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Abstract: In this study, the geometrical, thermal, and energetic properties of zinc-blende CdTe1_,Se, (x = 0.25, 0.50,
and 0.75) nanoparticles were investigated using the bond order potential based on the modern classical molecular dy-
namics (MD) method. All MD simulations were performed using LAMMPS. Some physical properties were investigated,
such as compositional variations of Cd, Te, and Se atoms; order parameter; radial distribution function; coordination
number; potential energy; and heat capacity (C,). The simulation results were compared with the available experimen-
tal results. The obtained results revealed that an increase in the composition of Se atoms can provide contributions to
stability, which is desirable to increase the efficiency of solar cells.
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1. Introduction

Nanoparticles (NPs) have been the subject of many applications including energy, electronics, biomedicine, and
optical fields due to their excellent size- and shape-dependent properties differing based on their bulk materials.
NPs can be classified into different groups based on their type such as metal, semiconductor, insulator, or
organic. Among these types, semiconductor NPs have been widely investigated because the materials have
been found useful in important applications [1-3]. In particular, Cd-based compounds such as CdTe, CdSe,
CdZnTe, and CdTeSe are used in detectors, transistors, solar cells, and optoelectronic devices [4-8]. Recently,
ternary alloy CdTe;_,Se, compounds have received a great deal of attention when compared with binary
CdTe and CdSe and ternary CdZnTe compounds for the following reason: CdTe;_, Se, ternary alloys meet
the requirements of solar cells, photoconductors, and thin-film transistors because their absorption spectra can
be adjusted from the blue to the red regions [9]. However, CdTe and CdSe binary alloys do not work well for
emission for the blue region [10]. The electron effective mass of binary CdTe alloy is also more than that of
ternary CdTeSe, and thus the mobility of CdTe is expected to be lower than that of CdTeSe [11]. Furthermore,
solidification segregation is encountered as a problem during the growth of ternary Cd;_, Zn, Te alloys at high
temperature due to radial variations in segregation [12]. However, CdTeSe has the near-unity (0.98) segregation
coefficient of Se, and thus it is distributed uniformly in the CdTe matrix [13]. This provides a considerable
increase in the yield of detector-grade material [14]. In a recent study, researchers showed that CdTe,Se;_,
alloy layer photoactivity provides a crucial contribution for improving CdTe-based solar cells [15]. Moreover,
the short circuit current densities of CdTe cells in both the short and long wavelength regions can be enhanced
using CdSe window layers (a cell efficiency of 14.7%) due to the composition of Se atoms [16]. CdSeTe solid

solution hardening with Se is also more effective than that of CdZnTe with Zn.
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All the examples mentioned above indicate the role of the CdTeSe compound and invite further investiga-
tion about this material. Recently, we studied the physical properties of CdZnTe nanowires, nanoparticles, and
clusters by Lennard-Jones with two-body interactions [17] and the Axilrod—Teller triple-dipole function with
three-body interactions [18], bond order potential (BOP), and density functional theory (DFT) calculations
[19-24]. To our knowledge, there is no study on the size and composition dependence properties of Cd-Te-Se
NPs in the literature. Thus, the major aim of the present study was to probe the compositional variations of
Cd, Te, and Se atoms together with the order parameter (R), radial distribution function (RDF), coordination
number, potential energy, and heat capacity (C,) of zinc-blende CdTe;_, Se, NPs.

2. The method of calculations

A modern version of molecular dynamics (MD) simulations with LAMMPS [25,26] was performed using Cd-Te-
Se ternary analytical BOP [27]. The BOP formalism was constructed from CdTe BOP [28,29]. A total of 82
parameters were defined for the BOP. The details on the physics and parameterization of the BOP were given
in previous works [30-33].

In the simulations, a Nosé—Hoover thermostat [34,35] (in NVT ensemble) is used to control the thermal
equilibrium of the system. The energetic relaxation is performed at fixed geometry (stable structure). The
simulations are carried out starting at 1 K and the temperature of the system is increased by 25 K up to 800
K. The system is relaxed at every temperature rise for about 0.1 ns. The system is gradually annealed (25 K)
without waiting for thermal equilibrium. The initial velocities are determined from the Boltzmann distribution.
The effective cutoff is taken as 14.70 A since the BOP of many-body calculations involve neighbors of neighbors
of neighbors. As an example, initial views of the CdTe;_, Se, (x = 0.50) NPs’ obtained zinc-blende structure

are shown in Figure 1.
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Figure 1. The generated views of the modeled CdTeq.50Seo.50 NPs (Cd is gray, Te is orange, and Se is red).

3. Results and discussion
To understand the segregation formation and size and composition dependence properties of the CdTe;_, Se,
(x = 0.25, 0.50, and 0.75) NPs, we analyzed the compositional variations of Cd, Te, and Se atoms as well as
the order parameter, radial distribution function, potential energy, and heat capacity (C,) and compared the
results with the experimental ones in the literature.

Figures 2a and 2b respectively show the number of Te and Se atoms in the CdTe;_, Se, (x = 0.25, 0.50,

and 0.75) NPs as a function of the NP size. In Figure 2, the increase in the NP size is relatively slower up
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to 1.4 nm, and then further increase in NP size from 1.4 to 2.0 nm is observed. This increment in the NP
size is related to the shape of the NPs. This behavior can also be explained by the composition of Te and Se
atoms in the NPs. The behavior of Te and Se atoms in Figures 2a and 2b is compatible with that of a recent
experimental study at nanoscale [15]. In this recent experimental study, CdTe, Se;_, layer photoactivity, which
increases the efficiency of solar cells, was found to be extremely dependent on the composition of Te and Se
atoms. Researchers also showed that Se atoms have a significant effect on the stability of CdTe;_, Se quantum
dots [36].
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Figure 2. Number of the Te (a) and Se (b) atoms in the CdTe1—5Se, (x = 0.25, 0.50, and 0.75) NPs as a function of
NP size.

The formation of a stable structure for Cd;_, Zn,Te is one of the major problems [12] to get high
efficiency solar cell devices. Atom distribution in crystalline structures is uniform and homogeneous in general
[37]. This behavior may not be conserved at nanoscale, especially under heat treatment [21]. Thus, the order
parameter (R4) is calculated to research the stable structure in NPs by analyzing the distribution of the
different types of atoms [38]. R4 is identified by the average distance of type A atoms in accordance with the

center of an NP,

where n 4 is the number of A type atoms in the ternary ABC NPs and r; is the distance of the atoms to the
coordinate center of the NP. If R4 is a small value, it means that A type atoms are at the center; if R4 is a
large value, it means that A type atoms are at the surface region of the NP; and if R4 is a medium value, it

means a well-mixed NP.
Figures 3a—3c show the behavior of R of Cd, Te, and Se atoms according to the NP size for CdTe;_, Se

NPs (x = 0.25, 0.50, and 0.75). Cd atoms are on the surface as a general trend. The segregation of Cd atoms
to the surface can be expressed as the lower cohesive energy of Cd atoms, and thus they move away from the
inner regions of the NPs to the surface regions. Te and Se atoms are found to be at the center. The behavior
of some incorporation of Te and Se inside the core has also been observed experimentally at nanoscale [39].
Taking into consideration the compositional dependence of R, CdTe 75Seg.25 has a larger value than that of
CdTeg.255¢e0.75 and CdTeg 505¢e0.50. Figures 4-6 show the behavior of R with respect to the temperature in
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the 1.0-2.0 nm range for the Cd-Te-Se NPs. In general, it has the same behavior, except for the NP with 1.2
nm. It is interesting that Te atoms are on the surface because the distributions of the Te and Se atoms are
segregated in the surface of the NP. It is less stable than the other NPs. In addition, depending on the NP size,
the increment of R is becoming more stable than that of the other NPs under heat treatment.
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Figure 3. Behavior of the order parameter of Cd (a), Te (b), and Se (¢) atoms according to size for CdTeg.25Seo.75,
CdTeg.50Se0.50, and CdTeq.75Se.25.

To study the influence of interactions of the atoms in the NPs, we calculated the probability distribution
depending on the coordination number (Figure 7). The coordination number of all the interactions increases
in line with the rise in temperature. Figures 8a—8d respectively show the radial distribution functions of the
cadmium-cadmium (Cd-Cd), cadmium-tellurium (Cd-Te), cadmium-selenium (Cd-Se), tellurium-tellurium (Te-
Te), tellurium-selenium (Te-Se), and tellurium-selenium (Se-Se) interactions of CdTeg 50Seo.50 NP with 2.0
nm at 100 K, 300 K, 500 K, and 800 K. The RDFs are calculated for each atomic pair of the optimized
CdTeg.505€0.50 - One can see that Cd-Se has a narrower and higher distribution than the other pair interactions

because of the weaker bond [27] and the low atomic weight of the Se atom. In addition, there is a slight difference
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Figure 4. Behavior of the order parameter of Cd, Te, and Se atoms according to temperature for CdTeg.25Seq.75 .
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Figure 5. Behavior of the order parameter of Cd, Te, and Se atoms according to temperature for CdTeg.50Seo.50 -
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between Te-Se and Se-Se atoms. For Cd atoms, Cd-Cd is shorter than Cd-Te and Cd-Se interactions; for Te,
Te-Te is slightly shorter than Te-Se. For all the combinations, Cd-Se has stronger interactions than those of
the others. The fluctuations of obvious peaks in RDFs also increase with the rising temperature.

Figure 9 represents the structures of the CdTe( 50 Seg.50 spherical NP with 2.0 nm at 100 K, 300 K, 500
K, and 800 K. In Figure 9, Cd atoms move away from the inner regions of the NPs to the surface regions at

high temperature (800 K); thus, the deformation of the NP increases as the temperature increases.
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Figure 9. The structures (Cd is gray, Te is orange, and Se is red) of the CdTeq.50Seo.50 spherical NP with 2.0 nm at
various temperatures.

The potential energy as a function of temperature for various CdTeSe NPs is displayed in Figure 10. In
Figure 10, the variation of the average energy represents a linear relationship with the temperature in the range
100-800 K; however, as the NP size increases, a sharp increase is noted. Furthermore, the potential energy
decreases depending on the size increase in the NPs at all temperatures due to the stoichiometry of the surface

atoms in the NPs.
The C, is expressed with the relationship between the internal energy and temperature:

OF
= (a—T)U

In this study, the internal energy is associated with the interaction potential energy. The calculations of C,
of CdTeSe NPs with different sizes and compositions, for the first time, have been investigated using MD
simulations. Figure 11 shows the behavior of C, with respect to NP size and composition. For CdTe;_, Se,
(x = 0.25, 0.50, and 0.75), C, with respect to size does not indicate a sharp increase up to NPs with 1.4 nm.
After that, it shows a sharp increase in accordance with the increase in the NP size. This behavior can be
explained by the core and surface atoms because the surface atoms have lower proportions with the increase
in the NP size. The monotonically increasing trend of C,, with the increase in the number of atoms is related
to the composition of Te atoms when the sizes of NPs are considered [40,41]. In addition, C, has a minimum
value for CdTeq 75Seg.05 NP with 1.0 nm and a maximum value for CdTeg 75Seg.25 NP with 2.0 nm. The
obtained results indicate that the size and composition of the Te and Se atoms have a strong impact on the C,,.
This dependence of C, for ternary CdTe;_, Se, alloys was also observed in the experimental study by Predeep
et al. [42]. In this regard, the photovoltaic performance mainly resulted from the influence of nanocrystal
composition on the charge separation [43], which depends on the match of the band level positions because the

difficulty of charge separation should be the main reason for the poor photovoltaic performance of the solar
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Figure 10. Behavior of potential energy as a function of temperature according to the size and stoichiometry of NPs:
CdTeo.25Se0.75 (a), CdTeo.50Se0.50 (b), and CdTeq.75Seo.25 (c).

cells. For example, the photovoltaic properties of the solar cells based on the CdTe and CdSe nanocrystals show
big differences. A good arrangement in the composition of Se atoms may contribute to the efficiency of solar
cell applications.

4. Conclusion

We investigated the size- and composition-dependent structure of ternary zinc-blende CdTe;_, Se, NPs using
MD simulations with BOP for the first time. The compositional variations of Cd, Te, and Se atoms along with
order parameter, radial distribution function, potential energy, and heat capacity were studied. Se atoms had
a significant effect on the stability of CdTe;_,Se NPs. Some incorporation of Te and Se inside the core was
observed. The value of C}, based on size increased with the decrease in the composition of Te atoms. Se atoms
contributed significantly to stability. In addition, Cd-Se had a narrower and higher distribution than the other
pair interactions due to the weaker bond and the low atomic weight of the Se atom. The coordination number
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Figure 11. Size and composition dependence of C, for CdTe_,Se, (x = 0.25, 0.50, and 0.75) NPs in the temperature
range of 100-800 K.

with respect to probability distribution increased in line with the increase in temperature. The simulation

results were also compatible with the available experimental results.
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