Journal of Solid State Chemistry 312 (2022) 123176

LSEVIER

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

Journacor
SoOLID STATE
CHEMISTRY

journal homepage: www.elsevier.com/locate/jssc
Interconnected effects of Sm-doping on grain structure and transport ]
properties of the textured Bis_,Sm,Tes 7Sep 3 compounds ST

Maxim Yaprintsev?, Alexei Vasil'ev ", Oleg Ivanov®™", Daniil Popkov ®

& Belgorod State University, Belgorod, 394015, Russian Federation

Y Belgorod State Technological University Named after V.G. Shukhov, Belgorod, 308012, Russian Federation

ARTICLE INFO ABSTRACT

Keywords:

Rare earth elements doping
Electronegativity

Grain structure

Transport properties

Grain size effects

Textured Biy.,Sm,Tes 7Sep 3 compounds with x = 0; 0.005; 0.01; 0.02; 0.05; 0.1; 0.2 and 0.3 were prepared by
using solvothermal synthesis and spark plasma sintering of starting powders. Sm-doping results in several
interconnected effects. First of them is reducing in size of particles in starting powders with increasing x. This
effect is attributed to increasing in ionic bonding fraction in polar covalent Bi(Sm)-Te bonds, which occurs at
increasing Sm content due to difference in electronegativity of Bi and Sm. With increasing x, grain size in bulk

samples is also reducing, which is governed by relevant changing in the size of particles. This effect also results in
enhancing in texturing degree in samples at gradual increasing x. Finally, grain size effects on the specific
electrical resistivity and the thermal conductivity are observed in bulk samples with different grain size. With
increasing the grain size, the resistivity increases, whereas the total thermal conductivity decreases. These fea-
tures are due to electron scattering by grain boundaries.

1. Introduction

In accordance with the Ioffe expression, thermoelectric efficiency of
material can be expressed via the thermoelectric figure-of-merit, ZT =
TSz/pk, where T is the absolute temperature, S is the Seebeck coefficient,
p is the specific electrical resistivity and k is the total thermal conduc-
tivity with electronic and phonon contributions [1]. To maximize ZT, p
and k, which are the transport properties of material, should be simul-
taneously reduced. However, reducing in p is usually accompanied by
relevant enhancing in k, and vice versa. Optimal p and k tuning is key
problem in thermoelectric materials science. To optimize p and k, specific
microstructure, which includes various defects with desired properties,
shape, size, dimensionality and etc., is usually formed via various ap-
proaches and ways of defect engineering [2-5]. Elemental doping is one
of fruitful ways that is often applied to optimally tune the transport
properties and, hence, enhance thermoelectric efficiency of material
[6-15]. Dopant atoms can behave as donor or acceptor centres, resulting
in reducing in p and enhancing in the electronic contribution to k. Be-
sides, dopant atoms are effective scattering centres for electrons and
phonons, resulting in enhancing in p and reducing in the phonon
contribution to k, respectively. Rare earth elements, R (R = Lu, Gd, Ce,
etc.), are found to be effective dopants, improving the thermoelectric

properties of BiyTes-based compounds [16-27]. Usually, the R atoms
substitute for Bi in crystal BisTes structure. Besides direct effect of the
R-doping on the thermoelectric properties, other effects accompanying
this doping can be also observed. These effects can indirectly affect the
thermoelectric properties, too. In particularly, owing to rather different
electronegativities of the Bi and R atoms, a degree of ionicity in polar
covalent Bi-Te bond, existing in crystal BipTes structure, increases, when
a partial substitution of R for Bi takes place in this bond. As result, a size
of particles in starting Bis.,R,Tes powders, which are chemically syn-
thesized in polar solvents, decreases with increasing R content. Mecha-
nism of this phenomenon, which is earlier observed in Biy.,Sm,Te; 7Seq 3
particles, was discussed in Ref. [28]. In turn, the size of particles in
starting powder can affect a size of grains in relevant bulk material,
prepared via consolidation and high-temperature treatment of this
powder. Namely, bigger size of the particles will result in bigger size of
the grains. Therefore, increasing in R content in R-doped BisTe3 com-
pounds can be accompanied by decreasing in the grain size in these
compounds. In grained thermoelectric materials, grain boundaries are
specific defects, scattering electrons and phonons [29-31]. By governing
the grains size, p and k can be additionally tuned in desired manner via
grain size effects on the transport properties of grained material [32-35].
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The main purpose of this paper is to analyse the Sm-doping effect on
features in the specific electrical resistivity and the total thermal con-
ductivity of textured Bis.,Sm,Tes 7Seg 3 compounds (x = 0; 0.005; 0.01;
0.02; 0.05; 0.1; 0.2 and 0.3), which are originated from changing in grain
structure under this doping. By changing x, samples with different grain
size, which is x-dependent, were successfully prepared. Grain size effects
in the specific electrical resistivity and the total thermal conductivity
were then found. At present, BisTes7Seg 3 is the best material with
electronic conductivity for various low-temperature applications [36,
37]. It is known that BiyTes-based compounds, having a layered crystal
structure, are readily textured via technological processes, which are
based on uniaxial pressuring a starting powder [38-46]. The textured
material is characterized by a preferential orientation of the grains. The
texturing results in partial recovering anisotropy in the thermoelectric
properties of grained material, which is inherent to relevant single
crystal. The texturing allows maximizing ZT in textured BipTes-based
compounds.

2. Materials and methods

To prepare the Biy ,Sm,Te; 7Seq 3 compounds with x = 0; 0.005; 0.01;
0.02; 0.05; 0.1; 0.2 and 0.3, solvothermal synthesis of starting powders
and following spark plasma sintering (SPS) of these powders were
applied.  Analytically pure  (Bi(NOs3)3-5H20, TeOj,  SeOo,
Sm(NO3)3-6H20, NaOH, poly(1-ethenylpyrrolidin-2-one), ethane-1,2-
diol) chemicals were applied to synthesize starting powders. First,
Bi(NO3)3-5H50, TeOs, Sm(NO3)3-6H,0 were taken in a stoichiometric
ratio corresponding to x and dissolved in the 90 cm® ethane-1,2-diol
NaOH and 15 g NaOH mixture of under vigorous stirring by a mag-
netic stirrer. Poly(1-ethenylpyrrolidin-2-one) (Mr = 12 000), acting as
solution, was then added to the reaction mixture. The mixture was again
under vigorous stirring for 30 min. After, the mixture was put in an
autoclave that was sealed and maintained at 190°C for 5 min. Then the
autoclave was naturally cooled to room temperature. After completing
the solvothermal synthesis reaction, dark grey precipitate was taken out
by centrifuging and washed with deionized water and ethyl alcohol
several times and then dried at 80°C for 8 h. Starting powders were
spark-plasma-sintered using a SPS-25/10 system at pressure of 40 MPa
and temperature of 680 K for 2.5 min in vacuum, resulting in the 320
mm x 15 mm cylinders.

To examine the transport properties of the Biy.,Sm,Tes7Sep.3 com-
pounds, 2 x 2 x 10 mm bars and @10 x 2 mm disks were prepared. Bar
samples were applied to measure the specific electrical resistivity by four-
probe method (a ZEM-3 system), whereas disk-shaped samples were
applied to measure the total thermal conductivity of by laser flash
method (a TC-1200 system). A Mini Cryogen Free Measurements System
(Cryogenic Ltd, UK) was applied to examine the Hall effect and estimate
the concentration and Hall mobility of electrons. The Archimedes’
method was applied to measure density of bulk samples. To identify
crystal structure, phase composition of starting powders and bulk sam-
ples, as well as estimate a degree of grain ordering in textured samples, X-
ray diffraction (XRD) analysis was performed by using a Rigaku Ultima IV
diffractometer with CuK,-radiation. To analyse morphology of particles
in starting powders, estimate average particles size and study grain
structure features in bulk samples, scanning electron microscopy (SEM)
was applied by using a Nova NanoSEM 450 microscope.

3. Results and discussion

3.1. Sm-doping effect on particle size in starting Biz,Sm,Tez 7Sep.3
powders

As resulted from XRD analysis, all the starting Bis.,Sm,Tes7Seq 3
powders with different x are single hexagonal R3m phase that corre-
sponds to pure BiyTes (PDF#01-089-4302). XRD pattern for starting

Journal of Solid State Chemistry 312 (2022) 123176

(015)

Intensity, a.u.

(003)

©
S
18]
ol
25

Fig. 1. XRD pattern for the starting Bi; 9Smg ;Tes 7Seo 3 powder. Inset is SEM
image of the particles in the same powder.

20, deg.

powder with x = 0.1 is presented in Fig. 1. Inset to Fig. 1 shows SEM
image of the particles in this starting powder. According to SEM exami-
nation, all the starting powders mainly consisted of hexagonal plate-
shaped particles. Hexagonal habitus of the particles corresponds to
hexagonal symmetry of the Biy,Sm,Tej 7Sep 3 compounds. Forming the
plate-shaped particles during a chemical synthesis of BiyTes-based
compounds is related to specific features of crystal structure and chem-
ical bonds of these compounds [36,37]. In accordance with results of EDX
(energy dispersive X-ray spectroscopy) mapping, which was earlier re-
ported earlier in Ref. [28], Bi, Te, Sm and Se are uniformly distributed
within the particles, and, in accordance with results of SAED (selected
area electron diffraction) experiment, the individual Bij.g5Smg gs.
Tey 7Seq 3 particles in the starting powder are single-crystalline particles
with crystal BisTeg structure.

It was found that the Sm-doping remarkably affects a size of the
particles in the starting Bis.,Sm,Te, 7Seq 3 powders. To estimate average
values of a lateral size, I, and a thickness, h,, of the particles, histograms
of the [ and h distributions for the compositions with different x were
plotted. All the histograms were satisfactory described by the lognormal
unimodal distribution [47]. The lognormal probability density function
is expressed as

F(lor h)= ™

1 In(l or i) — In(l, or h,)?
exp| —
V2zrol,(or h,) 262

where ¢ is the standard deviations of the logarithms of [ or h. These de-
viations characterize a width of the relevant F(I) or F(h) distributions.
The [4(x) and hq(x) dependences are presented in Fig. 2 (a). With
increasing Sm content, [, remarkably decreases from ~460 nm for x =
0 down to ~320 nm for x = 0.3, whereas h, is x-independent and equal to
~70 nm for all the compositions. For small x values (x < 0.02), [, is very
rapidly falling with increasing x, but for x > 0.02 [, is falling much more
slowly. Particle shape factor, l,/h,, can be introduced to characterize a
shape of the particles in the starting Biy ,Sm,Tey 7Seq 3 powders. The I/
h, versus x dependence is shown in inset to Fig. 2 (a). This dependence is
governed by the [;(x) and h,(x) dependences. With increasing Sm con-
tent, l,/h, is non-monotonically decreasing. However, for all the com-
positions, I;/hg »1, i.e. the particles are 2D-objects. Maximal l,/h, value
corresponds to undoped sample, whereas minimal [,/h, value is observed
for the composition with maximal Sm content. The standard deviations
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Fig. 2. (a) The Sm-doping effect on average lateral size, l,, (curve 1) and
average thickness, h,, (2) of the particles in the starting Bis.,Sm,Te,7Seq 3
powders. Inset shows the l,/h, vs. x dependence. (b) The Sm-doping effect on
standard deviations for the I (¢}, curve 1) and h (op, 2) distributions. Inset shows
the [ vs. o; dependence. (c) The Sm-doping effect on change in ionic fraction in
polar covalent Bi(Sm)-Te bond, LF.R. Inset shows the I, vs. LF.R. dependence.
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for the I (o}, curve 1) and h (o, 2) distributions, which were extracted for
different x, are presented in Fig. 2 (b). The oy is x-independent and small
enough, i.e. the F(h) distribution is narrow. The ¢; is much more as
compared to op and it is x-dependent. Moreover, the o;(x) dependence
qualitatively corresponds to the [,(x) dependence. As result, increasing o;
is accompanied by increasing [, (inset to Fig. 2 (b)). The [,(c7) dependence
is close to linear one, as is shown by solid line in inset. That is the Sm-
doping results in gradually narrowing the F(I) distribution.

The Sm-doping effect on the particles size was already reported
earlier in Ref. [28]. To analyse this effect, difference in the electroneg-
ativity of host Bi atoms and dopant Sm atoms was taken into account.
Namely, this difference can affect strength of polar covalent Bi(Sm)-Te
bonds in BiyTes-based compounds. The hexagonal BisTes structure is
usually described in terms of layered structure. The five individual
atomic layers are positioned perpendicularly to c-axis (hence, base
(a-b)-planes are oriented along the layers) and stacked in the following
order

Te(1)-Bi-Te(2)-Bi-Te(1), 2

where Te(1) and Te(2) denote two different sites for Te in crystal
structure.

In each stack, the Te(2) atoms are octahedrally coordinated by the Bi
atoms. The Te(1) atoms are covalently bonded with three Bi atoms on
one side the stack, and by weaker Van-der-Waals bonds with three other
Te(1) atoms on the other side, which belongs to neighboring stack. The
Bi-Te(1) bond length is close to the expected value for covalent bond
length, while the Bi-Te(2) bond rather corresponds to the value that is
expected for ionic bond [48,49].

Strictly speaking, both the Bi-Te(1) bond and the Bi-Te(2) bond are
polar covalent bonds, which are different in a degree of ionic bonding.
Solvothermal synthesis of BisTes-based compounds is accompanied by
forming and growth of nucleuses in a solution. Basic processes of this
synthesis can be described in framework of “monoatom model” [50]. In
accordance with the model, individual atoms or ions are combined to the
BiyTes nucleus, which grows in the solution, and then other atoms or ions
attach to the nucleus, resulting in growth of the BisTes particle. When
individual Te atom (or Te?~ ion) attaches itself to a Te(1)-layered crystal
surface, this atom (or this ion) will probably jump back into the solution,
since the Van-der-Waals bond is weak to fix the atom (or the ion) on
surface, coinciding with base (a-b)-plane. However, interlayered
Bi-Te(1) or Bi-Te(2) interaction in polar covalent bonds, existing within
the stack, is strong enough to fix the atom or ion on lateral surface of the
BiyTes nucleus. Therefore, a lateral growth of the Bi;Teg particles will be
remarkably accelerating. As result, the Bi;Tes particles (or the particles of
BisTes-based compounds) will grow faster in (a-b)-plane than in direc-
tion of c-axis, resulting in the hexagonal plate-shaped particles, as shown
in inset to Fig. 1. Since the Bi-Te(1) and especially Bi-Te(2) bonds are
polar covalent bonds, ionic bonding partially exists in the Bi;Teg particles
and these particles can possess the properties of ionic crystals. Ionic
boding fraction (LF.) in polar covalent bonding can be estimated by the
empirical Pauling expression. In accordance with this expression, LF. is
related to a difference in the electronegativity of interacting A and B
atoms (ions) as follows [51].

1LF.=1— [exp{ —W}

where X4 and Xp are the electronegativities of atoms (ions), and AX = Xx-
Xp.

The electronegativities of atoms in the Biy ,Sm,Tey 7Sep 3 compounds
are Xp; = 2.02, Xgp, = 1.17, X1 = 2.10 and Xge = 2.55 [52]. Since Xg, >
Xgi, LF. will be gradually increasing with increasing x. Expression (3) can
be applied to roughly estimate changing in LF., related to the Sm-doping.

x 100 % 3
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To do so, difference in Te(1)-Bi and Te(2)-Bi bonds mentioned above will
be neglected. The Xpigm = [(1-x)eXp; + xeXsm] expression can be intro-
duced to take into account changing in the Xp; and Xg, contributions to
total electronegativity of the Sm-doped compounds with different x. The
XTese = [0.9eXT1.+0.16Xs.] expression can be also applied to take into
account different electronegativities of Te and Se. As result, AX can be
calculated as AX = Xp;.sm—Xte.se- The calculated LF. values are small, but
relative changing in LF. is remarkable. To show this changing in detail,
LF. was recalculated to LF.R. = LF.(x)/LF.(x = 0). The LF.R. vs. Sm
content dependence is presented in Fig. 2 (c). LF.R is steady growing with
increasing x. Inset to Fig. 2 (c) shows the [, versus LF.R. dependence. This
dependence can be divided by two linear segments, as is shown by
dashed lines in inset. Similarly to the I5(x) dependence, for LF.R.<1.79
(this value corresponds to x = 0.05), I, is very rapidly falling with
increasing LF.R, but for LF.R.>1.79, |, is falling much more slowly. The
LF.R.¢ value, indicated by arrow in inset, corresponds to a crossover from
the strong [,(LF.R.) dependence with Al,/A(L.F.R.)~700 nm to the weak
[,(LF.R.) dependence Al,/A(LF.R.)~2.5 nm.

In general, during a synthesis of ionic crystals from polar solutions,
growth and dissolution processes are simultaneously competing [53-55].
In this case, the size and shape of the particles being growing is governed
by result of this competition. Reducing in average lateral size of the
particles in the starting Biy,Sm,Tes powders can be attributed to
changing in dissolution process. The poly(1-ethenylpyrrolidin-2-one)
solution, applied to solvothermally synthesize the Bi,,Sm,Tes parti-
cles, is polar. The dissolution process is known to be based on an elec-
trostatic interaction between ions, which are containing in the particles
being growing, and polar molecules, which are containing in the solution
[55]. Increasing in the ionic boding fraction can enhance the electrostatic
interaction. As result, the dissolution process will become more effective.
With increasing in LF.R., average lateral size of the particles will be
reducing that is, in turn, governed by increasing in Sm content. The
growth and dissolution processes are x-dependent in complicated
manner that results in relevant complicated behaviour of the I(x)
dependence or the [, versus LF.R. dependence, which consists of two
parts. For part of the strong [, versus LF.R. dependence, the dissolution
processes is dominant that results in rapidly reducing l,. However, for
part of the weak [, versus LF.R. dependence, [, is changing much more
slowly due to, probably, weakening of the dissolution processes (or
enhancing of the growth process). Further experiments should be carried
out to correctly analyse changing in [, in the starting Biz ,Sm,Tes 7Sep 3
powders with different x. Anyway, the Sm-doping limits the growth of
the Biy ,Sm,Tey 7Seq 3 particles for all x values. In this case, the histogram
of the F(l) distribution will be cut off for the big [ values. As result, the
width of the distribution will be decreasing that is in agreement with
experimental data (Fig. 2 (b)).

The Ostwald ripening model is often applied to describe a growth of
particles in various solutions [56,57]. In accordance with this model, a
change in particle size with spherical shape can be expressed as

8yCooV*D

R =R
(RY =R, + 9R,T

(€]

where (R) is the average radius of particles, y is the surface energy per
unit area (J-m™2), Ce is the equilibrium solubility, v is the molar volume
of the particle's material, D is the diffusion coefficient, Ry is the ideal gas
constant, T is the temperature, and t is the growth time.

One can see that decreasing in ¢, should result in relevant reducing in
particle size. Since with increasing x in the Biy ,Sm,Tes compounds, ¢,
can be decreasing through increasing in the ionic boding fraction, size of
the Biy ,Sm,Tej particles will be reducing, too. To analyse a growth of Ce-
doped SnO3 nanocrystals synthesized by Pechini's method, expression (4)
was earlier modified as follows [57].

(RY =R’ + k- exp(—Ax) (5)
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where (Ry), k and A are the fitting parameters and x is the Ce content.

The surface energy was assumed to be a dominant parameter for the
particle size reduction in Ce-doped SnO; nanocrystals. The dopant
enrichment of the nanocrystal surface was considered as key mechanism
affecting the surface energy. We also applied expression (5) to describe
the Sm doping effect on average volume, V), of the Bi,.,Sm,Te3 particles.
To calculate V), the particles are believed to be cylinder-shaped. Then, V,,
can be calculated as V,(x) = (nl2 /4)h,. The V, versus x dependence is
shown in Fig. 3. With V,, = 6.86-10° nms, k = 5.55 nm® and A = 85,
expression (5) well describes experimental curve.

In general, strong exponential x-dependence of V, can be attributed to
forming of critical nucleuses in solution. The critical nucleus has a critical
radius corresponding to minimum particle size from which an aggregate
of atoms or ions is thermodynamically stable. During a chemical syn-
thesis, these critical nucleuses will be clustering together resulting in
growth of particles. Therefore, under gradual Sm doping, size of the Biy.
«Sm, Tey 7Seq 3 particles will be reducing but with saturating to constant
value, limited by size of critical nucleuses.

3.2. Links between particles in starting powders and grain structure in the
textured Biy ,SmyTey 7Seq.3 samples

Density of all the bulk Bis_,Sm,Tey 7Seq 3 samples, SPS-prepared from
the starting powders with different [;, happened to be weakly and
irregularly x-dependent. Maximum value of density is equal to ~7.75
g'cm’3 for x = 0.3 that is ~99.4% of theoretical value of the BiyTes
density (7.78 g/cm3, according to Ref. [22]). 7.7 g/cm3), and minimum
value is ~6.78 g'cm’3 for x = 0.02 (—~87%). Similarly to XRD patterns of
the starting powders, XRD patterns for all the bulk samples correspond to
the space symmetry R3m group, too. However, the lattice a = b and ¢
parameters are x-dependent (Fig. S1). With increasing x, the ¢ parameter
increases, whereas the a parameter is x-independent. This behaviour can
be associated with difference in radii of Sm and Bi. The radii of Sm (ionic
Sm>*radius is 1.08 A and covalent radius is 1.62 A) are bigger than the
radii of Bi (ionic Bi*radius is 1.03 A and covalent radius is 1.46 1°\) [58].
As result, under gradual substitution of Sm for Bi, a volume of unit cell
should be slightly increasing.

All the SPS-sintered samples were found to be highly textured. Usu-
ally, the texturing is developing under uniaxial mechanical loading
starting powders of BiyTes-based compounds, consisting of 2D-particles
[59]. Under SPS process, the uniaxial loading and sintering process are

0.0 0.1 0.2 03
X, Sm content

Fig. 3. The Sm-doping effect on average volume of the particles in the starting
Bi,,Sm,Te, 7Seq 3 powders. Solid line is fitting curve.
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acting simultaneously. A texturing axis coincides with mechanical
loading direction. The texturing results in preferential ordering of the
plate-like grains, forming specific lamellar sheets, which lie in a plane
perpendicular to the texturing axis. Crystal c-axes of the grains are
preferentially directed parallel to the texturing axis, while crystal
(a-b)-planes of the same grains are preferentially oriented perpendicu-
larly to this direction. The texture can be clearly observed via SEM ex-
amination of surfaces, oriented perpendicularly and parallel to the
texturing axis. As an example, these SEM images, taken for perpendicular
(top images) and parallel (bottom images) surfaces of the Bis.,Sm,.
Tey 7Seq.3 samples with x = 0, 0.1 and 0.3 are shown in Fig. 4. The images
are characteristic for textured BiyTes-based compounds. Namely, a
disordered grain structure with irregularly shaped grains is observed for
the perpendicular surface, whereas the plate-like grains, forming the
lamellar sheets, are observed for the parallel surface. Owing to the
texturing, average grain sizes, measured in directions parallel (D) and
perpendicular (D||) to the texturing axis, are quite different. Moreover,
these sizes happened to be x-dependent. To correctly estimate D, and D[,
EBSD-SEM (electron back scattered diffraction-scanning electron micro-
scopy) maps were taken from thoroughly polished surfaces of the
textured Bis,Sm,Te; 7Sep 3 compounds with different x. These maps
show distribution of crystallographic orientations of the surface grains.
As an example, EBSD-SEM maps, taken from the surfaces oriented par-
allel to the texturing axis for textured BizTeg7Seps and Bij ggSmg ga-
Tey 7Seq.3 samples, are presented in Fig. 5. A colour of individual grain is
directly connected with its crystallographic orientations in accordance
with inset to Fig. 5.

One can see that increasing Sm content results in remarkably
decreasing the grain size. By using EBSD-SEM maps, histograms of the
grain size distributions, corresponding to perpendicular and parallel
surfaces, were plotted for the samples with different x (Fig. S2). The
lognormal unimodal distribution based on expression (1) was again
applied to analyse the histograms and extract D, and D||, as well as
standard deviations, op,, and opy, for these distributions. The D, (x) and
D||(x) dependences are presented in Fig. 6 (a). Both sizes are steady
reducing with increasing x. These dependences behave similarly to the
I4(x) dependence, extracted for particles in the starting powders (Fig. 2
(a)). For small x values (x < 0.02), D, and D|| are very rapidly falling with
increasing x, but for x > 0.02, they start falling much more slowly. D,
changes from ~2230 nm for x = 0—~970 nm for x = 0.3. These D, values
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correspond to micrograined structures. D|| changes from ~440 nm for x
= 0-~75 nm for x = 0.3, i.e. with increasing x, gradual crossover from
micrograined to nanograined structures takes place. To characterize
shape of the grains in the textured Bi,Sm,Tey7Seps samples, grain
shape factor, D, /D||, was introduced. The D, /D|| versus x dependence is
shown in inset to Fig. 6 (a). With increasing x, D,/D|| is non-
monotonically increasing. This x-dependent behaviour is opposite to
that for the particle shape factor, l;/hg, in the starting powders (inset to
Fig. 2 (a)). For all the compositions, D,/D||»1, i.e. the grains in the
textured Biz.,Sm,Te 7Seq 3 samples are 2D-objects. The standard op; and
opy deviations are presented in Fig. 6 (b). With increasing x, op, and opy
are changing in the same manner, as D, and D||. As result, increasing in
op, and opy are accompanied by increasing in D, and D||, respectively.
The D, (op,) dependence is presented in inset to Fig. 6 (b).

There are links between the particles the starting Bis.,Sm,Tes 7Seq 3
powders and the grain structure in the relevant textured samples. These
links include, firstly, “particle size”—“grain size” link and, secondly,
“particle size”—“preferential grain orientation” link. According to the
first link, the bigger particles in the starting powders naturally corre-
spond to the bigger grains in relevant bulk samples (Fig. 7 (a)). Since the
thickness of the particles is x-independent, this link is well expressed for
the D, and [, values (curve 1 in Fig. 7 (a)). The link between the Dy; and h,
values is close to vertical line (curve 2). Generally, forming of the grain
structure is due to grain growth process during a high-temperature sin-
tering a starting powder. The grain growth is accompanied by reducing in
energy of system having numerous interfaces. This energy is expressed as
yA, where y is specific energy of the interface and A is surface area of the
interface.

During the grain growth, particles of the starting powder preserve
their original form, but they change in size by coalescence, that results in
reducing the surface areas. The high-temperature grain growth can be
described by expression [60].

Eﬂ
D} — Dy = Ctexp (_ﬁ) 6)

where D; and D are the average grain size at time t and the original grain
size, respectively, n is the grain growth exponent, t is the sintering time,
E, is the activation energy of the grain growth, C is the pre-exponential
constant and R is the general gas constant.

Fig. 4. SEM images taken on the fractured surfaces of the Bi,,Sm,Te; 7Seq 3 samples with x = 0 ((a) and (d), 0.1 ((b) and (e)) and 0.3 ((c) and (f)), which are oriented

parallel (top images) and perpendicularly (bottom images) to the texturing axis.
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Fig. 5. EBSD-SEM maps, taken from the surfaces oriented parallel to the
texturing axis for the bulk Bi,Te;7Sep 3 (a) and Bij 9gSmg o2Ten 7Seq 3 (b) sam-
ples. Inset shows a link between color of the drain and its crystallographic
orientation.

According to inset to Fig. 6 (a), with increasing x, D,/D|| is non-
monotonically increasing, i.e. shape of the grains becomes more aniso-
tropic. This D, /D|| versus x behaviour can be originated from different
values on average rates of the grain growth in directions perpendicular
(RG}) and parallel (RGy) to the texturing axis. These rates can be
expressed as

Dy —h,
and RGH = ”t— (7)

s s

Difla

RGL=

where t; = 150 s is holding time at SPS process.
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Fig. 6. (a) The Sm-doping effect on average grain sizes in the textured Bi,.
«Sm,Te; 7Sep 3 samples, measured in directions perpendicular (D, curve 1) and
parallel (Dy, curve 2) to the texturing axis. Inset shows the D,/Dy vs. x
dependence. (b) The Sm-doping effect on standard deviations for the D, (op,,
curve 1) and Dy (opy, 2) distributions. Inset shows the D, vs. op, dependence.

0.3

The Sm-doping effect on RG, and RGy; is illustrated by Fig. 7 (b). Since
RG,>RGy, perpendicular grain growth is faster than parallel one. To
explain this feature, mechanism of the grain growth should be correctly
identified. At present, it is rather complicated task.

To examine the Sm-doping effect on the preferential grain orientation
(the texturing degree) in the bulk Biy,Sm,Tes 7Sep s samples, the Lot-
gering factor, LF, was calculated via analysis of XRD patterns, taken from
the surface perpendicular to the texturing axis for the compositions with
different x [61] (Fig. S3). The LF(x) dependence is presented in Fig. 8 (a).
With increasing Sm content, LF is gradually increasing. This Sm-doping
effect on the texturing degree of BiyTe;;Seo s was earlier reported in
Ref. [28]. It was attributed to reducing in the lateral size of the particles
in the starting Biy,Sm,Tey 7Sep 3 powders under gradual Sm-doping. The
LF(l,) dependence, obtained in present work, is shown in Fig. 8 (b). With
increasing l,, LF is rapidly decreasing. Mechanism, which results in this
LF(l;) dependence is briefly illustrated in Fig. S4.
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Fig. 7. (a) The D, vs. I, (curve 1) and Dy vs. h, (2) dependences for the textured
Bis.,Sm,Te, 7Sep 3 samples; (b) The Sm-doping effect on average rates of the
grain growth in directions perpendicular (RG,, curve 1) and parallel (RGy, curve
2) to the texturing axis.

3.3. Grain size effect on transport properties of the textured Biy.
SmyTez 7Seq 3 samples

Thus, the Sm-doping allows preparing the textured Biy ySmyTes 7Seg 3
samples with different grain size. These samples can be applied to
examine various grain size effects on their physical properties. If some
grain effect really occurs, the relevant physical property will be crucially
sensitive to the grain size via involving various physical mechanisms.
Usually, these grain size effects are remarkably observed in fine-grained
solids. Moreover, reducing the grain size will result in enhancing the
grain size effect. For instance, the specific electrical resistivity in grained
materials often demonstrates the grain size effect on p (Fig. S5). This
effect, which is due to electron scattering by grain boundaries, will be
implementing, when electron free mean path will be approaching to the
grain size. The grain size effect was also found in the transport properties
of the textured Bij,SmyTe;7Seps samples with different grain size.
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Owing to the layered structure, single-crystalline Bi;Tes and BisTes-
based compounds are high-anisotropic [36]. Anisotropy in the transport
properties can be characterized by anisotropy coefficients, AC. For the
specific electrical resistivity and the total thermal conductivity these
coefficients can be introduced as the p./pq and kgp/k, coefficients (the c
and ab subscripts correspond to the directions perpendicular or parallel
to the layers, respectively) [60].

For grained material with completely random orientation of the
grains, the transport properties are isotropic. Preferential grain orien-
tating in textured BipTes and BizTes-based compounds can partially
recover the anisotropy in the transport properties. As result, these
properties, measured perpendicularly (perpendicular measuring orien-
tation, p, and k,) or parallel to the texturing axis (parallel measuring
orientation, py and k), are different. As was mentioned above, the
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texturing axis for SPS-prepared compounds coincides with the pressing
direction during SPS-process. The Sm-doping effect on the AC for the
specific electrical resistivity (curve 1) and the total thermal conductivity
(2) is shown in Fig. 9 (a). Anisotropy in the transport properties is in-
creases with increasing x. This behaviour is mainly originated from
increasing in the Lotgering factor under gradual Sm-doping, i.e. higher
degree of grain orienting in the textured samples is expectedly accom-
panied by higher anisotropy in the transport properties.

The p, versus D, and py versus Dy dependences, as well as the k.
versus D, and ky; versus Dy dependences, taken at room temperature for
the textured Bis.xSmyTe 7Sep 3 samples, are presented in Fig. 10 (a) and
(b). The grain size effect on the transport properties is clearly observed in
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these dependences. This effect is much more expressed for the parallel
measuring orientation, corresponding to the samples with fine-grained
structures. For this orientation, py is rapidly increasing, and ky is
rapidly decreasing with decreasing Dy;. For the perpendicular measuring
orientation, corresponding to the samples with coarse-grained structures,
p1 and k, are changing much more slowly with changing D,. Moreover,
with increasing the grain sizes, p, and k; becomes very weakly D, - and
Dy-dependent. At room temperature, the total thermal conductivity is
combined by contributions from the electronic thermal conductivity, k.,
and the phonon thermal conductivity, kp, i.e. k = ke + kp. The k, contri-
bution is related to the specific electrical resistivity through the
Wiedemann-Franz law

k=" ®

where L is the Lorenz number.

For the Biy.,Sm,Tey7Seps compounds, L was earlier estimated as
~1.8 x 1078 WQ'K 2 for all the x values. Using this L value and
expression (8), the k. and k, contributions into k; and ky were extracted.
The ke, versus D, and ke versus Dy, k,; versus D; and kpy versus Dy
dependences are presented in Fig. 10 (c). The behaviour of the electronic
contributions is in agreement with behaviour of the total thermal con-
ductivity, i.e. the similar grain size effect on the electronic thermal
conductivity is also observed. However, no grain size effect on the
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Fig. 11. (a) The Sm-doping effect on the electron concentration (curve 1) and
the Hall electron mobilities, measured perpendicularly (2) and parallel (3) to the
texturing axis; (b) The uy, vs. D) (curve 1) and ) vs. D|| (2) dependences.
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phonon thermal conductivity can be found. The k, contribution is due to
a heat transfer by phonons. Therefore, the grain boundaries in the
textured Biy,Sm,Tes7Sep 3 samples are much less effective centres to
scatter phonons compared to electrons. This difference can be attributed
to different values of electron free mean path and phonon free mean path.

Increasing in Sm content in the Biy.,Sm,Tes 7Seg 3 compounds can be
also accompanied by change in electron concentration, n. The Sm-doping
effect on n can also affect the specific electrical resistivity and the elec-
tronic thermal conductivity. To estimate this effect, the Hall effect was
examined. The n(x) dependence is presented in Fig. 11 (a).

The electron concentration is steady falling with increasing x. Owing
to high-temperature Te evaporation, the Bi;Tes-based compounds usu-
ally are nonstoichiometric Te-deficient ones. For the nonstoichiometric
Te-deficient Biy ,Sm,Te; 7Sep 3 compounds, the vacancies at Te sites, Vi,
are the most common defects [62]. Forming each positively charged Vi,
vacancy leaves two free electrons, resulting in n-conductivity. With
increasing x, a rate of the Te evaporation will be decreasing that is related
to difference in electronegativites of the Bi and Sm atoms, which, in turn,
results in increasing the strength of polar covalent Sm-Te bond as
compared to that for polar covalent Bi-Te bond. This effect was recently
observed in the Biz,Gd,Te3, compounds [63]. Decreasing in the rate of
the Te evaporation results in relevant decreasing in number of the Vi,
vacancies. Therefore, the electron concentration will be also decreasing.
This behaviour was observed in our experiment (Fig. 11 (ao)). The n(x)
dependence was applied to find the Sm-doping effect on the Hall mobility
of electrons. Due to anisotropy in p for the textured samples, two values
of the Hall mobility corresponding to the perpendicular (ug,) and par-
allel (uy) orientations were calculated. The py1(Ts) and upy(Ts) de-
pendences are also presented in Fig. 11 (a). With increasing x, both Hall
mobilities are decreasing with gradual saturating to constant values. The
um(D|)) and pg1 (D)) dependences are shown in Fig. 11 (b). Grain size
effect on the electron mobilities is clearly observed in these dependences.
Therefore, grain size effect on the specific electrical resistivity and the
electronic thermal conductivity can be mainly attributed to relevant
grain size effect on the electron mobilities.

4. Conclusion

Solvothermal synthesis and spark plasma sintering of starting pow-
ders were applied to prepare the textured Biy.,Sm,Tes 7Seq 3 compounds
with x = 0; 0.005; 0.01; 0.02; 0.05; 0.1; 0.2 and 0.3. The Sm-doping
results in developing several interconnected effects as follows:

(a) With increasing x, reducing in the particles size in the starting
powders takes place. This effect can be originated from increasing
in ionic bonding fraction in polar covalent Bi(Sm)-Te bonds,
which occurs at increasing Sm content due to a difference in
electronegativity of atoms Bi and Sm. As result, under sol-
vothermal synthesis in polar solution, dissolution process, which
competes with growth process, becomes more effective, limiting
growth of the Biy ,Sm,Te, 7Sep 3 particles for all x values. With
increasing x, reducing in the size grains in the bulk samples, which
is governed by relevant changing in the particles size in the
starting powders, takes place, too. This effect also results in
enhancing in texturing degree in the samples at gradual increasing
Sm content.

Grain size effects on the specific electrical resistivity and the total
thermal conductivity were found in the bulk samples with
different grain sizes. These effects were measured parallel or
perpendicularly to the texturing axis (direction of mechanical
loading at spark plasma sintering). With increasing the grain size,
the resistivity abruptly increases, whereas the total thermal con-
ductivity and the electron thermal conductivity abruptly decrease.
These features are connected with ability of grain boundaries act
as scattering centres for electrons.

(b
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