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ABSTRACT

PbTe is a premiere mid-range temperature thermoelectric material and recent studies have proven nanostruct-
ing as an effective approach to reduce thermal conductivity of alloys. Whereas, little attention has been given
to long-term thermal stability of secondary phases and microstructural evolution. Interestingly, replacing Te with
S in PbTe provides an opportunity to form nanostructures in the bulk material through spinodal decomposi-
tion, which appears in binary phase diagrams of the PbTe—PbS system. Herein, the critical composition of
PbTe, 43S, 4, alloy is fabricated to n-type by chlorine doping. Thermoelectric transport properties of the alloy
are investigated in the 300-850 K temperature range and the maximum zT achieved at 800 K is 0.75 with a
predicted zT ~ 0.85 at 750 K from single parabolic band model. The microstructure of the sintered samples
was studied by FEG-SEM for both the as sintered and post transport properties measurement. The experi-
mental results are compared with estimates from the parallel and series models for heterogeneous composites
of single phase PbTe and PbS. The Seebeck coefficient is in agreement with the models predictions, but the
resistivity is higher and the thermal conductivity is much lower than predicted values. We propose that this is

attributed to the phonon and electron scattering on solute atoms in solid solutions and at interfaces.

KEYWORDS:

1. INTRODUCTION

Solid-state thermoelectric convertors, using thermoelectric
materials, are considered promising candidates for comple-
mentary clean and renewable energy sources. Although a
feasible thermoelectric generator for primary power gener-
ation requires thermoelectric materials with z7" above 1.5
at an 800 °C operation temperature,' the small size, rapid
response and robustness of thermoelectric generators have
made them competing candidates for other applications.?
The efficiency of thermoelectric materials is determined by
the dimensionless figure of merit, zT = S*To /(ky +K,),
which is a function of lattice thermal conductivity (k,),
electronic thermal conductivity (kj), the Seebeck coeffi-
cient (), electrical conductivity (o), and absolute tem-
perature. Nanostructured thermoelectric materials such as
thin-film superlattices and nanowires, exhibit higher z7
compared to their bulk counterparts, due to the reduction
in thermal conductivity by phonon scattering mechanisms
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and/or an increase in Seebeck coefficient (S) from quan-
tum effects.>* However, they cannot be used for high vol-
ume applications, so nanostructuring should be utilized in
bulk materials.

A large number of recent studies®!® have focused on
the so-called mid-range temperature (600-900 K) thermo-
electric materials and specifically PbTe, where the majority
of broad-based applications benefit. Recent studies’® - 12
have improved PbTe thermoelectric performance signifi-
cantly through tuning the electronic structure and/or nano-
structuring of bulk materials. However, Te is rare in the
Earth’s crust, used in other applications'® and is expensive
hence the focus in the latest studies'*!7 trying to replace
Te with Se or S.!%!° Sulphur is amongst the 16 most
abundant elements in the Earth’s crust'® and replacing Te,
partially with S also provides a fascinating opportunity to
form fine lamellar microstructure through spinodal decom-
position, which appears in binary phase diagrams of the
PbTe-PbS system. Lamellar patterns resembling a eutectic
structure have been demonstrated for several thermoelec-
tric materials'”2°?2 and thermal conductivity reduction has
been reported, specifically for PbTe-PbS system,'*!7-23
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where the reduction in thermal conductivity was essen-
tially attributed to an increase in phonon scattering at the
interfaces. However, neither of the selected compounds in
PbTe-PbS system exhibits the critical composition, where
the composition passes through the top of the miscibil-
ity gap (the critical point). Moreover, long-term stabil-
ity at high temperature and microstructural evolution is
not discussed. Recent study.”* on spinodally decomposed
PbTe—-GeTe has shown that the figure of merit at room
temperature is improved when the solid solution is slightly
decomposed and the improvement disappears upon the
coarsening of the nanostructure.

In the present work, lamellar PbTe—PbS structure is
obtained in the critical composition of PbTe,S, 35 alloy.
In order to avoid deterioration of transport properties by
coarsening of the microstructure through experiments, the
structure was kept at the annealing temperature, allowing
for slow structural relaxation and coarsening, to approach
the equilibrium state. The electronic transport properties
were measured over the temperature range of 300-850 K
and compared with composites of individual compounds.
The microstructure is studied carefully in the as sintered
sample and post transport properties measurements. The
Single Parabolic Band (SPB) model was adopted to predict
the optimised figure of merit.

2. EXPERIMENTAL DETAILS

2.1. Synthesis

Polycrystalline samples of PbS and PbTe were prepared
by appropriately mixing high purity Pb (99.999%), Te
(99.9999%) and dried S (99.9%) in vacuum sealed quartz
ampoules at a residual pressure of ~ 10~ torr, and reacted
in a high temperature furnace to produce high purity
PbTe and PbS starting materials. The final Polycrystalline
PbTe, (,S, 35 samples were synthesized by mixing appro-
priate stoichiometric quantity of high purity PbS, PbTe and
0.1 mol% PbCl, as a dopant, with a total mass of 10 g,
sealed in carbon-coated quartz tubes under vacuum, then
heated to 1323 K at ~100 K/h. After soaking at 1323 K
for approximately 6 hours, the sample was cooled to room
temperature followed by annealing at 773 K for 48 h. The
resulting ingot was hand ground to powder and sintered
at 773 K for 1 h in a 12 mm diameter graphite mould,
at an axial pressure of 40 MPa under argon atmosphere by
induction hot pressing.

2.2. Resistivity and Hall Measurements

Samples were loaded onto a heated BN substrate and four
probes were attached to the edge of the sample. The sam-
ple was placed in vacuum with a magnetic field (up to
42 T) perpendicular to its surface. The resistivity p and
Hall coefficient R, (along the in-plane direction) were
measured using the Van de Pauw method. The Hall carrier
density (n,; = 1/e-ry) and mobility (u = r,/p) were then
calculated based on the measured R,,.

Aminorroaya et al.

2.3. Seebeck Coefficient Measurements

The Seebeck coefficients were obtained along the sam-
ple’s cross-plane direction. The samples were placed in
contact with a heater on each surface in a vacuum cham-
ber. Two Nb-Chromel thermocouples were also pressed
against the two surfaces of the sample by spring force.
The heaters were programmed to provide a temperature
difference oscillation between +7 °C whilst maintaining
a set average temperature. The thermoelectric voltage and
temperature on each surface were recorded, with the slope
giving the Seebeck coefficient at the average temperature.

2.4. Thermal Conductivity Measurements

The thermal conductivity k is calculated from k = pD;C,,.
The laser flash method (Netzsch LFA457) was used to
measure Thermal diffusivity D;, density, p, was calculated
using the measured weight and dimensions, and the spe-
cific heat capacity, C,, was estimated by:

C, (ky per atom)=3.07+4.7 x 10~* x (T /K —300)

The combined uncertainty for all measurements involved
in zT determination is ~20%.

2.5. Microstructure Analysis

The crystallographic structure and composition were char-
acterized by X-ray Diffraction (XRD) using a PANalyti-
cal X’Pert Pro X-ray diffractometer with Cu K, radiation
(A=1.544 A, 40 kV, 30 mA). The microstructures were
analysed by a a JEOL JSM-7500FA Field Emission Gun-
Scanning Electron Microscopy (FEG-SEM), equipped
with a Bruker X-Flash 4010 Energy Dispersive Spec-
troscopy (EDS) detector.

3. RESULTS AND DISCUSSION

3.1. Microstructure

According to the quasi-binary phase diagram of PbS-
PbTe,® shown in Figure 1, there is unlimited solubility
of PbS and PbTe phases in both liquid and solid states at
temperatures above 1070 K. At lower temperatures, S-rich

1200

(P, Te, S) liquid

(Pb, Te, 5) solid solution

Temperature °C
o0

2

Miscibility gap

400 — S ——————
PbS 20 40 60 80 PbTe

Mol%
Fig. 1. Quasi-binary PbS—PbTe phase diagram, data points are extracted

from Ref. [25]. The coordinates of the critical point are 1070 K and
38 mole% PbTe.
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Fig. 2. Back scattered SEM image of the annealed sample sintered at
773 K for an hour prior to transport properties measurements. The bright
phase is corresponding to PbTe phase and dark phase represents PbS
phase.

and Te-rich NaCl structure PbS(Te) and PbTe(S) form.
The critical composition of PbTe,4,S,35 passes through
the top of the miscibility resulting in an entirely lamel-
lar pattern of PbTe-PbS alloy as represented in Figure 2.
The lamellar patterns are divided into two categories of
eutectoid transformation and discontinuous precipitation.?*
In the eutectoid transformation, the parent phase decom-
poses into two distinctive crystallographic phases, while
discontinuous precipitation involves the formation of a
new phase in a solute depleted matrix. In order to dis-
tinguish the phases and measure the ratio of individual
compounds, the X-ray diffraction pattern of the composite
is indexed and refined using Rietveld analysis in Figure 3.
The XRD pattern shows two distinct phases of PbTe and
PbS with 49.5 wt% PbTe in the composite, which is higher
than the theoretical value of 46 wt% for the nominal com-
position. The distinct composition of phases regardless of
the shape and size of each phase in the lamellar structure,
confirms the eutectoid-like transformation which is char-
acteristic of discontinuous reactions.?* The lattice parame-
ter from the pattern was calculated to be a = 5.95 A and
a=6.42 A for PbS and PbTe respectively compared to
a=593 A and a = 6.46 A for pure PbS and PbTe. It is

‘I
A PbTe
- PhS
=
$ | A
£
=
2‘- -
= ‘ R .
| T & ol el w»
A - | 'U
all , P o=
e :lll_Juu‘Ll'J\_,“_lM fl.lzl '-_.J‘~I_a‘.
20 30 40 50 60 70 80
2Theta

Fig. 3. Room temperature powder X-ray diffraction pattern for PbTe
and PbS (red lines) from 20° to 90°, together with the fit of the model to
intensities (blue lines).
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shown that the PbS unit cell volume has been increased
due to the substitution of larger Te atoms for S in PbS(Te),
and the PbTe unit cell volume has been reduced by the
substitution of S for Te in PbTe(S). Therefore the phase
ratio is deviated from pure PbTe and PbS phase, which
describes the variation of phase ratios from nominated
composition.

Nanostructures in materials can be created by nano-
precipitation in the matrix, nanograins (introducing grain
boundaries) and nanocomposites. Spinodally decomposed
alloys fall into the nanocomposites category. Their com-
plicated topology, created by simultaneously movement
of grain boundaries causes each phase to be surrounded
by other one. Due to the nature of spinodal decomposi-
tion, the products remain in a non-equilibrium condition
in terms of the composition. The small interlamellar spac-
ing imposes a considerable amount of phase boundaries to
the system. This in turn provides a considerable amount of
free energy for further microstructural evolution. The slow
cooling rate followed by annealing at 773 K leads to sig-
nificant coarsening of the structure. Figure 2 shows that the
interlamellar spacing is varied in different grains. It might
be attributed to the discontinuous coarsening of lamellar
structure at grains with different size and crystallographic
orientation.

3.2. Transport Properties

The electronic transport properties of the spinodally
decomposed compound are shown in Figure 4 for the tem-
perature range of 300-850 K. PbCl, has been used as an
n-type dopant. Each chlorine atom is expected to donate
one extra electron to the compound that offers approxi-
mately 3 x 10! cm™ carriers. The Hall carrier concentra-
tion of the sample at room temperature is measured equal
to 2.8 x 10" cm™3. The difference is within the experi-
mental error.

The lattice thermal conductivity is calculated by sub-
tracting the electronic thermal conductivity using the
Widemann-Franz relationship k, = LT /p. Where p is the
resistivity, and L is the Lorenz number estimated as a func-
tion of temperature, through fitting the reduced chemical
potential n obtained from the Seebeck coefficient, S, as
expressed in Eq. (1). The acoustic phonon scattering and
SPB model® was assumed for this calculation.

EE)

The m values that fit the temperature dependant S is
used to calculate L through Eq. (2):

_ (k\3R(nFE(n) —4F (1)’
L= ()

The Lorenz number versus temperature is shown in
Figure 4(c). By temperature increment, the Lorenz num-
ber decreases as m is decreasing. At high temperatures,

)
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Fig. 4. Thermoelectric properties of PbTe4,S, ;s alloy, doped with 0.1 mol% PbCl,. (a) Electrical resistivity and seebeck coefficient as a function
of sample temperature, (b) total thermal conductivity and lattice thermal conductivity as a function of sample temperature, (c) Lorenz number as a
function of sample temperature, (d) figure of merit (z7) as a function of sample temperature.

the single-band model can fail if the band gap is small
enough to allow both holes and electrons to be present and
bipolar diffusion taken place. If this happens, the Lorenz
number calculated in this manner shows an upturn at high
temperatures.?® This event is not observed for the current
sample, which indicates that bipolar diffusion only has a
minor effect on the transport properties for this doping
level and temperature range.

The thermoelectric figure of merit z7 is shown in
Figure 4(d). The maximum value is found to be ~0.75
at 800 K. In order to compare the transport properties of
the spinodally decomposed alloy with pure PbTe and PbS,
the experimental data of pure n-type PbTe and PbS with
similar carrier concentration was used from literature'* 2’
and compared with estimations from the parallel and series
models® in Figure 5 at 300 K and 700 K. These models
are used to bracket the properties of heterogeneous mate-
rials at any microscopic configurations between upper and
lower bounds respectively. The equations for the models
are summarized in Table 1. Figure 5(a) shows the Seebeck
coefficient of the sample lies between parallel and series
models as expected while Figure 5(b) illustrates that the
electrical resistivity of the sample is slightly higher than
estimated values from the upper bound model. It is worth
noting that solid solution in single phase thermoelectric
materials is traditionally used to reduce thermal conduc-
tivity through scattering of phonons. However, electrical

conductivity is decreased as well due to scattering of
carriers. The parallel and series models describe the prop-
erties of hybrid materials where the chemical composi-
tion and consequently physical properties of each phase
is equal to the starting individual compounds. However,
the PbTe(S) and PbS(Te) phases which are spinodally
decomposed are solid solutions of Te-rich and S-rich PbS—
PbTe respectively. Therefore, at the same doping level it
is expected that the electrical resistivity of either com-
pounds would be higher than pure phases due to scattering
occurred in solid solution phases. Consequently, it is antic-
ipated that the current sample achieved higher electrical
resistivity values than the estimated model values.

Figure 5(c) shows that the thermal conductivity of the
PbTe 4,535 composite is significantly lower than the
bounds derived from the parallel and series models. These
results denote that phonon scattering has occurred due to
disorder rising from solute atoms in solid solution as dis-
cussed above, and also through interfaces of the lamel-
lar pattern. Although the interlamellar spacing has been
increased by equilibration at high temperatures, compared
to previous studies,'” phonon scattering by boundaries and
interfaces played a significant role in the thermal conduc-
tivity reduction.

Gorsse et al.?* investigated the effect of aging on room
temperature transport properties of spinodally decom-
posed PbTe-GeTe alloy and showed that by annealing

=Y

Sci. Adv. Mater., 6, 1-7, 2014



Aminorroaya et al.

Thermoelectric Properties and Microstructure Studies of Spinodally Decomposed PbTe, 35S, ¢, Alloy

° 38 ~+Parallel-300
@ _20 ® —=-Series-300
40 £ —Parallel-700
€ & _W . s
% -80 ~—Parallel-300 % 2
.§ -100 -=-Series-300 S 15
% 120 ~Parallel-700 | 3
b1 ——Series-700 T‘g 1
-140 x
05 -
-160 M , M
]
-180 0
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
PbTe fraction PbTe fraction
© € ol g |
£ = Series-300
"E‘ 4 | - Parallel-700
— Series-700
g,
©
=]
=]
B2
2 e
E 1 .
Q
=
[
0 4
0 0.25 0.5 0.75 1
PbTe fraction

Fig. 5.

(a) Seebeck coefficient (S) versus PbTe volume fraction, (b) electrical resistivity (1/0°) versus PbTe volume fraction and (c) thermal conductivity

versus PbTe volume fraction of PbTe¢,S, 55 alloy estimated from parallel and series models at 300 and 700 K.

the quenched sample at 773 K from 1 to 1000 minutes
(~ 17 hours), the transport properties are changing by
evolution of the microstructure. However there is only a
slight difference between the measured transport proper-
ties, for samples aged longer than 100 minutes. In the
present study, annealing at 773 K for 48 hours is consid-
ered to obtainequilibrium, and the transport property mea-
surements were performed on a single sample. Therefore
several heating/cooling cycles within the 300 K to 850 K
temperature range were applied to the sample within a
few days of measurements. The SEM image of the sam-
ple after measurement is illustrated in Figure 6. Compar-
ing the lamellar pattern with the as sintered sample in
Figure 2 clearly demonstrates the coarsening of the lamel-
lar structure. The large fraction of interfaces and partial

Table I.
materials.?

Analytical models for effective properties of two phase

Seebeck
coefficient (S)

_ S0 fi +S,0,(1 = f)

Thermal and electrical
conductivity (A)

Parallel model A=Afi+A(0—f) S

(upper limit) o fito(1-f)
AA 1—
Series model P L B— _ Sikafi + Sk (1= f1)
M =F)+A0 K i+ (1= f)

(lower limit)

dissolution of both phases by increasing the temperature,
and re-precipitation during cooling accelerate the coarsen-
ing of the lamellar patterns.

3.3. Modelling
The Single parabolic band model was employed to esti-
mate the optimized thermoelectric efficiency in this alloy.?®

Fig. 6. Back scattered SEM image of the sintered composite after trans-
port property measurements where the sample has been through several
cycles of heat treating within the 300 K and 850 K temperature range.
PbTe and PbS correspond to the bright and dark phases respectively.
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The model employs the Fermi integral F;:

00 glde

I +exp(e —n) ©)

F(n)=[ fede=|

0 0

Where m is the reduced chemical potential and the
reduced Fermi level is calculated from Eq. (1). The effec-
tive mass (m*) estimated from Eq. (4) using 7, temper-
ature and carrier concentration (n), Where & is Planck’s

constant:
2m*kT\*?
n=47T<T> F1/2 (4)

Where the Hall coefficient for acoustic phonon scatter-
ing is given by:
3. Fap
ry = EFI PoRE 5)
The mobility parameter, u,, should be estimated at the
temperature of interest. The Hall mobility u, = (pnye)™
and Eq. (6) are employed to estimate w,:

F—]/2
2F}

i = Ko (6)

The Lorenz number and lattice thermal conductivity
were calculated as discussed in the previous section.
In order to calculate a theoretical zT' versus carrier con-
centration, parameters m*, u, and k; at the temperature of
interest were used to calculate the B parameter and func-
tion ¢:

* 3/275/2
g ol /m) T -
Ky
3/2
8me (2m k /
L// = 2 FO (8)
3 h
0.90
=307
0.80 - =405
070 4 515
- =<630
5 0.60 - 748
=
5 050 850
g ® Experiment
S
S 040+
@
St
E)
20 0.30 4
=
0.20 4
0.10 4
0.00 T T T T
7.00E+16 7.00E+17 7.00E+18 7.00E+19 7.00E +20
Carrier concentration
Fig. 7. Single parabolic band prediction of z7 values versus carrier

concentration at different temperatures.
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The SPB model prediction of zT values versus carrier
concentration using Eq. (9) at different temperatures are
summarized in Figure 7.

L+ (yp)!

The model predicts the maximum z7" value at 750 K at
approximately 2 x 10! for the PbTe,,S, ;3 composite.

zT ©)

4. CONCLUSION

The thermoelectric transport properties of n-type
PbTe, 14S, ¢, alloy (critical composition) were investigated
in the 300 k to 850 K temperature range. The maximum
figure of merit of 0.75 was achieved at 800 K. The
Single Parabolic Band model was employed to estimate
the optimum Figure of merit for the n-type spinodally
decomposed compound.

We have shown that the lattice thermal conductivity of
the alloy is reduced by phonon scattering at interfaces and
also disorder rising from solute atoms in solid solution
phases that are in equilibrium at the temperature of inter-
est. Scattering in solid solution resulting in an increase
of the electrical resistivity was also observed. Therefore,
there is a compromise between low thermal conductivity
and high electrical conductivity in the spinodally decom-
posed alloys. It is also demonstrated that discontinuous
coarsening occurs in the alloy during measurements. Our
findings highlight the importance for careful analysis of
multiple phase alloy thermoelectric materials and in partic-
ular alloys with small spacing between secondary phases
that provides low diffusion distance to solute elements,
in the prolonged performance of end generators.
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