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In this work, structural and electronic properties of CdSexTe1−x and ZnSexTe1−x semiconductor detectors at various concentrationsx =

0, 0.25, 0.5, 0.75 and 1 of Selenium (Se) have been determined using the full potential-linearized augmented plane wave (FP-LAPW) based
on the density functional theory (DFT). The lattice parameters results show good agreement when compared with reports. Band structure
calculations indicate direct gap transitions and also yield the energy gap values, with good agreement with reports. Geant4 simulations
have yielded the absolute and full-energy peak detection efficiencies and energy resolution at1.5′′ × 1.5′′ of these alloys as semiconductor
detectors in the 511-1332 keV gamma-ray energy range. Results are in a good agreement with the available theoretical and experimental
data.
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1. Introduction

The last few years have witnessed an incredibly great inter-
est in wide band gap IIB-VIA semiconductor materials due
to their high performance in optoelectronic devices such as
light emitting diodes [1], laser diodes [2], photovoltaic cells
[3], solar cells [4], infrared optics and biological imaging
[5]. Among this family, ternary alloys such as CdSexTe1−x

and ZnSexTe1−x owned unique physical and chemical prop-
erties which might not be available in their parent binary
systems (CdTe, CdSe, ZnTe and ZnSe) [6]. For this rea-
son, the ternary systems can be performed to tune several
physical properties of semiconductors and hence insight into
the use in various potential applications are given. Recently,
CdSexTe1−x ternary alloys have many applications in thin
film photovoltaic due to their band gap bowing [7]. Exper-
iments have identified nanostructured solar cells based on
CdSexTe1−x as highly effective efficient and cost-efficient
alternatives to conventional photovoltaic cells based on sil-
icon [8]; CdSexTe1−x nanocrystals present themserlves as
efficient and promising alloys for the manufacture of so-
lar cells at low cost and in large area [9]. Furthermore, in
the case of ZnSexTe1−x ternary alloys, experimental stud-
ies have employed them,e.g, for the synthesis of nanowires
and in the study of the composition and size dependence of
their optical gaps [10]. Also, they were studied for mea-
surements of their reflectivity (RF), photoconductivity (PC),
photoluminescence (PL) where it was found that the band
gap-energy presents a minimum value at a selected com-
position (x = 0.65) [11], their bandgap bowing [6], the

optical characterization, and application-oriented studies of
ZnSexTe1−x ternary alloy nanowires [12]. Besides, some
theoretical searchers have been carried out in the framework
of the DFT approach to determine different physical prop-
erties of both CdSexTe1−x [13-15] and ZnSexTe1−x [16,
17] ternary alloys. On the other hand, semiconductor ra-
diation detectors are widely used in several areas including
nuclear physics, X-ray and gamma ray astronomy, and nu-
clear medicine. Most recently, an extensive effort has been
invested to develop a range of semiconductor gamma ray de-
tectors with wide band gap and high atomic number. Among
them, cadmium telluride (CdTe) and cadmium zinc telluride
(CdZnTe) are the most promising materials for radiation de-
tectors showing high detection efficiency, promising energy
resolution and good room temperature performance [18,19].
To the best of our knowledge, the performance of II-VI semi-
conductors based on selenium binary and ternary alloys have
been reported for the first time using Monte Carlo simula-
tions.

Our main contribution in the field of research is the pre-
diction of new materials for the detection of radiation. For
this reason, in the present work, we have performed an ab
initio study based on the density functional theory (DFT) to
investigate the physical properties namely structural and elec-
tronic properties of CdSexTe1−x and ZnSexTe1−x ternary al-
loys in the zinc blende structure. The alloy composition has
been varied over the whole range of Se content starting from
x = 0 (CdTe/ ZnTe) up tox = 1 (CdSe/ ZnSe). On the other
side, we used the Geant4 toolkit for modelling and simula-
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tion of radiation detection. This work will contribute to the
development of the database to synthesize new materials for
detection of radiation and can be miniaturized.

The paper is organized as follows: In Sec. 2, a brief de-
scription of the methods employed where details of the cal-
culations are given. In Sec. 3, the results of structural and
electronic properties of the ternaries in question are presented
and analysed, then the results of the Geant4 simulations are
presented. Finally, a conclusion is drawn in the last section.

2. Materials and methods

In this paper, the calculations were performed using the full-
potential linearized augmented plane wave (FP-LAPW) ap-
proach [20] based on the density functional theory (DFT)
[21] as implemented in thewien2k software package
[22,23]. For the structural properties, the exchange-
correlation (XC) effects were dealt with the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA)
[24] while for the electronic properties, the XC poten-
tials were treated using the modified Becke-Johnson (mBJ)
scheme [25,26].

In the FP-LAPW methodology, the unit cell was decom-
posed into two regions: Spheres centered at the nuclear sites
and the interstitial zone between non-overlapping areas. In-
side of the atomic spheres, the wave functions are expanded
by spherical harmonics with a maximum quantum l number
of Imax = 10. Meanwhile, in the remaining space of the
unit cell, the function is expanded in the form of plane waves
with a cut-off parameter ofKmax = 8/RMT , whereRMT is
the smallest muffin-tin radius and theKmax is the magnitude
of the largest vector in the plane wave expansion. To ensure
convergence in the integrals over the first Brillouin zone, the
calculations were performed using a mesh of 1000 K-points
in the full Brillouin zone. Both of the plane wave cut-off pa-
rameter and the number of k-points have been varied in a way
to ensure an accurate convergence of the total energy, which
was achieved via self-consistent field (SCF) calculations with
an energy threshold value of10−4 Ry. The ternary alloys
CdSexTe1−x and ZnSexTe1−x are formed from the four bi-
nary compounds CdSe, CdTe, ZnSe, and ZnTe. Hence, the

eight-atom1×1×1 cubic zinc blende unit cell of the said bi-
nary compounds is designed by using their experimental lat-
tice parameters in the introductory phase. The eight-atom cu-
bic investigated ternary alloys CdSexTe1−x and ZnSexTe1−x

with x = 0.25, 0.50 and 0.75 are designed by successive sub-
stitution of Te atom(s) with Se atom(s) in the1 × 1 × 1 unit
cell of ZnTe and CdTe, respectively. Figure 1 illustrates the
structures of the CdSexTe1−x ternary alloys as an example
at all the selected compositionsx. For ZnSexTe1−x ternary
alloys, the Zn atoms replace the Cd atoms, because the struc-
tures are similar.

Additionally, we have carried out a Geant4-based Monte
Carlo simulation in order to estimate the detection effi-
ciency for all investigated semiconductors detectors at dif-
ferent photon energies. Geant4 is a robust software to de-
scribe the interactions of ionizing radiation with matter in
high energy experiments, based on object oriented method-
ology and C++ language [27,28]. Its areas of applications
include high energy, nuclear and accelerator physics as well
as space engineering, medical sciences and radiation protec-
tion [29]. A main class controls the initialization of the ge-
ometry, physics and primary particle generation, which is the
G4RunManager. The user has full freedom to develop its own
simulation program. The geometry of our proposed model
was coded in the mandatory class (Detector Construction)
where we first designed the entire hall, which is referred in
Geant4 as a world. Then, we modelled the geometry, mate-
rials and the sensitive region of the detector. A solid cylin-
drical detector of radius 1.5 inch and length 1.5 inch kept
at a fix distance from the source [30] was simulated. The
materials studied are CdSexTe1−x and ZnSexTe1−x alloys at
various concentrationx = 0, 0.25, 0.5, 0.75 and 1 which are
used as semiconductor crystals. The type of emitted particle
and its energy is set in the Primary Generator Action com-
mand of Particle Gun class. The primary particle defined was
a gamma, emitting photons of energies in the energy range
511-1332 keV from 22-Na, 60-Co and 137-Cs radioactive
sources and were placed at different distances (1, 2, 3, 5 and
10 cm) [30] from the face of detector. The simulation has
been performed for each source. The physics processes are
defined in the mandatory class (Physics List).

FIGURE 1. A geometry of the studied ternary alloys CdSexTe1−x: a): x = 0, b): x = 0.25, c) x = 0.50, d) x = 0.75, e)x = 1). The atoms
of Cd are with silver color, the Se atoms are with gold color while the Te atoms are with magenta color.
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TABLE I. Atomic positions for CdSexTe1−x alloys.

x Atom Positions

0.25 Cd (0.25, 0.75, 0.75), (0.75, 0.25, 0.75),

(0.75, 0.75, 0.25), (0.25, 0.25, 0.25)

Se (0, 0, 0)

Te (0, 0.5, 0.5), (0.5, 0, 0.5), (0.5, 0.5, 0)

0.50 Cd (0.25, 0.25, 0.25), (0.75, 0.75, 0.25),

(0.75, 0.25, 0.75), (0.25, 0.75, 0.75)

Se (0.5, 0, 0.5), (0, 0.5, 0.5)

Te (0,0,0), (0.5, 0.5, 0)

0.75 Cd (0.25, 0.25, 0.25), (0.75, 0.75, 0.25),

(0.75, 0.25, 0.75), (0.25, 0.75, 0.75)

Se (0.5, 0.5, 0), (0, 0.5, 0.5), (0.5, 0, 0.5)

Te (0,0,0)

3. Results

3.1. Structural properties

The ternary alloys CdSexTe1−x and ZnSexTe1−x are
bounded by four binary compounds of CdTe, CdSe, ZnTe
and ZnSe. The investigated materials alloys were mod-
elled in the zinc blende structure at various concentration
x = 0, 0.25, 0.5, 0.75 and 1 with ordered structures using the
construction of the eight-atoms supercell used by Agrawalet
al. [31]. Several researchers have adopted this method to de-
termine various properties of alloys [32-34]. As a prototype,
the atomic positions of CdSexTe1−x are displayed in Table I.
To determine the ground state properties such as the equi-
librium lattice constanta0 and the bulk modulusB0 and the
first-order derivative of bulk modulus (B′), the total energies
were calculated for different volumes around the equilibrium
cell volumeV0 and were adjusted to the Murnaghan equa-
tion of state [35]. The calculated structural parameters for
the specimens at different compositionsx along with previ-
ous experimental data and theoretical calculations reported in
the literature are collected in Table II.

Our computed lattice constants for binary compounds
showed best agreement with the experimental findings,
though the computedB0 is marginally underestimated. To
the best of our knowledge, there are no available experimen-
tal structural data for CdSexTe1−x and ZnSexTe1−x ternary
alloys for comparison. However, our computed results ofa0

andB0 are compared with few earlier theoretical calculations
in the literature, showing a good agreement, while the calcu-
latedB0 values are marginally over estimated with respect to
corresponding earlier theoretical data.

The variations of our obtained lattice constantsa0 and
bulk modulusB0 for CdSexTe1−x and ZnSexTe1−x ternary
alloys against fractionx are traced out in Fig. 2. We can
note that the lattice parametera0 decreases with increasing

FIGURE 2. Composition dependence of calculated lattice constant
and bulk modulus of CdSexTe1−x and ZnSexTe1−x.

anionic selenium concentrationx monotonically and almost
linearly. In fact, it should be related to the substitution of
tellurium atoms with greater radius by selenium atoms with
smaller radius. A small deviation from Vegard’s law [36]
is found for both CdSexTe1−x and ZnSexTe1−x alloys with
upward weak bowing parameters of−0.01 Å and−0.14 Å
respectively, obtained by fitting the calculated values with a
polynomial function.

On the other hand, for the bulk modulus, a visible devia-
tion from Vegard’s law from the linear concentration depen-
dence was observed exhibiting downward boing to the order
0.66 GPa and 4.82 GPa for CdSexTe1−x and ZnSexTe1−x re-
spectively. This deviation is mainly owing to the mismatch of
the bulk modulus of the corresponding terminal binary com-
pounds.

3.2. Electronic properties

The investigation of the electronic properties of semiconduc-
tors is significant to study their accuracy for the fabrication of
a variety of technological devices. In the present work, in ad-
dition to GGA functional, TBmBJ formalism is also utilized
to investigate the electronic properties of the ternary alloys
studied from the computed equilibrium lattice parameters.

3.2.1. Band structure

The calculations of the band structures of the specimens
under each of CdSexTe1−x and ZnSexTe1−x systems were
performed at the optimized lattice constants using the mBJ
scheme. Therefore, the band structures of the five specimens
under the CdSexTe1−x (x = 0, 0.25, 0.50, 0.75, 1) ternary al-
loys are represented in Fig. 3 (as a prototype). It is obvious
that the valence band maximum (VBM) and conduction band

Rev. Mex. Fis.041002
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TABLE II. Calculated equilibrium lattice parametera0(Å) and bulk modulusB0 (GPa) for the binary compounds CdSe, CdTe, ZnSe and
ZnTe and their ternary alloys CdSexTe1−x and ZnSexTe1−x .

Material a (̊A) B (GPa) Method References

This work Generalized gradient approximation of

Perdew-Burke-Ernzerhof (GGA-PBE)

CdTe 6.63 34.42

CdSe0.25Te0.75 6.54 38.42

CdSe0.50 Te0.50 6.42 39.85

CdSe0.75Te0.25 6.33 40.06

CdSe 6.22 44.58

Other calculations

CdTe 6.48 44.50 Experimental [40]

6.62 46.60 GGA-PBE [41]

6.64 36.24 GGA-PBE [14]

6.52 40.13 GGA-PBE [14]

6.53 38.86 GGA-PBE [15]

6.41 42.20 GGA-PBE [14]

6.43 40.86 GGA-PBE [15]

6.32 43.07 GGA-PBE [14]

6.33 43.54 GGA-PBE [15]

6.05 53.00 Experimental [40]

6.21 45.60 GGA-PBE [41]

6.20 44.86 GGA-PBE [42]

This work Generalized gradient approximation of

Perdew-Burke-Ernzerhof (GGA-PBE)

ZnTe 6.11 48.42

ZnSe0.25Te0.75 6.09 47.48

ZnSe0.50Te0.50 5.93 51.40

ZnSe0.75Te0.25 5.88 53.50

ZnSe 5.74 62.42

Other calculations

ZnTe 6.10 48.39 Experimental [40]

6.10 46.60 GGA-PBE [33]

6.07 36.24 GGA-PBE [43]

6.52 40.13 GGA-PBE [17]

6.53 38.86 GGA-PBE [33]

6.41 42.20 GGA-PBE [33]

6.43 40.86 GGA-PBE [17]

6.32 43.07 GGA-PBE [33]

6.33 43.54 GGA-PBE [17]

6.05 53.00 Experimental [40]

6.10 45.60 GGA-PBE [43]

6.07 44.86 GGA-PBE [32]
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FIGURE 3. Band structure for CdSexTe1−x. (x = 0, 0.25, 0.50, 0.75, 1).

minimum (CBM) lie at theΓ-symmetry point resulting in the
direct (Γ−Γ) bandgap in the zinc blende phase. It is also ob-
served that the qualitative features of band structures of each
of the said ternary alloys are almost same at any specific (Se)
concentrationx.

3.2.2. Bandgap

The bandgap values for each of the said alloys calculated us-
ing the GGA-PBE and mBJ schemes are presented in Ta-
ble III as well as some experimental and earlier theoretical
data. It is shown that our predicted band gap values for the bi-
nary compounds CdSe, CdTe, ZnSe and ZnTe using the mBJ
functional reveal good agreement with the corresponding
experimental outcomes. In contrast, the results performed

TABLE III. The minimum band gap energy of CdSexTe1−x and
ZnSexTe1−x ternary alloys calculated using the GGA-PBE and
mBJ functionals at equilibrium volume (all values are in eV).

Present Exp. Others

Material GGA-PBE mBJ

CdSexTe1−x

0 0.60 1.62 1.60 [40] 0.76 [14], 1.60 [33]

0.25 0.79 1.75 – 0.83 [14], 1.81 [33]

0.50 0.80 1.80 – 0.89 [14], 1.88 [33]

0.75 0.85 1.87 – 0.95 [14], 1.90 [33]

1 0.95 1.91 1.90 [40] 1.90 [33]

ZnSexTe1−x

0 0.98 2.40 2.39 [40] 0.58 [17], 2.40 [33]

0.25 1.16 2.42 – 0.86 [17], 2.42 [33]

0.50 1.31 2.58 – 0.83 [17], 2.50 [33]

0.75 1.44 2.61 – 0.90 [17], 2.63 [33]

1 1.53 2.83 2.82 [40] 1.10 [17], 2.86 [33]

within the GGA-PBE approximation are on the hole under-
estimated. No experimental findings for both CdSexTe1−x

and ZnSexTe1−x ternary alloys in the literature for compari-
son. Then, the calculated band gap energies for each ternary
system agree well with respect to the corresponding earlier
theoretical data for CdSexTe1−x and ZnSexTe1−x.

Figure 4 illustrates the variation of the obtained band gap
energies as a function of the compositionx in the zinc blende
phase with the equilibrium lattice constants. It can be seen
that the calculated band gap increases nonlinearly with the
increasing anionic (Se) concentration with each GGA-PBE
and mBJ approaches, respectively for all materials of interest
providing an upward bowing, where−0.18 eV and−0.22 eV
bowing is observed for CdSexTe1−x and ZnSexTe1−x re-
spectively.

FIGURE 4. Composition dependence of the calculated band gap
using GGA-PBE and mBJ for a) CdSexTe1−x and b) ZnSexTe1−x

alloys.
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FIGURE 5. Density of states for CdSexTe1−x. (x = 0, 0.25,
0.50, 0.75, 1).

3.2.3. Density of states

Studies on the density of states of any material drives us to
a profound insight into the character of their band states and
the determination of the electronic properties. In the present
section, we have computed the total and partial densities of
states for each of CdSe, CdTe, ZnSe, ZnTe and their ternary
alloys, but only the PDOS of CdSexTe1−x system are rep-
resented for the whole range of the concentrationx (as an
example) in Fig. 4 because the electronic state contribution
of the other alloy is similar.

It can be seen from Fig. 5 that the TDOS comprises three
distinguished regions: the lower valence band (LVB), upper
valence band (UVB) and the conduction band (CB), respec-
tively. The Fermi energy levelEF in all the PDOS plots is set
to origin and shown by dotted line. Besides, one can observe
that the different regions of the valence and conduction bands
are dominated by various orbitals of the Cd, Se and Te atoms.
Then, the contribution of the two-chalcogenide orbitals re-
sults from the combined contribution of Se and Te atoms.
Additionally, the contribution from different orbitals of Sele-
nium atoms progressively increases while those of Tellurium
atoms gradually decrease with increasing Selenium concen-
tration. The lower conduction band has a mixed character of
p states of Cd, Se and Te.

3.3. Geant4 simulation

The simplified simulated detector is considered as cylinder
with external dimensions of1.5′′ in radius and1.5′′ in length.
The simulations are carried out for a very large number of
events (the order of106) for all the chosen energies and the
detectors. The point source was defined to produce isotropic
emission and was positioned first at a fixed distance from the
face of the detector for all the said materials, and then we
have varied the distance taking all the possible physics pro-
cesses into account. The energy deposited in the detector has
been calculated and the output files in ASCII format were

FIGURE 6. The energy spectrum recorded for (1.5 inch.× 1.5 inch.) cylinders of CdSexTe1−x and ZnSexTe1−x (x = 25) semiconductors
and LaBr3 scintillator from a 137-Cs source.
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FIGURE 7. The energy dependent total and photopeak efficien-
cies for (1.5 inch. × 1.5 inch.) cylinders of CdSexTe1−x and
ZnSexTe1−x semiconductors and LaBr3 scintillator.

generated for each simulation. The performances have been
compared with performances of the LaBr3 scintillator detec-
tor of equivalent volume.

The properties such as energy resolution, absolute and
photo peak detection efficiencies of the said materials have
been measured for 5 different gamma ray energies. Then, the
distance from the source to the detector face was varied to
observe the effects on the semiconductor detector efficiency.

The extraction of efficiencies for sources emitting mono-
energetic gamma-rays can be obtained from the total and the
photo-peak areas. The absolute and the full-energy peak de-
tection efficiencies can be defined as [37,38] :

εabs =
total number.of gammas detected

total number.of gammas emmited by source
, (1)

εpeak =
number.of gammas detected under photopeak

number.of gammas emmited by source
. (2)

The detection efficiencies were obtained using Eqs. (1)
and (2) for each gamma ray energyemitted by the 22Na,
60Co, and 137Cs radioactive isotopes. We have reported in
Fig. 6 the simulated energy spectrum from 137-Cs recorded
with CdSe25 Te75, ZnSe25 Te75, LaBr3, NaI and KBr mate-
rials for comparison.

Figure 6 displays the variation of the energy dependent
efficiencies from 551 keV to 1332 keV for CdSexTe1−x,
ZnSexTe1−x (for x = 0.50) and LaBr3 of equivalent vol-
ume. The point source was kept at 10 cm from the face of
each detector. It was found that the variation of the abso-
lute efficiency of CdSe50 Te50 seems to be rather better than
ZnSe50 Te50 and LaBr3. From 511 keV to 662 keV and be-
yond 1200 keV, ZnSe50 Te50 shows marginally better effi-
ciency than LaBr3, maintaining by the way very slight differ-

FIGURE 8. Variation of photopeak efficiency of CdSexTe1−x,
ZnSexTe1−x and LaBr3 detector as a function of distance.

ences among them. The photo peak efficiency of CdSe50

Te50 remained higher than ZnSe50 Te50 and LaBr3. It can
also be shown from this figure, the efficiencies decrease when
the energy increases. The results show that CdSeTe is bet-
ter than all the other studied materials. Nevertheless, both
CdSeTe ternary alloy and LaBr3 seem to be almost similar,
with slight difference. Good agreement is found in compar-
ison with other results [39]. Figure 8 shows the variation of
the detection efficiency versus the distance from the detector
face for 5 different distances. It was found that the full energy
peak efficiency of the detector varies when the distance from
the source to the detector face was changed. It can be seen

FIGURE 9. Energy resolution of CdSexTe1−x detectors obtained
from 60Co versus distance.

Rev. Mex. Fis.041002
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also that the detection efficiency has decreased with the in-
creasing distance from detector face.

3.3.1. The energy resolution

The energy resolution of a detector system is obtained from
the peak full width at one-half of the maximum height
(FWHM) of a single peak using the following equation:

R =
FWHM

E0
× 100, (3)

whereR is the energy resolution andE0 is the related en-
ergy. The energy resolution of the investigated detectors is
displayed in Fig. 9 as a function distance. It can be seen from
this figure that the energy resolution of all the said materials
decreased with the increasing distance.

4. Conclusion

In the current paper, the structural and electronic properties of
CdSexTe1−x and ZnSexTe1−x ternary alloys at various con-

centration (x = 0, 0.25, 0.50, 0.75, 1) were studied using the
full potential linearized augmented plane wave method. The
computed equilibrium lattice constants and bulk moduli were
in good agreement with earlier experimental and theoretical
outcomes. We have found that the variation of the struc-
tural parameters and the band gap does not obey Vegard’s law
and depends non-linearly on the selenium concentration. Be-
sides, the electronic band structure calculations demonstrate
that the incorporation of Se in CdTe and ZnTe increases the
band gap. On another side, the full-energy peak and absolute
efficiencies of II-VI ternary alloy gamma-ray detectors were
determined by Geant4 simulations. The variation of detection
efficiency with the gamma ray energy and detection distance
was also investigated. The results show that the detection ef-
ficiencies of CdSexTe1−x ternary alloy are higher than the
corresponding ZnSexTe1−x LaBr3 and NaI efficiencies. It
was also found from this work that the detection efficiency
depends on gamma ray energy and source distance to the de-
tector. Our semiconductor materials are potential candidates
for radiation detectors. We hope that our results serve as a
reference for future theoretical and experimental researches.
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