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A B S T R A C T   

Optical reflection spectra of CdSe1-xTex thin films deposited on quartz substrates are measured using the syn
chrotron radiation in the spectral range of 20–500 cm− 1. The absorption bands of CdSe, CdTe, CdSe0.75Te0.25, 
CdSe0.5Te0.5, and CdSe0.25Te0.75 films are localized in the range of 20–220 cm− 1. The imaginary parts of the 
dielectric function ε2(λ− 1) of CdTe1-xSex crystals calculated in the framework of the density functional theory are 
in good agreement with the experimental reflection spectra of CdTe1-xSex films. The eigenvectors of the 
dynamical matrix CdTe1-xSex crystals are analyzed for several phonon modes to understand the difference be
tween the frequency dependences of the calculated vibration density of states and the imaginary part of dielectric 
function ε2(λ− 1). Small features of the experimental reflective spectra of CdSe1-xTex films in the ranges 50–70 
cm− 1 and 80–120 cm− 1 are explained using the analysis of results of the molecular dynamics. During compar
ative molecular dynamics calculations, it was found that the vibration density of states of a thin CdTe slab with a 
surface-to-volume number of atoms relation of NS/NV = 0.2, experienced a redshift of approximately 30 cm− 1. 
This shift was observed in comparison with the CdTe single crystal.   

1. Introduction 

CdTe-based solar cells are one of the leading technologies of solar 
energy production due to their significant photovoltaic (PV) conversion 
efficiency, performance stability, low costs of fabrication, and short 
payback time [1]. In recent years PV modules and research-based small 
area devices based on CdTe solar cells have seen a significant increase in 
the efficiencies up to 18.6 % and 22.1 % [2]. The high solar cell effi
ciency (22.1 %) was achieved by using CdSe1-xTex solid state solutions 
(SSS), which have a lower band gap than CdTe [3]. Therefore CdSeTe 
SSS is one of the promising materials to improve the photovoltaic 
characteristics of thin-film solar cells [4 –6]. This improvement is 
possible because the band gap of CdTe thin films is ~ 1.5 eV and CdSe 
thin films is ~ 1.7 eV, while the band gap of CdSe1-xTex SSS is in the 

energy region 1.3–1.7 eV, which provides better efficiency compared to 
single CdTe absorber layer [7 –10]. Moreover, the band gap dependence 
of CdSe1-xTex is characterized by the bowing effect [9], which causes a 
smaller band gap compared to binary CdSe and CdTe. Therefore the 
CdSeTe/CdTe bilayer absorbs photons with longer wavelengths, which 
improves the photovoltaic characteristics. In addition, selenium con
tained in the CdSeTe/CdTe bilayer passivates bulk defects in the 
absorber, leading to increased device performance [11]. 

CdSe1-xTex SSS crystallizes in both the zinc blende and the wurzite 
structures [9,12,13]. However, for solar cell application only the zinc 
blende structure of CdSe1-xTex is desired because it is photoactive and 
can convert light into photocurrent, whereas the wurzite structure is not 
photoactive [12]. For CdSe1-xTex thin films the characteristics of band 
gaps [9,14], phase transition [15,16], photoconductivity [17], 
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photoactivity [12], and electrical properties [18,19] of CdSe1-xTex films 
have been studied. 

Among the numerous studies on the optical properties of CdSe1-xTex 
SSS, the reference information on the optical properties in the far- 
infrared range is somewhat limited [20 –22]. One of the interesting 
studies on this problem is Ref. [23], where the experimental Raman and 
infrared spectra are compared with the vibration spectra of CdSe/CdS 
core/shell nanoplatelets calculated from first principles using the den
sity functional theory (DFT). On the other hand, the optical properties of 
CdSe1-xTex SSS in the far-infrared range have not been sufficiently 
studied. 

Because of the small dimensions used in modern semiconducting 
devices, thin film technology is the prevailing one. The significant pa
rameters of the deposited thin films are the polycrystalline grain di
mensions and the electrical conductivity caused by the shallow 
electronic states originating from structural defects. It is known that the 
well-crystallized polycrystalline sample with several micrometer grain 
size can be treated as a bulk/infinite crystal for most practical purposes. 
If however, the grain dimensions are less than typically 20 lattice pa
rameters the quantum confinement effects may be noticeable also in the 
vibrational spectra [24]. 

For CdSe quantum dots, the observed Stokes shift of the LO-phonon 
Raman peak was found to be 206.1 cm− 1, which is smaller than the 
corresponding bulk sample value of 210 cm− 1 ([Ref. [25]) by 3.9 cm− 1. 
According to Ref. [26], the latter shift originates from two sources: a 
redshift due to confinement of the optical phonons [27], which is ex
pected to be 4.7 cm− 1 for 4-nm large CdSe particles, and a blue shift 
caused by lattice contraction [28]. The lattice contraction takes place for 
the surface part of the polycrystalline grains, which leads to the blue 
shift in phonon spectra. Both effects occur for the relatively small grain 
dimensions. Competition of these two effects results in the final value of 
the vibration frequency of the thin film material observed in the 
experiment. 

Information on the electrical conductivity of thin semiconducting 
films can be obtained by the analysis of their IR spectra. Depending on 
the magnitude of the free electron concentration Nc in the samples, the 
spectral features corresponding to the plasma reflection are expected to 
appear at different parts of the spectrum. The corresponding electron 
plasma frequency ωp and the characteristic monotonous frequency 
decrease of the reflective coefficient (dR/dω < 0) may be detected in the 
spectral range ω > 30 cm− 1 for the free electron concentration Nc > 1016 

cm− 3 [29]. 
In this work, experimental and theoretical studies of the optical 

properties of CdSe1-xTex films are carried out in the far-infrared range 

corresponding to the phonon excitations in the films. 

2. Methods of experimental and DFT-based studies of materials 

Measurements of the specular reflectance of CdSe1-xTex films 
deposited on the quartz layers were performed at an angle of incidence 
angle of 9◦ using the synchrotron radiation of BESSY II storage ring at 
the IRIS beamline of HZB (Berlin). The corresponding optical scheme of 
the measuring setup is presented in Fig. 1. 

The thicknesses of the deposited CdSeTe layers were in the range of 
0.44–1.2 µm. The high brilliance of the synchrotron radiation together 
with a Fourier-transform infrared (FTIR) Bruker Vertex 70/v spec
trometer allows for a precise measurement of reflection spectra of the 
samples by applying a quasi-normal incidence set-up as further 
described in [30] with a gold film as reference. Measurements could be 
performed with undefined polarization of the radiation due to the isot
ropy of the samples. Samples were placed in a cryostat for measurement 
at ambient temperature and 5 K, near the liquid helium temperature. 
Spectra were recorded with a mechanically cooled transition edge 
superconducting bolometer (QMC) in the spectral range between 20 and 
500 cm− 1 with a resolution of 4 cm− 1. The FIR detector used was a 
Cryogen-free THz bolometer made by QMC instruments. It is a closed 
cycle Niobium transition-edge sensor (TES) superconducting bolometer. 

The here-discussed reflection spectra are the result of the reflections 
from the air-film and the reflections from the film-substrate interface. 
Due to the low film thickness, the reflection spectra may not represent 
the expected complex reflection feature from the bulk material of the 
film but rather may indicate the absorption site within the film. Exem
plarily, coherent model calculations (see Fig. 2) for a 1-µm thick film on 
quartz using published optical constants for CdTe [31] and the refractive 
index ñ = 2 + i0 for fused quartz results in a reflection feature with a 
reflective maximum at the wave number λ− 1 = 138.9 cm− 1, which is a 
bit smaller than the corresponding value 141–143 cm− 1 for the 
maximum of the strongest lattice absorption for the bulk CdTe [31]. 

The DFT calculations of the crystals studied were performed using 
the VASP code [33 –38] with the projector augmented wave pseudo
potentials [38]. Two kinds of Perdew-Burke-Ernzerhof exchange-and- 
correlation functionals, GGA-PE and GGA-PS [39], were used. The 
dielectric functions in the range of phonon excitations ε(λ− 1) (here λ− 1 is 
a wavenumber) were calculated in the framework of the 
density-functional-perturbation theory (DFPT), where the dynamical 
matrix is constructed and diagonalized and the phonon modes and fre
quencies/wavenumbers of the crystal are reported in the VASP output 
file. The cut-off energy for the plane waves of 500 eV, a 

Fig. 1. Optical scheme of setup for the reflection spectra measurement of samples using FTIR spectrometer at IRIS beamline of BESSY II storage ring.  
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Methfessel–Paxton smearing of 0.05 eV [40], and 10 irreducible K- 
points, because of the large supercell, were used for the calculations. The 
relaxations of the electronic and ionic degrees of freedom were per
formed with the following default VASP stopping criteria: EDIFF =
1⋅10− 6 eV, EDIFFG = 1⋅10− 5 eV. For calculations of the phonon fre
quencies and dielectric permittivity of the materials studied the stopping 
criteria were chosen to be two orders of magnitude smaller: EDIFF =
1⋅10− 8 eV, EDIFFG = 1⋅10− 7 eV. The dispersion of phonon bands and 
vibration density of states of a crystal were obtained by using the Pho
nopy post-process code [41,42]. 

Table 1 presents various parameters of CdSe1-xTex films and their 
corresponding substrates used in the experimental measurements. The 
film surfaces used for the reflectance measurements were of good 
quality, which allowed for mirror reflection mode with minimal surface 
scattering of the incident radiation in the far-infrared range. The size of 
polycrystalline grains in the thin layer was estimated by using the 
Debye-Sherrer equation, which involved measuring the width of the 
diffraction peaks 

D =
Kλ

βcosθ
(1)  

where K = 0.9 (shape dependent factor), and β is full width at half 
maximum (FWHM) of the dominant peak. The value D was determined 
similarly to in Refs. [43–45]. 

ρ =
ZM
NaV

(2)  

where ρ – density, Z – number of atoms per unit cell (Z = 4 – for cubic 

crystal structure, Z = 2 – for hexagonal crystal structure), M – atomic 
weight (M = MCd + (1 − x)MSe + xMTe, x – from XRF), Na – Avogadro’s 
number, V – volume of the unit cell (V = a3– for cubic crystal 
structure,V =

̅̅
3

√

2 a2c– for cubic crystal structure). 
The mean interatomic distance d(Cd− Se, Cd− Te)

mean is calculated using the 
known relation for the face-centered cubic structure (space group of 
symmetry no. 216), 

d(Cd - Se,Cd - Te)
mean =

̅̅̅
3

√

4
̅̅̅̅̅
Vc

3
√

=

̅̅̅
3

√

4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(m(Cd) + m(Se) + m(Te)

ρ⋅NA

3

√

(3)  

where Vc is unit cell volume, (m(Cd) + m(Se) + m(Te)) is total unit cell 
mass, ρ is density and NA is Avogadro number. 

One can observe the expected opposite characters of the fitted linear 
dependences for the mean interatomic distance d(Cd− Te, Cd− Se)

mean and the 
density ρ on the content index x(Te) of the films studied (Fig. 3). 

3. Experimental far-infrared spectra of CdSe1-xTex thin films 

Only one distinct feature (maximum) of the experimental reflection 
spectrum R(λ− 1) is observed for CdSe (at about 170 cm− 1) and CdTe (at 
about 140 cm− 1) films (Fig. 4a). However, for CdSe1-xTex films, two 
reflectance features of R(λ− 1) with maxima at the wavenumbers close to 
those of CdSe and CdTe are detected in all three SSS compounds, 
CdSe0.75Te0.25, CdSe0.5Te0.5, and CdSe0.25Te0.75 (Fig. 4a). Similar two- 
mode behavior was observed in CdSxSe1-x thin films [46]. This result 
may confirm the assumption that the arrangement of atoms in the 
deposited CdSe1-xTex films studied is very close to the similar arrange
ments in the corresponding SSS. To verify this assumption, the 

Fig. 2. The absorption band of bulk CdTe (red lines) [31] in comparison to the 
appearing reflectance of a 1-µm-thick CdTe film (black lines) as calculated from 
an optical layer model [32]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Parameters of CdSe1-xTex films and substrates.  

Film on substrate CdSe on quartz CdTe on quartz CdSe0.5Te0.5 

on quartz 
CdSe0.5Te0.5 

on quartz 
CdSe0.25Te0.75 

on quartz 
CdSe0.75Te0.25 

on quartz 

Deposition method* HF HF QCV HF HF HF 
Substrate dimensions ~16 × 8 × 1.1 

mm3 
~16 × 8 × 1.1 
mm3 

14 (diameter) 
mm 

~8 × 16 
mm2 

~8 × 16 
mm2 

~8 × 16 
mm2 

Film thickness /μm 0.73 0.72 1.2 ~1.2 ~1.18 ~0.89 
Crystal structure Cubic 

F-43 m 
Cubic 
F-43 m 

Cubic 
F-43 m 

Cubic 
F-43 m 

Hexagonal 
P63/mmc 

Hexagonal 
P63/mmc 

D, nm 89.8 45.3 53.82 51.3 50.9 34.9 
ρ, g/cm3 ** 6.06 5.87 5.97 6.13 6.23 6.04 
d(Cd-Se, Cd-Te)

mean /Å*** 2.573 2.804 2.769 2.716 2.602 2.586 

*HF – high-frequency magnetron sputtering (13.6 MHz); QCV – quasi-closed volume method. 
** The density of the samples is calculated using the relation (2). 

Fig. 3. Dependences of density ρ and mean interatomic distance d(Cd-Te, Cd-Se)
mean 

on the content index x(Te) for CdSe1-xTex films deposited by HF method 
(see Table 1). 

A.I. Kashuba et al.                                                                                                                                                                                                                              



Infrared Physics and Technology 140 (2024) 105389

4

theoretical DFT calculations were carried out and the corresponding 
results are presented in the next subchapter. 

No clear extrema in the reflection spectra R(λ− 1) of the studied 
samples were detected at room temperature in the range of 20 to 110 
cm− 1. However, a relatively small decrease in the reflection coefficient R 
was observed in the range of 20 to 70 cm− 1. This decrease could be 
caused by the quasi-free electrons/holes due to the structural defects 
and/or remnant doping of CdSe1-xTex films. However, this possibility 
requires further separate study. 

Fig. 4b depicts the changes in the reflection spectrum of 
CdSe0.25Te0.75 film as it is cooled down to 5 K. The changes observed are 
as expected, including a high-frequency shift, a decrease in the full width 
at half maximum (FWHM), and an increase in the maximum value of the 
reflection coefficient R. The high-frequency shift is caused by the 
decrease in the unit cell dimensions of the films as the temperature 
decreases. The decrease in FWHM with decreasing temperature is also a 
common feature of the phonon–phonon interaction. 

4. Results of theoretical calculations of CdSe1-xTex SSS, 
comparison with experiment and discussion 

The calculations were performed based on the cubic conventional 1 

× 1 × 1 unit cell crystal structure of CdSe (Cd4Se4) and CdTe (Cd4Te4), 
space group of symmetry no. 216 (F-43 m). The equality of the supercell 
dimensions a = b = c was kept also when the necessary optimizations of 
the atomic positions in the 2 × 2 × 2 supercells of CdSe-CdTe solid-state 
solutions (Cd32Se32(1-x)Te32x, x  = 0, 0.25, 0.5, 0.75, 1) were performed. 
For the thus obtained supercells Cd32Se32(1-x)Te32x, the symmetries of 
the conventional 1 × 1 × 1 unit cell crystal structures of the SSS 
CdSe0.75Te0.25 and CdSe0.25Te0.75 are found to be cubic with the space 
group no. 215 (P-43 m), while the SSS CdSe0.5Te0.5 is characterized by 
the tetragonal group of symmetry of the space group no. 115 (P-4 m2). 
The crystals of SSS CdSe1-xTex were obtained by replacing the selenium 
with the tellurium atoms in the conventional unit cell Cd4Se4. Thus, the 
following crystal structures were obtained: CdSe, CdSe0.75Te0.25, 
CdSe0.5Te0.5 and CdSe0.25Te0.75, and CdTe. To avoid the interaction 
between the periodic images of atoms in the neighboring conventional 
unit cells the supercells 2 × 2 × 2 (64 atoms) with linear dimensions 
close to 12 Å were created for the DFT calculations using the VESTA 
code [47]. As a consequence of these crystal symmetries, all components 
of the dielectric permittivity tensor of cubic crystals (space groups no. 
216 and no. 215) are equal, εx = εy = εz, when for crystals of the 
tetragonal symmetry (space group no. 115) the relation εx = εy ∕= εz takes 
place. 

Fig. 4. Reflection spectra R(λ-1) of (a) CdSe, CdTe, and CdSe1-xTex films deposited by HF method at the temperature 295 K and (b) CdSe0.25Te0.75 film at the 
temperatures 295 K and 5 K. 

Fig. 5. Calculated at GGA-PE exchange-and-correlation functional and 2 × 2 × 2 supercells (a) the vibration density of states VDOS(λ-1) for CdSe0.75Te0.25, 
CdSe0.5Te0.5, and CdSe0.25Te0.75 SSS and (b, c) the dispersions of phonon energy bands for CdSe0.5Te0.5 SSS. 
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The vibrational density of states (VDOS) of CdSe0.75Te0.25, 
CdSe0.5Te0.5 and CdSe0.25Te0.75 crystals calculated by using VASP and 
Phonopy codes are presented in Fig. 5a. The frequency range of 0 to 60 
cm− 1 corresponds to the acoustic and optical phonon modes, while the 
range of 90 to 190 cm− 1 relates only to the optical phonon modes of the 
crystals. The VDOS median frequency in the range of 0 to 60 cm− 1 is 
lowest for the mixed compound CdSe0.5Te0.5, compared to 
CdSe0.75Te0.25 and CdSe0.25Te0.75. This is likely due to the higher mass 
disorder in CdSe0.5Te0.5 compared to the other two crystals. This mass 
disorder could be the main reason for the lowest coefficient of thermal 
conductivity in semiconductor alloys [48]. 

The CdSe0.5Te0.5 material exhibits three acoustic and six optical 
phonon bands within the frequency range of 0 to 60 cm− 1. This means 
that the material is likely to absorb infrared radiation around the 
wavenumber of 40 cm− 1, which can only occur at the Brillouin zone’s 
Γ-point. However, there is no band dispersion extremum at the Γ-point 
within the 90–120 cm− 1 range, where the maximum of VDOS is 
observed (as shown in Fig. 5a). This indicates that the prediction of 
infrared absorption in this range is impossible. On the other hand, there 
are numerous band extrema within the Γ-point spectral range of 
125–180 cm− 1 (as shown in Fig. 5b), making infrared absorption in this 
range possible. 

The graphs in Fig. 6 shows the vibration partial density of states 
(VPDOS) for CdSe0.5Te0.5, calculated using GGA-PE and GGA-PS ex
change-and-correlation functionals. The VPDOS curves in Fig. 6a and b 
are similar, with the main difference being a slight shift of the VPDOS 
(λ− 1) curve calculated using GGA-PS to higher frequencies by about 10 
cm− 1. This shift is caused by smaller unit cell volume (and unit cell di
mensions) obtained within the Perdew–Burke–Ernzerhof pseudopoten
tial for solids (PS) in comparison to the usual Perdew–Burke–Ernzerhof 
one (PE): the smaller crystal unit cell volume causes the higher the 
frequencies of phonon vibrations. In the low-frequency range of 0–130 
cm− 1, the VPDOS values for Cd, Se, and Te are comparable, with Cd 
having a slightly higher VPDOS value. However, in the range of 
130–180 cm− 1 (as shown in Fig. 6a), there are significant changes in the 
VPDOS and optical absorption (as shown in Fig. 4a). Due to the smaller 
atomic mass of selenium (M(Se) = 78.97) in comparison to tellurium 
(M(Te) = 127.60), the largest VPDOS values of selenium are placed in the 
higher part of the range 130–180 cm− 1 (Fig. 6a, b). 

Experimental reflection spectra of CdSe and CdTe thin films show 
only one clear maximum in the range of 0 to 220 cm− 1, which corre
sponds to the phonon excitations. The positions of the calculated max
ima of the dielectric functions ε2(λ− 1) of CdSe and CdTe crystals are 
similar to the positions of the experimentally obtained reflection fea
tures R(λ− 1) of the corresponding thin films, as shown in Fig. 7. The 
calculated static dielectric permittivities (ionic contribution) of CdSe 
and CdTe crystals obtained using the GGA-PS exchange-and-correlation 
functional are ε1

(CdSe)(λ− 1 = 0) = 3.38 and ε1
(CdTe)(λ− 1 = 0) = 2.88, 

respectively. These values are in acceptable agreement with the corre
sponding reference values, which are 3.44 and 3.05, respectively [49]. 

It is expected that the frequency position of the highest point of the 
calculated dielectric function (ε2(λ− 1)) of crystals depends on the dis
tance between the atoms. For example, in the case of CdTe, this distance 
is between cadmium and tellurium ions, indicated as dCdTe. In thin films, 
the broad phonon features of the reflection spectra (R(λ− 1)) can be 
caused by the dispersion of the corresponding interatomic distances. 
This claim is supported by the comparison of the experimental reflection 
spectrum R(λ− 1) and the calculated dielectric function (ε2(λ− 1)) of CdTe 
crystal (Fig. 7). The dispersion of the mean interatomic distances in 
CdSeTe thin films can be proportional to the surface-to-volume relation 
of the grains in the polycrystalline thin films because the near-surface 
interatomic distances are smaller than those deep in the body of the 
grain. 

We conducted a study to examine the impact of surface on the 
interatomic distances between cadmium and tellurium surface atoms. 
To accomplish this, we performed the structure optimization of a CdTe 
slab in a supercell 12.8 Å × 12.8 Å × 27 Å. The supercell contained 64 
atoms (Cd32Te32) of the initial supercell 12.8 Å × 12.8 Å × 12.8 Å at the 
cubic group of symmetry no. 216. For the limited structure optimization, 
we found that the distances between cadmium and tellurium atoms at 
the surface, d(Cd− Te)

surface1 and d(Cd− Te)
surface2, were 2.62 Å and 3.51 Å respectively. 

These distances were smaller and larger than the corresponding one d(Cd- 

Te), which was 2.88 Å for the bulk-like atoms. For the free structure 
optimization, the largest Cd-Te surface distance was found to be d(Cd-Te)

S 
= 4.05 Å. This distance may be too large to create sufficiently strong 
interatomic bonds Cd-Te, thus one can expect the less strongly bonded 
cadmium atoms on the surface of polycrystalline CdTe grains. The value 
of this effect should be proportional to the surface-to-volume relation of 
CdTe grains. Consequently, one could expect the redshift of the strongest 
absorption maximum (at 139–140 cm− 1 for bulk CdTe) for the thin films 
and relatively small polycrystalline grains of CdTe. The red frequency 
shifts in the Raman spectra of the free-standing CdSe nanocrystals were 
detected experimentally in Ref. [50]. 

Considering the relatively large characteristic grain dimension of the 
CdTe film studied, D = 45.3 nm (Table 1), no substantial changes are 
expected in the above-mentioned frequency of the transversal optical 
(TO) vibration mode of CdTe caused by the quantum confinement effect 
or by the attenuation of interatomic bonding of the surface ions due to 
the increased surface-to-volume relation. The latter reason may be 
justified by the relatively small relation of surface-to-volume number of 
atoms, NS/NV = 0.007, for CdTe polycrystalline grains of the dimension 
D = 45.3 nm (Table 1). Results of the reference study using Raman 
spectroscopy of CdSe nanoparticles [50] indicate changes in the phonon 
mode frequency Δλ− 1 = 5 cm− 1 for the grain dimension (D) changes 
between 3.9 to 5.6 nm. For the latter dimensions of the polycrystalline 
grains, the relation NS/NV = 0.09, which is one order of magnitude 

Fig. 6. (a) Calculated at (a) GGA-PE and (b) GGA-PS exchange-and-correlation functionals the spectra of the vibration partial density of states VPDOS(λ-1) of 
CdSe0.5Te0.5 crystal. 
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larger than those for the studied CdTe thin films. 
One can assume that the finite width of the experimental reflection 

maximum at the wavenumber of 139 cm− 1 (Fig. 7) is caused by the 
dispersion of the interatomic distances due to the temperature vibrations 
of atoms. To verify this assumption, we conducted the DFT calculations 
of the NVE molecular dynamics of the CdTe crystal at 200 K for a 
duration of 10 ps. This was performed using the corresponding supercell 
2 × 2 × 2 at the initial space group of symmetry no. 216, with the 
volume and total energy kept constant. We then calculated the dielectric 
function of CdTe for the atomic position set corresponding to the last 
step in the MD process, and compared it to the fitted dielectric function 
using one Lorentz function. The obtained fitted dielectric function and 
the corresponding FWHM (Fig. 8b) are similar to the experimental 
reflection spectrum obtained at the ambient temperature of 295 K 
(Fig. 4a). This result supports the assumption that the finite width of the 
experimental vibration maximum may be due to the deviations of the 
interatomic distances in CdTe thin film from one theoretical value cor
responding to the temperature T = 0 and the space group of symmetry 
no. 216. 

The calculated imaginary part of dielectric function ε2(λ− 1) shows 
the detectable values in the ranges of 40–70 cm− 1 (Fig. 8a). This can 
explain a presence of the gentle decrease of the experimental reflection 
coefficient R(λ− 1) in the range of 50–70 cm− 1 (Fig. 7), which can be 
caused by the excitation of phonon modes in the ranges of 40–70 cm− 1 at 
finite temperatures, T > 0. In such case, the absorption of the far- 
infrared radiation by the free charge carriers (electrons or holes) is not 
necessary to explain this decrease of the experimental reflection coef
ficient R(λ− 1) in the range of 50–70 cm− 1. 

The imaginary part of dielectric function (ε2(λ− 1)) and infrared in
tensity (Inorm(λ− 1)) of CdSe1-xTex SSS show maximum values around the 
frequency range of 130–180 cm− 1 (Fig. 9). The Born effective charges 
calculated by the VASP code were used to obtain the spectra of infrared 
intensity Inorm(λ− 1) using an additional algorithm called plotIR [51]. 
This algorithm calculates the peak intensity proportional to the Born 
effective charges and adds a Lorentzian smearing, resulting in a spec
trum that can be compared with the experimental reflection and ab
sorption spectra of the material. The DFT calculations (ε2(λ− 1), 
Inorm(λ− 1), and eigenvectors of the dynamical matrix) were obtained 
using GGA-PS exchange-and-correlation functional. When using the 
GGA-PE exchange-and-correlation functional, similar dependencies of 
ε2(λ− 1) and Inorm(λ− 1) are obtained, but they are shifted towards the 
range of smaller wavenumbers (λ− 1) (see the explanation corresponding 
to similar differences in VPDOS in Fig. 6). 

Only one spectral peak is observed for CdSe and CdTe compositions. 
This is caused by the high cubic symmetry of the corresponding super
cells and only one type of ionic bonding, either Cd – Se or Cd – Te. The 
spectral positions of maximum the imaginary part of dielectric function 
ε2(λ− 1) obtained from our calculations for CdSe (167.6 cm− 1) and CdTe 
(141.4 cm− 1) crystals (Fig. 9) are in an expected inverse relation with 
the masses of Se (MSe = 78.9) and Te (MTe = 127.6) anion atoms and in 
good agreement with the experimentally observed reflection bands 
(Fig. 4). 

Table 2 shows the positions of maxima in the experimental reflection 
spectra R(λ− 1) and in the computational spectra of the imaginary part of 
the dielectric function ε2(λ− 1) of CdSe1-xTex SSS. The corresponding 
wavenumbers are in relatively good agreement. 

Fig. 7. Calculated spectrum of the imaginary part of dielectric function ε2(λ-1) of CdTe crystal at the cubic space group of symmetry no. 216 for (a) GGA-PS and (b) 
GGA-PE exchange-and-correlation functionals and the experimental spectrum of the normal incidence reflection coefficient R(λ-1) of thin CdTe film (d = 0.72 μm). 

Fig. 8. Imaginary parts of dielectric function ε2x(λ-1), ε2y(λ-1), and ε2z(λ-1) of CdTe crystal (space group of symmetry no. 216, supercell 2 × 2 × 2) calculated for one 
of the atomic position sets of the molecular dynamics (NVE ensemble, temperature 200 K, duration of molecular dynamics 10 ps): (a) without additional treatment, 
(b) fitted by one Lorentz function. 
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Fig. 10 shows the eigenvectors of three infrared vibration modes of 
the CdTe crystal. For each infrared mode (73, 74, and 75), the vibration 
eigenvectors/ion displacements (Δx, Δy, and Δz), are opposite in phases 
for cadmium and tellurium ions. This agrees with the expected change of 
electrical dipoles of Cd-Te ionic bonding upon absorption of infrared 
radiation. 

Three spectral maxima of the dielectric function ε2(λ− 1) have been 
observed in CdSe1-xTex SSS samples for x  = 0.25 and x  = 0.75 (as shown 
in Fig. 9), corresponding to different vibration modes. For 
CdSe0.75Te0.25, the ion displacements Δ are presented in Fig. 11, cor
responding to the aforementioned three spectral maxima of ε2(λ− 1). The 
characteristic feature of the vibration mode 89 (wavenumber 151.1 
cm− 1) is the largest eigenvector for the heaviest tellurium ions, MTe =

127.6, (the ion numbers 56–64) (as depicted in Fig. 11c). Conversely, 
the high-frequency mode 35 of wavenumber 172.5 cm− 1 is realized due 

to the large displacement of the lighter selenium ions, MSe = 78.9, (the 
ion numbers 48–56) (as shown in Fig. 11a). The middle-frequency vi
bration mode 65 (wavenumber 164.08 cm-1) is characterized by the 
relatively large eigenvectors for all selenium ions (as illustrated in 
Fig. 11b). 

Similar features are observed for the dependence of the displace
ments Δx, Δy, and Δz of selenium and tellurium ions in the compound 
CdSe0.25Te0.75 (Fig. 12). The largest displacement Δ is observed for se
lenium ions when the wavenumber is λ− 1 = 165.16 cm− 1 (Fig. 12a). At 
smaller wavenumbers, 144.72 cm− 1 and 134.81 cm− 1, the displace
ments of tellurium atoms become larger than those of selenium ones 
(Fig. 12b, c). 

It is worth noting that in the case of selenium and tellurium ions 
discussed in the Figs. 10 to 12, their displacements in the x , y, and z 
directions are accompanied by opposite sign displacements of cadmium 
ions (from ion numbers 1 to 32) in the same polarization direction. This 
is a necessary condition for the crystal to absorb infrared radiation with 
the participation of the mentioned ion displacements. 

The wavevectors corresponding to the maxima of the dielectric 
function ε2x(λ− 1) at 159.82 cm− 1 and 141.26 cm− 1, and ε2z(λ− 1) at 
168.05 cm− 1, 148.41 cm− 1, and 148.4 cm− 1 of the content CdSe0.5Te0.5 
(Fig. 9) are presented in Fig. 13. 

An analysis of the wavevectors of the optical phonon modes, which 
correspond to the frequencies near 40 cm− 1 (as shown in Fig. 5a and 6), 
has been conducted. It was found that, at the Γ-point of the Brillouin 
zone, the infrared absorption was absent (ε2 = 0). This indicated that the 
summary displacements for cadmium, selenium, and tellurium ions in 
the crystal supercells were also absent, 

∑
iΔ

(Cd)
i =

∑
iΔ

(Se)
i =

∑
iΔ

(Te)
i =

0. Therefore, there was no dipole moment and infrared absorption in 
CdSe1-xTex when taken at cubic space groups of symmetry no. 216, no. 
215, and tetragonal group no. 115. However, if the local symmetry of a 
certain atom environment decreased due to chaotic thermal vibrations 

Fig. 9. Calculated spectra of (a) imaginary part of dielectric permittivity ε2(λ− 1) and (b) normalized intensity Inorm(λ− 1) in the range of far-infrared absorption of 
CdSe1-xTex SSS for x  = 0, 0.25, 0.5, 0.75, and 1.0 at 1 × 1 × 1 supercells. 

Table 2 
Wavenumbers of maxima in the calculated spectra of the imaginary part of 
dielectric function ε2(λ-1) and experimental far-infrared reflection spectra R(λ− 1) 
of CdSe1-xTex SSS.  

Solid state 
solution 

Calculated 
wavenumbers for 
ε2x = ε2y 

cm− 1 

Calculated 
wavenumbers for 
ε2z 

cm− 1 

Experimental 
wavenumbers for 
R 
cm− 1 

CdSe 167.6 167.6 167.2 
CdSe0.75Te0.25 151.1; 164.1; 172.5 151.1; 164.1; 

172.5 
140.5; 172.3 

CdSe0.5Te0.5 141.2; 159.8 148.4;168 143.4; 168.7; 
180.6 

CdSe0.25Te0.75 134.8; 144.7; 165.1 134.8; 144.7; 
165.1 

147.7; 168.1 

CdTe 141.4 141.4 139.2  

Fig. 10. Eigenvectors Δx, Δy, Δz of infrared vibration modes 73 (a), 74 (b), and 75 (c) corresponding to the maxima of the dielectric function ε2(λ− 1) at 141.38 
cm− 1of the content CdTe (olive line in Fig. 9). The ion numbers 1–32, 33–64 correspond to cadmium and tellurium ions, respectively. 
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Fig. 11. Eigenvectors Δx, Δy, Δz of infrared vibration modes 35 (a), 65 (b), and 89 (c) corresponding to the maxima of the dielectric function ε2(λ− 1) at 172.5 cm− 1, 
164.08 cm− 1, and 151.1 cm− 1 of the content CdSe0.75Te0.25 (red line in Fig. 9). The ion numbers 1–32, 33–56, and 57–64 correspond to cadmium, selenium, and 
tellurium ions, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Eigenvectors Δx, Δy, Δz of infrared vibration modes 20 (a), 73 (b), and 88 (c) corresponding to the maxima of the dielectric function ε2(λ− 1) at 165.16 cm− 1, 
144.72 cm− 1, and 134.81 cm− 1 of the content CdSe0.25Te0.75 (blue line in Fig. 7). The ion numbers 1–32, 33–40, and 41–64 correspond to cadmium, selenium, and 
tellurium ions, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. Eigenvectors Δx, Δy, Δz of infrared vibration modes 49x (a), 90x (b), 31z (c), 81z (d), 83z (e) corresponding to the maxima of the dielectric function ε2x(λ− 1) at 
159.82 cm− 1 and 141.26 cm− 1, and ε2z(λ− 1) at 168.05 cm− 1, 148.41 cm− 1, and 148.4 cm− 1 of the content CdSe0.5Te0.5 (green and cyan lines in Fig. 9). The ion 
numbers 1–32, 33–48, and 49–64 correspond to cadmium, selenium, and tellurium ions, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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of surrounded atoms, the corresponding summary dipole moment of this 
local structure may increase. This event leads to the increase of the 
infrared absorption, which means a nonzero imaginary part of the 
dielectric permittivity ε2 ∕= 0. This phenomenon is observed in the 
wavenumber range 40 cm− 1 to 70 cm− 1 for CdTe crystal at the simulated 
MD temperature of 200 K (as shown in Fig. 8a). 

We conducted molecular dynamics to study the impact of poly
crystalline grain dimensions of CdTe on the interatomic distances dCd-Te 
and the frequencies of phonon maxima. The simulations were carried 
out at 50 K, NPT ensemble, and GGA-PE exchange-and-correlation 
functional for a thin CdTe slab, Cd108Te108, with a surface-to-volume 
number of atoms relation NS/NV = 0.2. It is worth noting that DFT 
computations of slabs are less demanding than those for quantum dots. 
The NS/NV value 0.2 used in our study is higher than the NS/NV value of 
CdSe polycrystalline grains with dimensions of 4–5.5 nm, which was 
estimated as 0.09 [50]. 

The frequency dependences of vibration density of states were ob
tained for CdTe single crystal (Fig. 14a). The maxima of these frequency 
dependences are in good agreement with the experimental value of the 
reflection spectrum (Fig. 4a). In Fig. 14a, the maxima of partial VDOS for 
Cd and Te and VDOS for CdTe occur at almost the same wavenumber 
λ− 1. The corresponding interatomic distance is dCd-Te = 0.278 nm, as 
shown in Fig. 14c. 

The frequencies of maxima of VDOS dependences obtained for 
Cd108Te108 slab are smaller than those for CdTe single crystal. Moreover, 
the frequency of the partial VDOS maximum for Cd ions is smaller than 
that for Te ones. This suggests that the near-surface cadmium ions have 
weaker bonding with the tellurium ones than the near-surface tellurium 
ions with the cadmium ones. These results align with the previously 
stated findings of static structure optimization of CdTe slab in the 
supercell 12.8 Å×12.8 Å×27 Å containing 64 atoms (Cd32Te32), where 
the increased distances of the surface cadmium ions d(Cd− Te)

surface = 3.51 Å 
and d(Cd− Te)

surface = 4.05 Å were found. Therefore, it can be concluded that 
cadmium surface ions of CdTe thin slabs of the surface-to-volume 
number of atoms relation NS/NV = 0.42 are bonded to the surface 
tellurium ones weaker than the corresponding tellurium ions to cad
mium ones. This may be due to the smaller ionic charge of cadmium 
surface ions in comparison to the corresponding bulk ones, despite the 
high ionic character of CdTe interatomic bonding, calculated based on 
the electronegativity of Cd and Te, which is relatively high, IC = 0.88. As 
a result, the ionic type interaction of the surface cadmium ions with 
tellurium ones may decrease. 

It is interesting to note that the interatomic distance (d(Cd-Te)) in CdTe 
thin slabs (about 0.270 nm) is less than that in the bulk of CdTe single 
crystal (approximately 0.278 nm) as shown in Fig. 14c. This difference 
in distance could result in the confinement effect in the electronic 
spectra of CdTe thin slabs. It is an area that can be explored in future 
studies. 

The results shown in Fig. 14a and b are consistent with the 

experimentally observed redshift of the far-infrared absorption peak 
depicted in Fig. 2. 

5. Conclusions 

Comprehensive experimental and theoretical investigations were 
carried out to study the far-infrared spectra of CdSe1-xTex films depos
ited on quartz substrates. The reflection spectra of CdSe1-xTex films with 
varying compositions (x = 0, 0.25, 0.5, 0.75, and 1.0) were compared 
with the corresponding theoretical spectra obtained for the cubic space 
groups of symmetry F-43 m (CdSe, CdTe), P-43 m (CdSe0.75Te0.25, 
CdSe0.25Te0.75), and the tetragonal group P-4 m2 (CdSe0.5Te0.5). The 
experimental and theoretical results were found to be in excellent 
agreement. 

The phonon band structures and vibration densities of CdSe1-xTex 
solid state solutions have been calculated and categorized into three 
frequency ranges: 0–60 cm− 1, 60–130 cm− 1, and 130–180 cm− 1. It has 
been observed that only the last range is infrared active. This conclusion 
was drawn after carefully analyzing the eigenvectors of the dynamical 
matrices of the compound studied. 

Through additional DFT calculations, it was shown that the increased 
widths of maxima in the reflection spectra of the deposited CdSe1-xTex 
films studied may be caused by the different interatomic distances d(Cd- 

Se/Te) due to the dispersion in the grain size dimensions of the poly
crystalline films. Furthermore, the FWHM of only one experimental 
reflectance phonon maximum of CdTe was found to be similar to the 
FWHM of the fitted dielectric function ε2(λ− 1) obtained by the DFT- 
based MD of the crystal at the temperature of 200 K. 

Within the wavenumber range of 50–70 cm− 1 and 80–120 cm− 1, the 
reflection spectra of CdSe1-xTex films exhibit gentle features that are 
caused by the activation of phonon modes at finite temperatures (T > 0). 
The intensities of these modes are proportional to the temperature. 
However, they do not provide sufficient evidence for the presence of free 
charge carriers in the sample being studied. It is more likely that the 
gentle decrease of the reflective coefficient R(λ-1) in the range 50–70 
cm− 1 is not due to the possible quasi-free charge carriers (electrons or 
holes). 

Taking into account the relatively large polycrystalline grain di
mensions of CdSe1-xTex films studied (D ≈ 50 nm), the influence of the 
size effects on the spectral position of maxima in the far-infrared ab
sorption spectra is rather negligible. 

It was discovered that the maximum of the MD vibration density of 
states of Cd108Te108 thin slab caused a redshift in comparison to the far- 
infrared absorption mode of CdTe single crystal. This redshift is quite 
significant (≈ 30 cm− 1) due to the fact that the thin slab has a large 
surface-to-volume ratio of NS/NV = 0.2. For the Cd108Te108 thin slab and 
CdTe single crystal, the mean interatomic distances are respectively 
equal to dCd-Te ≈ 0.270 nm and dCd-Te ≈ 0.278 nm, which suggests that 
the CdTe thin slab substance is compressed. 

Fig. 14. Vibrational density of states (VDOS) of (a) single crystal (supercell 3 × 3 × 3, Nat = 216) and (b) corresponding slab perpendicular to z-axis and (c) pair 
distribution functions (PDF) for CdTe single crystal and slabs Cd108Te108, Cd90Te90, and Cd72Te72 of different numbers of atoms. All results relate to the MD tem
perature of 50 K at NPT ensemble. 
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