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We investigated eventual amphoteric behaviour of As atoms in SnSe by substituting in
either cation or anion site. The investigation involved two series of polycrystalline
samples of nominal composition SnixAsxSe (0 <x <0.1) and SnAsxSe; (0 <x <0.08).
The prepared powders were identified by X-ray diffraction. Hot-pressed from powder,
polycrystalline pellets were used for characterization of transport and thermoelectric
properties in temperature range of 300—730 K. An embedding of the As atoms in either
cation or anion site seems to prevent formation of the major defects present in the
undoped SnSe, tin vacancies Vs,”". Instead, selenium vacancies Vs** together with
substitutional defects Ass,* play the major role in the electronic transport in the
SnixAsxSe system. Due to rather low solubility of arsenic in the system (x <0.02), either
As inclusions or amorphous As-Se phase is formed in highly doped samples. In the case
of SnAs.Sei.x, As atoms enter Se position forming Ass., which increases the hole
concentration in the doped samples at lower temperatures. At higher temperatures, the
properties of the compounds (for x > 0.03) are influenced by the formation of highly
conductive AsSn phase. Generally, the substitution of As for both anion and cation lead
to no evident enhancement of the thermoelectric figure of merit ZT.
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Introduction

The instant growth of global energy demands calls for alternative sources of
energy, especially those of a renewable nature. One of such sources which is hard
to be ignored is a tremendous amount of waste heat generated by various industrial
processes and other human activities. Thermoelectric generation technology
represents one of the promising options that is assumed to play an important role
in harvesting of the waste heat. Currently, there are a few obstacles for the
technology harnessing. Namely, it is rather low conversion efficiency and quite
high economic costs that restrict any extensive commercial applications of the
individual technologies. The efficiency of these thermoelectric devices can be
expressed in terms of figure of merit ZT (ZT = o x $* x T/k, where o, S, k, and T
are the electrical conductivity, the Seebeck coefficient, the thermal conductivity,
and the absolute temperature, respectively) of the materials used for their
construction. The potential of an implementation of the thermoelectric technology
in waste heat conversion is often expressed in the price per watt (e.g. $ W) term.
Thus, the cost of thermoelectric materials, representing an appreciable part of the
price of the thermoelectric devices, is one of very important factors in
considerations about implementation of the technology. That is why the effort of
many researchers in the field turn their attention to the quest for synthesis of new
materials composed of nontoxic and earth abundant elements.

Simple binary compounds of the SnSe type (orthorhombic space group
Pnma) have been surprisingly ignored over years by the thermoelectric
community until a report in 2014 [1] which pointed out an unprecedented Z7 value
(2.6 £ 0.3 at 923 K) for SnSe single crystals measured along the b-axis, mainly,
due to a very low thermal conductivity in the direction. The compound also fully
meets the criterion of an economical availability of raw elements which the
compound consists of. Unfortunately, poor mechanical properties of the layered
crystals due to an easy cleavability together with a high cost of single-crystals
growth prevent their implementation in wider practical applications. That is why
the researchers have focused on the study of the compounds in the polycrystalline
form. A number of studies have dealt with polycrystalline SnSe compounds doped
with various dopants like Ag [2], Cu or In [3], alkaline ions [4—6] and/or their
composites with some nano-inclusions [7].

Here, we report on the synthesis and subsequent investigation of the
thermoelectric properties of samples of polycrystalline SnSe doped by arsenic. In
the study we investigated the eventual amphoteric nature of As in SnSe, i.e. either
this element is substituted for Sn (Sn;xAsxSe) or for Se (SnAsxSe;.x).
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Materials and methods

Polycrystalline samples with the composition Sn;xAsxSe and nominal values x
between 0 and 0.1 and SnSe;.xAsx with x between 0 and 0.08 were prepared
utilizing high temperature reactions. Polycrystalline samples were synthesized
from a mixture of pure elements and compounds, Sn (5N shots), AsSn
(synthesized), Se (5N shots) that were all obtained from Sigma-Aldrich. The
synthesis of AsSn was performed by heating the stoichiometric mixtures of SN
Sn and As (three-times sublimed) to 933 K for 14 days in evacuated (= 10~ Pa)
quartz ampoules. This material was powdered and mixed with Sn and Se in the
ratio corresponding to the stoichiometry Sn;<AsxSe (x = 0, 0.0025, 0.005, 0.01,
0.02, 0.05 and 0.1) and SnSe; xAsy to the stoichiometry (x = 0, 0.0015, 0.0025,
0.0035, 0.005, 0.0075, 0.01, 0.02, 0.03, 0.04, 0.06 and 0.08). The synthesis of the
polycrystalline products was performed in evacuated, sealed quartz ampoules.
These were heated to 1223 K over 10 hours maintained at this temperature for
6 hours, and then cooled down to room temperature by switching off the furnace.
The products were powdered for 1 min in a vibrating mill under hexane and
identified by X-ray diffraction (XRD). The samples for physical measurements
were hot-pressed at 713 K and 70 MPa for 1 hour. Compact disc-shaped samples
(with diameter 12 mm and thickness cca 2 mm) and rectangular samples (with
dimensions 10 x3.5x 10 mm® and 10 mm in the direction of pressing) reached
>95 % of theoretical (X-ray) densities of the prepared compounds. Electrical
conductivity ¢ was measured in the 300—725 K temperature range with four-probe
method using lock-in amplifier (model 5209; EG&C, Princeton; USA).

The Seebeck coefficient S was determined by means of a static dc method
on disc-shaped samples. The temperature gradient between two points was
measured with two shielded K-type thermocouples pressed against the sample
surface. A potential difference dU corresponding to the gradient d7 was measured
across the same legs of both attached thermocouples. The absolute Seebeck
coefficient was determined from the slope dU/dT.

The thermal diffusivity k£ was measured from 300 to 725 K on round hot-pressed
samples using the respective instrument (model LFA 457; Netzsch-Geratebau, Selb,
Germany). The thermal conductivity ¥ was subsequently calculated using the
relation: k = kX ¢, % p, where p is the experimental density and ¢, the heat
capacity. Inconel was used as the heat capacity standard. As the experimental values
of the heat capacity ¢, could be scattered with the temperature 7"and composition
x (cp =0.24-0.34 J g ' K™! (Dulong Petit law gives cy =0.252J g K™)), we used
an average ¢, = f(7) based on c,-measurements of all the samples of the Sni_ As,Se
and SnSe;.xAsx series. We assume that rather low content of As in the host
compound has only a negligible effect on the heat capacity of host matrix.
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The diffraction patterns (Cu K, 4 = 1.5418 A) were recorded on powdered
samples using a diffractometer (model D8 Advance; Bruker AXS, Germany)
equipped with a Bragg-Brentano ®—6@ goniometer (with radius 217.5 mm), a
secondary-beam curved graphite monochromator, and a Na(TI)I scintillation
detector. The scan was performed at room temperature from 10 to 80° (2 @) in
steps of 0.02° with a counting time of 8 s per step. The lattice parameters were
refined by the LeBail method within the FullProf program.

pu-XRF spectrometer (model M4 Tornado; Bruker) was then used for
composition analysis. The excitation of X-ray fluorescence radiation was
performed by a Rh-side window X-ray tube with polycapillary lens offering a spot
size down to 25 um combined with high excitation intensity. Detection of
fluorescence radiation was performed by an energy-dispersive silicon drift
detector with 30 mm? sensitive area and energy resolution of 142 eV for Mn-K,,.
The X-ray tube was operated at 50 kV and 200 pA. Analyses were carried out
under 20 mbar vacuum conditions and the spectra evaluated using Esprit software
(Bruker).

Results and discussion

The XRD patterns collected on the synthesized powders before the hot-pressing
process could be fully indexed within the space group Pnma of SnSe (JCPDS
#48-1224). A small amount of the secondary phases was identified at samples
with higher nominal content of As. At the samples of Sn;(As.Se, the traces of
elemental As (JCPDS #07-2052) were detected for x > 0.05. At the samples of
nominal composition SnAsxSe;, a cubic compound (Fm-3m) of AsSn (JCPDS
#04-7507) was observed for x as low as 0.03. Although no other phases have been
detected in the powdered samples, it is known from literature that traces of
elemental Sn are present in the SnSe compounds [8]. We detected a small broad
peak of the elemental tin (JCPDS #13-6165) in the hot-pressed pellets made of
the powders (see Fig. 1 and the corresponding inset). Because the pellets were
compacted at lower temperatures (713 K) compared to the synthesis temperature,
we assume that free tin atoms, present most likely in the freshly synthesized SnSe,
aggregate during the hot-pressing process into larger structures as noticed also in
ref. [6]. From Fig. 1, there is also evident considerable enhancement of the
preferential orientation of the SnSe crystallites along bc-planes (the increase of
400 lines) positioned perpendicularly to the pressure direction.
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Fig. 1 XRD patterns of as-synthesized powder of the undoped SnSe sample and the
corresponding pellet that were hot-pressed at 713 K and 70 MPa for 1 hr

The magnified inset (top right) shows the occurrence of elemental Sn (JCPDS #13-6165)
in the matrix after the hot-pressing process. The inset (top left) depicts SEM image
illustrating a preferential orientation of SnSe crystallites in the prepared pellets.

Fig. 2a displays the variation of unit-cell volume of Sn;.<AsxSe compound
with x. All three lattice parameters (a, b, ¢) vary in the same manner, i.e. they
slightly decrease down to about x < 0.02 and stay nearly constant at higher x
values. This decrease of the parameters corresponds to quite profound difference
between the ionic radii of Sn*" (118 pm) and As** (58 pm) [9]. Such a difference
also explains the limited solubility of As in SnSe when being substituted for Sn
atoms. As mentioned above, the traces of metallic As were observed in samples
with higher x in the X-ray patterns and in XRF maps that had also revealed clusters
of As (see inset in Fig. 2a). Although the As provides an inhomogeneous
embedding in the SnSe structure (inset in Fig. 2a), the XRD patterns do not reveal
any corresponding foreign phase in a noticeable concentration. We conclude that
the As atoms may form an amorphous As-Se phase that is hard to observe in the
XRD patterns. Less likely, an As-rich phase (structure) is formed keeping the
structure of the hosting compound SnSe. Maybe this phase enters the hosting
structure in epitaxy-like way.

We observed qualitatively similar behaviour of the lattice parameters also
for the doping in anion sub-lattice, 1.e. when the As atoms substitutes for Se atoms
in the SnAs,Se;x system. A similarity in the ionic radii of As*~ and Se*  ions
(222 ppm vs. 198 ppm) can be explained by rather constant unit-cell volume (and
all the lattice parameters) in low nominal concentrations (x < 0.02) of As (see
Fig. 2b). The formation of AsSn compound observed at higher nominal contents
of As in SnAs,Se; suggests us that either a part of As substitutes part of Sn and
the Se atoms in the studied compositions or the decrease observed for the lattice
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parameters is due to an increase of the Sn deficiency as reported in ref. [10]. The
constant and lower values of the unit-cell volumes at higher x (namely: x > 0.03)

indicate a limited solubility of As in SnAs.Se;.x samples.
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Fig. 2 The variation of the unit-cell volume with x for SnixAs.Se system (a) and for
SnAsxSeix system (b)

The inset of the Fig. 2a illustrates the XRF map of As of SnoosAso.osSe pellet indicating
an inhomogeneous embedding of As in the SnSe matrix.

The prepared hot-pressed samples (pellets) showed anisotropic transport
properties due to a preferential orientation of the layered SnSe crystallites and the
uniaxial pressure of the hot-pressing process. That is why we have measured the
transport properties of the pellets in the direction perpendicular to the pressing
force. In the Fig. 3, we present electrical conductivity as a function of temperature
for both systems studied. The electrical conductivity for the samples of nominal
composition Sn;AsxSe are presented in the log o scale (Fig. 3a) for an easier
analysis of the variations under observations.

The electrical conductivities o of the Sn; (AsxSe samples (Fig. 3a) exhibit
a semiconducting behavior and they are increasing with temperature in the whole
temperature range. It is evident from Fig. 3a that even a very small addition of As
causes a steep decrease in the electrical conductivity. The electrical conductivity
further continuously decreases with the increasing nominal content of As in
Sn; xAsiSe samples. Alike, a pronounced decrease of the electrical conductivity
1s observed upon As-doping also for SnSeg.9985AS0.0015 System as shown in Fig. 3b.
The electrical conductivity of the samples with a higher content of As first
increases to 520 K, then switches to metallic-like behavior up to about 650 K and,
finally, again increases most likely due to the thermal carrier excitations over the
fundamental gap [11].
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Fig. 3 Electrical conductivities of SnixAs.Se samples (a) and SnAsxSe;.x samples (b)

as a function of temperature

The electrical conductivities of Sni.xAsxSe samples are plotted in the logarithmic scale for

better readability.

Seebeck coefficient S of the undoped SnSe (Fig. 4a,b) is positive and almost
temperature independent in the range studied with a small deviation around 520 K.
For the Sn;.<AsxSe samples, even a small substitution of As for Sn causes a steep
decrease of S values at lowest temperatures studied. That abrupt decrease with the
decreasing temperature (even down to negative values of S for the samples with
highest x) indicates that the samples approach an extrinsic regime and, eventually,
switch from p-type to n-type. Thus, As-atom behaves like donor (although of very
low efficiency), which can be expressed by the equation: Asg, —> Ass,' + €.
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Fig. 4 Seebeck coefficient of Sni-xAsxSe samples (a) and SnAsxSei.x samples (b) as

a function of temperature
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It is not clear whether the Ass, compensates the carriers due to the p-type
native defects or its presence in the matrix decreases the concentration of the
native defects. We note that this is in accordance with the above presented strong
decrease of o values of these samples with the increasing x. At higher
temperatures, values S for all the samples are positive. Similar steep decrease of
S 1s observed also for the lowest values of x in the SnSe;xAsx system
(SnSeo.9985A80.0015) at low temperatures. The Seebeck coefficient is positive for the
samples of the higher x values and almost temperature-independent, resembling
thus the behavior of the undoped SnSe sample (including the irregularity at
520 K).

In the Fig. 5, we present the Arrhenius plot to elucidate the observed
variations in the transport properties of some Sn;<AsxSe samples. In the undoped
sample (x = 0), the exponential increase of the electrical conductivity at higher
temperatures corresponds to a thermal activation of free carriers. It can be
characterized by the activation energy of £, ~0.43 eV, which corresponds to an
activation over band gap energy E, ~0.86 eV. This value is very close to the
published values [1,12]. To explain the observed changes in the plot for undoped
SnSe, we need to outline a picture of point defects in this compound. As hinted
by density functional theory (DFT) and the respective calculations [13—15]
together with direct imaging by high-resolution scanning tunneling microscopy
(HRSTM) [13,16], the tin vacancies Vs> play a dominant role in the electronic
properties of the undoped SnSe. This fact is implicitly supported by the formation
of metallic Sn in the hot-pressed pellets of some of the samples studied (see Fig. 1).
In addition, some of the XRF results indicate a small under-stoichiometry of Sn in
our samples. Taking into account this, we can interpret the observed changes
viewed in a plot in Fig. 5 as follows. According to the DFT calculations [13—15],
the Vs,?™ act as a shallow acceptor with a very low activation energy, i.e. it forms
acceptors levels very close to the valence band edge. This picture nicely matches
the activation energy (0.08 eV) in the extrinsic part of the plot (filling the acceptor
levels) followed by the band gap excitation; see Fig. 5a. It presents only two doped
samples, one with the lowest x and another one with the highest x. It shows that
even a very small addition of As significantly suppresses the electrical
conductivity of the compound. In our opinion, the As atoms substituting for Sn
effectively prevent the formation of Vs,?~ defects. The depletion of the negatively
charged vacancies compensated by holes markedly lowers the concentration of
the holes and the conductivity decreases. Seebeck coefficient (see Fig. 4a) hints
that some positively charged defects compensated by the electrons start to play a
major role in the lower temperatures region instead. Regarding the limited
solubility of As in Sn;<AsxSe samples (Fig. 2a), we can offer two explanations.
First, a part of the As atoms can substitute for Sn atoms, forming positively
charged substitutional Ass," defects compensated by the electrons. Alternatively,
the suppression of the Vs,> defects can reveal the existence of other positively
charged point defects, contributing to the electrical transport. These could be
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selenium vacancies Vs., which was directly observed in the undoped SnSe [13].
We anticipate a participation of both effects. According to DFT calculations
presented in [13], the extra electrons created by V. seem to be strongly localized
near the vacancies sites (i.e. having high activation energy) and they are not
expected to significantly contribute to the overall electron transport in the SnSe
molecule. However, another DFT calculations have shown [14] that the formation
energy of Vs, (either Vs or Vs.') is relatively low and close to that of Vs,>", which
guarantees rather large concentration of the Vs, vacancies.

Here, the authors conclude that the stable neutral state of the vacancies
which act as deep donors is the most probable scenario. Such vacancies are, in our
opinion, already present even in the undoped sample, but they do not contribute
significantly to the total transport dominated by the holes generated by Vs,>~. The
strong suppression of the tin vacancies (Vs,2") due to entering of the As atoms on
their sites plays the major role in that the Vs, may govern the transport properties.
Moreover, the observed activation energies at both low temperatures (~0.35 e¢V)
and higher temperatures (~0.75 eV) nicely corresponds to DFT calculations of the
transition energy levels of Vs.(—1/0) and Vse(0/+1). Thus, we can explain a large
change in the slope of the Arrhenius plots (~0.35 eV vs. ~0.75 eV) for Sn;.xAscSe
samples (x > 0.0015) as a change from (originally) trapped to mobile extrinsic
electrons with the increasing temperature according to the scheme presented in
the inset in Fig. 5a. At the same, we do not exclude some role of the Asg,"
substitutional defect that should be compensated by the electrons. The dominant
role of the Vs in the electric transport is corroborated by strong resemblance with
the SnSe,« system reported in ref. [17].
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Fig. 5 Arrhenius plots of the electrical conductivities for selected Snj..AsxSe
samples (a) and SnAs,Se;.. samples (b)

Activation energies of the present defects calculated from the slopes (dotted lines) are
given. Based on [14], suggested energetic scheme of selenium vacancy levels within the
band gap of SnSe is presented in the inset of the Fig. 5a.
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For the system of nominal composition SnSe;.<Asy, one can see again a very
pronounced decrease of o at the sample with the lowest As content,
1.e. SnSep.9985AS80.0015. A qualitative resemblance of the temperature dependencies
of both oand S for this sample with those observed for the Sn; (AscSe leads us to
the conclusion that even small substitution of the As atoms for Se atoms strongly
suppresses again the formation of major native defects, i.e. tin vacancies Vs,>
undoped SnSe. However, further increase of nominal composition of As in
SnSe;.xAsx samples leads to higher o-values. The Seebeck coefficient of the
samples (see Fig. 4b) with higher x (x > 0.003) is of p-type character and its nature
resembles that of the undoped SnSe sample. The Arrhenius plot (Fig. 5b) reveals
an activation energy of 0.17 eV for the samples with x > 0.01 in the lower
temperature range. Such activation energy could be connected with the formation
of Asgse defects introducing an acceptor level in the band gap of SnSe. This idea
1s acceptable regarding the variations of the lattice parameters (Fig. 2) and by
taking into account the close ionic radii of As®>  and Se* ions (222 ppm vs.
198 ppm). A temporary decrease of the electrical conductivity o at temperatures
around 520 K can correspond to a full ionization of the defects, i.e. saturation of
the acceptor levels. The following increase of o at highest studied temperatures is
due to the excitations over band gap. Yet another explanation of the observed
decrease of electrical conductivities at 7' ~520 K and the already mentioned
deviation in the Seebeck coefficients at the same temperature can be related to a
possible melting of tin as adumbrated in [18]. As follows from the Sn-Se phase
diagram [19], there is eutectic point at 504 K (L <> Sn + SnSe) and, as we note
above, a small amount of metallic tin is evident in X-ray patterns of the hot-pressed
pellets. Moreover, we should consider the presence of other phase in the SnSe;  Asx
compounds studied. As stated above, AsSn impurity was observed in the samples
with higher x (x > 0.03). This compound, classiﬁed as NaCl-type superconductor,
has electrical conductivity of about 2x10° S m™' at room temperature [20]. Taking
into account the formation of this compound and the decrease of the lattice
parameters (Fig. 2b), we think that a part of the As atoms substitutes for Se atoms,
while the remaining As reacts with Sn to form the binary AsSn. One can see,
according to simple schematic equation, SnSe;As, «» xAsSn + (1—x) SnSe, that
formation of this compound leaves the stoichiometry of the host compound SnSe
unaffected. Thus, we can explain the observed variations of o and S for the
samples as follows. A part of As enters the Se-sublattice forming Ass.” and, at
very low concentrations (x < 0.003), this type of defects prevents the formation of
tin vacancies as the major defects in the undoped SnSe. With the increased x, the
Asse defects become the main source of free holes responsible for the increase of
electrical conductivity and for restoring the "pure" p-type character of the Seebeck
coefficient. After reaching the solubility limit in SnSe; Asx, As reacts with Sn to
form AsSn in SnSe;  Asx samples.
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According to a general effective medium model (GEM) for such composites,
the presence of the highly conductive impurity (o300(AsSn) ~2x10° Sm™ [20])
contributes to an additional shift of electrical conductivities towards higher values
with the increasing content of As.

Total thermal conductivities i of the studied samples as a function of
temperature are presented in Fig. 6a (Sn;_xAs,Se) and in Fig. 6b (SnSe; xAsy). We
assume that the total thermal conductivity comprises two contributions in the
temperature range studied, i.e. the electronic thermal conductivity x;; and lattice
thermal conductivity xi. & can be estimated by means of Wiedemann-Franz law
(k1 = Lx ox T, where L is the Lorentz number). However, the electronic contribution
to the total thermal conductivity could be considered as negligible even when
taking a degenerate limit of the Lorentz number (Lo = 2.45x10°3 W Q K?) into
account. In the case of Sn;<AssSe system, it acquires its highest value of about
0.5 % from the &, Whereas, in the case of SnSe;xAsy, it 1S maximally about
1.5 % of the xir. Thus, we consider that the measured thermal conductivity
corresponds to its lattice part and it is evident that the thermal conductivity
decreases for both systems (Sn;xAsxSe and SnSe;.xAsx) with the increasing x up
to x < 0.02 for Sn; xAsSe and x < 0.01 for SnSe;  Asy. Interestingly, it starts to
grow again for higher x. With regard to the XRD results, the increase is probably
associated with the formation of the secondary phases in these samples, i.e As in
Sn;.xAsxSe samples and AsSn compound in SnSe;  Asy. The presence of highly
conductive AsSn adduct causes much higher increase of xi,: than that in the
presence of metallic As impurity.
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Fig. 6 Thermal conductivities of SnixAsxSe samples (a) and SnAs<Se;.. samples (b)
as a function of temperature.

The dimensionless figure of merit Z7 as a function of 7, for both systems

studied is shown in Fig. 7ab. In the case of Sn; AsSe (Fig. 7a), one can see that
ZT values are for all samples lower at low temperatures.
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With the increasing temperature, Z7 values of the samples of lower x
(0.0025 > x > 0.01) either quickly achieve the values for the undoped SnSe or
even exceed it (in the samples of nominal composition Sng 9975AS0.00255€). In fact,
there are two possible explanations. Such a low concentration of As is very
unlikely to change the band structure. More likely, As may facilitate the formation
of native defects that are beneficial for thermoelectric properties. Much steeper
increase of ZT for these samples (compared to undoped sample) would promise
an improvement of Z7 at higher than studied temperatures. However, we note that
the chemical stability of doped samples is questionable at elevated temperatures
and calls for further explorations. On the other hand, ZT values most of the
SnAs,Se;x samples significantly exceed the one for the undoped SnSe in the
temperature range up to ca. 520 K, then, it suddenly fall below and being still
lower than that of undoped SnSe at higher temperatures. Most likely, it is due to
the presence of highly conductive AsSn phase.
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Fig. 7 Figure of merit ZT of Sni-xAsxSe samples (a) and SnAs<Se;.. samples (b) as
a function of temperature.

Conclusions

The effect of the As impurity on the properties of SnSe was studied for doping in
both cation sub-lattice and anion sub-lattice. Series of polycrystalline samples
with nominal composition Sn; xAsxSe (0 > x > 0.1) and SnAs,Se;x (0 > x > 0.08)
were prepared by melting and hot-pressing. It has been found that in both studied
systems, the As-atom very effectively suppresses the formation of the major
defect occurring in the undoped SnSe, i.e. the tin vacancy Vs,>. Apparently, a
similar limited solubility of As was found in its substitution at the cation site
(x £0.02 for Sn;<AsxSe), as well as the anion site (x <0.03 for SnAssSe;x). Here,
one can conclude that As behaves as an amphoteric dopant, i.e. substitutes both
for the cation (Ass, ') and the anion (Ass. ), however, neither of the defects does
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not significantly contribute to the electronic transport. Moreover, the
thermoelectric properties of the studied systems are affected by the formation of
the secondary phases in the matrix compound — either as metallic As inclusions
or amorphous As-Se phase in the case of Sn;.<AscSe and AsSn crystalic phase
regarding SnAsSe;.x. Thus, the thermoelectric efficiency is either not enhanced
at all (in the case of Sn;<AssSe) or it is enhanced only in the middle of the
temperature range studied (for SnAsSe)x).
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