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a b s t r a c t

The flash evaporation method was used to fabricate high-performance p- and n-type Bi2Te3-based
thermoelectric (TE) thin films. Optimized technological conditions of film preparation, as well as sub-
sequent annealing, give the possibility to achieve a significant improvement in the TE properties of the
designed TE films, which are state-of-the-art compared with bulk materials. Furthermore, a brand-new
sandwich-layered design of the flexible film thermoelectric microconverter (FTEM) is offered here
through the use of perforation cuts between p- and n-legs and a flexible polyimide substrate. Such a
unique design makes it possible to avoid a rise in electrical resistance due to an increase in the number of
elements in the microconverter. The dimensionless effective figure of merit ZTz0.6 (including losses due
to parasite heat flux along with the substrate, radiation, and conversion) and TE efficiency hmax z3.4%
were achieved for the FTEM prototype at the temperature difference DT of 100 K (Tc ¼ 300 K). Therefore,
the use of flash evaporation technology offers the possibility to produce large-scale film TE devices with
high efficiency. Moreover, the applicability of the developed FTEM is demonstrated for a thermal detector
with a high output voltage, which is used to determine a weak heat flux up to ~10�7 W.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

A typical commercial thermoelectric (TE) module consists of
paired p- and n-type TE legs between two ceramic plates. Never-
theless, the thermal stress caused by the different thermal expan-
sion coefficients of TE materials and ceramic plates would lead to a
serious junction reliability problem, which limits the dimension
and number of TE legs in the module [1e3]. The advantages of a
thin film TEmicroconverter (FTEM) are large-scale integration of TE
legs and high density of output power [4,5].

Recently, energy harvesting has been proposed as a promising
method of supplying electric power to autonomous sensor network
devices and mobile electrical instruments owing to the possibility
of obtaining electric power from unused environmental energy,
such as heat, light, and vibration [6]. It was found that direct energy
microconverters for energy harvesting are more useful than stan-
dard electrical batteries. Previously, such generation systems were
Network, Krakow Institute of
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not considered important in small devices owing to insufficient
power generation. However, they have been realized by drastically
reducing the power consumption of electronic components as a
result of advances in the field of electric energy storage, miniatur-
ization, and optimization [7e15]. Besides, they can generate power
from low-temperature heat sources [16,17].

The efficiency of such a TE converter (generator) could be esti-
mated using the following expression [18]:

hmax ¼
DT
Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðZTÞav

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðZTÞav

p þ Tc
Th

(1)

Here, Th and Tc are the temperatures of the hot and cold sides,
respectively, DT is the temperature difference between the hot and
cold sides (DT ¼ Th e Tc), and (ZT)av is the average dimensionless TE
figure of merit, which is expressed as follows [19]:
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1

Th � Tc

ðTh
Tc

ZT $ dT (2)
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For each p- and n-type TE leg, the ZT parameter depends on the
main TE leg characteristics:

ZT ¼ S2s
k

T (3)

where S is the Seebeck coefficient, s and k are the electrical and
thermal conductivity, respectively, and T is the absolute
temperature.

Many different attempts, i.e., effect of the organic components
on the TE properties of film samples [20], as well as different types
of materials, i.e., CoSb3 and Cu2Se, was investigated to advance film
thermoelectricity [21,22]. However, obtaining TE films with a high
TE figure of merit Z at the moderated temperature is still a chal-
lenge. The maximum TE efficiency over the temperature range of
300e600 K has materials based on Bi2Te3, which are used for the
fabrication of low-temperature TE generators [23e27]. Recently,
high-efficiency p-type Bi2-xSbxTe3-based films with a dimension-
less TE figure of merit ZT close to bulk samples were reported [28].
Fig. 1a and b show the temperature dependences of the ZT
parameter over the temperature range of 200e400 K for p-type Bi2-
xSbxTe3 bulk and film materials with a similar chemical composi-
tion and n-type Bi2Te3-ySey bulk materials [26e29]. Unfortunately,
so far, the situation with high-efficiency n-type Bi2Te3-based TE
films is far from satisfactory.

So far, many different methods have been used to fabricate films
based on p-type Bi2Te3-Sb2Te3 and n-type Bi2Te3-Bi2Se3, such as
coevaporation, molecular beam epitaxy, magnetron sputtering, and
pulsed laser deposition [30e36]. In this work, the fabrication of
films was carried out using the flash evaporation technology [28].
Flash evaporation is a prominent technique for deposition of thin
films of multicomponent alloys whose constituents have different
vapor pressures. The main advantage of flash evaporation is that
maintenance of critical vapor pressures of the components and
temperatures of the boats is not required, unlike multisource
thermal evaporation [37]. This makes it possible to obtain high
accuracy of chemical composition (~0.05 at.%) for the fabricated
films from the presynthesized ingot. Such high accuracy is
extremely important due to the requirement of stabilization of the
Fermi level in the optimal position to reach the highest possible TE
power factor (PF) [38]. Even the latest method of film deposition
(i.e., molecular beam epitaxy) cannot provide such high accuracy of
chemical composition [39], which leads to lower TE performance.

An ultrathin polyimide substrate with a thickness of ~10 mmwas
used to minimize the negative heat losses. In addition, polyimide
films have two significant advantages over other well-established
Fig. 1. The dimensionless figure of merit ZT as a function of temperature for (a) p-type bulk (o
materials over the temperature range of 200e400 K [26e29].
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types of substrates, i.e., extremely low thermal conductivity
(~0.3 W m�1K�1) and high flexibility properties [40].

As with large-scale TE modules, a large number of TE elements
should also be provided in the microconverter to increase the TE
power. However, for typical serial connections of TE unicouples, the
electrical resistance increases drastically as the number of TE ele-
ments increases. Here, we propose a unique sandwich-layered
design of the film TE module to avoid such an increase in elec-
trical resistance. The designed p- and n-type TE films will be
deposited on both sides of the insulation substrate, each p- and n-
film TE leg will consist of two layers with a parallel electrical
connection, and the serial connection of p- and n-legs will be
provided by metallic films through perforation cuts. The proposed
original design of the parallel-serial connection sharply increases
the reliability of the FTEM, even if the number of TE unicouples is
huge. In this work, we also show the practical application of the
FTEM for the development of sensitive thermal detectors up to
10�7 W.
2. Experimental procedure

2.1. Preparation of the TE thin film based on n- and p-type Bi2Te3
materials

Synthesis of Bi2-xSbxTe3 and Bi2Te3-ySey alloys was carried out by
direct melting of the 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 into cold
water. Only high-purity (99.999) initial components were used for
the synthesis. Before film fabrication, the obtained ingots were
crushed into fine powders by ball milling in an argon atmosphere to
prevent oxidation.

The p-type Bi2-xSbxTe3 and n-type Bi2Te3-ySey alloy thin films
were deposited via flash evaporation technology [28]. The tem-
perature of the substrate for film preparation was Ts ¼ 523 K; the
evaporation velocity was ne ¼ 0.1 mm/min. After the evaporation
process, all films were annealed in the same evaporation chamber
at Tt ¼ 623 K for 0.5 h in an atmosphere of pure argon at pressure
p ¼ 9.1 � 104 Pa.

The structural analysis of the films was studied using an STOE
STADI P X-ray diffractometer (by STOE & Cie GmbH, Germany) as
per the modified Guinier geometry scheme using the transmission
mode (CuKa1 radiation, concave Ge monochromator (111) of the
Johann type; 2q/u scan, angle interval 10.000� � 2q� 125.185� with
a scanning step of 0.015ο; the scan time in step 100e230 s). The
initial processing of experimental diffraction arrays was performed
pen symbols) and film (close symbols) and (b) n-type bulk Bi2Te3-based thermoelectric
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using the PowderCell (version 2.4) software packages. Scanning
electron microscopy (SEM) images were taken using a Quanta 200
environmental scanning electron microscope equipped with
energy-dispersive X-ray spectroscopy (EDS).
2.2. Measurement of TE properties for thin films

Measurements of the Seebeck coefficient S and electrical con-
ductivity s for TE thin films over the temperature range of
300e600 K were carried out using the developed measurement
setup. The scheme and principle of operation of this measurement
device are described in the study by Dzundza et al [41]. The accu-
racy of the temperature measurement was 0.1e0.2 K. The mea-
surement error of the Seebeck coefficient and electrical
conductivity was 6%.

The heat transfer in p-type Bi2-xSbxTe3 and n-type Bi2Te3-ySey
films on a flexible substrate was studied by the method of dynamic
lattices [41e43]. It is based on the effect of excitation of the sample
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 could be analyzed. Finally, the value of
thermal diffusivity a was measured using this method. The mea-
surement error of the thermal diffusivity was not more than 10%.
The schematic view of the device with a description of the mea-
surement approach is shown in the study by Dzundza et al [41]. The
total thermal conductivity was calculated as per the following
equation:

k¼arcp (4)

where r is the TE film density and cp is the specific heat capacity
calculated within the Dulong-Petit limit.
2.3. Measurement of output characteristics for the film TE unicouple

Measurements of the output characteristics (sensitivity and rise
time) of a thermal detector based on the FTEM were carried out
using the developed measurement setup, a schematic view of
which is shown in Fig. 2. The source of radiation was a Q-switched
CO2 laser, with a pulse duration of 10�3 s and maximum intensity P
of ~0.1 MW/cm2 [44]. The beamwas focused using a ZnSe lens. The
Fig. 2. Schematic view of the experimental setup for measuring the output charac-
teristics (sensitivity and rise time) of the film thermoelectric unicouple.
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rise time from the thermal detector was measured using a Tek-
tronix preamplifier ADA400A and displayed on a Tektronix e-Scope
TDS 3054B. The laser pulse duration was measured using a Ge:Au
detector. The measurement error of sensitivity (the ratio of the
output voltage to output heat flux) and rise time was 3%.
3. Result and discussion

3.1. Crystal structure and microstructural analyses

Bi2Te3-based alloys crystallize with a layered crystal structure.
The five-layered structure with mixed covalent-ionic interaction
consists of two Bi layers sandwiched between three Te layers
connected by weak van der Waals forces. This layered structure is a
good precursor of low lattice thermal conductivity, and anisotropy
of transport properties is typically observed for these compounds.

Because strong texturization of the sample morphology is ex-
pected for Bi2Te3 alloys, we carried out an X-ray diffraction (XRD)
analysis of the specimens after synthesis and the films after
annealing. The structural and microstructural properties of p-type
Bi2-xSbxTe3 films were studied in detail in our recent work [28];
therefore, here, we focus on the structural and microstructural
analyses of n-type Bi2Te3-ySey films. The refined experimental
patterns for the representative Bi2Te2.4Se0.6 specimen after syn-
thesis are depicted in Fig. 3a. The observed diffraction reflections of
the as-cast sample were indexed in the rhombohedral structure
(COD #9012064). Any impurity phases were not detected within
the measurement limit of the instrument. The SEM analysis con-
firms the single-phase nature and absence of impurity phases in
the investigated Bi2-xSbxTe3 ingot sample (Fig. 3b). The estimated
chemical composition for this sample is similar to the nominal
composition.

Fig. 3c demonstrates experimental XRD patterns of the n-type
Bi2Te3-ySey films on a flexible polyimide substrate. The reflections
are very similar to those received in the study by Parashchuk et al
[28] for the Bi2-xSbxTe3 films. Both n-type Bi2-xSbxTe3 and p-type
Bi2Te3-ySe3 films show high intensity of (006) and (0015) peaks,
indicating high texturization in [00l] crystal direction. The sec-
ondary emission image of the Bi2Te3-ySey film confirms a nice
deposition of the material on the polyimide substrate and forma-
tion of plate-shaped grains, which is typical for Bi2Te3-based alloys
(Fig. 3d). The average grain sizes for the investigated films are in the
range of 1e3 mm. Not a single pore was observed on the surface of
the investigated film, proving that the flash evaporation technology
is a good method for preparing films with high quality.
3.2. Transport properties

The thickness of the substrate and the film is an important
parameter that affected heat transport through the film. As per
Fourier's law, the ratio of heat flow Qf/Qs through the film and
substrate is related to the thermal conductivity and the thickness of
the film and the substrate as per the following expression:

Qf

Qs
� kf df

ksds
(5)

Here, df and ds are the thicknesses of the film and the substrate and
kf and ks are the thermal conductivities of the film and the sub-
strate, respectively. As the thermal conductivity of the film must be
low kf, the optimal TE performance of the film requires the lowest
possible values of thermal conductivity ks and thickness ds for the
substrate and the highest value of thickness df for the film to have
high carrier mobility.



Fig. 3. (a) Refined powder XRD pattern of the Bi2Te2.4Se0.6 sample after synthesis. (b) SEM image and EDS analysis of the polished surface for the Bi2Te2.4Se0.6 sample after synthesis.
(c) Experimental XRD patterns of Bi2Te3-ySey films on a polyimide substrate. (d) Secondary emission image for the Bi2Te2.4Se0.6 thin film on a polyimide substrate. SEM ¼ scanning
electron microscopy, EDS ¼ energy-dispersive X-ray spectroscopy.
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A detailed investigation of the thickness effect on the mechan-
ical stability and TE properties of Bi2Te3-based thin films was car-
ried out in the study by Goltzman et al [45]. Film thickness larger
than ~5 mmcreatesmicrocracks in the film after film deposition and
thermal annealing owing to different linear expansion coefficients
between the deposited TE film and the polyimide substrate.
Therefore, all the investigated films were prepared with an optimal
thickness of ~5 mm on an ultrathin substrate with a thickness of
~10 mm. Such film and substrate thicknesses also provide sufficient
flexibility to the device.

Fig. 4a represents the Seebeck coefficient S for Bi2-xSbxTe3
(x ¼ 1.5, 1.55, 1.6) films over the entire temperature range of
300e600 K. The Seebeck coefficient for these series of films shows
positive values in the given temperature range, indicating p-type
conductivity. The value of the Seebeck coefficient at 300 K de-
creases from ~190 mV/K to ~170 mV/K with an increase in the
nominal Sb concentration in Bi2-xSbxTe3 films from x ¼ 1.5 to
x ¼ 1.6, which is in line with previously reported data for the bulk
samples [29]. The temperature trends of the Seebeck coefficient
show a maximum value and then go down owing to the effect of
intrinsic carriers, which is typical for narrow-band semiconductors.

The electrical conductivity of the investigated films decreases
over the investigated temperature range, indicating a metallic
tendency (Fig. 4b). The excellent TE performance of the fabricated
films was confirmed by the estimation of the PF S2s (Fig. 4c). The
maximum value of S2s is z50 mWcm�1K�2, which is practically
equal to the PF for the best bulk samples with the same chemical
composition [29].
4

The TE properties of Bi2Te3-ySey films were studied to design the
best n-type leg in terms of energy conversion for the construction
of the FTEM. The Seebeck coefficient is negative for all films, indi-
cating electrons as the major carrier. The absolute values of the
Seebeck coefficient for n-Bi2Te3-ySey film samples decrease from
~220 mV/K to ~175 mV/K at T ¼ 300 K with the Se content increasing
from y ¼ 0.1 to y ¼ 0.6, indicating an increase in the carrier con-
centration (Fig. 4d). Such a behavior of the Seebeck coefficient in
the Bi2Te3eBi2Se3 solid solutions is close to the Bi2Te3-ySey bulk
compounds with a similar chemical composition [46e49]. The
temperature trends of the S value first increase, reach the
maximum value, and then decrease owing to the intrinsic con-
duction regime, which is very common for narrow-bandgap
semiconductors. As the Se content in Bi2Te3-ySey films increases,
the maximum of the Seebeck coefficient shifts toward higher
temperatures owing to the increase in concentration.

The electrical conductivity s decreases with increasing tem-
perature over the investigated temperature range, indicating
metallic behavior, as shown in Fig. 4e. The value of s demonstrates
an opposite trend to the Seebeck coefficient and increases with the
increase in the Se content, which is well explained by the inverse
dependences of S and s on carrier concentration n. We do not
observe any atypical decrease in the electrical conductivity in our
films compared with bulk Bi2Te3-ySey samples of the same
composition, indicating that the mobility of the films is similar in
the films and bulk samples.

Fig. 4f shows the PF S2s as a function of temperature for Bi2Te3-
ySey films. The maximum value of the PF ~41 mW cm�1K�2 was



Fig. 4. Seebeck coefficient S (a and d), electrical conductivity s (b and e), and power factor S2s (c and f) as a function of temperature for p-type Bi2-xSbxTe3 (aec) and n-type Bi2Te3-
ySey (def) thermoelectric films, respectively.
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obtained for the Bi2Te3-ySey y ¼ 0.6 film at 300 K owing to the
optimized position of the chemical potential. Such values of the PF
agree well with the PF reported for the bulk samples, with close
chemical composition indicating the excellent TE performance of
the investigated films. Furthermore, the value of the PF obtained in
this work is among the highest values reported for n-type Bi2Te3-
ySey-based films at any time, opening their potential for the FTEM
fabrication.

Table 1 shows the measured TE properties (Seebeck coeffi-
cient S, electrical conductivity s, and thermal conductivity k) for
p-Bi0.4Sb1.6Te3 and n-Bi2Te2.4Se0.6 films at T ¼ 300 K. It should
be mentioned that the thermal conductivity k was measured via
the dynamic lattice method in the direction along with the film.
Consequently, the measurement of all three parameters
Table 1
Thermoelectric properties of p- and n-type (Bi,Sb)2(Te,Se)3-based films at T ¼ 300 K.

Material Seebeck coefficient (S; mVK�1) Electrical conductivity (s; U�1c

p-Bi0.5Sb1.5Te3 190 1270
n-Bi2Te2.1Se0.9 �220 750

5

(Seebeck coefficient S, electrical conductivity s, and thermal
conductivity k) was carried out in the same crystallographic
direction along with the film. Only this method is accurate for
estimating the TE figure of merit Z for anisotropic Bi2Te3-based
alloys.

The value of the total thermal conductivity as a function of
temperature was calculated by summing up the lattice kL and the
electronic ke thermal conductivity (k ¼ kL þ ke). The lattice thermal
conductivity at T ¼ 300 K was estimated from the direct mea-
surement of the thermal diffusivity and is shown in Table 1. The
lattice thermal conductivity as a function of temperature was
assumed to be similar to the bulk material [29].
The values of ke have been obtained using the Wiedemann-Franz
law:
m�1) Thermal conductivity (k; Wm�1K�1) Figure of merit (Z � 103, K�1)

1.5 3.1
1.3 2.8
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ke ¼ L0sT (6)

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

L¼
�
k0
e

�2
"
3
F2ðm*Þ
F0ðm*Þ

�
�
2
F2ðm*Þ
F0ðm*Þ

�2
#

(7)

where k0 is the Boltzmann constant, e is the electron charge, and
F(m*) is Fermi-Dirac integrals. The parameter m*¼ (EF e EV)/koT for
p-type material (m*¼ (EC e EF)/koT, for n-type material) is the
reduced Fermi energy, where EC and EV are the conduction band
minimum and valence band maximum, respectively. EF is the Fermi
energy, and T is the absolute temperature.

At the acoustic phonon scattering of charge carriers, the reduced
Fermi energy m* can be obtained by fitting the Seebeck coefficient
using Eq. (8):

S¼ k0
e

�ðr þ 2ÞFrþ1ðm*Þ
ðr þ 1ÞFrðm*Þ �m*

�
(8)

Fig. 5a and b shows the estimated total thermal conductivity as a
function of temperature for the investigated n- and p-type Bi2Te3-
based films. All temperature trends of k decrease over the investi-
gated temperature range, indicating metallic conduction.

Combining the measured Seebeck coefficient S, electrical con-
ductivity s, and estimated thermal conductivity k, we calculated
the TE figure of merit Z for n- and p-type conductivity Bi2Te3-based
films (Fig. 5c and d). Thanks to the high efficiency of the flash
evaporation technology and sufficiently large thickness of the films,
Fig. 5. Thermal conductivity k (a and b) and thermoelectric figure of merit Z (c and d) as a fu
thermoelectric films, respectively.
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a high value of Z parameter around ~3.0 � 10�3 was obtained for
the best n-Bi2(Te,Se)3 and p-(Bi,Sb)Te3 films over the temperature
range of 300e400 K. The values of the TE figure of merit achieved in
this work are among the highest values at any time reported for
film samples.
3.3. Fabrication technology of the proposed FTEM

Here, we report on the developed technological process for the
fabrication of an FTEM. The main goal of such an FTEM is to show
high TE performance with a ZT up to 1.0, as is already obtained for
bulk TE generators based on Bi2Te3 alloys. The best in terms of
energy conversion Bi2Te3-based films obtained in this work were
used in the fabrication of the FTEM. We used the Bi0.5Sb1.5Te3 alloy
with a TE figure of merit (Z) of 3.1 at T¼ 300 K as a p-type leg of the
film unicouple, and the Bi2Te2.9Se0.1 alloy with a Z of
2.8 at T¼ 300 K was found to be the best n-type film. Consequently,
the TE performance of the investigated films is as high as for the
bulk materials, which is one of the main requirements for the FTEM
with high efficiency.

However, a large number of TE unicouples are needed for con-
struction of the FTEM with high electric power output. In this case,
except for high TE performance for n- and p-type films of the FTEM,
a minimal contact resistance should be provided for the device.
Owing to the large number of TE unicouples connected in serial
connection, a drastic increase in electrical resistance (decrease of TE
performance) is observed in typical FTEMs. To avoid this problem,
we propose a unique design of the film TE generator with high TE
efficiency. The technological procedure for fabrication of such an
FTEM is described as follows:
nction of temperature for p-type Bi2-xSbxTe3 (a and c) and n-type Bi2Te3-ySey (b and d)



Fig. 7. The estimated reliability N vs a number of thermoelectric unicouples n of the
FTEM (the reliability of the individual element was assumed as 0.99) for a serial
electrical connection of p- and n-legs [45] and proposed serial-parallel electrical
connection of p- and n-legs. FTEM ¼ film thermoelectric microconverter.
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1. Deposition of p-type Bi0.5Sb1.5Te3 filmswith a thickness of ~5 mm
on both sides of the polyimide substrate with a thickness of
~10 mm using flash evaporation

2. Deposition of n-type Bi2Te2.9Se0.1 filmswith a thickness of ~5 mm
on both sides of the polyimide substrate using flash evaporation

3. Fabrication of perforations between p- and n-type films, which
will provide the required electrical connection. The length of the
cut is ~0.25 mm, and the distance between the cuts is ~1 mm;
such cuts can be made using a GaAs laser.

4. Fabrication of the electrical connection (metallic layers of Cr
with a thickness of ~0.1 mm and Au with a thickness of ~0.1 mm)
between p- and n-type films on both sides of the polyimide
substrate and inside the perforation cuts by an evaporating
metallic layer. Such a multilayer electrode structure ensures
thermal stability and provides a good electrical connection for
the device [50].

A schematic view of the main stages of fabrication of the flexible
FTEM based on p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.9Se0.1 TE
materials is shown in Fig. 6.

As a result, the developed flexible FTEM consists of p- and n-
type TE films on both sides of the substrate with parallel electric
connections of each type of film (Fig. 6(1e2)). Additional serial
connections of p- and n-legs were provided using Au and Cr
metallic layers placed between the legs and internal perforation
cuts in the polyimide substrate (Fig. 6(3e4)). As the films are
evaporated on both sides of the substrate, the required number of
serially connected legs is much lower. Furthermore, such a serial-
parallel connection sharply increased the reliability of the FTEM,
even if it consists of a large number of TE unicouples. Electrical
reliability N of the FTEM depends on the number of thermoele-
ments n and the type of electrical connection between p- and n-
legs. The use of typical serial connections of TE film unicouples for
the FTEM fabrication shows significantly lower reliability of the
devicewith the increase in the number of film unicouples n [45]. On
the contrary, the reliability of the FTEM with the proposed serial-
parallel connection does not decrease, even if the number of TE
unicouples is higher than N �100 (Fig. 7). Furthermore, thanks to
the proposed design, two films of each type (n and p) connected in
parallel are responsible for electrical connection. Therefore, if one
Fig. 6. Schematic view of the main stages for the fabrication of the flexible FTEM.
FTEM ¼ film thermoelectric microconverter.
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film is destroyed, the electrical circle in the FTEM will continue to
work over the second film. As far as we know, such a solution has
never been proposed before and can be a breakthrough mechanism
for advancing TE film technologies.

3.4. Calculations of the output characteristics of the FTEM

This section clarifies the method for estimating the energy pa-
rameters for the FTEM, which depends on the distributions of
temperature T(x,y,z) and heat flux density q!¼ �kVT in the TE legs.
The distributions were determined by solving the boundary task of
the stationary thermal conduction for each film leg, which takes
into account thermal losses due to radiation and convection from
the surfaces of the film TE legs, as well as losses due to thermal
conduction of the polyimide substrate. Such a three-dimensional
heat flux task was solved by the numerical finite element method
in the COMSOLMultiphysics software. The model of the TE leg used
to solve the task is shown in Fig.8.

The boundary conditions of the heat conduction equation
under review take into account that the plane of the heat-
absorbing junction of the film leg is maintained at temperature
Th and the plane of the heat-generating junction is maintained at
temperature Tc. These temperatures depend on the heat source
and the heat reset system, are assumed to be constant, and are
given before the calculation. On the film surface, the heat
Fig. 8. Physical model of the film thermoelectric leg: (1) thermoelectric film; (2)
substrate.
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exchanging the environment proceeds owing to heat radiation
Wrad and heat convection Wconv. The remaining faces are
considered adiabatically isolated.

The input characteristics of the n- and p-type film materials,
substrate geometric dimensions, and other physical values used in
the calculation are given in Table 2. Examples of the temperature
distribution of the n- and p-type film TE legs are shown in Fig. 9a
and b.

The components of the vector of the heat flux density q!
over the leg are also the results of solving the heat flux task.
These values were used to determine the portion of the heat
transferred through the TE film for the total heat flux through
the leg.

The heat balance over the leg can be written in the following
form:

W ¼Wf out þWs out þWrad þWcon (9)

where W ¼ Wf in þWs in is the total amount of heat absorbed by
the leg, Wf in andWf out as well asWs in and Ws out are the input and
output heat through the film and substrate, respectively, and Wrad

and Wcon are heat losses due to radiation and convection,
respectively.

The components of the heat balance equation were calculated
using the following formulas:
Table 2
Input data for numerical simulation.

Parameter Value
Temperature of the hot side, Th 400 K
Temperature of the cold side, Tc 300 K
Ambient temperature, T0 298 K
Thermal conductivity of the p-leg, kp (T ¼ 300 K) 1.5 W m�1K�1

Thermal conductivity of the n-leg, kn (T ¼ 300 K) 1.3 W m�1K�1

Thermal conductivity of the polyimide
substrate, ks (T ¼ 300 K)

0.3 W m�1K�1

Thickness of the film thermoelectric leg, df 2, 5, and 10 mm
Thickness of the polyimide substrate, ds 10 mm
Length of the film thermoelectric leg, l 1, 2, 4 mm
Width of the leg, b 4 mm
Coefficient of the convective heat transfer, a 10 W m�2K�1

Emissivity of the thermoelectric layer, ε 0.8

Fig. 9. Temperature profile on the film surface of the p-type (a) and n-t

8

W ¼
ðdf ðb���� k

dT
��� dzdy; W ¼

ðdf ðb���� k
dT

��� dzdy;
f in

ds=2 0

� f dx�x¼l
f out

ds=2 0

� f dx�x¼0

Ws in ¼
ðds=2

0

ðb
0

����� ks
dT
dx

����
x¼l

dzdy; Ws out ¼
ðds=2

0

ðb
0

����� ks
dT
dx

����
x¼0

dzdy;

Wrad þWcov ¼
ðl
0

ðb
0

����� kf
dT
dz

����
z¼df

dxdy:

(10)

The results of the calculations for the portion of the heat

transferred through the film Wf out

W
Wf out

W and through the substrate
Ws out
W and the portion of the heat loss due to radiation and convec-

tion WradþWcon
W are shown in Table 3.

To calculate the efficiency of the FTEM, the heat transfer over the
substrate and the heat transfer to the environment can be roughly
taken into account when introducing the effective thermal con-
ductivity of the p- and n-legs using the following equations:

kpef ¼ kpf
Wp

Wp
f out

; knef ¼ knf
Wn

Wn
f out

(11)

The effective figure of merit Zef of the film TE unicouple is then
defined as follows:

Zef ¼
�
sp � sn

	2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kpef

.
sp

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
knef

.
sn

r �2 (12)

And efficiency hmax FTEM is calculated using Eq. (1), in which
Z ¼ Zef.

The following mathematical expressions were used to estimate
the open-circuit voltage V, resistance R of the FTEM, load current
IL in the circuit with load RL z R, load voltage VL, and generated
power PL:
ype type (b) thermoelectric leg with the film thickness df ¼ 10 mm.



Table 3
Heat components for the p-type film leg based on Bi0.5Sb1.5Te3 and for the n-type film leg based on Bi2Te2.9Se0.1.

df, mm l, mm p-type n-type

Wf out/W Ws out/W (Wrad þ Wcon)/W Wf out/W Ws out/W (Wrad þ Wcon)/W

2 1 0.15 0.12 0.73 0.13 0.14 0.73
2 2 0.05 0.04 0.91 0.04 0.05 0.91
2 4 0.01 0.01 0.98 0.01 0.01 0.98
5 1 0.30 0.10 0.6 025 0.12 0.63
5 2 0.10 0.04 0.86 0.10 0.05 0.85
5 4 0.03 0.01 0.96 0.03 0.01 0.96
10 1 0.64 0.05 0.31 0.53 0.06 0.41
10 2 0.34 0.03 0.63 0.28 0.04 0.68
10 4 0.08 0.01 0.91 0.07 0.01 0.92
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V ¼ N
�
sp � sn

	ðTh � TcÞ;

R ¼ �
1


sp þ 1=sn

	 l
2df b

;

IL ¼ V=ðRL þ RÞ;
VL ¼ ILRL;

PL ¼ ILVL;

(13)

where sn, sp, sn, and sp are the experimental values of the corre-
sponding film material properties shown in Table 1.

The calculated output characteristics of the FTEM with the
number of thermocouples N ¼ 100 are shown in Table 4.

These promising results demonstrate the high performance of
FTEMs and open up the possibility of the practical application of
such modules.

4. Development of a thermal detector

Thermal TE detectors are used tomeasure the heat flux [51]. The
principle of their operation is described as follows: the input heat
creates a temperature gradient across the sensor, and owing to the
Fig. 10. Schematic view of the thermal detector based on t

Table 4
Output characteristics of the FTEM at Th ¼ 400 K and Tc ¼ 300 K (number of ther-
mocouples N ¼ 100, total film thickness df ¼ 10 mm, leg length l ¼ 1 mm, leg width
b ¼ 4 mm).

(ZefT)av hmax, % R, U IL, mA VL, V PL, mW

0.6 3.4 70 30 3 90

FTEM ¼ film thermoelectric microconverter.
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TE effect, this temperature gradient generates electricity. A sche-
matic view of the proposed thermal detector is presented in Fig. 10.
The electric voltage was excited by heating the hot side of the film
TE unicouples with a choppermodulated aperturewith a frequency
of 1 kHz. The cold side temperature of the film TE unicouples is
stabilized by a black body at the temperature of 300 K.

The sensitivity Sv-w of the thermal detector can be found as
follows:

SV�W ¼ V
W

(14)

where V is the output voltage and W is the input heat flux.

V ¼ �
Sp � Sn

	
nDT (15)

Here, Sn and Sp are the Seebeck coefficient for n- and p-type films,
respectively, n is the number of TE unicouples, and DT is the tem-
perature gradient.

The input heat flux can be found as follows: :

W ¼n
�
kn þ kp

	 bd
l
DT (16)

For a film TEmicromodulewith dimensions l¼ 1mm, b¼ 2mm,
and d¼ 10 mm and assuming similar values for Sn and Sp and kn and
kp, the sensitivity Sv-w for the thermal detector is as follows:

SV�W ¼ Sav
kef

l
bd

�10
V
W

(17)
he FTEM. FTEM ¼ film thermoelectric microconverter.
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The rise time of the FTEM-based thermal detector can be found
as follows [52]:

tz
crl2

kef
(18)

where r is the TE film density and c is the specific heat capacity. For
thermal sensor based on the FTEM with a height of n- and p-legs
l ¼ 1 mm, t z 100 ms. The measured values of sensitivity and rise
time for the film TE unicouple are in good agreement with the
calculated data.
5. Conclusions

The TE properties of p-type B2-xSbxTe3 and n-Bi2Te3-ySey films
were studied. Thanks to the optimized technological conditions
with further annealing, the TE figure of merit Z for the investigated
films reaches a high value Z z 2.8 � 10�3 K �1 for n-type and
3.1� 10- 3 K�1 for p-type films at 300 K, which are comparable with
the best bulk samples with similar composition.

Furthermore, here, we report on the development of a unique
design of the flexible FTEM based on p-type B2-xSbxTe3 and n-
Bi2Te3-ySey film materials on a thin polyimide substrate. For the
proposed FTEM (the leg size l ¼ 1 mm), a dimensionless figure of
merit ZTz 0.6 (taking into account all heat losses) and TE efficiency
hmax z 3.6% at a temperature difference DT of 100 K (Tc ¼ 300 K)
was achieved, which is a state-of-the-art result even if compared
with the best available microconverters.

The flexible FTEM consists of p- and n-type TE films with a
thickness of ~5 mm on both sides of the substrate. The parallel
electric connection of each type of film on both sides of the sub-
strate and the serial connection of p- and n-legs by Au and Cr
metallic films were enabled by perforation cuts in the polyimide
substrate. This parallel-serial connection sharply increases the
reliability of the FTEM, and if one n- and p-type film is destroyed,
the electrical circle in the FTEM will continue to work over the
second film. As far as we know, such a solution has never been
discussed before and can be a breakthrough mechanism for
advancing TE film technologies.

The simple technological method of flash evaporation for the
FTEM fabrication and the possibility to build a device with much
higher electrical power (by increasing the number of TE couples)
indicate a high practical interest in the proposed FTEM for real-
world applications.

As an example of a practical application, we show the FTEM-
based thermal detector that was developed herein. The resulting
sensitivity of the detector SV-W z 10 V/W makes it very useful for
detecting weak heat flux as low as ~10�7 W.
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