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A B S T R A C T   

In the present work, a systematic study of structural, transport, and thermoelectric properties of n-PbTe films on 
a mica substrate has been carried out. A wide range of film samples with hole concentration from n ¼ 8 � 1016 

cm� 3 to n ¼ 3 � 1018 cm� 3 were obtained by variation of composition of the stoichiometric PbTe and by 
additional doping with donor iodine impurity. Based on measurements obtained by the four coefficients method, 
the direct estimation of the density of states effective mass and the scattering mechanism of the investigated n- 
PbTe films has been carried out. The high thermoelectric figure of merit Z � 1.3 � 10� 3 K� 1 at T ¼ 300 K has 
been obtained. Such a high thermoelectric figure of merit Z for n-PbTe films opens a possibility for the fabrication 
of the Film Thermoelectric Modules (FTEM), which could be a candidate for application at micro-scale ther-
moelectric converters.   

1. Introduction 

IV-VI compounds are extremely interesting semiconductors with 
unusual and unique properties in comparison with other semi-
conductors. For more than thirty years, these materials have been the 
subject of considerable research effort due to both interest in the 
fundamental physics of these semiconductors and their technological 
importance [1–10]. The technological interest in IV-VI semiconductors, 
especially in the lead salts, originates from their current and potential 
use for thermoelectricity. 

The efficiency of heat conversion to 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 
conductivities, respectively. 

Therefore, an effective thermoelectric material should correspond 
with the following criteria [11]:  

1. Semiconductor material (elemental, compound, alloy, composite, 
multilayer, superlattice, low-dimensional structure) should prefer-
ably consist of heavy atoms. It will cause a low frequency of thermal 
vibrations of a lattice and a significant decrease in the lattice thermal 
conductivity κL.  

2. Semiconductor material should have high dielectric constant ε >
100, which reduces the scattering of charge carriers by impurity ions 
and small 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. 

It should be noted that high dielectric constant ε leads to a decrease 
in the ionization energy of the impurity atoms (which is practically 
approaching zero). As a result, energy level of impurity merges with the 
conduction or valence band, and concentration of electrons in the con-
duction band of n-type material or concentration of heavy holes in the 
valence band of p-type material becomes constant (similar to metallic 
conductivity) and equals the dopant concentration in the temperature 
range from 0 K to the onset of intrinsic conductivity. 
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3. 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 
significantly without changing the Fermi level EF position because it 
is directly proportional to the number of ellipsoids and, therefore, the 
electrical conductivity shows a significant growth up as well.  

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

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

Recently, there has been a strong need for the microelectronic ap-
plications with few microwatts power at relatively high voltage for the 
operation of small electric. For this purpose, a film thermoelectric 
module (generator) (FTEC), which consists of n- and p-type film legs, 
connected at the series circle and fabricated on a thin isolate substrate, 
could be used [12,13]. The output power of such FTECs is in the range 
from 100 nW to 10 mW [14–17]. 

The high sensitivity of FTECs allows them to operate efficiently at 
small temperature differences. In this case, a human body whose tem-
perature differs from the ambient temperature can be used as a source of 
heat [18,19]. As noted above, PbTe is one of the useful thermoelectric 
materials, and therefore, the goal of this research is the fabrication of 
PbTe films with optimal thermoelectric parameters similar to the bulk 
crystals. 

2. Experimental 

For film fabrication, stoichiometric PbTe material has been used. The 
deviations from stoichiometry have been performed, aiming to modify 
the concentration of PbTe-based composition. Compound semi-
conductors usually exist in a solidus field around perfect stoichiometry. 
When metal-rich, PbTe is n-type due to either Te vacancies or Pb in-
terstitials, which act as donors [20–22]. In this case, the Pb1.001Te0.999 
composition has been used. For the preparation of PbTe films with 
higher electron concentration, PbTe doped with iodine donor impurity 
(PbTe0.999I0.001) composition was prepared [6]. Therefore, a set of 
samples with the concentration at T ¼ 300 K n ¼ 8 � 1016 cm� 3, 3 �
1017 cm� 3, 5 � 1017 cm� 3, 2 � 1018 cm� 3, 3 � 1018 cm� 3 has been 
prepared. 

Synthesis of PbTe-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. Then each ampoule was taken from the 
furnace and quenched into cold water. The synthesis was carried out 
using high-purity initial components — Pb (99.999), Te (99.9999), and 
PbI2 (99.999. The resultant ingots were crushed into fine powders by 
ball milling in an argon atmosphere. 

The n-type PbTe thin films were deposited using open vacuum 
evaporation technology. 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 process, all films were annealed at the same 
evaporation chamber and at Tt ¼ 623 K for 0.5 h in the atmosphere of 
pure argon under the pressure of p ¼ 0.9 atm. All films were prepared on 
a thin mica substrate with a thickness of ~10 μm. 

The X-ray diffraction characterization was performed with a high- 
resolution Bede D3 diffractometer coupled to a Rigaku rotating anode 
generator (18 kW) providing CuKα radiation. The scans in double-axis 
mode were measured with a Bartels two-channel cut Si (220) mono-
chromator in the primary beam and the reciprocal space mapping in 
triple-axis mode the one channel-cut analyzer crystal in (220) asym-
metrical stetting was introduced in the diffracted beam path. The 
analysis of the chemical composition of the PbTe films was made on the 
Auger-microanalyser “JAMP-10". Measurement of the Seebeck coeffi-
cient S on a bulk material is based on the formation of the temperature 
gradient across the whole bulk material and simple probing of each side 
of the sample. However, due to radiation, convection, uncontrolled 
heating by electrodes and the substrate effect on the distribution of the 
heat, there is no suitable and convenient methodology for measuring the 
Seebeck coefficient for thin films. Therefore, the measurement of the 
Seebeck coefficient on the thin film requires some alternative approach 
[23]. For the investigation of the Seebeck coefficient S on thin films at 
close to room temperature (T ~ 300 K), the original measurement setup 
has been developed. The schematic view of the device with the 
description of the measurement approach is shown in Appendix A, 
Fig. 7. The accuracy of measuring the Seebeck coefficient using the 
developed setup did not exceed ~1%. 

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 broad temperature range 
(80–400 K), a measurement setup has been developed. The scheme of 
the device with the description of the measurement approach is shown 
in Appendix B, Fig. 8(a and b). The measurement of Hall and transverse 
Nernst effects was carried out in permanent magnetic fields up to 2 T. 
The results are averaged measurements in two directions of the elec-
trical and magnetic fields. The accuracy of the temperature measure-
ment was 0.1–0.2 K, and of the magnetic field �3%. The uncertainty of 
the Seebeck coefficient and electrical conductivity measurements was 
6%. The Hall effect was measured with an accuracy of 8% and the 
transverse Nernst effect – with an accuracy of 10%. 

The investigation of heat transfer in n-PbTe films on flexible sub-
strate is performed by the method of dynamic lattices [23]. 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 dynamic diffraction 
lattice, and the kinetics of the diffraction signal could be analyzed. 
Finally, using such a method, the value of thermal diffusivity α was 
measured. The uncertainty of the thermal diffusivity measurement was 
not more than 10%. The schematic view of the device with the 
description of the measurement approach is shown in Appendix C, 
Fig. 9. The total thermal conductivity was calculated according to the 
following formula: 

κ¼αρcp; (2)  

where ρ is the single crystal density and cp is the specific heat capacity 
calculated within the Dulong-Petit limit. 

3. Results and discussion 

3.1. Structural properties 

The measured rocking curves for various PbTe reflections are shown 
in Fig. 1 and their Full Width at Half Maximum (FWHM) varied in the 
range 120–160 arcsec. This XRD method is an important tool for 
epitaxial growth determination of PbTe films on monocrystalline (single 
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crystal) mica substrate [24]. As was determined from the standard θ:2θ 
scan the epitaxial orientation of the PbTe layer grown on the mica 
substrate corresponds to (111) PbTe plane parallel to (0001) mica 
substrate. 

3.2. Transport properties 

Fig. 2 demonstrates the temperature dependence of the Hall coeffi-
cient RH from 10 K to 400 K for n-PbTe films. All films have the negative 
values of the Hall coefficient over the entire temperature range, which is 
related to electronic conductivity (n-type) in PbTe films. The carrier 
concentration for prepared PbTe films has been determined using the 
following expression: 

n¼
1

eRH
; (3)  

where e is the charge of an electron. 
The Seebeck coefficient for all films also has negative values over the 

investigated temperature range, which is typical for semiconductors 
with an electron type of conductivity (Fig. 3). 

Fig. 4 demonstrates the temperature dependence of electrical con-
ductivity σ over the entire temperature range for n-type PbTe films. The 
value of σ is increasing with the growth of the carrier concentration n 
from 80 to 400 K. The temperature dependence of σ for n-PbTe films 
shows decreases indicating metal-like conductivity. 

Hall mobility has been calculated within the following expression 
and represented in Fig. 5: 

Fig. 1. The normalized rocking curves measured for various peaks of a 5 μm 
thick (111) oriented PbTe layer on (0001) mica substrate. The profiles are 
displaced for clarity of the picture. 

Fig. 2. Hall coefficient as a function of temperature for n-PbTe films. 1–8 �
1016 cm� 3, 2–3 � 1017 cm� 3, 3–5 � 1017 cm� 3, 4–2 � 1018 cm� 3, 5–3 �
1018 cm� 3. 

Fig. 3. Seebeck coefficient as a function of temperature for n-PbTe films. 1–8 �
1016 cm� 3, 2–3 � 1017 cm� 3, 3–5 � 1017 cm� 3, 4–2 � 1018 cm� 3, 5–3 �
1018 cm� 3. 

Fig. 4. Electrical conductivity as a function of temperature for n-PbTe films. 
1–8 � 1016 cm� 3, 2–3 � 1017 cm� 3, 3–5 � 1017 cm� 3, 4–2 � 1018 cm� 3, 5–3 �
1018 cm� 3. 
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μH ¼RHσ: (4) 

At low temperature, Hall mobility for n-PbTe films with Hall con-
centration n ~ 8 � 1016 cm� 3 (sample 1) achieves the value of 7.4 � 104 

cm2/V, which is comparable with available data for the best epitaxial n- 
PbTe films, prepared by Molecular Beam Epitaxy (MBE) on BaF2 sub-
strate [25]. With increasing temperature μН decreases for about the 
order of magnitude for all investigated samples, while the scaling of 
mobility with temperature μН ~ T� β shows a value of β ¼ 1.2–1.4 at high 
temperatures. Such values correspond to the scattering of electrons on 
the acoustic phonons. Generally, the dependence σ(T) and μН(T) for 
n-PbTe films are similar to bulk n-PbTe single crystals. 

Fig. 6 shows the temperature dependence of the transverse Nernst 
coefficient Q from 80 to 400 K for n-PbTe films. The sign of the trans-
verse Nernst coefficient Q at low temperature reveals an inverse energy 
dependence on the relaxation time, indicating a phonon scattering in the 
parabolic band and degenerate semiconductors [26]. For some samples 
with low carrier concentration, a positive value of Q has been observed 
due to the influence of minority carriers (holes). It is common since the 
transverse Nernst coefficient is the most sensitive from three other pa-
rameters (the Hall coefficient, the Seebeck coefficient, and electrical 
conductivity) for the indication of the beginning of the intrinsic state 
[5]. 

3.3. Scattering parameter and density of states effective mass 

Mean free path in the case of the parabolic zone and for charge 
carriers is l ¼ l0Er, where l0 is constant, E is charge carrier energy, r is 
scattering parameter. The Seebeck coefficient S is defined as [3,6]: 

S¼
k0

e

�
ðr þ 2ÞFrþ1ðμ*Þ

ðr þ 1ÞFrðμ*Þ
� μ*

�

; (5)  

where k0 is the Boltzmann constant, Fr(μ*), and Frþ1(μ*) are Fermi-Dirac 
integrals, parameter μ*¼ (EF – EV)/k0T is the reduced Fermi energy. 
Here EV is the valence band maximum, EF is the Fermi level, and T is the 
absolute temperature. 

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

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 [26]: 

m*¼

�
3n
π

�2=3eℏ2

k2
0T

�

S �
Q
jRjσ

�

; (7)  

r¼
Q=jRjσ

S � Q=jRjσ : (8) 

Using Eqs. (5)–(8) effective mass m* and scattering parameter r have 
been determined for n-PbTe films at 100 K. For all films, at a given 
temperature, the scattering parameter r is close to �0. This value is 
characterized by a mechanism of carrier scattering on acoustic phonons 
[3,4], which is typical for high-performance bulk n-PbTe bulk samples. 
The m*/m0 (m0 is the mass of a free electron) values calculated using 
data of S, Q, R, and σ for n-PbTe films at 100 K increase slightly from 
0.24 to 0.26 with the increasing of the concentration p (Table 1). This 
effect can be connected with the non-parabolic shape of the conduction 
band at PbTe [4]. 

3.4. Thermoelectric properties 

Table 2 demonstrates thermoelectric properties (Seebeck coefficient 
S, electrical conductivity σ and thermal conductivity κ) at T ¼ 300 K for 
five n-PbTe films on a mica substrate with a thickness of 5 � 0.5 μm and 

Fig. 6. Transverse Nernst coefficient as a function of temperature for n-PbTe 
films. 1–8 � 1016 cm� 3, 2–3 � 1017 cm� 3, 3–5 � 1017 cm� 3, 4–2 � 1018 cm� 3, 
5–3 � 1018 cm� 3. 

Table 1 
Carrier concentration n, carrier mobility μ, effective mass m*/m0 and scattering 
parameter r for n-PbTe films at 100 K.  

Sample Composition n, cm� 3 μH, cm2V� 1s� 1 m*/m0 r 

1 PbTe 8 � 1016 29,000 0.24 0 
2 PbTe 2 � 1017 16,000 0.24 0 
3 Pb1.001Te0.999 6 � 1017 11,000 0.245 0 
4 PbTe0.999I0.001 2 � 1018 10,000 0.25 0 
5 PbTe0.999I0.001 3 � 1018 6000 0.26 0.1  

Fig. 5. Hall mobility as a function of temperature for n-PbTe films. 1–8 � 1016 

cm� 3, 2–3 � 1017 cm� 3, 3–5 � 1017 cm� 3, 4–2 � 1018 cm� 3, 5–3 � 1018 cm� 3. 
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different compositions. The thermoelectric parameters of the bulk n- 
type PbTe crystals taken from Refs. [3,6] also are shown in Table 2. The 
calculated thermoelectric figure of merit Z for the n-PbTe film with the 
concentration n ¼ 3 � 1018 cm� 3 achieves the value Z � 1.3 � 10� 3 K� 1 

at 300 K, which is close to Z value for n-PbTe bulk crystals. 
Heat transport is determined by total thermal conductivity кtot of 

semiconductor, which consists of three components: the lattice thermal 
conductivity of phonons κl, the electronic thermal conductivity of free 
electrons κe and the ambipolar thermal conductivity of electron-hole 
pairs κa in the intrinsic conduction region [4,6]: 

κtot ¼ κl þ κe þ κa: (9) 

For one type of carriers (holes) at the majority area, only two first 
coefficients of thermal conductivity influence the value of κ. The total 
thermal conductivity κ at T ¼ 300 K was measured and shown in Table 2. 
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 [6]: 

L¼
�

k0

e

�2�

3
F2ðμ*Þ

F0ðμ*Þ
�

�

2
F2ðμ*Þ

F0ðμ*Þ

�2�

; (11) 

At the acoustic phonon scattering of charge carriers, the reduced 
Fermi energy μ* can be obtained from fitting the Seebeck coefficient 
using equation (5). 

The lattice thermal conductivity κl was calculated according to eq. 
(9) and also represented in Table 2. Obviously, that the values of lattice 
thermal conductivity are very similar for all films. This can be expla-
nined by the fact, that an increase in the carrier concentration due to 
doping of a semiconductor does not affect on the lattice term of the 
thermal conductivity, but changes the electronic part of the thermal 
conductivity due to an increase in electrical conductivity (Wiedemann- 
Franz law) [4]. A slightly lower value of κl in PbTe films compared with 
the bulk crystals [4] may be due to phonon scattering on structure de-
fects (vacancies, interstitial atoms). The role of phonon scattering on the 
block boundaries and surfaces is negligible, which follows from the fact 
of the practical absence of dependence κl on the thickness of the film 
(0.5–5 μ). This indicates a small value of the average free path of pho-
nons at temperature T ¼ 300 K. 

4. Conclusions 

The technological parameters for the fabrication of n-PbTe films by 

the evaporation method were optimized aiming to obtain a high ther-
moelectric figure of merit. In order to measure the Seebeck coefficient in 
thin films at temperature T ~300 K a set up was developed providing the 
accuracy of the Seebeck measurement on the level of 1%. 

A wide range of film samples with electron concentration from n ¼ 8 
� 1016 cm� 3 up to 2 � 1018 cm� 3 was obtained by variation from the 
stoichiometric PbTe composition and using PbTe doped with iodine 
impurity. 

A systematic study of transport properties (Hall coefficient RH, See-
beck coefficient S, electric conductivity σ, transverse Nernst coefficient 
Q) over the entire temperature range (80–400 K) for n-PbTe films has 
been performed. The density of states effective mass and mechanism of 
carrier scattering for n-PbTe films have been estimated at temperature T 
¼ 100 K. The value of the effective mass m*/mo is varied from 0.24 to 
0.26, which is close to a value of n-PbTe bulk crystals. At this temper-
ature, the scattering on acoustic phonons is the dominant mechanism for 
n-PbTe films. 

The thermoelectric properties (Seebeck coefficient S, electrical con-
ductivity σ, thermal conductivity κ) were measured at T ¼ 300 K on n- 
PbTe films on a mica substrate. The calculated thermoelectric figure of 
merit Z for the best films achieved the value Z � 1.3 � 10� 3 K� 1 at 300 K, 
which was close to Z for n-PbTe bulk crystals. Such a high thermoelectric 
figure of merit Z for n-PbTe films at 300 K opens new horizons for 
fabrication of the Film Thermoelectric Modules (FTEM). 
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Table 2 
Thermoelectric properties of n-PbTe films and bulk crystals at T ¼ 300 K.  

Hall concentration n, cm-3 Type of material Seebeck 
coefficient 
S, μV/K 

Electrical 
conductivity 
σ, Ω-1cm-1 

Thermal 
conductivity 
κ, W/cm K 

Lattice thermal conductivity 
κl, W/cm K 

Figure of merit 
Z x 103, K-1 

Ref. 

8 � 1016 film � 450 25 19 � 10� 3 19 � 10� 3 0.3  
3 � 1017 film � 400 70 18 � 10� 3 18 � 10� 3 0.6  
5 � 1017 film � 330 100 18.5 � 10� 3 18 � 10� 3 0.6  
2 � 1018 film � 185 700 21 � 10� 3 18 � 10� 3 1.1  
3 � 1018 film � 165 1100 23 � 10� 3 18 � 10� 3 1.3   

bulk � 200 600 23 � 10� 3 20 � 10� 3 1.2 [3]  
bulk � 200 1000 25 � 10� 3 20 � 10� 3 1.5 [6]  
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Appendix A 

The Seebeck coefficient is measured on a constructed automated installation with a block diagram shown in Fig. 7. During the measurement, each 
end of the film sample 1 is installed between two massive copper radiators 2 and 3. Two differential thermocouples 5 are inserted into the radiators 
through ceramic tubes to exclude electrical contact. Thin layers of indium 6 were used as ohmic contacts. Hot water is passed through two radiators on 
one side, and cold water is passed through the other side. The set temperatures of both hot and cold water are maintained by the microcontroller using 
the developed thermostats. The water is heated using an electric heater. The cooling thermostat is designed on the basis of 12 V Peltier elements. The 
power in the heating and cooling mode is set up independently by PWM modulation using a proportional-integral-differential temperature stabili-
zation algorithm. To minimize interference, both the heater and the Peltier elements are switched on via LC filters. The feedback is carried out using 
digital temperature sensors with I2C interface. The heat removed from the hot side of the Peltier elements is carried out by an air fan. Both thermostats 
maintain the set temperature with an accuracy of 0.1 �C.

Fig. 7. Schematic view of set up for Seebeck coefficient at thin films and a scheme of measurement apparatus. 1 -sample, 2 - copper radiators, through which hot 
water is passing, 3 - copper radiators, through which cold water is passing, 4 - isolated plate, 5 - differential thermocouples Cr–Al, 6 - thin indium contact layer, 7 - 
electrical contacts. 

Appendix B 

The transport properties measurements on thin films over the entire temperature range (10–500 K) performed using the developed setup adapted 
for the liquid-helium temperatures. For the measurement, a film should be placed in a holder with six measuring probes 12–17 (Fig. 8 (a)). Sample 3 
should be clipped between two massive copper plates 1–2. The average temperature is measured using a thermocouple 8 connected to the copper plate 
1. The temperature gradient has been measured by high-precision differential Cu–Cu(Fe) thermocouples with wire diameter 0.1 mm. Fig. 8(b) shows 
the cryostat for low temperatures, which is made from stainless steel with reservoirs for liquid nitrogen 19 and liquid helium 26. The intermediate 
temperatures between the helium and the room temperatures were achieved by heater 23, which is wound on the cylinder of the copper plate 1. 

The measurement of voltage drop on the sample, reference resistor, Hall, and current contacts is carried out sequentially with the help of six reed 
micro relays of the switching unit. A stable current generator is implemented on an LM234 chip by the template and has 12 discrete current values 
controlled by an ammeter. 
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Fig. 8. Schematic view of the device for transport properties measurements on thin films over the entire temperature range (10–300 K). (a) - measurement cell, (b) - 
cryostat. 1, 2 – copper plates, 3 – sample, 4 – clamping bolts, 5, 10 – heat transfer tubes, 6 – gradient heater, 7–9 – thermocouples, 11 – mica plate, 12–17 - measuring 
probes, 18 – copper bottom, 19 – reservoir for liquid nitrogen, 20 – nozzle for liquid nitrogen filling, 21 – nozzle for pumping out, 22 – vacuum connector, 23 – heater, 
24 – removable cover, 25 – electromagnet core, 26 – reservoir for liquid helium, 27 – nozzle for liquid helium filling. 

Appendix C 

The layout of the experimental setup for the investigation into the thermal properties of the films is shown in Fig. 9. Investigation into heat transfer 
is carried out by the method of transient gratings, which suggests that the sample absorbing the light is excited by two mutually interfering beams of 
laser radiation [23]. The spatial-periodic effect on the sample forms a transient diffraction grating in it, which is probed by a continuous laser. The 
damping kinetics of the diffraction signal is subjected to investigation.

Fig. 9. Setup for measurements of thermal conductivity. 1 - attenuator, 2 - diffraction light splitter, 3 - sample, 4 - photodetector.  
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