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Conceptual foundations of the research

Relevance and importance of the topic

In the context of rising global energy consumption and limited fossil resources, the
development of alternative energy sources is becoming a major priority. Solar energy is one of the
most promising solutions, yet the efficiency and cost of photovoltaic devices depend directly on the
properties of the semiconductor materials used.

Silicon-based photovoltaic technology currently dominates the market, but it has limitations
related to the indirect band gap of the silicon and the difficulty of integrating it into flexible
applications. For this reason, special interest is given to thin-film solar cell materials with a direct
band gap and a high absorption coefficient. These include the compounds Cu(In,Ga)Se,, CulnSe; and
CdTe, although their use is limited by the high cost and toxicity of their constituent elements. These
difficulties justify research into alternative materials based on more abundant and less toxic elements.

In this context, the quaternary compounds Cu2B"C'VXa, in particular Cu2ZnSnSas, Cu,CdSnSs
and their derivatives, are of considerable scientific and applied interest. The compound Cu2ZnSnSs
stands out for its use of relatively abundant elements, a band-gap width close to the optimum range
for photovoltaic conversion, and a high absorption coefficient (~10* cm™). Nevertheless, the
performance of kesterite-based devices is limited by the formation of secondary phases, structural
disorder, and the Cuz, and Zncy antisite defects, which act as recombination centers and reduce
conversion efficiency.

To overcome these limitations, cationic substitution strategies have been proposed. Partial or
total substitution of zinc with cadmium allows the structural and electronic properties to be tuned,
influencing the stability of the main phase and the defect concentration. Substitution of tin with
germanium contributes to improved structural quality and optimized optical properties. Consequently,
the systematic study of the Cuz(Zn,Cd)(Sn,Ge)Ss solid solutions is important both from a fundamental

and from an applied standpoint.

Aim and objectives of the thesis
The main aim consists in studying the transport, vibrational and optical properties of the
Cuz(Zn,Cd)(Sn,Ge)S4 compounds and establishing the correlation between the physico-chemical

parameters and the chemical composition of the samples. The research covers both crystalline samples



and thin films, seeking to complement the existing literature and to highlight the potential of these
compounds for photovoltaic and optoelectronic applications.

The objectives address three main directions. The first objective consists in determining the
predominant electrical transport mechanisms in the Cuz(Zn,Cd)SnSs solid solutions at different
temperatures, important for understanding conduction in materials with localized states and hopping-
type mechanisms. The second objective consists in measuring and analyzing the Raman spectra of the
Cuz(Zn,Cd)SnSs and Cuz(Zn,Cd)GeSs compounds, in order to study their vibrational properties,
identify secondary phases and assess structural quality. The third objective aims to establish the optical
parameters and transitions in Cu2ZnSnSs and Cu.,CdSnS4 based on reflectance, transmittance and

photoluminescence spectra, including at low temperatures.

Scientific novelty of the results

A first original element is the investigation of the transport properties of the Cuz(Zn,Cd)SnSs
solid solutions across the entire compositional range 0 < x < 1, allowing the continuous evolution of
the transport parameters to be tracked as the Cd/(Zn+Cd) ratio changes. By applying the NNH and
Mott VRH models, the work contributes to clarifying the role of localized states in the electrical
transport of these materials.

A second novel element consists in the use of Raman modes for composition evaluation and
the proposal of a linear model for its fast estimation — an important contribution to the non-destructive
characterization of kesterite materials, particularly useful for thin films.

Another original result is the identification and analysis of type-A and type-B excitons in the
CuxCdSnSs compound, based on photoluminescence and reflectance spectra at low temperatures,
contributing to the understanding of the band structure of Cd-containing quaternary compounds.

Applied value of the work

The theoretical significance lies in extending the knowledge of the fundamental properties of
kesterite- and stannite-type compounds, while the applied value consists in the possibility of using the
results to optimize the composition of the absorber layers in photovoltaic devices. By determining the
transport parameters, analyzing the vibrational modes, and highlighting the optical transitions, the
thesis provides important benchmarks for the design of materials with controlled properties, with

potential use in thin-film solar cells and modern optoelectronic applications.



Content of the thesis

The doctoral thesis is structured into four main chapters, preceded by an introduction and
followed by general conclusions and a bibliography. The content of the thesis logically follows the
overall research objective, namely establishing the correlation between the chemical composition of
the Cuz(Zn,Cd)(Sn,Ge)S4 compounds and their transport, vibrational and optical properties. The work
contains substantial experimental and illustrative material, including 50 figures, 18 tables and 44
formulas, allowing a systematic presentation of the obtained results and their interpretation in relation
to the theoretical models used in semiconductor physics and materials science.

In the Introduction, the relevance and importance of the Cuz(Zn,Cd)(Sn,Ge)Ss quaternary
compounds as semiconductor materials for applications in renewable energy and optoelectronics is
argued. The aim and objectives of the work are formulated, targeting the investigation of the transport,
vibrational and optical properties of the compounds under study, together with a brief description of
the samples used in the measurements.

In the first chapter of the thesis, the main physico-chemical properties of the
Cuz(Zn,Cd)(Sn,Ge)S4 quaternary compounds are analyzed, and the results obtained worldwide with a
view to their application in photovoltaic and photoelectrochemical devices are presented.

The applications of the CZTSSe quaternary compounds as absorber layers in photovoltaic cells
are described, for which a record efficiency of 14.9% [1] has been achieved, as well as in
photoelectrochemical devices for hydrogen production. The strategic advantage of these materials
compared to indium- or gallium-based compounds is highlighted, owing to the abundance and low
cost of their constituent elements, along with the prospects for improving efficiency relative to the
theoretical Shockley-Queisser limit.

A description of the kesterite and stannite structural types is presented, differentiated by the
arrangement of the cationic planes, and the higher energetic stability of the kesterite-type structure is
indicated. Special attention was given to intrinsic structural defects — copper vacancies (Vcu) and the
Cuzn/Zncy antisite defects — whose formation is favored by Cu-deficient and Zn-rich conditions,
correlated with photovoltaic efficiencies greater than 8%.

The transport properties of the quaternary compounds are presented, characterized by an
activation-type behavior determined by the presence of different electrical conduction mechanisms,

activated depending on the temperature of the investigated sample. Thus, the variable-range hopping



conduction mechanisms of the Mott and Shklovskii-Efros type are described, together with the
acceptor-band model used to interpret the Anderson metal-insulator transition.

The vibrational properties were investigated by means of Raman spectroscopy, a method that
allows the identification of the crystal structure, estimation of the chemical composition, and detection
of secondary phases. This chapter presents the positions of the main Raman modes characteristic of
compounds with kesterite, stannite and wurtzstannite structures, as well as the uni-modal, bi-modal
and tri-modal behavior of the peaks in the solid solutions.

The optical properties and excitons were analyzed using the absorption, transmittance and
photoluminescence spectra of the Cu2Zni1xCdxSnSs solid solutions reported in the specialized
literature. Thus, the quasi-linear dependence of the band gap on composition was presented, ranging
between 1.35 eV (CZTS) and 1.14 eV (CCTS). Wannier-Mott-type excitons were described, with
discrete energy levels located within the band gap of the material, whose small binding energy and
large excitonic radius justify treating the semiconductor crystal as a continuous medium.

The second chapter is devoted to the study of the transport properties of the Cu2Zn1xCdxSnSa
quaternary compounds and presents the experimental analysis of the conduction mechanisms in
samples of these compounds. Crystalline samples were obtained by the chemical vapor transport
method, and the chemical composition was determined by X-ray fluorescence spectroscopy. The
composition data are presented in Table 1, which includes the atomic concentrations of the Cu, Zn,

Cd, Sn and S elements, as well as the relevant cationic ratios.

Table 1. Chemical composition of the CZCTS samples measured by the XRF method.

sample Cu Zn Cd Sn S Cd/ Cu/ (Zn+Cd)

(at. %) (at. %) | (at. %) | (at. %) | (at. %) | (Zn+Cd) | (Zn+Cd+Sn) /Sn
S1 18.4+0.07 | 8.6+0.05 | 0.0+0.01 | 9.1+0.1 | 63.9+0.1 0.00 1.04 0.95
S2 18.4+0.09 | 7.240.06 | 1.740.1 | 9.4+0.1 63+1 0.19 1.00 0.94
S3 18.3+£0.09 | 6.240.05 | 2.9+0.06 | 9.0+0.1 64+1 0.32 1.01 1.01
S4 22.4+0.2 | 8.64¢0.1 | 5.3+0.1 | 15.840.3 | 48+1 0.38 0.75 0.88
S5 17.5+0.08 | 5.1+0.05 | 3.7+0.06 | 8.5+0.1 65+1 0.42 1.00 1.04
S6 19.9+0.1 | 2.8+0.09 | 6.240.07 | 10.7£0.2 | 60 +2 0.69 1.01 0.84
S7 17.9+40.2 | 1.9+0.08 | 6.9+0.2 | 9.840.3 64+2 0.78 0.96 0.91
S8 19.1+0.1 | 0.0+0.03 | 11.04+0.1 | 12.0+0.2 | 57.6+0.9 1.00 0.83 0.92

From Table 1 it can be observed that samples S1, S3 and S6 show a Cu excess, while samples
S4, S7 and S8 show a Cu deficit. A content close to the stoichiometric value, Cu (Cu/(Zn+Cd+Sn) =
1), was observed only for samples S2 and S5. Likewise, samples S3 and S5 showed an excess of the

Zn+Cd sum, while the other samples showed a deficit of these cations. In addition, deviations between



the nominal composition and the Cd/(Zn+Cd) ratio were identified for samples S2-S5, the other

samples showing good agreement between these values.

e, Cu,Zn, Cd SnS,

g ) ®oe °

» X ©e000000000000000°°

SR N x=0.78
.,

x=&53,

p (2 cm)
v
H
i
.
H

-
- Q“ 1.00 iy >>y>>>u,+_.)('fv0.4%
X=1. = P
102 rqqmiqﬂq %o ¥
3 A%

*oe -
101 a2 0.“““ x=0.38
E e S

0 50 100 150 200 250 300
T (K)
Fig. 1. Temperature dependence of resistivity in the CZCTS solid solutions.

The temperature dependences of resistivity of the Cu2(Zn,Cd)SnSs solid solutions are shown
in Fig. 1. As can be observed from this figure, all curves display an activation-type behavior in the
investigated samples. Likewise, the different behavior of the p(7) curves with decreasing temperature
is most likely determined by the varying proximity to the metal-insulator transition (MIT), which has
been frequently observed in kesterites [2—4].

In general, the temperature dependence of resistivity for weakly doped crystalline
semiconductors can be described by the following expression [5],

T 1/p
p(T) = A,T™ exp l(%) l €))

which suggests different hopping conduction regimes. Here, A is a numerical constant, p =1
corresponds to nearest-neighbor hopping conduction (NNH), p = 4 describes the Mott-type variable-
range hopping conduction regime (VRH), Top represents the characteristic Mott temperature, and m =
1/p.

In the case of the NNH mechanism, the analysis was carried out by plotting the experimental
data in the coordinates In(p/T) = f(T™). This assumes the use of relation (1) for the case p = 1,

corresponding to nearest-neighbor hopping conduction. After the approximation of p(7) curves (Fig.



2), the data for AT, and En were obtained (Table 2). These values are in good agreement with the
values reported in Ref. [6] for the CZCTS solid solutions, over a smaller range of the variable x.

However, the best approximation of the p(7) curves was obtained for the case p = 4,
corresponding to the Mott-type variable-range hopping conduction (Fig. 3). In this case, the linear
regions were identified in the thermal range ~56-142 K, which is consistent with the ranges reported
for the same family of compounds in the literature [2, 7, 8].

The parameters determined from the analysis of the NNH and Mott-VRH models are presented
in Table 2, which includes the thermal ranges AT, and ATw, specific to each conduction mechanism,
the activation energy En, the characteristic temperature To4, the acceptor-band half-width W, the
relative acceptor concentration N/N¢, and the acceptor localization radius far from the metal-insulator

transition a/ao.
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Fig. 2. Temperature dependences of resistivity in the CZCTS compounds, plotted in the form In(p/T) =
f(TY). For clarity, the curves are shifted vertically by the values indicated in parentheses. The linear
regions are indicated with straight lines.
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Table 2. Width of the thermal range (AT,) and activation energy (E,) specific to the NNH mechanism.
Width of the thermal range (ATwm) and characteristic Mott VRH temperature (Tos) specific to the Mott
VRH mechanism; acceptor-band half-width (W), relative acceptor concentration (N/N¢), and acceptor
localization radius far from the metal-insulator transition (a/ag) calculated from the analysis of the
Mott VRH transport mechanism.

Sample AT, (K) En(meV) | ATm(K) | Toa103(K) | W (meV) N/N¢ alag
Sl 145-165 27 72-139 112.9 32 0.59 2.5
S2 109-151 25 56-95 52.08 20 0.63 2.7
S3 158-172 36 88-100 178.8 28 0.52 2.1
4 150-167 32 100-135 342.2 41 0.49 2.0
S5 119-148 22 77-92 193.2 27 0.51 2.0
S6 170-192 68 84-110 2533 58 0.27 1.4
S7 159-175 39 123-142 341.7 43 0.50 2.0
S8 157-163 32 75-86 2.894 9 0.80 4.9

The dependences of the parameters W and En on the Cd/(Zn+Cd) ratio are shown in Fig. 4,
while the dependences of the parameters N/N¢ and a/ag on the cationic ratio are shown in Fig. 5. These
figures indicate a non-monotonic behavior of the mentioned parameters, suggesting that the electrical
properties of the Cuz(Zn,Cd)SnSs solid solutions are not determined solely by the Cd/(Zn+Cd) ratio,
but are strongly influenced by the defect concentration and structural disorder. Sample S6,

characterized by the ratio (Zn+Cd)/Sn = 0.84 and by the large value of the acceptor-band half-width
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W = 58 meV, is interpreted as having the highest level of structural disorder, associated with the
formation of Cuz, antisite defects, which act as acceptors. Thus, for most samples the values of W and
En are comparable, indicating that the Fermi level is positioned near the edge of the acceptor band and

allowing both hopping conduction regimes to be observed.
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Fig. 5. Dependences of the parameters N/N. and a/a; on the Cd/(Zn+Cd) ratio.

The third chapter of the doctoral thesis is devoted to the Raman characterization of the
Cuz(Zn,Cd)SnSs and Cuz(Zn,Cd)GeSs solid solutions. The Raman spectra of the crystalline
Cuz(Zn,Cd)SnSs samples were measured at 300 K with excitation wavelengths of 532 nm and 785
nm. The chemical composition of the samples is presented in Table 3, which includes the atomic
concentrations and cationic ratios. Thus, a Cu surplus (Cu/(Zn+Cd+Sn) > 1) is observed for samples
Cd 0.0, Cd 0.4 and Cd 0.7, while for samples Cd 0.5, Cd 0.6 and those with a Cd/(Zn+Cd) ratio > 0.7

11



a Cu deficit was identified. The only samples for which the ratio Cu/(Zn+Cd+Sn) = 1 are Cd 0.3 and

Cd0.5 1.
Table 3. Chemical composition of the CZCTS solid solutions.

Sample Cu Zn Cd Sn S Cd/ Cu/ (Zn+Cd)
(at. %) (at.%) | (at.%) | (at.%) | (at. %) [(Zn+Cd)|(Zn+Cd+Sn)| /Sn
Cd 0.0 | 18.4+0.07 | 8.6+0.05 | 0.0+£0.01 | 9.1+0.1 | 63.9+0.1 0.00 1.04 0.95
Cd 0.3 | 18.4+0.09 | 7.2+0.06 | 1.7#0.1 | 9.4+0.1 63+1 0.19 1.00 0.94
Cd0.4 | 18.3+0.09 | 6.2+0.05 | 2.9+0.06 | 9.0+0.1 64+1 0.32 1.01 1.01
Cd0.5 | 22.4+0.2 | 8.6+0.1 | 5.3+0.1 | 15.8+0.3 48+1 0.38 0.75 0.88
Cd0.5 1| 17.5+0.08 | 5.1+0.05 | 3.7+0.06 | 8.5+0.1 65+1 0.42 1.00 1.04
Cd0.6 | 18.3+0.1 | 4.4+0.06 | 4.8+0.1 | 10.0+0.2 63+1 0.52 0.95 0.92
Cd0.7 | 19.9+0.1 | 2.8+0.09 | 6.2+0.07 | 10.7+0.2 60+2 0.69 1.01 0.84
Cd0.8 | 18.3+0.1 | 2.4+0.04 | 7.6+0.3 | 10.6%0.2 61+1 0.76 0.89 0.94
Cd0.8 1| 17.940.2 | 1.9+0.08 | 6.9+0.2 | 9.8+0.3 64+2 0.78 0.96 0.91
Cd1.0 | 20.3+0.1 | 0.0+0.04 | 14.6+0.2 | 16.3+£0.2 49+1 1.00 0.66 0.90
Cd1.0 1| 19.1+0.1 | 0.0+0.03 | 11.0+0.1 | 12.0+0.2 | 57.6+0.9 1.00 0.83 0.92
Cd1.0 2| 17.240.07 | 0.0+£0.02 | 9.1+0.08 | 9.6+0.1 | 64+0.8 1.00 0.92 0.96

The Raman spectra of the CZCTS solid solutions excited with a wavelength of 532 nm are
shown in Fig. 6, and the positions of the most intense peaks are indicated in Table 4. For the CZTS
compound, corresponding to the ratio Cd/(Zn+Cd) = 0.00, the Raman spectrum is characteristic of the
kesterite-type structure, with the space group /4. The phonon modes at the center of the Brillouin zone
are described by the irreducible representation:

r=3A®7B® 7E, (2)

where the modes 34 @ 6B @ 6F are Raman active, while the 6B €@ 6E modes are also IR

active. The CZTS spectrum shows an intense peak at ~338 cm, accompanied by prominent peaks at

287, 351 and 250 cm™. The peaks located at 287 and 338 cm™ were assigned to A-symmetry modes,

determined by the vibrations of the sulfur atoms in the kesterite-type structure, while the peaks at 351
and 250 cm™* were associated with B and E modes.

The compound Cu2CdSnSs (CCTS), corresponding to the ratio Cd/(Zn+Cd) = 1.00,
crystallizes in the stannite-type structure, space group I42m (Di3). The irreducible representation of
the phonon modes in the stannite-type structure is as follows:

=24, 9 A, ® 2B, ® 4B, @ 6E, (3)

In this expression, the A1, B1, B2 and E modes are Raman active, the B, and E modes are also
IR active, while the A> mode is considered silent. The CCTS spectrum shows intense peaks at 332,
284, 239, 344 and 364 cm™. The peaks located at 332 and 284 cm™ were assigned to the A1 modes,

12



associated with anion vibrations, while the peaks positioned at 239, 344 and 364 cm™ correspond to
the E and B2 modes.

For samples with intermediate composition, the Raman spectra indicate the presence of both
quaternary-phase modes and secondary-phase modes. Samples with Cd/(Zn+Cd) = 0.32 and 0.38
show a peak at ~304 cm™, associated with the cubic Cu.SnSs phase, while the sample with
Cd/(Zn+Cd) = 0.69 shows a peak at ~314 cm™, assigned to the SnS; phase. These observations

indicate compositional and phase inhomogeneity, determined by deviations from the optimal synthesis

conditions.
A
Cd/(Zn+Cd) o
287 351
000  2°0BE A
286
0.19 248

¢ &
285 /304,
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]
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285 ) 304!
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200 225 250 275 300 325 350 375
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Fig. 6. Raman spectra of the CZCTS solid solutions excited with a wavelength of 532 nm (room
temperature). The peaks marked with a dashed line correspond to secondary phases.
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Table 4. Position of the most intense Raman peaks in the CZCTS solid solutions,
excited with a wavelength of 532 nm. The main peaks are highlighted in bold.

Cd/(Zn+Cd) Raman shift (cm™)
0.00 250, 287, 338, 351
0.19 248, 286, 335
0.32 246, 285, 335
0.38 245, 285, 333
0.42 246, 282, 332, 367
0.52 243, 290, 332, 367
0.69 247, 287, 332, 366
0.76 242, 292, 333, 359
0.78 251, 286, 331, 353
1.00 239, 284, 332, 344, 364

A key result of the Raman analysis for the 532 nm wavelength is the shift of the main peak as
the Cd/(Zn+Cd) ratio increases. As shown in Fig. 7, this dependence covers two regions. Within the
first interval (0 < Cd/(Zn+Cd) < 0.6), the shift is described by the following expression:

[ ‘1]—338—111-(L) 4)
wlem 1= "~ \Zn+cd)’

Within the second interval (0.6 < Cd/(Zn+Cd) < 1.0), the shift of the main peak can be

described using the expression:

[ -1]—332+0335-(L) (5)
wlem 1= ' Zn+Cd)’

The existence of these two regions highlights the kesterite—stannite structural transition, which
occurs around the value Cd/(Zn+Cd) = 0.6 (under 532 nm excitation).

The shift of the main peak toward lower wavenumbers is determined by the mass effect and
by the weaker interaction of the Cd—S bonds compared to Zn-S, as a result of the larger ionic radius
of the Cd?* ion compared to the Zn?* ion.

The full width at half maximum (FWHM) of the main peak varies between 5.3 and 12.5 cm™,
indicating a high level of crystallinity. The dependence of the FWHM on the Cd/(Zn+Cd) ratio shows
a maximum at ~0.5, attributed to the structural disorder associated with the rearrangement of the
cationic layers. For higher Cd concentrations, the decrease in FWHM indicates improved structural

homogeneity.
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Fig. 7. a) - Raman shift and b) - full width at half maximum (FWHM) of the main peak as a function of
the Cd content in the CZCTS solid solutions. The gray band indicates the kesterite—stannite transition.

The Raman spectra of the CZCTS solid solutions measured with a wavelength of 785 nm are
shown in Fig. 8, and the positions of the most intense peaks are indicated in Table 5. For the 785 nm
wavelength, the CZTS spectrum shows intense peaks at 285, 336, 366 and 374 cm™. The first two
peaks were assigned to A-symmetry modes (kesterite-type structure), while the peaks located at 366
and 374 cm™ were associated with polar E- and B-symmetry modes, enhanced by Fréhlich-type
electron-phonon interaction under near-resonance excitation conditions.

For the CCTS compound excited with a wavelength of 785 nm, the spectrum shows intense
peaks at 285, 313, 333 and 365 cm™. The peaks located at 285 and 333 cm™ were assigned to the Az
modes (Stannite-type structure), while the peak positioned at 313 cm™ was associated with the
secondary SnS; phase. Similar peaks in the range 313-315 cm™ were also identified in the samples
with Cd/(Zn+Cd) = 0.69-0.78. In the samples with Cd/(Zn+Cd) = 0.32 and 0.38, the peaks detected

at 316-320 cm* can be correlated with the orthorhombic secondary phase CusSnSs. The presence of
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these phases confirms that the introduction of Cd can generate cationic disorder and reduce the
structural stability of the quaternary phase, especially in the region of the kesterite—stannite transition.

The evolution of the main peak for the 785 nm wavelength also comprises two distinct regions
(Fig. 9). The first region (Cd/(Zn+Cd) < 0.7) is characterized by a decrease in frequency with
increasing Cd content, determined by the mass effect and the reduction of the Zn/Cd-S interatomic
forces. The second region (Cd/(Zn+Cd) > 0.7) shows a shift toward higher wavenumbers, attributed

to angular distortions of the metal-sulfur tetrahedra near the stannite region.

Cd/(Zn+Cd) o
A
285 p 366 374
334 367
0. 19 284 TNy

/

/ 320°, \336
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N3P
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Cu,SnS, ’
1 I 1 I 1 I 1 I 1 I 1 I 1

250 275 300 3256 350 375 400
Raman shift (cm™")

Fig. 8. Raman spectra of the CZCTS solid solutions excited with a wavelength of 785 nm (room
temperature). The peaks marked with a dashed line correspond to secondary phases.
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Table 5. Position of the most intense Raman peaks in the CZCTS solid solutions,
obtained for a wavelength of 785 nm. The main peaks are highlighted in bold.

Cd/(Zn+Cd) Raman shift (cm™)

0.00 285, 336, 366, 374

0.19 284, 334, 367

0.32 285, 336

0.38 290, 332, 365

0.42 293, 333, 371

0.52 292, 333, 369

0.69 289, 330, 363

0.76 287, 331, 363

0.78 288, 332, 365

1.00 285, 333, 365
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Fig. 9. a) - Raman shift and b) - full width at half maximum (FWHM) of the main peak as a function of
the Cd content in the CZCTS solid solutions. The gray band indicates the kesterite—stannite transition.
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The two above-mentioned regions were approximated using the expressions:

cd
-171 — _ e —_—
w[em™'] =336 —7.93 (Zn n Cd)' (6)
[ -1]—326—629-( ¢d ) )
wlem 1= “? \Zn+cd)’

Thus, the kesterite-stannite structural transition is located at ~0.7 in the spectra obtained with
the 785 nm wavelength, and at ~0.6 for the 532 nm wavelength, indicating a coexistence of the two
structures in the range 0.6 < Cd/(Zn+Cd) <0.7.

The dependence of the FWHM parameter of the main peak in the case of the 785 nm
wavelength on the Cd/(Zn+Cd) ratio is similar to the one obtained for the 532 nm wavelength, with a

maximum around the value = 0.5, correlated with the maximum structural disorder.

Table 6. Chemical composition of the CZCGS thin films: before (non) and
after (ann) thermal annealing.

sample Cu Zn Cd Ge S Cu/ (Zn+Cd)/| Cd/
(at.%) | (at.%) | (at.%) | (at.%) | (at.%) |(Zn+Cd+Ge) Ge (Zn+Cd)
before thermal annealing
Cd 0.00 non | 21.6+0.2 | 14.7+0.2 | 0.0+0.0 | 13.7+0.2 | 50.1+0.8 0.76 1.08 0.00
Cd 0.10 non | 25.340.2 | 15.7+0.1 | 3.2+0.6 | 17.7+0.2 | 38.1+0.6 0.69 1.07 0.17
Cd 0.25non | 26.7+0.3 | 13.240.2 | 3.7+0.9 | 16.34+0.2 | 40.2+0.9 0.81 1.04 0.22
Cd 0.50 non | 29.8+0.2 | 10.740.1 | 11.2+0.7 | 19.6+0.2 | 28.7+0.5 0.72 1.12 0.51
Cd0.75non | 29.8+0.2 | 5.6+0.1 | 18.2+0.8 | 18.6+0.2 | 27.8+0.5 0.70 1.28 0.76
Cd 0.90 non | 25.840.2 | 2.0+0.08 | 18+1 | 16.4+0.2 | 37.5+0.6 0.71 1.23 0.90
Cd 1.00 non | 26.4+0.2 | 0.0+0.06 | 21+1 |16.7+0.2 | 36.3+0.6 0.71 1.23 1.00
after thermal annealing
Cd 0.00 ann | 21.4+0.2 | 14.6+£0.1 | 0.0+0.0 | 13.3+0.1 | 50.6+0.7 0.77 1.10 0.00
Cd0.10 ann | 24.1+0.2 | 15.1+0.1 | 3.2+0.5 | 16.8+0.1 | 40.8+0.5 0.69 1.09 0.17
Cd0.25ann | 22.7+0.2 | 11.4+0.1 | 3.4+0.6 | 13.8+0.1 | 48.8+0.6 0.79 1.07 0.23
Cd 0.50 ann | 20.4+0.1 | 7.3+0.09 | 8.5+0.6 | 13.8+0.1 | 49.9+0.6 0.69 1.14 0.54
Cd 0.75ann | 20.8+0.1 | 3.8+0.07 | 13.5+0.6 | 12.5+0.1 | 49.4+0.6 0.70 1.38 0.78
Cd0.90 ann | 21.5+0.2 | 1.6+£0.08 | 15+1 |[11.7+0.1 | 50.2+0.6 0.76 1.41 0.90
Cd 1.00 ann | 20.9+0.1 | 0.0+0.04 | 17.240.7 | 11.740.1 | 50.2+0.7 0.72 1.47 1.00

The Cu2Zn1xCdxGeSs (CZCGS) thin-film solid solutions were obtained by the spray pyrolysis
method, followed by thermal annealing in a sulfur atmosphere at 525 °C for 30 minutes. The chemical
composition was determined by the XRF method. Thus, all samples, both before and after thermal
annealing, show a Cu deficit and a surplus of the Zn+Cd sum (Table 6). Good agreement was also

observed between the nominal value of x and the experimental Cd/(Zn+Cd) ratio. After thermal
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annealing, the sulfur concentration approached the stoichiometric value more closely, owing to
sulfurization in the S, atmosphere.

The Raman spectra of the thermally annealed CZCGS solid solutions, measured at 300 K with
a wavelength of 785 nm, are shown in Fig. 10, and the positions of the most intense peaks are collected

in Table 7.

A =785 nm

Normalized intensity (arb. units)

| ' L 1 s | L 1 " 1
200 250 300 350 400 450
Raman shift (cm™)

Fig. 10. Raman spectra of the CZCGS solid solutions after thermal annealing.

Table 7. Position of the most intense Raman peaks in the CZCGS solid solutions.

Sample Raman shift (cm™)
Cd 0.00 264, 289, 360
Cd0.10 258, 281, 357
Cd 0.25 254, 289, 358
Cd 0.50 253, 287, 357
Cd0.75 254, 288, 360, 390
Cd 0.90 248, 287, 360, 390
Cd 1.00 252, 283, 358, 390
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Fig. 11. Fit (red curve) of the experimental Raman spectra (black curves) using Lorentzian curves
(green): a) - sample Cd 0.00 ann (CZGS) and b) - sample Cd 1.00 ann (CCGS). The inset shows the
maghnified peak region corresponding to the wurtzstannite-type structure in sample Cd 0.00 ann.

The compound Cu.ZnGeSs (CZGS) can crystallize in either the stannite structure or the
wurtzstannite-type structure, the wurtzstannite structure being more probable from an energetic
standpoint [9]. Fig. 11 shows that the CZGS sample displays peaks at ~255, 264, 275 and 289 cm™,
characteristic of the wurtzstannite-type structure.

For the wurtzstannite-type structure, with space group Pmn23, the irreducible representation
of the phonon modes at the center of the Brillouin zone is:

I'=134; @ 104, ® 9B, @ 13B,, (8)

All mode types are Raman active, while the A1, B1 and B> modes are also IR active, leading
to LO-TO splitting. The most intense Raman peaks for CZGS were detected at 360, 289 and 264 cm”
! The peaks located at 360 and 289 cm™ were assigned to the A1 mode, associated with the vibrations
of the sulfur atoms around the Ge atoms and the deformation of the Ge—S bonds.

The compound Cu2CdGeS4 (CCGS, sample Cd 1.00 ann) also crystallizes in the wurtzstannite-

type structure, space group Pmn2; [10]. The Raman spectrum shows three prominent bands in the
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region 230-370 cm™. The peaks located at 358 and 283 cm™ were assigned to the A1 mode, associated
with the in-phase vibrations of the GeS tetrahedra, while the peak detected at 252 cm™ was associated
with the A2 mode, determined by the vibrations of the sulfur atoms.

Comparing the CZGS and CCGS spectra, the positions of the main peaks change only slightly
with the variation of the Cd concentration. In contrast, the band located in the region 280-300 cm™
shifts noticeably toward lower wavenumbers with increasing Cd content (Fig. 12), indicating that the
vibrations of the Ge-S bonds are not directly influenced by Zn—Cd substitution, while the change in

lattice parameters and the increase in interatomic distances lead to a decrease in phonon energy.

292 -

288

284 - S o

Raman shift (cm™)

280 ) -

0,0 I 0,2 . 0,4 I 0,6 . 0,8 . 1.0
Cd/(Zn+Cd)

0,0 0,2 0,4 0,6 0,8 1,0
Cd/(Zn+Cd)
Fig. 12. a) - Raman shift and b) —width (FWHM) of the band located in the region 280-300 cm?, as a
function of the Cd content in the CZCGS solid solutions.
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An important application of Raman spectroscopy is the rapid estimation of the chemical
composition (Fig. 12). The band in the region 280-300 cm™ shows a clear dependence on the
Cd/(Zn+Cd) ratio, and a linear fit yielded the relation given below.

cd
m)'
However, the method remains approximate and may require additional calibration, since the

w[em™'] =289 —3.97 - ( (9)

peak position can be affected by structural defects and reduced crystallinity.

The dependence of the band width (FWHM) located in the range 280-300 cm™ on the
Cd/(Zn+Cd) ratio (Fig. 12) shows a maximum at ~0.3, associated with the relatively high structural
disorder in samples with low Cd content. The subsequent decrease in band width indicates an

improvement in crystalline quality.
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Fig. 13. Raman spectra of the CZCGS solid solutions before thermal annealing, measured at 300 K
temperature.
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The Raman spectra of the non-annealed samples (Fig. 13) indicate reduced structural and phase
quality. The main band located in the region 351-359 cm™ is shifted toward lower wavenumbers
owing to the reduced crystallinity. In addition, two intense bands were observed at ~258 and 493 cm’
! which do not correspond to the quaternary phase or to known secondary phases. Their disappearance
after thermal annealing confirms the dissolution of the intermediate compounds formed during
spraying (thiourea or CuCl) and the formation of the main quaternary phase.

The different behavior of the non-annealed samples as a function of Cd content suggests
distinct mechanisms of quaternary-phase formation: for low Cd content, the quaternary phase partially
forms during spraying, with thermal annealing improving crystalline quality; for higher Cd content,
the quaternary phase forms exclusively after thermal annealing.

In the fourth chapter, the analysis of the optical properties of the quaternary compounds
Cu2ZnSnSs (CZTS) and Cu.CdSnSs (CCTS) is presented, whose crystalline samples were obtained
by the chemical vapor transport method, using elemental components with 99.999% purity and iodine
as the transport agent. The obtained crystals had dimensions of approximately 1-2 mm x 3-5 mm and

displayed a smooth optical surface, as can be seen in Fig. 14.

l"l‘mlllll

Fig. 14. Image of the single crystals obtained by the chemical vapor transport method:
a) - CCTSand b) - CZTS.

The chemical composition of the samples, determined by X-ray fluorescence (XRF), indicated
a deficit of Cu and Sn, as well as a high S content in both samples (Table 8). For the CZTS sample,
the determined cationic ratios are Cu/(Zn+Sn) = 1.04 and Zn/Sn = 0.95, while for CCTS — Cu/(Cd+Sn)
= 1.04 and Cd/Sn = 0.95. These deviations from stoichiometry can significantly influence the optical

properties and the concentration of structural defects in the investigated samples.
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Table 8. Chemical composition of the samples measured by the XRF method.
Note: 11=Zn or Cd, M= Cu+l1+Sn.

S Cu/ 1/ M/
0, 0, 0, 0
Sample | Cu (at.%) | Zn (at.%) | Cd (at.%) | Sn (at.%) (at.%) (1+sn) | sn S
CZTS | 18.4+0.07 | 8.6+0.05 - 9.1+0.1 | 63.9+0.1 1.04 0.95 | 0.57
CCTS | 17.2+0.07 - 9.1+0.08 9.6+0.1 | 64.0+0.8 0.92 0.96 | 0.56

The reflectance and transmittance spectra of the CZTS sample, measured at 300 K, are shown
in Fig. 15. Two intense maxima are observed in the reflectance spectrum, labeled Az and B3, located
at 1.38 and 1.70 eV respectively, assigned to direct transitions between the valence bands and the
conduction band at the center of the Brillouin zone. In addition, the transmittance spectrum shows that

the sample becomes opaque for energies greater than approximately 1.47 eV, indicating the proximity

of the fundamental absorption edge.
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Fig. 15. Reflectance and transmittance spectra of the CZTS sample, measured at 300 K temperature.

The absorption coefficient was calculated using the expression:

a=1m <ﬂ> (10)

d T
where R, T and d represent the reflectance, transmittance and thickness of the sample. Thus,
absorption begins around 1.4 eV, while the band-gap width determined by the Tauc method is ~1.46
eV at 300 K, in agreement with the results from the specialized literature [11, 12].
The reflectance spectra of the CZTS sample (Fig. 16), measured in the range 10-300 K,
revealed an unusual behavior of the A1 and B: maxima: their positions shift toward higher energies

with decreasing temperature down to ~150 K, after which the trend reverses. This behavior suggests
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that the transitions originate from the same conduction-band minimum, but from different valence-

band maxima.
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Fig. 16. a) - Reflectance spectra of the CZTS single-crystal sample, measured at different temperatures,
and b) — temperature dependence of the position of the A1 and B1 maxima.

For the CCTS compound, the reflectance and photoluminescence spectra in the fundamental

band-edge region were also investigated. The reflectance spectra were measured in the range 50-300

K and are shown in Fig. 17.
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Fig. 17. a) - Reflectance spectra of the CCTS single-crystal sample, measured at different
temperatures, and b) — temperature dependence of the position of the Al and C1 maxima.

In these spectra, the Ai maximum, located at approximately 1.37 eV, is present at all

temperatures. In addition, an extra, broad and asymmetric maximum, labeled C1, was detected around
the value 2.27 eV. Unlike the CZTS sample, the B1 maximum is not present in the CCTS sample

spectra. As temperature decreases, the C; maximum shifts toward higher energies, a behavior
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characteristic of direct transitions between the conduction and valence bands, but occurring at
different points of the Brillouin zone.

The reflectance and photoluminescence spectra of the CCTS sample, measured at a
temperature of 15 K (Fig. 18), allowed the identification of excitons A and B in the statesn=1and n
= 2. The first state of exciton A (n = 1) is located at 1.33 eV, while the second (n* = 2) is at 1.37 eV.
In addition, a narrow peak was detected around the value of 1.37 eV, associated with the longitudinal
exciton wi, while the first state observed in the luminescence spectrum corresponds to the transverse

exciton wr. For exciton B, the states n® = 1 and n® = 2 were identified at approximately 1.43 and 1.49

eV respectively.
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Fig. 18. Reflectance (R) and photoluminescence (PL) spectra measured at a temperature of 15 K, in the
fundamental absorption-edge region of the CCTS sample.
The energy corresponding to the band gap (E~) and the Rydberg constant (Ry) were estimated

using the expressions:
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where ny = 1 and n = 2 represent the excitonic states with energies E1 and E», and x = 2. For
exciton A, Ry = 64 meV and Eq ~ 1.39 eV were obtained, while for exciton B, Ry = 75 meV and Eg =
1.51 eV. The difference between the energies of the two excitons confirms the existence of several
valence bands near the lower edge of the band gap.

The interpretation of the experimental data was carried out based on the band diagram
theoretically calculated in Ref. [13] (Fig. 19), which shows that CCTS is a direct-band-gap
semiconductor, with the fundamental optical transitions occurring at the 7" point of the Brillouin zone.
The diagram reveals three valence bands, V1, V2 and V3, split under the action of the crystal-field and
spin-orbit interaction. Exciton A was assigned to the transition between the conduction band C; and
the valence band V1, while exciton B was assigned to the transition between C; and V2. The shape of
the excitonic reflectance spectra differs considerably from the classical shape, most likely due to the

screening effect induced by the high concentration of free carriers.

Fig. 19. Band diagram of the CCTS compound [13].
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General conclusions and recommendations

General conclusions
1. Two distinct electrical conduction mechanisms were identified: nearest-neighbor hopping
conduction (NNH), observed in the range ~110-190 K, and Mott-type variable-range hopping
conduction (VRH), detected in the range 55-140 K.
2. The presence of the NNH mechanism is supported by the close values of the parameters E, and W,
indicating that the Fermi level is positioned near the edge of the acceptor band.
3. Analysis of the dependence of the parameters W, En, N/N¢ and a/ag on composition revealed a non-
monotonic behavior with a maximum for the value Cd/(Zn+Cd) = 0.69, attributed to the intrinsic
disorder of the investigated sample. This behavior indicates that the electrical properties depend more
significantly on the presence of defects than on the chemical composition.
4. The Raman spectra obtained at 532 nm and 785 nm confirmed the presence of the quaternary phase
in the samples of the end-member compounds CZTS and CCTS, in good agreement with the
specialized literature. In the CCTS sample at 785 nm, an additional peak was identified at 313 cm™,
assigned to the secondary SnS; phase.
5. The kesterite-stannite structural transition was identified in the Raman spectra of the CZCTS solid
solutions: the frequency of the main peak decreases for cationic-ratio values Cd/(Zn+Cd) < 0.6
(kesterite-type structure) and remains nearly constant for Cd/(Zn+Cd) > 0.7 (stannite-type structure).
The transition therefore occurs within the range 0.6 < Cd/(Zn+Cd) < 0.7, where the two structures
coexist.
6. The Raman spectra of the non-annealed samples show three predominant bands: the main band
located at 351-359 cm® (quaternary phase) and two bands at ~258 and 493 cm?, assigned to residual
salts (thiourea, CuCl) or intermediate synthesis compounds.
7. The thermally treated CZCGS thin films showed the formation of a wurtzstannite-type structure for
both end-member compounds (CZGS and CCGS). Additionally, the band located in the range 280—
300 cm? proved to be much more sensitive to compositional changes, shifting toward lower
wavenumbers as Zn is substituted with Cd.
8. In the reflectance and photoluminescence spectra of the CCTS compound, type-A excitons (n=1
at 1.33 eV, n*=2 at 1.37 eV) and type-B excitons (n®=1 at 1.43 eV, nB=2 at 1.49 eV) were identified,
with Rydberg constants of approximately 64 meV and 75 meV, respectively.
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9. For CZTS, the band-gap width determined by the Tauc method at 300 K is ~1.46 eV. The unusual
behavior of the maxima in the reflectance spectra suggests that the electronic transitions originate

from the same conduction-band minimum, but from different valence-band maxima.

Recommendations
10. The study of the transport properties of the quaternary compounds can be used to assess the
concentration of CuZn and ZnCu antisite defects, while Raman spectroscopy allows the identification
of secondary phases and the assessment of sample crystallinity.
11. The synthesis conditions of the thin films should be optimized to minimize CuZn and ZnCu
antisite defects, by analyzing the dependence of the concentration of these defects on the Cd content
in the Cuz(Zn,Cd)(Sn,Ge)S4 compounds, with a view to identifying the optimal composition.
12. The data on optical properties can be used to assess the reflection, absorption and transmittance
qualities of thin films, contributing to the determination of the optimal band-gap width for maximum
photovoltaic device efficiency.
13. The quality of the Raman spectra of polycrystalline thin films can be improved by carrying out
measurements on crystalline samples with a high degree of homogeneity, which would minimize the
overlap between the secondary-phase peaks and those of the quaternary phase.
14. The use of additional excitation wavelengths for the Raman spectra would allow more precise
identification of secondary phases and more complete conclusions regarding the dependence of the
vibrational properties on chemical composition. Thus, Raman spectroscopy remains an essential
technique for differentiating crystal structures and identifying the predominant phases in quaternary

compounds, including in cases where this becomes difficult to achieve using X-ray diffraction.
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Adnotare
Batir Valentin
»Proprietiti de transport, vibrationale si optice ale solutiilor solide Cu2(Zn,Cd)(Sn,Ge)Ss”
Teza de doctor in stiinte fizice, Chisinau, anul 2026

Teza este scrisa in limba romana si consta din introducere, patru capitole, concluzii generale
si recomandari, bibliografie din 185 de lucréri citate. Lucrarea contine 126 pagini de text, 50 figuri,
18 tabele si 44 formule.

Cuvinte-cheie: proprietati electrice, kesterit, stanit, wurtzstanit, CZTS, CCTS, CZCTS, solutii
solide, densitate de stari, conductibilitate prin salturi, fantd Coulomb, banda acceptoare, proprietatile
vibrationale, spectroscopia Raman, reprezentare ireductibild, tranzitie structurala kesterit-stanit,
dezordine structurald, interactiune interatomica, latimea benzii interzise, coeficient de absorbtie,
stoichiometrie, cationi, faze secundare, retea cristalind, compus calcogenid, tratare termica.

Scopul principal al tezei reprezinta stabilirea corelatiei dintre parametrii fizico-chimici
principali si compozitia solutiilor solide Cu2(Zn,Cd)(Sn,Ge)Ss prin studiul fundamental al
proprietatilor de transport, vibrationale si optice ale acestor compusi.

Obiectivele cercetarii: Determinarea mecanismelor de transport electric predominante in
compusii CZCTS la diferite temperaturi. Inregistrarea spectrelor Raman caracteristice compusilor
CZCTS si Cuz(Zn,Cd)GeSs, in scopul investigarii proprietatilor vibrationale si imbunatatirii calitatii
probelor. Stabilirea parametrilor si tranzitiilor optice in compusii Cu2ZnSnSs si Cu2CdSnSs pe baza
spectrelor de reflectantd, transmitanta si fotoluminescenta.

Noutatea si originalitatea stiintifica a tezei consta in investigarea In premiera a proprietatilor
de transport ale solutiilor solide Cu2Zn1-xCdxSnS4 in intervalul de valori 0 <x <1. De asemenea a fost
propus in premierda un model liniar pentru evaluarea rapida a compozitiei solutiilor solide CZCTS si
Cu2(Zn,Cd)GeSs4, bazat pe spectrele Raman caracteristice ale acestor compusi semiconductori.
Totodatd, in spectrele de fotoluminescenta si reflectanta ale compusului Cu,CdSnSs, masurate la
temperatura de 15 K, au fost identificati si analizati pentru prima datd excitonii de tip A si B.

Rezultatele obtinute care contribuie la solutionarea unei probleme stiintifice importante
sunt reprezentate de determinarea diferitor parametri caracteristici proprietatilor de transport,
vibrationale, optice si construirea dependentelor acestor parametri de compozitia probelor. Acest lucru
poate fi important pentru determinarea unei compozitii optime a stratului absorbant, care va permite
fabricarea dispozitivelor fotovoltaice cu eficientd sporita.

Semnificatia teoretica si valoarea aplicativa a rezultatelor obtinute rezida in extinderea
fondului de cunostinte referitoare la proprietatile fundamentale ale compusilor Cuz(Zn,Cd)(Sn,Ge)S4
st aplicarea acestor cunostinte pentru fabricarea dispozitivelor fotovoltaice economic accesibile, pe
baza straturilor subtiri ale compusilor investigati.

Implementarea rezultatelor stiintifice: Rezultatele obtinute in cadrul tezei de doctor au fost
utilizate la realizarea mai multor proiecte de cercetare si vor putea fi de asemenea valorificate in
practica la proiectarea diferitor dispozitive fotovoltaice si optoelectronice pe baza materialelor
Cu2(Zn,Cd)(Sn,Ge)Sa.
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Summary
Batir Valentin
»Iransport, vibrational and optical properties of solid solutions Cu2(Zn,Cd)(Sn,Ge)Ss”
Thesis for degree of Doctor of Philosophy in Physical Sciences, Chisinau, 2026

The thesis is written in Romanian and consists of an introduction, four chapters, general
conclusions and recommendations, bibliography of 185 cited works. The work contains 126 pages of
text, 50 figures, 18 tables and 44 formulas.

Keywords: electrical properties, kesterite, stannite, wurtzstannite, CZTS, CCTS, CZCTS,
solid solutions, density of states, hopping conductivity, Coulomb gap, acceptor band, vibrational
properties, Raman spectroscopy, irreducible representation, kesterite—stannite structural transition,
structural disorder, atomic interaction, absorption coefficient, stoichiometry, cations, secondary
phases, crystal lattice, chalcogenide compound, annealing.

The main goal of the thesis is to establish the correlation of the main physicochemical
properties of Cu2(Zn,Cd)(Sn,Ge)S4 solid solutions with their chemical composition by analysis of the
fundamental transport, vibrational and optical properties of these compounds Cuz(Zn,Cd)(Sn,Ge)Sa.

Research objectives: To define the main electrical charge transfer mechanisms in CZCTS
solid solution at different temperatures. To establish characteristic Raman spectra of CZCTS and
Cuz(Zn,Cd)GeSs solid solutions, to analyze vibrational properties and assess phase quality and
homogeneity. To define main optical parameters and optical transitions in Cu2ZnSnSs and Cu2CdSnSs4
quaternary compounds at different temperatures by means of reflectance, transmittance and
photoluminescence spectroscopies.

The scientific novelty and originality of the thesis consist in the first detailed analysis of the
electrical charge transfer in Cu2Zn1.xCdxSnSs solid solutions in the range of values 0 < x < 1 by
applying different theoretical models. Also, a characteristic spectrum of CZCTS and Cuz(Zn,Cd)GeSa
solid solutions was established allowing to propose a novel method for the fast evaluation of the
composition with the change of Cd/(Zn+Cd) ratio in these solid solutions. At the same time, excitons
of type A and B were observed and analyzed for the first time in Cu.CdSnSs compound by means of
photoluminescence and reflectance spectroscopy.

Obtained results that contribute to solving of an important scientific problem consist in
the determination of characteristic parameters of the transport, vibrational and optical properties, and
defining the dependences of these properties on the chemical composition of the samples. This
provides a basis for identifying optimal composition of absorber layer with the desired
physicochemical properties for applications in thin film solar cells.

The theoretical significance and applicative value of the obtained results reside in the
expansion of the knowledge data base regarding the fundamental properties of the
Cu2(Zn,Cd)(Sn,Ge)S4 compounds and the application of this knowledge for the manufacture of low-
cost and environmentally friendly photovoltaic devices.

Implementation of scientific results: The results obtained within the doctoral thesis were
used in performing of several research projects and can be used in the design of various photovoltaic
and optoelectronic devices based on Cuz(Zn,Cd)(Sn,Ge)Ss compounds.
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AHHOTANUA
Bbarteip BajieHTHH
»  PAHCIIOPTHBIE, KOJIe0aTe/IbHbIE H ONTHYECKHE CBOMCTBA TBEPABIX PACTBOPOB
Cu2(Zn,Cd)(Sn,Ge)Ss”
Kanaunarckas quccepranus no pusndeckum Haykam, Kummnnes, 2026 roa

Jluccepraliysi HalMcaHa Ha PYMBIHCKOM SI3BIKE U COCTOUT U3 BBEJICHUS, YETHIPEX IJIaB, OOIIIX
BBIBOJIOB U peKOMEHanwuii, oubmuorpaduu u3 185 mutupyeMbix paboThl. Jluccepranus COOep UT
126 ctpanun tekcta, 50 pucynka, 18 tadbmuns! u 44 hopmyIibl.

KiroueBble cj10Ba: SJICKTPUUECKHUE CBOWCTBA, KECTEPUT, CTAHHHT, BIOpicTaHHUT, CZTS,
CCTS, CZCTS, TtBepasie pacTBOpBI, IUIOTHOCTh COCTOSIHUM, TPBDKKOBAs IMPOBOJIUMOCTD,
KyJIOHOBCKAasi IIEJb, aKIENTOpPHAs I0JI0ca, CHEKTphl PamaHa, HEMPUBOIUMOE IPEICTABICHUE,
CTPYKTYPHBIH ~ TEepexoJ]  KECTePUT-CTAHHHUT, CTPYKTYpHBIH  OCCIOpSIOK,  MEKATOMHOE
B3aUMOJICHCTBHE, KOX(PPHUIIMEHT TMOIJIOIMICHUS, CTEXHOMETPHUsS, KaTHOHBI, BTOPUYHBIC (a3bl,
KPHUCTaJUTUNYECKasi PEIIeTKa, XaIbKOTCHUHOE COCIMHEHHE, OT)KHUT.

OcHoBHasi 1eJdb JHCCEPTANMM — (QYHIAMEHTAIBHOE WCCIEAOBAaHUE TPAHCIOPTHBIX,
KOJIcOATeIbHBIX U ONTHYECKUX CBOUCTB coennHennii Cu2(Zn,Cd)(Sn,Ge)Ss ¢ 1enbio ycTaHOBJICHHS
KOPPEJSLUN MKy OCHOBHBIMH ITapaMeTpaMu, XapaKTePU3YOIMMU 3TH CBOMCTBA, U XUMUYCCKUM
COCTaBOM OOPA3IIOB.

3amauu MccaeT0BaHUs: BBIBICHHEC MEXaHU3MOB IEpEeHOca 3apsaa B TBEPABIX pacTBOpax
CZCTS B mIMpOKOM TEMIIEpaTypHOM JHAIa30HE; MOJYyYCHUE XapaKTepHbIX PaMaHOBCKHX CIIEKTPOB
coenunennii Cuz(Zn,Cd)SnSs u Cuz(Zn,Cd)GeSs mns u3ydeHust KoyieOATEIbHBIX CBOMCTB |
NOBBIIIEHUS (Pa30BOI OTHOPOAHOCTH 00PA3IIOB; ONPEAEICHNE OCHOBHBIX ONITUYECKHUX MapaMeTpPOB U
nepexonoB B coequHeHussx Cu2ZnSnSs m Cu2CdSnSs mo cmekTpam OTpa)keHHsl, MPOIYCKaHUs U
(OTOTOMUHECTICHITMH TIPU PA3JTUYHBIX TEMIIEpaTypax.

Hay4ynasi HOBU3HA M OPUTHHAJIBHOCTH JIMCCEPTAIIMU: BICPBBIC U3MEPEHBI TPAHCIIOPTHBIC
cBoiicTBa TBEPIBIX pacTBOpoB Cu2(ZNn,Cd)SnSs Bo BcéM muTepBaie 0 < X < 1; npe/yioskeHa JTMHEHHAs
MoJienb ObIcTpoit oreHku coctaBa Cuz(Zn,Cd)GeSs Ha ocHOBe PamMaHOBCKHX CIIEKTPOB; BIICPBBIC
NPOAHATU3UPOBAHBI YKCUTOHBI THIOB A W B B crekTpax ()OTOJOMHHECIEHIIMA U OTPaKCHHS
yeTBepHOro coequnenust Cu.CdSnSa.

ITosrydyeHHble pe3yabTaTbl, KOTOpPbIE CHOCOOCTBYIOT PpelICHHMI0 BAaKHOM HAay4HOH
MPOo6JIeMBbI 3aKJTFOYAIOTCS B OTIPEICTICHUN KITFOUEBBIX TPAHCTIOPTHBIX, KOJICOATEIBHBIX U ONTHYECKUX
napaMeTpoB B 3aBUCUMOCTH OT COCTaBa 00Opa3lOB, YTO MO3BOJSIET BHIOPATh ONTHUMAJBHBIA COCTAB
HOTJIONIAIONIETO CII0s JUTS (POTOIINEKTPHUYECKUX YCTPOUCTB.

Teopernueckasi ¥ NPUKJIAAHAS EHHOCTb PadOTHI 3aKIIOYACTCS B PACHIMPEHUH 0a3bl
3HAHWH O (pyHIAMEHTaIbHBIX cBoicTBax coemunHeHuit Cuz(Zn,Cd)(Sn,Ge)Ss u npuMeHEHUH ITHUX
3HAHWW JUIS CO3JAHUS TOCTYMHBIX (POTOIIECKTPUUECKHX YCTPOHCTB HA OCHOBE TOHKHX IUIEHOK.
Pe3ynbTaThl HCIOIB30BaHBI B HECKOJBKUX HCCIIEAOBATEIBCKAX IMPOCKTaX W MPUMEHUMBI TIPH
NPOEKTUPOBAHUH (DOTOIITEKTPUYECKUX U OMTOIICKTPOHHBIX YCTPONCTB.
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