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Tuning bands of PbSe for better thermoelectric
efficiency†

Heng Wang,*a Zachary M. Gibbs,b Yoshiki Takagiwac and G. Jeffrey Snyder*a

Improving the thermoelectric performance of PbSe over its previously reported maximum zT can be

achieved by engineering its electronic band structure. We demonstrate here, using optical absorption

spectra, first principles calculations, and temperature dependent transport measurements, that alloying

PbSe with SrSe leads to a dramatic change of the band structure that increases the thermoelectric figure

of merit, zT. The temperature where the two valence bands converge decreases with Sr addition. The zT

value, when the carrier density is optimized, increases with Sr addition in Pb1�xSrxSe and when x ¼ 0.08

a maximum zT of 1.5 at 900 K is achieved. The net benefit in zT comes from the band structure tuning

even though in other thermoelectric solid solutions it is the thermal conductivity reduction from disorder

that leads to net zT improvement.
Broader context

Band engineering in semiconductors is important for their application in electronic or optoelectronic devices. For heavily doped thermoelectric semiconductors
it is also crucial for the high zT found in PbTe1�xSex, Pb1�xMgxTe, and Mg2Si1�xSnx. For high temperature bulk thermoelectrics, most of such engineering is
realized by forming solid solutions. In this study we demonstrate successful band tuning of p-type PbSe, the slightly lower zT analog of the well-known ther-
moelectric compound PbTe, using Pb1�xSrxSe solid solutions. It is well known that formation of solid solutions is desirable for thermoelectrics due to their lower
thermal conductivities. We demonstrate here that the ability to change not only the band gap but also the relative positions of different band maxima provides
another important benet for solid solutions as thermoelectrics. Actually, we found in these alloys that the reduction of lattice thermal conductivity by alloying
has been compensated by the counter effect of the reduced carrier mobility, as also been found in the n-type solid solutions PbTe1�xSex and PbSe1�xSx where
simply forming solid solutions without the band engineering effect does not improve zT. Therefore we conclude that the change in the band structure with
formation of solid solution accounts for the improvement of zT in p-type PbSe from 1.1 to 1.5 at 900 K.
Introduction

PbSe is a promising thermoelectric material1 that does not rely
on the scarce element Te. The thermoelectric gure of merit
zT ¼ S2sT/(ke + kL) (S is the Seebeck coefficient, s is the electric
conductivity, and ke and kL are the electronic and lattice thermal
conductivity, respectively) for both n-type2–4 and p-type5–7 PbSe
exceeds 1 at high temperature. Although similar to its well-
studied analog PbTe,8–10 PbSe has an easily recognizable
difference in the band structure11–14 leading to different trans-
port behavior and lower maximum zT. Nonetheless, we
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ESI) available: (1) XRD and absorption
transport properties for all samples
renko relation for Pb1�xSrxSe samples.
ctivity from a point defect model for
potential from undoped samples. See

–811
demonstrate here, using PbSe alloyed with SrSe, that by tuning
its valence band structure the good zT found in p-type PbSe
could be further enhanced. The introduction of Sr makes the
contribution from the secondary, multi-valley valence band to
carrier transport greater over a broader temperature range so a
maximum zT of 1.5 at 900 K is obtained. The high zT comes
from the change in the valence band structure rather than the
atomic disorder that commonly benets zT in thermoelectric
solid solutions.15 Band engineering is another important facet
in addition to the historic motivation of forming solid solution
in thermoelectrics.

In PbSe as well as PbTe, the secondary valence bandmaximum
(along the S line of the Brillouin zone, called the S band)
contributes to the carrier transport at high temperature when the
energy of the primary valence band (the L band) decreases as the
band gap increases with temperature.11,16–18 The best thermo-
electric performance is found around temperatures where the two
valence bands are converged (within a few kBT of one another).19,20

For PbTe the convergence temperature (Tcvg) was believed to be
around 450 K based on both optical band gap measurements16,18

and temperature dependent Hall coefficient data.19,21,22 However,
new evidence and data interpretation23,24 have indicated that the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) Lattice constant of Pb1�xSrxSe alloys following the Vegard's
law (solid line), the inset shows the high angle peak shift without
broadening. (b) SEM backscattered images of Pb0.92Sr0.08Se and
Pb0.88Sr0.12Se ingots, no secondary phase inclusion is found at this
scale for both. (c) Backscattered image of Pb0.92Sr0.08Se at a large
scale and the corresponding Sr EDS mapping result. (d) Backscattered
image of Pb0.88Sr0.12Se at a large scale and the Sr mapping result.
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actual convergence temperature should be higher. In PbSe, the S
band is further away25,26 (�0.3 eV at 0 K) from the primary band
maximum and the two bands converge at a higher temperature.
Early studies11,25,27,28 based onHall coefficient data have pointed to
a Tcvg of around 750 K. However, the result based on optical
absorption spectra24,29 (for T below 500 K) suggests that this
temperature in PbSe should be around 900–1100 K, which is
beyond the highest feasible operating temperature for PbSe.
Bringing this temperature down to, for instance, 800 K by tuning
up the valence band structure of PbSe would potentially improve
the thermoelectric performance of p-type PbSe.

There are two strategies for reducing the convergence
temperature in PbSe: the rst strategy is alloying PbSe with
PbTe. Being analogous to the effect seen in PbTe rich
PbTe1�xSex alloys,19 the addition of PbTe into PbSe would make
the valence bands more PbTe-like therefore lower Tcvg. Two
drawbacks can be anticipated for this strategy: rst, an excessive
degree of alloying will be needed due to the small difference in
band structures (50% PbTe addition estimated to bring Tcvg
down to 800 K). Second, the disorder introduced by Te substi-
tution of Se in PbSe is not thermoelectrically benecial.15

The other strategy is alloying PbSe with alkaline-earth sele-
nides that are of rock-salt structures and wide band gaps. No
report on phase diagrams between PbSe and MSe (M ¼ Mg, Ca,
Sr, Ba) can be found. Thus, it is still unknown if such an alloy is
thermodynamically stable in the bulk, or what effect alloying
has on the band structure and transport properties. However,
Molecular Beam Epitaxy (MBE) grown Pb1�xSrxSe thin lms
have been studied; they show that the lattice constant changes
gradually following Vegard's law and the band gap tunable in a
wide range with different SrSe contents.30–32 Given the rock-salt
structure and the lattice parameter31 of 6.25 Å for SrSe it is
highly probable that an appreciable solubility of SrSe in PbSe in
the bulk could be found. On the other hand, recent studies on
thermoelectric PbTe with SrTe addition implied that SrTe leads
to noticeable thermal conductivity reduction without signi-
cantly impairing the carrier mobility,33,34 which means the
disorder might be benecial in Pb1�xSrxSe alloys as well.

In this work we present the study of bulk Pb1�xSrxSe alloys with
different ‘x’ up to 12%. For each alloy composition p-type dopant
Na (K for two samples) is used to tune the carrier density and
multiple doping levels are studied. Our result demonstrates that
PbSe and SrSe form thermodynamically stable solid solutions in
bulk form and the solubility of SrSe in PbSe is no less than 8%. The
effect of Sr on the band structure is revealed by transport as well as
optical absorption edge measurements. The band structure is
sensitive to and gradually tunable with a small amount of Sr. An
appreciable enhancement in thermoelectric performance was
achieved and themaximum zT of 1.5 is found at 900 K (1.4� 0.1 in
multiple samples with different compositions). Analysis further
suggests that such an enhancement is purely due to the change of
the band structure whereas the thermal conductivity reduction due
to the disorder introduced from substituting Pb with Sr in PbSe is
entirely compensated by the reduction in charge carrier mobility.

A similar study35 of PbSe with alkaline-earth elements added
was recently reported by Lee et al., where the improvement of zT
is believed to be due to the multi-scale hierarchical
This journal is © The Royal Society of Chemistry 2014
microstructure that reduced the lattice thermal conductivity,
which is similar to the mechanism reported in the PbTe–SrTe
system.34 Most of the transport properties at high temperatures
reported by Lee et al. are found to be consistent with our result,
however, here we present a more comprehensive and extended
study and propose an alternate explanation based on the
change of the electronic band structure.
Results and discussion

All samples are single phase when characterized by X-ray
diffraction (ESI†). The lattice constants increase with Sr content
following the Vegard's law through 12% using a reported lattice
constant31 of 6.25 Å for SrSe (Fig. 1a). Scanning electron
microscopy (SEM) on polished surfaces reveals a typical solid
solution microstructure and no well dispersed secondary-phase
precipitates down to 50 nm in size could be seen (Fig. 1b). The
samples are also homogeneous on a large scale (100 mm) with
no Sr segregation seen up to 8% Sr. Large Sr-rich inclusions
(�10 mm in size) are only found in 12% Sr alloy with >10 mm
intervals (Fig. 1c and d): a length scale well beyond the mean
free path of charge carriers or phonons. The inhomogeneity
usually suggests a solubility limit, but here could more likely be
due to insufficient mixing of Sr and slow diffusion across some
of the grain boundaries.

The optical band gaps of undoped Pb1�xSrxSe alloys are
noticeably larger than those of PbSe (Fig. 2a). The band gap
increases linearly with Sr content through 12% and is roughly
doubled at this Sr content. For all alloys the absorption spectra
are consistent with direct transitions and are attributed to L–L
transitions as in pure PbSe.26
Energy Environ. Sci., 2014, 7, 804–811 | 805
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Fig. 2 (a) The measured band gap Eg and the proposed energy separation between two valence bands DEL–S of Pb1�xSrxSe alloys, each is
consistent with calculated values. (b) Lattice thermal conductivity as a function of Sr content at 300 K and 850 K. The 300 K values are from
undoped samples. (c) Normalized Hall mobility as a function of Sr content for undoped samples at 300 K and doped samples with the same
carrier density at 850 K. (d) Pisarenko relation of p-type PbSe and Pb1�xSrxSe alloys. Lines are calculated using the proposed band model. (e) The
calculated DOS spectrum of Pb1�xSrxSe alloys and the inset illustrates the proposed band model, based on (a).
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The change of the band structure consequently affects the
transport properties. Fig. 2d shows the measured room
temperature Seebeck coefficient as a function of Hall carrier
density (the Pisarenko relation). For PbSe, due to the large
offset between two valence-band maxima at room tempera-
ture, the contribution from the secondary S band to transport
is negligible and the Pisarenko relation (data in black squares)
can be explained with a single band model2,36 (black curve)
using parameters determined previously2 for the L band. With
the addition of Sr, the Seebeck coefficients start to deviate
from the curve signicantly at high doping levels, with higher
values compared to PbSe given the same carrier density.
Among the Pb1�xSrxSe alloys the Seebeck coefficient also
increases as the Sr content increases. If the increased Seebeck
values were simply due to a larger effective mass, the Seebeck
value would be proportionally larger at all nH, which is not
observed in Pb1�xSrxSe alloys with low nH. Alternatively the
deviation from a single band model (the black curve) at high
nH indicates that the contribution from a second band
becomes important as the Fermi level moves into the second
valence band, which is also the explanation for the similar
Pisarenko behavior in p-type PbTe.8 The continuous change in
the direct L–L band gap due to SrSe alloying can explain the
gradual change of Pisarenko relation. If the energy of the L
valence band is reduced as the band gap increases, which
reduces the band offset in PbSe between L and S valence
bands, the secondary S band will play a noticeable role in
heavily doped, Sr containing PbSe.
806 | Energy Environ. Sci., 2014, 7, 804–811
We assume that the S band remains stationary while the L
(conduction and valence) bands move apart, resulting in an
energy separation between L and S valence bands that changes
as roughly half of the band gap changes with Sr content
(Fig. 2e), as inspired by observation32 on thin lms at 77 K, the
calculated Pisarenko relations for each Pb1�xSrxSe alloy
composition are shown in Fig. 2d with colored lines, and are in
reasonable agreement with the observed results (see ESI† for
calculation details).

Optical absorptions in the lead chalcogenides begin with
direct transitions across the fundamental gap at the L point.
Because these direct transitions do not require phonon partic-
ipation, they dominate the absorption spectra compared with
the L–S indirect transitions, which should occur at higher
energies. This limits traditional optical absorption to accurately
determine the position of the S band edge. Historically Russian
scientists have used optical transition between two valence
bands to derive the position of the S band edge.25,29,37 This
method to us is subject to interpretation and is prone to
uncertainty in the free carrier absorption t.

For more independent evidence of how the band structure
changes with Sr content, we performed rst principle calcula-
tion using the Korringa–Kohn–Rostoker Green function
formalism under the coherent potential approximation38–40

(KKR-CPA). The KKR-CPA method is a powerful tool for visual-
izing the electronic density of states (DOS) for disordered
materials without establishing a supercell and is widely used in
the studies of thermoelectrics with random substitution.41–45
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c3ee43438a


Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 C
al

if
or

ni
a 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

on
 2

0/
03

/2
01

4 
14

:4
4:

11
. 

View Article Online
Calculated DOS spectra of Pb1�xSrxSe conrmed both the
increase of band gap and the decrease of energy separation
between L and S bands. These are shown in Fig. 2a and are in
good agreement with the proposed model.

In Fig. 3 the temperature dependent transport properties of
Pb1�xSrxSe alloys with different Sr contents are compared. The
samples shown have similar Hall carrier densities at room
temperature of between 1.3 and 1.8 � 1020 cm�3 (properties of
all samples studied, with different carrier densities for each Sr
content, are shown in the ESI†). Na and K do not change the
band structure of lead chalcogenides41 and transport properties
of Na and K doped samples are comparable when carrier
density is similar (ESI†) thus all the difference shown in Fig. 3 is
due to different Sr contents. The resistivity increases signi-
cantly with Sr content, which can be expected from increased
alloy scattering of carriers. The increased resistivity also stems
from the increased contribution from the S band that has a
heavier effective mass. Compared with samples with same Sr
content from this study, PbSe with 0%, 2% and 4% SrSe in ref.
35 each have very similar resistivities at high temperatures.

As shown in Fig. 3b alloys with higher Sr content have higher
Seebeck coefficients. This trend is observed through the entire
temperature range up to 8% Sr. The higher S values can be
explained by the carrier redistribution between two valence
bands, which populates more states in the high density-of-
states S band in alloys with more Sr, so for a given carrier
density the alloys with higher Sr content have more carriers in
the S band hence the chemical potential is closer to the band
edge. The alloy with 12% Sr shows higher S values compared
with the 8% Sr alloy mainly around room temperature. This can
be understood considering that as the Tcvg decreases the S band
plays an increasingly important role in transport at high
Fig. 3 The temperature dependence of transport properties: (a) res
conductivity of Pb1�xSrxSe alloys. Numbers in (a) denotes the measured

This journal is © The Royal Society of Chemistry 2014
temperature in both 8% and 12% alloys thus the difference in
chemical potential between them is small. The increase of S
with Sr content was not as recognizable in Lee's work35 where
the difference between samples with 2% Sr and 4% Sr is
comparable with measurement uncertainty, even though for
each sample the result is generally consistent with this study
(Fig. 3b).

The temperature dependence of the Hall coefficient (RH) of
each sample is compared in Fig. 3c. The relative ratios to their
room temperature values are presented. In single-band systems
the temperature dependence of RH is weak and monotonic (see
RH for n-type PbS with nH ¼ 1.2 � 1020 cm�3 shown in Fig. 3c).
Non-monotonic RH–T curves usually indicate two types of
carriers (electrons and holes, or electrons/holes with different
effective masses) co-existing in transport,19,29,46 and RH peaks
when the contribution from each type of carriers to conduction
is equal47 (such that Tcvg should be higher than the temperature
where RH peaks). Given their similar carrier density the differ-
ence in temperature where RH peaks among different samples
are primarily caused by the difference in the band structure:
lower peaking temperature indicates more contribution from
the secondary S band at a given temperature, which is the
outcome of the reduced energy offset between L and S bands.

The thermal conductivities of Pb1�xSrxSe alloys are lower
than those of PbSe (Fig. 3d). Compared with the values repor-
ted35 by Lee et al., thermal conductivities of Pb1�xSrxSe alloys in
this work are found lower near room temperature due to larger
resistivities. At high temperatures the results for the same alloy
composition from both studies are found to be very similar.

Fig. 4 shows the maximum zT of different Pb1�xSrxSe alloys
compared with that of PbSe (see ESI† for zT of each alloy
composition with different carrier densities). The previously
istivity, (b) Seebeck coefficient, (c) Hall coefficient and (d) thermal
Hall carrier density at 300 K.

Energy Environ. Sci., 2014, 7, 804–811 | 807
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reported zT of 1.2 at 850 K for p-type PbSe,5 which although has
been reproduced by other researchers,6,7 is reevaluated here to
be 1.1 at 900 K (1.0 at 850 K). This value agrees with Lee's recent
report35 and is believed at this time to be most accurate (Fig. 3).
Compared with PbSe, a noticeable improvement of zT is seen in
Pb1�xSrxSe alloys for the Sr content as low as 2%: both this study
and the recent report35 have measured a zT of 1.3 at 900 K. The
result from this study also indicates that zT can be further
improved as the Sr content increases, a zT of 1.5 is observed at
900 K for properly doped alloy with 8% Sr, further increasing Sr
content seems to reduce the maximum zT. The zT of 1.4 � 0.1 at
900 K was achieved in multiple samples with different Sr
contents, each requiring different carrier densities. As shown in
Fig. 4 more carriers are required for alloys with higher Sr
content, as the density-of-state effective mass increases with
increased contribution from the S band.

Beside changing the band structure, the substitution of Sr on
the Pb site also creates disorder and has its inuence on zT by
reducing the lattice thermal conductivity and carrier mobility,
as shown in Fig. 2b and c.

In Fig. 2b, kL of alloys with different Sr contents at both 300 K
and 850 K are compared (see ESI† for general temperature
dependent kL). The 300 K data from this work are taken from
undoped samples with high electrical resistivity and therefore
negligible ke. kL at 850 K are evaluated with Lorenz number L
from a single parabolic band model from doped samples. The
thermal conductivity reduction in Pb1�xSrxSe alloys, which is
more effective at room temperature and less so at 850 K, can be
well explained by Callaway and Klemens' model15,48–53 of
thermal conductivity for alloy systems (the solid curves, see ESI†
for detail). For 10% Sr as an example the kL reduction is 25% at
300 K, and 15% at 850 K as suggested by both the experimental
trend and the model. At high temperature, kL from Lee's work35

is found to follow the same trend. Differences can be seen at
room temperature where larger reduction of kL (calculated from
heavily doped samples) with Sr content has been reported.35
Fig. 4 The observed zT of samples that have highest zT at 900 K and
the corresponding Hall carrier densities at room temperature for
Pb1�xSrxSe with different Sr contents, compared to the maximum zT
evaluated for p-type PbSe (zT for samples with different carrier
densities at each Sr content shown in ESI†).

808 | Energy Environ. Sci., 2014, 7, 804–811
The Sr addition is also found to reduce the carrier mobility.
In undoped samples the mobility reduction is solely related to
the alloy scattering because the contribution from the
secondary band is minimal and the effective mass of the L
valence band stays unchanged in Sr alloys as in PbSe. For the
mobility reduction in undoped Pb1�xSrxSe alloys (nH,300K # 3 �
1018 cm�3) at 300 K (expressed as measured Hall mobility
relative to Hall mobility of PbSe with the same carrier density),
the observed trend can be understood with alloy scattering15,54–56

of carriers in addition to the deformation potential scattering
within the framework of a single band model (see ESI† for
detail). The magnitude of alloy scattering in the L valence band
can thus be modeled (solid curve). The alloy scattering potential
U, which measures the signicance of alloy scattering, is esti-
mated to be 3 eV for the L band. This is a fairly large U value
compared to those reported for other systems.15

Being different from the undoped samples at 300 K, mobility
reduction in heavily doped samples is the result of intertwined
inuence of alloy scattering and carrier re-distribution associ-
ated with the change of the valence band offset. Nonetheless in
Fig. 2c the normalized mobilities at 850 K for samples with a
similar carrier density around 1.5 � 1020 cm�3 are also shown.
It provides a straightforward illustration, together with the
reduction of kL in Fig. 2b, that the atomic disorder has induced
more mobility reduction than thermal conductivity reduction,
both at 300 K and 850 K.

The mobility of doped samples (nH,300K > 1 � 1020 cm�3) at
300 K was found in Lee's work35 to not decrease with Sr addition
relative to PbSe, similar to the previously suggested absence of
mobility reduction33 in Sr added PbTe. Despite the difference at
room temperature in lattice thermal conductivity and Hall
mobility between this study and Lee's report, the measured
electrical resistivity and kL at high temperatures are very similar,
as shown in Fig. 2b and 3a and d.

In a relevant case, the substitution of Se by Te has overall
compensated effects15 for n-type PbSe. For instance, 10% Te
substitution resulted in roughly 20% decrease at 300 K in both
lattice thermal conductivity and carrier mobility. As for
Pb1�xSrxSe, the kL reduction is higher at 25% for 10% Sr
substitution, but the mobility suppression is much worse, down
to <50%. The slightly larger kL reduction comes from larger mass
contrast between Sr and Pb (compared with that between Se and
Te). The much larger alloy scattering potential U (U around 1 eV
for n-type PbSe1�xTex) is probably linked to the larger mismatch
of valence band energy: the electron affinity of SrSe is57 1.8 eV
and its band gap (G–X) is58,59 3.8 eV, the top of its valence band at
G point is thus 5.6 eV below the vacuum level. On the other hand
the work function of PbSe is60 4.6 eV and the band gap 0.3 eV,
which means the top of its L valence band is 4.8 eV below the
vacuum level: a 0.8 eV difference in band energy between PbSe
and SrSe. For comparison, the difference in conduction band
energy between PbSe and PbTe is only61 0.1 eV.

The substitution of Pb by Sr in PbSe is thus an undesired
disorder for thermoelectrics. Nonetheless, zT improvement is
still achieved in Pb1�xSrxSe alloys because the valence band
structures are tuned in favor of thermoelectric properties.
Specically, the gap between the primary L band and the
This journal is © The Royal Society of Chemistry 2014
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secondary S band is decreased, so that the highly degenerate S

band could contribute more to the carrier transport. This effect,
in Pb1�xSrxSe, competes with the undesirable Pb site disorder.
The net result is a signicant increase of zT over a broad range
of Sr content from 2% to 8%. When the Sr content is further
increased, the negative effect of the Pb site disorder overwhelms
resulting in decreased zT.

Conclusions

In summary, tuning the energy of the valence bands in PbSe has
improved the thermoelectric properties of p-type PbSe over its
already promising ones. Higher zT originates from a decreased
energy offset between the primary and secondary valence bands
and hence the decreased convergence temperature Tcvg. This
effect is not restricted to Pb1�xSrxSe: for instance other iso-valent
selenides with a similar symmetry and band structure can be as
effective, and Lee's result35 has shown the merit of this strategy.
If an element could be found where the right combination of
mass contrast and valence band mismatch is found so that
random alloying is thermoelectrically benecial, the strategy of
band engineering would work together with benecial disorder
to produce even higher zT. Moreover, this work suggests a
promising route for increasing performance in other, less
competitive thermoelectric materials that have similar valence
band structures (PbS, SnTe). The similar chemistry between
Pb1�xSrxSe and alkaline-earth added PbTe (Pb1�xSrxTe33,34 and
Pb1�xMgxTe62,63) implies that the improved thermoelectric
performance in those systems could also originate from a
similar effect that involves an increase of the contribution from
the S band at different temperatures.

Experimental method

The samples are made via a conventional melting and pressing
route. Undoped samples in 25 g batches were rst made. To do
so high purity elements (Pb, 99.999%; Se, 99.999%; Sr, 99.9%)
were loaded and sealed in carbon coated quartz ampoules, then
quickly melted for 15 minutes by induction heating. Each ingot
was ground and hot pressed, then sealed in another ampoule
and annealed at 1073 K for 14 days. The doped samples of each
alloy composition was made by reacting powder (3 g) of undo-
ped alloy with Na and Se at 1200 K for 5 days in sealed
ampoules, and then hot pressed at 923 K. The disk samples for
tests were 12.7 mm in diameter and about 1 mm thick with
density no less than 97% of theoretical value.

Absorption edge measurements were carried out on undo-
ped samples using a Nicolet 6700 FTIR Spectrophotometer
equipped with a Praying Mantis Diffuse Reectance attachment
(Harrick Scientic Instruments) at 300 K. Measurements64 were
performed under an argon atmosphere. The scans were refer-
enced to KBr standard samples. Optical gaps were extracted
using the Tauc method where a was extrapolated to zero as a
function of (ħu)n. Here a is the absorption coefficient (whose
proportionality was calculated using the Kubelka Munk func-
tion), ħu is the incoming photon energy, and n is equal to 2 for
direct gaps. Urbach tails (exponential increase in absorption)
This journal is © The Royal Society of Chemistry 2014
were observed but insignicant since the samples are undoped
and thus were not subtracted for the Tauc t.

For KKR-CPA calculation the experimental room-tempera-
ture lattice constants and the von Barth–Hedin formula65 for the
exchange energy were used. For all atoms (Pb, Se, and Sr), the
angular momentum cut-off, lmax ¼ 2, was set and semi-relativ-
istic calculations of the core level were employed. A dense mesh
of 550 k points in the irreducible wedge of the Brillouin-zone
was used. Final converged total energy below 10�6 Ry was
applied in the self-consistent cycle. The calculated DOS for each
composition shows an abrupt increase around�0.1 eV, which is
attributed to the additional states in the S band and its position
is used to estimate the gap between L and S bands.

The in-plane resistivities and Hall coefficients (RH) were
measured using the Van der Pauw method66 in a magnetic eld
up to �2 T. The Seebeck coefficients were measured along the
cross-plane direction using Chromel–Nb thermocouples.67 The
thermal conductivities were calculated from k¼ dDTCp, with the
thermal diffusivity DT measured along the cross-plane direction
by the laser ash method (Netzsch LFA 457) under argon ow
with the Cowan model plus pulse correction. The heat capacity
Cp was determined using the equation Cp/kB per atom ¼ 3.07 +
4.7 � 10�4 (T/K-300) by tting experimental data.68 All proper-
ties are isotropic based on our previous study of PbSe.2 The
result of each measurement was compared with those from
different institutes on the same sample and is found very
consistent.2,65 For eachmeasurement data were collected during
both heating and cooling. The uncertainty of each measure-
ment is about 5% which combined could lead to a maximum of
20% uncertainty in the zT value.
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