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I ntr oduction

Lead telluride is a semiconductor materia of the
group A4B6, which is used to create thermoe ectric
energy converters [1-3]. Particularly effective are the
materials obtained by pressing the powder, which, on the
one hand, alows to independently control the eectronic
and phonon subsystem independently and, on the other
hand, to create samples of the required size and shape. In
addition, pressed materials based on PbTe are
characterized by better mechanica properties compared
to monocrystalline [4-6].

When using the powder compression method for
obtaining thermodectric materials, the amount of
technological operations grows required to obtain a
thermoelement for research or practical use. Despite the
fact that predominantly all these procedures are carried
out in the protective atmosphere of inert gas, it is difficult
to completely avoid the interaction of the material with
atmospheric  oxygen. Therefore, the study of the
influence of oxygen on the properties of PbTe is an
urgent task.

Studies [7-8] show that the diffusion of oxygen in
PbTe can lead to the appearance of near-surface regions
of p-type conductivity with a carrier concentration of =
10" cm®. The thickness of this layer will depend on the
time of exposure, the temperature and may be tens of
micrometers, which is proportional to the size of the
PbTe grains used to press the thermoel ements. The task
of this work was to obtain samples by pressing from
annealed powder in the air, to measure the concentration
of carriers in them and to offer a model of a defective
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subsystem for the interpretation of the data.

|. Experiment

Synthesis of investigated semiconductor materias
was carried out by fusion of components in vacuumed
ampoules of the quartz glass brand of Pirex. Ampoules
were made of tubes with an outer diameter of 20 mm and
a wall thickness of 2 mm. Before loading, the ampules
were cleaned with a mixture of nitric and hydrochloric
acid. For synthesis, AlfaAesar productions of purity of
99.999% were used. The pumping was carried out to a
pressure of 10 Pa using a vacuum post Hi CubeEco.

Vacuumed ampoule with materials was placed
horizontally in muffle furnace Naberzem, which allowed
carrying out al  heating-cooling  procedures
automatically. The synthesis was carried out in several
stages. heating to 500 °C and shutter speed 1 hour,
heating to 700 °C, and endurance of 3 hours, heating to
1020 °C and shutter speed 1 hour, cooling to 900 °C and
extraction from the furnace.

Samples for measuring electrophysical parameters
were obtained by pressing the powder obtained by
grinding synthesized ingots in an agate mortar.
Annesling of powders in the air was carried out in a
vessel made of quartz glass. For pressing samples used
fractions of size (50-500) microns.

The compression pressure of the samples was
1.5 GPa. The diameter of the pressed samples was 5 or
8 mm (depending on the required measurements), and the
height to diameter ratio was ~ 1:1. The obtained samples
were annealing in argon at a temperature of 500 °C.
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Fig. 1. Temperature dependences of specific electrical conductivity o (a) and Seebeck coefficient o (b) for samples
of pressed powder annealed in air at 350 °C 2 hours. Pressure of pressing 1.5 GPa (‘not anneal’ —not anneal
samples, ‘anneal’ —samples annealed at 500 °C 15 minutes, ‘anneal 1h’ —samples annealed at 500 °C 1 hour).

The method for measuring €eectrophysical
parameters and the Hall effect is described in detail in
[9].

II. Experiment resultsand their
analysis

Samples were obtained by pressing a powder that
was annedled in the air at 200 °C for 5 hours shows
excelent properties, which may be evidence of the
incompleteness of diffusion processes at such annealing
temperature and time. An increase in the annedling
temperature of the powder to 350 °C (2 hours, aso
during the heating and cooling of the powder in the
furnace) greatly reduces its specific eectrica
conductivity without changing the quality dependence of
o (T) compared to pressed samples of PbTe witch
obtained from no anneadling powder [7]. At the same
time, the Seebeck coefficient has almost not changed (in
comparison with the sample from annealing powder)
(Fig. D).

After the annealing of two equally prepared samples
for 15 minutes a a temperature of 500 °C, ther
conductivity and Seebeck coefficient differed dightly.
After annealing during 1 hour, differences were absent. It
is important that the concentration of carriers in the
samples was the same even after anneding of 15
minutes.

On the Fig.2. shown that the annedling of the
powder does not change the concentration of carriers in
the sample, unless the sample itself is anneded. Its
temperature  dependence is  quantitatively and
qualitatively similar to those obtained from non-annealed
powder [7]. However, after the annealing of the sample
itself, the temperature dependence of the carrier
concentration is similar to the annealed sample from the
no annealing powder, but the numerical values of ny are
higher. Such an increase in the Hall concentration, and
practically the same for two temperatures of annealing of
the powder, may indicate an increase of defects
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subsystem due to the interaction with oxygen.

X-ray diffraction of oxide phases on anneded
powders was not detected, and the cell parameter after
annealing dightly decreased: for non-annealed powder
PbTe-6.45866 (14) A, and for annedled in air a 350 °C
(3 hour) - 6.45815 (15) A. Consequently, the anneding
of powders for pressing in the air, on the one hand, leads
to a decrease in their specific eectrical conductivity, and
on the other, to increase the concentration of carriersin
them. Reducing the conductivity of the samples seems
logical and is caused, most likely, by a decrease in
mobility, due to potential barriers at the boundaries of
crystallites. The increase of carriers concentration can be
interpreted as part of the model of the defective
subsystem of PbTe O crystals.
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Fig. 2. Dependence of the Hall concentration of
carriers on temperature for samples pressed powder
annealed in air at 200 °C 5 hours (samples XXXIX AP;
‘1a, ‘1b’ — samples not anned, ‘1a after anneal’, ‘1b
after anneal’ — samples annealed at 500 °C 15 minutes)
and 350 °C 3 hours (samples XL AP: ‘3a after anneal’,
‘3b after annead’ — samples annealed a 500°C 15
minutes). Pressure of pressing 1.5 GPa.
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[11. Thermodynamics of point defects
lead telluride doped by oxygen

The concentration of point defects in a p-type
conductivity crystal at a given temperature T can be
determined from the condition of the minimum free
energy of the crystal [10]:

F= FU + (Eo$e + Fvib,0$e)[o$e] + (Eo; + Fvib, o; )[O'] +

+(Ev§‘; + Fvib,v,%; )[VFi; 1- TS -mp (1)
where F, is free energy independent of the presence of
defects, E isthe energy of the defect formation, F;, isthe
free oscillatory energy of the defect, [D] is the
concentration of the defect D, p is the hole concentration,
S is the configuration entropy, u is the chemical
potential.

Literary data on the energy of formation of
substitutional defects of Oy are absent. The formula used
for ther evaluation was:

E(O,.) =6(E>™ - E®), 2@

where EZ" and E;boare the energy of one bond in the
lead telluride and the lead oxygen. The number in front
of the brackets is the number of bonds that form an atom
in the structure of NaCl with its closest neighbors. Using
data [11], the energy of formation of defects of
replacement Ore E(O,,) =4,84- 5,02=- 0,18 (eB)

Free oscillating energy of the subgtitutional defect
[10]

R = XO3KT INGr- €)
eWo g

where x is the number of atoms that have changed the
frequency of their own oscillations from @o to ®. The
change in the frequency of oscillations of atoms in the
vicinity of the defect of substitution Or. was determined

by the formula [12]:
W _ ToOpre - 545425 ) @)
W, Tprlo 1190X55

here To, Trote IS the melting point, 0o, 6Pyre i the Debye
temperature for oxygen crystals and lead telluride. Given
that wy/ow<<l, then F,, is a negative value, so
consequently, the formation of such defectsis an energy-
efficient for crystal (at T = 1000 K, Fyip = -5 V).

For an internodes oxygen atom, it is difficult to
perform a similar estimation of the generation energy of
a defect, so thisvalue, and also o/w0, were considered as
variation parameters. It should be noted that in order to
determine the free vibration energy of the internodes
atom in formula (3) on the right of the sign of equality,

g0 \r

§T 5
[10], where T4 isthe Debye temperature for PbTe.
Minimization of the function (1) must be made
taking into account the condition
[02,]+[0]1= 0, (5)
The configurational entropy of the crystal, in the
presence of defects in cationic and anionic sublattices, as
well asin internodes cavities, will be determined as:

SK = Sx,c +sK,a +sK,i

we must take into account the summand 3kTIn

(6)
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where;
S =KIN(NINN, - [VZTIN[VET- (N - [V D) In(N, - [V21)

S, =KIN(N, INN, - [0, 1In[0%,] - (N, - [O%])In(N, - [O%,]))
S.; =kIn(N;InN; - [O:2IN[O; 2] - (N, - [O;*])IN(N, - [O;%]))

The chemica potentia of free charge carriers can be
determined from the equation of eectroneutrality,
represented as.

Eg+m

-AV]- 407 =-Nyae T

whereof

-2 -2
m=-E, - kTIn—2[VF’"] +20]]

h

then
-2 -271 &
= E, - krin Vel * A0 100y 21 4017
é Ny, 2
For a procedure for minimizing free energy, we must
find derivatives of (1) for each of the defects, eguate
them to zero and solve the resulting system of equations.
The final expressions for calculating the concentrations
of point defects have the form:

[02]= Naexpg AT LTF x
4 (7)
((va)(2vee1+ 20,7) =
) NcNﬁeng E,.*+ FWb’ViT- 2KT - 2E, gx
B (8)
[0/1=0,, - [O%]
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Thus, from eguation (7) we obtain the concentration
of oxygen atoms in the nodes of telluride; knowing it, as
wedl as Oy, from equation (8) determines the
concentration of internodes oxygen atoms; under the
well-known [Oi] from (8), we determine the
concentration of vacancies of the lead. Equations (8),
solved numericaly, in the medium of MAPLE 14. With
three possible roots - one real (physical) and two
complex conjugate. The thermodynamic parameters of
the vacancy in lead are defined in [13].

Figure 3 shows the results of calculating the
dependence of the concentrations of point defects and
holes on the temperature for PbTeO. Experimenta
points are the measurement data for the sample
XXXIX 1b obtained by pressing the powder, which was
annealed in the air. The value of Oy varied to achieve
the best agreement of the calculated curve with the
experimental data p (T). The resulting optimum value is
Otot = 1.6 10'® cm”™.

The concentration of lead vacancy in the figureis not
given, since these numerical values were at the level of
10% cm®. Consequently, the dominant point defect,
which determines the temperature dependence of the
measured Hall concentration in the temperature range
(30-150 °C), is the internodes oxygen atoms. As the
temperature rises, their concentration is decreases, and
the concentration of Oy, substitution defects increases. At
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Tablel

Parameters of elements[11] and calculated deformation contributionsinto the energy of formation of complexes

Element x, [Mla™ leov, A lion(2-), A AE*, eB
Pb 0.025 1.47 1.12 (2+) 0.26
Te 0.048 1.40 1.92 (2-) 0.55
0 0.455 0.73 1.16 (2-) '

* —the two values correspond to the cal culation using covalent and ion (2) radii, respectively.
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Fig 3. Dependence of the concentration of holes p
and point defects (1 -0O?, 2 — 0%) on the
temperature in the crystals of lead telluride doped by
oxygen (Op=1.6 10" cm™).

a temperature of 150 °C, the concentration of the latter
gtarts to dominate over the concentration of interstitial
atoms. However, in the given temperature range, for the
more correct determination of the type of the dominant
defect and its concentration, one should take into account
the active generation of own charge carriers.

On the basis of the cdculated dependences we can
assume that the diffusion of oxygen atoms deep into the
near-surface layer is carried out by internodes positions
where the thermodynamic equilibrium defects are
localized. Despite the much lower energy of formation,
Ore substitution defects cannot be formed at a given
temperature, since this requires the release of the
telluride atom from its node, and the energy of this
process is about 3 eV [13], that is, it is quite high. This
conclusion, in particular, is confirmed by the low
concentration of vacancies in the lead, for which the
formation energy is also ~ 3 eV [13]. With increasing
temperature, the probability of leaving the atom of
telluride from its node increases, which contributes to the
concentration growth of the replacement defects Oy, the
existence of which, according to the above calculations,
is energetically more advantageous for the crystal.

However, this model cannot explain the decrease of
the cell parameter for the samples obtained from the
annealing powder in the air. The differencein theradii of
oxygen and telluride creates preconditions for the
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emergence of vacancies in the nearest node to the
substitution atom, that is, the formation of a defective
OreVp, complex. Its existence could explain the
observed changes in the magnitude a.

The energy of the formation of the "impurity atom -
lead vacancy" complex can be determined by the theory
proposed in [14]. The rooting of the impurity into the
lattice node causes the occurrence of local deformations
around the defect due to the inequality of the radii of the
main atom and the substitution atom. These deformations
change the energy of the formation of a vacancy in the
vicinity of the defect, and this change can be quantified
by the formula [14]:

DE » 6p(fre - 10)’lo _ @+ h)xqdo

z(1- a)Xqe 2(1- h)Xgrre
v, fo are covalent radii of the impurity atom and the
substituted atom, X and X+ are the compressibility of the
impurity atom and the substituted atom, ) is the Poisson's
ratio of the main substance (npyte = 0.67 [15]).

If defects that form a complex ionized, then it is
necessary to take into account the electrostatic energy of
thelr interaction:

(10)

1

—_— ZVTEZLnPo >e2
KT dpeeyr
where z - charges of defects, r - the distance between
them. However, the oxygen in the tellurium node is most
likey in an electroneutral state, so this part is not
relevant.

On the other hand, in the case of a purely ionic
coupling model relative to the crystalline lattice, oxygen
in anionic sublattice should have a charge of -2, and
therefore, electrostatic repulsion may occur between this
atom and the twice-negatively ionized lead vacancy. But,
given the high static dielectric permittivity e(PbTe) = 400
[16] (and the static didectric constant [14] must be used
for the calculation) AEx = 0.02 eV, which practically will
not affect the result of the calculation. The distance
between defects was taken egual to the interatomic
distancein the ideal crystal PoTe (r(VPb-OTe) =~ 3.23 A).

According to the calculation (Table 1), the formation
energy of the complex (that is, the energy gain in its
formation) is 0.26 eV when used for calculating the
covalent radius, or 0.55 eV using an ion's radius. Such
values of formation energies of complexes indicate that
their concentrations can be high.

(11)
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Conclusions

1. With the annealing of PbTe powder in air a a
temperature of 300 °C, the oxygen atoms actively interact
with it, diffusing inward and increasing the concentration
of holes. This process is characterized by outlet to the
saturation during specific technological annealing
parameters, and the maximum observed concentration of
carriers of is (4.0-5.0) 10" cm®,

2. Experimentally measured temperature
dependences of carrier concentrations can be explained
within the framework of a model that takes into account
the localization of oxygen atoms in internodes positions
or in anionic nodes. In this case, the weak temperature
dependence ny(T) may be due to a change in the
dominant mechanism of the occurrence of oxygen atoms
with temperature change.

3. For a deeper anaysis of the defective subsystem
of PbTe:O crystals, it is necessary to make calculations
using amodel that takes into account the formation of the
defective Vpy-Ore coOmplex, the calculation of the energy
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JocnipkeHo enexTpodi3uuHi BIacTHBOCTI (TMTOMA €IeKTPONpPOBiqHICTh, KoedinienT Tepmo-EPC, edekr
Xomta) IwiroMOYM TenypuIy OTPHMAHOIO IPECYBAHHAM IOPOMIKY. IIpM IbOMY IOPOLIOK HOHEPeIHbO
npoxomus TepMidHy 00pooky mpu 300 °C Ha moOBiTpi MiA HAacHYEHHs Woro okcureHoM. J[ist iHTeprperaii
OTPHMaHUX EKCIEPUMEHTAJIbHUX JIaHUX 3alpOIIOHOBAHO MOfeNb Je(EKTHOI MiJCHCTEMU JIETOBaHUX
OKCHI'€HOM KpHCTaJiB IUIIOMOYM TEIypuay.

Kurouosi ci1oBa: ruiroMOym Tenypus, JieryBaHHsl, ipecyBanHsi, Tepmo-EPC.
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