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Introduction

Nowadays, CdTe is one of the well-studied materi-
als used in photovoltaics and optoelectronics, since
its research began about 60 years ago and continues
to this day [1, 2]. CdTe has the zinc blende structure
and belongs to the ATBY! compounds [3]. It is a semi-
conductor material with the optimum for photocon-
version band gap (E, = 1.5 eV for the monocrystalline
form and E, =1.42 eV for the polycrystalline form) [2]
and the high optical absorption coefficient (ct) near the
absorption edge of about 10° cm™ [4]. Also CdTe is
chemically stable and strong. The achieved maximum
photoconversion efficiency is 22.1% (the theoretical
Shockley—Queisser limit is 32%) [1, 5]. Currently, CdTe
thin films represent about 10% of the global photovol-
taic technology [6].

The most common defects that can be formed in
CdTe thin films are vacancies V4 and Vi, intersti-
tial defects Cd; and Te;, antisites Cd, and Te(g, etc.
[7, 8]. It is known that a large number of structural
defects, which contribute to the recombination of elec-
tron-hole pairs by impeding the movement of charge
carriers, can be reduced by annealing CdTe thin films
in a chlorine atmosphere. The annealing temperature
is in the range of 350—400 °C. After such treatment, the
appearance of a higher crystalline structure, change in
morphology, disappearance of small grains, etc., are
observed [9].

To study crystal sizes and orientation, deformation
states and thermal properties, Raman spectroscopy is
often used to directly characterize the phonon proper-
ties of the materials under study. For these purposes,
the shift of the observed Raman bands is usually meas-
ured [10]. Raman analysis is characterized by good
sensitivity to various material changes, convenience
and, importantly, it is a nondestructive method [11].

Temperature-dependent Raman spectroscopy is an
abundant source of experimental data regarding the
anharmonic phonon properties of materials [12-19].
Since it enables one to obtain information on the pho-
non energy change under the heating (cooling) con-
ditions—it can be applied to calculate anharmonic
constants for phonon energy (peak position) and
decay (linewidth) [13-18], as well as the extrapolated
energy and decay at temperature close to absolute
zero, which should be fundamentally determined by
crystal structure of the material [20]. Phonon anhar-
monicity in principle will affect not only the phonon
transport, but also the electronic transport as well
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through influencing the electron—phonon scattering
rate [21, 22]. Furtherly, optimization of light absorp-
tion in thin-film devices, for example using toroidal
multilayer structures [23], requires accurate considera-
tion of optical phonon interactions. The data on optical
mode anharmonicity then would provide parameters
for the design of such structures based on CdTe. Thus,
investigating anharmonic phonon—phonon interac-
tions provides data useful for heat transport analysis,
electric and thermoelectric properties of the material,
as well as its advanced applications.

A wide range of methods exists for the deposition
of high-quality functional films, where precise con-
trol over synthesis parameters is crucial for tailoring
their microstructure and properties [24-27], among
which are liquid phase deposition, molecular beam
epitaxy (MBE), vacuum deposition, close-space sub-
limation (CSS), close-spaced vapor transport (CSVT),
sputtering, spray pyrolysis and many others. In this
work, CdTe thin films were synthesized by the dis-
crete vacuum thermal evaporation method (a modi-
fied technique of the vacuum thermal evaporation
method), which allows taking into account the differ-
ence between the partial pressures of the constituent
elements in the obtained thin films. This enables one
to produce samples with high degree of crystallinity
and composition with strict stoichiometry [28, 29].
The development of CdTe-based technologies is not
limited to pure films. Furthermore, the integration
of CdTe semiconductor with carbon nanoforms (e.g.,
graphene, carbon nanotubes) presents a promising
route for developing advanced composite materials
with enhanced functional properties for optoelectron-
ics and photovoltaics [30-32]. Thus, a fundamental
understanding of the intrinsic properties of high-
quality CdTe films, such as their phonon behavior and
anharmonicity, becomes a crucial prerequisite for the
effective engineering and performance optimization
of such complex heterostructures [33].

The purpose of this work is to study the effect of
temperature on anharmonic phonon processes in CdTe
thin films, obtained by discrete thermal evaporation,
using temperature-dependent Raman spectroscopy
in the range from 40 to 295 K, and to determine the
3- and 4-phonon anharmonic constants for the TO,
LO and 2LO modes, to provide the basis of optimiz-
ing the thermo- and electrophysical properties of the
material for use in high-performance photovoltaic
and optoelectronic devices. Although the tempera-
ture dependence of phonons in bulk CdTe has already



been studied [16-18], such data are lacking for films
obtained by discrete thermal evaporation. Since the
controlled precursor feed minimizes the stoichiometric
deviations, the phonon scattering by defects will be
potentially reduced. This allows isolating the contri-
bution of anharmonicity to temperature shifts, which
was not achieved in previous studies.

In contrast to [16, 18], where 4-phonon effects in
bulk CdTe were not taken into account, to studies
focusing on first-principle simulation rather than cal-
culating anharmonic constants [17], as well as to the
work on CdS [19], which presented the total phonon
shift without discerning different contributions, the
present analysis clearly demonstrates the domina-
tion of 4-phonon interactions with the temperature
increase. This indicates the need to take into account
higher-order anharmonicity in devices operating near
room temperature.

Methods
Preparation of CdTe thin films

CdTe thin films were deposited on glass substrate
with the temperature of 270 °C by the discrete vacuum
thermal evaporation. The temperature was chosen to
ensure adhesion and crystallinity, reduce strain of the
film and at the same time to prevent re-evaporation
of Cd and Te during CdTe evaporation [34]. The glass
substrate was previously cleaned using an ultrasonic
bath. CdTe single crystal was used as a precursor
material [35]. CdTe milled to powder with a particle
size of 100-150 um was fed from a vertically placed
vessel into a molybdenum evaporation boat through
an automatically controlled vibrating outlet. Adjust-
ment of the rate of powder flow into the evaporation
boat was possible due to the ability to open this out-
let for times ranging from 0.2 to 0.5 s. The distance
between the substrate and the molybdenum boat was
about 12 cm, the base pressure was about 2 x 1072 Pa,
and the temperature of the evaporation boat was about
600-650 °C [29, 35]. A schematic of the evaporation
device used to synthesize CdTe films is presented in
[29].

CdTe thin films were annealed in air atmosphere at
400 °C for 1 h. The annealing temperature was chosen
to promote recrystallization, as well as to reduce pho-
non scattering by point defects, in order to highlight
anharmonic processes as the dominant mechanism of

Raman peak broadening. Annealing at temperatures
around 400 °C improves crystallinity, does not lead to
the formation of secondary oxide phase components
and relieves internal stresses.

Characterization details

X-ray energy-dispersive spectroscopy (EDX) and scan-
ning electron microscopy (SEM) were performed using
the S-4800 device (Hitachi). The secondary electron
detection mode was used in order to investigate the
surface morphology and cross-sections of CdTe films.
The operating voltage was 7.2 kV for EDX and 7.0 kV
for SEM.

Grazing incidence X-ray diffraction (GIXD) geom-
etry at 1° of incident X-rays was applied to determine
the phase composition and calculation of the struc-
tural parameters of thin films. GIXD analysis was per-
formed by Ultima IV X-ray diffractometer in the scan-
ning range from 10° to 80° (radiation source—CuKa,
A =0.15406 nm).

To investigate the temperature dependences of the
positions and FWHM of Raman bands, the Raman
spectra were obtained in the temperature range from
40 to 295 K using Nanofinder HE (LOTIS TII) confocal
Raman spectrometer. A solid-state laser with a wave-
length of 532 nm and an optical power of ~0.2 mW was
used for excitation Raman signal at room temperature
in air (focusing spot on the film surface with a diam-
eter of ~ 0.7 um). During the low-temperature meas-
urements, the samples were studied in a vacuum (less
than 5x 10~ Pa, with a setting accuracy of +0.05 K)
temperature-controlled cell. The laser spot diameter
was of ~ 1.6 um, optical power of ~1.6 mW. Exposition
time for each spectrum was 30 s. Backscattered light
was dispersed with 600 lines mm™ diffraction grating
with a spectral resolution better than 3 cm™ (about
0.1 nm of the wavelength scale).

The laser radiation powers used (0.2 mW in air,
1.6 mW through the cell glass) were chosen to be close
to the minimum detectable ones and were carefully
optimized to obtain a reliable signal with the lowest
possible impact on the sample in each configuration.
The power of 0.2 mW in air is in the range where the
heating of the bulk sample is generally recognized to
be small. Increasing the power to 1.6 mW for measure-
ments through the glass compensated for the signifi-
cant light losses in the optical path of the cell, which is
a standard practice for maintaining an adequate sig-
nal-to-noise ratio. A key confirmation of the adequacy
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of the chosen powers is the fact that the main Raman
peaks of CdTe show identical positions and shapes
in the spectra obtained in air and in the evacuated
cell through the glass. The resulting laser power den-
sity was of 0.5 mW/um? in air and of 0.8 mW/um? in
vacuum, which are below the threshold for nonlinear
effects or significant heating in CdTe [18].

Results and discussion

Composition, surface and grazing incidence
X-ray diffraction of CdTe thin films

The composition of elements in CdTe thin films was
investigated by EDX spectroscopy. For the thin films
under study, Cd and Te contents are 52.5 and 47.5
atomic percent, respectively. The stoichiometric ratio
of Cd/Te is about 1.1.

The resulting SEM and cross-sectional images of
investigated CdTe films (Fig. 1) show a homogeneous
surface without voids. The grain sizes are of ~1 um
and larger. The thickness of CdTe thin film is 3.3 pum.
Since the deposition time was 30 min, the average film
growth rate was about 0.1 um/min.

The received and theoretical GIXD patterns of CdTe
thin films are shown in Fig. 2a. The observed peaks are
in the 26 range from 20° to 80°. According to the theo-
retical data (ICSD Card No.: 01-070-804), the peaks at
20 =~23.8°,39.3°, 46.4°,62.4° 71.2°,76.3° are indicative
of (111), (220), (311), (331), (422), (511) planes of the
cubic crystal structure of CdTe.

The texture coefficient TCy, (Fig. 2b) was calculated
based on the equation [36]:

I(hkl)

B T(hkD)
TG = 1 ¢N I(hikl) @

N ~i=1 Iy(hkil;)

where I (hkl) is the theoretical peak intensity of the
(hkl) plane of CdTe (according to the data in ICSD
Card No.: 01-070-804), I(hkl) is the peak intensity of the
plane (hkl) measured in this work, and N is a number
of orientations taken into account in the calculation.

The findings indicate the preferable orientation
along the (111) plane of the CdTe cubic structure (the
peak at 20 = 23.75°), which is good for achieving effi-
cient solar cells based on CdTe thin films.

Based on the values of FWHM peaks and the Miller
indices (hkl) obtained by the Gaussian approximation
method (Origin software), the structural parameters of
CdTe thin films were also calculated.

The lattice constants (a, b, c) were found according
to the equation [37]:

a=dVh2 +k2+12, (2)

where h, k, | are the Miller indices. This form of the
equation applies to the thin films have the cubic crystal
structure (a=b=c, a == =90°). The interplanar dis-
tance (d) was calculated through the use of the Bragg's
diffraction law [37]:

2d-sin@ = n- A, 3)

where 0 is the Bragg angle; A is incident CuKa radia-
tion wavelength.

The calculated lattice parameters (a=b=c) and inter-
planar distance (d) of the investigated films are 6.48 A
and 3.74 A, respectively, that match the theoretical

Figure 1 SEM a and cross-sectional images b of CdTe thin films
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Figure 2 GIXD pattern a and the texture coefficient b of CdTe thin films

values of the CdTe cubic structure (according to ICSD
Card No.: 01-070-804: a1=b=c=6.483 A and d=3.74 A).

The coherent scattering region size (L) and the lat-
tice deformation (&) were counted by the William-
son-Hall method with the uniform deformation model
(UDM) represented as equation [38-41]

Bcosd = % +4esin, 4)

where K is shape factor (0.94).
The dislocation density (0) was calculated according
to the well-known Williamson-Smallman ratio [37]:

6=13 ()

The obtained value of the coherent scattering region
(L) is 64 nm, of the lattice deformation (¢) is ~3-107%,
and of the dislocation density (0) is 2.4 x 10'* lines/m?
[35].

The attributes of the most highly intense lines to the
CdTe structure, the absence of intense peaks indicating
the presence of secondary phases, and the obtained
TCyy coefficients indicating the preferred orientation
along the plane (111) of the CdTe structure allow to
make a conclusion that the investigated thin films
crystallize in the cubic CdTe structure.

The influence of microstructure on the functional
properties of polycrystalline films is a critical consid-
eration. The SEM and GIXD analysis revealed a grain
size of approximately 1 um and a coherent scattering

region size of 64 nm, indicating the presence of sub-
grain structure or defects within the larger grains. For
photovoltaic applications, grain boundaries in CdTe
are known to act as recombination centers for charge
carriers, potentially limiting device efficiency [7].
However, the low lattice deformation (e ~3:107%) sug-
gests a relatively relaxed film with minimal residual
strain. While size-induced effects like surface com-
pression can alter the band gap in nanocrystalline
materials, the micron-scale grain size observed here
makes such effects negligible for the bulk properties
probed by Raman spectroscopy. Therefore, the pri-
mary impact of the microstructure in our films is likely
on electronic transport properties, while the measured
phonon anharmonicity reflects the intrinsic properties
of the CdTe lattice within the grains.

Raman spectroscopy of CdTe thin films

The structure of CdTe thin films was also studied by
Raman spectroscopy. To find the Raman bands, the
approximation of the Raman spectra (at room temper-
ature in air) by the Lorentz function was used (Fig. 3).
The results are presented in Table 1.

Four pronounced peaks (98, 124, 141, 165 cm™)
and several mild ones (70, 82, 185, 273, 327 cm!) are
observed in the Raman spectra of CdTe. The Raman
peak at 165 cm™ refers to the fundamental longitudi-
nal optic (LO) phonon mode of CdTe [18, 35, 42—44].
The strongest feature observed at 124 cm™ relates
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Figure 3 Raman spectra of CdTe thin films approximated by the
Lorentz function

to the phonon with A; symmetry, while the 98 cm™
feature originates from phonons with an E symme-
try in the trigonal Te [42, 44-48]. The peak at 141 cm™!
is likely a superposition of the E mode of Te and the
TO mode of CdTe [35, 43, 48, 49]. The peak located at
273 cm™! is attributed to the second order harmonic of
the A and E mode of Te [42, 44]. The presence of Te on
the surface of CdTe films was discussed in [49-51]. The
modes observed at 327 cm ™ and 185 cm™ correspond
to 2LO and 2LO-TO modes of CdTe, respectively
[18, 35]. On the other hand, the Raman spectra of the

oxides TeO,, Te,O;, Te,Oy, CdO are also characterized
by peaks in the region of small shifts (60-200 cm™), but
they are also characterized by the presence of compa-
rable intensity lines in the range 400-850 cm™, which
are not observed in our spectra, so we can talk about
the absence oxide phases, which is in agreement with
the results of GIXD [42, 43, 52-56].

To investigate the temperature dependence of the
Raman shift of peaks position in CdTe thin films, the
corresponding Raman spectra were obtained as shown
in Fig. 4. The temperature changed from 295 to 40 K.

As mentioned above, the temperature dependen-
cies of the Raman spectra of CdTe were measured
in a thermostatic cell under ~5x 107 Pa vacuum
conditions. In this case, the laser radiation was
focused by a long-focus 20 x lens (aperture of 0.4)
into a spot with a diameter of ~ 1.6 um. Laser power
was increased to 1.6 mW to improve the signal-to-
noise ratio, while the power was selected so that the
peak positions (124, 141, 165 cm_l) coincided with
the values in the Raman spectra measured at 295 K
in air (100 x (aperture 0.95), laser power 0.2 mW),
effectively allowing to consider heat dissipation to
be quick. As can be seen from a comparison of Figs. 3
and 4, the Raman spectrum of CdTe at room tem-
perature in vacuum shows the intensity of 124 cm™!
peak has decreased, and the peak at 98 cm™ is actu-
ally not recorded. This can be explained as follows:
when using a 100 x lens, the surface of CdTe film
makes a larger contribution to the Raman spectrum,

Table 1 The Raman bands of CdTe thin films (T =295 K) (vw: very weak, w: weak, m: medium, s: strong and vs: very strong).

Experimental data

Literature data [18, 35, 42-56]

Investigated CdTe thin films CdTe Te TeO, Te,O5 Te, Oy Cdo
in air in vacuum
PC (cm™) FWHM PC (cm™") FWHM PC (cm™")

(cm™) (cm™ b
70, 10 - - - - 62/66 72 71 -
82,y 17 - - - - - - 77 -
98w 17 104, 33 - 92 - 98 - -
124, 11 126, 18 - 120/127 - - - -
141, 11 141, 13 140-142 (TO) 140/142 140 141 - -
165, 27 167 14 163-167 (LO) - - - 164 -
185, 51 184, 21 186 (2LO-TO) - 184 185/187 185 -
273, 32 269, 20 264/270 (the first 270 276 268/276 274 265

overtone of TO)

327, 24 331, 19 328-330 (2LO) - 333 - - 322
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Figure 4 The temperature dependence of the Raman spectra for
CdTe thin films

while when using a 20 x lens, the contribution of the
surface to the Raman spectrum decreases due to the
greater depth of field, which leads to a decrease in
the intensity of peaks associated with Te, and indi-
rectly indicates enrichment of film surfaces with it.
Besides, the decrease in the intensity of 124 cm™!
peak can be related to the removal of chemisorbed
oxygen during the pumping process.

When the temperature decreases to 40 K, a shift of
TO and LO modes of CdTe (~ 141 cm™, ~ 165 cm™) by
approximately 5 cm™ to the region of higher values is
observed. The position of 2LO CdTe mode (327 cm™)
shifted by about 10 cm™.

Since no mechanical strain is expected to emerge
within this experiment, the relative position temper-
ature shift Aw(T) for a Raman mode can be described
through distinguishing the volumetric thermal
expansion contribution Awy and the anharmonic

e L
24 a® T m g L
44 L
-6 ----TEC contribution T m -
-8 ] ===-3-phonon contribution B

1 - - - -4-phonon contribution
-10 | total model curve m |

Peak shift, cm™'

T T T T T T T T T T T
0 50 100 150 200 250 300
Temperature, K
Figure 5 Relative position temperature shifts obtained for TO,
LO and 2LO Raman modes of CdTe thin films, as well as the uti-
lized model approximation. The contributions of thermal expan-
sion, 3- and 4-phonon scattering are plotted separately

multiphonon interaction contribution Aw,y,_,;, [16,
19, 20]:
Aw; = b (T) + Awl,(T), ©6)

The relative position shifts obtained for TO, LO
and 2LO modes are presented in Fig. 5. The linear
approximation is often used to fit this type of data,
as for example in [57, 58]; however, clear nonlinear-
ity is evident from Fig. 5, implying the necessity of a
more advanced approach. For comparative purposes,
linear approximations are presented in Appendix A.

The thermal expansion contribution can be consid-
ered directly through the mode-specific Griineisen
parameter y; by integrating the volume thermal expan-
sion coefficient temperature dependence S(T). Since
it was found that introducing w/(T) = ', assumption
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does not affect the Aw',, calculation results notably [16],
we can describe this term as

. T T
Awy(T) = ~y; g B dT ~ O g pdT’, (7)

where y; is of 1.61 for transverse phonons of 1.01 for
longitudinal phonons [16, 59]. The thermal expansion
was integrated using its temperature dependencies
from [60, 61].

The multiphonon interaction term can be obtained
using the extended Klemens model [13-15], which
allows one to consider 3-phonon and 4-phonon scat-
tering separately:

2

3

similar for all three modes). The 3-phonon scatter-
ing is the dominating mechanism for TO, LO and
2LO modes from a temperature close to zero until
200.4, 70.9 and 43.8 K, respectively. As the tempera-
ture continues to rise, the 4-phonon interactions start
to induce major contributions to the phonon energy
shift, reaching -2.1, -3.8 and -7.6 cm™! at a room tem-
perature for TO, LO and 2LO modes, respectively,
significantly exceeding the -1.5, -1.0 and -1.7 cm™
for the 3-phonon interaction case. This interestingly
adds to the results from [16], where the 4-phonon
contribution had to be neglected to ensure conver-
gence, thus leading to the 3-phonon process domina-

+ 3 ®)

Aol (T)= A5 1+ +By|1+

ho'
exp (ﬁ) -1

ho!
exp 3T

; 2/
R

where A5’ and B, are the 3- and 4-phonon anharmonic
constants, respectively; 1 and k are the Planck and
Boltzmann constants.

The anharmonic constants were calculated as
approximation parameters by fitting the experimen-
tal shifts using expression (6), where terms (7) and
(8) were directly substituted. The results of a model
fit are presented in Table 2 and in Fig. 5 as dashed
and solid lines; the separate plotting of thermal
expansion, 3-phonon and 4-phonon contributions
allows one to compare their influence separately. The
dependencies are in general agreement with theo-
retical phonon energy analysis [12], with the experi-
mental results published by other authors [16-18], as
well as with those for CdS [19]. As seen, the model
corresponds to the experiment reasonably well, with
the thermal expansion contribution being the small-
est although non-negligible one. Its overall value for
TO, LO and 2LO modes is within the range from -0.7
to 0.1 cm™!, reaching maximum at 62.7 K and becom-
ing negative at 120.1 K (these temperature points are

tion; at the same time, this is in agreement with [62,
63], where the significance of 4-phonon processes
was demonstrated.

As seen from Table 2, the A;"© and A;"© constants
have relatively close values, while B,"® and B,"© differ
more significantly, indicating the 4-phonon processes
introduce the main difference between transverse and
longitudinal anharmonicity in this case. At the same
time, constants for 2LO are an order of magnitude
larger, implying the phonon—phonon interactions
drastically increased in this case. The overall errors
are in the ~20-30% range, except for that of B42LO,
where the larger error of ~ 35% can be found. These are
related to the scattered experimental point distribu-
tion. It is interesting to note that A,"© and B,"© values
are very close to those obtained in [19] for CdS.

Beside the position temperature dependence, the
Raman mode linewidth is also indicative of anharmonic
phonon lifetime [13-15]. Thermal expansion does not
contribute to the FWHM, which is basically defined by

Table 2 Anharmonic constants and extrapolated values near absolute zero temperature for peak position Ay, B,', @y’ and width C5’, D,

T’ for TO, LO and 2O Raman peaks of CdTe thin films

1 1 1

1 1 1

Peak oy, cm™ Ay, cm™ B,, cm~ Iy, cm™ Gy, em” D, cm™

TO 145.7 —(4.23+0.98)-102 —(1.01+0.28)-1073 6.4 (2.29+0.47)-1073 (4.73+1.51)-10°°
LO 169.7 —(3.50+0.83)-1072 —(2.47+0.66)-1073 7.5 (2.17+0.54)-1073 (2.05+0.64)-107°
21O 337.9 —(1.16+0.29)-107" —(1.92+0.67)-1072 7.7 (2.53+0.76)-1073 (2.13+0.79)-107
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crystal translation symmetry breakdown due to defects

Iy and anharmonic phonon decay I',;, ,, [13-15]:

LM =T(D) + Ty, (T, ©)

where the first term can be considered constant in the
low-temperature range, while the second one is tem-
perature-dependent. Thus, we can use the following
expression for FWHM temperature shift [13, 15]:

i AT _ i 2 i
AT = AT, (D) =Chf 1+

constants (Table 2) allow refining the transport models
in the framework of performance increase challenge
for CdTe devices [7].

The observed transition from 3- to 4-phonon
dominance at higher temperatures is consistent with
models for 2D materials, where anharmonicity is
enhanced due to lower dimension of the systems [67].
This confirms the influence of film morphology (grain
size ~ 1 um) on phonon dynamics.

Ar TDy 1 nri AT 2/
exp | 57 -1 exp | 37 -1 <exp<ﬁ>—1>

3 + 3 (10)

The resultant fit is given in Table 2 numerically
and in Fig. 6 visually in a manner similar to the peak
position fit results. As seen, the model curves corre-
spond to the experiment quite well again, showing
the overall dominance of 4-phonon processes as well.
The 3-phonon process contribution is larger in the
low-temperature range until 104.4, 25.5 and 30.2 K,
respectively, for TO, LO and 2LO modes. The corre-
sponding total room temperature contributions are of
1.8, 1.5and 1.7 cm™" in the case of 3-phonon scattering
and of 5.2, 16.3 and 16.5 cm™ for the 4-phonon interac-
tions, respectively.

As seen from Table 2, the C3i constants can be consid-
ered similar within the error for all three modes, as well
as are close the values for both C;' and D, for LO and
2LO. At the same time, the D,’ values increase approxi-
mately 4 to 5 times as we move from longitudinal to
transverse phonons, which seems reasonable for Ty4
symmetry of zinc blende structure [64, 65]. It should be
noted that the D’ constants show the largest errors of up
to ~ 37%, making these values somewhat less defining.

Summarizing the data discussion, the analyzed
nonlinear peak shift is caused by a change in the
rigidity of the crystal lattice with a change in the
interatomic distances with the temperature; freez-
ing of phonon modes which leads to the dominance
of 3-phonon processes at low temperatures (below
30-200 K, depending on the mode); and increase in
multiparticle interactions at high temperatures, which
contribute up to 70% to the mode energy shift. The
dominance of 4-phonon processes at higher tempera-
tures directly affects the thermal conductivity, which
inversely relates to the phonon decay [66], as well as
the electron—phonon scattering rate. The obtained B,’

In general, our results demonstrate the significance
of taking into account the 4-phonon interactions
while analyzing the vibrational properties of CdTe.

18+
1 == =-=3-phonon contribution a
15 ] === -4-phonon contribution
12 4 total model curve
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Figure 6 Relative FWHM temperature shifts obtained for TO,
LO and 2LO Raman modes of CdTe thin films, as well as the uti-
lized model approximation. The contributions of 3- and 4-phonon
scattering are plotted separately
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The transition from 3-phonon to 4-phonon domi-
nance around 200 K for the TO mode falls close to the
lower border of typical photovoltaic device operating
range, while for other modes, this range is dominated
by the 4-phonon interactions. This underscores the
importance of accounting for multiphonon scatter-
ing when modeling the efficiency of CdTe-based solar
cells operating under real-world conditions. Moreo-
ver, the anharmonic phonon decay affects thermal
conductivity, electric and thermoelectric properties,
both through influencing the electron—phonon scatter-
ing rate and leading to optical phonons decaying into
acoustic ones, which will directly affect the conduc-
tion of heat [21, 22, 66]. This additionally underlines
the importance of studying phonon anharmonicity in
CdTe for the precise and efficient design of photovol-
taic and optoelectronic devices.

Conclusion

In this work, we studied structural and phonon prop-
erties of CdTe thin films prepared by the discrete
vacuum thermal evaporation using X-ray energy-dis-
persive spectroscopy, scanning electron microscopy,
grazing incidence X-ray diffraction and temperature-
dependent Raman spectroscopy. Structural studies
indicated the absence of secondary phases and crystal-
lization of the films in the main phase of CdTe with the
cubic structure and with the lattice parameters close to
literature data. It was also found that CdTe thin films
have the composition close to stoichiometry (Cd/Te
ratio was of about 1.1) and continuous surface with the
grain sizes of ~1 um and larger. The thickness of the
films was of 3.3 um. These results indicate that CdTe
thin films obtained by the discrete vacuum thermal
evaporation are fit as the base layers for high-efficiency
solar cells.

Raman spectroscopy under temperatures decreas-
ing from 295 to 40 K showed the pronounced, clearly
nonlinear, peak position upshift by 4.1 cm™ for TO
mode of CdTe (at ~ 141 cm™), by 5.6 cm! for the
LO mode (~ 165 cm™) and by 10.7 cm™ for the 2LO
mode (~ 327 cm™). Using the extended Klemens
model and having calculated the thermal expansion
contribution, the anharmonic constants were deter-
mined. We found that 3-phonon scattering was the
dominant reason for the position shift of TO, LO and
2LO modes from a temperature close to zero until
200.4, 70.9 and 43.8 K, respectively. With the further

@ Springer

temperature increase, the 4-phonon interactions start
to introduce the main contribution to the phonon
energy shift. The influence of thermal expansion was
small but non-negligible, with the absolute values
of up to 0.7 cm™!. The corresponding temperature-
dependent changes in the phonon decay (linewidth)
of 6.5,19.8 and 16.6 cm ™ for TO, LO and 2LO modes,
respectively, were also dominated by 3-phonon pro-
cesses in the low temperature range until 104.4, 25.5,
and 30.2 K, whereupon the contribution of 4-phonon
scattering became the main process responsible for
the energy shift. These results can be used to take
into account anharmonic phonon-phonon scatter-
ing during design of CdTe-based photovoltaic and
optoelectronic devices.
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Appendix A

Since the linear approximation is often used to
describe Raman peak position and width temperature
dependence, we present the results of such fit below.
Due to the pronounced nonlinearity of the depend-
ence, a satisfactory agreement between the approxi-
mation curve and the experiment was achieved only
in the case of two approximations in two temperature
ranges: one from 40 to 150 K and the other from 180 to
295 K. The results are presented in Fig. 7.

The linear approximation of the obtained plots can
be described by an equation of Griineisen model of the
following form [57, 58]:

o(T) = wy + yrsT, (11)

where wy is the extrapolated phonon frequency near
the absolute zero, and + s is a linear shift temperature
coefficient.

A similar formula in the form [68]
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I(T) =To + xrwam T, (12)

was used to find FWHM at T=0 K (I)) and the cor-
responding temperature coefficient x pywpw-

The estimated values of w, and I'; near the absolute
zero, as well as xgg and gy temperature coeffi-
cients for the main CdTe Raman bands, are shown in
Table 3.3.

The negative temperature coefficient x zg accounts
for the observed shift of the Raman peak position
toward shorter wavelengths [68]. This sign generally
indicates that these shift changes are the result of ther-
mal expansion or anharmonicity contributions [69, 70].

As seen from Fig. 7 and Table 3, the linear approxi-
mation is applicable only in narrow low-temperature
ranges, as evidenced by very different visual slope
and calculated parameters of the approximation lines.
This complicates the choice of the temperature coeffi-
cients capable of describing the temperature depend-
ences of the position and FWHM of the main Raman
bands in their entirety, as well as raises doubts about
the general possibility of a comprehensive tempera-
ture dependence description using this method. Still,
the parameters presented in Table 3 may be useful in
terms of comparison and reference use.
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Figure 7 Temperature dependence of a position and b FWHM of TO(CdTe)/Eq(Te), LO, 2LO Raman modes for CdTe thin film, as

well as the corresponding linear fits
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Table 3 The calculated o,

T, Xgs ad Xy Values for T,K Peak g, cm™! XRs em™/K Ty, cm™! XEWHM> em~Y/K
CdTe thin films 40-150 TO(CdTe)/Eo(Te) 146.1 -0.015 6.0 0.012
LO 170.0 —-0.010 12.2 -0.019
2LO 337.5 -0.016 8.8 0.012
180-295 TO(CdTe)/Erp(Te) 146.4 —-0.015 9.5 0.008
LO 172.5 —-0.024 =55 0.106
2LO 347.6 —-0.067 -3.1 0.089
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