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Doping-dependent thermopower of PbTe from Boltzmann transport calculations
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The thermopower of PbTe as a function of temperature and doping level is reported based on Boltzmann
transport calculations using the first principles relativistic electronic structure as obtained with the Engel-Vosko
generalized gradient approximation. The results are discussed in relation to experimental data. For p-type
material there is an enhancement at high-doping levels due to the onset of an increased density of states starting
~0.2 eV below the valence band edge. This leads to agreement between the calculated thermopower and

recent results on PbTe with heavy TI doping.
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I. INTRODUCTION

PbTe is a well-known thermoelectric material.'~> It shows
good thermoelectric performance for both p-type and n-type
samples in the important temperature range from ambient to
600 °C. Thermoelectric performance is characterized by a
dimensionless figure of merit, ZT= 0S?T/ k, where S is the
thermopower, T is temperature, o is electrical conductivity
and « is the thermal conductivity, which is generally the sum
of lattice and electronic contributions, x=k;+«,. The ther-
mopower S(7) plays a central role in thermoelectric perfor-
mance, because the «,, which forms a lower bound for «, and
o are connected through the Wiedemann-Franz relation, «,
=LoT, where L is the Lorentz number (thus, ZT will not be
more than S2/L).

There is no known upper bound on Z7, but materials that
have ZT higher than unity are rare.* Nonetheless, two new
materials based on PbTe with higher ZT have been reported
recently, a nanostructured material, based on PbTe with ad-
dition of AgSbTe, (denoted LAST) or CdTe,>® and PbTe
with TI as a dopant.” In T1 doped PbTe, the origin is thought
to be a resonant enhancement of the density of states and
therefore S. In the case of LAST a reduced thermal conduc-
tivity, presumably due to the nanostructured nature of the
material, has been identified as the origin of the high Z7. In
this regard, PbTe may be particularly interesting as a nano-
structured material because it is known to be near lattice
instabilities, in particular ferroelectricity, which may be help-
ful in realizing lower thermal conductivity.®?

There have also been recent papers on possible enhance-
ments of S(7) in PbTe due to tunneling effects such as en-
ergy filtering at grain boundaries and other interfaces.!%-'6
However, interpretation of these experiments is complicated
by the nontrivial electronic structure of PbTe (see below),
sensitivity to the doping level, which may be difficult to
control, and extrinsic effects including oxidation in ceramic
samples with grain boundaries. Importantly, normal scaling
relations for the thermopower are questionable in PbTe be-
cause of its nonparabolic band structure. In particular, as
discussed below, the shape of the energy bands in PbTe sug-
gests that at high doping and high T the effective mass en-
tering the thermopower may be higher than that controlling
the resistivity, even though only a single band may be active,
and that this effect may be 7 dependent. We note that there
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has been recent progress in achieving controlled high level
n-type doping of PbTe,!” and also that the resonantly en-
hanced PbTe:TI has very high p-type doping. The purpose of
this paper is to provide predictions of the dependence of the
thermopower of PbTe on carrier concentration and tempera-
ture within Boltzmann theory using the full electronic struc-
ture. These provide a baseline for understanding possible en-
hancements of S(7) due to non-band-structure effects.

II. APPROACH

The calculations were performed using the general poten-
tial linearized augmented plane-wave (LAPW) method!® as
implemented in the WIEN2K code.!” LAPW sphere radii of
2.9 Bohr were used for both Pb and Te. The calculations
were done for the experimental rocksalt crystal structure with
lattice parameter, a=6.464 A. This simple structure greatly
facilitates calculations. Well-converged basis sets and zone
samplings were used. These were based on Rk,,,=9.0,
where R is the smallest LAPW sphere radius and k,,,, is the
interstitial plane-wave cutoff. Additional local orbitals were
used for the Pb d states, which were included as semicore
states as well as the Te s states. The zone sampling, which is
important in transport calculations, was done using a 48
X 48X 48 reciprocal space mesh. The core states were
treated relativistically, while spin-orbit was included for the
valence states through the second variational step.

The transport calculations were done using Boltzmann
transport theory?>>?> with the constant scattering time ap-
proximation. This approximation, which is commonly ap-
plied for metals and degenerately doped semiconductors, is
based on the assumption that the scattering time determining
the electrical conductivity does not vary strongly with energy
on the scale of k7. It does not involve any assumption about
the possibly strong doping and temperature dependence of 7.
The advantage of using this approximation is that the ther-
mopower S(7) can be calculated without adjustable param-
eters. This has led to a number of successful applications to
thermoelectric materials, including conventional materials
and oxides.?>?° Here, we used the BOLTZTRAP code® to per-
form the needed Brillouin zone integrations.

One difficulty with such calculations is that the band gaps
of semiconductors are generally underestimated using stan-
dard density functionals. For small band gap thermoelectrics,
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FIG. 1. Calculated band structure of PbTe using the Engel-
Vosko GGA.

such as PbTe, the thermopower can be reduced at high tem-
perature and low doping due to bipolar conduction. This ef-
fect would be overestimated if the band gap is underesti-
mated. We used the Engel-Vosko generalized gradient
approximation (GGA) (Ref. 31) to avoid this. Standard GGA
functionals are based on the total energy in terms of the
coupling constant averaged exchange correlation hole and
are designed to reproduce the total energy.’> The Engel-
Vosko GGA was constructed to reproduce the true exchange
correlation potential instead. It yields improved band gaps at
the expense of the total energy. The Engel-Vosko GGA is
expected to be important especially for high temperatures
and low-doping levels, which is the regime where bipolar
conduction can reduce the thermopower.

III. ELECTRONIC STRUCTURE

The calculated band structure is shown in Fig. 1. As may
be seen, it is similar to previous density functional calcula-
tions except that the band gap is larger.’® The band gap with
the Engel-Vosko GGA is E,=0.299 eV. This agrees well
with the experimental band gap at room temperature and
above, which varies between 0.28 eV and 0.36 eV.0343¢ It is
important to note that both the valence and conduction bands
are highly nonparabolic, with the implication that transport
should not be modeled using the simple parabolic band ex-
pressions. This was discussed in detail early on, although the
band structure models used were quite different from the
calculated bands.!%37 An important feature of the band struc-
ture is that it becomes much heavier as the Fermi energy is
lowered a few tenths of an eV into the valence bands. This is
particularly noticeable along the L—W line where there is an
anticrossing a rather flat upward dispersion of the highest
band approaching L. However, as discussed below, the bands
become heavier much closer to the band edge, starting at
~0.2 eV.

This nontrivial band structure is also relevant to the band
gap. Electrical measurements indicate a band gap of
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~0.3 eV,*® while optical experiments indicate a band gap
with a strong nearly linear 7 dependence below 400 K, and
constant above.?® This is an unusual and difficult to under-
stand form. An important issue is the fact that PbTe tends to
form with substantial defect concentrations and it is very
difficult to obtain undoped, intrinsic PbTe.'%*® One possibil-
ity is that the smaller, low-temperature value of the band gap
of ~0.2 eV quoted from 7-dependent optical experiments is
an artifact of the fits of the optical spectra in a material with
doping, Urbach tails, and a highly nonparabolic band struc-
ture. Here we assume that the observed 7 dependencies come
from Fermi broadening and a conventional weakly T depen-
dent but highly nonparabolic band structure rather than a
strongly 7 dependent band structure. Based on this we cal-
culate the thermopower with the electronic structure obtained
with the Engel-Vosko GGA. The key features of the band
structure that are important for the discussion below are the
Kane-like shape near the band edge, which means a light
mass and a region of nearly linear dispersion, followed at
higher energy away from the band edge by an outward cur-
vature of the bands that leads to a much enhanced density of
states for both p-type and n-type dopings, though this hap-
pens closer to the band edge for p type. It should be noted
that besides the band gap, the Engel-Vosko GGA predicts a
band structure very similar to other density functionals, such
as the local density approximation.

IV. THERMOPOWER

The doping dependence of the thermopower is shown for
various temperatures in Fig. 2, while the T dependence is
shown in Fig. 3. The doping dependence of the thermopower
at 300 K in comparison with experimental data is given in
Fig. 4. The T-dependent thermopowers show high values up
to the highest doping levels, with a shift in the maximum to
higher T as the doping level is increased for both p-type and
n-type materials. This is consistent with the known thermo-
electric behavior of PbTe.

Harman and co-workers® published an extensive set of
doping dependent thermopowers for n-type PbTe based on
high-quality Bridgeman grown samples. These include
doped with various impurities, including Bi and CI. The data
shows a high level of consistency. The thermopowers at 300
K are very well fit by a Pisarenko form, S(n)=a
+b logyo(n), with a=-477 uV/K and b=+175 uV/K
when 7 is in units of 10" cm™. The deviations from this fit
are at the level of ~10-20 wV/K. The main deviation is
that the points in the doping range ~5X10'7-5
X 10" cm™ fall systematically at lower magnitudes of the
thermopower than the fit line. The lower panel of Fig. 4
shows the level of agreement between this fit and our calcu-
lated thermopower. As may be seen, the agreement is excel-
lent, except at very high-doping levels above 2 X 10" cm™
where our calculated values are higher in magnitude than the
fit line. This type of deviation from the Pisarenko form at
high carrier concentration is to be expected, since the ther-
mopower should not cross zero at the doping level implied
by the fit (note that the crossing point amounts to an electron
concentration of only ~0.3%, i.e., an n-type doped material
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FIG. 2. (Color online) Calculated doping dependence of the
thermopower for p-type (top) and n-type (bottom) PbTe at various
temperatures.

and not a near half filled band metal). It should, however,
be mentioned that the last data points in Ref. 39, which
are at  n=2.1X10" ecm™ (§=-77 wV/K), n=28
X 10" ecm™ (§=-54 uV/K), n=3.8%X10" cm™ (S=
-26 wV/K), and n=3.9%X10" cm™ (§=-25 wV/K), do
apparently follow the Pisarenko form. One possible explana-
tion is that very heavy doping sometimes leads to nonuni-
form samples, and this may have happened. In any case, we
find the same deviation toward smaller magnitude of S than
the fit line in the range ~5X 10"7-5Xx 10'® ¢cm™ as in the
data, so that at least up to n=10" cm™ there is excellent
agreement between the calculated and experimental ther-
MOpowers.

The situation for p-type is more complicated, partly be-
cause of the lack of a large consistent set of experimental
data to compare with. It is common to compare data of
p-type PbTe with a fit by Crocker and Rogers.***! This fit is
based on a model and deviates quite substantially from the
measured data, and in particular falls well below the mea-
sured data in the range ~10'8—10'" c¢cm™. Therefore, we do
not show the fit, but instead show the raw data from Ref. 40
along with our calculated curve. In addition we show experi-
mental data from Ref. 11, which is for a sintered ceramic
formed from a nanopowder with grain sizes from 100 nm to
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FIG. 3. (Color online) Temperature dependence of the thermo-
power for various p-type (top) and n-type (bottom) doping levels.

>1 um, as well as the resonantly enhanced PbTe:TIl from
Ref. 7. As may be seen, the calculated results agree very well
with the data in the low to moderate doping regime but lies
well above the data of Crocker and Rogers for high doping
levels starting at p=10'" cm™. The data of Martin and
co-workers'! agree well with the calculated curve and are
consistent with the data of Ref. 40, although there is an en-
hancement with respect to the Crocker-Rogers fit.

The PbTe:T1 thermopower data of Heremans and
co-workers,” which are in the range p~4X 10" cm™, are
clearly substantially higher than the data of Crocker and
Rogers, but are in reasonable accord with our calculated line,
which is also strongly enhanced at high doping levels. This is
a consequence of the increasing effective mass below the
valence band edge, as mentioned above. It is also interesting
to note that both the data and the calculations show only
weak doping level dependence of the thermopower in this
range of carrier concentrations. One possibility suggested by
this result is that the behavior observed is at least in part due
to the band structure of PbTe. This explanation would require
the assumption that the high-doping level data of Ref. 40 has
a low-measured thermopower for extrinsic reasons such as
nonuniform doping related to the solubility limit of the dop-
ants for example and that the data of Heremans and co-
workers represent intrinsic behavior of very heavily doped
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FIG. 4. (Color online) Comparison of the 300 K thermopower of
PbTe as a function of doping with experimental data (see text) for
p-type (top) and n-type material (bottom).

PbTe. In order to examine this possibility further, we plot in
Fig. 5 the calculated T dependence of the thermopower for
very heavily doped PbTe in the range measured for PbTe:TI.
The doping dependence is weak, as seen experimentally.
More importantly these curves are in very good quantitative
agreement with the data of Heremans and co-workers, in-
cluding features such as the upward curvature near ambient T
and the start of saturation at ~700 K and 300 uV/K de-
pending on the exact carrier concentration. Importantly, our
calculated results, and the data of Ref. 7 interpreted in this
way both imply an enhancement of the thermopower of PbTe

350

300 f

250 F

200 f

150 f

S(T.p) uV/K

100 f

50

0

200 300 400 500 600 700 800
T (K)

FIG. 5. (Color online) Temperature dependence of the ther-
mopower of PbTe for heavy p-type doping.
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FIG. 6. Electronic density of states for PbTe showing the upper
part of the valence bands. The band edge is at 0 eV. A broadening of
0.0136 eV (I mRy) has been applied.

at elevated 7 and doping level. This can be understood in
terms of band structure as follows.

Within Boltzmann theory the transport parameters in a
degenerately doped semiconductor at low 7T are written as
integrals over the Fermi surface of band structure quantities
and scattering rates, while at finite 7, the formulas are the
same, but involve integrals with Fermi distributions. At low
T the thermopower is given by the Mott formula, S,(7)
=(mK*T/3e)[d In(o,,)/dE]| g=g, for the x direction and
similarly for the other components. In the constant scattering
time approximation o,, is proportional to the integral of the
squared band velocity, vi, over the Fermi surface multiplied
by the inverse scattering rate, 7. The finite 7 formulas are
similar, but involve Fermi broadening so energy derivative is
taken by integrating with Ef’(E), where f’ is the derivative
of the Fermi function, amounting to a broadened version of
the derivative operator. Because of this functional form the
conductivity is dominated by the band structure within ~3kT
of the chemical potential, while the energy factor in the for-
mula for S(7) brings in contributions from higher energy,
within ~5kT. Therefore the presence of a heavier effective
mass away from the band edge may be expected to more
strongly affect the thermopower than the conductivity. This
may be useful in finding new thermoelectric materials be-
cause it may provide a general route for obtaining high ther-
mopower and high mobility in the same sample, i.e., a ma-
terial could have light bands near the chemical potential
providing high mobility, while heavier bands further away
could enhance the thermopower but not the depress the mo-
bility.

The electronic density of states (DOS) for our calculated
band structure is shown for the top part of the valence bands
in Fig. 6. As may be seen, the DOS is low at the top of the
valence bands reflecting the light mass nonparabolic Kane-
like shape of the valence band edge. However, there is an
onset of much heavier behavior starting at ~0.2 eV below
the edge, and there is a structure that is reminiscent of the
shape of a resonance near 0.25 eV. This strongly increasing
density of states below 0.2 eV is the reason for the unusual
doping and T dependent thermopower. This density of states
arises because the bands are flat along lines joining the dif-
ferent L points (these are at the centers of the hexagonal
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FIG. 7. (Color online) Calculated constant energy surfaces for
PbTe 0.2 eV (left) and 0.25 eV (right) below the valence band edge.

faces of the Brillouin zone). This leads to a topology change
in the Fermi surface where the L centered pockets become
connected along lines (these are not symmetry lines and the
actual connection is only approximately linear) joining them
at the position of the DOS peak near 0.2 eV below the band
edge. This is illustrated in Fig. 7, which shows constant en-
ergy cuts of band structure at binding energies of 0.2 eV and
0.25 eV relative to the band edge. It will be of interest to
examine PbTe using techniques such as photoemission, espe-
cially angle resolved, to determine if the band structure
shows this feature. In any case, this feature leads to an en-
hancement of the density of states. The onset of this en-
hancement in the density of states leads to an increased en-
ergy dependence of the conductivity and therefore the
enhanced thermopower.

It should be emphasized that these calculations have no
adjustable parameters and so the S(7) obtained is strictly a
result that arises from the first principles electronic structure.
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This is important because data for PbTe has often been ana-
lyzed using fits based on a temperature dependent two band
models. These have a substantial number of adjustable pa-
rameters and do not correspond to the calculated band struc-
ture, although they do catch the feature of an onset of heavier
mass with hole doping and temperature.!%-36-37:42

V. SUMMARY AND CONCLUSION

In summary, we report calculations of the temperature and
doping level dependent thermopower in PbTe based on the
first principles band structure with no adjustable parameters
and no temperature dependence of the electronic structure.
We obtain quantitative agreement with experimental data ex-
cept at very high-doping levels, where the calculated results
are higher that the Pisarenko line. Interestingly, for heavily
doped p-type PbTe we obtain agreement with experimental
results for resonantly enhanced PbTe:Tl, even though we
have no resonant enhancement in the calculations. It will be
of interest to study PbTe in more detail, particularly spectro-
scopically to determine whether this agreement is coinciden-
tal or represents intrinsic behavior of PbTe.
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