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ABSTRACT: Zinc substitution in Cd;_xZn,Te (CZT) alloys emerges as a powerful strategy for engineering their
structural, elastic, mechanical, acoustic and thermal properties, thereby enhancing their potential for high-performance
optoelectronic and radiation detection applications. In this work, a comprehensive first-principles investigation based
on Density Functional Theory, within both the Generalized Gradient Approximation and the Local Density Approxima-
tion, is conducted to systematically explore the composition-dependent behavior of CZT across the full concentration
range (0 < x < 1) in the cubic zinc-blende phase. The calculated elastic constants satisfy the Born stability criteria for
all compositions, confirming the intrinsic mechanical stability of the alloys upon Zn incorporation. A pronounced and
continuous increase in the bulk modulus, shear modulus and Young modulus is observed with increasing Zn content,
revealing a significant enhancement in lattice rigidity driven by the formation of shorter, stronger Zn-Te bonds and
improved bond covalency. Despite this stiffening, CZT alloys consistently exhibit ductile behavior, as demonstrated by
positive Cauchy pressures, Pugh ratios well above the critical value for ductility (B/G > 1.75), and Poisson ratios within
the range of 0.29-0.37, indicating a favorable balance between strength and deformability. The Vickers hardness shows
a systematic increase from 1.89 to 6.66 GPa with Zn concentration, highlighting improved resistance to plastic defor-
mation while maintaining the moderate hardness typical of II-VI semiconductors. Additionally, the moderate elastic
anisotropy indicates controlled directional dependence without compromising structural integrity. Concurrently, the
monotonic enhancement of the longitudinal, transverse and average sound velocities reflects increasingly efficient
elastic wave propagation and improved lattice cohesion. The Debye temperature rises significantly from approximately
163 to 227 K, providing strong evidence of reinforced interatomic bonding and superior thermal stability. Collectively,
these results deliver a coherent and in-depth theoretical framework demonstrating that the physical properties of CZT
alloys can be precisely tuned through compositional engineering. This tunability, combined with their inherent stability
and balanced mechanical performance, positions CZT as a highly promising and versatile material platform. It is well
suited for next-generation radiation detectors and advanced semiconductor devices operating, even under demanding
mechanical and thermal conditions.
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1 Introduction

II-VI semiconductor compounds and their alloys have been extensively studied due to their remarkable
physical, optical and structural properties. These characteristics make them highly relevant for modern
electronic and optoelectronic applications [1-3]. Among these materials, Cadmium Zinc Telluride (CdZnTe,
CZT) has attracted significant attention because of its tunable properties and broad technological appli-
cations. Crystallizing in the B3 zinc-blende structure under ambient conditions, CZT serves as a key
material for room-temperature radiation detectors, photovoltaic devices and electro-optic modulators [4,5].
Its principal advantage lies in the ability to continuously adjust both the band gap and lattice parameter
through Zn concentration. This tunability enables precise tailoring of material characteristics for specific
device requirements [6].

The binary end members, CdTe and ZnTe, are direct band-gap semiconductors with energy gaps of
approximately 1.48 and 2.22 eV, respectively [7]. CdTe is widely utilized in thin-film photovoltaic technology
owing to its near-ideal band gap for solar energy conversion and high optical absorption coefficient [8].
ZnTe is commonly used as a p-type back contact layer in CdTe-based solar cells, because of its suitable
band alignment and ability to reduce the Schottky barrier at the back interface. This improves hole transport
and overall device efficiency [9]. Recent advances in nanostructured CdTe/ZnTe core/shell systems have
demonstrated enhanced charge carrier mobility, and improved photo-electrode performance for solar cell
applications [10].

Alloying CdTe and ZnTe produces a continuous solid solution across the full composition range. This
generally follows Vegard law, with minor deviations characterized by the bowing parameter [11]. Substituting
Cd with the smaller Zn atom systematically influences structural, elastic, acoustic and thermal properties.
These properties are essential in determining device performance [12].

CZT alloys are particularly advantageous for radiation detection due to their high effective atomic
number (Zs = 50). This ensures efficient absorption of high-energy photons. Their wide band gap minimizes
leakage current, allowing room-temperature operation without cryogenic cooling [13,14]. Recent studies have
demonstrated that large-volume CZT detectors (4 cm’) exhibit excellent energy resolution, and efficiency for
underwater y-radiation sensing applications. Aluminum housing has been identified as optimal for marine
deployment [15]. Consequently, CZT detectors are widely applied in medical imaging systems, such as Single
Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET), as well as in
security and nuclear monitoring [16,17].

The physical properties of CZT, including band gap and lattice constant, are strongly composition-
dependent. Increasing Zn content gradually widens the band gap and nearly linearly reduces the lattice
parameter. This tunability enables control of strain in heterostructures, facilitates epitaxial growth on
diverse substrates, and makes CZT an ideal candidate for advanced optoelectronic and radiation-detection
devices [18].

Several theoretical and experimental studies have examined the fundamental electronic and optical
properties of Cd;_xZn,Te alloys. Wei et al. [19] employed first-principles calculations to explain band gap
bowing, showing that the valence band maximum is mainly Te p-states and the conduction band minimum
cation s-states. Sher et al. [20] highlighted the role of chemical bonding in determining alloy electronic
structure. Recent first-principles investigations using HSE and mB] functionals have demonstrated the
significant impact of atomic disorder on band gap energy, and thermodynamic stability across the full
composition range. They also revealed distinct behavior under biaxial strain in different crystal planes [21].
Barone etal. [22] investigated Zn,Cd, _¢ Te superlattices, demonstrating that stacking order can alter the band
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gap by ~0.2 eV. Dumre et al. [23] showed that short-range order significantly impacts phase equilibria and
optoelectronic properties of Zn,Cd,_,Te alloys.

Optical behavior has been explored extensively. Sharma et al. [24] reviewed CdZnTe thin films as
absorber layers for photovoltaic applications. Experimental studies of annealed films produced by elec-
trodeposition showed band gaps tunable between 1.72 and 2.22 eV depending on annealing temperature,
with improved surface morphology and grain structure for solar cells [25]. Tedjini et al. [26] investigated
the electronic structure and optical properties of Cd;_xZn,Te using TB-mB]J first-principles calculations,
providing insight into the effect of Zn incorporation on the material fundamental characteristics.

Transport properties, including electrical conductivity, Hall effect, carrier mobility and thermoelectric
power, have also been extensively studied in CZT crystals. These studies reveal typical semiconducting
behavior along with high resistivity values (10°-10'° Q-cm), which are essential for reducing leakage currents
in radiation detector applications [27]. Recent characterization of CZT detectors for broadband applications
has confirmed resistivity of approximately 1.9 x 10'® Q-cm, and energy resolution of 4.3% with '’ Cs sources,
demonstrating linear response across diagnostic X-ray and therapeutic radiation beams [28].

CZT alloys also exhibit interesting defect, magnetic and vibrational behaviors. Microscopic defects
in Al-doped CZT, such as Al_Cd" donors and V_Cd-Al_Cd acceptor complexes, significantly influence
charge transport and carrier lifetimes [29]. While pure CZT is non-magnetic, doping with transition
metals like Mn or Cr can induce half-metallic behavior with complete spin polarization [30]. Vibrational
properties, including longitudinal optical (LO) and transverse optical (TO) phonon frequencies, exhibit one-
mode behavior with composition. This provides insight into lattice dynamics and disorder through Raman
spectroscopy [31]. Recent time-resolved photoluminescence studies on self-assembled CdZnTe quantum
dots by M.T. Man and H.S. Lee have revealed thermally activated transitions, with localization energies
of approximately 8 meV. These studies demonstrate that quantum confinement influences both exciton-
acoustic phonon and exciton-LO phonon interactions, with multi-phonon absorption processes involving
LO phonons near 19.2 meV, contributing to carrier dynamics [32,33].

Formation of defects, including Cd-vacancies, Te-antisites and Te-inclusions, leads to deterioration in
charge collection efficiency due to carrier trapping [34]. Advanced three-dimensional position resolution
and energy spectrum calibration techniques, using finite element and Monte Carlo methods, have been
developed to mitigate signal response distortion in the near-anode region, enabling improved energy
resolution and effective sensitive volume in pixelated CZT detectors [35].

Exchange and correlation interactions substantially affect the electronic and transport properties of
semiconductors. Exchange interactions reflect the tendency of electrons to align spins, while correlation
interactions describe electron-electron influences, impacting electronic structure and transport [36,37]. In
density functional theory calculations, the choice of exchange-correlation functional significantly affects
predicted properties. The local density approximation (LDA) tends to overbind atoms, resulting in smaller
equilibrium volumes and stiffer elastic responses [38], whereas the generalized gradient approximation
(GGA) typically corrects this overbinding but may overestimate lattice constants [39,40].

Cd, _xZn,Te alloys have attracted considerable attention owing to their remarkable potential in optoelec-
tronic devices and room-temperature radiation detectors, where mechanical reliability and lattice stability
are essential for long-term device performance. In the present work, a comprehensive first-principles study
is carried out to investigate the influence of Zn incorporation on the structural, elastic, mechanical, acoustic
and thermal properties of CZT alloys over the entire compositional range (0 < x < 1). Particular emphasis
is placed on understanding how progressive Zn substitution modifies lattice rigidity, elastic resistance,
ductility, anisotropic behavior, sound-wave propagation and Debye temperature. Special attention is devoted
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to the intermediate compositions, which remain comparatively less explored despite their technological
importance for compositional engineering and performance optimization. To ensure the robustness and
reliability of the predicted properties, calculations were performed using both the LDA and GGA, allowing
a systematic evaluation of functional-dependent variations. The combined analysis of elastic constants,
mechanical moduli, acoustic velocities and thermic indicators provides deeper insight into the relationship
between alloy composition, bonding characteristics and lattice dynamics, thereby establishing a reliable
theoretical framework, for the design and optimization of CZT-based materials in advanced optoelectronic
and radiation-detection applications.

2 Method of Calculations

To investigate the structural, elastic, mechanical, acoustic and thermal properties of Cd;_¢Zn,Te
alloys, we performed first-principles calculations based on Density Functional Theory (DFT) [41,42]. All
computations were carried out using the WIEN2k package, which implements the Full Potential Linearized
Augmented Plane Wave (FP-LAPW) method [43-45]. This approach is widely recognized for its accuracy in
describing the electronic and physical properties of crystalline solids, as it makes no shape approximations for
the potential or charge density in the interstitial region. To evaluate the influence of the exchange-correlation
functional on our predictions, we employed both the LDA and the GGA as parameterized by Perdew, Burke
and Ernzerhof (PBE) [46,47]. This dual approach allows for a systematic comparison and helps identify
trends that are robust against the specific choice of functional.

The unit cell is divided into non-overlapping Muffin-Tin (MT) spheres centered on the atoms and an
Interstitial Region (IR). Inside the MT spheres, the wave functions, charge density and potential are expanded
in spherical harmonics, while plane waves are used in the IR. The MT radii were chosen as 2.5 a.u. for Cd,
2.3 a.u. for Zn and 2.4 a.u. for Te to ensure convergence and avoid sphere overlap. The plane-wave cutoft
parameter was set to Ryr x Kyax = 8.0, a value commonly adopted for II-VI semiconductors to ensure a
well-converged basis set. The maximum angular momentum inside the MT spheres was l,,.x = 10 and the
charge density was expanded up to Gpax = 12 (a.u.)™!. Core and valence states were separated by an energy
cutoff of —6.0 Ry. Brillouin zone integrations were performed using 1000 k-points to ensure accurate sampling
and convergence of the total energy, as confirmed by preliminary tests. Self-consistent calculations were
continued until the total energy converged to 10~ Ry.

The CZT alloy crystallizes in the cubic zinc-blende (B3) structure (space group F-43m, No. 216), where
the cation sites at (0, 0, 0) are shared by Cd and Zn atoms, while the anion site at (1/4, 1/4, 1/4) is occupied
by Te atom, forming a tetrahedral coordination. To model the alloy at specific compositions (x = 0.25, 0.5
and 0.75), structures were constructed using a (1 x 1 x 1) conventional zinc-blende unit cell containing 8
atoms (4 cation atoms and 4 anion atoms). Cd and Zn atoms were distributed over the cation sublattice
according to the desired stoichiometry, while Te atoms fully occupied the anion sublattice. All structures,
including the binary endpoints (x = 0 and x = 1), were fully relaxed to ensure structural stability, preserve
the tetrahedral bonding environment and accurately capture the composition-dependent evolution of the
material properties. The distribution of atomic positions is summarized in Table 1 and illustrated in Fig. 1.
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Table 1: Atomic positions of Cd;_,Zn,Te alloys in the zinc-blende structure.

Cd V4 Te
Electronics configuration [Kr] 4d'°5¢? [Ar] 3d'%4s? [Kr] 4d'%5¢*5p*
CdTe (0,0,0) / (%, Y4, )
(0,0,0)
Cd,,;Zn,,;Te (%, %, 0) (0, %, %)
(%, 0, 1) (Y, Ya, Ya)
(%, %, %)
1 1
Cd, 5 Zn, 5, Te (10’ ?’ 0 (/2’10’ 1/2 ) (%, Y, %)
(Y, %, 0) (0, %2, 1) (4. %, %)
(%, %, 0)
Cd, »sZn, ;s Te (0,0, 0) (¥, 0, ¥4)
(0, %, %)
ZnTe / (0,0,0) (Y4, Ya, Ya)

Figure 1: Zinc-blende structure of binary (a) CdTe and (b) ZnTe, and their ternary Cd;_xZnsTe supercells for
() x=10.25,(d) x = 0.50, and (e) x = 0.75.
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3 Results and Discussion
3.1 Equilibrium Properties

To determine the ground-state equilibrium properties of Cd; _Zn, Te alloys in the zinc-blende structure,
full structural relaxation was first performed to obtain the minimum total energy configuration for each
composition (x = 0, 0.25, 0.5, 0.75 and 1.0). The equilibrium lattice constant *a* was then determined by
calculating the total energy as a function of unit-cell volume using the 2D-optimize package [48]. The
obtained energy-volume data were fitted using the Birch-Murnaghan equation of state [49]. The calculated
lattice parameters within both LDA and GGA approximations are presented in Table 2.

Table 2: Equilibrium lattice constant for Cd;_Zn, Te zinc-blende at various compositions x.

Composition (x%)

Method 0 25 50 75 100
FP-LPAW LDA 6.42 6.35 6.25 6.14 6.01
. FP-LPAW GGA 6.64 6.53 6.44 6.32 6.21
Lattice constant a (A) Exp 6.482 [50] 6.105 [51]
Others 6.422 [12] 6.135 [17] 5.983 [12]
6.456 [52] 6.433 [52] 6.077 [52]
6.40 [53] 6.415 [57] 6.1026 [54]

As shown in Fig. 2, the lattice constant of Cd;_xZn,Te decreases monotonically with increasing Zn
content, from 6.42-6.64 A for CdTe to 6.01-6.21 A for ZnTe, in excellent agreement with Vegard law [11].
This systematic contraction arises directly from the smaller atomic radius of Zn (1.34 A) compared to
Cd (1.48 A), which shortens the average bond length and enhances orbital overlap as Zn concentration
increases. The GGA functional consistently yields larger lattice constants than LDA across all compositions,
a well-established behavior where LDA underestimates due to its overbinding character, while GGA slightly
overestimates via gradient corrections. Notably, the discrepancy between the two functionals diminishes at
higher Zn concentrations, reflecting reduced sensitivity to the exchange-correlation treatment as the lattice
becomes dominated by the stiffer Zn-Te bonding network. The calculated values show excellent agreement
with available experimental measurements and previous theoretical studies, validating the accuracy of the
present computational methodology. This composition-driven lattice contraction underpins the subsequent
enhancement of elastic stiffness, mechanical strength, and thermal stability detailed in the following sections.

3.2 Elastic Properties

The elastic constants were evaluated on the basis of Hooke Law, which establishes a linear relationship
between the applied stress and the resulting strain in the elastic regime [55]. In tensor notation, the relation
between the elastic constants Cjjx, the strain tensor &; and the stress tensor o;; can be expressed as:

Oij
Cijki = —» )
€kl

To determine the elastic constants of Cd;_xZn,Te alloys at their optimized lattice constants, the
calculations were performed using the Hex-elastic computational package [56]. Within this approach, the
elastic stiffness constants were obtained by applying small, symmetry-adapted strains to the equilibrium
structure, and extracting the second derivative of the total energy with respect to strain:
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1 0°E
V() aSiBSj’

C,‘j =

(2)

where V) the equilibrium volume, E the total energy and ¢ the applied infinitesimal lattice strain. This
energy-strain approach yields elastic parameters from the curvature of the energy surface at equilibrium.

6.70

6.65
6.60
6.55
6.50

Lattice constant (A)

Cd,  Zn,Te

D=—a GGA|
a LDA

Figure 2: Equilibrium lattice constant of Cd;_xZn,Te as a function of Zn concentration (x).
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All elastic constants were calculated within the DFT framework using GGA and LDA exchange-
correlation potentials for different Zn compositions, as summarized in Table 3.

Table 3: Elastic constants for Cd;_xZn, Te zinc-blende at various compositions x.

Composition x (%)

Method 0 25 50 75 100

FP-LAPW LDA 59.25 6743 7781 82.76 78.98

FP-LAPW GGA 57,61 66.39 73.71 80.65 78.29
C..(GPa) Exp 53.5 [57] 72.2 [58]
Others 62.3 [51] 79.93 [12] 78.63 [12]

573 [59] 74.50 [12] 82 [60]

FP-LAPW LDA 41.63 43.41 45.87 48.03 44.70

FP-LAPW GGA 39.60 42.48 4527 45.43 42.36
C.,(GPa) Exp 36.81 [57] 40.9 [58]
Others 27 [51] 44.06 [12] 43.72 [12]

39.63 [60] 44.99 [12] 42 [60]

FP-LAPW LDA 23.02 2722 31.32 36.91 40.23

FP-LAPW GGA 19.98 26.71 30.12 36.27 38.41
C..(GPa) Exp 19.9 [57] 30.8 [58]
Others 25.1 [51] 36.11[12] 35.61[12]

19.04 [60] 32.63 [12] 55 [60]
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Fig. 3 shows the composition-dependent elastic constants C;;, C;, and Cyy of Cd;_xZn,Te alloys
calculated using LDA and GGA. All constants increase monotonically with Zn content, reflecting lattice
stiffening due to the substitution of Cd with smaller Zn atoms and the formation of strongly bonded Zn-
Te. Specifically, C;; rises from ~57-59 to 78-79 GPa, indicating enhanced longitudinal stiffness, while C;,
increases moderately from 39-42 to 42-45 GPa, reflecting gradual strengthening of transverse deformation
resistance. In contrast, C44 shows the largest enhancement, nearly doubling from 20-23 to 38-40 GPa,
highlighting improved shear resistance. All values satisfy the Born stability criteria for cubic crystals
(Ci1 >0, Cyq >0, Cy; — Ciz >0, Gy + 2Cy; > 0) [61], thereby confirming mechanical stability across
the composition range. LDA predicts slightly higher values than GGA due to its overbinding tendency,
although both functionals exhibit consistent qualitative trends. Collectively, these results demonstrate that
Zn incorporation systematically strengthens the lattice while preserving structural integrity.

85

80
75

70
65
60
55

50 +

45 -

40

Elastic constant (GPa)

35

30- I '

25 /" ’ Cd,, Zn,Te

20

15 T T T

0 25 50 75 100
CdTe x(%) ZnTe

Figure 3: Composition dependence of the elastic constants for Cd;_xZn, Te alloys.

3.3 Mechanical Properties

The mechanical behavior of Cd;_Zn, Te alloys was further analyzed by calculating key polycrystalline
elastic moduli, derived from the single-crystal elastic constants. Using the Voigt-Reuss-Hill (VRH) aver-
aging scheme [62], the bulk modulus (B), shear modulus (G) and Young modulus (E) were determined,
providing detailed insight into the stiffness and bonding characteristics of the alloy system. In addition, the
Pugh ratio (B/G), Poisson ratio (v) and Cauchy pressure (Pc) were computed to assess the ductile or brittle
nature of the materials. The elastic anisotropy factor (A) was evaluated to quantify the directional variation
of the elastic response. Furthermore, the Vickers hardness (Hy) was also estimated to evaluate the resistance
of the alloys to plastic deformation. The complete set of calculated mechanical properties for various Zn
concentrations within both LDA and GGA approximations are summarized in Table 4.

3.3.1 Bulk Modulus

The bulk modulus (B) is a fundamental mechanical parameter that quantifies a material resistance to
uniform compression, providing vital insight into its structural stiffness and response to external pressure.
In cubic crystals, the bulk modulus can be accurately determined from the single-crystal elastic constants,
capturing how the lattice resists volume changes under hydrostatic stress. This relationship bridges the
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microscopic elastic behavior of the crystal with its macroscopic mechanical properties, allowing predictions
of material performance under various mechanical and operational conditions. The bulk modulus for cubic
systems is calculated using the expression [63]:

Cy+2C
B = 11 12

3 (3)

Table 4: Bulk modulus (B), Shear modulus (G), Young modulus (E), Cauchy pressure (P¢), Pugh ratio (B/G), Vickers
hardness (Hy), Poisson ratio (v) and Anisotropy factor (A) for Cd;_xZnyTe zinc-blende at various compositions x.

x(%) Method B(GPa) G (GPa) E(GPa) Pc(GPa) Hy (GPa) B/G v A
FP-LAPW LDA 4750 15.67 42.73 18.61 2.23 3.03 0.36 2.61
FP-LAPW GGA 45.62 14.50 39.80 19.65 1.89 3.15 0.37 2.22

0 Others 46.68 [64] 19.89 [65] 41.45 [65] 3.081 [65] 0.338 [65]
42.75 [65] 49.55 [66] 0.33 [67]
46.18 [67]
25 FP-LAPW LDA 51.42 19.60 53.45 16.19 3.49 2.62 0.35 2.20
FP-LAPW GGA 50.46 19.36 52.40 15.77 3.46 2.61 0.35 2.23
50 FP-LAPW LDA 56.52 23.90 63.65 14.55 4.74 2.36 0.34 1.96
FP-LAPW GGA 54.75 22.31 60.45 15.15 4.27 2.45 0.35 211
75 FP-LAPW LDA 59.61 27.27 72.96 11.12 5.75 2.19 0.34 2.13
FP-LAPW GGA 5717 27.18 72.63 9.16 5.94 211 0.33 2.05
FP-LAPW LDA 56.13 28.57 74.08 4.47 6.58 1.97 0.30 2.35
100 FP-LAPW GGA 54.34 28.31 73.26 3.96 6.66 1.92 0.29 2.14
Others 55.67 [64] 64.42 [68] 4 [69] 0.276 [68] 3.86 [68]
51.23 [68]

As shown in Fig. 4a, the bulk modulus of Cd,_4Zn,Te alloys exhibits a steady increase with increasing
Zn content. Specifically, B rises from approximately 45-47 GPa for CdTe to 54-56 GPa for ZnTe, reflecting an
enhancement of resistance to compressibility under hydrostatic pressure. This behavior originates from the
substitution of longer Cd-Te bonds by shorter Zn-Te bonds, which leads to a denser and more energetically
rigid lattice. Across all compositions, LDA consistently predicts higher bulk moduli than GGA, due to its
tendency to overestimate interatomic binding strength and reduce equilibrium volume. The compositional
dependence of B shows a near-linear rise up to x = 0.75, followed by slight saturation or minor reduction at
x = 1.0, suggesting that the alloy approaches the intrinsic compressional limit of the ZnTe.

3.3.2 Shear Modulus

The shear modulus G, which describes resistance to shape deformation without volume change, was
calculated using the Hill average of the Voigt and Reuss bounds [62]:

G- GV + GR ’ (4)
2
where:
Chp-C 3C
Gy = 11 2+ 44’ )

5
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G = 5(Ciy — C13)Cyy
R — >
4C44 + 3(C11 - CIZ)

(6)

70 (C)

—ELDA
0—E GGA

20
18 x >— P LDA
16 <—Pc GGA

4

ol (@ :

g Cd1-inXTe \
4

2

0 25 50 75 100
cdTe (%) ZnTe

Cauchy pressure (GPa) Young modulus (GPa)  Shear modulus (GPa)

Figure 4: Mechanical properties of Cd;_xZn,Te as a function of Zn concentration: (a) Bulk modulus B; (b) Shear
modulus G; (¢) Young modulus E; (d) Cauchy pressure Pc,

Asillustrated in Fig. 4b, the shear modulus, which measures the material resistance to lattice distortion,
increases markedly with rising Zn content. Specifically, G rises from approximately 14-15 GPa for CdTe
to 28-29 GPa for ZnTe, indicating a significant enhancement in the alloy ability to resist non-uniform
deformation and shape change. This enhancement is associated with the increasing role of directional bond-
ing constraints within the alloyed lattice, which strengthens resistance against shear strain. The difference
between LDA and GGA predictions becomes more pronounced at higher Zn concentrations, emphasizing
the sensitivity of shear response to exchange-correlation treatment of anisotropic bonding interactions.

3.3.3 Young Modulus

The Young modulus E, which measures stiffness under uniaxial stress, was derived from B and G
using [70]:

9BG

:—) 7
3B+ G (7)

As depicted in Fig. 4c, Young modulus, which quantifies tensile rigidity, exhibits a trend similar to
those of the bulk and shear moduli. E increases from approximately 39-42 GPa for CdTe to 73-74 GPa for
ZnTe, showing a nearly linear rise up to x = 0.75, followed by a plateau at higher Zn concentrations. This
trend confirms that Zn incorporation progressively enhances uniaxial stiffness by reinforcing the combined
volumetric and shear resistance of the lattice. The saturation behavior suggests that beyond intermediate
compositions, the alloy approaches a regime where further substitution yields limited additional strength-
ening of the elastic framework. The LDA functional predicts higher values than GGA due to its stronger
binding-driven stiffening of interatomic interactions.
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3.3.4 Cauchy Pressure

The Cauchy pressure is an important parameter for evaluating the nature of atomic bonding in materials,
defined as [71]:

Pc = Cip — Cyy, (8)

As shown in Fig. 4d, the Cauchy pressure remains positive across the entire composition range,
varying from approximately 4 to 20 GPa. This behavior strongly indicates ductile mechanical response
dominated by central-force interactions. as positive Cauchy pressures are typically associated with central-
force-dominated bonding and metallic-like behavior, whereas negative values reflect directional covalent
bonding and brittleness. The slight decrease in P¢ with increasing Zn content suggests a gradual shift toward
greater angular (directional) bonding contributions, consistent with the evolution observed in the shear
modulus. Thus, Cauchy pressure serves as a direct indicator of the balance between metallic-like central
forces and covalent directional bonding character. The slightly higher values predicted by GGA compared
to LDA reflect its tendency to favor a more delocalized, and less overbound electronic structure.

3.3.5 Vickers Hardness

The Vickers hardness (Hy), a widely used indicator of a material resistance to localized plastic
deformation, can be estimated from the bulk modulus (B) and shear modulus (G) using the empirical
correlation proposed by Chen et al. [72]. This formulation, expressed as:

G2\ 0585
Hvzz(g) -3, ©)

Fig. 5a provides insight into the Vickers hardness of Cd;_yZn,Te alloys as a function of composition.
The hardness exhibits a pronounced monotonic increase with Zn content, rising from approximately 1.89-
2.23 GPa for CdTe to 6.58-6.66 GPa for ZnTe. This enhancement reflects a progressive strengthening of
the elastic framework, consistent with reduced bond length and increased resistance to plastic deformation.
The increase in hardness correlates directly with the simultaneous rise in the shear modulus (G) and the
G?/B ratio, confirming the consistency of hardness with shear-driven mechanical resistance. At intermediate
compositions (x = 0.50 and 0.75), Hy exceeds 4.27 GPa, indicating a transition toward a mechanically robust
regime suitable for device applications. Minor differences between LDA and GGA are noticeable at Cd-
rich compositions but diminish toward ZnTe, indicating that compositional strengthening dominates over
functional dependence in the high-Zn limit.

3.3.6 Pugh Ratio

The Pugh ratio (B/G) was employed to assess the ductile or brittle nature of Cd;_ZnsTe (CZT) alloys.
According to the Pugh criterion, materials with B/G > 1.75 are considered ductile, whereas lower values
indicate brittleness [73,74].

Fig. 5b displays the compositional dependence of B/G across the studied alloys. The calculated ratios
range from approximately 1.92 to 3.15, remaining well above the critical threshold and confirming that
all compositions preserve ductile behavior. The B/G ratio gradually decreases with increasing Zn content,
reflecting a systematic balance shift between volumetric and shear resistance, consistent with the stiffening
observed in both bulk and shear moduli. At the CdTe-rich limit (x = 0), GGA yields a slightly higher
B/G (3.15) than LDA (3.03), while at the ZnTe-rich end (x = 1), both functionals yield comparable values
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(1.92-1.97), indicating that ductility becomes less sensitive to the exchange-correlation description as
bonding stiffens. Overall, the trend links mechanical ductility directly to the evolving dominance of shear
resistance over compressibility across the alloy series.

Pugh ratio B/G Vickers hardness (GPa)

0.36 ,)& [ v

LDA
—e—v GGA

Elastic anisotropy A Poisson ratio v

0 25 50 7% 100
CdTe X(%) ZnTe

Figure 5: Derived mechanical indicators of Cd;_xZn,Te vs. Zn content: (a) Vickers hardness Hy; (b) Pugh ratio B/G;
(c) Poisson ratio v; (d) Elastic anisotropy factor A.

3.3.7 Poisson Ratio

The Poisson ratio (v) provides information about the resistance of a material to shear deformation and
the nature of interatomic bonding. It was calculated using the relation [75]:

3B-2G

RO RO) "

As evident in Fig. 5¢, the Poisson ratio provides complementary insight into bonding character and
deformation behavior. Across all compositions. Across all compositions, v ranges from approximately 0.29 to
0.37, consistent with ductile, centrally dominated bonding interactions. Its gradual decrease with increasing
Zn content, indicating a progressive reduction in lateral strain response as directional bonding strengthens.
Small differences between LDA and GGA reflect subtle variations in predicted bond localization, but both
converge at intermediate compositions, where compositional disorder moderates functional sensitivity. This
convergence highlights that elastic response becomes increasingly, governed by alloying effects rather than
methodological differences.

3.3.8 Elastic Anisotropy Factor

The elastic anisotropy factor (A) (Zener factor) describes the directional dependence of elastic
properties in crystalline materials. It was calculated using the relation [76]:

2C
A= 44

=, (1)
Cn - Cp
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As shown in Fig. 5d, The Cd;_yZn,Te system exhibits moderate elastic anisotropy across the full
composition range, with the Zener factor A varying from 1.96 to 2.61. A clear non-monotonic behavior is
observed, where A decreases from CdTe (A = 2.22-2.61) to a minimum at intermediate Zn concentrations
(A =1.96-2.11 at x = 0.50), followed by a slight increase toward ZnTe (A = 2.14-2.35). This trend reflects a
partial compensation between the elastic constants Cy4 and C;; —C;,, governed by the competition between
Cd-Te and stronger Zn-Te bonding interactions. As a result, the alloy exhibits reduced anisotropy at
intermediate compositions, indicating a more balanced and homogeneous elastic response compared to
the binary end members. In this regime, the more uniform distribution of elastic stiffness is particularly
beneficial when the material is employed as a substrate in heterostructures, as it reduces strain energy
accumulation at interfaces and enhances strain accommodation. Overall, compositions near x = 0.5 provide
an optimal combination of structural robustness and near-isotropic elastic behavior, making them favorable
for heterostructure-based device applications. The slight enhancement of anisotropy predicted within
LDA reflects its intrinsic overbinding nature, which strengthens directional bonding contributions and
increases the contrast between elastic constants, whereas GGA generally provides a more relaxed electronic
description, and a comparatively reduced anisotropic response. Both functionals, however, tend to converge
at intermediate compositions, suggesting that compositional disorder promotes an averaging effect that
mitigates directional bonding disparities.

The three-dimensional surfaces shown in Fig. 6a—c illustrate the directional dependence of Young
modulus E, for Cd;_xZn,Te alloys along the full composition range. For CdTe, the distribution of E exhibits
a strongly distorted, non-spherical shape with pronounced lobes along specific crystallographic directions,
indicating significant elastic anisotropy. This behavior reflects the directional nature of Cd-Te bonding and
the unequal stiffness response along different crystal axes. As Zn content increases, the shape of the elastic
surface gradually becomes more uniform, with reduced directional distortion and a smoother, more rounded
topology. This transition indicates a progressive reduction in anisotropy and a more balanced distribution of
elastic stiffness, arising from the increasing contribution of stronger and more homogeneous Zn-Te bonds.
At intermediate compositions, particularly around x = 0.50, the surface approaches a more quasi-spherical
form, suggesting an almost isotropic elastic response where directional dependence is minimized. However,
as the composition approaches ZnTe, a slight re-emergence of directional features is observed, reflecting
the intrinsic anisotropy of the ZnTe endpoint. Overall, the evolution from elongated, lobe-like surfaces
(anisotropic behavior) toward more spherical geometries (isotropic behavior), clearly demonstrates that
intermediate compositions exhibit the most mechanically uniform response, which is beneficial for reducing
strain localization in device applications such as radiation detectors and heterostructure substrates.

3.4 Acoustic Properties

The acoustic behavior of Cd;_xZn,Te alloys is fundamentally governed by the compositional depen-
dence of the longitudinal (v;), transverse (v;) and average (v,,) sound velocities. These velocities, derived
rigorously from the elastic moduli via the Christoffel equation [77], constitute fundamental parameters
governing elastic wave propagation. Beyond their descriptive utility, they serve as incisive probes of
lattice dynamics, offering direct insight into the mechanical stiffness and the intrinsic bond strength that
characterize the alloy system. The calculated sound velocities as a function of Zn concentration within both
LDA and GGA approximations are compiled in Table 5.
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Figure 6: Three-Dimensional Young modulus surfaces showing the elastic anisotropy of Cd,_Zn,Te alloys: (a) CdTe,
(b) Cdo.75 Zng 25Te, () Cdo 50Zng.50 Te, (d) Cdo 25Zno.75Te and (e) ZnTe.

Table 5: Longitudinal (v;), transverse (v;), average (v,,) sound velocities and Debye temperature (®p) for Cd;_Zn,Te
zinc-blende at various compositions x.

Composition x (%)

Method 0 25 50 75 100

(Ke/m) FP-LAPW LDA 6025 5920 5905 5880 5680

pIRg FP-LAPW GGA 5445 5440 5385 5390 5150

FP-LAPW LDA 3369 3538 3874 3891 4077

v (m/s) FP-LAPW GGA 3454 3669 3945 3962 4128
Others 3297 [12] 3726 [12] 3900 [12]

FP-LAPW LDA 1612 1819 2015 2026 2154

v, (m/s) FP-LAPW GGA 1631 1886 2035 2048 2246
Others 1586 [12] 1952 [12] 2114 [12]

FP-LAPW LDA 1797 2009 2217 2230 2368

v, (m/s) FP-LAPW GGA 1820 2080 2238 2254 2459
Others 1783 [12] 2183 [17] 2359 [12]

FP-LAPW LDA 167 189 211 212 227

0,(K) FP-LAPW GGA 163 185 204 206 226
Others 165 [12] 212 [12] 235 [12]

The longitudinal sound velocity v;, which depends primarily on the bulk modulus and shear modulus
through the relation:

B+3G
v = , (12)
p

where p denotes the mass density. For each composition, the density is calculated using the standard
crystallographic relation:
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NM
- (13)
A

p

In this expression, N is the number of formula units per unit cell, M is the molar mass of the

composition, N4 is Avogadro constant (6.022 x 10** mol™!) and a is the optimized lattice constants listed
in Table 2.

As observed in Fig. 7a, the longitudinal sound velocity, which characterizes the propagation speed of
compressional waves, exhibits a gradual increase with Zn content. Values rise from approximately 3369-
3454 m/s for CdTe to 4077-4128 m/s for ZnTe, this continuous enhancement reflects the gradual hardening
of the lattice as Cd atoms are replaced by smaller Zn atoms, forming shorter and tighter Zn-Te bonds.
Consequently, the resistance to volumetric deformation increases, leading to higher propagation velocities
of longitudinal elastic waves. This behavior is consistent with the compositional evolution of the elastic
constants and density, confirming the robustness of the calculated acoustic parameters. As expected, LDA

slightly overestimates the velocities compared to GGA, due to its tendency to predict smaller lattice constants
and higher elastic stiffness.
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Figure 7: Acoustic and thermal properties of Cd;_yZn,Te as a function of Zn concentration: (a) Longitudinal sound
velocity 1; (b) Transverse sound velocity v; (¢) Average sound velocity vi,; (d) Debye temperature ®p.

The transverse sound velocity v;, expressed as:

Vi = -, (14)

As evident in Fig. 7b, the transverse sound velocity, which governs shear wave propagation and is
directly related to the shear modulus (G), increases monotonically with Zn concentration. Values range from
approximately 1612-1631 m/s for CdTe to 2154-2246 m/s for ZnTe. This behavior reflects the progressive
enhancement of resistance to shape deformation, due to the strengthening of directional covalent bonds
with increasing Zn content. The compositional dependence of v; closely mirrors that of the shear modulus.
GGA predicts slightly higher transverse velocities than LDA at most compositions, although this tendency
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is not strictly uniform across the entire compositional range. The observed deviations remain small and
composition-dependent, reflecting subtle differences in equilibrium volume and the treatment of exchange-
correlation effects in the two approximations. Overall, both functionals provide a consistent and comparable
description of shear wave propagation.

The average sound velocity v,,, often used in estimating Debye temperature, is derived from these
components and represents a mean elastic wave speed across all propagation directions [78]. It was calculated
using the relation:

L1 + 218 (15)
va=|-=+= ,
"3 v? v;

As illustrated in Fig. 7c, the average sound velocity, derived from the longitudinal and transverse
components and used in Debye temperature calculations, shows a steady increase with Zn content. Values
rise from approximately 1797-1820 m/s for CdTe to 2368-2459 m/s for ZnTe. This response reflects a contin-
uous, composition-dependent variation in lattice cohesion and elastic wave propagation with increasing Zn
content. The average sound velocity, which incorporates both longitudinal and transverse elastic responses,
serves as a reliable descriptor of the overall dynamic mechanical behavior of the system. Differences between
LDA and GGA predictions are minor and do not alter the monotonic trend, confirming the robustness of
the elastic-derived acoustic properties and the reliability of the compositional evolution.

3.5 Thermal Properties

The Debye temperature (Op) is a fundamental thermal parameter governing lattice vibrational dynam-
ics, encapsulating the interplay between interatomic bonding, atomic mass distribution and phonon
dispersion. In this work, ®p was rigorously derived from the average sound velocity using the Debye
continuum model proposed by Anderson [79]. The calculated values for different Zn concentrations are
summarized in Table 5 and were obtained from the expression:

h SnpNA)é
®Op=— ms 16
b kB( anM ) " 16)

where £ is Planck constant, kg is Boltzmann constant, # is the number of atoms per formula unit, p is the
mass density, N4 is Avogadro number and M is the molecular weight. This formulation directly links the
macroscopic elastic response to the microscopic thermal properties, providing insight into the progressive
stiffening of interatomic bonds with Zn substitution in the CZT lattice.

As shown in Fig. 7d, the Debye temperature increases from 163-167 K for CdTe to 226-227 K for
ZnTe, indicating a progressive stiffening of the lattice due to the replacement of weaker Cd-Te bonds with
stronger Zn-Te bonds. This reinforcement enhances the force constants of the crystal, leading to higher
phonon frequencies and reduced amplitude of lattice vibrations. As a result, phonon activity at operating
temperatures becomes less effective in disturbing charge transport, which directly implies a reduction in
electron-phonon scattering and thermally activated carrier fluctuations responsible for leakage current
and electronic noise. In this sense, the higher Debye temperature indicates a more rigid lattice that is
less susceptible to thermally induced distortions affecting charge carriers. Therefore, Zn incorporation
mitigates thermally activated noise in CdTe not only by strengthening Zn-Te bonding but also by suppressing
lattice vibrations that couple with carriers, thereby improving transport stability compared to pure CdTe.
Although LDA slightly overestimates ®D due to lattice overbinding and enhanced elastic stiffness, while
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GGA provides slightly lower values, both approaches consistently confirm the same mechanism, Zn-
Te bond reinforcement enhances lattice rigidity, increases Debye temperature, and consequently reduces
phonon-mediated scattering processes relevant for room-temperature detector operation.

4 Conclusion

In this work, a systematic first-principles investigation has been conducted to elucidate the composition-
dependent mechanical, acoustic and thermal behavior of Cd;_yZn,Te alloys across the full concentration
range. The results demonstrate that Zn incorporation induces a consistent enhancement of lattice stiffness, as
reflected by the increase in elastic moduli, sound velocities and Debye temperature. This behavior is primarily
attributed to the progressive formation of stronger and more directional Zn-Te bonds, which reinforce
the overall lattice cohesion. Despite this significant increase in rigidity, all studied compositions preserve
a ductile mechanical character, as confirmed by Pugh criterion and positive Cauchy pressure values. This
coexistence of enhanced stiffness and retained ductility represents a favorable combination rarely observed
in compound semiconductors, highlighting the mechanical reliability of the CZT system. Furthermore, the
moderate elastic anisotropy and improved resistance to deformation suggest that these alloys can maintain
structural integrity under varying mechanical conditions. From an application perspective, the simultaneous
improvement in mechanical strength, elastic wave propagation, and thermal stability underscores the suit-
ability of Cd;_xZn,Te alloys for advanced technological applications, particularly in radiation detection and
optoelectronic devices operating under demanding environments. Overall, this study provides a coherent
and predictive framework that can guide the rational design and optimization of CZT-based materials
through compositional engineering.
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