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The results of the study of thermoelectric material properties obtained by pressing the powder of lead
telluride samples are presented. It is shown that an adequate model of pressed samples structure should
take into account the presence of a near-surface layer, which formation is associated with the interaction of
the material with atmospheric oxygen. The calculation of carrier mobility in the samples has been spent
with considering the mechanisms of carrier dispersion on acoustic phonons and thermoelectronic emission.
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1. INTRODUCTION

The investigation of alternative energy sources, in
particular thermoelectric generators (TEG), is an actu-
al scientific task. The main advantages of devices that
convert heat energy into electric are high reliability
and significant period of uninterrupted operation. De-
spite this, the lack of TEG is a relatively low efficiency
factor, which, as a rule, does not exceed 10 % in indus-
trial samples. Lead Telluride, despite the active search
for alternative materials based on less toxic compo-
nents, remains one of the best semiconductor materials
for the creation of TEG operating in (200-500) °C tem-
perature range [1-3].

The efficiency of materials used in thermoelectric
converters is determined by the magnitude of the
thermoelectric figure of merit Z, which is directly pro-
portional to the specific electrical conductivity, the
square of the thermo-EMF coefficient, and the inverse-
ly proportional to the thermal conductivity coefficient.
Due to its crystalline and energy structures, high val-
ues of Z parameter can be achieved even for the pure
lead telluride [4].

A promising area is the study of thermoelectric
samples obtained by powder pressing, which provides a
large area of intergranular boundaries and, according-
ly, low values of the thermal conductivity coefficient.
One of the methods of powders pressing is the com-
pression in the air with subsequent annealing in vacu-
um, argon or Hydrogen. In this case, the interaction of
material surface with atmospheric oxygen is logical.
According to published data [5, 6], such interaction can
lead to the formation of a surface layer with properties
that are different from the properties of the central
part of the grains that are pressed. However, there are
no clear conclusions about the structure and properties
of this layer in the literature. In addition, according to
[7], if the pressing occurs at high pressures that we
used in this study, the oxidized surface layer can be
shaken and its effect on the properties of the pressed
sample will be insignificant in the whole.

That said, the aim of this work is to establish the
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peculiarities of kinetic processes in the samples ob-
tained by compression in the air and subsequent an-
nealing, the influence of surface effects and intergranu-
lar boundaries on them.

2. RESEARCH METHODS

Synthesis of lead telluride was carried out in sealed
quartz ampules. The phase composition and parameter
of the elementary cell were determined by X-ray dif-
fraction methods at DRON-3 and STOE STADI P. Mi-
crohardness and surface structure were investigated on
a NEXUS A412 micro-volume meter and on MUU-4
interferometer. Samples for research were obtained by
pressing the powder [8]. The coefficient of thermo-EMF
was determined by measuring the magnitude of the
thermoelectric motive force on the sample at a temper-
ature gradient at its ends = 10 °C. The electrical con-
ductivity was determined by measuring the voltage
difference across the sample at passage through it
alternating current. The method of radial heat flux was
used to determine the coefficient of thermal conductivi-
ty. Computer simulation and processing of the results
of experiments were carried out using application pro-
grams MAPLE 9.5 and EXCEL.

3. THE RESULTS OF EXPERIMENT

Based on X-ray studies, it was found that synthe-
sized ingots and samples made on their basis by the
powder pressing method are single-phase, structural
type NaCl. Parameter of element cell for bars is
Qingot = 6,4577 £ 0,0010 A and for a pressed and an-
nealed sample — (@sample = 6,4564 £ 0,0010 A).

The carrier concentration, determined at the Hall ef-
fect study, is = 2-10¥ c¢m -2 at 30 °C and = 1-1018 cm -3
at 150 °C. Relatively low concentrations of carriers
indicate a minor deviation of the stoichiometry of sam-
ples in the process of performing their operations.

Typical temperature dependences of thermoelectric
parameters of non-dopant lead telluride are shown in
fig. 1. Properties of non-annealed samples and annealed
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at T'=230 °C are practically identical. At temperatures
below 200 °C samples show the hole type conductivity.
The coefficient of thermo-EMF at 100 °C is = 400 uV/°C.
With the temperature rising to about 200 °C the conduc-
tivity type changes to the electron and at 300 °C
a~ 250 uV/°C. The temperature dependence of the elec-
trical conductivity for all samples is nonmonotonic with
a minimum at a temperature corresponding to the p-n-
junction.

Annealing at 500 °C leads to a significant increase of
the electrical conductivity of the material, which exhib-
its only p-type conductivity in the studied range of tem-
peratures.
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Fig. 1 - Temperature dependence of specific conductivity o (a)
and coefficient of thermo-EMF « (b) of the samples of PbTe
(XV) obtained by pressing powder (0.05-0.5) mm under pres-
sure of 2 GPa. The samples 1Sa, 1Sb were annealed at 230 °C,
2, 3 were not annealed, 2", 3" were annealed at 500 °C

4. ANALYSIS OF THE RESULTS OF THE EX-
PERIMENT

The reason for qualitative changes in the electrical
conductivity of the material after the annealing can be
as a restructuring of the grain boundaries, fixed in the
study of the samples surface of [8], and, also, the modifi-
cation of its defective subsystem. However, according to
[9, 10], the defective subsystem PbTe almost completely
hardens at significantly higher temperatures than
500 °C. Thus, the reduction of the resistance between
the grains from which the sample is compressed is the
most likely cause by growth of the o value.

If the measured dependences of the specific conduc-
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tivity and the temperature represent in the coordinates
In(0)-1/T, then in the high temperature range the slope
of the experimental dependences corresponds to the
activation energy of 0.38 eV corresponding to the PbTe
band gap. After annealing, the slope of the investigated
dependence does not change, although the free parame-
ter of the dependence In(c) = — E;/2kT + A increases.

4 -

m 1Sa
3,5 1 A 1Sb
% 34 e 2
§
g2’5 | o3
9: —ni
z: bt
1,5 A %
1 . . )
1,5 2,0 2,5 3,0
1000/T, 1/K
a
45 - L on
3
—ni
1 . . )
1,5 2 2,5 3
1000/T, 1/K
b

Fig. 2 - The dependence of the logarithm of conductivity and
the inverse temperature for the samples of non-doped PbTe
before the annealing (a) and after annealing (b) at a tempera-
ture of 500 °C. The straight line corresponds to the depend-
ence In(c) =— 0.38/2kT + A.

In order to explain the nature of the dependences of
thermoelectric parameters at below 200 °C tempera-
tures, and also considering the compression of samples
is carried out in air, we agreed a model for the for-
mation of a near-surface layer of p-type conductivity,
due to the interaction of the grain surface with atmos-
pheric oxygen.

The distribution of oxygen at the depth of the sam-
ple can be calculated based on diffusion equations [11].
If diffusion occurs from the surface layer, the surface
oxygen concentration in which is finite and is equal to
A (a limited source), then its distribution at the depth x
at time t is determined according to equation:

N(x,t) =

A exp| — x?
JoDt P\ Tape )

where D is the coefficient of oxygen diffusion. If the
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concentration of atoms in some near-surface layer is a
constant value of No, then the new (unrestricted
source) suitable for the diffusion of atoms into the sam-
ple approaches, then the distribution of oxygen in
depth i1s determined according to equation:

7 )

The first case corresponds to a situation in which
the oxygen atoms during the technological operations
of grinding, the aging of the powder up to the moment
of pressing, are adsorbed on the surface in a certain
amount of N, and their diffusion into the sample takes
place over a much longer period of time, in particular
when the powder is already compressed and new oxy-
gen atoms are not have access. The second case is likely
to occur when adsorption and diffusion occur simulta-
neously until the powder is pressed.

It should also discuss another option. Despite the
high density of the sample, it contains about 0.01 bulk
portions of the pore [8]. If the volume of sample V
is = 0.4 cm?® (h =8 mm, d = 8 mm) and the pore volume
is 1 % = 0.004 cm? and if the pore pressure is equal to
the compression pressure (2 GPa), the concentration of
oxygen atoms in pores is (in the approximation of the
ideal gas) n = 0.5 1024 cm ~3. If the pressure in pores is
equal to atmospheric, then n = 0.5 1020 ¢cm —3. Multiply-
ing this number by the volume of the pore we find the
number of oxygen atoms in the sample:
0.5°1024:0.4:10 -2 = 0.2:1022 at. That 1s, the concentra-
tion of the oxygen atoms in the sample can be
0.2:1022 at."0.4 cm~2=0.8 102! cm-3. This large num-
ber of oxygen atoms in the process of diffusion can
contribute to the formation of p-regions of the material.
However, due to the low number of such pores, it can
be assumed that due to diffusion there will be formed
some local islets of p-type conductivity, which probably
will not even be interconnected. Therefore, the simul-
taneous adsorption and diffusion at the initial stage of
samples preparation is more truthful.

According to [1], the diffusion coefficient of oxygen
in PbTe is 1012 cm?2/s at room temperature. The result
of the calculation using this value is presented in fig. 3.
It can be seen that, in the case of a limited source, and
in the case of an unbounded =~ 5 um distance, the con-
centration of oxygen is comparable with the measured
Hall’s concentration of carriers. For calculation by the
formula (1) we took A =101%cm -3, which corresponds
to the monolayer of the oxygen on the grain surface,
and by formula (2) — No= 1018 cm ~3. For both cases, the
diffusion time was 10 h, the temperature was = 300 °C.

Thus, even in comparison with relatively large
grains, the thickness of the layer in which oxygen can
determine the nature of the electrophysical properties
is significant. The fact that the properties of this layer
are determined only by the impurity can be evidenced
by the fact that the carrier concentration is almost
constant, at least, to a temperature of 150 °C. In this
case, it can be assumed that the central part of the
grain will be unoxidized, and its conductivity will be
determined by its own carriers.

N(x,t) = Noerfc(
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Fig. 3 — Estimated distribution of oxygen atoms on the depth
of the sample for two probable mechanisms: N; is a limited
source (A=10%cm-2), Nz 1is an unlimited source
(No=108cm-3). D=10-12cm?s, t =10 h, T'= 300 °C.

Representation of the dependence of o(7) in the co-
ordinates Ig(oc)-lg(T) gives an opportunity to make con-
clusions about the conduction mechanisms in the tem-
perature range to the p-n transition. Assuming that the
concentration of carriers has become practically con-
stant up to the p-n transition temperature, then the
temperature dependence of the conductivity will be
determined by the temperature dependence of the mo-
bility. And the last one temperature dependence can be
represented according to [12] as:

u~ m*(T)t T.

Here m* is the effective mass, r is the carrier dis-
persion parameter. Considering the fact, that the effec-
tive mass of light holes is also a function of tempera-
ture (m ~ 71°5.), then the dependence (3) can be repre-
sented as:

_p*
u~ T0,5t7 .

It is known [12] that in the absence of degeneracy,
the main mechanisms of carrier dispersion are scatter-
ing on acoustic phonons (0,5¢-r = — 2.25). For our sam-
ples, the degree of temperature dependence o(7"),
y~—2.5, if the sample was not annealed and y=- 3.0
for samples that have been annealed at 500 °C. That is,
the temperature dependence of the conductivity can be
explained on the assumption the decisive influence of
acoustic phonons scattering, and minor changes in the
inclination of this dependence after annealing can be
explained by the presence of some additional mecha-
nism.

It is worth noting here that at the temperature
range (150-200) °C the influence of the carriers at
heavy holes zone on the kinetic properties will be sig-
nificant, the distance to this zone decreases with in-
creasing temperature and at = 200 °C becomes zero [9].
It is also possible the influence of own carrier’s concen-
tration that growth with temperature. Although this
effect will be the same for both non-annealed and an-
nealed samples, the analysis of the dependence of o(7)
is a rather complicated task.

In order to verify the assumptions made above re-
garding the possible scattering mechanisms, the theo-
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retical calculation of the conductivity temperature
dependence with taking into account the scattering on
acoustic phonons, and the mechanism of the carriers
passage through the grains boundaries as a result of
electron emission has been spent.

The mobility of carriers under scattering by pho-
nons, according to [13], is defined as:

:e<nf£2>>'

For a two-zone approximation [13]:

1
=

~ (x+,6'x2) 2
t(E)=1,(T W

m*(E)=my(1+2px).

The value of wn(7) in (5) is determined separately for
each of the possible scattering mechanisms which in
terms are characterized by the parameter r. In particu-
lar at scattering on acoustic phonons r =0 [13]:

27h* pv?
7 (T)= 3 '

(2m* kyT)2 E}

where p is the crystal density (8.24 g/cm3), vo is sound

speed in the crystal (3.6:105cm/s), E1 is the defor-
mation constant (15 eB [14]). Than:

o (T) [ (x+ ) 2

u=e——— -
m (1+2px)

Average value of parameter <A>, according to [13]:

()= (- |y a(E)aE,

" 32%n0\ O
where
.
:%[&2,0(”%”)-
Taking the dispersion law for the zone

*
k= 2”2 E|1+ £ , expression for mobility:
h E,

z-O (T) ]9+1, 2 (7775)

u=e . .
m* ]:?/2,0 (7775)

For dual-zone Kain model two-parameter Fermi inte-
grals according the [13]:

. o of, x'"(x+,6’x2)ndx
In,k(nsﬂ) - J.(a:;j(]_m'ﬂx)k

0

In represented expressions [13]
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Fig. 4 - The logarithm dependence between the specific con-
ductivity and the temperature of the annealed (a) and non-
annealed (b) samples. The curve on fig. (a) is the calculation
based on the model of carriers scattering on acoustic phonons,
in fig. (b) considering scattering by acoustic phonons and
electronic emission.

Assuming that in the studied range of tempera-
tures, the role of light holes is decisive, the calculated
mobility values are several hundred cm?/(V's), and the
conductivity calculated with their use significantly
exceeds the experimental values. If we assume that the
role of heavy holes is decisive, then the calculated
curve o(T) practically coincides with the experimental
dependence for the annealed samples on the interval
before the p-n transition. It is important to note that
we did not use any additional variation parameters at
the calculations. A slight discrepancy between the tem-
perature coefficient of this dependence can be ex-
plained by some influence of light holes and effect of
the other possible scattering mechanisms.

In the case of thermoelectronic emission, the carrier
mobility is determined according to the expression [15]:
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1/2
u=1Le, 1 exp —ﬂ .
2zm* kT kT

Here L is the grain size, Eb is the energy of the barrier.
Considering the above two mechanisms, and
varying the value of Ep, at a value of 10 meV, a satis-
factory correlation with the experimental data was
achieved. It should be noted that in [14], for samples of
PbTe, the result obtained by pressing the nanodis-
persed lead telluride powder is 60 meV, which, in mag-
nitude, correlates with our determined value.
Also, with these data it is possible to estimate the
surface concentration of oxygen atoms, using the de-
g2A?

8eeyny

pendence [14] E, = The resulting value

A = 1016 at/cm? correlates with the one used for calcula-
tion of the oxygen diffusion profile value.
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5. SUMMARY

Thus, based on the carried research we could made
the following conclusions:

1. The temperature dependences of the investigated
materials properties are determined by the peculiarity
of the grains structure obtained by the grinding of the
synthesized ingot, namely by the surface layer formed
from the interaction of oxygen with the PbTe surface,
and its central part characterized by its own conductiv-
ity.
2. In the formation of the kinetic properties of the
current carriers at the investigated samples the main
role is playing the scattering by acoustic phonons and
the thermoelectronic emission of carriers between the
grains.
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