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We present a model calculation, employing first-principles calculations as well as empirical data, which
suggests that properly hole-doped bulk PbSe may show a Seebeck coefficient as high as 230 �V /K, in a
temperature regime in which the lattice thermal conductivity is rather small. It may therefore show a figure-
of-merit ZT as high as 2 for temperatures of 1000 K. Heavily doped p-type PbSe may offer better thermoelec-
tric performance than the sister material, optimized PbTe, for high-temperature applications such as power
generation.
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I. INTRODUCTION

The lead chalcogenides, such as PbTe and PbSe, have
been under consideration for several decades as semiconduc-
tors of potential interest in such diverse fields as electronics
and thermoelectrics. PbTe, in particular,1–5 has been found to
have a thermoelectric figure-of-merit ZT �Ref. 6� of approxi-
mately unity at a temperature of 500 K, which might find
application in the recovery of waste heat from motor vehicles
and other sources. Recent efforts at Thallium doping PbTe
have also shown success, with a ZT figure of 1.5 at 773 K
reported by Heremans et al.,7 and surprising additional
promise has been shown by the “LAST” materials,8

AgPbmSbTe2+m �m=10 or 18� which also have ZT above that
of standard PbTe.

Perhaps because of the relative success of PbTe in the
range around 500 K, the sister material PbSe has received
comparatively little attention, as it usually shows a lower
figure-of-merit in this temperature range. Interestingly, how-
ever, doped PbSe shows9 a thermoelectric voltage �usually
referred to as the Seebeck coefficient� which does not exhibit
the usual saturation and “turn-over” at high temperature, but
continues increasing even at 1000 K, thus making it a poten-
tial material, superior to PbTe, for high-temperature applica-
tions such as power generation. Finally from a practical per-
spective PbSe has two important advantages relative to PbTe:
first, Se is more commonly available and less expensive than
Te, and second, the melting point of PbSe is substantially
higher, at 1340 K, than PbTe at 1190 K. This higher decom-
position temperature takes on particular importance in appli-
cations such as vehicle waste heat recovery, where durability
under severe and highly variable conditions is of great im-
portance.

Detailed experimental consideration of the thermoelec-
tricity in doped PbSe has thus far been lacking, with few
recent studies9,10 in this area. The most significant work was
performed by Alekseeva et al.,9 and the doping levels in this
study were not well quantified. In addition, the electrical
conductivity in this study did not follow the canonical �1/T�
form for electron-phonon scattering �the primary relaxation
mechanism in heavily doped semiconductors� at high tem-
peratures, but decreased significantly more rapidly at high
temperature, which, assuming the Wiedemann- Franz
relation,11 would lead to a low electronic thermal conductiv-

ity. Since the figure of merit is partially determined by the
ratio of lattice and electronic thermal conductivity, �in addi-
tion to the thermopower� this leads to the possibility that
more carefully prepared samples could show a substantially
enhanced ZT, if the electrical conductivity and electronic
thermal conductivity show a more typical behavior.

In this paper, we address this possibility quantitatively by
constructing a model, based on first-principles calculations
of the Seebeck coefficient as well as empirical data12 for the
temperature and doping dependence of the mobility of doped
PbSe. We find that ZT as high as 2 at 1000 K may be pos-
sible in hole-doped samples with a carrier concentration p of
0.007–0.01 holes/formula unit, or about 1.2–1.7�1020 /cm3.

II. MODEL

We calculated the band structure of PbSe with the WIEN2K

package,13 using the generalized gradient approximation
�GGA� as well as spin-orbit coupling, yielding a band gap of
approximately 65 meV, in good agreement with other pub-
lished results.14,15 From the converged calculations, we em-
ployed the BOLTZTRAP software16 to calculate the ther-
mopower S, within the constant relaxation time
approximation, which in general is a good approximation as
long as the scattering rate ��E� does not vary radically on an
energy scale of a few kT ,T the temperature. Its prime advan-
tage is that detailed assumptions about the nature of the scat-
tering are not necessary. It has been used with quantitative
accuracy in calculating thermopowers of metals and doped
semiconductors.17–20 The approximation is in this case aided
by the experimental hole and electron mobilities being essen-
tially equal. The canonical expressions for S�T� and the re-
lated quantity the conductivity ��T� are as follows �note that
−sech2�x�=4df /dx, f the Fermi function�:

S�T� = −
1

3eT��T��−�

�

de��E��E − ��sech2��E − ��/2T�

�1�

��T� = �
−�

�

dE��E�sech2��E − ��/2T� �2�
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��E� = N�E�v2�E���E� , �3�

where ��E� is the scattering time, v�E� the Fermi velocity
and N�E� the density of states. We have suppressed the ten-
sor indices, which are not relevant for cubic PbSe, and note
that the conductivity ��E� in reality involves a Brillouin-
zone sum of the quantity �k=N�k�vk

2�k for energy eigenval-
ues �k=E.

The second element of the model is the temperature and
doping dependence of the thermal conductivity. Assuming
the Wiedemann-Franz relation, the figure of merit ZT can be
rewritten as

ZT = S2r/L0, �4�

where L0 is the Lorenz number=2.45�10−8 W /m2 K and r
is the ratio of electronic and total thermal conductivity. The
Wiedemann-Franz relation is generally a good assumption
for degenerate, heavily doped semiconductors and metals.
Reference 21 has a detailed discussion of the accuracy of this
assumption; briefly, as long as the chemical potential is not
in the gap or near the band edge, the relationship holds. For
the heavy dopings studied here, �−Egap generally exceeds
0.2 eV. We assume the Wiedemann-Franz law here. In this
case, the electronic thermal conductivity is simply L0�T, so
that with �=ne�m, with n the carrier concentration and �m
the mobility, calculating the electronic thermal conductivity
then reduces to calculating, or estimating, the mobility as a
function of temperature and doping. Any first-principles cal-
culation of the conductivity or mobility requires knowledge
of the scattering time, which we do not have. The best course
of action then to estimate ��T� is to perform a careful ex-
trapolation of the available experimental data. We note that
the Seebeck coefficient involves a ratio of a thermally
weighted ��E� and ��T� �both��� and can therefore be cal-
culated reliably from first-principles absent knowledge of the
scattering time, unlike ��T�.22

There is presently little PbSe mobility data at the heavily
doped �p=1–3�1020 /cm3� concentrations where S is sub-
stantial, so that it is necessary to extrapolate from lower con-
centration data, for which the primary reference is the work
of Schlichting et al.12 Much of this data is at concentrations
of 1017–1018 cm−3 and T�300 K, where the mobility fol-
lows an approximate power relation �m�T−2.2−T−2.5. How-
ever, as indicated in Table I, for larger concentrations the
exponent changes and approaches −1. This mobility expo-
nent is characteristic of electron-phonon scattering, as is ex-
pected to dominate in the heavily doped high-temperature

limit, where the expected behavior is that of a metal with
electron- phonon scattering. To assess this quantitatively we
briefly reprise the work of Pickett,23 who showed that
T-linear resistivity �or equivalently, 1 /T mobility behavior�
obtains over a wide temperature range for a great variety of
phonon density-of-states �PDOS� F�	�. The scattering rate

��T� given a transport coupling constant �tr and PDOS
F�	� is given as


��T� = 4kBT� d	

	
�tr

2 F�	�� 	/2kBT

sinh�	/2kBT��
2

. �5�

Assuming F�	��	2 for 	�	Debye, the simplest possible
model, one may calculate the scattering rate and finds, as
depicted in Fig. 1, that this is essentially linear for T�	D
=183 K for PbSe. This can also be seen directly from the
above equation, in which for high temperatures the
temperature-dependent term

	/2kBT

sinh�	/2kBT� becomes simply
unity. Since our interest here is T�500 K�3 	D for PbSe,
we conclude that �m�1 /T is an excellent approximation for
the present work. A detailed first-principles calculation of
scattering times21 in Bi2Te3 essentially leads to the same
conclusion.

We now move to the doping dependence of the mobility.
At the concentrations of interest, the mobility decreases sub-
stantially with increased concentration, and a simple linear
regression of Schlichting’s data yields �M �n−0.6. We have
chosen the proportionality constants to match the experimen-
tal mobility values at T=300 K and N=1.1�1020 /cm3 �note
that in Schlichting’s data this data point was in fact electron-
doped, but in this material the hole and electron mobilities
are very similar, at least at moderate carrier concentrations�.

The final piece of the model is the lattice thermal conduc-
tivity �l which was measured for undoped PbSe by
Sharkawy et al.24 We assume that this term is independent of
carrier concentration since even the heavy dopings studied
here amount to at most 0.02 holes/f.u., which is unlikely to
affect lattice dynamics significantly. For the temperature de-
pendence, we use the relationship �l=Clvl�l, noting that for
the temperature range of interest, far above 	D=183 K, Cl
is constant while the mean free path ��1 /T, a relationship
reasonably consistent with Sharkawy’s data. This data set

TABLE I. Mobility temperature power relations extracted from
data of Schlichting.

Power relation exponents

n �cm−3� x
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FIG. 1. �Color online� The scattering rate � �arbitrary units� for
electron-phonon scattering as a function of temperature, note the
logarithmic scale for both axes. A T-linear line �dashed� is shown
for comparison. Note that �m�1 /��T�.

DAVID PARKER AND DAVID J. SINGH PHYSICAL REVIEW B 82, 035204 �2010�

035204-2



gives �l as 1.7 W /m K at 300 K,25 which fixes the propor-
tionality constant.

III. RESULTS

We begin with the thermopower S. As depicted in Fig. 2,
for dopings in the range of 0.005–0.01 holes/f.u., this ap-
proaches 230 �V /K at 1000 K. We note considerable asym-
metry between the electron and hole-doped results, with
electron-doping resulting in a maximum absolute ther-
mopower of only 160 �V /K �inset� This thermopower dif-
ference is related to the existence of a flat, high-mass, high
DOS band roughly 0.35–0.4 eV below the gap, as depicted in
Fig. 3, which enhances the thermopower at heavy hole dop-
ings. A similar effect is present in hole-doped PbTe,26 where
the flat-band lies between 0.2 and 0.25 eV below the gap. In
PbSe, except for this band, the valence and conduction bands
are roughly symmetric about the middle of the gap at the
L-point in Fig. 3�a�. For neither hole nor electron dopings in
the range studied is the usual “rollover” effect caused by
double-sign conduction significant, which is a result of the

low density-of-states on both sides of the band gap, which
means that the heavy dopings studied here occasion substan-
tial motion of the chemical potential and hence the attenuat-
ing effect of the thermal factor in Eq. �1� reduces the impact
of the opposite band. At lower dopings of 0.001–0.003 holes
or electrons per formula unit �not shown� the rollover indeed
appears.

The “flat-band” is in fact located at a substantially higher
hole concentration than might first be expected; the first-
principles calculations yield p=approximately 0.07/f.u. for
the chemical potential located at this band, compared to the
0.007–0.009 holes/f.u. at which ZT is maximized. The basic
reason ZT is maximized at this lower concentration, and not
p=0.07, is that as one dopes deeper into the valence band,
the portion of available states located above the chemical
potential, and hence of the “wrong” sign for maximizing S,
increases; this is the reason why thermopower usually de-
creases monotonically with increasing carrier concentration.
The actual point of maximum S, and ZT, is the result of a
“balancing act” between the effects of this double-sign con-
duction and the generally S-enhancing heavy-mass band, and
is also temperature dependent. As a final point, we note that
for the calculation of ZT, this also depends on the mobility,
which will generally decrease as the heavy-mass band is ap-
proached, as included in our calculation.

As stated previously, the underestimation of the band gap
means that the thermopower S is itself understated, since
increasing the band gap to the experimental value would
reduce the bipolar conduction, which itself acts to reduce S.
Without performing additional calculations, it is difficult to
estimate the increase in thermopower that would result if the
experimental gap were used, but we note that the S and ZT
values described here would, at a minimum, still obtain at
the doping values indicated. It is possible that the dopings for
maximum overall ZT values could be slightly reduced from
the values cited here. Since the shape of the bands—
critically affecting the thermopower—and the band gap are
not independent entities in a real material, we have not arti-
ficially adjusted the band gap to match experiment.

These thermopower results are generally consistent with
the results of Alekseeva, who found thermopowers as high as
280 �V /K on doped PbSe samples.

The substantial thermopowers in the hole-doped materials
lead to comparatively high figures-of-merit; as indicated in
Fig. 4, for dopings of 0.007–0.009 holes/f.u. ZT’s of roughly
2 are achievable at 1000 K. This is substantially higher than
that found by Alekseeva and underscores the need for precise
control of doping. With our extrapolated mobility we esti-
mate that under these conditions no more than 10–15 % of
the total thermal conductivity originates from the lattice; if
this estimate understates reality by a factor of two one still
attains a maximum ZT of 1.7–1.8. As expected, the figure-
of-merit �shown in the inset of Fig. 4� is substantially lower
for the electron-doped materials, due almost entirely to the
differing behavior of S.

In Fig. 5 we show the “power factor” =S2� for the hole-
doped materials, which is maximal at somewhat higher dop-
ings than ZT is, due largely to the increased conductivity at
larger dopings �note that while �m decreases with doping as
n−0.6, since �=ne�m, � increases with doping�.
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FIG. 2. �Color online� The thermopower S, in �V /K, at various
hole �main figure� and electron �inset� doping levels. The hole dop-
ings increase from top to bottom, while the electron dopings de-
crease from top to bottom.
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FIG. 3. The band structure and density-of-states of PbSe. Note
the flat band 0.6 eV below the gap in the band structure plot, and
the rapid change in the density-of-states between −0.35 and
−0.4 eV below the gap, indicating another flat band �not shown on
the band structure as it is not on a symmetry axis. Constant-energy
contours for this band lie fairly near a line connecting the L-points
of the Brillouin zone.�
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IV. DISCUSSION

The results of the previous section suggest that hole-
doped PbSe may show renewed promise as a potential high-
temperature thermoelectric, if doping can be closely con-
trolled and the temperature and doping dependence of the
mobility follow expected trends. We note that if the nonca-
nonical mobility behavior �i.e., decaying much faster than
1 /T at high temperature� observed by Alekseeva et al. is
found to exist even for carefully doped samples, it is less
likely that ZT’s of 2 will be achievable. One reason this may
happen is that the heavy doping studied here, outside the
range of existing data, may cause hole mobility to be less
than assumed, due to the influence of the heavy flat bands

below the gap. For low doping, hole and electron mobilities
are experimentally equal, as we assumed, but this assump-
tion may break down at larger hole doping. This represents
the single largest source of uncertainty into the calculated
ZT’s, and could lower ZT significantly. We note also that,
conversely, the understatement of the band gap, as discussed
previously, will tend to underestimate ZT. In any case, due to
the present paucity of data on heavily hole-doped PbSe, we
believe this material deserves further exploration as a pos-
sible high-temperature thermoelectric.

ACKNOWLEDGMENTS

This research was supported by the U.S. Department of
Energy, EERE, Vehicle Technologies, Propulsion Materials
Program and the S3TEC Energy Frontier Research Center.

1 A. F. Ioffe, Semiconductor Thermoelements and Thermo-electric
Cooling �Inforesearch, London, 1957�.

2 C. Wood, Rep. Prog. Phys. 51, 459 �1988�.
3 D. M. Rowe, CRC Handbook of Thermoelectrics �CRC Press,

Boca Raton, 1995�.
4 Yu. I. Ravich, Semiconducting Lead Chalcogenides �Springer,

New York, 1995�.
5 Yu. I. Ravich, B. A. Efimova, and V. I. Tamarchenko, Phys.

Status Solidi B 43, 11 �1971�.
6 The figure of merit ZT is generally given as ZT= S2�T

� , where S is
the thermopower, � the conductivity and � the thermal conduc-
tivity.

7 J. P. Heremans, V. Jovovic, E. S. Toberer, A. Samarat, K. Kuro-
saki, A. Charoenphakdee, S. Yamanaka, and G. J. Snyder, Sci-
ence 321, 554 �2008�.

8 K. F. Hsu, S. Loo, F. Guo, W. Chen, J. Dyck, C. Uher, T. Hogan,
E. K. Polychroniadis, and M. G. Kanatzidis, Science 303, 818
�2004�.

9 G. T. Alekseeva, E. A. Gurieva, P. P. Konstantinov, L. V.
Prokof’eva, and M. I. Fedorov, Semiconductors 30, 1125
�1996�.

10 M. M. Ibrahim, S. A. Saleh, E. M. M. Ibrahim, and A. M. Abdel
Hakeem, J. Alloys Compd. 452, 200 �2008�.

11 The Wiedemann-Franz relation states that the electronic electri-
cal and thermal conductivity are related by � / ��T�=L0, the Lo-
renz number, and is generally a good approximation for metals
and heavily doped semiconductors.

12 U. Schlichting and K. H. Gobrecht, J. Phys. Chem. Solids 34,
753 �1973�.

13 P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J.
Luitz, WIEN2k, An Augmented Plane Wave � Local Orbitals
Program for Calculating Crystal Properties �Karlheinz
Schwarz, Techn. Universität Wien, Wien, Austria, 2001�.

14 L. Zhang and D. J. Singh, Phys. Rev. B 80, 075117 �2009�.
15 Y. Zhang, X. Ke, C. Chen, J. Yang, and P. R. C. Kent, Phys. Rev.

B 80, 024304 �2009�.
16 G. K. H. Madsen and D. J. Singh, Comput. Phys. Commun. 175,

67 �2006�.
17 L. Zhang, M.-H. Du, and D. J. Singh, Phys. Rev. B 81, 075117

�2010�.
18 D. J. Singh, Phys. Rev. B 76, 085110 �2007�.
19 G. K. H. Madsen, K. Schwarz, P. Blaha, and D. J. Singh, Phys.

0 200 400 600 800 1000
T(K)

0

0.5

1

1.5

2

2.5

Z
T

p=0.004
0.005
0.007
0.009
0.011
0.013
0.015
0.019
0.021

0 200 400 600 800 1000
T (K)

0

0.2

0.4

0.6

0.8

Z
T

n=0.005
0.009
0.013

FIG. 4. �Color online� The calculated figure-of-merit ZT for
doped PbSe at various hole concentrations �main plot� and electron
concentrations �inset�. At 800 K, the figure-of-merit is a monotoni-
cally decreasing function of doping, both for holes and electrons; at
1000 K ZT is maximized for p=0.007–0.009 holes / f.u.

200 400 600 800 1000
T(K)

0

2

4

6

8

10

P=
S2 σ

(m
W

/K
2 -m

)

p=0.004
0.005
0.007
0.009
0.011
0.013
0.015
0.019
0.021

FIG. 5. �Color online� The calculated power factor for doped
PbSe at various hole concentrations. At high temperature, the power
factor increases up to approximately 0.015 holes/f.u., after which it
decreases.

DAVID PARKER AND DAVID J. SINGH PHYSICAL REVIEW B 82, 035204 �2010�

035204-4

http://dx.doi.org/10.1088/0034-4885/51/4/001
http://dx.doi.org/10.1002/pssb.2220430102
http://dx.doi.org/10.1002/pssb.2220430102
http://dx.doi.org/10.1126/science.1159725
http://dx.doi.org/10.1126/science.1159725
http://dx.doi.org/10.1126/science.1092963
http://dx.doi.org/10.1126/science.1092963
http://dx.doi.org/10.1016/j.jallcom.2006.11.049
http://dx.doi.org/10.1016/S0022-3697(73)80183-0
http://dx.doi.org/10.1016/S0022-3697(73)80183-0
http://dx.doi.org/10.1103/PhysRevB.80.075117
http://dx.doi.org/10.1103/PhysRevB.80.024304
http://dx.doi.org/10.1103/PhysRevB.80.024304
http://dx.doi.org/10.1016/j.cpc.2006.03.007
http://dx.doi.org/10.1016/j.cpc.2006.03.007
http://dx.doi.org/10.1103/PhysRevB.81.075117
http://dx.doi.org/10.1103/PhysRevB.81.075117
http://dx.doi.org/10.1103/PhysRevB.76.085110
http://dx.doi.org/10.1103/PhysRevB.68.125212


Rev. B 68, 125212 �2003�.
20 T. J. Scheidemantel, C. Ambrosch-Draxl, T. Thonhauser, J. V.

Badding, and J. O. Sofo, Phys. Rev. B 68, 125210 �2003�.
21 B.-L. Huang and M. Kaviany, Phys. Rev. B 77, 125209 �2008�.
22 D. J. Singh and W. E. Pickett, Phys. Rev. B 50, 11235 �1994�.
23 W. E. Pickett, J. Supercond. 4, 397 �1991�.
24 A. A. El-Sharkawy, A. M. Abou El-Azm, M. I. Kenawy, A. S.

Hillal, and H. M. Abu-Basha, Int. J. Thermophys. 4, 261 �1983�.
25 This work in fact measured the total thermal conductivity as

approximately 1.7 W /m K, with the lattice calculated to cause
95% of this; we have chosen to assume that at 300 K in
Sharkawy’s lightly doped samples all of the thermal conductiv-
ity originates in the lattice.

26 D. J. Singh, Phys. Rev. B 81, 195217 �2010�.

HIGH-TEMPERATURE THERMOELECTRIC PERFORMANCE… PHYSICAL REVIEW B 82, 035204 �2010�

035204-5

http://dx.doi.org/10.1103/PhysRevB.68.125212
http://dx.doi.org/10.1103/PhysRevB.68.125210
http://dx.doi.org/10.1103/PhysRevB.77.125209
http://dx.doi.org/10.1103/PhysRevB.50.11235
http://dx.doi.org/10.1007/BF00635855
http://dx.doi.org/10.1007/BF00502357
http://dx.doi.org/10.1103/PhysRevB.81.195217

