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Abstract: In this paper we compare the electrical and thermoelectric properties of polycrystalline PbTe doped with chromium
and iodine, obtained by the Bridgman method and the sintered material obtained following the powder processing proce-
dure. The highest values of the Seebeck coefficient for the polycrystalline and sintered material are as follows: - 160 pV/K
(T=675K) and - 311 pV/K (T = 573 K), respectively, thus indicating a significant improvement in the thermoelectric
properties of the sintered material. The studies of the influence of the powder particle size on the properties of the sintered
material were carried out.
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Poréwnanie wlasciwosci termoelektrycznych polikrystalicznego i spiekanego PbTe domiesz-
kowanego chromem i jodem

Streszczenie: W artykule przedstawiono poréwnanie wlasnosci elektrycznych i termoelektrycznych polikrystalicznego tel-
lurku otowiu domieszkowanego chromem i jodem, otrzymanego za pomocg metody Bridgmana z wlasno$ciami materiatu
spiekanego otrzymanego z proszkéw. Najwyzsze wartosci wspotczynnika Seebecka polikrystalicznego materiatu i materiatu
po spiekaniu wynosza odpowiednio: - 160 pV/K (7= 675 K) oraz - 310 uV/K (7= 573 K) i wskazuja na znaczng poprawe
parametrow termoelektrycznych materiatu otrzymanego w wyniku spiekania. Przeprowadzono badania wplywu wielkosci

ziaren proszku na wiasnosci materiatu spickanego.

Stowa kluczowe: termoelektrycznosé, PbTe, mielenie kulowe, prasowanie, spickanie

1. Introduction

Recently a significant development has been observed
in the area of the nanoscale properties of thermoelectric
(TE) materials and the control of their structure. Obtaining
low dimensional structures, fine-grained materials with
many grain boundaries and materials with nanometer pre-
cipitates makes it possible to improve the thermoelectric
efficiency described by the figure of merit (Z). The modern
synthesis and crystallization techniques enable reaching
higher values of the Seebeck coefficient and thermal
conductivity reduction at the same time. This makes them
potential candidates for playing a crucial role in the world
of renewable energy in the nearest future.

In order to capture the essence of the subject matter
the most important details are given. The efficiency of TE
materials depends on the following parameters: thermal
conductivity, electrical conductivity and the Seebeck co-
efficient. These parameters are connected with each other
by the following formula:

Z=5, (M

where o is the electrical conductivity, S is the Seebeck
coefficient and « is the thermal conductivity. The resulting
figure of merit Z is more commonly used in its dimen-
sionless form, ZT (where T is the absolute temperature)

in order to simplify the presented results. The S, x and o
values are in fact closely interrelated, since they are de-
termined by the same physical phenomena — defects and
impurities that affect one of these properties usually also
affect the other. Therefore, finding a compromise between
them is the greatest and most difficult challenge in
the production of these materials.

The free carrier concentration in semiconductors,
which is influenced by doping, has a strong impact on
the figure of merit. Fig. 1 illustrates the dependence of
several thermoelectric parameters on the concentration of
free carriers. While increasing the carrier concentration
has generally harmful effect on the Seebeck coefficient,
the electrical conductivity increases due to the increased
number of carriers. On the other hand, the electric contri-
bution to thermal conductivity (x,) becomes the dominant
thermal conductivity mechanism at high values of carrier
concentration. While values of all parameters are optimal
for semiconductors, both insulators and metals have high
values for single parameters but accordingly poor for
others [1].

Typically, the appropriate values of carrier concen-
tration in TE materials range between 10" and 10! cm?
[2 - 3]. To ensure that the Seebeck coefficient is large,
there should be a low carrier compensation degree. It me-
ans a few dopants of other type since mixed n-type/p-type
charge carriers lead to the opposite Seebeck effect and
hence to low thermopower. It is also necessary to select
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Fig. 1. Relation between thermoelectric parameters: Seebeck
coefficient, electrical conductivity, thermal conductivity, figure
of merit and free carrier concentration [1].

Rys. 1. Zalezno$¢ parametréw termoelektrycznych wspoétczynni-
ka Seebecka, przewodnosci elektrycznej, przewodnosci cieplnej,
dobroci termoelektrycznej od koncentracji nosnikow [1].

appropriate dopants and materials with suitable energy
bandgaps to have both a single carrier type and suffi-
ciently high carrier mobility. High efficiency TE mate-
rials are the materials with energy bandgaps lower than
1 eV, which is typical for heavily doped semiconductors.
It is very important to make thermal and electronic condi-
tions that determine the Z7 value independent from each
other. This has lately been the key strategy to improve Z7.

Group IV - VI semiconductor compounds, including
PbTe, are most commonly used in TE applications in
appliances called thermoelectric generators (TEGs).
These are the materials operating in the temperature
range of about 400 - 600 °C. By introducing various
types of dopants like La or Cr and adding for example
I dopant, high thermopower values can be obtained, thus
improving Z7 [4]. Chromium is a donor dopant in PbTe and
it substitutes for Pb in the lattice. lodine is also an n-type
dopant producing donor centers in PbTe [1]. It has recently
been suggested [5 - 12] that n-type PbTe double-doped
with both chromium and iodine displays a strong incre-
ase in thermopower at temperatures starting from 400 K
and reaching 600 K, leading to a strong power factor
enhancement at these temperatures. It is due to forming
a resonant level 100 meV above the conduction band
minimum of PbTe:Cr. The distortion in the conduction
band, taking place as a result of this effect, leads to a local
enhancement of density of states (DOS). On the other
hand, by controlling electron concentration due to the
iodine doping, the Fermi level position is tuned and the
Fermi level pinning can be obtained. Paul et al. [5] repor-
ted obtaining the coincidence of the Fermi level position
with the distorted band, at temperatures above 375 K,

which enabled a significant thermopower improvement.
In this investigation, achieving results comparable to
these of Paul was attempted by fabricating double-doped
PbTe : (Cr + 1) [13]. However, we obtained lower valu-
es of TE parameters comparing to that of Paul and the
explanation for this is given in this paper. Still, it is worth
noting that other authors also made attempts to reproduce
the results arrived at by Paul [13]. In the end, they did not
observe the enhancement of thermopower and high power
factor reported by Paul ef al.

2. Experimental details

PbTe ingots with the 0.01 and 0.03 mol. % of Pbl, were
fabricated using the following procedure. Stoichiometric
amounts of Pb, Te, Pbl,, having the purity of at least
99.99 %,were placed in quartz ampoules. This was followed
by sealing the ampoules at the pressure of 10 -107 Torr.
The amount of 0.01 mol. % Pbl, turned out to be insuf-
ficient to change the type of the material from p to n. As
a result, the ingot of partly n-type conductivity was obta-
ined following electrical parameters: n =4.04 x 10" cm?,
p =117 x 10° Qcm and u = 1322 cm*Vs. The rema-
ining part of the crystal was p-type, however, the carrier
concentration was reduced to n = 4.94 x 10" cm? at
p=17.06x10?% Qcm and x = 119 cm?*/Vs. The amount of
0.03 mol. % Pbl, added to PbTe crystal resulted in achieving
mostly n-type conductivity and the electron concentration
was 4 x 10" cm”. Subsequently, the ingot of Pb,_ Cr Te:1
(x=0.009) was fabricated following the same procedure.
Increasing the amount of the iodine dopant combined
with adding 0.56 mol. % of Cr enabled changing the type
of conductivity in the whole ingot. As a result, the level
of carrier concentration ranged from 10" to 10 cm?,
which is a desirable value.

The synthesis was carried out using a resistance fur-
nace at temperatures up to 1000 °C. The duration of the
process was 5.5 hours until all material elements were
homogenized. The material was mixed every 15 minutes
for even better homogenization of the elements. After 3 h
the furnace was moved to the vertical position and it was
held in this position for the next 2.5 hours at temperatures
up to 954 °C (Pbl, boiling point). Subsequently, direct,
vertical crystallization was conducted. The velocity of this
process was 12 mm/h in order to obtain fine-grained poly-
crystalline material (Fig. 2a). After ingot fabrication, it was
cut into specimens and the electrical and thermoelectric
measurements of polycrystalline PbTe were carried out.

Additionally, we fabricated sintered cylindrical discs of
PbTe:Cr,I following the procedure of dry ball milling, cold
pressing and sintering the obtained powders. The milling
process was performed in a planetary ball mill in the air
under the following conditions: v = 600 rpm for =5 min,

and v = 250 rpm for # = 15 min. Milling jar and balls
were made out of tungsten carbide. For cold pressing the
powders were loaded into a graphite die and pressed using
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Fig. 2. a) PbTe polycrystal obtained by the Bridgman method, b) powder particles of the material (larger dark objects are the clumps
of smaller particles), c) pellet obtained by cold pressing and sintering.

Rys. 2. a) Polikrysztat otrzymany metoda Bridgmana, b) czastki proszku PbTe (widoczne wigksze ciemne obiekty, to aglomeraty
mniejszych ziaren), ¢) pastylka otrzymana w wyniku sprasowania na zimno i spiekania.

the pressure of 30 atm. The material was annealed for 3 h,
at 600 °C in an iodine atmosphere. The obtained cylindri-
cal discs were 19 mm in diameter and ranged in height
from 2 mm to 5 mm (Fig. 2c¢).

The investigation of the structural properties of
the powdered material was carried out. The powder par-
ticle size analysis indicated that ~ 80 % of particles have
diameters ranging from 300 nm to 1 pm. Maximum me-
asured diameter values were of ~ 12 pm but it is supposed
that these are not single particles but clumps of particles
(Fig. 2b). However, it has already been noted that when
nanoscale powders are mixed (and densified) with micron-
-scale powders, conglomeration occurs [14]. By compari-
son, the measured grain size of the polycrystalline material
obtained by the Bridgman method ranged from ~ 200 to
~ 900 um. The powder particle size measurements were
also performed using the laser diffraction method and
confirmed these results.

The polycrystalline and sintered materials were cha-
racterized using the following methods:

* electrical measurements (including carrier concentra-
tion, mobility and resistivity) - by measuring the Hall
voltage as a function of temperature up to 725 K,

* the Seebeck coefficient — using set of two heaters - one
acting as a heat source and the other, as a heat sink -
by measuring temperature gradients and the Seebeck
voltage with two chromel-alumel thermocouples of
0.5 mm diameter. The Seebeck coefficient was deter-
mined from the ratio of the measured thermoelectric
power and the temperature difference,

¢ the thermal conductivity — by measuring density (p),
the specific heat (©), using the Simultaneous Thermal
Analysis (NETZSCH STA 449F1 apparatus) and the
thermal diffusivity () using the laser flash method
(LFA 457 laser flash apparatus) - both as a function
of temperature. The eventual thermal conductivity
was determined using the following formula:

w(Ty=p(T) - C(T) - «T). @

3. Results and discussion

The electrical and thermoelectric measurements were
performed after each stage of the technological process
(after obtaining the polycrystalline material and after
preparing sintered discs).

Figs. 3(a-c) show the temperature dependence
of carrier concentration, carrier mobility and resistivity,
respectively.

A decrease in current carrier concentration when
compared with the values obtained for the polycry-
stalline material was observed. This was probably due
to the evaporation of some part of the iodine dopant during
milling and sintering because of local high temperatures
in the material occurring during these processes. This
is consistent with the literature data [15] reporting on
the same effect when sintering PbTe with the Na dopant.
On the other hand, it has already been demonstrated that
ball milling the powders to nanograins causes strain within
the material and this affects transport properties, including
carrier concentration [ 16]. However this was found to have
a beneficial effect on the Seebeck coefficient because in
nanostructured semiconductors scattering of carriers due
to strain is obtained and this results in S enhancement.
S follows the Pisarenko formula [3]:

8n2k23 T 2/3

"G T (% : @
1
> =0 = ney, 4)

where k, is the Boltzmann constant, m* is the carrier
effective mass, e is the electron charge, 4 is the Planck
constant, n is the carrier concentration, p is the electrical
resistivity and u is the carrier mobility.

Oxidation can be another reason for a decrease in the
carrier concentration of the sintered material. Due to the
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Fig. 3. Plot of electrical parameters versus temperature for PbTe:Cr,I; comparison of parameters for polycrystalline (blue line) and
sintered specimens (red line): a) carrier concentration, b) carrier mobility, c) resistivity.

Rys. 3. Zaleznos$¢ parametrow elektrycznych od temperatury dla PbTe:Cr,I, porownanie parametrow probek polikrystalicznych
(niebieska linia) i po spiekaniu (czerwona linia): a) koncentracja no$nikow, b) ruchliwos¢, c) rezystywnos¢.

surface adsorption of oxygen, the acceptor states in n-type
PbTe are created. This draws electrons from within the gra-
in and leads to hole concentration increase. Surface oxida-
tion could occur during the milling process. An increase in
both the local and the average temperature in the mill due
to the dissipation of energy during collisions between the
particles of powders is very important and difficult to esti-
mate. As the particle diameter is reduced, the surface area/
particle size ratio increases which results in an inversion
from n- to p-type conduction [14]. One parameter which
influences the temperature during the milling process is the
thermal conductivity of the powdered material. It determines
the intensity of heat removal from the place of collision.
PbTe has low thermal conductivity, hence it does not re-
move the heat very quickly. On the other hand, all powder
processing was undertaken in air atmosphere, without
liquid and the material was milled at 600 rpm for some
time. Taking all this into consideration, we suppose that
oxidation can have a significant influence on the carrier
concentration.

A decrease in carrier mobility, due to reduction of
the grain size to nanometers was also observed (Fig. 3b).

Scattering of carriers on the grain boundaries and precipi-
tates can be treated as an explanation of this phenomenon.
This is an intentional effect, resulting in an increase in Z7.

The main purpose of this work was to investigate
the TE properties of PbTe:Cr,I polycrystals and material
prepared following the procedure of powdering, cold pres-
sing and sintering. The TE properties were investigated
at the temperatures ranging from 300 to 750 K.

The Seebeck coefficient of the material is negative,
thus indicating the donor nature of the dopants (Fig. 4a).
An increase in the absolute value of S as a function
of temperature is observed. This can be related with
increased resistivity resulting from a decrease in carrier
mobility. At room temperature the absolute values of the
Seebeck coefficient are lower as a result of higher carrier
concentration at this temperature [17 - 19]. By obtaining
the fine-grained material due to iodine incorporation
the effective scattering of long mean free path phonons
is realized [20 - 21]. This is likely to result in «, (lattice
contribution to thermal conductivity) reduction thereby
leaving holes/electrons unaffected (due to the so called
energy filtering effect).
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Fig. 4. a) Seebeck coefficient, b) thermal conductivity, ¢) electrical conductivity and d) figure of merit of PbTe:Cr,I versus tempe-
rature; comparison of polycrystalline material (blue line) and sintered specimens (red line).

Rys. 4. Zalezno$¢: a) wspotczynnika Seebecka, b) przewodnosci cieplnej, ¢) przewodnosci elektrycznej, d) parametru Z7T od tem-
peratury; porownanie wtasnos$ci materiatu polikrystalicznego (niebieska linia) i spickanego (czerwona linia).

To calculate the thermal conductivity of the material,
specific heat and diffusivity measurements were carried
out. A substantial decrease in thermal conductivity for
the sintered material was also observed (Fig. 4b). This
could result from the coherent scattering of the mid-to-
-long mean-free-path phonons on grain boundaries as well
as on chromium and tellurium precipitates.

The electrical conductivity of the polycrystalline
material decreases when increasing temperature as PbTe
is a degenerated semiconductor, in which the carrier mobi-
lity decreases with temperature, due to a high carrier con-
centration (Fig. 4¢). It is also consistent with the literature
data [5]. The electrical conductivity of the sintered material
is lower comparing with that of the polycrystalline mate-
rial. The reason for this is probably the lower value of car-
rier concentration. The electrical conductivity of the sinte-
red material gets slightly increased when the temperature
is raised, which is related with a slight increase in carrier
concentration. In general the obtained values of o are
too low to reach satisfactory ZT values and greater efforts
have to be made in order to achieve higher performances.

The ZT enhancement of the sintered material is obse-
rved in Fig. 4d when compared with the polycrystalline
material and this is probably due to the increase of the

Seebeck coefficient and thermal conductivity decreas as
a result of phonon scattering on grain boundaries at high
temperatures.

Fig. 5 shows scanning electron microscopy (SEM)
micrographs for polycrystalline PbTe:Cr,], obtained using
the Bridgman method. In micrographs for Te and Cr,
the spots with more intensive green and blue colour can
be observed. In the same places in the Pb micrograph
there is a blank. This suggests that Pb atoms are displa-
ced by Cr atoms and phases, containing Te and Cr, are
formed. This procedure was intentional and resulted in
the phonon scattering enhancement. Therefore, exceeding
the solubility limit of Cr results in the reduction of ther-
mal conductivity. Probably Te and Cr do not form one
single phase but are placed next to each other within
grain boundaries. This can be learned from the analysis
of the sintered material, demonstrating large Te precipitates
in the absence of Pb (Fig. 6). On the other hand, chro-
mium is uniformly distributed throughout the specimen
and the iodine content is below detection limit in both
cases. However, its presence was detected in fluorescence.

The quantitative analysis also confirmed the presence
of the secondary phase revealing the stoichiometric de-
viations of the material. The reason for such difficulties in
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Fig. 5. SEM images of polycrystalline PbTe:Cr,I obtained by
EDS microanalysis, indicating the formation of precipitates
of chromium and tellurium phases in PbTe:Cr,L.

Rys. 5. Zdjecia SEM polikrystalicznego PbTe:Cr,I otrzymane
w wyniku mikroanalizy EDS, wskazujace na powstawanie
wydzielen faz telluru i chromu w PbTe:Cr,I. SE MAG: 773x HV: 20kV WD: 18.0mm

Map data 2459 Map data 2459
MAG: 1000x HV: 20kV WD: 16.0mm MAG:1000x HV: 20kV WD: 16.0mm

Fig. 6. SEM images of sintered PbTe:Cr,I obtained by EDS

microanalysis.

Cr
Rys. 6. Zdjecia SEM spiekanego PbTe:Cr,l otrzymane w wy-

Map data 2459 A . .
MAG: 1000x HV: 20kV_WD: 16.0mm =2 " niku mikroanalizy EDS.
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obtaining a uniform distribution of the chromium dopant
can be explained by taking into account the very high
melting point of Cr (1907 °C) and the very low boiling
point of tellurium (988 °C). Therefore, the chromium
dopant incorporation occurs only by diffusion. However,
this procedure turned out to be beneficial — in our previous
investigation we obtained crystal doped with 12.3 mol. %
of Cr and the electron concentration in this material was
6 x 10'® cm?. Such a procedure of doping PbTe crystals
with Cr and hence, increasing their carrier concentration
can be also found elsewhere [13].

4. Conclusions

In summary, n-type polycrystalline PbTe doped with
iodine and chromium was prepared by the Bridgman
method. The sintered material obtained by ball milling,
cold-pressing and alloying polycrystalline PbTe was also
fabricated. The SEM analysis of both polycrystalline and
sintered materials was carried out. The electrical and
thermoelectric properties of these materials were deter-
mined. For polycrystalline PbTe, the following results
were achieved:

« the Seebeck coefficient: - 160 pV/K (7= 675 K),

* thermal conductivity: 5 - 3.4 W/mK (600 - 850 K),
* electrical conductivity: 200 - 125 [Qcm]? (600 - 700 K),
* the figure of merit (Z7): 0.06 (T = 675 K).

For sintered PbTe we have achieved the following
results:

» the Seebeck coefficient: - 311 uV/K (7= 573 K),

* thermal conductivity: 0.75 - 1.025 W/mK (600 - 700 K),
* electrical conductivity: 53 - 59 [Qcm]! (600 - 730 K),
« figure of merit (Z7): 0.42 (T = 603 K).

The thermal conductivity of the latter material
is strongly reduced due to the much lower grain size
when compared to that of the former material. This, in
connection with better Seebeck coefficient values allowed
obtaining a significant increase in ZT for the sintered mate-
rial. This fact and the knowledge gained during the present
study are promising and provide us with clues on how
to obtain sintered n-type PbTe with much better properties
in the future.
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