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We demonstrate an enhancement in the thermopower of PbTe nanostructures with grain sizes on the order of
30–50 nm, relative to bulk. The enhancement is similar in magnitude to that reported in the literature for
PbTe/PbSexTe1−x quantum dot superlattices. We provide proof, based on measurements of the transverse
Nernst effect, that the enhancement has its origin in electron energy filtering induced by an alteration of the
scattering mechanism.
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INTRODUCTION

Over the past decade, a combination of environmental,
economic, and technological drivers has led to a resurgence
in both the study of thermoelectricity and the search for new
materials with superior thermoelectric properties. Both the
conversion efficiency« of thermoelectric power generators,
and the coefficient of performance COP of thermoelectric
coolers are determined by the thermoelectric figure of merit
Z=S2s /k, where S is the Seebeck coefficient or ther-
mopower,s the electrical conductivity, andk the thermal
conductivity. Current thermoelectric technology(e.g.,
Bi2Te3-based compounds for thermoelectric coolers and
PbTe- or SiGe-based compounds for power generation) uti-
lizes materials withZ.T of order unity at their operating
temperatureT. Roughly a doubling of that number is neces-
sary in order for thermoelectric technology to reach its
potential.1

Recent work has suggested several routes by whichZ may
be increased. One of these, the so-called “phonon-glass/
electron crystal” concept,2 envisions materials possessing
high electron mobilities and conductivities but with thermal
transport properties similar to a glass or amorphous solid.
This model seeks to maximizeZ by increasing the ratio of
the electrical conductivity to the thermal conductivity. Vali-
dation of this approach was typified by the observation of a
high figure merit above room temperature in filled
skutterudites.3,4 Another approach, originally proposed by
Hicks and Dresselhaus,5 predicts an enhancement in the See-
beck coefficient in systems in which the physical dimensions
are smaller than the spatial extent of the electron wave func-
tion. In this case the enhancement ofS occurs due to an
increase in the density of states of electrons near the Fermi
level in the solid. Enhanced values of thermopower at ambi-
ent temperature have been observed in PbTe/PbSexTe1−x
quantum dot superlattice structures,6 which have reached
values ofZT<2, and in bismuth nanowire composites,7 the
effect in both cases attributed at least partially to quantum
confinement. An enhancement inZ has also recently been
reported in Bi2Te3-based superlattices,8 but this effect was
attributed to a decrease in phonon thermal conductivity at the
interfaces.

Here we describe the results of our study of the thermo-
electric properties of bulk PbTe-based structures, fabricated
using a conventional pressing/sintering process, comprised

of nanometer-sized grains. We observe, for grain size in a
certain range, an enhancement in the thermopower relative to
that of bulk PbTe, and provide evidence that this enhance-
ment is due to yet another mechanism: Selective scattering of
electrons depending on their energy. This idea has recently
been proposed for metallic structures9 and was the basis for
solid-state thermionic refrigeration.10 We note that the pres-
ence of nanoscale inclusions was reported in a recent paper11

on PbTe-based high-ZT alloys, although their role is not yet
elucidated.

THEORY

In a semiconductor, the thermoelectric powerS, the car-
rier concentrationp, and the electrical conductivitys are
functions of the Fermi energyEF in the system, the carrier
effective mass and the carrier scattering relaxation timete,
the inverse of the scattering frequency. This frequency in
turn contains two factors, the density of initial and final
statesgsEd, and the square of the matrix element of the scat-
tering transition WsEd, which is usually assumed to depend
on the carrier energyE as WsEd~E−l via a scattering pa-
rameterl. For scattering of carriers by acoustic phononsl
=0, whereas for scattering by ionized impuritiesl=2. If we
assume that the bands have a parabolic energy-momentum
Eskd dispersion relation,gsEd~E1/2, and this leads to the
familiar expressionte=toE

l−1/2, where to is an energy-
independent scaling coefficient. The assumption that the
bands are parabolic does not hold for the valence band of
PbTe. In this paper, we use the complete first order nonpara-
bolic expressions for the electrical conductivity, and the See-
beck, Hall, and isothermal Nernst coefficients.12 In particu-
lar, for the valence band in PbTe, the Fermi surfaces are
ellipsoids of revolution, and the energy dispersion relation is

"2kl
2

2ml
* +

"2kt
2

mt
* = gsEd = ES1 +

E

Eg
D , s1d

whereEg is the direct energy gap of PbTe,13 and k and m*
are the electron wavevector and effective mass(at k=0)
along the longitudinal(suffix l) and transverse(suffix t) di-
rections of the ellipsoids. The density of states is12
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whereg8 is the derivative ofg with respect toE, " is the
Planck constant, andmd

* =b2/3sml .mt
2d1/3 is the density of

states effective mass in which we include the degeneracy
numberb when the Fermi surface contains more than one
pocket. It follows from the description of the scattering pa-
rameter given above that the energy dependence ofte is
given by:12

te = to
gsEdl−1/2

g 8 sEd
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The carrier density is now
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where kB is the Boltzmann constant andz=E/ skBTd is the
reduced energy, so thatgszd is given by(1) but with z sub-
stituting for E. f0 is the Fermi-Dirac distribution function.
The electrical conductivity is:12
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wheree is the carrier charge,ma
* is the effective mass along

the crystallographic direction of the sample studied, or the
appropriate average mass for polycrystals, andg8szd is the
derivative ofgszd with respect toz. The low-field smB!1d
Hall coefficient is
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where K is the effective mass anisotropy coefficient,K
=ml /mt. The Seebeck coefficient is
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and the low-fieldsmB!1d isothermal Nernst coefficient is
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Typically one chooses a value ofl and adjusts the value
of the density of states effective massmd

* =sml .mt
2d1/3 to fit

the experimental data to the implicitSspd curve generated by
the nonparabolic formulas. In the case of PbTe, if one fixes

l=0 the resulting fitted values ofmd
* are roughly 50% larger

than the literature value of density of states effective mass.13

Alternatively one may use the accepted values13 for md
* and

adjust l to fit the Sspd data on conventional bulk PbTe
samples. This procedure yields a good fit to the experimental
thermoelectric power data on bulk p-type PbTe forl<0.7,
and this is the base line shown in Fig. 1.

On three of the samples studied here, rather than simply
fitting theSspd curve by assuming a value ofmd

* and adjust-
ing the value ofl to obtain a good fit, we determine the
values of the effective mass and scattering parameter directly
by making use of the method of four coefficients. In this
method one measures four transport properties on a single
sample at each temperature: Conductivitys (or resistivityr),
low-field Hall coefficientRH, thermoelectric powerS, and
low-field Nernst coefficientN. The experimental values of
these four quantities can be substituted into the complete
equations(5)–(8)12 to allow a determination of four indepen-
dent parameters:(1) carrier mobility m, which includes the
values oft0 and ma

* , (2) carrier concentrationp or Fermi
energyEF, (3) density-of-states effective massmd

* , and (4)
scattering parameterl. It is our object in the present inves-
tigation to demonstrate that by manipulation of the parameter
l via structural engineering at the nanoscale, it is possible to
create samples within this semiconductor system with a ther-
mopower that lies above the base-line curve.
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EXPERIMENTAL

The samples in this study were made using a standard
press and sinter type process. We have fabricated two types
of samples: Pure PbTe samples with nanometer-sized grains,
and a PbTe sample containing inclusions of EuTe. Starting
material was Alfa Aesar pure PbTe, to which was added an
appropriate amount of Tl and Te in order to adjust the hole
concentration. The starting ingot was pulverized using a mor-

tar and pestle and the coarse-grained powder was placed in a
ball mill with n-heptane and zirconia balls. Ball milling pro-
ceeded for several days to produce a fine-grained powder,
which was then isostatically pressed. The resulting pellets
were placed in a quartz tube, subjected to a H2 thermal clean-
ing process to remove oxides, and then the ampoule was
partially backfilled with a hydrogen atmosphere and sealed.
The sample was then sintered for the desired time and at the
desired temperature; see Table I for details. We characterized
the structure of our nanogranular samples using a Scherrer
analysis of the x-ray diffraction line width,14 using a single
crystal InP standard to determine the instrumental line width.
Control samples of bulk PbTe with crystallite size in the
range of several microns were also fabricated and their ther-
mopower measured to compare with the nanogranular
samples. To make the sample containing EuTe inclusions, a
process similar to that above was followed, except that
14 mol % Pb0.92Eu0.08Te (prefabricated by melting the con-
stituents at 1000 C and quenching in water) was added in
pulverized form to the pulverized PbTe ingot before ball
milling. In this case, both a coarse-grained(ball milling for
one hour) and a fine-grained(ball milling for 22 hours)
sample containing EuTe inclusions were fabricated.

Thermoelectric measurements were taken in a standard
liquid N2 cryostat using a conventional steady state tech-
nique. Absolute copper-constantan thermocouples were fixed
at two points along the sample length to measure the tem-
perature difference in the direction of heat flow; the copper
legs of these thermocouples were also used to measure the
Seebeck voltage. Current wires were added to perform con-
ductivity measurements. For transverse Nernst and Hall co-
efficient measurements a second set of gold wires were
placed in a direction transverse to the both the heat flow and
the applied magnetic field, which was varied from
−1.5 to +1.5 T. We report the Hall and the isothermal15

Nernst coefficient in the low-field limit.
The thermoelectric power of several of our nanostructured

samples is shown in Fig. 1 along with the results of Harman
et al. on PbTe quantum dot superlattice(QDSL) structures.6

For comparison we also show our results for two bulk PbTe
samples that agree very well with the literature values repre-

FIG. 1. Thermopower versus hole concentration for p-type
PbTe. The bottom solid line represents a fit to literature data on bulk
samples using(Ref. 12) a hole effective mass(Ref. 13) md*
<0.16 and a scattering parameterl<0.7. The middle and upper
solid lines correspond to the results of the model calculated by
incrementingl by amounts of 0.5(l=1.2 and 1.7, respectively).
The open circles represent data on our bulk samples.(m) are ther-
mopower data for nanogranular PbTe samples, which exhibit an
enhancement similar to that observed in quantum dot PbSeTe su-
perlattices(Ref. 6) indicated by(l). Thermopower data on coarse-
grained(1) and nanogranular(x) PbTe samples containing inclu-
sions of EuTe are also shown. The nanogranular EuTe-containing
sample exhibits an enhanced thermopower; the coarse grained
sample does not.

TABLE I. Parameters of bulk and nanogranular PbTe samples used in Figs. 2 and 3. Samples 98 and 98B were processed together;
samples 99B and 100 were processed in two separate batches, designed to be identical.

Sample

Milling
time

(hours)

Sintering
temperature

(C)
Sintering

time (hours)

Thermopower at
300 K

smV K −1d

Hole
concentration

n
scm−3d

X-ray grain
size (nm)

66A (1) 1 345 228 406 3.831017 ù60

66B (3) 22 345 162 456 4.631017 44±5

69 (L) 70 347 161 508 2.131017 42±4

98 (j) 70 350 162

98B (j) 70 350 162 494 1.4231017

99B (m) 72 345 160 189 8.231018 36±1.2

100 (m) 72 345 168 174 7.631018

Bulk PbTe(O) ¯ ¯ ¯ 265 2.231018
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sented by the lowest solid line for PbTe. Many, though not
all,16 of our nanostructured samples display an enhancement
in S over that of bulk PbTe alloys, with the magnitude of the
enhancement quite similar to that exhibited by the QDSL
structures. The coarse-grained sample containing EuTe inclu-
sions shows no enhancement, whereas in the fine-grained
version of this sample the thermopower is increased by
10%–15%. We thus conclude that the thermopower enhance-
ment that occurs in this sample is due to the nanometer-scale
grain structure of the PbTe matrix and not the presence of
EuTe inclusions.

Our measurements of the four quantitiesr, S, RH, andN
are shown in Figs. 2 and 3 for four of our nanostructured
samples as well as for a sample of bulk PbTe, which shows
good agreement with the data of Cherniket al.17 For our
nanostructured samples we observe an increase, and in fact
for the sample withn<131017 cm−3, a change in sign to
positive values, in the Nernst coefficient. The sign of the
Nernst coefficient is independent of the carrier type but is
highly dependent on the scattering parameter.

DISCUSSION

The experimental data for the four transport coefficients
are fitted as described in the theory section to yield, at each
temperature, values of the four material parameters
sp,m ,m*

d,ld. The values ofp andm are very close to what
one would obtain fromRH and r alone; m*

d is practically
unchanged from its literature value.13 The carrier scattering
parameterl values determined from these data are shown in
Fig. 4 as a function of temperature. The scattering parameter

of the nanostructured samples exhibits an increase relative to
their bulk counterparts for comparable hole concentrations.
This is displayed very clearly in Fig. 5 wherelspd is plotted
at 300 K for both bulk and nanostructured samples. Whereas
bulk PbTe exhibits a scattering parameter in the range of
0.2–0.7, we find that this parameter increases to the range of
0.7–1.1 in the nanostructured samples.

FIG. 2. Electrical resistivity(top panel) and thermopower(bot-
tom panel) versus temperature for two nanogranular PbTe samples
with hole concentrations of 231017 cm−3 (j) and 831018 cm−3

(m; 2 samples). Data on bulk PbTe(s) with a hole concentration of
231018 cm−3 are shown for comparison.

FIG. 3. Hall coefficient(top panel) and isothermal Nernst coef-
ficient (bottom panel) for the same set of samples as in Fig. 2. For
bulk PbTe the Nernst coefficient is negative over the entire tempera-
ture range. Relative to this bulk sample, for nanogranular samples
the Nernst coefficient increases and eventually becomes positive.

FIG. 4. Electron scattering parameterl as a function of tem-
perature, for two nanogranular PbTe samples with hole concentra-
tions of 231017 cm−3 (j) and 831018 cm−3 (m). Data on bulk
PbTe samples(dashed lines) with a hole concentration of 1
31018 cm−3 (,), 231018 cm−3 (s), and 731018 cm−3 (x) are
shown for comparison.
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We ascribe the enhancement ofS to an enhancedl. Since
the samples studied here contain nanometer-sized features
one can speculate whether the enhancement inS is due to a
modification of the DOS of electrons in these systems due to
quantum confinement, as has been suggested for the QDSL
structures. We point out, however, that quantum confinement
is expected to evolve for structures with features less than 10
nanometers, whereas the feature size in our structures is
much larger, on the order of 30–50 nanometers(see Table I),
on the order of the electron mean free path. This is consistent
with the fact that a change is observed inl and not inm*

d.
Another possibility arises from the probable presence of
strain in the material due to the ball-milling process. The
expected effects of strain are: A broadening of the x-ray dif-

fraction(XRD) spectra, a change in the actual carrier density,
and a change inl. The presence of residual strain does there-
fore not affect our argument, which holds whatever the
mechanism responsible for the increase inl in nanometer
size structures. An increase in the magnitude ofl results in a
stronger energy dependence of electron scattering; in effect a
“filtering” process by which higher energy electrons are
more efficiently separated from lower energy electrons,
leading9 to an increase in thermopower.

CONCLUSION

While the condition for quantum confinement and an al-
tered DOS is a physical dimension smaller than the spatial
extent of the electron wave function, the condition for
scattering-induced enhancement of the thermopower is a
physical dimension less than the electron mean free path.
This is considerably less restrictive from the practical point
of view as it implies conventional manufacturing methods
such as that used in this study may be employed to positively
influence the thermoelectric properties of PbTe alloys. We
speculate that the increase in electron scattering parameter
with decreasing grain size is due to the influence of grain
boundary scattering, and possibly to strain. While this scat-
tering also decreases the electron mobility and electrical con-
ductivity, it is suggested this may be in part offset by a de-
crease in thermal conductivity.
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