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In this study, cadmium telluride (CdTe) thin films were synthesized using direct current (DC) magnetron
sputtering, and their structural and elastic properties were extensively analyzed. Scanning electron microscopy
(SEM) revealed spherical CdTe grains with an average size of approximately 850 nm. X-ray diffraction (XRD)
profile analysis, complemented by the Scherrer equation, Scherrer plot, Williamson—Hall (W—H) equations (UDM,
USDM, UDEDM), and the Size—Strain Plot (SSP) method, was used to evaluate crystallite size and various elastic
properties such as intrinsic strain, microstress, and energy density for different planes respectively. It was observed
that crystallite size and intrinsic strain increased with the thickness of the CdTe films, which was attributed to
different ionization levels of dissociated Te and Cd atoms at varying sputtering powers.
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Introduction

Thin films facilitate the layer-by-layer construction of
thin-film semiconductor devices, enabling advantages in
economic, dimensional, energy, and other aspects. Thin-
film 2D materials exhibit properties distinct from their
bulk 3D counterparts, which differ in structural, optical,
electrical, and electronic characteristics. The condensation
methods further influence the properties of similar
materials. In semiconductor thin films, critical optical,
electrical, and electronic properties are highly sensitive to
thickness constraints [1-4]. Therefore, studying the
influence of strain on the properties of thin-film materials
is essential. This is especially true for CdTe
semiconductor, where lattice strain in a polycrystal can
alter the charge carriers' location, excited state lifetimes,
absorption properties, and optical band gap. Different
methods of material synthesis can significantly impact
lattice strain, microstress, and other elastic parameters [5-
8], thereby affecting the optical and other semiconductors
properties. This material CdTe, with an optical band gap
of approximately 1.4 eV, exhibits absorption in the visible
and near infrared regions due to quantum confinement,
making it highly applicable in solar cells and sensors [9-

386

12].

When employing high-energy direct current
magnetron sputtering to produce thin-film layers of
cadmium telluride, it is feasible to adjust the sputtering
time and magnetron power to achieve layers of varying
thicknesses. During the formation of the columnar
structure of polycrystalline CdTe at different thicknesses
and plasma discharge current densities, crystallites of
varying sizes can develop within the material's thickness
and plane of the film, impacting its plasticity. Therefore,
examining the elastic properties and the effect of doping
on these properties is crucial. Among various methods
[13-14], the Williamson—Hall (W-H) method is
considered one of the most effective and straightforward
for studying crystalline size and microstrain properties
based on XRD peak analysis. While other methods [13-
14] can only determine size and strain, the W—H method
allows for determining different elastic properties such as
strain and stress energy density from typical X-ray
diffraction (XRD) analysis results.

In this study, CdTe thin films were produced using the
direct current magnetron sputtering method to investigate
their elastic properties. The crystalline nature of these
prepared films was characterized by X-ray diffraction
(XRD). Further, using different Williamson—Hall (W-H)
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equations, such as the uniform deformation model
(UDM), uniform stress deformation model (USDM), and
the uniform energy density model (UDEDM), various
elastic properties such as lattice strain, stress, and energy
density were determined for CdTe layers of different
thicknesses. Additionally, the lattice strain and size of
crystallites were calculated using the Size—Strain Plot
(SSP) method to compare with the results obtained from
the different (UDM, USDM, and UDEDM) models. Thus,
the objective of employing all these models is to examine
the impact of magnetron sputtering modes and thickness
on the CdTe film's crystalline size and elastic properties.

I. Experimental

To synthesize CdTe thin films using direct current
magnetron sputtering (DC magnetron sputtering), a
cadmium telluride (CdTe) pressed powder target was
initially prepared by cold pressing. The target was
subsequently annealed in a vacuum at a temperature range
of 60-80°C for 3 hours. A notable feature of the DC
magnetron sputtering technology used in this laboratory is
the unique design of the magnetron. Specifically, the
cooling circuit covered only the magnetic system,
eliminating the need for forced cooling of the sputtered
target.

Soda-lime glass substrates were installed in a
substrate holder equipped with a mobile heater. To
facilitate the thermionic emission of electrons from the
target material and ignite the plasma discharge, the target
underwent preheating for 15 minutes. Following this, a
"target training" process was conducted for 5 minutes.
After completing the "training" process, the substrate
holder, carrying the substrate, was moved into position
above the target without altering the discharge electrical
parameters or the pressure within the chamber. The
distance from the substrate to the target was maintained at
40 mm.

The deposition process was carried out under
controlled conditions to achieve different thicknesses of
CdTe films. The thickness of the films was adjusted by
varying the sputtering time and the magnetron power.
During the formation of the columnar structure of
polycrystalline CdTe, crystallites of different sizes were
formed within the material's thickness and plane,
depending on the plasma discharge current density. These
variations in crystallite size significantly influenced the
material's plasticity and other mechanical properties.

The morphology of uncoated CdTe samples was
observed using scanning electron microscopy (SEM) in
the secondary electron mode. The SEM instrument used
was a "Tescan Vega 3LMH", operating at an accelerating
voltage of 30 kV without additional conductive coatings.

The structure of the obtained CdTe thin films was
studied by X-ray diffractometry (XRD) methods.
Automatic recording of X-ray spectra was conducted
using ©-260 scanning on an X-ray diffractometer type
DRON, with a step size of 0.01-0.02 degrees, utilizing Ka-
radiation of a Co anode (4 = 0.1788996 nm).
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II. Results and discussion

2.1. SEM Analysis of CdTe thin film surface

SEM image for surface CdTe thin film is shown in
Figure 1. Average crystal sizes on thin film surfaces have
been obtained at approximately 850 and 900 nm for
different samples.
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Fig. 1. SEM image of surface CdTe thin film - sample 3.
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2.2. X-ray Diffraction (XRD) Analysis

In Fig. 2, the X-ray diffraction (XRD) patterns of
magnetron-sputtered CdTe thin films are depicted. All
patterns confirm the hexagonal structure of the obtained
samples when compared with data from the JCPDS
software. Specifically, XRD peaks are observed at 27.5,
49.5, 79.8, and 91.0 degrees, corresponding to the (002),
(103), (105), and (006) planes of CdTe, respectively.
Moreover, the intensity of these XRD peaks decreases as
the angle (20) increases, particularly for higher-order
planes. This gradual decrease in intensity with higher
Miller indices (hkl) is a typical pattern observed in the
XRD spectra of CdTe. Typically, there is a dominant peak
with the highest intensity in most XRD patterns due to the
prevalence of such planes within the material—in this
case, the (002) plane. The intensity of other peaks also
follows a decreasing trend with higher Miller indices and
increasing 26 values, indicating the presence of fewer such
planes in the material.

The instrumental corrected broadening () of the
diffraction peak is expressed in terms of broadening due
to instrument (Bi) as [15],

1
B =1B5 - BEI2 (M
where fy is the experimentally observed broadening. The
average crystallite size has been determined using the

corrected full width at half maximum (FWHM) for each
peak, applying Scherrer's equation [16],

kA
- B cos®
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where f is the corrected FWHM of each XRD peak in
radians, and O is the diffraction angle. In this equation,
Scherrer's constant k is taken as 1, and the X-ray
wavelength A is 0.1788996 nm. The average crystallite
size was calculated to range from 30 to 49 nm.
Additionally, the lattice constants a, ¢, and d-spacing were
also computed from the XRD data using Eq. 3, with the
results presented in Table 1. [17],
A =2dsin® 3)

As evident from Table 1, the calculated lattice
constant values for different planes show only slight
variations. The close agreement of the lattice constant
value for the (002) plane with previously reported values
for hexagonal CdTe, along with the alignment of all peak
positions with the reported positions, confirms that the
calculated lattice constant values for the other planes, as
presented in Table 1, are accurate and reliable.

The average size also has been obtained graphically
using Scherrer plot as shown in Fig. 3 (1-4), which is
drawn with 1/f along X-axis against cos® along Y-axis as
per the modified Scherrer equation, given in Eq 4 [18],

kA
cos® = —

1
> () @
From the slope of the extrapolated linear fitted plot,
the crystalline sizes for CdTe thin films have been
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obtained from 30 nm to 48 nm. Further, these XRD data
have been analyzed to study the effect of magnetron
sputtering modes on the elastic properties of CdTe thin
films by modified Williamson—Hall equation.

2.2.1 Determination of Size and Strain Using
Williamson—Hall Method

Ideally, X-ray diffraction peaks exhibit a delta
function for bulk materials. However, for thin films, these
peaks undergo broadening owing to the crystallite size
effect and intrinsic lattice strain effect. Consequently,
through peak broadening analysis, it becomes feasible to
derive values for intrinsic strain and average crystallite
size, along with other elastic properties, utilizing modified
Williamson-Hall equations such as the Uniform
Deformation Model (UDM) equation, Uniform Strain
Deformation Model (USDM) equation, and Uniform
Deformation and Elastic Distortion Model (UDEDM)
equation.

According to Williamson—Hall method, the total
broadening in a XRD peak is given by [19],

Brit = Bp + Be (%)

where [Shrr is the total broadening, fp corresponds to
broadening due to size and f: corresponds to the
broadening due to strain. Again, as per Stokes—Wilson
equation, the intrinsic strain is expressed as [20],
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Fig. 2. X-ray diffraction patterns of CdTe thin films: Sample 1 (left) and Sample 3 (right, a, b).

Calculated values of lattice constant a, ¢ and d-spacing for different (hkl

Table 1.
plane CdTe thin films

Ne LmA | 20, grad (hkl) planes d, nm a, nm c,nm | <D> nm | <e>*1073, au.
27.52 (002) 0.376
49.89 (103) 0212
1 40 o8 105) i 0459 0782 3952 3.07
91.07 (006) 0.125
| | 27.49 (002) 3.764 | | |
2 60 T os 006 o] 0459 10752 | 4502 3.78
| | 27.48 (002) 3.770 | | |
50.14 (103) 2.110
3 80 5% 105 o] 0454 0753 3024 434
91.01 (006) 1.254
| | 27.50 (002) 3.763 | | |
4 80 78.97 (105) 1.407 | 0456 0753 3895 3.69
90.99 (006) 1.254
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_ Bs
€= Ltg0 (6)

Therefore, (5) can be written after rearrangement as,
kA .
Bryi cos® = >t 4esin©® @)

This equation is the UDM equation. A graph is then
plotted with the term 4sin® along X-axis and Sjucos®
along Y-axis for different (hkl) planes both all samples of
CdTe thin films, which are shown in the Fig. 4 (1-4),
respectively. Here, the intercept and slope of the graph
gives the crystallite size and the lattice strain, respectively,
which are given in Table 2.

Now, if the strain value is small in thin films, which
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consist of nanocrystals, then according to the USDM
model, uniform stress can be considered in all
crystallographic directions. For uniform stress and small
strain value, Hook suggested a generalized law between
the strain and stresses, which is given as, o=¢*Y hkl, where
o is the uniform stress in the crystal and Y,u denotes the
modulus of elasticity. Thus, using Hook's law in Eq 7 the
modified Williamson—Hall equation for USDM is as
follows [21],

kA  40sin@®
ﬁhkl COoS @ =—++
D Yhii

®)

Now, the values of Y can be calculated from the
following formula as per hexagonal structure of the
samples [22],
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Fig. 3. Scherrer plots for all samples of CdTe thin films.
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Fig. 4. Uniform deformation model (UDM) graph for all samples of CdTe thin films.
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Table 2.
Stiffness constant value of hexagonal cadmium telluride (CdTe)
Cadmium telluride (CdTe) HEX
C11, GPa C12, GPa C13, GPa C33, GPa C44, GPa C56, GPa
62.2 35.9 29.1 68.9 13.1 13.15
p2 4 (H2?  (a)y? i
1 — [ 3 (c ) ] ©)

2 4 2 2
Yhri [Sll(hz"’@) +s33(%l) +(S44+2513)(h2+(h+:k) )(gl) ]

In this Eq 9, Si1, Si3, S33 and Sa4 denote the elastic
compliances of the hexagonal CdTe and (hkl) are the
miller indices. Again, the relation between the elastic
compliances (Si1, Si3, S33 and Sa4) are as follows [23].
Values of the elastic compliances Si1, S13, S33 and Sa4 have
been found as 0.019011, 0.005409, 0.019366 and
0.076336 GPa-1, respectively.

Using these elastic compliances values in Eq 9, Yiu
values have been calculated for the respective (hkl) planes,
which are given in Table 3.

Table 3.
Value of modulus of elasticity in different (7k/) XRD
plane
Sample Different XRD planes | Value of Yuu
(002) 51.64
(103) 40.56
CdTe HEX (105) 45.00
(006) 51.64

Thereafter, plotting the term fiuCos® along Y-axis
with 4Sin®/Yuu along X-axis, the graph of USDM for all
samples CdTe thin films are shown in Fig. 5 (1-4)

0,02
y = 0,099099x + 0,001285
B R2=0,332918
cosB
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. [
et [ ]
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cos6
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c

respectively. The intercept and the slope of the plots give
the values of size and stress which are given in Table 4.

A real crystal is imperfect due to the presence of
various defects and dislocations. As a result, the linear
relationship between stress and strain, assumed by the
USDM model, does not apply to real crystals. Therefore,
the uniform deformation energy density model (UDEDM)
is needed, as it accounts for uniform anisotropic lattice
strain across all crystallographic orientations. According
to Hooke's law, the energy density and strain are related
by the following equation, U=¢’*(Y7) where U is the
energy density and the relation between energy density
and stress is given by U=0?%/Y nu. Therefore, according to
UDEDM model, the Eq 8 can be re-written in terms of
energy density as [21],

1
_ kA . 2U \2

Bryi cosB® = e 4sin® (_yhkl) (10)
Graphs are plotted with £,4Cos® in X-axis and 4Sin®

(2/Ynk1)> in Y-axis as shown in Fig.6 (1-4). The crystallite
size and energy density were determined from the slope
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Fig. 5. Uniform stress deformation model (USDM) graph for all samples of CdTe thin films.
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Fig. 6. Uniform deformation energy density model (UDEDM) graph for all samples of CdTe thin films.

Table 4.
Crystalline size and strain calculation using UDM and USDM model for all samples of CdTe thin films
Size, nm UDM model USDM model
Sample Schelfrer Scherrer Size, nm Strain * 1073, Size, nm Stress, Gpa Strain * 1073,
equation plot a.u. a.u.
1 39.52 254.54 65.30 1.40 139.22 0.10 2.10
2 48.02 123.46 91.32 1.11 91.32 0.05 1.06
3 30.24 374.27 44.52 2.45 327.06 0.19 4.13
4 38.95 240.88 148.22 3.05 203.53 0.20 3.98
Table S.
Crystalline size and strain calculation using UDEDM model and SSP method for all samples of CdTe thin films
UDEDM model SSP method
Sample | Size,nm |Energy Density, KJ/m3 | Stress, GPa |Strain * 103, a.u. | Size, nm |Strain * 1073, a.u.
1 90.72 740.12 0.06 1.77 71.78 1.01
2 91.32 292.36 0.04 1.06 71.56 0.56
3 81.21 2624.72 0.11 3.34 27.95 1.30
4 259.27 3136.80 0.12 3.56 30.09 0.99

and intercept of the graphs, with the corresponding values
presented in Table 5. It was observed that the slope in each
graph for the respective model is positive. This positive
slope indicates an increase in lattice spacing [24], which
results in a larger lattice constant due to the accumulation
of sliding structural defects within the grain boundaries of
the polycrystalline material. The increase in the lattice
constant value has already been confirmed through
Equation 4, where the average lattice constant ¢ for CdTe
is listed in Table 1. The relationship between increasing
lattice spacing and the positive slope can be attributed to
the XRD peak widths. As the value of 2@ changes, the
intensity and peak width of the X-ray pattern decrease,
depending on the crystallographic planes. This can also be
observed in the decrease in the interplanar distance a, as
shown in Table 1.
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2.2.2 Size-Strain Plot (SSP) Method

The Size—Strain Plot (SSP) method for XRD peak
profile analysis models the peak as a combination of
Lorentzian and Gaussian functions, where size broadening
is represented by the Lorentzian function and strain
broadening by the Gaussian function. In contrast, the
Williamson—Hall (W-H) method considers peak
broadening as a function of the X-ray diffraction angle 20
[25]. In the SSP method, total peak broadening is the sum
of both Lorentzian and Gaussian contributions. Taking
this into account, the relationship between crystallite size
and strain is described by the following equation in the
SSP method [25],
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Fig. 7. Size strain plot (SSP) graph for all samples of CdTe thin films.

In this equation, duu is the separation of two (hkl)
planes. The SSP plots are shown in Fig.7 (1-4), where the
graph is plotted with the term (dnkifBrricos®)? along Y-
axis against the term dn®Brricos® along X-axis as per
Eq 11. The size and strain for all samples are given in
Table 5.

From the data in each sample and the corresponding
table, it was observed that the CdTe crystalline size varies
with different powers of magnetron sputtering. This
variation is attributed to the differential ionization of
dissociated Te and Cd atoms at varying sputtering powers.
This reduction in the average size of the ionic radii can
increase the values of elastic properties, particularly the
intrinsic strain.

Table 4 presents the estimated size and deformation
values derived from UDM and USDM. Although the
values slightly differ across models, all models indicate an
increase in crystallite size and internal strain with higher
magnetron power and deposition rates. Table 4 also
suggests that similar parameter increases are associated
with greater thickness of CdTe films and the accumulation
of sliding defects within the film. As the crystallite size
decreases, the strain value increases due to slight
alterations in atomic arrangements caused by size
constraints, leading to lattice narrowing or broadening,
and consequently, higher lattice strain and stress values
[26]. The percentage increase in intrinsic strain is
significantly higher in the USDM model since it accounts
for anisotropic strain along different lattice plane
directions, while the UDM model results from isotropic
modeling.

Moreover, both the UDEDM and SSP models, as
shown in Table 5, reveal a reduction in crystallite size with
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occurs because UDEDM accounts for uniform anisotropic
strain across different lattice planes, linked to the strain
energy density resulting from defects and dislocations in
the crystal structure. Additionally, UDEDM provides
voltage and energy density values that increase with the
thickness of the CdTe films. While all models rely on
XRD peak broadening analysis, the SSP model uniquely
combines Lorentzian (size broadening) and Gaussian
(strain broadening) functions for peak profile analysis. As
a result, the SSP model produces average size values that
closely align with those obtained from SEM analysis (as
shown in Tables 4 and 5). Nonetheless, the other models
also offer comparable results, correlating crystallite size
and strain values with various elastic properties.

Conclusions

In this work, CdTe thin-film layers were synthesized
by DC magnetron sputtering. SEM images show that the
CdTe grains on the surface of the films with an average
size of about 850 nm, respectively. In addition to XRD
profile analysis, the CdTe crystallite size was evaluated
using the Scherrer equation, Scherrer plot, W—H equation
considering UDM, USDM and UDEDM and SSP method
along with various elastic properties such as strain, stress
and energy density. It was observed that the size of the
crystallites increases with the increase in the thickness of
the CdTe films and also increases the elastic properties,
especially the inherent deformation.

The study observed that increasing the film thickness
enhances the elastic properties, particularly the intrinsic
strain. This was confirmed by all models, indicating a
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A L. To6poxkan, I'.C. Xpunynos, P.B. 3aiiues, A.B. Mepiyu, M.M. Xapuenko,
A.JI. XpunyHoBa

Po3mip KpucTadiTiB Ta BHYTPILIHI HANPYKEHHS TeKCATOHAJIBHUX TOHKHX
miiBok CdTe

Hayionanvruti mexuiunuil yHigepcumem «XapkiecbKuil NOIimexHiyHutl incmumymy, M. Xapkis, Yxpaina, dobr.abs@gmail.com

Y 1boMy 1OCIIDKEHH] TOHKI IUTiBKY Tenypuay kaamito (CdTe) Oynu oTprMaHi 3a JOIOMOT00 MarHETPOHHOT'O
PO3MUICHHS Ha TOCTifHOMY CTpyMi, i iX CTPYKTYpHI Ta NpPYXKHi BJIaCTUBOCTI OyJM JETalbHO MpOAHAIi30BaHi.
Ckanytoua enekTpoHHa Mikpockornisi (SEM) Busiuna cdepuuni 3epua CdTe i3 cepeniM po3MipoM npHOIH3HO
850 amM. Amnamiz mpodimo pentreHiBebkoi mudpakuii (XRD), nonoBHenuit piBHsHHAM Llleppepa, rpadixom
Leppepa, piasHHsAME Bimssmcona—Xomra (W-H) (UDM, USDM, UDEDM) i mertomoM rpadiky po3Mipy-
nedopmariii (SSP), BukopucTOBYyBaBcs Il BH3HAUEHHS OIHKA PO3MIPY KPHUCTANITIB 1 PI3HUX NPYKHHAX
BJIACTHBOCTEH, TaKi sK aedopmallisi, Hampyra Ta OIUIBHICTE eHeprii. Byno momideHo, Mo po3Mip KPUCTANITIB i
BlacHa aehopmailis 301IbIIyBaiCs 31 301TbIIeHHAM TOBIIMHY TTiBOK CdTe, 110 MOsSCHIOBATIOCS Pi3HUMH PiBHIMHU
ioHi3auii auconifioBanux aromis Te i Cd mpy pi3HUX MOTYKHOCTSAX MarHETPOHHOTO PO3IHIICHHSI.

KorouoBi cioBa: mMarHeTpoHHE PO3MHJICHHS Ha MOCTIHHOMY CTpPyMi, NPYKHI BIAaCTHMBOCTI, TOHKA IUIiBKa
CdTe, rpadik po3mipy-nedopmariii, peHTreHiBcbka audpaxiis
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