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Thermoelectric properties of p-(Bi,Sb),Te; solid solution taking into
account of the energy dependence of the relaxation time
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The temperature dependences of thermoelectric properties in polycrystalline layered films of p-Big 5Sb; sTes
topological insulators formed on polyimide and mica substrates by discrete deposition and thermal evaporation
techniques have been studied. It is shown that the increase in the figure of merit Z of p-BigsSbi sTes depends
on the value of the effective scattering parameter I, which determines the energy dependence of the relaxation
time 7 (E). An increase in the figure of merit, up to Zmax = 4.5 - 107> K~! at T = 240K, is observed at optimal
values of the r .y parameter in the annealed films formed by discrete deposition on polyimide and mica substrates.
Such enhancement of Z in the film on the polyimide substrate is determined by a low thermal conductivity, and
on the mica one by an increase in the power factor caused by raise of the Seebeck coefficient. Deviation from the
optimal values of Iy in the unannealed films on polyimide during discrete evaporation results in a decrease in the

figure of merit.
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1. Introduction

Bismuth/antimony chalcogenide-based films are known
not only as effective thermoelectric materials, but also
as advanced three-dimensional (3D) topological insulators
(TI) [1,2]. Topological surface states in TI are induced
by inversion of the band gap edges as a result of strong
spin-orbit interaction [3,4]. Bulk part becomes an insulator,
and anomalous metallic conductivity of electrons with rigid
coupling between the spin and pulse, that is typical of the
Dirac fermions, occurs on the surface [1,2].

Properties of the Dirac fermions that are protected by
time reversal symmetry against back scattering on non-
magnetic defects define strong relaxation time dependence
on energy [5-7]. Dirac fermion scattering mechanism and
dependence 7(E) in TI were studied in [6,7] in terms
of the non-equilibrium Boltzmann theory. For 3D-TI bis-
muth/antimony chalcogenides, time relaxation dependence
on energy corresponds to short-range delta scattering and in
the limiting case to 7 (E) oc E~L.

Strengthening of 7(E) comes with an increase in the
Seebeck coefficient S [5-7). Moreover, growth of S is
defined by the energy filtration effect of charge carriers [4,8].
The energy filtration effect is associated with occurrence
of potential barrier grains on interfaces with high-energy
charge carriers passing through the barrier, thus, providing
the growth of S, while low-energy carriers are filtered
out [9].

Channels that provide higher mobility due to the absence
of back scattering on non-magnetic defects may be formed
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in TI [10]. However, residual bulk conductivity due to
the presence of bulk defects in TI [11,12] reduces the
contribution of surface states to the total conductivity. Partial
compensation of the bulk conductivity is achieved as a result
of optimization of thermoelectric properties by changing TI
composition and process variables [11].

The highest heat transfer in the films of interest is
performed by long-wavelength phonons that mainly de-
fine the lattice thermal conductivity. At temperatures
below room temperature, the lattice thermal conductivity
k;, decreases due to phonon scattering on intercrystalline
interfaces.  In addition, decrease in «; is associated
with scattering on intrinsic acceptor antisite defects of
bismuth in tellurium sites Bire and on impurity defects in
atom substitutions Sb— Bi [13,14], and the contribution
of phonon—phonon scattering grows in the vicinity of
room temperature [15,16]. Lattice thermal conductivity is
reduced additionally due to phonon scattering on Te(1)
layer boundaries of the Van der Waals gaps that form a
superlattice [17].

The TI properties mentioned above that define the
increase in the Seebeck coefficient and the decrease in the
thermal conductivity provide the growth of thermoelectric
figure of merit in chalcogenide films despite the electric
conductivity reduction.

This study investigates thermoelectric properties of sub-
micron p-BipsSb; sTe; TI films formed by the discrete
and thermal evaporation methods using various substrates
and heat treatment. Analysis of properties responsible for
the thermoelectric figure of merit included the effective
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scattering parameter r.g that defines the relaxation time
dependence on energy.

2. Film fabrication technique and
film structure

Polycrystalline films of the (Bi,Sb),Tes; solid solutions
were formed on mica and polyimide substrates by the
discrete and thermal evaporation methods in an isothermal
chamber that provided the vacuum of 1-10~®mmHg and
thermal uniformity in the substrate plane. Film deposition
by thermal evaporation involved placement of charge ma-
terials into a quartz crucible heated by the molybdenum
coil radiation. Film deposition rate was 10—15 Als. For
discrete evaporation, small batches of the feedstock powder
with 10 um grains were fed into the heated quartz crucible
and evaporated immediately. Evaporator temperatures in
the range of 800—850°C and a substrate temperature of
250—-300°C are the best conditions for deposition of the
(Bi,Sb)2T63 films.

Thermoelectric materials based on Bi,Te; have rhom-
bohedral crystal structure that consists of flat anisotropic
layers forming quintets separated by the Van der Waals
gaps [18]. Quintets (—Te(!)—Bi—Te(® —Bi—Tel!)) are in-
terconnected through weak Van der Waals forces which
causes slight separation of thermoelectric materials in
the (0001) planes that are perpendicular to the third-
order crystallographic axis C. In the p-BipsSb; sTe; solid
solutions, Sb atoms substitute Bi atoms in the quintets.
In the deposited polycrystalline p-Big 5Sb; sTe; films, the
(0001) plane has the lowest free energy, therefore Bi
and Sb chalcogenide nuclei are formed with the prevailing
orientation along the ¢ axis perpendicularly to the substrate
plane [19,20].

Thermoelectric properties of films were studied in an
isothermal cryostat chamber at P = 10~ mmHg. Elec-
tric conductivity was measured in the Van der Pauw
configuration at direct current oriented along the (0001)
film surface.  For measuring the Seebeck coefficient
by the differential method, the operating temperature
gradient was equal to about 4°C/cm. When measu-
ring the thermal conductivity coefficient using the pro-
cedure described in [21], substrate thermal conductivity
is measured initially, for which an auxiliary layer with
high thermal resistance and S-shape to reduce heat flux
shunting is deposited on the substrate. Then after film
deposition on the substrate, the same auxiliary layer was
deposited in the film. Thermal conductivity coefficient
of the film was calculated by the difference between the
thermal conductivities of the film-substrate and substrate
system.

3. Energy dependence of time relaxation

Analysis of thermoelectric  properties of the
p-Bio 5Sb; sTes films included the effective carrier scattering
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Figure 1. Dependences of the Seebeck coefficient S on the
effective carrier scattering parameter (res) and reduced Fermi
level n (inset) in the p-BigsSbisTe; films. Curve I — discrete
evaporation, unannealed polyimide substrate; 2 — discrete evap-
oration, annealed polyimide; 3 — discrete evaporation, annealed
mica substrate; 4 — thermal evaporation, unannealed polyimide.

parameter that defines the dependence of time relaxation on
energy as 7 = 1E", where the constant 7 is independent
of the energy E, and r is the current value of the effective
scattering parameter . [22]. I together with the reduced
Fermi level n were determined by the least-square method
from the experimental Seebeck coefficient S(r,n) and
degeneracy parameter B(r,n). B(r,n) =13/(lo-1;) was
calculated within the multivalley energy spectrum model
for isotropic carrier scattering from the expressions of
isotropic conductivity multipliers |9, Hall conductivity |;
and magnetoconductivity |, [22].

Submicron films investigated in this study have the bulk
quadratic spectrum contribution to the energy dependence
of time relaxation 7 (E) [22] and linear component contribu-
tion due to surface states [6,7], therefore carrier scattering
is described by reg that takes into account the effective
dependence 7(E), including both quadratic and linear
spectra.

As shown in Figure 1, |res| increases as the See-
beck coefficient grows, which indicates that 7 (E) oc ET*
is strengthened in the p-BigsSb;sTes films deposited at
various process variables.

A value of rq that is most close to the (7 (E) oc E!)
limit (Figure 1, curve I) was measured in the unannealed
p-Bio.5Sb; sTe; film with discrete evaporation to the poly-
imide substrate at reg = (—0.925)—(—0.77). In such films,
the Dirac point is placed near the valence band edge
according to the scanning tunnel spectroscopy data [23]
and 7 (E) becomes close to the limit. Difference of res
from —1 in films in Figure 1 might be associated with
fluctuations induced by the effect of bulk carriers [5,24].
A dependence was detected according to which reduction
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of |reg| comes with the reduction of the Seebeck coefficient
in the p-Big 5Sb; sTe; films formed using various deposition
and heat treatment methods (Figure 1).

4. Seebeck coefficients, electric
conductivity and power factor

thermoelectric properties in the dependences on temper-
ature were studied on the t = (1.5—2) um p-Big 5Sb; sTes
films. Surface states of the Dirac fermions might be
observed in samples with a thickness of hundreds of
nanometers [25] and even in samples with a thickness
of several microns [5,26] due to high quantum phase
coherence |, compared with the free fermion range Ir.
In the studied p-Big 5Sb; sTes TI films, existence of surface
states of the Dirac fermions is supported by the studies
of differential tunnel conductivity by the scanning tunnel
spectroscopy method [23] according to which the surface
concentration of fermions reaches ns = 4 - 1012 cm—2.

Figure 2, curves /1—4 and 6—8&, shows the temperature
dependences of the Seebeck coefficient S and electric
conductivity o in the p-Bip sSb; sTes films formed at various
process variables, and S(T) and ¢(T) in the bulk sample
(Figure 2, curves 5, 10) with the same composition made
by the vertical zone leveling method.

Compared with the bulk sample, dependences S(T)
in films become weaker, in particular, at temperatures
below Tp, and the values of S grow (Figure 2). The
highest Seebeck coefficient S is observed in an unannealed
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Figure 2. Temperature dependences of the Seebeck coeffi-

cient S (curves /—4) and electric conductivity ¢ (6—9) in the
p-Bio.5Sbi sTes solid solution films and bulk sample with the same
composition S (5) and o (10). 1,6 — discrete evaporation,
substrate — unannealed polyimide; 2, 7 — discrete evaporation,
annealed polyimide; 3,8 — discrete evaporation, substrate —
annealed mica; 4, 9 — thermal evaporation, unannealed polyimide;
5, 10 — bulk sample made by the vertical zone leveling method.
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Figure 3. temperature dependence of S’s in the p-Big sSby sTes
films. Curve I — discrete evaporation, unannealed polyimide
substrate; 2 — discrete evaporation, annealed polyimide; 3 —
discrete evaporation, annealed mica substrate; 4 — thermal

evaporation, unannealed polyimide; 5 — bulk sample made by
the vertical zone leveling method.

laminated film during the discrete evaporation on the
polyimide substrate (Figure 2, curve 7). In the annealed
film deposited in the same conditions (Figure 2, curve 2),
the Seebeck coefficient decreases throughout the measured
temperature range. Employment of the mica substrate for
the discrete evaporation in the annealed film leads to a slight
reduction of S (Figure 2, curve 3). Considerable reduction
of the Seebeck coefficient was achieved in the unannealed
film deposited by thermal evaporation onto the polyimide
substrate (Figure 2, curve 4).

When other technique is used, the temperature depen-
dences S(T) (Figure 2) in the TI films are defined by the
energy [4,5,9] during carrier scattering at grain interfaces in
the laminated p-Big sSb; sTe; polycrystalline films. |rq| in
7(E) o< E™ grows, which corresponds to the increase in
the Seebeck coefficient S (Figures 1 and 2).

The highest electric conductivity in a film was observed
during the discrete deposition onto mice followed by
annealing (Figure 2, curve 8). The Seebeck coefficient
in this film decreased insignificantly (Figure 2, curve 3)
compared with the unannealed film on the polyimide
substrate (Figure 2, curve I). In the p-BigsSby sTe; bulk
solid solution, the electric conductivity was higher and o (T)
was sharper throughout the temperature range than in films
(Figure 2, curves 6—10).

High electric conductivity o(T) (Figure 2, curve 8)
provides increase in the power factor (Figure 3, curve 3)
in the annealed film on mica, while the power factor in the
unannealed film on polyimide with low electric conductivity
decreases sharply (Figure 3, curve /). Varying of the
film deposition variables leads to optimization of scattering
processes affecting the dependence of ¢ on re (Figure 4).
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Figure 4. Dependences of 6 on rf in the p-Big sSby sTes films.
Samples are denoted as in Figure 1.

High electric conductivity and power factor in the
annealed film on mica (Figure 2, curve 8; Figure 3, curve 3)
at reg from —0.763 to —0.875 that are the best values
(Figure 4, curve 3) may be explained by the increase in the
contribution of surface electric conductivity in accordance
with [5,26]. The largest increase of res in absolute value
from —0.772 to —0.925 (Figure. 4, curve 1) was achieved
in the unannealed film on polyimide with low values of o
and power factor (Figure 2, curve 6; Figure 3, curve 1),
which is explained by reduction of the surface electric
conductivity [5,26]. In the p-Big 5Sby sTes bulk sample, rq
was lower in absolute value that in film and equal to —0.75
and —0.78 at 77 and 300K [27].

5. Thermal conductivity

Total thermal conductivity k of the p-BigsSby sTes films
may be written as k¥ = k; + k., where «; and «, are thermal
conductivity of the lattice and electronic thermal conduc-
tivity, respectively. In accordance with the Wiedemann-
Franz law, electronic thermal conductivity «, and electric
conductivity o are interconnected as «,=L(r,n)-oT,
where L(r, 1) is the Lorentz number. Calculations of L(r, 1)
included r.x(n) (Figure 5).

Significant reduction of « and «; in films accompanied
with weakening of temperature dependences «(T) and
K (T) was observed during the discrete deposition of the
p-Big.5Sby sTes films (Figures 5 and 6, curves I, 2) on
the polyimide substrate. The largest reduction of « and
K, throughout the studied temperature range was achieved
in the unannealed film (Figures 5 and 6, curve 7).

k and k; grow and the slopes of «(T) and & (T)
become sharper in the low temperature area in the annealed
p-BipsSb; sTes films deposited by the discrete evaporation
on mica substrates (Figures 5 and 6, curve 3). High
values of k and k; were also observed in the unannealed

p-Bip 5Sb; sTe; films formed by the thermal evaporation
on the polyimide substrate (Figures 5 and 6, curve 4).
Values of the total thermal conductivity « and lattice thermal
conductivity «; (Figures 5 and 6) agree well with the data
for films deposited onto the polyimide substrates by the
thermal evaporation method [28], and for the composite
p-Big.52Sby 45 Tes solid solutions [5].

Temperature dependences of «, (Figure 6, inset) are
defined by o(T) (Figure 2) that consists of the sur-
face metallic and bulk electric conductivities and also
depends on L(res,n) (Figure 5, inset). At low tem-
peratures, increase in k., in the range from 40 to 80K
(Figure 6, inset, curves 2—4) comes with significant
reduction of slopes of o (T) compared with 100—300K
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Figure 5. temperature dependences of the « films (curves /—4)
and (5) the p-Big.sSb;.sTes bulk sample. Inset — dependences of
the Lorentz number L on f.g in the p-Big sSb; sTes films. Samples
are denoted as in Figure 4.
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Figure 6. temperature dependences of the thermal conductivity
Ky (curves I—4) and electronic thermal conductivity . (/—4 in
the inset) of the p-Big sSby sTes films. Samples are denoted as in
Figure 1.
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(Figure 2), while dlng/dInT = 0.1 in the temperature
range of T = (40—80)K and dlng/dInT = (1-1.2) at
T = (100—300) K.

Behavior of o(T) is explained by the increase in the
contribution of the surface metallic electric conductivity as a
result of the optimization of electron scattering on the intrin-
sic antisite defects Bit. and impurity defects of substitution
Sb — Bi in the p-Big 5Sb; sTes solid solution when the film
deposition technique is changed. In addition, singularity on
k.(T) at low temperatures in the p-BigsSby sTes films is
explained by the strengthening of the energy dependence of
relaxation time 7 due to the growth of |r.g| that was used
during calculation of the Lorentz number (Figures 3 and 5,
insets).

6. Thermoelectric figure of merit

The highest thermoelectric figure of merit Z is observed
in the p-Bip 5Sb; 5Tes films formed by the discrete evapora-
tion on the polyimide substrate (Figure 7, curve 2) and mica
substrate (Figure 7, curve 3) exposed to heat treatment.

Within 200—300 K, values of Z in these films are close
to (Figure 7, curves 2, 3), the maximum figure of merit is
Zmax = 4.5-1073K "1 at T = 240K, and the mean values
is equal to (Z) =4.35-10">K~!. Increase in Z in the
range of T = (200—300)K in the film on polyimide is
defined by low total thermal conductivity x and lattice
thermal conductivity «;, (Figure 5—7, curves 2), and in
the film on mice is associated with the growth of the
Seebeck coefficient and power parameter throughout the
studied temperature range (Figures 2 and 4, curves 3).
With temperature reduction at T < 200K, Z increases in
the film on the polyimide substrate due to the growth
the power factor and considerable reduction of x and
k;, (Figures 4—7, curves 2). Mean values of (Z) in
the temperature range 100—200K in the films are equal
to (3.2- and 2.8)-1073K~!, respectively (Figure 7,
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Figure 7. Temperature dependence of Z in the p-BigsSbysTes
films. Samples are denoted as in Figure 4.
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curves 2, 3). At low temperatures T < 160K, close values
of Z were obtained during the discrete deposition of the
unannealed films on polyimide and annealed films on mica
(Figure 7, curves I,3). However, as the temperature in
the unannealed films on polyimide grows, Z decreases to
Zmax = 3.75-103K"! at T=260K due to the electric
conductivity reduction, despite the low thermal conductivity
(Figures 2 and 5—7, curves 1).

In the unannealed film on polyimide deposited by
thermal evaporation, the figure of merit decreases to
Znax = 3.25-1073K~! at T = 300K (Figure 7, curve 4)
due to the growth of « and «;, reduction of the Seebeck
coefficient and power factor (Figures 2, 3, 5 and 6,
curves 4).

Analysis of the temperature dependences of the ther-
moelectric figure of merit shows that the values of Z
increase in the p-Big sSb; sTes films at the optimum values
of rer (Figures 1 and 4) to which the optimum dependence
7(E) oc E' corresponds. In the temperature range of
200—-300 K, growth of Z is observed in the annealed films
obtained by the discrete evaporation on the polyimide and
mica substrates (Figure 7, curves 2, 3) at the optimum
values of r g = (—0.875)—(—0.83). In the low temperature
range of 100—200K, reduction of Z was achieved in the
p-Bip 5Sb; sTe; film during the discrete deposition onto
polyimide (Figure 7, curve 2) at reg = (—0.84)—(—0.785).

7. Conclusion

Thermoelectric properties were studied in the temper-
ature range of 40—300K in the p-BigsSb;sTes TI films
formed on the polyimide and mica substrates by the discrete
deposition and thermal evaporation methods. Measurement
range of the effective scattering parameter rex was deter-
mined in the energy dependence of the relaxation time
7(E) oc E™, in which the increase in the thermoelectric
figure of merit Z was achieved. The optimum values
of reg = (—0.875)—(—0.83) for the temperature range
(200—300) K; in the low temperature range of 100—200 K
- rer = (—0.84)—(—0.785).

It is shown that at the optimum values of r.g, the highest
Zmax =4.5-1073K"! at T=240K is observed in the
annealed films formed by the discrete deposition onto the
polyimide and mica substrates. Growth of Z at the optimum
values of r.g is defined by low thermal conductivity in the
film on polyimide, and by the increase in the Seebeck
coefficient and power factor in the film on mica. Growth of
the Seebeck coefficient associated with the energy filtration
effect of carriers is accompanied by the increase in |r .¢| that
is affected by both bulk and surface carriers.

Increase in r.y compared with the optimum values is
accompanied by the reduction of the figure of merit to
Zmax = 3.75- 103K~ at T=260K due to the electric
conductivity reduction in the unannealed film during the
discrete deposition onto the polyimide substrate. When
the values of r.y are lower than the optimum values
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in the unannealed film on polyimide deposited by the
thermal evaporation, the figure of merit decreases to

Zmax = 3.25-1073K~1 at T = 300K due to the growth of

thermal conductivity.
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