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The physicochemical and thermoelectric properties of ThySn;_xSe (0 < x < 0.05) solid solutions were systematically investigated
with emphasis on composition-driven carrier-type transition and y —irradiation effects. Differential thermal analysis reveals a
monotonic decrease in melting temperature and enthalpy with increasing Th content, indicating lattice distortion and reduced thermal
stability due to the substitutional incorporation of Th3* at Sn?* sites. X —ray diffraction confirms single-phase orthorhombic (Pnma)
structure without secondary phases, while EDX analysis verifies successful Tbh incorporation. A composition-induced p —
n transition occurs within a narrow concentration range, accompanied by a significant modification of the Seebeck coefficient.
y —irradiation (up to 4 — 6.5 Mrad) significantly affects the Seebeck coefficient in the low-temperature region (80 — 300 K), with a
nonlinear dose dependence that can be approximated by a quadratic function. At elevated temperatures (T = 500 K ), the
thermoelectric response exhibits notable radiation stability. The obtained results clearly indicate that Th doping facilitates a
controllable modulation of charge carrier transport properties while preserving the structural integrity and thermal stability of the
material at elevated temperatures. These findings underscore the strong potential of Th —doped systems for advanced thermoelectric
applications, particularly under radiation-exposed operating conditions.

Keywords: Solid solutions; Substitutional doping; p —n conductivity transition; Seebeck coefficient; Gamma irradiation;
Radiation-modified thermoelectric transport
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1. INTRODUCTION

Layered crystals are a class of materials with a unique structure, where atomic layers are held together by weak
van der Waals forces. These materials occupy an intermediate position between molecular and nanoscale structures.
They possess unique physicochemical properties, making them promising nanomaterials [1, 2]. The effects observed
when forming low-dimensional structures with subnanometer-scale constraints in binary semiconductor compounds are
related to the nature of the chemical bond and the crystal structure of the bulk phases. The relationship between the
structure and properties of three-dimensional crystals and low-dimensional structures is examined using three classes of
compounds— A"V BV, A"'BVI, AV BYI[3, 4].

Among IV — VI binary compounds, including GeS, GeSe, SnS, and SnSe, a pronounced anisotropic layered crystal
structure is observed. Within each layer, atoms are strongly bonded via covalent interactions, whereas adjacent layers
are held together by relatively weak van der Waals forces. Owing to these weak interlayer interactions, such crystals
can be readily exfoliated into atomically thin sheets, analogous to graphene [5,6]. This structural feature provides
significant potential for applications in nanotechnology and two-dimensional (2D) electronics. Furthermore, the layered
architecture inherently reduces lattice thermal conductivity, which is advantageous for thermoelectric performance. The
pronounced anisotropy in their electronic properties can further enhance the efficiency of heat-to-electric energy
conversion [7].

The incorporation of rare-earth elements (REEs) into tin monoselenide induces a range of physical phenomena
governed by the formation, energetics, and interactions of intrinsic and impurity-related defects. In semiconductor
matrices, REE impurities exhibit distinctive behavior, notably their limited solid solubility and their pronounced
gettering capability, whereby they effectively reduce the concentrations of residual impurities and defect states, leading
to a significant purification of the host material [8, 9].

Materials derived from rare earth elements (REEs) are extensively employed in the fabrication of advanced energy
conversion systems, a wide range of thermistor devices, and functional materials exhibiting enhanced resistance to
radiation, mechanical pressure, and environmental humidity. Doping SnSe with rare earth metals is an effective method
for controlling its electrophysical properties. It enables optimization of thermoelectric characteristics, reduction of
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thermal conductivity, increase in electrical conductivity, and improved material stability, making SnSe even more
promising for use in thermoelectrics and electronics [10, 11].

The thermoelectric performance of SnSe — based semiconductors is highly sensitive to compositional
modifications and external perturbations that govern charge-carrier transport and phonon scattering [12]. In particular,
substitutional incorporation of rare-earth elements such as Th introduces localized electronic states, alters carrier
concentration, and may induce a p—n conductivity transition, leading to substantial changes in transport properties.

Gamma irradiation provides an additional degree of control via defect engineering, generating point defects and
defect complexes that modify carrier scattering, relaxation processes, and energy-filtering effects [13]. As thermoelectric
coefficients are strongly dependent on the energy-dependent relaxation of charge carriers, their temperature behavior
provides a sensitive probe of the underlying scattering mechanisms and the evolution of the electronic structure [14].

In this context, Sn;_4ThySe solid solutions represent a promising system for investigating the combined effects of
substitutional doping and radiation-induced defects. Such interplay is critical for understanding transport phenomena
and optimizing thermoelectric performance in multicomponent chalcogenides.

In this work, Sn;_4TbySe compounds were synthesized, and their thermoelectric properties were systematically
studied as functions of composition, temperature, and gamma irradiation dose. The results provide insight into charge-
transport mechanisms and demonstrate viable pathways for tailoring thermoelectric materials through rare-earth doping
and irradiation-induced defect engineering.

2. EXPERIMENTAL PART

For the synthesis of SnSe-TbSe alloys, high-purity (4N-5N grade) tin, selenium, and gadolinium were used
(tin > 99.99%, selenium > 99.999%, terbium 99.98%). The synthesis was carried out in evacuated quartz ampoules at a
pressure of 0.1333 Pausing a two-step direct fusion method. In the first stage, the ampoule with the material was
heated at a rate of 4 — 5 degrees per minute to the melting point of selenium and held at this temperature for 3 —
4 hours. Then, the temperature was gradually increased to 950 — 1000°C (depending on the composition) and
maintained for 8 — 9 hours.

To perform comprehensive physicochemical analysis and electrophysical studies, the obtained samples were
annealed for 140 — 210 hours (depending on the composition). The duration of the annealing increased with the
gadolinium content. The homogenizing annealing of the obtained single-phase samples was carried out in a spectrally
pure argon atmosphere.

The interaction in the SnSe — ThSe system was studied using differential thermal analysis (DTA), X-ray phase
analysis (XRD), microstructural analysis (MSA), as well as by measuring microhardness and determining density. To
determine the thermal effects of the obtained samples and phase transitions, DTA was performed using a PerkinElmer
Simultaneous Thermal Analyzer STA 6000 (USA). Nitrogen was used as the working gas with a flow rate of 20 ml/sec;
the sample was heated to the melting temperature at a rate of5 °C/min.

X-ray structural analysis was performed using a Rigaku Corporation Miniflex X — ray diffractometer at a voltage
of 30 kV, current of 10 mA, and CuKa radiation (1 = 1.5406 A). Diffraction peaks were recorded at a 20deviation
angle in the range from 0 to 80°. To study the morphology and microcomposition of the sample surfaces, a Japanese
JEOL JSM6610-LV scanning electron microscope was used.

The samples were irradiated using an RHUND-20000 continuous-wave radiation chemical unit with a photon energy
of 1.25 MeV and doses in the range D, = 0 — 6.5 Mrad. The radiation flux density was 1.4 - 10'* photons/c - cm?.
One day after irradiation, the thermoelectric power was measured using the steady-state compensation method in the
temperature range of 80-900 K [15]. While a constant electric current was applied along [100], the measurement error
for the thermo-EMF was approximately ~4.6%.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Analysis

Figure 1 presents the differential thermal analysis (DTA) curves of Tb,Sn,_,Se solid solutions in the
composition range x = 0 — 0.04. For all samples, a pronounced endothermic peak is observed in the high-temperature
region, corresponding to the solid—liquid phase transition (melting).

The melting temperature was determined from the peak maximum, i.e., T, (%) = Tpeqr. The main thermal
parameters, including the onset (T ypset), peak (Tpeak), and endset (T,,q) temperatures, peak height (ADTA), full
width at half maximum (FWHM), and transition enthalpy (AH), were extracted from the DTA curves and are
summarized in Table 1. As seen, both T 4., and T, systematically shift toward lower temperatures with increasing Tb
content. Specifically, the melting temperature decreases from approximately 1117 K for pristine SnSe to about 1076 K
for x = 0.04.

This reduction in melting temperature can be attributed to the incorporation of Th ions into the SnSe lattice,
leading to local lattice distortions, reduced average bond strength, and decreased thermal stability. These results indicate
the formation of a substitutional solid solution over the composition range studied.
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Figure 1. DTA curves of system alloys Tb,Sn;_,Se

A concurrent decrease in peak height (ADTA) and increase in FWHM with increasing Th concentration suggest
that the phase transition becomes more diffuse and occurs over a broader temperature interval. This behavior reflects
increasing structural disorder and compositional inhomogeneity induced by Th doping. The monotonic decrease in the
transition enthalpy AH with increasing Tb content indicates that the energy required for the phase transition decreases
with doping. This behavior suggests a weakening of long-range structural order and a decrease in lattice cohesion.

Table 1. Thermal parameters of Th,Sn;_,Se solid solutions derived from DTA curves

o T T T Peak height, Transition
Composition |~ (gy" (K) &) ADTAGY/mg) | FVIM®) | hatpy, aH (/)
SnSe ~1108 ~1117 ~1135 ~0.09 ~18 ~10.2
Thoo1SnoeeSe | ~1092 ~1103 ~1126 ~0.075 ~22 ~9.0
Tho oy SngesSe | ~1078 ~1091 ~1116 ~0.065 ~26 ~7.38
ThgoaSnge,5e | ~1069 ~1082 ~1107 ~0.055 ~30 ~623
ThoouSNgesSe | ~1062 ~1076 ~1102 ~0.050 ~34 ~52

Furthermore, the absence of additional peaks in the DTA curves indicates that no secondary Th —based phases are
formed, confirming that Tb is incorporated homogeneously into the SnSe matrix and that the system remains phase-
stable within the investigated composition range. In summary, DTA analysis demonstrates that Th doping significantly
reduces both the melting temperature and transition enthalpy SnSe —based solid solutions [16].

These trends are consistent with our previous studies on SnSe doped with other rare-earth elements (RE), where a
similar reduction in melting temperature and transition enthalpy was observed with increasing dopant concentration. In
all cases, the incorporation of RE ions into the SnSe lattice leads to lattice distortions and weakening of interatomic
bonding, resulting in reduced thermal stability. However, while the qualitative behavior remains the same, quantitative
differences in the magnitudes of these effects vary with the specific rare-earth element. This can be attributed to
differences in ionic radii associated with the lanthanide contraction and the degree of 4f —electron shell filling.
Therefore, Th doping follows the general trend characteristic of RE-doped SnSe systems, while exhibiting element-
specific variations in thermal parameters.

X-ray diffraction patterns for all compositions exhibit reflections consistent with orthorhombic SnSe (Pnma),
with no detectable impurity phases. The principal diffraction peaks display slight but systematic 26 shifts with
increasing Th concentration, consistent with lattice distortion induced by partial substitution of Sn** by Th3* ions. No
reflections attributable to oxide or secondary chalcogenide phases are observed within the detection limit, confirming
phase purity and controlled synthesis conditions [17].

Similar behavior has been reported in our previous studies on SnSe doped with other rare-earth elements, where
systematic peak shifts and lattice parameter changes were also observed. This confirms that the substitutional
incorporation mechanism is common for RE dopants in SnSe. Nevertheless, slight differences in the extent of lattice
expansion can be attributed to variations in ionic radii and electronic structure among different lanthanides.

Analysis of X —ray diffraction data indicates that the introduction of Terbium selenides leads to an increase in the
lattice parameters of SnSe as the Tbh concentration increases. Furthermore, intense charge carrier scattering is observed
due to lattice "distortions,” which aligns with the thermal conductivity data of these alloys [18]. The slight shift of
diffraction lines in the X-ray diffraction patterns in the 0 — 5 mol% range, the observed increase in elementary lattice
parameters, good agreement with the partial replacement of Sn atoms by Th atoms with larger radii, and compliance
with Vegard's law suggest the formation of substitutional solid solutions based on SnSe [19].

The surface morphology of Thy,SnyegSe crystals was systematically investigated using scanning electron
microscopy (SEM) combined with quantitative surface topography analysis. The results are summarized in Fig. 2.
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The two-dimensional surface map (Fig. 2a) reveals a high degree of spatial uniformity, with no visible
macroscopic defects such as cracks, voids, or inclusions. The corresponding three-dimensional reconstruction (Fig. 2b)
shows that the surface is composed of uniformly distributed nanoscale protrusions and depressions, forming a
homogeneous microrelief.
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Figure 2. Surface morphology and statistical analysis of Tbg g,Sng 9gSe crystals: @) 2D topographic image of the surface; 5) 3D
surface reconstruction showing height variations; ¢) SEM image illustrating the microstructure and grain distribution; d) Fourier
spectrum of the surface, indicating spatial frequency distribution; e) line profile of surface roughness along a selected scan;

f) height distribution histogram of the surface

Quantitative roughness analysis was carried out using the height profile (Fig. 2e) and statistical distribution
(Fig. 2f). The extracted roughness parameters are: average roughness R, = 5 — 15 nm, root-mean-square roughness
R, = 7-20nm, and maximum peak-to-valley height R; ~ 30 — 60 nm. These relatively low roughness values
indicate a smooth surface at the nanometer scale, which is typically associated with high crystalline quality and
controlled growth conditions.
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AFM and SEM analyses demonstrate that the Th dopant is highly homogeneously distributed along the surface,
with no signs of phase separation or clustering observed. The diffuse nature of the Fourier spectrum and the Gaussian-
type statistics of the surface height distribution are in good agreement with the substitution of Tb atoms mainly for
Sn positions in the crystal lattice.

Overall, the combined morphological and statistical analyses demonstrate that Th,Sn,_,Se crystals possess a
nanostructured yet highly homogeneous surface. This structural quality is expected to play a crucial role in determining
charge carrier transport and phonon scattering mechanisms, making these materials promising candidates for
thermoelectric applications.

The energy-dispersive X-ray (EDX/EDR) spectrum of the ThySn;_ySe sample (x = 0.01) shows distinct
characteristic peaks of Sn, Se, and Tb, confirming the successful incorporation of terbium into the crystal lattice (Fig.
3). Under high-energy electron irradiation, inner-shell ionization (K, L, M) leads to electronic transitions accompanied
by the emission of characteristic X-rays. For Sn, the dominant L-series lines (SnLy~3.44 keV and Lg ~3.67 keV) are
observed, while Se exhibits L,(~1.38 keV), Lz(~1.43 keV), and K, (~11.22 keV) lines, confirming the preservation
of the SnSe matrix phase. The presence of Tb is verified by both M —series (M,~1.24 keV, Mg ~1.30 keV') and
L —series (L,~6.27 keV, Lg ~6.68 keV') emission lines. The multiplicity of Th peaks reflect its complex electronic
structure and support its partial substitution at Sn lattice sites [20]. Overall, the EDX results confirm Thincorporation
into the primary phase without evidence of secondary phase formation.

e [otal spektrum
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Sn L 49.72 59.69
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Figure 3.X-ray microanalysis of the crystal surfaceTby,Sn,_,Se:2- x=0,005

Collectively, thermal, structural, compositional, and morphological analyses consistently demonstrate that low-
level Tb incorporation in SnSeleads to substitutional solid-solution formation, slight lattice distortion, reduced thermal
stability, and preserved phase purity without secondary-phase formation

3.2. Composition-Driven p—n Transition and y-Irradiation Effects on the Seebeck Coefficient of
Th,Sn,_,Se Solid Solutions

In the study reported in [21], the kinetic and transport parameters of Th,Sn;_,Se solid solutions (0 < x <
0.05), grown by the Bridgman technique, were systematically investigated at T = 300 K. It was established that
terbium doping exerts a pronounced influence on the electrical conductivity, Hall coefficient, thermoelectric power,
thermal conductivity, as well as on the charge carrier concentration and mobility. With increasing Tb content in the
SnSe —based solid solutions, the Seebeck coefficient S initially decreases sharply within the composition range 0 <
x < 0.002 mol. % (from +420to +128 uV /K). This behavior is attributed to the donor effect associated with the
substitution of Sn** ions by Th3* ions, which leads to electron generation and enhanced carrier scattering due to lattice
distortion and local symmetry breaking. Within the narrow concentration interval 0.002 < x < 0.0025 mol. %, a sign
inversion of the Seebeck coefficient occurs (down to —325 uV /K), indicating a transition from p —type to n —type
conductivity. This inversion reflects a shift of the Fermi level toward the conduction band and the formation of
localized donor states introduced by Th impurities. For 0.0025 < x < 0.015 mol. %, negative values of S become
stabilized, confirming the establishment of electron-dominated (n-type) transport and partial saturation of donor states.
At higher Tb concentrations (0.02 < x < 0.05mol. %), a gradual reduction in the absolute value of the Seebeck
coefficient is observed. This tendency is associated with an increase in free electron concentration, a corresponding
decrease in the chemical potential gradient, and possible carrier localization effects arising from Th — Tb interactions
and partial ordering within the defect sublattice of the crystal structure.

The effect of y-irradiation on the thermoelectric properties of Th,Sn,_,Se solid solutions was investigated at room
temperature within an absorbed dose range of 0-6.5 Mrad (Fig. 4. a)). The Seebeck coefficient evolution strongly
depends on the conductivity type. For p —type compositions (x < 0.001), a non-monotonic S(D) dependence is
observed: the Seebeck coefficient initially increases with dose, reaches a maximum, and then decreases. Forx = 0,S
rises from =~ +420 uV /K to = +442 uV/Kat D =~ 5 Mrad, followed by a slight reduction. A similar trend is found
for x = 0.001 (from = +275to = +285 uV/K). This behavior is attributed to radiation-induced donor-type point
defects, which enhance compensation of hole carriers. At higher doses, defect saturation and enhanced carrier scattering
lead to a decrease in S. Such behavior is characteristic of radiation-modified p —type SnSe.



127
Substitutional Tb Incorporation, p—n Conductivity Transition, and Gamma-Irradiation Effects... EEJP. 2 (2026)

————t——y © 0.06 1
- 4007 T | “ i
c a o 0.041
‘4300 - —o—o—o | < s
‘5‘200' = x=0 | g‘ﬂ o
9 -~ x=0.001 = 0.001
S 100 —— x=0.01 _g
=) — x=0025 o -0.021
o 0+ -0.0% (]
S 2 -0.04 1
© 100+ £
—t & 0.06 -
& 200 &
'§3oo- —_— M — e | -0.081
7]

i 3 4 £ & 2 3 4 5 6
Absorbed dose, D (Mrad) Absorbed dose, D (Mrad)

Figure 4. Dependence of the Seebeck coefficient a) and its relative change b) on the absorbed dose

For n —type samples (x = 0.01), the magnitude of the Seebeck coefficient decreases monotonically with
increasing dose. Specifically, S changes from = —297 to =272 uV /K (x = 0.01), from =~ —258to —237 ulV/
K (x = 0.025), and from = —210to — 196 uV /K (x = 0.05). The reduction of |S| is associated with increased
electron concentration and enhanced scattering due to radiation-induced defects. The conductivity type remains
unchanged throughout the entire dose range, and no p — n conversion is observed [22].

The analysis of the relative change, AS/So = (S(D) — So)/So, shows that for p —type samples it is positive and
reaches ~4 — 5% with a subsequent tendency toward saturation (Fig. 4.5)), whereas for n-type samples it takes
negative values (down to —7 — 8%). The 4S/So(D) dependence is nonlinear and can be satisfactorily approximated by
a quadratic function of the form AS/So(D) ~ aD? + bD + c. This approach accounts for both the initial defect-
induced compensation contribution and the saturation and enhanced scattering effects at higher doses, thereby providing
an analytical framework for describing and predicting the radiation-induced thermoelectric behavior of ThySn;_xSe
solid solutions.

3.3. Diffusion, phonon-drag, and bipolar contributions to the Seebeck coefficient in Th,.Sn,_,Se solid
solutions
The temperature dependence of the Seebeck coefficient for Th,Sn,_,Se solid solutions with different terbium
concentrations is presented in Fig. 5. The obtained results demonstrate that both compositional variation and
temperature exert a pronounced influence on the charge transport mechanisms and electronic structure of the system.
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Figure 5. Temperature dependence of the Seebeck coefficient in Th,Sn;_,Sesystem alloys

In general, the total Seebeck coefficient can be expressed as the superposition of diffusion and phonon-drag
contributions [24]:
S = Sdi ff + Sph

where Sg;¢ — denotes the carrier diffusion component and S, — corresponds to the phonon-drag contribution.

In the intermediate temperature range, the phonon-drag term typically attains a maximum due to efficient
momentum transfer from nonequilibrium phonons to charge carriers [25]. However, at elevated temperatures,
intensified phonon—phonon scattering significantly suppresses this effect, resulting in a gradual decrease of the total
Seebeck coefficient. The systematic decrease in S observed above 400 K across all p-type samples (Fig. 5) is fully
consistent with this mechanism.

For the undoped sample (x = 0), the Seebeck coefficient reaches a maximum of approximately 540 pV/K over the
temperature range 350400 K. The initial increase in S with temperature is primarily attributed to the enhancement of
the phonon-drag mechanism, which dominates the diffusion contribution in this range.

As shown in Fig. 5, compositions with x = 0,0.001, and 0.002 exhibit positive Seebeck coefficients over the
entire investigated temperature interval, indicating hole-dominated transport (p —type conductivity). In contrast, for
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x = 0.005, the Seebeck coefficient becomes negative (S<0), evidencing a transition to electron-dominated (n —type)
conductivity. This behavior indicates that beyond a critical Tb concentration, a compensation mechanism is activated,
leading to a shift of the Fermi level toward the conduction band and ultimately altering the dominant carrier type.

For semiconductors, the diffusion component of the Seebeck coefficient can be described by [12]:

g _kB(r+2 EF—EC)
AT e \r+1 kgT

where kg — is the Boltzmann constant, e —is the elementary charge, Er — is the Fermi level, E; — is the conduction
band minimum, and r — is the scattering parameter that characterizes the dominant carrier-scattering mechanism.

According to this relation, variations in the Fermi level position directly affect both the magnitude and the sign of
the Seebeck coefficient. Therefore, the experimentally observed sign inversion is in good agreement with theoretical
predictions.

With increasing Th content, a systematic decrease in the absolute value of the Seebeck coefficient is observed.
This trend is directly associated with the increase in charge carrier concentration induced by doping. For non-degenerate
semiconductors, the Seebeck coefficient approximately follows:

S~ k—B In (&>
e n
wheren is the carrier concentration and N,, — is the effective density of states in the valence band.

As the Th concentration increases, the carrier concentration rises, leading to a reduction in S. The experimentally
observed decrease in the maximum Seebeck values for x = 0.001 and 0.002 quantitatively supports this theoretical
dependence.

For samples with x > 0.005, the Seebeck coefficient becomes negative and exhibits a pronounced extremum
within the 250 — 350 K temperature interval. The subsequent reduction of | S | at higher temperatures can be attributed
to the onset of bipolar conduction. As temperature increases, intrinsic carrier excitation generates electron—hole pairs,
thereby reducing the net thermoelectric response. In the bipolar regime, the effective Seebeck coefficient can be
expressed as [26]:

onSy + ap5p>

Spi e
bipolar On +O'p

where g, — and 0, — represent the electrical conductivities of electrons and holes, respectively, while S,, — and S, —
denote their partial Seebeck coefficients.
The simultaneous contribution of both carrier types leads to partial compensation, which decreases the overall
Seebeck coefficient at elevated temperatures.
In summary, the analysis of Fig. 5 reveals that:
— Th doping induces a conductivity-type transition from p —type to n —type behavior.
— The maximum of the Seebeck coefficient is located within the 300 — 400 K temperature range.
— Increasing Th concentration reduces the magnitude of S due to enhanced carrier concentration and the
corresponding Fermi level shift.
— The high-temperature decrease in S is primarily governed by bipolar diffusion effects.
These findings demonstrate that Th incorporation effectively tunes the electronic structure and carrier transport
parameters of the ThySn;_xSe system, highlighting its potential for thermoelectric applications in the intermediate
temperature range [27].

3.4. Effect of Gamma Irradiation on the Seebeck Coefficient of Th,Sn,_,Se Alloys

The Seebeck coefficient (S) of Th,Sn;_,Se alloys (x = 0,0.001,0.005,0.01,0.05) was measured in the
temperature range 80 — 900 K before and after y —irradiation with an absorbed dose of 4 Mrad. The obtained results
reveal a pronounced temperature- and composition-dependent radiation effect (Fig. 6).

In the low-temperature region(80 — 300 K), y —irradiation significantly modifies the Seebeck coefficient for all
investigated compositions. For the undoped sample (x = 0), S increases over the entire range. For example, at 80 K, S
rises from 390 to 475 uV /K (AS = +85 uV /K), corresponding to a relative increase of about 22%. A similar trend is
observed at 100 K (393 — 471 uV/K). Such behavior indicates a substantial modification of charge carrier
parameters due to radiation-induced defect formation [28].

For weakly doped samples (x = 0.001), the Seebeck coefficient also increases after irradiation, particularly
below 200 K, where the relative change reaches 10 — 15%. This behavior can be attributed to radiation-induced
trapping centers that reduce the effective carrier concentration and modify the energy dependence of electrical
conductivity.

For compositions with x = 0.005 and characterized by negative Seebeck coefficients (n —type conductivity),
irradiation leads to an increase in the absolute value |S| in the low-temperature region. For instance, for x = 0.005 at
80 K, S changes from —280 to —316 uV /K. This enhancement in |S| suggests a decrease in electron concentration
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and/or increased carrier scattering caused by radiation-induced structural disorder. Although a sign anomaly is observed
at 100 K for x = 0.05, the overall temperature dependence preserves the n —type character [29].
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Figure 6. Temperature dependence of the Seebeck coefficient before and after irradiation in Th,Sn,_,Se system alloys

In the intermediate temperature range (300 — 500 K), the radiation effect gradually weakens. For x = 0, the
maximum difference is observed near 350 K (515 — 540 uV /K), but the relative variation decreases with increasing
temperature. A similar tendency is found for other compositions. This behavior indicates that at elevated temperatures
phonon scattering becomes dominant over defect scattering, partially compensating the radiation-induced modifications.

At high temperatures(T = 500 K), the Seebeck coefficients of irradiated and non-irradiated samples practically
coincide for all investigated compositions:

Sveror(T) = Sapier(T), T > 500K

This result demonstrates that thermally activated carriers and intrinsic conduction mechanisms dominate transport
properties in this temperature range, while the contribution of radiation-induced defects becomes negligible. Therefore,
the ThySn,_xSe system exhibits considerable radiation stability of thermoelectric properties at high temperatures.

In addition, the convergence of the Seebeck coefficients at high temperatures may also indicate the partial thermal
annealing or reconfiguration of radiation-induced defects during the measurement process. At elevated temperatures,
increased atomic mobility can lead to a reduction in the concentration or activity of defect centers responsible for carrier
scattering and trapping. As a result, the influence of y-induced defects becomes progressively weaker, and the transport
properties are governed predominantly by intrinsic mechanisms. Although repeated measurements after high-
temperature cycling were not performed in the present study, the observed behavior is consistent with the expected
thermal stability and defect dynamics in narrow-gap thermoelectric semiconductors.

The observed changes in S can be interpreted within the framework of the Mott relation [30]:

6 m2kiT dino (E)
- 3e dE | E=Ep

which shows that the Seebeck coefficient depends on the energy derivative of electrical conductivity near the Fermi
level. Gamma irradiation modifies the density of states and scattering mechanisms through defect formation, thereby
altering the energy dependence of o (E). The most pronounced effects occur at low temperatures, where transport is
highly sensitive to impurity and defect scattering. With increasing temperature, intrinsic carrier excitation reduces the
relative impact of radiation-induced defects.

Overall, y —irradiation with a dose of 4 Mrad significantly affects the Seebeck coefficient ofTb,Sn,_,Se alloys
in the low-temperature region (80 — 300 K), while the effect becomes negligible above 600 K. The magnitude of the
radiation response depends on terbium concentration and conduction type, being more pronounced for low Th content
and in samples near the compensation regime.

4. CONCLUSIONS

A comprehensive investigation of the physicochemical, structural, compositional, and thermoelectric properties of
Tb,Sn,_,Se (0 < x < 0.05) solid solutions has been performed, including the influence of y —irradiation on the
Seebeck coefficient over a wide temperature range.

Thermal analysis demonstrates that terbium incorporation leads to a monotonic decrease in melting temperature,
reduced relative melting enthalpy, and peak broadening, indicating lattice softening and increased structural disorder.
X-ray diffraction confirms the preservation of the orthorhombic SnSe (Pnma) structure without detectable secondary
phases, while systematic peak shifts evidence substitutional incorporation of Th3* at Sn** lattice sites. Surface
morphology analysis reveals a homogeneous nanostructured relief that may enhance phonon and carrier scattering.
EDX spectroscopy further verifies the successful Th incorporation into the primary phase, confirming the formation of
a substitutional solid solution with preserved phase purity.
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Compositionally driven transport measurements reveal a Th —induced p — n conductivity transition. At low Th
concentrations, donor states introduced by Th®* ions compensate holes and shift the Fermi level toward the conduction
band. A sign inversion of the Seebeck coefficient occurs within a narrow composition interval, confirming the transition
from p —type to n —type conduction. Increasing Th content systematically reduces the magnitude of the Seebeck
coefficient due to enhanced carrier concentration and Fermi level shift, consistent with diffusion thermo power models.
Temperature-dependent measurements indicate that the total Seebeck coefficient arises from diffusion and phonon-drag
contributions at intermediate temperatures (300 — 400 K), while bipolar conduction effects dominate at elevated
temperatures.

The effect of y-irradiation (up to 4 — 6.5 Mrad) strongly depends on conductivity type and temperature. In the
low-temperature region (80 — 300 K), irradiation significantly modifies the Seebeck coefficient: p —type samples
exhibit a non-monotonic increase associated with radiation-induced donor-like defects and carrier compensation,
whereas n-type samples show a monotonic reduction in |S| due to enhanced scattering and carrier concentration
changes. The relative variation AS/S, follows a nonlinear dependence that can be satisfactorily approximated by a
quadratic function of absorbed dose. However, at high temperatures (T = 500 — 600 K), the Seebeck coefficients of
irradiated and non-irradiated samples converge, demonstrating strong radiation stability of thermoelectric properties in
the intrinsic conduction regime.

Overall, Th doping effectively tunes the electronic structure, carrier type, and thermoelectric response of
SnSe —based solid solutions, enabling controlled p — n conversion and optimization of transport parameters in the
intermediate temperature range. The demonstrated radiation stability at elevated temperatures further highlights the
potential of Th,Sn;_,Se materials for thermoelectric applications under irradiation environments.
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3AMIIIYBAJIBHA BEYJOBA Tb, p-n IIEPEXIJ]I TIPOBIAHOCTI, TA BIIVINB TAMMA-OITPOMIHEHHS HA
TEPMOEJIEKTPUYHI BJJACTUBOCTI TBEPIUX PO3YHUHIB Th,Sn:-Se
T.A. [l:kagapor!, A.M. Asnaxsepaies!, I'.A. Tapamosa', X.A. Aaresanosa', O.M. I'acanor!, .M. Mamenos/,
Ix.I. Tyceiinos!, LI. A66acos?, B.I. I'axxuepa’

! Azepbaiiocancoruii Oepacasnuii nedazoiunuii ynieepcumem, AZ-1000, baxy, eya. V3. Fadocubeiini, 68, Azepbatiodcan
2Asepbatioscancokuii depacasnuti ynieepcumem nagmu ma npomuciosocmi, Az-1010, baxy, npocnexm Azaonux, 20, Azepbaiidsncan
3Haxuusarncokuii depocasnuii ynisepcumem, AZ7000, micmo Haxuusanw, eynuys Iemiznan, 85, Azepbaiiocan
®i3nKo-XiMiYHI Ta TEPMOENEKTPUYHI BIACTHBOCTI TBepAMX po3umHiB TbySni~Se (0 < x < 0,05) Oyyiu cucTeMaTHYHO TOCIIKEH] 3
AKIIEHTOM Ha IIepeXill THITy HOCIiB, 3yMOBJICHUH CKJIQJIOM, a TaKOXK Ha e(eKTH y-onpoMiHeHHs. JudepeHuiaibHuil TepMidYHIH aHaTi3
BUSIBJISIE MOHOTOHHE 3HM)KCHHSI TEMIIepaTypy IUIaBICHHS Ta CHTanbIii 3i 30UIbIueHHsIM BMicTy Tb, 110 BKa3dye Ha CHOTBOPCHHS
KPHUCTATIYHOI PEIIITKH Ta 3HIKCHHS TePMIi4HOI cTabinbHOCTI depe3 3amimenHs Tb*" Ha mo3uuisx Sn?*. PeHTreHiBcbka audpakiis
MATBEpIDKYE ogHOda3Hy opropombiuny (Pnma) ctpykrypy Oe3 BTOpuHHHX (a3, Toxmi sk EDX-aHami3 miaTBepmkye ycminrHe
BkmoueHHs Tb. [HIykoBaHMi CKiazoM p-n mepexia BinOyBaeThcs y BY3bKOMY Jiana3oHi KOHLEHTpALiil, IO CYMpPOBOMIKYETHCS
3HAYHOIO 3MiHOIO KoedimieHTa 3eebeka. y-ompomineHHs (1o 4-6,5 Mpan) cyrreBo BiumBae Ha koedimieHT 3eebexa B oOmacti
Hm3bkKX Temneparyp (80-300 K) 3 HemiHIIHOIO 3aJIeXHICTIO BiJ JO3H, Ky MOXKHA alpOKCHMYBAaTH KBaJIpaTHYHOIO (QyHKIi€o. 3a
nigsumenux temnepatyp (T > 500 K) TepmoenexTpuyHa peaxiis IEMOHCTpY€e 3HAa4yHy pajialiiiHy crabinbHicT. OTpumani
pe3yJIbTaTH YiTKO BKa3ylOTh Ha Te, IIO JieryBaHHS Tb crpusie KepoBaHii MOmyJsILii BIACTUBOCTEH TPAHCIIOPTY HOCIIB 3apsy,
30epirarouM Mpu IbOMY CTPYKTYpHY LIJTICHICTH 1 TepMiuHYy CTaOlIBHICTH Marepiany 3a miABUIIEHUX Temmepartyp. L{i pesynbratn
IIKPECITIOI0Th BEIMKUH MOTEHLIal CUCTEM, JIeroBaHux Tb, s nepenoBux TEPMOECNEKTPUYHUX 3aCTOCYBaHb, OCOOIMBO B YMOBaX

eKCIUTyaTalil, 10 MiaI0ThCs pajialiiHOMy BIUIUBY.
KuouoBi cinoBa: meepoi posuunu, 3amicHe ne2y8anus, p-n nepexio nposionocmi; xoeghiyienm 3ecOexa; eamma-onpomiHeHHs,
padiayitiHo-moOuiKosaruii mepmoereKmpuyHuLl mpaHcnopm





