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The interaction between charge carriers and phonons is the primary mechanism through which charge carriers
exchange energy with the crystal lattice. A proper understanding of the electron-phonon interaction is of great
importance. We conducted a comprehensive investigation to examine the electron-phonon interaction in semi-
conductor crystals of Zn; xCdyGeAsy (0 < x < 1). For this objective, X-ray diffraction, far-infrared reflection, and
Raman scattering studies were employed. In addition to the two primary phases, namely ZnGeAs; and CdGeAs,,
four component phases were also identified: ZnAsy, CdAsy, GeAs, and GeAssy. A spatially inhomogeneous dis-
tribution of charge carriers was detected, with the highest concentration in the vicinity of the formed GeAs.
Analysis of the Far-infrared reflection spectrum of ZnGeAs; (x = 0) revealed that plasmon-4 phonon interaction
occurs, while in CdGeAs; (x = 1), there is a plasmon-3 phonon interaction. All other samples have both of these
interactions, according to their percentage in the composition. Raman measurements revealed that due to the
influence of free charge carriers, there is an increase in the intensity of phonon modes, their displacement, or
their splitting into two modes. The intensity and the way the electron-phonon interaction vary depending on the

local concentration of free carriers, and it is the strongest in the areas around the formed GeAs.
The obtained results and performed analyses revealed the existence of different phases in the material,
inhomogeneous charge distribution, and electron-phonon interaction, which are essential properties of ther-

moelectric materials.

1. Introduction

Zn; xCdxGeAs; is a semiconductor compound that possesses a crystal
structure known as chalcopyrite. It is classified as a member of the II-IV-
V, ternary semiconductors family, which are widely used in optoelec-
tronic devices like solar cells and light-emitting diodes (LEDs) [1]. The
adjustability of the material’s composition enables the enhancement of
its optoelectronic characteristics. The bandgap of Zn; ,CdxGeAs; can be
adjusted extensively (Eg = 0.53-1.15 eV) [2,3] by changing the alloy
content, x. With an increase in the value of x, the bandgap of the ma-
terial lowers, resulting in increased absorption in the infrared region.
This semiconductor has unique electronic and optical properties [4,5].
This material demonstrates notable electronic characteristics, including
high carrier mobility, low resistivity, and favorable thermal stability [6],
rendering it well-suited for high-performance electronic devices.
Moreover, a thorough comprehension of its phonon characteristics is
crucial for enhancing its efficiency in real-world uses. The phonon
properties play a crucial role in determining the heat transfer,
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mechanical stability, and other important physical qualities.

The interaction between electrons and phonons is a fundamental
phenomenon in condensed matter physics, which plays a crucial role in
a wide range of physical phenomena [7]. Phonons can interact with
electrons in several ways. For instance, as an electron travels through the
crystal, it can collide with a phonon, transferring some of its energy to
the lattice. On the other hand, when a phonon vibrates, it can produce an
oscillating electric field that interacts with the electrons, causing
changes in their energy and momentum. This interaction between
electrons and lattice vibrations (Electron-phonon interaction) signifi-
cantly impacts various electronic and optical properties of materials,
such as electrical conductivity, thermal conductivity, and supercon-
ductivity [8]. Understanding the electron-phonon interaction is crucial
for predicting and optimizing the properties of materials in technolog-
ical applications. In the past decades, significant progress has been made
in theoretical and experimental investigations of this interaction [9],
leading to a deeper understanding of its underlying mechanisms and
effects on the properties of materials. This knowledge has also paved the
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Table 1
List of the Zn; 4Cd,GeAs, samples; x is average Cd content; n is Hall carrier
concentration.

X 0 0.049 0.155 0.181 0.184 0.656 0.674 1
n [10'® 56 3.8 1.3 6.8 45 0.3 0.3 0.3
cm’g]

p-type n-type

way for developing new materials with tailored properties and opti-
mized performance in various applications [10-12]. In this context, a
detailed study of the electron-phonon interaction in specific materials,
such as Znj 4CdyGeAsy, can provide valuable insights into the funda-
mental physics of these materials and help optimize their properties for
various technological applications.

We examined the Znj; 4CdyGeAss (0 < x < 1) crystals synthesized
using a direct fusion method [13]. Studies on Zn;.xCdyGeAsy semi-
conductor alloy reveal that it only forms a solid solution within limited
composition ranges. Specifically, it exists for x values between 0 to 0.2
and 0.85 to 1 [13]. Therefore, this alloy consists of two phases over
almost the entire range of intermediate chemical compositions. These
are ZnGeAs; in which Cd has replaced a part of Zn atoms (up to 20 %) -
Zn(Cd)GeAsy, and CdGeAs; with some amount of Zn (up to 15 %) that
have replaced Cd atoms - Cd(Zn)GeAs,. This significantly affects the
properties of this material.

Spectroscopic methods of X-ray diffraction, IR reflection, and Raman
scattering measurements were used to determine their vibrational
properties and relate them to the phase analysis of this complex alloy.
Also, with these experimental methods, we gained insight into the
interaction of phonons with charge carriers. The analysis of these in-
teractions enables a better understanding of the processes taking place
in the material and a better insight into the structural, vibrational, and
electronic properties and their mutual interdependence.

This paper presents a detailed study of the phonon properties and
electron-phonon interactions of Znj4CdyGeAsy. Our results provide
valuable insights into this material’s vibrational and electrical
properties.

2. Materials and methods
2.1. Samples preparation

The investigated Zn;CdxGeAsy samples were synthesized by the
direct fusion method [13]. First, single-phase ZnAs, and CdAs, were
synthesized by direct interaction of high-purity As with Zn and Cd single
crystals [14]. Then the three-component compounds ZnGeAs; and
CdGeAsy were synthesized by the interaction of Ge with previously
obtained ZnAs; and CdAsy [15]. Finally, these quality single-phase
three-component compounds are mixed in a stoichiometric ratio to
obtain four-component Zn; yCd,GeAs,. In the above described manner,
our samples were synthesized with varying amounts of Zn to Cd. The
value of x is changed from O to 1, increasing in steps of 0.1.

Ingots of synthesized crystals were cut into slices about 1.5 mm thick.
The energy dispersive x-ray fluorescence (EDXRF) method was used to
determine the average chemical composition of the samples. The ob-
tained results are presented in detail in the paper [16].

Representative samples of different compositions of synthesized Zn;.
xCdxGeAs; crystals were selected for further analysis by spectroscopic
methods. The list is given in Table 1.

2.2. Transport properties

The electrical transport properties of Zn;,CdyGeAsy alloys are
studied in detail in the paper [16] including the Hall effect and re-
sistivity vs magnetic field and temperature measurements. The de-
pendencies of the resistivity pxy, the Hall carrier concentration n, and the
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Hall carrier mobility p, on Cd content x and temperature T were deter-
mined for all samples.

The most important for our research is the change in the concen-
tration of free carriers n as the Cd content in the alloys increases.
ZnGeAs; is a p-type material, as well as the Zn; yCd,GeAs; samples with
a small amount of Cd added (x < 0.18). As x increases in that range, the
concentration of free carriers decreases from 5.6 x 10'® cm™3 for x =
0to 7 x 10 em™3 for x = 0.166. When the amount of Cd increases
above x = 0.18, the type of charge carriers changes so that all samples
become n-type. The concentration of carriers decreases from 6.8 x 108
em 3 for x = 0.181 to about 3 x 10'7 ¢cm™2 for x = 1. The authors [16]
assume that the main cause is the existence of positively charged defects,
which are both scattering centers and sources of free electrons.

Also, the measurements showed that mobility has a minimum of
around x = 0.3, while resistance reaches a maximum of around x = 0.4.
Thermally activated transport of carriers was registered in all investi-
gated samples, with the activation energy of electrical conduction (E,) in
the range of 20-30 meV. These results indicate the thermal activation of
carriers from defect states into the conduction band.

Changes in the conductivity type from p to n when increasing the
amount of Cd in the material are associated with changes in the crystal
structure, various defects, and changes in the structure of the energy
bands. This change is sharp and occurs at x ~ 0.2 when electroactive
defects accumulate. This happens because our samples, which were
obtained in the described way, were not processed after growth, so the
control of the type and amount of structural defects was reduced. So, the
change in conductivity type is related to the change in the type of
dominant defects in samples and is a result of the growth
thermodynamics.

For further analysis by spectroscopic methods, representative sam-
ples of different compositions from x = 0 to x = 1 were selected. Their
list is given in Table 1.

2.3. Experimental methods

Our aim was to study how free charge carriers behave and interact
with the crystal lattice in the alloys. To accomplish this, we needed to
investigate the crystal structure of these materials and their electrical
and phononic properties. We used X-ray diffraction, far-infrared
reflectivity, and Raman measurements for that purpose.

The far-infrared reflectivity experiment measures the response from
the entire sample, i.e., at the millimeter level, and provides integral
results. Raman spectra were recorded from a surface with a diameter of
2 pm, i.e., on the micrometer scale, and we got information about local
properties. Also, some phonons are visible only in one of the experi-
ments due to the selection rules. So these two experiments together
provide a more complete picture of the optical and electrical properties
of the material.

2.3.1. X-ray diffraction

The structural properties of the Zn; yCdyGeAs, samples were inves-
tigated using the XRD powder diffraction technique.

The X-ray diffraction (XRD) data was measured using X-ray diffrac-
tometer (XRD) Rigaku Ultima IV, Japan, with Cu Ku radiation at room
temperature. For the phase identification and data analysis, the PDXL2
v2.0.3.0 software was used, with reference to the diffraction patterns
available in the International Center for Diffraction Data (ICDD) (ICDD
(PDF-2 2023)) [17,18].

2.3.2. Infrared reflectivity measurements

Far-infrared (FIR) reflectivity measurements were performed with a
BOMEM DA-8 Fourier transform infrared spectrometer. Measurements
were performed in the spectral range from 40 to 450 cm ™! at room
temperature. A Hyper beam splitter and pyroelectric and deuterated
triglycine sulfate (DTGS) detector were used.
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Fig. 1. X-ray diffraction patterns of Zn;CdyGeAs, samples (0 < x < 1).
Diffraction peaks that correspond to a ZnAs, phase are marked by asterisks.

2.3.3. Raman spectroscopy

For further analysis, we used Raman spectroscopy. Measurements
were performed using a TriVista 557 Raman system equipped with a
nitrogen cooled CCD detector, in backscattering micro-Raman configu-
ration. The 514.5 nm line of an Ar"/Kr' ion gas laser was used as an
excitation source. A microscope lens with a 100 times magnification was
used to focus the laser beam. Low laser power was used to avoid local
heating of the sample. The microscope, which is part of this system, was
used to obtain images of the measured surface, size 60 pm by 48 pm.

3. Results and discusion
3.1. X-ray diffraction

X-ray diffraction measurements were made to determine the
composition of the samples. The resulting diffraction patterns are shown
in Fig. 1.

It was expected that Zn; yCdyGeAs; exists as single-phase crystal only
for x from O to 0.2 and for 0.85 to 1 [13], i.e., that Zn or Cd as substi-
tutional elements could enter the lattice up to some specific amount. For
other x values, this is two-phase material consisting of Zn(Cd)GeAs; and
Cd(Zn)GeAss.

Peaks that correspond ZnAs; phase (Card No. 03-065-2370), marked
with asterisks, appeared in the XRD spectrum of ZnGeAs; (Card No. 01-
080-0526). The spectrum recorded for x = 1 corresponds to pure
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Fig. 2. Far-infrared reflection spectra of the Zn; ,CdyGeAs, samples at room
temperature in spectral range 60-500 cm . Experimental data are represented
by circles, while the solid lines are calculated spectra obtained by a fitting
procedure, based on the model for plasmon-phonon coupling (Eq. (2)).

CdGeAs; (Card No. 01-086-5825). The spectra for 0.15 < x < 1 show two
phases’ existence.

3.2. Far-infrared reflection spectroscopy

Far-infrared spectroscopy is a very suitable experimental method for
determining the vibrational and electrical properties of materials, as
well as their interaction. Reflection spectra recorded in the spectral
range from 60 to 500 cm ™! are shown in Fig. 2.

It was determined that Zn; ,CdyGeAsy mainly consists of two main
phases based on ZnGeAs; and CdGeAs; and that their share in the ma-
terial corresponds to the composition (x). Such a structure affects the
appearance of the reflection spectra. In the samples with a higher pro-
portion of Zn (x < 0.184), modes originating from ZnGeAs, are domi-
nant, at around 65, 232, 244, and 279 em! [19], while in those with a
higher amount of Cd (x > 0.66), the modes related to CdGeAs; stand out,
at about 46, 157 and 274 cm ! [19]. Analysis of the spectra revealed
that these phonons participate in the plasmon-phonon interaction. Each
composition has interactions within both phases, according to the per-
centage share.

In order to determine the characteristic parameters of the material, it
is necessary to perform analysis of the spectra that considers the exis-
tence of plasmon-phonon interactions.

Many authors dealt with theoretical models of the dielectric function
in bulk materials [20,21]. Reflection spectra can be described by a
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Fig. 3. The eigenfrequencies of the plasmon-multiphonon modes in Zn; yCdxGeAs, for: a) Zn-rich samples (x < 0.184) and, b) Cd-rich samples (x > 0.66). The solid
red lines are calculated spectra obtained by the appliance of the model given by Eq. (1) (Re{es} = 0), and * represent experimentally values for coupled-mode
frequencies determined by Eq. (2). Dotted lines indicate the positions of the initial phonons.

frequency-dependent dielectric function with classical oscillators cor-
responding to (transverse optical) modes and an associated Drude part
that considers the influence of free carriers [22]:

1 2 2
£oo (WP — @
es(0) =€w + ) 2°°( Lo .m") :
= Wi — 0% — iY@ o(w + iyp)

£

@

£ is a bound charge contribution, [ is number of phonons, wrox and
wrok are the transverse and longitudinal phonon frequencies, yrox is the
phonon damping, wp is the plasma frequency, and yp is the plasma
damping. The frequencies of the TO modes are obtained directly using
this equation. The values of the LO (longitudinal optical) modes are
determined as the maxima of the dielectric loss function.

In the ApBiyAsa group of semiconductor materials, to which Zn;.
xCdxGeAs; also belongs, some LO vibration modes are strongly influ-
enced by free carriers, which are described by plasma frequencies (0312) ~
n) [23,24]. The result is the combined plasmon-LO phonon modes (wy),
which can be observed in the spectra [23-25]. In that case, it is neces-
sary to remove the influence of free carriers to determine the LO phonon
values [26].

Therefore, we decided to use a dielectric function that takes into
account the existence of the plasmon-LO phonon interaction to analyze
the Zn; xCdxGeAs; reflectivity spectra:

m+n

H (a)2 + iy — wi) o L )
s(w) —¢ Jj=1 w° + Wiok — Prok (2)
e m . n . @2 + iy o — 02
o™ H (@ + iyp) H (@0 + iy0 — 0F) * TOk TOk
i=1 i=1

The first fraction in this equation represents the coupled m plasmons
and n phonons. wj; and yj; are eigenfrequencies and damping coefficients
of coupled LO phonons, while w;; and y,;; correspond to transverse (TO)
vibrations. The following factor describes s unpaired modes of the
crystal, where w;p and wgo are the longitudinal and transverse

frequencies, while y;o and y7o are damping factors.

The parameters adjustment was carried out using the least-square
fitting of theoretical (R) and experimental (Re) reflection coefficients
at g points:

1 q
7=| 22 (Rg—R)’ 3)
qj:]
_\/5712 @
e+l

where ¢ is calculated according to Eq. (2). The value of y was minimized
until it reached the standard experimental error (less than 2 %). For all
samples, the determination errors of eigenfrequencies were 3-6 %, and
for damping coefficients 10-15 %.

Spectra analysis was performed according to the described fitting
procedure, and characteristic parameters were detemined. The obtained
results are shown in Figs. 3 and 4.

Fig. 3 shows the modes that participate in the plasmon-phonon
interaction. The analysis revealed that 4 modes related to ZnGeAs,
namely ES, E3, B3, and El, and 3 modes of CdGeAs, — E6, E4, and E!,
interact with the plasma. As a result, their LO modes are shifted to
slightly higher values. The asterisks show the values obtained as the best
fit (Fig. 2) obtained by using the dielectric function Eq. (2).

In principle, the lines representing the coupled mode positions (o)
are defined as the solutions of a real part of Eq. (1) (Re{es} = 0). The
solid red lines in Fig. 3a and b were obtained in this way. Dashed lines
represent the positions of the initial phonons.

The described results indicate complex interactions between lattice
vibrations and free charge carriers. The phonon frequency and the
plasma frequency should have close values for their coupling to occur, i.
e., each phonon that participates in the interaction with free carriers
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Fig. 4. a) Uncoupled phonons in Zn; ,Cd,GeAs,, obtained as a result of the best fit (Fig. 2), using the dielectric function Eq. (2); b) the plasma frequency damping (y,)

depending on the composition of the material. The dotted lines are eye guides.
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Fig. 5. Raman spectra of Zn;.4CdyGeAs, with different compositions, recorded at room temperature; several spectra were recorded on each sample at characteristic
points, marked with small circles of corresponding colors in the images. The size of the images is 60 pm by 48 pm; the ZnGeAs, and CdGeAs; modes are marked; the

spectra of other existing phases in the material are designated.

“chooses” a plasma frequency close to its own frequency. Since more
different phonons interact, means the sample has different plasma fre-
quencies (wp) (Fig. 3), i.e., the concentration of free carriers in the
sample is inhomogeneous. This is one of the desirable properties of
thermoelectric materials.

In addition to the paired ones, there are also unpaired phonons in the
material, and their positions are shown in Fig. 4a. They correspond
approximately to the values given in the literature for ZnGeAs; and
CdGeAs, [19], while the intensities of these modes are weak. In the
range above 280 cm™!, low-intensity structures originating from mul-
tiphonon processes, characteristic of this type of material, can be seen.
In addition to the marked phonons originating from Zn; CdyGeAs,,
weak modes at around 152 and 177 cm™! were registered in the entire
composition range and could correspond to GeAs [27,28].

One of the parameters determined by the fitting procedure is the
plasma damping y,. The dependence of y, on the composition of the
material is shown in Fig. 4b. This parameter increases from x = 0 to
0.155, while it decreases from x = 0.181 to 1. The Zn;,CdyGeAs;
composition for which y, reaches a maximum is the same one where the
conductivity type changes from p ton [16]. Plasma damping y,, is related
to the lifetime of free carriers (t~1) and, in principle, is inversely pro-
portional to mobility (u~1). That indicates that these properties of the
material are related to the change in the type of free carriers.

3.3. Raman spectroscopy

Raman spectra were recorded at several characteristic points on each
sample, as it is known that the structure of these materials is not
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Table 2

Estimated phonon values for ZnGeAs, [19].
mode E® B3 B} E° E* Ay E® B% E2 E! B B}
estimated [em '] [19] 76 99 107 114 166 178 199 235 238 268 273 274 275
experimental [cm’l] — 95 107 - - 187 197 233 243 264 276, 288

Table 3

Estimated phonon values for CdGeAs, [19].
mode E® B3 B} E® E* Ay E® B% E? E! B} Bl
estimated [Cmfl] [19] 46 73 75 96 160 196 203 205 268 273 274 275
experimental [cm’l] - — — 92 153 191 200 - 270 278

Table 4 homogeneous. This was monitored by a microscope that is part of the
able

Literature data for phonons of various phases that are present in Zn; ,CdyGeAs,
samples.

phase phonon values [em™ 1]
ZnAs, 53, 59, 66, 70, 74, 82, 92, 102, 130, (197), 218, 256, 266 [29]
CdAs;, 186, 190, 194, 214, 246 [30,31]
GeAs 75, 104, 124, 130, 141, 169, 207, 254, 261 [27,28]
GeAs; 130, 164, 207 [32]
Zn_Cd GeAs
1-x X 2

x=0.181, n=6.8x10"°cm”
x=0, p=5.6x10180m'3
x=0.049, p=3.8x10"°cm”
x=1, n=3.2x1 Owicme
x=0.656, n=3.1x10""cm”

Intensity [Arb. un.]

o S ——— ————

50 100 150 200 250 300 350 400
Raman shift cm™]

Fig. 6. Spectra recorded at places on the samples where several different ma-
terial phases are present; The ZnGeAs, and CdGeAs, modes are indicated, as
well as the peaks corresponding to the ZnAs, and GeAs phases; The concen-
trations of free charge carriers in those samples, determined by Hall measure-
ments, are also given.
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measuring system. Pictures of size 60 pm by 48 pm were taken, and the
spots where Raman spectra were recorded are marked. The diameter of
the laser beam is about 2 pm, while the penetration depth is a few pm,
and all phases of the material in that volume contributed to the recorded
spectrum. Fig. 5 presents the Raman spectra and images of the sample
surfaces. The Raman spectra and images of the sample surfaces in Fig. 5
reveal that the light-colored areas on the surface correspond to the basic
phases of Zn(Cd)GeAs; and Cd(Zn)GeAss, as determined in our previous
experiments. The spectra recorded on the dark parts mostly coincide
with them, so it is probably the raised parts of the surface. The spectra
recorded on the “mixed” parts are rich in modes due to the existence of
two-component phases, ZnAsy, CdAs;, and GeAs, whose modes are
visible in the spectra.

Tables 2 and 3 provide the values used to mark the modes on the
spectra corresponding to the ZnGeAs; and CdGeAs; phases. We label
spectra recorded at locations where several different phases exist
accordingly. The recognition of phases and their labeling was done
based on data from the literature, which is given in Table 4.

Fig. 5 shows that the spectra recorded on “mixed” parts of some
samples have higher intensities. This is probably related to a higher
concentration of charge carriers in those places, which agrees with their
already-registered inhomogeneous distribution in the samples. Fig. 6
shows all these spectra together.

Fig. 6 shows that all these selected spectra have a similar shape, i.e.,
they consist of approximately the same modes. Also, Fig. 6 shows that
the intensity of these selected spectra increases with the increase in the
concentration of charge carriers (as determined by Hall measurements).
The characteristic of these spectra of increased intensity is the existence
of GeAs and GeAs; modes, which are not present in the others. GeAs in
the form of a 2D material is an extremely important research topic
because it has exceptional properties for applications in optoelectronics
and as a thermoelectric material [33-35].

We separated modes using the fitting procedure on all Raman spectra
to conduct a more precise analysis. Two analyzed spectra from the group
of higher-intensity spectra are shown in Fig. 7. There are narrow phonon

Zn, Cd GeAs, x=0.656
xx 2
1ess 1556 ZnGeAs,
CdGeAs,
T ZnAs,
1000 s —— GeAs
52.4 _ electron

transition

500+

Intensity [Arb. un.]

50 100 150 200 250 300 350 400
Raman shift [cm™]

Fig. 7. Characteristic analyzed Raman spectra, recorded in “mixed” fields, with marked phonon modes and electronic transitions.
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Fig. 8. Examples of electron-phonon interactions; the appearance of ®-and o, modes can be seen in the spectra recorded at places with a higher concentration of free
carriers; a) x = 0, b) x = 0.181, ¢) x = 1; The size of the images is 60 pm by 48 pm.

modes for the two- and three-component phases, as well as broad
structures for electronic transitions that need to be taken into account in
order to match the experimental and theoretical curves. They also exist
on most other spectra but are significantly less intense. Their energies, i.
e., the positions on the spectra, approximately coincide with the values
of the activation energy of the electrical conduction Ea, which is about
20-30 meV, as determined in the paper [16].

Based on these results, we can associate the higher intensity of
electronic transitions with the existence of GeAs and GeAs; phases. A
zone with a higher concentration of free charge carriers forms locally in
their environment.

A locally higher concentration of free carriers leads to their inter-
action with lattice vibrations. One of the results is an increase in the
intensity of the modes. Fig. 6 shows an increase in the intensity of the
modes for ZnAs; and GeAs.

Some of the ZnGeAs; and CdGeAs; modes behave differently. In their
case, electron-phonon interaction occurs. This is seen as amplification,
shift, and the appearance of new modes in the Raman spectra, which can
be seen in Figs. 6 and 8.

In the spectra recorded at places with high carrier concentration,
phonons interacting with charge carriers are divided into two modes —
o-and o,. Characteristic examples of the parts of the spectrum where
electron-phonon interactions occur are shown in Fig. 8. It can be seen
that phonons and charge carriers do not always interact in the same way.

Fig. 8a shows the situation in ZnGeAs; (x = 0): the B% mode, located
at 107 cm’l, splits into two, at 105.5 and 111 cm’l; B% goes from 244 to
239.5 and 248.7 cm ™ }; mode E? is weak and moves from 264.3 to 261.7
em ™Y, or it also splits into two that are not clearly visible; two peaks at
276 and 288 cm ™!, which correspond to the group of close modes Bi, B3,
and E', move to 273 and 295 cm ™, while there is a smooth curve be-
tween them and it is not possible to clearly separate individual modes.

In the case of the sample with x = 0.181, the situation is somewhat
more complex, as seen in Fig. 8b. Cadmium entered the zinc position in
the crystal lattice (Zn;.xCdxGeAsy) but not evenly throughout the sam-
ple, so regions with a slightly different Cd-composition appear, which
can be seen as white and light gray surfaces. Since Cd is a heavier
element than Zn, the modes shift to lower values when it enters the
lattice. For example, the B? mode is at 106.4 cm ™! for the white field and
at 105.7 cm™! for the gray field. Other modes behave similarly. How-
ever, when we consider the different local environments and the
different concentrations of free carriers per volume of the sample,
different electron-phonon interactions are obtained (Fig. 8b). While the

intensities of phonons are only increased in the gray fields, in the
“mixed” fields, where the concentration of free carriers is significantly
higher, the separation of individual modes into two - w-and o, occurs, in
a similar way as for ZnGeAs, in Fig. 8a. For example, mode B is at 244.8
cm™! for the black field, for gray it is at 240.2 with increased intensity,
while in the “mixed” field it splits into modes at 236.7 and 245.3 cm ™!
due to electron-phonon interaction (Fig. 8b).

In CdGeAs,, only modes B} and E! participate in the electron-phonon
interaction in the part of the spectrum from 240 to 300 cm ™! (Fig. 8c).
These modes are located at 268.5 and 273.7 cm ™" for white fields, while
four values are registered for black fields — 253.7, 271.1, 279.6, and
295.5 cm~!. We assume that the modes B% and E! are divided into -
w-and 0. Still, there is also the possibility of seeing modes that do not
participate in the interaction but are included in the measurement.

Through this comprehensive analysis of Raman spectra, we deter-
mined some properties of the examined Zn; Cd,GeAs, material that
complement those obtained by other experimental methods. The exis-
tence of two-component phases ZnAsy, CdAsy, GeAs, and GeAsy was
determined, as well as an uneven distribution of charge carriers, which
is extremely high in the GeAs environment, where the strongest
electron-phonon interaction occurs.

3.4. Conclusions

The electron-phonon interaction analyzes how the movement of
electrons in the crystal and the lattice vibrations interact. This interac-
tion is crucial for understanding the various physical properties of the
material.

Analysis of Zn; CdxGeAs; crystal lattice revealed the existence of
two main phases, Zn(Cd)GeAs; and Cd(Zn)GeAsy, and several two-
component phases - ZnAsy, CdAsy, GeAs, and GeAs; in almost all sam-
ples. A spatially inhomogeneous distribution of charge carriers was
registered, with the highest concentration in the vicinity of the formed
GeAs.

The electron-phonon interaction was registered in the Zn; yCdyGeAs,
material by both Far-infrared and Raman measurements. Analysis of the
Far-infrared reflection spectrum of ZnGeAs; revealed that plasmon-4
phonon interaction occurs. It involves the phonons E6, E3, B%, and E!,
which interact with the plasma, which is inhomogeneously distributed
throughout the sample. In CdGeAs;, there is a plasmon-3 phonon
interaction in which E®, E*, and E! phonons participate. All other sam-
ples have both of these interactions, according to their percentage in the
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composition. Raman measurements showed that due to the influence of
free charge carriers, there is an increase in the intensity of the vibra-
tional modes, their displacement, or their splitting into two modes - ®.
and o,. Analysis of the Raman spectra revealed that the intensity and
nature of interaction vary depending on the local concentration of free
carriers.

The established presence of different phases in the material, inho-
mogeneous charge distribution, and electron-phonon interaction are
essential properties of thermoelectric materials. The obtained results
and the analyses that were performed will contribute to a better un-
derstanding of the structure and processes occurring in II-IV-Va-type
semiconductor materials and the possibilities of their application.
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