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A B S T R A C T

We employ first principles methods based on density functional theory and beyond to study CdSexTe1−x alloys in
the zincblende and wurtzite structures. From the cluster expansion formalism, we provide a detailed phase
diagram showing a consolute temperature of 325 K, above which miscibility may be achieved. In the random
solid solution, a zincblende-to-wurtzite phase boundary is found to range from Se concentrations of x=0.5–0.6,
in agreement with experiment, owing to increasing ionic character of the Cd-anion bonds. Disordered
CdSexTe1−x configurations are modeled using special quasirandom structures, for which optoelectronic prop-
erties are computed with the hybrid HSE06 functional. Alloying is shown to cause strong bowing effects in the
band gap and effective electron/hole masses, which we attribute to local structural distortions as illustrated by
analysis of bond length distributions. Downward bowing in the band gap and effective hole mass of the zinc-
blende structure is highlighted for its potential benefits in photovoltaics through increased net photocurrent.
Absorption coefficients and reflectivity are also reported, showing promising results in zincblende CdSexTe1−x as
indicated by substantial optical absorption throughout all Se concentrations. Lastly, we identify the presence of
short-range order in CdSexTe1−x characterized by clustering among like atoms in order to minimize strain. The
degree of clustering, which may be tuned by temperature, also controls the magnitude of the band gap.
Therefore, we propose both composition and short-range order as effective tools to be utilized in the design and
synthesis of improved solar cell absorber layer materials.

1. Introduction

Among thin film solar cell technologies, those based on CdTe as an
absorber layer hold the largest market share owing to their robust
longevity, high efficiency (~22%), and low cost (Green et al., 2018;
Swanson et al., 2017; Zweibel, 1992). While the theoretical limit has
been nearly achieved in the short-circuit current density (JSC) of su-
perstrate CdTe cells (Geisthardt et al., 2015), the corresponding open-
circuit voltage (VOC) is typically well below its potential maximum,
displaying values of 0.84–0.88 V as opposed to the limit of ~1.2 V
(Geisthardt et al., 2015; Gloeckler et al., 2013). As a result, the fill
factor (FF) is decreased and the highest observed power conversion
efficiencies (PCEs) lie ~10% below the 32% Shockley-Queisser limit
(Shockley and Queisser, 1961) for CdTe-based photovoltaics (PV)
(Green et al., 2018). To improve upon this constraint and climb the
Shockley-Queisser curve, efficiency can be increased by decreasing the
band gap through alloying with CdS, a commonly used window layer in

CdTe cells (Paudel and Yan, 2014). However, ~10% lattice mismatch
(Terheggen et al., 2004) between CdS and CdTe keeps the solubility of
dopants low, a high defect density in the graded CdTe1−xSx layer in-
creases carrier recombination rates (Gessert et al., 2013; Perrenoud
et al., 2013), and thus parasitic absorption in wavelength range of
300–500 nm in CdS doesn’t impart net photo-current (Romeo et al.,
2004). In contrast, recent investigations have suggested that CdSe may
be a more suitable choice to alloy with CdTe in hopes of increasing PCE
(Green et al., 2018). While CdSe exists in the wurtzite ground state,
CdSexTe1−x alloys have been shown to remain stable in either the
zincblende (Islam et al., 1995; Uthanna and Reddy, 1983; Mangalhara
et al., 1989) or wurtzite (Murali and Jayasuthaa, 2009; Belyaev and
Kalinkin, 1988) structure depending on the concentration and tem-
perature of synthesis. As the lattice mismatch of CdTe and CdSe is re-
latively small (~6% difference in lattice constant (Cai et al., 2012), the
solubility of Se into Te is much higher than that of S, and the corre-
sponding defect density is low, allowing for minimal effects on the

https://doi.org/10.1016/j.solener.2019.10.091
Received 12 September 2019; Accepted 31 October 2019

⁎ Corresponding author.
E-mail address: sanjay.khare@utoledo.edu (S.V. Khare).

Solar Energy 194 (2019) 742–750

0038-092X/ © 2019 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2019.10.091
https://doi.org/10.1016/j.solener.2019.10.091
mailto:sanjay.khare@utoledo.edu
https://doi.org/10.1016/j.solener.2019.10.091
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2019.10.091&domain=pdf


recombination rate (Lingg et al., 2018). Although the band gap of CdSe
(1.70 eV) (Kale and Lokhande, 2004) is higher than that of CdTe
(1.50 eV) (Compaan et al., 1996), bowing effects cause the band gap to
decrease at low to intermediate Se concentrations, resulting in en-
hanced PCE as the gap approaches the ideal Schockley-Queisser value
(Hannachi and Bouarissa, 2008; Yang and Wei, 2019). Higher dopant
levels may also be achieved in CdSexTe1−x as opposed to CdTe, which
generally displays low carrier concentrations on the order of 1014

cm−3, hence further increasing the possible photo-current (Kanevce
et al., 2017). Additionally, as CdSexTe1−x spans a wide range of band
gaps (1.3–1.7 eV), a graded absorber layer may be utilized to gain a
greater degree of absorption throughout wavelengths in the visible
spectrum (Jamal et al., 2016).

Though many papers (Swanson et al., 2017; Gloeckler et al., 2013;
Gessert et al., 2013; Islam et al., 1995; Uthanna and Reddy, 1983;
Mangalhara et al., 1989; Murali and Jayasuthaa, 2009; Belyaev and
Kalinkin, 1988; Cai et al., 2012; Lingg et al., 2018; Baines et al., 2018;
Poplawsky et al., 2016; Zhao et al., 2016; Strauss and Steininger, 1970)
have been conducted to shed light on the properties and applications of
the CdSexTe1−x system, some key issues need further investigation.
Generally, experimental characterization of the binary CdTe-CdSe
binary phase diagram has been constrained to high temperatures
(Poplawsky et al., 2016; Strauss and Steininger, 1970). Hence, further
work is needed to clarify the detailed phase stability of the zincblende
and wurtzite structures throughout all temperatures and concentrations
of interest. Moreover, theoretical methods may provide unique insight
into the system by disentangling configurational and thermal con-
tributions to the entropy, as well as temperature-dependent local
bonding configurations, allowing a greater understanding into the un-
derlying physics to be attained (Ozolins et al., 1998). With respect to
the optoelectronic properties of CdSexTe1−x alloys, the majority of
previous experimental works have focused on the zincblende structure
(Hannachi and Bouarissa, 2008; Ouendadji et al., 2011; Shakil et al.,
2016), while relatively little work has been done regarding the wurtzite
phase (Reshak et al., 2011). As a result, an accurate tabulation of the
band gaps and absorption coefficients remains absent for the wurtzite
phase. While theory may be used to fill these gaps in data, the methods
implemented must be chosen carefully. Recent works have shown that
advanced techniques going beyond standard density functional theory,
e.g., hybrid functionals, are necessary to accurately describe bowing
effects of electronic properties in zincblende CdSexTe1−x (Yang and
Wei, 2019). However, such methods remain untested with respect to
the corresponding optical properties, for which the complete frequency-
and compositional-dependence has yet to be characterized. Further-
more, effective electron and hole masses, which are crucial properties
influencing the resulting photo-current and PCE (Granas et al., 2016),
are unknown at intermediate concentrations. Should each of these
properties be reported and their origin be understood, it may help
clarify whether CdSexTe1−x represents an effective improvement upon
conventional CdTe solar cells.

Throughout this work, we investigate the aforementioned issues by
employing first principles methods to elucidate the fully detailed
structural, thermodynamic, and optoelectronic properties of the
CdSexTe1−x system in the zincblende and wurtzite structure. From
analysis of calculations performed within the framework of the cluster
expansion (CE) (Sanchez et al., 1984; Ducastelle and Ducastelle, 1991;
De Fontaine, 1994; Zunger, 1994) and Monte Carlo (MC) (Newman and
Barkema, 1999; Heermann, 1988; Dünweg and Landau, 1993; Laradji
et al., 1995) formalisms, we characterize the phase stability of
CdSexTe1−x, showing that solubility may be achieved in the zincblende
structure at low Se concentrations (< 60%) and above moderate tem-
peratures (~325 K). The miscibility gap at low temperatures is attrib-
uted to the minor lattice mismatch of CdTe and CdSe, illustrated
through bond length analysis. Such variations in bond lengths also
cause bowing of the band gap, for which predictive values calculated
using the hybrid HSE06 functional are presented. Good agreement with

available experimental data is obtained. Calculated effective masses of
electrons and holes are found to increase with Se concentration, which
may limit photo current PCE. However, these effects may be offset at
low Se concentrations by negative effective hole mass bowing, the
potential for increased VOC, and decreased reflectivity throughout the
visible range. Furthermore, we find that short-range order, which cor-
relates strongly with temperature shortly above the miscibility gap
owing to covalent Te-Se interactions, may be utilized to finely tune the
optoelectronic properties of CdSexTe1−x absorber layers.

2. Computational methods

All density functional theory calculations have been performed
using the Vienna Ab initio Simulation package (VASP) (Kresse and
Furthmuller, 1996; Kresse and Hafner, 1993; Kresse and Furthmuller,
1996; Kresse and Hafner, 1994). The projector augmented wave (PAW)
method (Blochl, 1994; Kresse and Joubert, 1999) was employed with
the generalized gradient approximation (GGA) in the form of the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
(Perdew et al., 1992; Perdew et al., 1993). Upon testing of convergence
with respect to energy, a cutoff of 500 eV was chosen to be used for the
plane-wave basis set. Default PAW potentials from the VASP library
(Kresse and Furthmuller, 1996; Kresse and Hafner, 1993; Kresse and
Furthmuller, 1996; Kresse and Hafner, 1994), including only the outer-
core electrons as valence, were used for Cd, Te, and Se. Calculations
were carried out on Γ-centered k-point meshes consisting of 4000 k-
points per reciprocal atom (KPPRA). Electronic minimizations with a
convergence criterion of 10−6 eV/atom were performed using the tet-
rahedron method with Blöchl corrections (Blöchl et al., 1994). Initial
structural configurations of CdTe and CdSe in the zincblende and
wurtzite structures were taken from the Materials Project (Jain et al.,
2013) and geometrically optimized until forces acting on each atom
were less than 0.01 eV/Å as mentioned in earlier works
(Balasubramanian et al., 2016; Roehl and Khare, 2014; Roehl and
Khare, 2014; Roehl et al., 2014; Warner et al., 2006; Zhou et al., 2014).

The MIT Ab initio Phase Stability (maps) code from the Alloy
Theoretic Automated Toolkit (ATAT) was utilized to calculate CdTe-
CdSe formation energy landscapes and binary phase diagrams within
the cluster expansion formalism (van de Walle, 2009; van de Walle and
Asta, 2002; van de Walle et al., 2002; van de Walle and Ceder, 2002).
Vibrational contributions to the free energy were determined by cal-
culating stiffness versus length relationships (van de Walle, 2013; van
de Walle and Ceder, 2002) among 6 unique structures in the set en-
umerated by cluster expansion. For each structure, perturbations of
magnitude 0.2 Å at 3 separate volumes were tested to obtain dynamical
matrices, phonon spectra, and vibrational free energies. This informa-
tion, collected using the fitsvsl and svsl codes in ATAT (van de Walle,
2009; van de Walle and Asta, 2002; van de Walle et al., 2002; van de
Walle and Ceder, 2002), was used to modify the corresponding phase
boundaries. Random Se/Te occupation occurring above the predicted
consolute temperature was simulated with special quasirandom struc-
tures (SQSs) (Zunger et al., 1990), which were generated using the
sqs2tdb code within ATAT (van de Walle, 2009; van de Walle and Asta,
2002; van de Walle et al., 2002; van de Walle and Ceder, 2002). To
achieve the desired correlation parameters nearly matching those of the
random configurations, CdSexTe1−x SQSs were constructed from
2×2×2 supercells of the conventional zincblende and wurtzite unit
cells at concentrations of x = 0.25, 0.50, and 0.75. These structures
were geometrically optimized until forces acting on each atom were less
than 0.01 eV/Å.

As band gaps and absorption onsets are severely underestimated by
standard exchange-correlation functionals, e.g., GGA and LDA, we in-
stead employ the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06)
(Heyd et al., 2003; Krukau et al., 2006) to calculate the optoelectronic
properties of CdSexTe1−x. The HSE06 functional, which incorporates
25% of the exact exchange from Hartree-Fock theory along with 75% of
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the exchange from GGA, has been shown to give significantly improved
agreement with experiment for semiconductors and insulators (Paier
et al., 2006). Using this method, for which the exact exchange was
treated on a coarser grid of 2000 KPPRA to conserve computational
resources, we calculated the electronic density of states (DOS) and
frequency-dependent complex dielectric function (ε1+ iε2) for each
compound, including both end members and SQSs. From the latter
values, derived optical properties such as absorption coefficient and
reflectivity were determined. To gain further insight into the optoe-
lectronic properties, effective masses of electrons and holes were cal-
culated using the BoltzTraP package (Madsen and Singh, 2006) along
with the corresponding modules implemented in pymatgen (Ong et al.,
2013). We report DOS effective masses as described in the work of
Gibbs et al. (2017), allowing a holistic representation of the entire
Fermi surface to be presented while avoiding explicit calculations of the
band structure. These calculations were carried out using carrier den-
sities of 1016 electrons or holes per cm3, in accordance with the most
recent limits reported in the literature for CdTe thin films (McCandless
et al., 2018). Units are in terms of the standard electron rest mass (m0 ≈
9.11×10−31 kg), i.e., the effective electron mass is m* = me/m0 (and
similar for holes, mh).

To investigate short-range order effects occurring in the Te/Se
sublattice of CdSexTe1−x structures for which no long-range order ex-
ists, we focus on the intermediate concentration of x = 0.5. Here,
Monte Carlo simulations are performed on 4096-atom supercells using
the Easy Monte Carlo Code (emc2) within ATAT (van de Walle, 2009;
van de Walle and Asta, 2002; van de Walle et al., 2002; van de Walle
and Ceder, 2002). As the zincblende structure is predicted to be ther-
modynamically stable at this concentration, with a consolute tem-
perature of 325 K, we test only zincblende CdSe0.5Te0.5 at temperatures
ranging from 350 K to 1000 K, in steps of 50 K. To characterize the
degree of short-range order present within each structure, we employ
two techniques of analysis. Firstly, we compare the distribution of Se-Te
coordination values occurring throughout all sites with the corre-
sponding values of a completely disordered Se/Te configuration. Such
comparison is approximated by randomly sorting occupations among
20 unique structures and averaging the resulting distributions of co-
ordination values. Secondly, we define the following short-range order
parameter for Se-Te pairs (Porter et al., 2009):

= − −
− − − −σ T N N N N( ) ( )/( )actual

Te Se
random
Te Se

ordered
Te Se

random
Te Se (1)

where −Nactual
Te Se, −Nordered

Te Se , and −Nrandom
Te Se represent the number of Te-Se bonds

in the actual configuration simulated at some intermediate tempera-
tures (T=350 K, 1000 K), the ordered configuration (with each Cd
coordinated to an equal number of Te and Se atoms) at absolute zero
temperature, and the completely random configuration approached at
very high temperatures ( ≫T 1000 K) in CdSe0.5Te0.5. By defining
short-range order as such, positive and negative values of σ (max. +1
or −1) correspond to additional or reduced Te-Se bonds relative to the
random limit, whereas a value of zero implies complete disorder.

Lastly, to provide further insight into electronic structure, we have
performed calculations of Crystal Orbital Hamiltonian Populations
(COHP) and effective charges using the LOBSTER package (Deringer
et al., 2011; Maintz et al., 2013; Maintz et al., 2016; Maintz et al., 2016)
and Bader analysis (Henkelman et al., 2006; Sanville et al., 2007; Tang
et al., 2009; Yu and Trinkle, 2011) respectively.

3. Results

3.1. Phase stability of CdSexTe1−x

Formation energy landscapes of CdSexTe1−x in the zincblende and
wurtzite structure are displayed in Fig. 1(a) and (b) respectively. Both
structures are found to exhibit endothermic mixing with upward
bowing occurring in all enumerated configurations at intermediate
concentrations, in agreement with recent theoretical work (Yang and

Wei, 2019). The preference towards heterogeneity can be attributed to
the CdTe/CdSe lattice mismatch arising from the difference in ionic
radii of Te and Se (133.5 pm and 114.5 pm respectively) (Pyykkö,
2015). As the mismatch is relatively minor in contrast to that of CdTe/
CdS, only slight asymmetry is observed in the energy landscape studied
here. More specifically, upward bowing is weakly skewed towards
higher Se concentrations as greater strain is caused by inserting the
larger Te atoms into the CdSe lattice than vice versa, a well-studied
effect in solid solutions (Liu et al., 2017). Regarding differences in
structure, the wurtzite phase exhibits a larger rise in enthalpy than the
zincblende phase; the former reaches a maximum ΔEF of about 35meV/
atom whereas the latter achieves only 25meV/atom. These features
correlate with a greater volume difference of 9.0% in the wurtzite
structure as opposed to 8.8% in the zincblende. Furthermore, the
wurtzite configuration, for which c/a changes from 1.638 to 1.632 for
CdTe and CdSe respectively, introduces a shear strain component not
present in the cubic zincblende phase. As a result of these properties,
solid solubility is less favorable in the wurtzite structure. Though we
also note the anisotropy of the wurtzite phase is slightly more accom-
modating to low concentrations of larger impurity atoms, shown by
weaker skewing of the energy landscape in contrast to that of the
zincblende structure, owing to expansions along the c-axis which will
be discussed in more detail throughout Section 3.2.

The binary CdSexTe1−x phase diagram is presented in Fig. 2.
Throughout intermediate concentrations at low temperatures, phase
segregation is thermodynamically favorable due to the endothermic
mixing discussed for the corresponding formation energy landscapes.
However, as the upward bowing in energy is relatively weak, config-
urational and vibrational contributions (both included here) to the

(a)

(b)

Fig. 1. Energy landscapes of (a) zincblende and (b) wurtzite CdTe1−xSex, in-
cluding ground states CdTe and CdSe, intermediate states predicted through
cluster expansion and calculated using DFT, and special quasirandom structures
simulated at concentrations of x=0.25, 0.50, and 0.75.
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entropy become sufficient to allow homogenous Se/Te mixing above a
reasonably low consolute temperature (TC) of about 325 K. As experi-
mental synthesis is typically carried out at much higher temperatures
(500–1000 K) (Lingg et al., 2018; Baines et al., 2018; Poplawsky et al.,
2016), a precise value of TC has not yet been reported. However, pre-
vious studies have shown that weak CdTe-CdSe phase segregation may
proceed at room temperature (~298 K) depending on the thickness of
deposition layers (Poplawsky et al., 2015). Moreover, recent theoretical
investigations have predicted a similar TC of 335 K using Stillinger-
Weber Hamiltonian in molecular dynamics simulations (van Swol et al.,
2016). In the high-temperature region of the phase diagram, we find the
disordered CdSexTe1−x phase to adopt the zincblende and wurtzite
structure at low and high Se concentrations respectively, with a
downward-sloping phase boundary ranging from x~0.45 to x~0.65.
These features are in good agreement with experimental data
(Poplawsky et al., 2016; Strauss and Steininger, 1970; Laugier, 1973).
We note that although the zincblende phase does not represent the
thermodynamic ground state of CdSexTe1−x at high Se concentrations,
our calculations reveal a difference of less than 10meV/atom between
the zincblende and wurtzite structures of CdSe, suggesting that the
optically active (Poplawsky et al., 2016) zincblende phase may be
synthetically accessible and remain metastable throughout a wide
range of concentrations. This prediction is supported by recent ex-
perimental work showing CdSexTe1−x to remain stable against de-
composition at Se concentrations as high as 60% at temperatures of
298 K and above (Lingg et al., 2018).

Regarding the zincblende-to-wurtzite phase transition, we discuss
two major causes which have been suggested in previous works de-
scribing such structural polymorphism in binary octet semiconductors
(Yeh et al., 1992; Ito, 1998). Firstly, the wurtzite structure is generally
preferred over zincblende for binary compounds consisting of con-
stituent elements with a substantial electronegativity difference (Yeh
et al., 1992). Here, Se and Te display electronegativities of 2.48 and
2.01 respectively as compared to a value of 1.46 for Cd (Allred and
Rochow, 1958), hence the Cd-Se bonds display significantly higher
ionic character than the Cd-Te bonds. This is reflected by our Bader’s
charge analysis calculations which yield 0.71 e and 0.52 e cation-to-
anion transfer in CdSe and CdTe respectively, where e is the elementary
electron charge. As a result of the enhanced volumetric charge sur-
rounding ions in CdSe, the wurtzite structure (with stacking sequence
ABAB… as opposed to ABCABC… for zincblende) is adopted to mini-
mize interlayer third-nearest-neighbor Cd-Se distances and therefore
decrease overall energy deriving from attractive long-range electro-
static interactions (UE∝ r−1) (Ito, 1998). Secondly, as the ionic radius
of Se (114.5 pm) is smaller than that of Te (133.5 pm), CdSe exhibits a

greater cation-anion size mismatch than CdTe due to the large ionic
radius of Cd (148.2 pm) (Pyykkö, 2015). As shown in data from the
literature, binaries with higher cation-to-anion size ratios tend to form
wurtzite configurations owing to subtle differences in covalent inter-
actions controlled by the relative spatial extent of the cation d and
anion p orbitals (Yeh et al., 1992). However, as shown in Fig. S3 of the
Supplementary Material, we find no significant differences in general
features of the COHP curves when comparing the zincblende and
wurtzite structures. Moreover, integration of all states below the Fermi
level yields nearly identical values, implying covalent interactions of
approximately equal strength in each structure. Therefore, we conclude
that the preference of stacking sequence in CdSexTe1−x is likely
dominated by the ionic character of the system.

Lastly, we note that the inclusion of entropic terms to the free en-
ergy were crucial to obtain the reported phase diagram for which sa-
tisfactory agreement with experimental data is obtained (Poplawsky
et al., 2016; Strauss and Steininger, 1970; Laugier, 1973). This high-
lights the importance of both configurational and vibrational entropy in
stabilizing the given configurations. Specifically, including these terms
caused a substantial shift in the zincblende-wurtzite phase boundary
towards lower Se concentrations, suggesting greater entropy contribu-
tions present in wurtzite CdSexTe1−x arising from larger average bond
lengths and therefore lower vibrational frequencies. This property is
also reflected by the downward slope of the phase boundary, which
indicates the wurtzite structure may be stabilized at intermediate
concentrations by increasing temperature and therefore enhancing the
effects of vibrational entropy (Poplawsky et al., 2016).

3.2. Properties of anion-disordered CdSexTe1−x

In order to understand the deviation from linearity, let’s first define
bowing parameter (δ) for any physical quantity (p) such as lattice
constant (a), band gap (Eg), effective mass ( ∗m ), or others as (Kasper
et al., 1995):

= + − − −p x p x p x x δ(1 ) (1 ) ,mix Se CdSe Se CdTe Se Se p (2)

where xSe is fraction of Se in the alloy and, pmix , pCdSe and pCdTe are
values of the physical quantity associated with resultant alloy, CdSe and
CdTe respectively.

We first study the structural features of anion-disordered
CdSexTe1−x as a function of concentration. As shown by the calculated
equilibrium lattice parameters, presented in Table S1 of the
Supplementary Material, the lattice constants and unit cell volumes
follow nearly linear relationships, i.e. they approximately following
Vegard’s law (Vegard, 1921). The unit cell volumes decrease with
average slopes of −12.659 and −12.908 Å3 f.u.−1 x−1 for the zinc-
blende and wurtzite structure respectively. The bowing parameter δa is
found to be−0.01 Å,−0.004 Å, and−0.008 Å for zincblende, wurtzite
in-plane (a), and wurtzite out-of-plane (c) lattice constants respectively
using Eq (2) with p= a. This deviation from Vegard’s law is likely to
arise from the additionally degree of freedom introduced by the ani-
sotropy of the wurtzite structure. Indeed, larger changes occur in the c-
axis relative to the a-axis in order to accommodate for the varying anion
size and electronegativity. For instance, a larger 3.26% contraction of
the c-axis occurs in contrast to a smaller 2.99% contraction of the a-axis
at 50% Se concentration relative to pure CdTe in the wurtzite structure.
These changes may be summarized by analyzing the ratio of c/a, ta-
bulated for each concentration in Table S1, showing a decrease from
1.638 for CdTe to 1.632 for CdSe. The observed trend is consistent with
previous findings for similar systems in the wurtzite structure; as the Se
concentration is increased and ionic character of the cation-anion bonds
becomes stronger, the ratio of c/a approaches the ideal value of 1.632
for a perfectly covalent crystal (Kim et al., 2007).

To gain further insight into the local structural features of
CdSexTe1−x, we have plotted bond length distributions in Fig. S1 of the
Supplementary Material. As expected, anion disorder leads to

Fig. 2. The binary CdTe1−xSex phase diagram generated from Monte Carlo si-
mulations utilizing effective cluster interaction coefficients.
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distortions in the Cd-anion tetrahedra corresponding to deviations from
the ideal bond length; specifically, a clear distinction is found between
the nearest-neighbor Cd-Te and Cd-Se distances with the former pairs
exhibiting a median value which is nearly 0.15 Å larger than that of the
latter. Such distortions, both within and between unique bonding pairs
(Cd-Te and Cd-Se), also become slightly more pronounced at inter-
mediate concentrations (x~0.5) owing to increased strain induced by
the differing anion sizes. As will be discussed further in this section, the
bond length variations play a vital role in causing optoelectronic
bowing effects and may therefore be utilized to control these properties
(Tit et al., 2009). Also plotted in Fig. S1 is the nearest-neighbor anion-
anion bond lengths, for which we find much weaker, though still pre-
sent, differences between the grouping of unique bonding pairs, i.e., Te-
Te, Te-Se, and Se-Se distances. These values correlate with the sum of
constituent anionic radii, though local distortions in the tetrahedra
have greater effect as shown by a wide (~0.38 Å) and continuous range
of bond lengths. These properties and their connection to short-range
order will be discussed in greater detail throughout Section 3.3.

We next study the electronic properties of CdSexTe1−x using the
hybrid HSE06 (Heyd et al., 2003; Krukau et al., 2006) functional, where
sample cells, x = 0.25, 0.5, 0.75, were generated with SQS as described
in Section 2. With respect to end-members, zincblende CdTe and CdSe
are shown to exhibit band gaps of 1.54 eV and 1.61 eV respectively, in
fair agreement with experimental data of 1.50 eV (Compaan et al.,
1996) and 1.78 eV (Poon et al., 1995). In contrast, the calculated band
gaps of 1.23 eV and 1.32 eV for CdTe and CdSe in the wurtzite structure
underestimate the corresponding experimental values of 1.59 eV
(Magnusson et al., 1987) and 1.70 eV (Kale and Lokhande, 2004),
though accuracy is significantly improved with respect to GGA (Table
S2 of the Supplementary Material). The increased error occurring in the
wurtzite structure, which is consistent with previous theoretical reports
involving CdSe (Szemjonov et al., 2014) and similar binary semi-
conductors of equivalent symmetry (Moses et al., 2011; Kaczkowski,
2012), can be attributed to the short-range nature of the exact exchange
implemented within the HSE06 (Heyd et al., 2003; Krukau et al., 2006)
functional, which therefore may not capture long-range interactions
arising from differences in the stacking sequence of each structure, i.e.,
zincblende (ABCABC…) vs. wurtzite (ABAB…). As discussed in the
work of Moses et al., improvement with experiment may be obtained by
tuning the portion of exact exchange interactions included in the hybrid
calculations (Moses et al., 2011), however, we choose to keep para-
meters fixed to remain consistent across the distinct compositions and
structure considered in this work. Moreover, although the magnitude of
the band gap is underestimated in the wurtzite structure, we note that
the change in gap with respect to composition agrees well with ex-
periment; our calculations reveal an increase of 0.09 eV (experimen-
tally, 0.11 eV (Kale and Lokhande, 2004; Magnusson et al., 1987) from
CdTe to CdSe. Therefore, predicted changes in the electronic properties
at intermediate concentrations may be considered reliable.

Accordingly, the calculated trend of band gap variation in
CdSexTe1−x is displayed in Fig. 3(a) with exact values reported in Table
S2 of the Supplementary Material. In both the zincblende and wurtzite
phases, we find significant downward bowing to occur throughout in-
termediate concentrations. Specifically, our results indicate bowing
parameters (δ) as defined in Eq. (2) (with p=Eg) of 0.62 eV and
1.06 eV for the zincblende and wurtzite phases respectively, for which
the former results is in fair agreement with recent experimental (Islam
et al., 1995) and theoretical (Yang and Wei, 2019) investigations re-
garding CdSexTe1−x in the zincblende structure. These trends can be
attributed to local distortions arising in the disordered solid solution
(Vurgaftman et al., 2001). Hence, the stronger bowing effect found in
the wurtzite structure, as compared to zincblende, can be attributed to
the larger lattice mismatch (i.e., volume difference) which is observed
between the wurtzite CdTe and CdSe phases as discussed in Section 3.1.
This greater mismatch causes enhanced structural distortions, as re-
flected by our bond length analysis (Fig. S1) which shows slightly wider

ranges of Cd-anion bond lengths at intermediate concentrations for the
wurtzite phase. Moreover, the larger volume of the wurtzite phase is
more accommodating to local distortions, further facilitating strong
optoelectronic bowing. For both structures considered here, a minimum
in band gap occurs at Se concentrations slightly below 50% owing to
the lower band gap of CdTe in contrast to CdSe. Regarding the im-
plications of these results on PV development, we propose that low-to-
intermediate Se concentrations (20–50%) in the zincblende are likely
most beneficial given the band gap shown in this region is near that of
the ideal value of 1.4 eV according to the Schockley-Queisser limit
(Shockley and Queisser, 1961). Furthermore, as discussed in previous
works, net photocurrent is also likely to be increased throughout such
compositions (Poplawsky et al., 2016).

While the decreased band gap in CdSexTe1−x is promising for ap-
plications, effective masses ( ∗m ) of electrons and holes are also crucial
aspects which influence the net photo-current and therefore the cell
efficiency. To this end, the calculated effective masses are shown in
Fig. 3(b) and (c), with exact values tabulated in Table S4 of the
Supplementary Material. In pure CdTe, we find low effective masses of
0.101 and 0.088 in the zincblende and wurtzite structure respectively,
in agreement with previous experimental reports ( ∗m ranging from
0.096 to 0.11 at free electron densities up to 1.7×1018 cm−3) (Mears
and Stradling, 1969). These effective electron masses are slightly in-
creased for CdSe, with values of 0.134 and 0.099 in the zincblende and
wurtzite structure, owing to increased ionic character and therefore a
larger band gap (Vurgaftman et al., 2001). These values also agree with
previous experimental work for which an effective electron mass of
0.13 was reported in CdSe (Chemistry R.S.O.).

Throughout intermediate concentrations, we find upward bowing in
the electron effective mass, with bowing parameters ( ∗δm , calculated via
Eq. (2) with p=m*) of −0.014 and −0.054 in the zincblende and
wurtzite structure respectively. The larger changes exhibited by the
wurtzite structure can be attributed to stronger structural distortions as
discussed earlier in this section. Next, with respect to effective hole
mass, we report values of 0.572 and 1.447 for pure CdTe in the zinc-
blende and wurtzite structure respectively. The former lies within the
range found by experiment: 0.12 and 0.60 for light and heavy holes in
zincblende CdTe (Dang et al., 1982). As with the effective electron
masses, these values also increase in CdSe, for which we find hole
masses of 0.808 and 1.870 in the zincblende and wurtzite structure
respectively. However, in contrast to those of the electrons, effective
hole masses display downward bowing throughout intermediate con-
centrations of CdSexTe1−x; specifically, bowing parameters ( ∗δ )m as
defined in Eq. (3) are calculated to be 0.14 and 0.47 in the zincblende
and wurtzite structure respectively. With respect to applications in PV,
the downward bowing effect is favorable given that it allows minimal
increases in the effective hole mass, an important parameter for con-
ventional p-type CdTe cells, therefore contributing to potentially higher
carrier lifetimes. We also note that focus should remain on the zinc-
blende structure considering the unfavorably large effective hole mass
in wurtzite CdSexTe1−x throughout all concentrations.

To study the optical properties of CdSexTe1−x we focus on the ab-
sorption coefficient and reflectivity, each of which are crucial for PV
efficiency. The former property is plotted throughout visible-UV photon
energies in Fig. 4. In both the zincblende and wurtzite structure, we find
first absorption peaks at energies which correlate directly with the
corresponding electron band gaps. The rest is due to other transitions
and electronic collisions in lattice. Accordingly, features of the full
absorption spectra shift toward lower energies at minority Se con-
centrations (owing to downward bowing in the band gap) and higher
energies at majority Se concentrations (as the strong ionic character of
the Cd-Se bonds overtakes the bowing effect). Despite these transla-
tions, the overall character of the spectra remains relatively unchanged.
Hence, zincblende CdSexTe1−x is able to maintain strong optical ab-
sorption in the range of interest (i.e., at frequencies matching those of
the solar spectrum as shown by the shaded region of Fig. 4) whereas the
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wurtzite phase consistently displays lower absorption, confirming ex-
perimental reports that wurtzite CdTe may be considered optically in-
active (Poplawsky et al., 2016). As for reflectivity, for which results are
shown in Fig. 5, we find relatively low values ranging from about 0.15
to 0.18 for both the zincblende and wurtzite structure at photon en-
ergies below the band gap of each composition. Though there exist
variations in reflectivity above the gap, reflectivity generally remains
moderate (< 0.35) throughout all optical frequencies in consideration.
Moreover, increasing Se concentration leads to noticeable decreases in
reflectively across the full spectrum, with downward shifts of

magnitudes approaching 0.05. This slight decrease in reflectivity, cou-
pled with sustained optical absorption, make CdSexTe1−x a promising
candidate for improved optical performance in PV.

3.3. Short-range order effects

As discussed in detail throughout the work of Bellaiche and Zunger
(Bellaiche and Zunger, 1998), there are two major forms of short-range
order which typically arise in binary semiconductor alloys: “clustering”,
for which atoms of the same element tend to congregate with one an-
other, and “anti-clustering”, for which atoms of opposing elements tend

Fig. 3. (a) Electronic band gaps, (b) effective hole masses, and (c) effective electron masses of zincblende and wurtzite CdTe1−xSex computed using the hybrid HSE06
functional. Points represent calculated data, whereas dashed curves represent quadratic fitting based on the bowing parameter of each system.

Fig. 4. Absorption coefficients (α) of zincblende (top panel) and wurtzite
(bottom panel) CdTe1−xSex computed using the hybrid HSE06 functional. Each
absorption curve, with values given on left y-axis, corresponds to a given
concentration (x). For comparison, the standard AM 1.5 solar spectrum is re-
presented by the shaded area with values given on the right y-axis.

Fig. 5. Reflectivity of zincblende (top panel) and wurtzite (bottom panel)
CdTe1−xSex computed using the hybrid HSE06 functional. Each reflectivity
curve, with values given on left y-axis, corresponds to a given concentration (x).

B.B. Dumre, et al. Solar Energy 194 (2019) 742–750

747



to congregate. In this work, we focus on the former effect, which is
found to take place in CdSe0.5Te0.5. This finding is reflected by our
Monte Carlo calculations, revealing the tendency for anion occupations
to minimize the total number of Te-Se bond lengths (and therefore
maximize nearest-neighbor bonds between atoms of the same element).
Such an effect is illustrated in Fig. 6(a); the distribution of Te-Se co-
ordination values, relative to the random limit, shows clear deficiencies
from 5 to 8 and an abundance above and below this range. We note that
intermediate values (i.e., 5–8) serve to maximize the net number of Te-
Se bonds whereas high and low values minimize these bonds. There-
fore, the results indicate clustering of Te and Se atoms within the dis-
ordered CdSe0.5Te0.5 structure. This conclusion is further supported by
calculations involving Eq. (1); Fig. 6(b) displays the short-range order
parameter (σ) throughout temperatures ranging from 350 K to 1000 K.
At 350 K, which lies only slightly above the predicted consolute tem-
perature, our calculated σ ≈ −0.32 implies a significant presence of
short-range order. Specifically, the negative value for σ corresponds to a
lower number of Te-Se bonds as compared to the random limit, i.e.,
clustering is observed. With respect to temperature, we identify an
exponential decrease in short-range order which approaches zero at
high temperatures, as shown by the exponential least squares regression
(dashed line) which closely follows our calculated data as in Fig. 6(b).
This agrees with expectations and general data for alloys in the litera-
ture (Bellaiche and Zunger, 1998; Ghosh et al., 2008; Körmann et al.,
2014); higher temperatures provide sufficient entropic contributions
such that configurational disorder dominates the unfavorable energetic
effects of enthalpy due to bond length distortions.

To this end, we further study the origin of short-range order by
sampling two configurations of CdSe0.5Te0.5, simulated using ATAT at
350 K and 1000 K, in order to discern differences between the two ex-
treme cases, i.e., with and without short-range order. Bond angle (de-
fined as the anion-Cd-anion angle for adjacent anions within each tet-
rahedra) distributions of each fully relaxed structure are shown in
Fig. 6(c). At 1000 K, our results show a wide and continuous range of
bond angles, for which the distribution is centered at approximately
109.5° (the ideal value for a tetrahedra) and occupies values from about
103.5° to 116°. These features are indicative of a random solid solution
with significant strain, captured by relaxation in DFT simulations,
present in the system. In contrast, the structure simulated at 350 K
displays a narrower range of bond angles (approximately 105–114°),
also centered at 109.5°, with clear grouping observed around several
values. These properties reflect the presence of short-range order,
agreeing with our previous analysis, which we may now attribute to
reduced strain and therefore decreased enthalpy.

Lastly, we consider the effects of short-range order on the optoe-
lectronic properties by calculating the band gap of the representative
systems for zincblende CdSe0.5Te0.5 at 350 K and 1000 K. These eva-
luations were carried out using GGA to avoid excessive computational

costs for such large supercells. Regardless of the method, we may
compare these values to those of CdSexTe1−x also found using GGA. As
tabulated in Fig. 6(c), our calculations reveal noticeably different band
gaps of 0.92 eV and 0.81 eV for the structures at 350 K and 1000 K re-
spectively. We note that the latter value is in perfect agreement with
that of the SQS for CdSe0.5Te0.5, hence supporting the conclusion that
the structure is almost completely disordered at 1000 K. In contrast, the
0.92 eV gap at 350 K is much closer to the linear combination of the
end-member gaps (i.e., if now bowing effects were present), which is
found to be about 0.98 eV. As discussed throughout Section 3.2, bowing
is known to arise from local structural distortions in the disordered
alloy. However, as short-range order serves to minimize these distor-
tions, the bowing effects are significantly decreased, thus leading to an
increased band gap of 0.92 eV.

4. Conclusion

In summary, we have conducted a thorough study of the structural,
thermodynamic, and optoelectronic properties of CdSexTe1−x alloys in
the zincblende and wurtzite structure. Our calculated phase diagram
confirms experimental data showing an upper consolute temperature of
325 K while further clarifying the features of this miscibility boundary
throughout the full range of Se concentrations. Above 325 K, we report
a downward sloping zincblende-to-wurtzite phase boundary ranging
from x = 0.5–0.6 which is attributed to increasing ionic character of
the Cd-anion bonds, for which the wurtzite structure is preferred, as
more Se atoms are introduced into the system. Moreover, we suggest
the critical importance of entropic contributions in stabilizing the phase
boundary within this region.

By modeling the purely random configuration of CdSexTe1−x

through special quasirandom structures, we illustrate significant
structural distortions through analysis of nearest- and second-nearest
neighbor bond length distributions, each of which occupy a wide range
of values. As a result, we observe strong bowing throughout all elec-
tronic properties in focus, namely, band gaps and effective electron/
hole masses. Despite the band gap of CdSe being larger than that of
CdTe for either structure, downward bowing allows a decrease in band
gap at low to moderate Se concentrations. Our findings suggest that
alloying zincblende CdSexTe1−x throughout x = 0.2–0.5 is likely to
provide the most beneficial effects for photovoltaics given the band gap
within this range is near the ideal value of 1.4 eV, which may also allow
enhanced net photocurrent. Furthermore, downward bowing in the
effective hole mass should also prevent any substantial decrease in the
carrier mobility and therefore carrier mobility may remain high. In
terms of optical properties, we identify shifts in the absorption spectra
of zincblende and wurtzite CdSexTe1−x according to the change in band
gap, while the general features remain unchanged. The former structure
is found to be more optically active throughout phonon frequencies of

Fig. 6. (a) Occurrences of all possible Te-Se coordination numbers relative to their respective limit in a completely random configuration. Values here are taken from
2048-atom supercells. (b) Short-range order parameter, defined in Eq. (1), of Te-Se pairs in the anion sublattice of disordered CdSe0.5 Te0.5 simulated at temperatures
ranging from 350 K to 1000 K. Negative values imply a deficiency in Te-Se bonds relative to the random limit. (c) Bond angle distributions of CdSe0.5 Te0.5 simulated
at 1000 K and 350 K along with their respective band gaps, calculated using GGA.
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interest. Reflectivity is also studied, for which we find increased Se
concentrations lead to a slight decrease in reflectively, hence further
improving the potential benefits of these alloys for photovoltaics. We
recommend experimental investigation to confirm the subtle changes in
optoelectronic properties reported here.

Lastly, investigation of short-range order has revealed the presence
of strong clustering (i.e., congregation of like atoms) in CdSexTe1−x as
illustrated by nearest-neighbor anion-anion bond analysis. The degree
of short-range order, which serves to minimize strain, is shown to be
high (σ ≈ −0.32) at temperatures shortly above the consolute tem-
perature, while decreasing exponentially with increasing temperature
and approaching zero near 1000 K. We show that clustering leads to a
larger band gap in the alloy owing to lessened structural distortions and
therefore weaker bowing effects. Specifically, the magnitude of the gap
in zincblende CdSe0.5Te0.5 ranges from 0.81 eV (at 1000 K) to 0.92 eV
(at 350 K) within the framework of GGA. Therefore, we propose that, in
addition to composition, short-range order may be utilized experi-
mentally to finely tune the desired optoelectronic properties of the
material. This may achieved by carrying out synthesis under thermal
conditions giving a desired degree of clustering, according to the de-
tailed trends reported here, followed by quenching to sufficiently low
temperatures to “freeze in” local occupations within the structure (see,
e.g., reference Ji et al. (2019)).
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