could be visualized in our study as a substitution of
single impurity atom (O) in the zinc-blende crystal structure of
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the parent semiconductors ZnY (Y = S, Se, Te). Figures 3(a)–
3(c) show the densities of states (DOSs) of ZnY1−xOx (Y = S,
Se, Te) for x = 12.5%, 6.25%, and 3.125% respectively; they
correspond to O atoms in the 16, 32, 64-atom supercells. With
the decrease in O concentration, an IB is formed inside the
ZnY (Y = S, Se, Te) band gap. In particular, the IB is com-
pletely separated from the CB for x about 3.125% O concen-
tration in ZnTe1−xOx in Fig. 3(c). We notice that the width of
the IB increases and the IB becomes connected with the CB
with O concentration x increasing. The same results happen to
ZnSe1−xOx and ZnS1−xOx in Figs. 3(b) and 3(a) respectively;
in such a heavy O concentration, it is very difficult to form IB
inside the ZnS and ZnSe band gap. For a solar cell application,
such a system is no longer useful because the electron in the
CB will be relaxed to the IB states by phonon emission.
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Fig. 4. (color online) Partial DOS O 2p and Zn 3d4s curves obtained
with GGA calculations for ZnY1−x:Ox (Y = S, Se, Te) compound (a)
ZnS1−x:Ox, (b) ZnSe1−x:Ox, and (c) ZnTe1−x:Ox. The Fermi level is
set to E = 0.

These results for ZnY1−xOx (Y = S, Se, Te) also indicate

possible IB properties, which could also imply interesting ap-
plications in solar cell materials and cell designs. Since these
features depend strongly on the degree of electronic corre-
lation, for a better description of formation of the IB the
partial DOS is calculated by GGA for ZnY1−xOx (Y = S, Se,
Te). These are shown in Figs. 4(a)–4(c). For Zn32Te31O in
Fig. 4(c), the IB is formed in the energy region between 0.7 eV
and 1.35 eV, which is mainly composed of the O 2p band and
Zn 3d band with smaller mixing of Zn 4s bands. For Zn32S31O
and Zn32Se31O in Figs. 4(a) and 4(b), CB mainly contains con-
tributions from the O 2p band and Zn 3d4s band, indicating
that the hybridization takes place between these states and also
that the formation of IB will involve both O 2p and Zn 3d4s
states. If O concentration decreases in the whole crystal, it
could give rise to an IB instead of a state. The characteristics
of the interactions between the atoms and the overlapping of
the orbitals in the suitable directions will determine the possi-
bility of the narrow and isolated band formation.

From Fig. 3 the IB is formed inside the ZnY (Y = S, Se,
Te) band gap with the decrease in O concentration. We notice
that the IB is completely separated from the CB for x about
3.125% O concentration in ZnTe1−xOx in Fig. 3(c), while IB
is still connected with the CB for x about 3.125% O concentra-
tion in ZnSe1−xOx or ZnS1−xOx in Figs. 3(a) and 3(b). There-
fore, the smaller O concentrations in Zn48S47O are studied.
Total DOS and partial DOS for O 2p and Zn 3d4s curves in
Zn48S47Ox compound are shown in Figs. 5(a) and 5(b), respec-
tively. The expected IB is completely separated from the CB
for x about 2.08% O concentration in ZnS1−xOx in Fig. 5(a).
Figure 5(b) shows that the IB is mainly composed of Zn 4d
band with smaller mixing of the O 2p band.
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Fig. 5. (color online) Total DOS (a) and partial DOS (b) O 2p and Zn
3d4s curves obtained with GGA calculations for Zn48S47Ox compound.
The Fermi level is set to be E = 0.

It is interesting that the IB is completely separated from
the CB for x about 3.125% O concentration in ZnTe1−xOx

in Fig. 3(c) and the IB is completely separated from the CB
for x about 2.08% O concentration in ZnS1−xOx in Fig. 5(a).
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These different results could be attributed to the small differ-
ence in the electronegativity between S and O compared with
between Te and O, and the difference in ionicity between ZnS
and ZnTe.

3.2. Optical properties

Band gaps obtained from Figs. 2(a)–2(c) are averaged
gaps, and so they may not be totally representative of optical
properties, as it is the minimum band gap, the one that will de-
termine the onset of partial absorption coefficient. Therefore,
the study of optical properties will give much more informa-
tion about that subject.
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Now, we come to first focus on the absorption coefficients
obtained for Zn32Y31O (Y = S, Se, Te). Figures 6(a)–6(c) show
the absorption coefficients of Zn32Y31O (Y = S, Se, Te) com-

pared with those of the pure semiconductors ZnY (Y = S, Se,
Te). The solar spectrum is displayed as a background to show
the enhancement in absorption due to the IB in the main part
of the solar spectrum.

It should be noticed that the absorption property curves
for α values of ZnY (Y = S, Se, Te) go to zero at 1.7, 1.2,
and 0.9 eV respectively, while the absorption coefficients of
Zn32Y31O (Y = S, Se, Te) start at around 1.1, 0.7, and 0.3 eV
respectively. The energy band structures are dramatically
changed, resulting from the larger electronegativity O involved
in ZnY (Y = S, Se, Te), which makes the band gap smaller or
the IB formed in band gap of ZnY (Y = S, Se, Te).

In addition to the main absorption edge at approximately
2.5 eV for Zn32Te31O in Fig. 6(c), two new main features ap-
pear compared with for ZnTe: (i) a distinct shoulder or step
starting at approximately 1.9 eV, which can be due to tran-
sition VB→IB or VB→CB, and (ii) a broad absorption that
starts at rather low energy, possibly around 0.3 eV, and in-
creases steadily until meeting the other feature at approxi-
mately 1.9 eV. This second characteristic may be related to
the transition IB→CB.

It is known that the dielectric function is mainly related
to the electronic response. Acquaintance of optical properties
is of great importance in the designs and analyses of optoelec-
tronic devices such as light sources and detectors. These prop-
erties are described for a medium by the complex dielectric
function[20]

ε(ω) = ε1(ω)+ iε2(ω),

where the two parts of the dielectric function, real (ε1) and
imaginary (ε2), are related by the Kramers–Kronig relation.
Figure 7 shows the spectral variations of real (ε1) and imagi-
nary (ε2) calculated theoretically based on DFT for ZnTe and
Zn32Te31O.
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Fig. 7. (color online) Dielectric functions of ZnTe and Zn32Te31O.

The imaginary component of the dielectric constant and
its different contributions are examined (see Fig. 7) to verify
the role that the IB plays in the absorption enhancement, ac-
cording to the close relationship between the optical proper-
ties and the dielectric constant.[20] It can be seen that the main
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contribution below 3.5 eV is related to the IB levels. Apart
from the interband transitions, which are not relevant to photo
conversion, there is a peak at 1.3 eV resulting from electronic
transition from the minority IB to the CB. All these are in con-
sistence with the peak positions in absorption in Fig. 6(c).

We briefly discuss the relationship between the complex
dielectric function and absorption spectrum. The imaginary
component of the dielectric constant and its different contribu-
tions are examined to verify the role that the IB plays in the ab-
sorption enhancement. Owing to this electronic structure fea-
ture, these materials will allow the absorption of photons with
energy below the band gap, in addition to the normal light ab-
sorption of a semiconductor. Moreover, these zinc-blende ZnY
(Y = S, Se, Te) derivatives, for which the technology to grow
them into thin films is already known, seem to be promising
systems for developing more efficient novel optoelectronic de-
vices.

In addition, calculations of the electronic structure are af-
fected by the well-known band gap underestimation character-
istic of the DFT method. However, this underestimation does
not severely affect the main results of the general shield car-
ried out in this work in the presence or absence of IB upon
substitution of species at the cation sublattices. We have not
deliberately corrected the values obtained for the band gaps,
a common practice in studies of electronic structure based
on DFT calculations. Although the absolute positions of the
eventual IB and the absorption energy are thus not accurately
calculated without further corrections, we can conclude that
whether the intermediate states exist is related to the improv-
ing optical properties, while avoiding certain arbitrariness re-
lated with the shifts to be introduced to correct the band gaps.

4. Conclusions
In this paper, through first-principles calculations we ob-

tain the structural, electronic, and optical properties of new
diluted O-substitute in zinc-blende ZnY (Y = S, Se, Te) super-
cell structure presenting a narrow intermediate band isolated
from the VB and the CB of the host semiconductor. The com-
puted optical absorptions of these compounds compared with
the corresponding un-doped semiconductor show each possess
a significant absorption below the band gap of the parent semi-

conductor and an enhancement of the optical absorption in the
whole energy range of the visible region. We demonstrate the
formation of an isolated intermediate electronic band struc-
ture through diluted O-substitute in zinc-blende ZnY (Y = S,
Se, Te) at octahedral sites in a semiconductor by DOS cal-
culations, leading to an enhancement of the absorption coef-
ficient in both infrared and visible ranges of the solar spec-
trum. The IBs in ZnTeO compared with in other ZnSO and
ZnSeO show high stabilization with the change of O concen-
tration resulting from the largest electronegativity difference
between O and Te. The electronic structure features like those
of ZnY O (Y = S, Se, Te) could be used for developing a new
next-generation photovoltaic cell. The extraordinary band en-
gineering potential in high mismatched alloys has advantages
for photovoltaic, thermoelectric, and optoelectronic applica-
tions.
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