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H I G H L I G H T S  

� A technology for fabrication of p-Bi0.5Sb1.5Te3 films has been developed. 
� The transport properties have been studied over the entire temperature range. 
� The density of states effective mass and carrier scattering mechanism were estimated. 
� The highest reported values of the ZT and PF for a flexible film was obtained.  
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A B S T R A C T   

Bi2Te3-based compounds are excellent candidates for the low-temperature thermoelectric application. In the 
present work, a technology for fabrication of p-Bi0.5Sb1.5Te3 films with high thermoelectric efficiency on a thin 
flexible polyimide substrate has been developed. The preparation of films was carried out by a flash evaporation 
method. A systematic study of the transport properties (Hall coefficient, Seebeck coefficient, electrical conduc-
tivity, transverse Nernst coefficient) over the entire temperature range of 80–400 K for p-Bi0.5Sb1.5Te3 films has 
been performed. The power factor (PF) for the Bi0.5Sb1.5Te3 (doped by 0.5 wt % Te) film reaches the value of 
~30.4 μW cm� 1K� 2, which is among the highest values of the PF reported in the literature to date for a film on a 
flexible polyimide (amorphous) substrate. The measured thermal diffusivity along the film allowed us to accu-
rately estimate the figure of merit Z for p-Bi0.5Sb1.5Te3 films considering the anisotropic effect of Bi2Te3-based 
materials. A significant enhancement of Z up to ~3.0 � 10� 3 K has been obtained for these films, which is state- 
of-the-art even compared to bulk materials. This research can provide insight into the fabrication of p-type 
branch of the Film Thermoelectric Modules (FTEM), which could be a candidate for application in micro-scale 
thermoelectric generators.   

1. Introduction 

Recently, the requirements for microelectronic applications with a 
power of few microwatts at relatively high voltage for the operation of 
small electric devices and systems have been increasing [1,2]. A film 
thermoelectric generator (FTEG) could be the ideal on-board power 
supply for such purposes. It can directly produce small electrical power 
from thermal energy. The output power of such microdevices is in the 
range from 100 nW to 10 mW, which is a typical range of power 
generated from the surface of a human body [3–6]. For obtaining the 
FTEG with acceptable application characteristics, materials with high 

thermoelectric performance are essential. 
The efficiency of converting heat into electricity is determined by the 

thermoelectric figure of merit Z: 

Z¼
S2σ
κ
; (1)  

where S is the Seebeck coefficient, σ, and κ are the electrical and thermal 
conductivity, respectively. 

Therefore, an effective thermoelectric material should meet the 
following criteria [7]: 

Semiconductor material (elemental, compound, alloy, composite, 
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multilayer, superlattice, low-dimensional structure) should preferably 
consist of heavy atoms. This will result in a low frequency of thermal 
vibrations of lattice and a significant decrease in lattice thermal con-
ductivity κL. 

The semiconductor material should have high dielectric constant ε >
100, which reduces the scattering of charge carriers by impurity ions 
and the low effective mass of major charge carriers (electrons for n-type 
and heavy holes for p-type). These two criteria provide high mobility of 
charge carriers μ. 

Note that the high dielectric constant ε leads to a decrease in the 
ionization energy of the impurity atoms (which is practically 
approaching zero). As a result, the energy level of impurity merges with 
the conduction or valence band, and the concentration of electrons in 
the conduction band of n-type material or the concentration of heavy 
holes in the valence band of p-type material becomes constant (similar to 
metallic conductivity) and equal to dopant concentration in the tem-
perature range from 0 K to the onset of intrinsic conductivity. 

Semiconductor materials should have a high degeneracy of the 
conduction band for n-type and the same valence band degeneracy for p- 
type. In this case, the concentration of charge carriers increases signif-
icantly without changing the Fermi level EF position, since it is directly 
proportional to the number of ellipsoids and, therefore, the electrical 
conductivity shows a significant growth as well. 

The solubility limit of doping elements in a semiconductor shall be 
high, ensuring the achievement of high concentrations of charge carriers 
n(p) > 1019 cm� 3. Consequently, the optimal Fermi level energy EF [(EC 
– EF) ~ 0 eV for n-type and (EV – EF) ~ 0 eV for p-tуре] and the maximum 
value of power factor PF ¼ S2σ could be obtained. 

Bandgap Eg of semiconductor in the operating temperature range of 
the thermoelectric material should be Eg > 8k0T to minimize the 
contribution of thermally generated minority charge carriers to the total 
electrical conductivity, leading to a decrease in thermoelectric 
efficiency. 

Bi2Te3 and its alloys are commercialized as materials for thermo-
electric refrigeration [8,9] and perfectly meet the above criteria. It is 
also the best material for use in thermoelectric generators at a moderate 
temperature of the heat source [8,9]. Bismuth, Antimony, and Telluride 
are among the heaviest elements of the periodic table, and chemical 
bonds between them are not particularly rigid. Consequently, the unit 
cells are large, therefore, the Brillouin zones and the wave vectors of 
phonons are small. This leads to a naturally low intrinsic lattice thermal 
conductivity, even in perfect crystals, where it is limited only by 
anharmonic phonon-phonon interactions [10]. The solid solution of 
Bi0.5Sb1.5Te3 grown from melt with 2.5 at. % of tellurium excess has a 
maximum reported value of ZT ~0.9 for bulk samples [8]. Tellurium has 
been introduced into the compound to compensate the acceptor effect of 
antimony resulting from stoichiometry displacement. 

According to the Fourier low, for a thin film with thickness df 
deposited on a substrate with thickness ds, the ratio of heat flow Qf/Qs 
through the film and the substrate: 

Qf

Qs
�

κf df

κsds
(2) 

Here, κf and κs are the thermal conductivity of the film and the 
substrate, respectively. Obviously, for optimal thermoelectrical perfor-
mance of the film, the film deposition substrate should have the lowest 
possible values of thermal conductivity κs and thickness ds. 

Until now, films from Bi2Te3-based alloys have been fabricated by 
co-evaporation, molecular beam epitaxy, magnetron sputtering, and 
pulsed laser deposition methods [11–15]. The structural and micro-
structural properties of thin films on different types of substrates are 
well established in literature [16–20]. However, a high value of the 
figure of merit Z for Bi2Te3-based films such as Z for bulk crystals (Z ~3 
� 10� 3 K� 1) [21–24] has not been achieved. 

In this work, we show that an optimized film preparation process is 
tremendously important. For film preparation, an ultrathin polyimide 

substrate with a thickness of ~10 μm was used, aiming to minimize 
detrimental heat wastes. The benefits of the polyimide material as a 
substrate are its extremely low thermal conductivity (~3.5 Wcm� 1K� 1) 
and high flexibility properties. Optimized technological conditions, 
proper film, and substrate thicknesses with subsequent annealing make 
it possible to achieve a significant improvement in the thermoelectric 
properties of the developed flexible p-Bi0.5Sb1.5Te3 films, which are 
state-of-the-art even in comparison with bulk materials. 

2. Experimental procedure 

Synthesis of Bi0.5Sb1.5Te3-based materials was carried out by direct 
melting of components for 10 h at 1073 K in sealed quartz ampoules 
evacuated to a residual pressure of 10� 5 mbar. Each ampoule was then 
taken from the furnace and quenched in cold water. High purity com-
ponents were used for the synthesis. The obtained ingots were crushed 
into fine powders by ball milling in an argon atmosphere. The prepa-
ration of Bi0.5Sb1.5Te3 films with higher hole concentration was carried 
out using over stochiometric Pb (0.5–1.0 wt %) due to the acceptor effect 
of Pb at Bi2Te3-based compounds [8]. Lower concentration of the 
Bi0.5Sb1.5Te3 composition was obtained by introducing over stochio-
metric Te (0.5–1 wt. %), which relates to the compensation effect of 
metal vacancies [8]. 

The p-type Bi0.5Sb1.5Te3 thin films were deposited using flash evap-
oration technology, which was first developed by Z. Dashevsky for 
Bi2Te3 compounds [25]. The scheme as well as the operating principle of 
a typical flash evaporation apparatus is shown in the Appendix. The 
temperature of the substrate for film preparation was Ts ¼ 523 K; 
evaporation velocity was ve ¼ 0.1 μm/min. After the evaporation pro-
cess, all films were annealed in the same evaporation chamber at Tt ¼

623 K for 0.5 h in a pure argon atmosphere at pressure p ¼ 0.9 atm. 
The structural analyses of the films was studied using X-ray diffrac-

tometer STOE STADI P (by STOE &Cie GmbH, Germany) according to 
the modified Guinier geometry scheme using the transmission mode 
(CuKα1-radiation, concave Ge-monochromator (111) of the Johann 
type; 2θ/ω-scan, angle interval 10.000� � 2θ � 125.185� with the step of 
scanning 0.015ο; the scan time in step 100–230 s). The initial processing 
of experimental diffraction arrays was performed using PowderCell 
(version 2.4) software packages. SEM images were taken with Quanta 
200 environmental scanning electron microscope (HRSEM) equipped 
with energy-dispersive X-ray spectroscopy. 

For the investigation of the transport properties on thin films (See-
beck coefficient S, electrical conductivity σ, Hall coefficient RH, and 
transverse Nernst coefficient Q) over a wide temperature range of 
80–500 K, a unique measurement setup was used [26]. The measure-
ment of Hall and transverse Nernst effects were carried out in permanent 
magnetic fields up to 2 T. The results are averaged measurements in two 
directions of the electrical and magnetic fields. The accuracy of the 
temperature measurement was 0.1–0.2 K, and of the magnetic field 
�3%. The uncertainty of the Seebeck coefficient and electrical con-
ductivity measurements was 6%. The Hall effect was measured with an 
accuracy of 8% and the transverse Nernst effect – with an accuracy of 
10%. 

The study of heat transfer at p-Bi0.5Sb1.5Te3 films on a flexible sub-
strate is performed by the method of dynamic lattices [27]. It is based on 
the effect that the sample is excited by two mutually interfering laser 
beams. As a result, the samples are characterized by a dynamic 
diffraction lattice, and the kinetics of the diffraction signal can be 
analyzed. Finally, the value of thermal diffusivity α along the film was 
measured using this method. The uncertainty of the thermal diffusivity 
measurement was ~8%. A schematic view of the measurement set up, as 
well as detailed instruction, can be fined in Ref. [26,27]. The total 
thermal conductivity was calculated using the following formula: 

κ¼αρcp ; (3)  
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where ρ is the single crystal density, and cp was estimated within the 
Dulong-Petit limit. 

3. Results and discussion 

3.1. Structural properties 

Bi2Te3 and Sb2Te3 form a continuous solid solution. The structure of 
Bi0.5Sb1.5Te3 consists of quintuple layers that are perpendicular to the z- 
axis in the hexagonal lattice, as shown in Fig. 1(a). Each quintet consists 
of five simple layers in which atoms interact with each other through 
covalent and ionic interactions. The quintuple layers are connected by 
weakly bonded Van der Waals forces. Such a complex structure with 
simultaneous introduction of Sb atoms in Bi positions leads to even 
higher dielectric constants in comparison with pristine Bi2Te3, which is 
vital for screening of ionized impurities and high thermoelectric per-
formance of Bi0.5Sb1.5Te3 solid solution [28,29]. The preferred orien-
tations for Bi2Te3-based materials fabricated by the chemical-solution 
method or by physical vapor deposition are (001) and (015) [30,31]. 

The quality of investigated samples after synthesis and film prepa-
ration was checked using XRD analyses. In Fig. 1(b), a refinement of the 
Bi0.5Sb1.5Te3 powder XRD experimental pattern using ICSD #617062 
model confirms that the ingot after synthesis is single phase and without 
any impurities. The provided SEM-images with the EDS elemental an-
alyses of the selected region for polished surface of as cast Bi0.5Sb1.5Te3 
ingot proved that the nominal concentration of elements is kept in the 
synthesized material (Fig. 1(c)). Fig. 1(d) shows XRD-patterns for the 
Bi0.5Sb1.5Te3-based films on an amorphous thin polyimide substrate. The 

sharp reflections of XRD-patterns indicate the polycrystalline nature of 
the investigated samples. Similar to Ref. [32] (006) and (0015) are the 
dominant peaks when Bi0.5Sb1.5Te3-based films were fabricated by the 
magnetron sputtering method on a tick polyimide substrate. This in-
dicates the high quality of the sample texture [00l], i.e., all investigated 
films were oriented along the substrate plane with the direction 
perpendicular to the z axis of the Bi0.5Sb1.5Te3 crystal lattice. The XRD 
reflections of the Bi0.5Sb1.5Te3-based films belong to the Bi0.5Sb1.5Te3 
phase indicating a single-phase nature of the obtained specimens due to 
the small amounts of dopants used in the work. 

Fig. 2 shows images of the secondary emission of the film surface for 
a representative Bi1.5Sb0.5Te3 specimen. As can be seen from Fig. 2(a), 
excellent distribution of grain sizes as well as the absence of pores are 
observed for the investigated film. The surface of the crystallites is seen 
in the image with higher magnification in Fig. 2(b). The image with 
higher magnification also confirms the fine deposition of the material on 
the substrate and formation of plate-shaped grains, typical for layer 
structures of the studied solid solution. The estimated average grain size 
for Bi1.5Sb0.5Te3 film on an amorphous substrate for the most common 
grains ranges from 600 to 800 nm, and the size of the largest grains does 
not exceed ~3 μm. 

3.2. Transport properties 

All films were prepared on a thin flexible polyimide substrate with a 
thickness of ~10 μm. As it was mentioned above, the advantage of the 
polyimide substrate is its low thermal conductivity (κ � 3.5 � 10� 3 W/ 
cm K at T ¼ 300 K), excellent thermal stability in the air, solvent 

Fig. 1. (a) Crystal structure of Bi0.5Sb1.5Te3. (b) Refined powder XRD pattern of as cast Bi0.5Sb1.5Te3 sample. (c) SEM image with the EDS elemental analyses of 
polished surface of Bi0.5Sb1.5Te3 specimen after synthesis. (d) XRD patterns of Bi0.5Sb1.5Te3-based films on a polyimide substrate. 
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resistance, as well as mechanical and electrical properties acceptable for 
module fabrication [33,34]. Moreover, using a flexible substrate for the 
preparation of film thermoelectrical modules (FTEM) opens new hori-
zons for their applications. 

Fig. 3(a–d) shows the results of studies of transport properties of 
р-Bi0.5Sb1.5Te3 films of different composition: Bi0.5Sb1.5Te3 þ 1.0 wt % 
Te, Bi0.5Sb1.5Te3 þ 0.5 wt % Te, Bi0.5Sb1.5Te3, Bi0.5Sb1.5Te3 þ 0.5 wt % 
Te3 and Bi0.5Sb1.5Te3 þ 1 wt % Pb, with a thickness of 3 � 0.5 μm on a 
flexible polyimide substrate. 

For obtaining the charge carrier concentration as a function of 
temperature for the investigated film, Hall effect was measured over the 
temperature range of 80–400 K. Fig. 3(a) shows the measurement re-
sults. The films show positive values of the Hall coefficient over the 
entire investigated temperature range. This result is related to hole 
conductivity (p-type) in Bi0.5Sb1.5Te3-based films. Samples with over 
stochiometric Te show almost linear behavior of the Hall constant RH 
over the investigated temperature range. The values of Hall constant RH 

decrease slightly with increasing temperature for samples with over 
stoichiometric Pb. 

Fig. 3(b) shows the Seebeck coefficient S for p-Bi0.5Sb1.5Te3 films as a 
function of temperature. The Seebeck coefficient for p-Bi0.5Sb1.5Te3 
films has positive values over the investigated temperature range, which 
is typical for semiconductors with hole-type conductivity. The absolute 
value of the Seebeck coefficient for Bi0.5Sb1.5Te3 with over stochiometric 
Pb increases over a wide temperature range of 80–400 K. The effect of 
the minority carriers is absent due to the high concentration of carriers 
in these films. The stochiometric Bi0.5Sb1.5Te3 film and films with over 
stochiometric Te reach the maximum Seebeck coefficient, and then start 
to decrease due to the effect of minority carriers. 

The temperature trends of the electrical conductivity σ for p- 
Bi0.5Sb1.5Te3 films are shown in Fig. 3(c). The value of σ increases with 
the growth of the carrier concentration p over the investigated tem-
perature range. The temperature dependencies of σ for p-Bi0.5Sb1.5Te3 
films show a decreasing tendency, which indicates metallic behavior. 

Fig. 2. Secondary emission images for representative Bi1.5Sb0.5Te3 film on a polyimide substrate with (a) lower and (b) higher resolution.  

Fig. 3. Hall coefficient RH (a), Seebeck coefficient S (b), electrical conductivity (c), and transverse Nernst coefficient Q (d) as a function of temperature for p- 
Bi0.5Sb1.5Te3 films. 

T. Parashchuk et al.                                                                                                                                                                                                                            



Materials Chemistry and Physics 253 (2020) 123427

5

Before analyzing the Nernst coefficient measurements made for p- 
Bi0.5Sb1.5Te3 films, the particular importance of this effect should be 
discussed. The Hall effect is a measure of the deflection of the drift 
carriers in a magnetic field. The Nernst effect is similar to the Hall effect 
except that the carriers are driven by a temperature gradient rather than 
the applied deflection. Carriers originating from the hot end of the 
sample would have higher energy and velocity compared to carriers 
from the cold end. The magnetic field will deflect the slower-moving 
carriers into a shorter-radius orbit than the faster-moving carriers and 
create a Nernst electric field. 

For a parabolic model and charge carrier mean free path represented 
as l ¼ l0Er;where lo is the constant, E is the charge carrier energy, and r is 
the scattering parameter (equal to 0)), the Nernst coefficient is deter-
mined by Ref. [25]: 

Q
ðk0=eÞ

¼

�

2r þ 3
2

�

F2rþ3
2
ðμ*Þ

�

2r þ 1
2

�

F2r� 1
2
ðμ*Þ

�
ðr þ 2ÞFrþ1ðμ*Þ

ðr þ 1ÞFrðμ*Þ
; (4)  

where k0 is the Boltzmann constant, e is the electron charge, F(μ*) are 
Fermi-Dirac integrals. The parameter μ*¼ (EF – EV)/koT is the reduced 
Fermi energy, where EV is the valence-band maximum, and EF is the 
Fermi level, T is the absolute temperature. According to eq. (4) Q de-
pends only on the carrier scattering mechanism (parameter r) and the 
location of Fermi level EF. In contrast to the Hall coefficient, the sign of 
the Nernst coefficient does not depend on the charge carrier sign. 

The presence of minority carriers in transport leads to a decrease of 
the Hall coefficient, as well as the Seebeck coefficient, and for intrinsic 
area these coefficients are close to zero. In the beginning of the intrinsic 
conduction (two types of carriers: electrons and holes), the Nernst co-
efficient sharply increases with possible sign change. For this reason, the 
Nernst coefficient is the most sensitive to the beginning of the intrinsic 
regime. 

Fig. 3(d) demonstrates the temperature trends of the Nernst coeffi-
cient Q over the investigated temperature range of 80–400 K for p- 
Bi0.5Sb1.5Te3 films. The Q parameter for Bi0.5Sb1.5Te3 samples with over 
stoichiometric Te increases over the entire temperature range, indi-
cating the presence of minority carriers in transport. This observation is 
also consistent with the S(T) maximum for these films, which is also an 
indication of the beginning of the intrinsic regime. 

3.3. Scattering parameter and density of states effective mass 

The fundamental parameters for the analysis of the transport prop-
erties, as well as the thermoelectric performance of semiconductors are 
the effective mass m* and the scattering coefficient r. Based on the four- 
coefficients method, we performed a direct assessment of the effective 
mass and carrier scattering mechanism for p-Bi0.5Sb1.5Te3 films. For a 
single parabolic band, the Seebeck coefficient S is defined as [35]: 

S¼
k0

e

�
ðr þ 2ÞFrþ1ðμ*Þ

ðr þ 1ÞFrðμ*Þ
� μ*

�

; (5) 

In a strong magnetic field, the Seebeck coefficient S is isotropic, i.e. it 
does not depend on the scattering mechanism, and is a function of the 
reduced chemical potential: 

S¼
k0

e

�
5F5=2ðμ*Þ

3F1=2ðμ*Þ
� μ*

�

: (6) 

The density of states effective mass m* and the scattering parameter r 
can be directly determined from a set of four kinetic coefficients S, σ, RH 
and Q using the following equations [25,36]: 

m*¼

�
3n
π

�2=3eℏ2

k2
0T

�

S �
Q
jRjσ

�

; (7)  

r¼
Q=jRjσ

S � Q=jRjσ: (8) 

The results of the estimation of m* and r for p-Bi0.5Sb1.5Te3 films at 
100 K are shown in Table 1. For all films at the given temperature the 
scattering parameter r is close to �0, which indicates acoustic phonons 
as the main scattering mechanism in the investigated films [24]. Scat-
tering on acoustic phonons is also typical for high-performance bulk 
p-Bi0.5Sb1.5Te3 samples. The md values calculated using data of S, Q, R, 
and σ for p-Bi0.5Sb1.5Te3 films at 100 K decrease slightly from 0.5 to 0.6 
with increasing concentration p (Table 1). 

The Hall concentrations of the investigated films are changing from 
4.9 � 1018 cm� 3 to 1.1 � 1020 cm� 3 in accordance with the nominal 
composition of the films. The over stochiometric Te reduces the carrier 
concentration, while doping with Pb increases the carrier concentration 
of Bi0.5Sb1.5Te3 films. The mobility μ of p-Bi0.5Sb1.5Te3 films is within the 
range of 200–800 cm 2V� 1s� 1, which is comparable to the values for p- 
Bi0.5Sb1.5Te3 bulk specimens [23,24]. 

3.4. Thermoelectric properties 

Table 2 demonstrates the measured thermoelectric properties (the 
Seebeck coefficient S, electrical conductivity σ and thermal conductivity 
κ) at T ¼ 300 K for three p-Bi0.5Sb1.5Te3 films on a flexible polyimide 
substrate. For comparison, thermoelectric parameters of bulk 
Bi0.5Sb1.5Te3 specimens from Ref. [23,24] are also given in Table 2. The 
calculated thermoelectric figure of merit Z for Bi0.5Sb1.5Te3 þ 0.5 wt % 
Te film achieves the value Z � 3.0 � 10� 3 K� 1 at 300 K, which is 
practically equal to Z value for p-Bi0.5Sb1.5Te3 bulk samples. The esti-
mated lattice thermal conductivity κL (details of the calculation of κL are 
given below) values at 300 K are equal to 8.1–10 W/cm K for 
Bi0.5Sb1.5Te3 films. We do not observe an atypical decrease in the lattice 
thermal conductivity due to scattering on the grain boundaries because 
the heat transport in the investigated films is mostly defined by 
short-range acoustic phonons. This is due to the shorter mean free path 
of the phonon propagation for the Bi0.5Sb1.5Te3 solid solution in com-
parison with the size of grains of the investigated films. High thermo-
electric performance of the studied films is associated with the enhanced 
Seebeck coefficient S and is similar to the bulk crystal values of the 
lattice thermal conductivity κL. 

Fig. 4(a) shows the power factor PF ¼ S2σ for p-Bi0.5Sb1.5Te3 films. 
Typically, samples with over stochiometric Te represent high value of PF 
up to ~30 μV cm-1 K-2 at 200 K and 300 K, respectively, due to the 
optimal position of the Fermi level (close to the top of the valence band 
[7]). The absolute value of the power factor for Bi0.5Sb1.5Te3 þ 0.5 wt % 
Te film is above ~25 μV cm� 1K� 2 over the entire temperature range of 
200–400 K. The power factor for the best fabricated p-Bi0.5Sb1.5Te3 films 
with 0.5–1.0 wt % Te in comparison with the literature data with rela-
tively similar carrier concentration is shown in Fig. 4(b). Besides 
excellent thermoelectric performance, the advantages of the developed 
films are high flexibility due to a thin polyimide substrate. The obtained 
value of PF is also higher compared to Bi0.5Sb1.5Te3 film on a polyimide 
substrate recently reported by Shang et al. [32]. The possible reason for 
this improvement of PF in our work could be explained by a narrower 
polyimide substrate (~10 μm), attuned carrier concentration, as well as 

Table 1 
Carrier concentration p, carrier mobility μ, effective mass m*/m0 and scattering 
parameter r for p-Bi0.5Sb1.5Te3-based films at 100 K.  

Sample composition p, cm� 3 μ, cm2V� 1s� 1 m*/m0 r 

Bi0.5Sb1.5Te3 þ 1.0 wt % Te 4.9 � 1018 8.01 � 102 0.50 0.2 
Bi0.5Sb1.5Te3 þ 0.5 wt % Te 7.0 � 1018 7.56 � 102 0.52 0.2 
Bi0.5Sb1.5Te3 1.2 � 1019 6.93 � 102 0.55 0.2 
Bi0.5Sb1.5Te3 þ 0.5 wt % Pb 2.7 � 1019 4.87 � 102 0.58 0.1 
Bi0.5Sb1.5Te3 þ 1.0 wt % Pb 1.1 � 1020 1.90 � 102 0.60 0  
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optimized annealing conditions. 
Heat transport is determined by the total thermal conductivity к of a 

semiconductor, which consists of three components: the lattice thermal 
conductivity of phonons κL, the electronic thermal conductivity of free 
carriers κe and the ambipolar thermal conductivity of electron-hole pairs 
κa in the intrinsic conduction region [24]: 

κ¼ κL þ κe þ κa : (9) 

For one type of carriers (holes) in the majority area, only the first two 
coefficients of thermal conductivity influence the value of κ. The value of 
the total thermal conductivity as a function of temperature was calcu-
lated by summing up the lattice and the electronic thermal conductivity. 

The lattice thermal conductivity at T ¼ 300 K was estimated from the 
direct measurement of the thermal diffusivity and is shown in Table 2. 
The lattice thermal conductivity as a function of temperature was 
assumed to be similar to the bulk material [7]. The values of κe have 
been obtained using Wiedemann-Franz law: 

κe¼ L0σT ; (10)  

where L is the Lorentz number, which can be calculated using the 
following equation [24]: 

L¼
�

k0

e

�2�

3
F2ðμ*Þ

F0ðμ*Þ
�

�

2
F2ðμ*Þ

F0ðμ*Þ

�2�

: (11) 

Table 2 
Thermoelectric properties of p-Bi0.5Sb1.5Te3 films and bulk crystals at T ¼ 300 K.  

Composition Type of 
material 

Seebeck 
coefficient 
S, μV/K 

Electrical 
conductivity 
σ, Ω� 1cm� 1 

Thermal 
conductivity 
κ, W/cm K 

Lattice thermal 
conductivity 
κlat, W/cm K 

Figure of 
merit 
Z � 103, K� 1 

Ref. 

Bi0.5Sb1.5Te3 þ 1.0 wt % 
Te 

film 310 230 9.3 8.1 2.4 This 
work 

Bi0.5Sb1.5Te3 þ 0.5 wt % 
Te 

film 270 420 10.0 8.3 3.0 This 
work 

Bi0.5Sb1.5Te3 þ 0.5 wt % 
Pb 

film 170 775 11.7 8.2 1.9 This 
work 

Bi0.5Sb1.5Te3 bulk 200 1150 15.5 10.0 3.0 [23] 
Bi0.5Sb1.5Te3 bulk 205 1020 14.5 9.9 2.9 [24]  

Fig. 4. (a) Power factor as a function of temperature for p-Bi0.5Sb1.5Te3 films. (b) Comparison of the power factor for several high-performance p-type (Bi,Sb)2Te3- 
based films [14,20,32,37]. 

Fig. 5. Total thermal conductivity κ (a) and dimensionless thermoelectric figure of merit ZT (b) as a function of temperature for p-Bi0.5Sb1.5Te3 films.  
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At the acoustic phonon scattering of charge carriers, the reduced 
Fermi energy μ* can be obtained by fitting the Seebeck coefficient using 
equation (5). 

Fig. 5(a) shows the temperature dependent thermal conductivity for 
the investigated Bi0.5Sb1.5Te3 films. The values of κ for the investigated 
samples decrease over the investigated temperature range of 200–400 K. 
In contrast to the Nernst and Seebeck coefficients, the intrinsic regime 
was not detected from the temperature trends of electrical and thermal 
conductivity. 

Fig. 5(b) shows the temperature dependence of the dimensionless 
thermoelectric figure of merit ZT for p-Bi0.5Sb1.5Te3 films in the tem-
perature range from 200 to 400 K. The maximum ZT value has reached 
the value of ~1.1 for Bi0.5Sb1.5Te3 þ 0.5 at. % Te film, which is com-
parable with the ZT parameter for the best sample of the extruded p- 
Bi0.5Sb1.5Te3 bulk material [7]. Such a promising value clearly shows 
that p-Bi0.5Sb1.5Te3 films could be an excellent candidate for microscale 
applications. 

4. Conclusions 

The p-type Bi0.5Sb1.5Te3-based films with an optimal carrier con-
centration have been prepared by a flash evaporation method. The 
technological parameters for the fabrication of p-Bi0.5Sb1.5Te3 films on a 
thin flexible (polyimide) substrate have been optimized to maximize 
thermoelectric performance. 

A systematic study of the transport properties (the Hall coefficient, 
the Seebeck coefficient, electrical conductivity, transverse Nernst coef-
ficient) have been carried out over the entire temperature range of 
80–400 K for p-Bi0.5Sb1.5Te3 films. Based on the four-coefficients 
method, the density of states effective mass and carrier scattering 
mechanism were estimated. 

The power factor for Bi0.5Sb1.5Te3 þ 0.5 at. % Te film reaches a value 
of ~30 μW cm� 1 K� 2 at T ¼ 300 K, which is among the highest values of 
the PF for a film on a thin flexible polyimide substrate reported in the 

literature. 
Direct measurement of thermal diffusivity along the film allowed an 

accurate assessment of the thermoelectric figure of merit for film sam-
ples on a flexible substrate with the consideration of the anisotropic 
effect of Bi2Te3-based materials. The achieved value of Z ¼ 3.0 � 10� 3 

K� 1 at 300 K for Bi0.5Sb1.5Te3 þ 0.5 wt % Te film is state-of-the-art, even 
when compared to bulk materials. 

The significant enhancement of thermoelectric performance of p- 
Bi0.5Sb1.5Te films on a flexible substrate opens up new horizons for the 
fabrication of Film Thermoelectric Modules (FTEM), which could be an 
excellent candidate for application in micro-scale Thermoelectric Gen-
erators (TEG). 
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Appendix. Film preparation by a flash evaporation method 

A set up for obtaining films by flash evaporation method is shown in Fig. 6. For film preparation, Bi0.5Sb1.5Te3 powder was introduced into the 
preheated quartz crossable 1 from a mechanically vibrated powder vessel 7. The evaporator is a quartz crossable 1 with a heater 2, surrounded by a 
molybdenum heat screen 3. The powdered material is introduced to the crucible from the powder vessel 7 through a water-cooled channel 6. The 
delivery of powder is realized by shaking the powder vessel 7 with an eccentric. The heating of the substrate is received by substrate heater 5. All parts 
of the device are located in chamber 8 under a vacuum of 10� 5 mbar. 
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Fig. 6. Schematic view of flash evaporation. 1 - quartz crucible, 2 - crucible heater, 3 - heat shield, 4 - substrate, 5 - substrate heater, 6 - channel, 7-powder vessel, 8 - 
vacuum chamber. 
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