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Electronic structure and thermoelectric properties of layered PbSe-WSe, materials
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The first members of the series of intergrowth PbSe-WSe, compounds are investigated using first-principles
electronic-structure calculations and Boltzmann transport theory. These materials are moderate band-gap semi-
conductors. The valence-band edges are primarily derived from PbSe-derived states while the conduction
bands have mixed PbSe-WSe, character. The transport calculations show that high thermopowers are attainable
at moderate to high p-type doping levels, consistent with good thermoelectric performance at temperatures

from 300 to 1000 K.
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I. INTRODUCTION

Thermoelectric materials for waste-heat recovery are the
subject of considerable recent interest that derives from ef-
forts to improve energy efficiency and reduce CO, emis-
sions. A particularly promising application is the recovery of
energy from the exhaust gas of vehicles. In conventional
vehicles driven by internal combustion engines approxi-
mately one third of the energy content of the fuel is dissi-
pated as waste heat in the exhaust gas stream and this dissi-
pation is at sufficiently high temperatures that well over half
of this dissipation could in principle be recovered, based on
thermodynamic limits. Considering that only approximately
one third or less of the energy from fuel is used to actually
drive vehicles and their accessories (the remainder is dissi-
pated due to drive train friction or in radiated heat from the
engine and coolant), there are very significant potential-
energy savings from exhaust gas waste-heat recovery. Ther-
moelectrics offer a promising way to recover energy from
this waste heat. However the efficiency of present thermo-
electric generators is much lower than the thermodynamic
Carnot limit, primarily because of limitations in presently
known thermoelectric materials.'~

The key material parameter related to efficiency is the
dimensionless figure of merit, ZT= 0S2T/ k, where o is the
electrical conductivity, S is the thermopower, and k=«k,+k;
is the thermal conductivity composed of electronic and lat-
tice parts.*> ZT averaged over the operating temperature
range and over the p- and n-type thermoelectric legs defines
the maximum efficiency that can be obtained using given
materials, with ZT=% corresponding to Carnot efficiency. It
is important to note that the electronic thermal and electrical
conductivities, k, and o are connected by the Wiedemann-
Franz relation, x,=LoT. This means that ZT= rS2/L, with r
=(k,)/(k;+k,) <1, and as such, with the normal value of the
Lorenz constant, ZT=1 requires a minimum S
~160 wV/K. Thus thermoelectric performance imposes a
dual requirement: (1) high S and (2) low-lattice thermal con-
ductivity on the scale of the electronic thermal conductivity
(i.e., high r). By far the most common strategy for optimiz-
ing materials considering this dual requirement has been to
focus on semiconductors with heavy band masses, and as
high mobility as possible, and then to concentrate on lower-
ing thermal conductivity, optimizing the carrier concentra-
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tion to find the best balance between electrical conductivity
and thermopower.

PbTe and PbTe-based thermoelectrics are of particular in-
terest for thermoelectric generators operating at temperatures
appropriate for exhaust waste-heat recovery.’ Furthermore,
recent developments such as the LAST phases (PbTe with
the addition of Ag,SbTe,),® and resonantly enhanced TI-
doped PbTe,” both of which have ZT well above unity, sug-
gest that PbTe-based materials may offer performance better
than any other materials for this application.

In spite of its simple rock-salt-type crystal structure, PbTe
shows a combination of heavy-band masses, low-thermal
conductivity, and high mobility that favors thermoelectric
performance. In particular, optimized samples with both high
S and high values of r in the appropriate temperature range
(100-500 °C) can be synthesized. The high performance of
PbTe-based materials relative to other materials with small
unit cells and simple crystal structures is thought to be re-
lated to the relatively similar electronegativities of Pb and Te
(favoring high mobility), the heavy-mass elements,>® and
soft phonons associated with nearness to ferroelectricity.’
Unfortunately, Te is a rare element, and in fact most of the
world supply of Te comes as a byproduct of certain types of
Cu production. Consequently, large scale use of PbTe-based
thermoelectric generators in vehicles may be complicated by
materials availability issues. Therefore it is of interest to ex-
amine PbTe replacements, provided that they have the poten-
tial for high ZT. In this regard, the lighter chalcogenide PbSe
has also been investigated as a thermoelectric. The properties
of PbSe, while reasonable, are inferior to those of PbTe at
moderate 7. However, PbSe thermoelectrics do show ther-
mopowers comparable to those of similarly prepared PbTe
and may be superior at very high 7.'%!" Thus one may focus
on the factor r in improving the performance of PbSe, either
by improving the mobility or by lowering the lattice-thermal
conductivity. The simple rock-salt structure of PbSe would
seem to preclude conventional strategies for reducing the
thermal conductivity, such as the introduction of rattlers.'>!3
However, nanostructuring'4-!7 may be effective.

Recently, Chiritescu and co-workers reported the finding
of ultralow thermal conductivities in layered WSe, films
with disorder in the ¢ axis stacking.'® Furthermore, films
with alternating PbSe and WSe, or MoSe, blocks have also
been grown and these films were also shown to have low
thermal conductivities (below 0.1 W/m K in the cross-plane

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.075117

LIJUN ZHANG AND D. J. SINGH
ros. ® @ @ :
: (X3
H45EB0RE
w
Se

L3eed s

FIG. 1. (Color online) Optimized approximant structure of lay-
ered (PbSe),,(WSe,), (m=1 and n=1) used in the calculations (see
text). Se atoms are denoted as smaller red spheres, Pb as blue, and
W as green spheres. The resulting unit cell is orthorhombic contain-
ing four (PbSe);(WSe,), formula units. Views along different di-
rections are shown, where the ¢ axis represents PbSe and WSe,
layers stacking directions, a axis corresponds to [100] direction of
both subsystems and the b axis is perpendicular to a axis.

direction and ~0.4 W/mK in the in-plane direction).!*-22
However, less is known about the electrical-transport prop-
erties. Here we report density-functional investigations of the
electronic and electrical-transport properties of these materi-
als. We find that with p-type doping high thermopowers as-
sociated with the PbSe layers are obtained at moderate dop-
ing levels.

II. STRUCTURE

Bulk WSe, occurs in a layered hexagonal structure, lattice
parameters a=3.282 A and ¢=12.96 A2 while PbSe oc-
curs in a cubic rock-salt structure, a=6.121 A. Therefore the
ratio of the cubic lattice parameter of PbSe to the a lattice
parameter ofr WSe, is 1.865, which is intermediate between
the values V3 and 2, which correspond to an orthorhombic
net on the hexagonal lattice. This is consistent with the for-
mation of incommensurate misfit structures in intergrowth
compounds, as observed experimentally.?* A series of such
compounds, (PbSe),,(WSe,), [experimentally characterized
as [(PbSe)g.99],,(WSe,), (Ref. 19)] can be synthesized. These
consist of alternating stacks of m layers of rock-salt PbSe
and n hexagonal WSe, units, along the c-axis direction.
Within the planes, the two sublattices are incommensurately
modulated along the a axis ([100] direction of both sublat-
tices) and orthogonal b direction with small misfit param-
eters.

In order to perform electronic-structure calculations it is
necessary to use commensurate approximant structures. For
this purpose, we note that PbSe is a softer material than
WSe,. Accordingly, we construct approximate structures
based on the experimental a lattice parameter of WSe,, as
shown in Fig. 1 for the m=n=1 case. This leads to an ortho-
rhombic unit cell. The internal atomic coordinates in these
cells were then relaxed using total-energy minimization. This
amounts to a strain of +0.07 and —0.07 in the PbSe layer
along the a and b crystallographic axes relative to an average
experimental a=6.163 A, which is slightly larger than the
bulk lattice parameter of PbSe. For this purpose we used the
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experimental lattice parameter from experiments on the
films, a=6.586 A and b=13a/2=5.704 A, which differs
slightly from the reported bulk WSe, value. The resulting
cells contain four formula units. As mentioned, this construc-
tion introduces an orthorhombic in-plane strain, in the softer
PbSe layers, which is consistent with structural data for other
misfit-layered chalcogenides as evidenced by the unequal a
and b lattice parameters that are observed.>* The out-of-plane
lattice parameter, ¢ was set to the sum of experimental sub-
lattice values (6.14 A and 6.55 A per unit for PbSe and
WSe,, respectively). We find only moderate a—b anisotropy
of the calculated transport properties. This supports the use
of the approximant structure.

III. ELECTRONIC-STRUCTURE METHODOLOGY

As noted, the internal atomic coordinates were optimized
by total-energy minimization. This was done using the gen-
eralized gradient approximation (GGA) of Perdew, Burke,
and Ernzerhof (PBE),?> with the projector augmented wave
(PAW) method as implemented in the VASP code.?0?” A
kinetic-energy cutoff of 350 eV was employed and the
Hellmann-Feynman forces acting on atoms were relaxed to
less than 0.01 eV/A. After the optimization, the PbSe layers
show small distortions (see Fig. 1), e.g., along ¢ direction the
Pb atoms slightly approach WSe, layers, presumably as a
result of interactions with the Se atoms in WSe, layers.

The electronic band structures and density of states (DOS)
were calculated within the PBE GGA. using general-
potential linearized augmented plane-wave (LAPW)
method,”® as implemented in the WIEN2K code.”® For this
purpose the relaxed structures as obtained from the PAW
calculation were employed. Both the valence and core states
were treated self-consistently. For the valence states we did
both scalar relativistic calculations and calculations with spin
orbit. The core states were treated fully relativistically.
LAPW sphere radii of 2.1a, for Se and 2.3a, for Pb and W
were used. We employed converged basis sets plus local or-
bitals determined by Rg.k,,=8.0, where k,,, is the plane-
wave cutoff in the interstitial region, and Rg, is the LAPW
sphere radius of Se (the smallest sphere in the present calcu-
lations). The temperature and doping-level dependence of
thermopower was calculated based on Boltzmann transport
theory within the constant scattering-time approximation, us-
ing the BOLTZTRAP program.’® This program evaluates trans-
port coefficients using Boltzmann transport equations (see
“Thermopower,” below) using band structures from first-
principles calculations.

Transport properties can be very sensitive to the
Brillouin-zone sampling. We checked convergence and
found that sets of approximately 20000 [for
(PbSe),(WSe,),] and 15 000 [(PbSe),(WSe,), ] nonshifted k
points were adequate for obtaining well-converged ther-
mopowers in the temperature range above 300 K. We show
scalar relativistic band structures because these are simpler
and capture the salient features of the full relativistic calcu-
lations. All the transport calculations shown were based on
the relativistic band structures, including spin-orbit.
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FIG. 2. Calculated scalar relativistic band structure of the
(PbSe)(WSe,), intergrowth compound. The energy zero is set to
the valence-band edge. The lowest bands shown are from the Pb s
states. The Se s bands are at higher binding energy and are not
shown.

IV. ELECTRONIC STRUCTURE AND DOPING

We begin with the m=n=1 compound. The calculated
band structure and electronic DOS for (PbSe),(WSe,), are
shown in Figs. 2 and 3, respectively. The bands near the
valence-band maximum (VBM) originate from the PbSe lay-
ers and are of mixed Pb p and Se p characters. Among these
bands near VBM, there are relatively heavy bands with large
effective mass at Y and T points that would contribute to
high thermopower. This may be seen in the weak dispersion
of the top bands along S-Y and R-T. We note that these lines
are along the in-plane k, direction. One may also note that
there are also low-dispersion bands in the equivalent &, di-
rections but these bands are at higher binding energy. In
addition to these heavy bands, there are lighter bands along
the X-S, Y-I', U-R, and T-Z directions. This combination of
light and heavy bands is often favorable for thermoelectric
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FIG. 3. (Color online) Scalar relativistic Electronic density of
states and orbital projections onto the LAPW spheres for
(PbSe);(WSe,);. The projections are on a per atom basis.
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TABLE 1. Calculated band gaps for (PbSe),,(WSe,),, m=1,2,
and bulk PbSe with the PBE GGA including spin orbit (SO) and in
a scalar relativistic calculation (SR).

Compound SR(eV) SO (eV)
Bulk PbSe 0.32 0.07
m=1 0.54 0.43
m=2 0.44 0.20

materials, since it helps in obtaining a combination of rea-
sonable mobility and high thermopower, as in La-Te
thermoelectrics’! and filled p-type skutterudites.? This also
contributes to a high DOS near the band edge. This is differ-
ent from bulk PbSe (see below), which has lighter bands near
the VBM followed by heavier bands at somewhat higher
binding energy. This difference reflects the reduced dimen-
sionality of the PbSe layers in the present case, which re-
duces the dispersion of the lighter bands. This is also favor-
able for higher thermopower, as was discussed in general by
Hicks and Dresselhaus.??

The low-lying valence bands around —8.0 eV mainly
come from Pb s states. The contribution of the WSe, sublat-
tice to the valence bands is mainly in the energy range of
—7.0 to —1.0 eV with respect to the VBM, where strongly
hybridized W d and Se p states are found. Turning to the
conduction bands, the lowest lying conduction bands are
heavy and mainly composed of W d states. Generally, these
heavy bands are expected to contribute to a large ther-
mopower but small carrier mobility. The band gap is indirect,
E,=0.54 eV in a scalar relativistic approximation and 0.43
eV with spin orbit (see Table I), with the VBM is located at
Y point and the conduction-band minimum (CBM) along
Z-U line (also see the top of Fig. 7). We also calculated the
electronic structure for bulk PbSe and WSe,, (Figs. 4-6) and
obtained results very similar to previous calculations.3*-3¢
We note that the electronic structure for the intergrowth com-
pound is similar to what one would obtain by overlapping
the electronic structures of the components with an energy
shift, at least as far as the main features are concerned. This
indicates that the interlayer interactions are moderate.

Doping with mobile carriers is essential for thermoelectric
performance. In order to assess the prospects for doping the
intergrowth compound we begin by evaluating the doping
dependence of the electronic structure using a virtual-crystal
approximation based on varying the nuclear charge on the Pb
site. This is a beyond rigid-band approximation for doping in
the PbSe layers. Figure 7 shows the band structures for dop-
ing levels of 0.1 hole (p type) and 0.1 electron (n type) per
PbSe unit, in comparison with the undoped case. We find that
the virtual-crystal band structure for p-type doping is very
similar to the original band structure with a shift of the Fermi
energy, i.e., the virtual-crystal and rigid-band pictures are
similar. As may be seen, this is not the case for n-type dop-
ing. In particular, the relative positions of low-lying conduc-
tion bands change significantly and the bandgap increases to
0.79 eV with 0.1 electron per PbSe n-type doping. This dif-
ferent behavior upon p-type or n-type dopings reflects the
different band character of the VBM and CBM states. In
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FIG. 4. GGA band structure of PbSe in a scalar relativistic approximation (left) and including spin orbit (right).

general, non-rigid-band behavior implies stronger scattering,
which is detrimental to the conductivity. In addition, the
mixed PbSe/WSe, character of the band structure at the
CBM is also expected to lead to stronger scattering due to
the interfaces. Therefore stronger scattering may be expected
for electrons than for holes, at least in this m=n=1 com-
pound. In the following we focus on p-type doping.

V. THERMOPOWER

As mentioned, we calculated the thermopowers based on
Boltzmann theory within the constant scattering-time ap-
proximation. We begin with a brief summary of the formal-
ism. Normally, the equations are written in terms of double
integration over the Brillouin zone and energy. However, fol-
lowing Ref. 30, we separate the zone integration and write it
as a sum over discrete points since this is how it is evaluated
from first-principles band structures. In this approach,**37 the

temperature and doping-level-dependent thermopower
S(T, ) is obtained from
Saﬁ = 2 (U_l)ayvﬁy’ (l)
Y

where o is the electronic conductivity is given by

3

S}

N(E) (states/eV)

FIG. 5. (Color online) Scalar relativistic electronic density of
states and projections for PbSe. Note that the Se p orbitals are spa-
tially extended, and that as a result the projection onto the Se
LAPW sphere is proportional to the Se p contribution to the elec-
tronic structure but underestimates it.

1 T,
sst=5 aaﬁ<s>{— a—f%}d B

and

1 f (T,
Vop(T, p) = EJ Tap(e)(e — ,u)[— —f’%}ds. (3)

Here the &; are the electron-band energies (band index i), f,,
is the Fermi distribution function, u is the chemical potential
which depends on doping level and temperature, 7, and () is
the volume. Band-structure calculations are necessarily done
on a discrete grid so that the integrals are in practice replaced
by summations over discrete k points. The essential ingredi-
ents are the energy-projected conductivity tensors (transport
distributions)

1
Tople) = ]—VER Top(i.K) 8 — ;). (4)

where we use a notation 1/N to account for the normaliza-
tion of the sum so that it becomes the integral in the limit
where the number of grid points becomes dense. These trans-
port distributions can be obtained using the k-dependent con-
ductivity tensor
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FIG. 6. (Color online) Scalar relativistic electronic density of
states and projections for WSe,.
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FIG. 7. Blow up of band structure near the bandgap for
(PbSe);(WSe,); (top), as well as 0.1 hole/PbSe p doping (middle)
and 0.1 electron/PbSe n doping (bottom) calculated with the virtual-
crystal approximation. For the doped case, the energy zero is set to
the Fermi level.

Uaﬁ(l’k) = ezﬁ,kva(i9k)vﬁ(i,k)’ (5)

where 7; ) is the scattering time and the v,(i,k) are the com-
ponents of the band velocities, v,(k)=Vg;,(k)/A, which are
obtained from the band structure. The BOLTZTRAP code does
this by taking the analytic gradient of a symmetry-adapted
Fourier interpolation of the band energies.** In this notation,
the expression for the specific-heat density of states is iden-
tical to that for o,4(T, 1) (Eq. (2)) except that o,4(i,k) in
Eq. (4) is replaced by unity. These expressions are normally
valid for metals and degenerate semiconductors, but can
break down, e.g., in cases with very strong scattering, where
localization may be expected, and also at very low carrier
density near the Mott transition.’’
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All the above terms can be evaluated from the band struc-
ture except for the scattering time 7, which in general de-
pends on temperature, doping level, and also sample details,
such as defect concentrations and types. Fortunately, in many
materials, while 7 is a strong function of temperature and
doping level, it is a weak function of energy on the scale of
kT. This leads to the so-called constant scattering-time ap-
proximation, where the energy dependence of 7 is neglected.
We emphasize that this approximation does not rely on as-
sumptions about the doping or 7 dependence of 7 and is
thought to be widely applicable to degenerately doped semi-
conductors and simple metals.’®% It has been successfully
applied to many thermoelectric materials,'~* including
Bi,Te;,* PbTe,** Na,Co0,,*40 etc. where quantitative
agreement with experimental results has been shown. How-
ever, the constant scattering-time approximation is suspect in
certain cases, e.g., when the electronic structure has multiple
bands with different character active in transport (different
scattering rates may then be expected in the different bands),
and also in cases where there is a strongly energy-dependent
scattering mechanism, such as in Kondo systems. The great
advantage of this approximation is the exactly canceling
scattering time 7 in the expression of thermopower [Eq. (1)].
Thus at the fixed temperature and doping level, S(T, u) can
be directly calculated from band structures without any ad-
justable parameter.

As discussed above, for the case of p-type doping we find
rigid-band behavior and so thermoelectric properties at dif-
ferent doping levels can be obtained using the undoped band
structure with appropriate shifts of the Fermi level and fur-
thermore the relevant bands are all derived from the PbSe
layer. Accordingly, we employed the BOLTZTRAP program>°
with the band structure of the undoped compound to calcu-
late the thermopower based on these expressions, as a func-
tion of doping level and temperature, within the constant
scattering-time approximation.

We note that the out-of-plane conductivity is expected to
be low, which works against thermoelectric performance,
and therefore we focus on in-plane transport. We find that the
orthorhombicity leads to a thermopower along the short axis,
b direction, S, that is slightly larger than that in a direction
(long axis), S,,. Considering that we are using an approxi-
mant structure, and that in fact the films have random in-
plane orientations, we present the in-plane average, S,
=(S.+S,,)/2.

Figure 8 shows the calculated in-plane average S,(7) of
(PbSe);(WSe,), for various p-type doping levels. As may be
seen, this p-type layered compound indeed shows high ther-
mopowers, especially in the 300-900 K temperature range
important for waste-heat recovery. This originates from
heavy valence bands as mentioned. The values are higher
than those of bulk PbSe with similar doping levels except at
very high T (see below). For a doping level of 0.01 hole/
PbSe (1.7 X 10** ¢cm™), the value of thermopower is above
200 wV/K in a wide temperature range (from 400 to 900
K). For the higher doping level of 0.04 hole/PbSe, S,(T)
>160 wV/K is found for 7>900 K. The decrease in ther-
mopower at extremely high temperature at low doping is due
to the minority-carrier contribution, as is often the case for
low band-gap semiconductors.
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FIG. 8. (Color online) Calculated average in-plane Seebeck co-
efficient, S, as a function of temperature for p-doped

(PbSe);(WSe,);, using the constant scattering-time approximation.
The doping levels are in holes per PbSe unit.

To explore the effect of increasing the layer thickness we
performed similar calculations for the (PbSe),(WSe,), sys-
tem, which consists of two PbSe layers along the z direction.
We did not investigate the effects of increasing the number
of WSe, sublayers since the electronic structure near the
VBM derives from the PbSe layers. The calculated ther-
mopower of (PbSe),(WSe,); is shown in Fig. 9. The ther-
mopower for p-doped case is qualitatively similar to
(PbSe),(WSe,);, the main difference being a modest de-
crease in the magnitudes at a roll off at lower T correspond-
ing to the smaller band gap (see Table I). These originate
from quite similar band structure to the one PbSe layer case,
especially for the valence bands. In any case, although the
thermopower of the two layer compound is lower than that
of the one-layer compound for a fixed doping level on a per
PbSe unit basis, it is still high enough to be consistent with
good thermoelectric performance, especially considering that
the two-layer material is expected to suffer less from inter-
face scattering, and therefore have higher mobility. As men-

300 —— p=0.005

i - p=001 1

2501 T N — p=002 -
< 200 .
§ A
3150 .
o - e T N NN
A ook R
o (PbSe),(WSe)), ]

L 4

0300 400 500 600 700 800 900 1000
T (K)

FIG. 9. (Color online) Calculated average in-plane constant
scattering-time approximation Seebeck coefficient, S, for various
hole doping levels in the (PbSe),(WSe,);. The doping levels are in
holes per PbSe unit.
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FIG. 10. (Color online) Calculated constant scattering-time ap-

proximation Seebeck coefficient, S for various hole-doping levels in
cubic PbSe.

tioned, higher mobility means that for a given lattice thermal
conductivity, r=«,/(k;+«,) will be higher. In this case, the
optimum ZT will be at lower carrier concentration relative to
the one-layer system. As such, the lower thermopower at
fixed carrier concentration may be misleading since optimiz-
ing at lower carrier concentration will work in the opposite
direction, by increasing the thermopower.

VI. RELATIONSHIP WITH PbSe

As mentioned, the structure of the valence bands for the
intergrowth compounds near the VBM is similar to the band
structure of PbSe, with the exception of heavier bands along
k, directions near the VBM. One may expect that as one adds
more layers to the PbSe blocks in the intergrowth com-
pounds, the electronic structure and electrical-transport prop-
erties will become more similar to those of bulk PbSe. The
calculated GGA band gap is direct at the L with values of
0.32 eV in a scalar relativistic approximation and 0.07 eV
with spin orbit. The experimental band gap of PbSe is 0.2 eV.
Therefore both the experimental and GGA band gaps of bulk
PbSe are lower than those of the intergrowth compounds.
This reflects the quantum confinement of the valence bands,
i.e., band narrowing due to the interfaces. Importantly, band
structure (Fig. 4) is highly nonparabolic, with band velocities
that actually decrease as one moves away from the VBM
along the L-W line. Within a degenerately doped parabolic
band model the thermopower is proportional to the effective
mass (provided that T is not too high). If a forced interpre-
tation within a parabolic band model is used, the specific
nonparabolic band structure of PbSe will then yield a trans-
port effective mass that increases with doping and also with
T.

The calculated thermopower for PbSe is shown in Fig. 10.
The calculations show a rather unusual temperature and
doping-level dependence of the thermopower. At low tem-
peratures, up to room temperature, the curves are inverted,
i.e., the thermopower increases with increasing doping below
the doping range shown. At intermediate temperatures
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~300 K the curves cross and the thermopower is relatively
doping independent. Then at higher temperatures, the ther-
mopower keeps increasing up to high 7, except for the low-
est doping level. This is in contrast to the expected behavior
for a small band-gap material, where at two sign conduction
normally leads to a saturation and roll over in S(7) at high T.
This high-temperature behavior is consistent with experi-
mental observations for heavily doped PbSe,!? although di-
rect comparison is not possible because the experimental
doping levels have not been quantified. Also, even though
the band gap of PbSe is lower than those in the intergrowth
compounds, the high-temperature roll off does not set in until
very high T. The behavior of S(7) in PbSe is qualitatively
similar to that of La-Te, where a combination light and heavy
bands leads to a situation where a single effective-mass fit
for the transport would require a doping and 7-dependent
effective mass.’! Here a similar behavior arises from the
nonparabolic band structure. Interestingly, for PbSe, the ther-
mopower at a carrier concentration of 0.01 holes per formula
unit is still increasing at 1100 K (note that the melting point
of PbSe is ~1350 K).

Both PbSe and the intergrowth compounds show ther-
mopowers consistent with reasonable thermoelectric perfor-
mance for waste-heat recovery. The difficulty with PbSe is
that the ratio r is not high enough to yield performance com-
parable to PbTe except at very high 7. This ratio can in
principle be increased by lowering the lattice thermal con-
ductivity. Unfortunately, we are not able to obtain the scat-
tering time 7, which controls the mobility and the thermal
conductivity from the present calculations. However, based
on the PbSe-dominated bands near the VBM of the inter-
growth compounds, and the rigid-band behavior with doping
one may speculate the intergrowth compounds behave elec-
tronically in plane similar to PbSe, at least as the PbSe layers
become thicker, and that perhaps the in-plane transport prop-
erties interpolate between those of the one-layer system and
those of bulk PbSe as the layer thickness is increased. Thus
at some thickness one may start regarding the p-type inter-
growth system as behaving like PbSe with additional bound-
ary scattering due to the interfaces with the WSe, blocks.
This scattering would apply to both heat-carrying phonons
and to charge carriers.

To proceed we consider a case where the interface elec-
tronic scattering is strong. This is a worst case scenario for
thermoelectric performance as it implies maximum degrada-
tion of the mobility by the interfaces. To mitigate this type of
scattering the thickness of PbSe layers should to be larger
than the effective mean-free path (MFP) of carriers in the
presumably bulk PbSe-like interiors of the PbSe layers. Be-
yond this thickness interface scattering will not dominate the
in-plane transport even if very strong. We evaluated the MFP
for p-type bulk PbSe using our band-structure results and
experimental-transport data. In particular, the average scat-
tering time 7 can be obtained by comparing the calculated
value of o/t with the experimental o. However, it is impor-
tant to compare with single-crystal data for this purpose. We
used the experimental data of Ref. 47 at room temperature
and a doping level of 4.28 X 10'® cm™ (~0.00025 holes per
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formula unit). This doping level is the highest for which data
is available but is still considerably lower than the doping
levels that we consider for thermoelectric PbSe.

In terms of Eq. (5), we can calculate the average velocity
of carriers, U using o/ 7=e>N(u)0?, where here N(u) is the
DOS at the Fermi level. Then the MFP, /=07 can be evalu-
ated. The resulting value is ~162 A, which is ~20 times
larger than one-layer thickness of PbSe, a. Based on this, we
may conclude that if thermoelectric PbSe has the same MFP
as the high-mobility samples of Ref. 47, one would expect a
beneficial effect due to preferential interface phonon scatter-
ing down to a thickness of ~20 layers (120 A). If the mo-
bility decreases significantly above ambient temperature and
with doping, as seems highly likely, then the benefit due to
layering will extend down to significantly lower PbSe thick-
nesses.

VII. SUMMARY AND CONCLUSIONS

To summarize, we used density-functional calculations
and Boltzmann transport theory, to study the electronic struc-
ture and related thermoelectric properties for the misfit lay-
ered PbSe-WSe, materials and PbSe. Starting from the pro-
totype (PbSe),(WSe,),, we find it is a semiconductor with
the indirect bandgap of 0.43 eV, where the edge of valence
bands is mainly dominated by PbSe sublattice. The band gap
decreases with PbSe thickness. In both the intergrowth com-
pounds and in bulk PbSe the band-structure contributions to
transport cannot be described in a simple single-parabolic
band picture. Instead the thermopower is enhanced by the
heavy-band features. In bulk PbSe this leads to an increase in
the high-temperature thermopower, which is consistent with
the fact that the best ZT values for PbSe are at high tempera-
ture where it can have better performance than PbTe.!” We
find that high thermopowers consistent with good thermo-
electric performance occur up to high doping levels of 0.01-
0.02 holes per formula unit for 7 in the range 300-900 K for
the one- and two-layer compounds but somewhat lower val-
ues of the doping level for PbSe.

The present results suggest that it may be possible to op-
timize the WSe,-PbSe intergrowth compounds for high ther-
moelectric performance at temperatures appropriate for
waste-heat recovery. This material, grown by techniques,
may not be directly suitable for waste-heat-recovery applica-
tions where cost is important. However, a finding of high ZT
in the appropriate temperature range in this material would
show that nanostructured PbSe can be a high Z7 material
perhaps leading to the discovery of bulk materials based on
this principle.
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