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INTRODUCTION

Whall and Parker1 first suggested using multilayer
systems prepared by molecular beam epitaxy (MBE)
for improved thermoelectric materials. Several pa-
pers2 were presented on thermoelectric superlattices
in 1992 including experimental results on PbSeTe/
BiSb superlattices by Lincoln Laboratory.3 Reduced
dimensional superlattice systems were proposed as a
means to greatly enhance the thermoelectric figure of
merit (ZT) as a result of the effects of confinement on
the electronic density of states.4–6 Subsequently, it
was shown that additional effects need to be included
in order to obtain a more complete understanding of
these complex structures.7,8 Recently, there has been
an increasing interest in quantum-well and quan-
tum-wire superlattice structures in the search to find
improved thermoelectric materials for applications in
cooling and power generation.9 An earlier experimen-
tal investigation of Pb1–xEuxTe/PbTe quantum-well
superlattices grown by MBE yielded an enhanced ZT
due to the quantum confinement of electrons in the
well part of the superlattice structure.10,11 Quantum
wires have been calculated to have much higher ZTs
than quantum wells.6 Quantum dots (QDs) may have
even higher ZT values than quantum wires.

Quantum dots represent the ultimate in reduced
dimensionality, i.e., zero dimensionality. The energy
of an electron confined in a small volume by a poten-
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tial barrier as in a QD is strongly quantized, i.e., the
energy spectrum is discrete. For QDs the conduction
band offset and/or strain between the QD and the
surrounding material act as the confining potential.
The quantization of energy, or alternatively, the re-
duction of the dimensionality is directly reflected in
the dependence of the density of states on energy. For
a zero-dimensional system (QD), the density of states
(dN/dE) of the confined electrons has the shape of a
delta-like function12
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ε
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where εi are discrete energy levels and δ is the Dirac
function.    Thus, an enhanced density of states is a
possibility even in partially confined QD superlattice
(QDSL) structures. Consequently, an enhancement
in the Seebeck coefficient S and the thermoelectric
power factor P = S2σ (where σ is the electrical conduc-
tivity) may occur for a suitable structure in which the
chemical potential lies within a few kTs of the delta-
like function of the ground state and/or one of the
excited states of the partially confined QDs. In addi-
tion, the chemical potential should lie near a suitable
band edge of a good thermoelectric material. In real
materials, tunneling, thermal and inhomogeneous
broadening as well as a weak potential barrier sur-
rounding the QD may contribute to reducing the
confinement effect. An enhancement of the Seebeck
coefficient and the power factor in the PbSeTe/PbTe
QDSL system has been reported.13
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In addition to the possibility of an enhancement in
the power factor, another advantage of having a
QDSL structure is the enormous density of dissimilar
materials interfaces (involving the wetting layer, the
matrix or spacer layer, and dot layer of the QDSL
structure) which is expected to lower the lattice ther-
mal conductivity to values below those attainable by
merely alloying.14 Experimental results on the reduc-
tion of the thermal conductivity of superlattices have
been reported in which the values were much lower
than that of their constituents and even smaller than
the thermal conductivity value of the equivalent com-
positional alloys.15 The possibility of phonon engi-
neering combined with power-factor engineering may
result in large improvements in the ZT of already good
thermoelectric materials.

A significant lattice mismatch is needed in order for

islands or dots to form. A good thermoelectric mate-
rial is needed in order to start with a reasonably high
ZT. It is conjectured that a high static dielectric
constant is needed not only to suppress impurity
scattering of the electron carriers but also to minimize
interface scattering of the carriers. ZT increases as
the lattice thermal conductivity decreases for con-
stant temperature, power factor, and electronic part
of the total thermal conductivity. Upon considering
the above criteria, the PbSeTe/PbTe superlattice sys-
tem appears to be a very good model system for
investigation of thermoelectric QDSL phenomena.

As a first step to realizing large improvements in
the ZT of a QDSL thermoelectric material, we report
on the growth and characterization of QDSL struc-
tures composed of PbSe0.98Te0.02 QDs and PbTe matrix
layers. Please note that QDs have already been re-
ported for a PbSe deposit on a PbTe surface16 and for
a 60-period PbSe/PbEuTe QDSL structure.17,18 The
islands or QDs form in order to reduce the large
heteroepitaxial free energy component and allow the
strain in the PbSe0.98Te0.02 to partially relax. The
islanding process reduces the interface energy by
limiting the contact of the PbSe0.98Te0.02 with the PbTe
surface upon which it is grown, and allows the
PbSe0.98Te0.02 free surface to at least partially relax.
The strain-induced islanding technique produces the
QDs and is called the Stranski-Krastanow epitaxial
growth method. When enveloped by PbTe matrix
material, these islands may possibly be used to par-
tially confine the electrons in the QDs.

For the experimental realization of a large number
of QDs with good quality (high degree of ordering),
optimal separational distance, and nearly uniform
dot size, we use MBE, which is noted for atom-layer by
atom-layer control, reproducibility, and flexibility.
Another advantage of MBE- grown Pb-salt structures
is that the sticking coefficients of well-known MBE
growth chamber contaminants are unusually low.19

RESULTS AND DISCUSSION

The MBE growth was carried out in a modified 360-
type (T-series) growth chamber with an associated
custom-built load-lock chamber as described previ-
ously.20 The effusion cells on the cell flange used for
the growth of PbSeTe/PbTe superlattice structures
contained PbTe, PbSe, BiSb or Bi2Te3, and Te. The
MBE substrate holder accommodated BaF2 substrates
with 18 × 18-mm square shape. A 30-keV RHEED
system (used at 12 keV) was employed during film
growth to optimize and monitor the deposition. Alter-
nating RHEED streaks and chevron-shaped dots were
observed throughout the growth runs of the QDSL
structures. Molecular and atomic beam fluxes arriv-
ing at the substrate location were monitored via the
beam-flux ion gauge. The main flux measurement
was a nude Bayard-Alpert gauge, mounted on a ma-
nipulator, so that it could be rotated into the substrate
position. In this position, the beams from the indi-
vidual sources can be monitored and calibrated. Pre-
cise run-to-run control of composition requires pre-

Fig. 1. Schematic cross section of the quantum-dot superlattice
structure investigated.

Fig. 2. Field-emission SEM image of quantum-dot superlattice structure.
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cise knowledge of the PbTe, PbSe and Te beam fluxes.
The beam flux of the n-type dopant source (BiSb or
Bi2Te3) was adjusted and monitored by measuring the
Hall coefficient of grown films by the van der Pauw
method. The typical growth rate was 0.8 µm/h to 1.4
µm/h. The carrier concentration of the calibration
PbTe and PbSe0.98Te0.02 growth runs and the
PbSe0.98Te0.02/PbTe superlattice structures were cal-
culated from the Hall coefficient. For the growth of the
PbSe0.98Te0.02/PbTe superlattice structures, the BiSb
or Bi2Te3, and Te shutters were open during the entire
growth run, whereas the PbTe and PbSe shutters
were alternately opened and closed. A schematic
cross section of a PbSe0.98Te0.02/PbTe superlattice struc-
ture along with the approximately 200-nm-thick Bi-
doped PbTe buffer layer and the (111) BaF2 substrate
is shown in Fig. 1. After the growth of a 0.6- to 0.7-nm-
thick wetting layer, PbSe0.98Te0.02 spontaneously grows
in the form of QDs. The PbTe grows to replanarize the
surface. This behavior automatically repeats itself for
over 600 periods in these test structures.

It is well known that lead chalcogenides can be
doped by varying the Pb-to-chalcogenide ratio, but
this is not the best way to dope the material. Lead
vacancies can dope the material p-type whereas chal-
cogenide vacancies can dope the material n-type.
However, the vacancy dopant mechanism yields maxi-
mum carrier concentrations of about 1 × 1018 cm–3 in
our MBE system using thermally evaporated
PbSe0.98Te0.02 and PbTe material because of the low
growth temperature (300°C to 330°C, as determined
by infrared pyrometry) whereas the optimum carrier
concentration for a good Pb-chalcogenide thermoelec-
tric material is 6 × 1018 cm–3 or higher at 300␣ K. Thus,
an impurity must be used for doping. Years ago at
Lincoln Laboratory, the dopant behavior (carrier type)
of eleven impurity elements in bulk PbTe was inves-
tigated by the Bridgman growth technique and vari-
ous post-growth annealing processes21,22 and their
thermoelectric power factors were determined.23 It
turned out that Bi yielded the highest thermoelectric
power factors among the dopants investigated.

The field-emission scanning electron microscope
(FE-SEM) image (i.e., at 50,000 X magnification) in
Fig. 2 shows the QDs after growth of the 240th
PbSe0.98Te0.02 wetting and dot layer and without the
240th PbTe replanarization layer. The film was rap-
idly cooled to room temperature to preserve this
epitaxial surface structure. The white images are the
individual QDs in the planar array. There are ap-
proximately 9 × 1010 quantum dots/cm2 in this last or
surface layer of the superlattice. Atomic force micros-
copy images also show that the height-to-base aspect
ratio of about 1:3 is much larger than for other
materials systems, and their narrow size distribution
is much narrower than that of QDs observed in other
materials systems.

The Seebeck coefficient vs. carrier concentration is
shown in Fig. 3. Data for the best bulk PbTe, the PbTe/
Te superlattice, and the new QDSL structures are
given. Our data indicate that the Seebeck coefficient

of the best bulk PbSe follows the same curve as the
PbTe and may be described by the following empirical
Seebeck coefficient vs. carrier concentration n rela-
tionship,11 i.e.,

S (µV/K) = –477 + 175 log10 (n/1017 cm–3) (2)

Currently, the most plausible explanation for the
Seebeck coefficient enhancement for the PbTe/Te
data shown in Fig. 3 appears to be that the effective
scattering parameter r is increased as a result of extra
scattering introduced by the extra Te adsorbed peri-
odically in the PbTe lattice.20,24 The increased Seebeck
coefficient enhancement for the QDSL structure is
believed a consequence of quantum effects from the
reduced dimensionality of partially confined elec-
trons in the PbSe0.98Te0.02 QDs as well as a more
favorable scattering mechanism. The Seebeck coeffi-

Fig. 4 Thermoelectric figure of merit vs. carrier concentration for bulk
PbTe and the new PbSeTe/PbTe quantum-dot superlattice structures.

Fig. 3. Seebeck coefficient vs. carrier concentration for n-type PbTe-
based structures.
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cients of all PbSe0.98Te0.02/PbTe samples in Fig. 3 are
much greater than the values calculated from the S
vs. n relationship of Eq. 2.

The thermoelectric figure of merit versus carrier
concentration at 300 K is shown in Fig. 4 for QDSL
samples as well as for bulk PbTe. The solid curve for
bulk PbTe was obtained from the power factor using
thermal conductivity values calculated from the lit-
erature lattice thermal conductivity along with the
Weidemann-Franz law as described in Ref. 11. The
solid curve provides information near the optimum
bulk carrier concentration where ZT = 0.45. ZT values
for the QDSL samples are much higher (for the same
carrier concentration) than either bulk or homoge-
neous film PbTe or PbTe/Te. These ZT values were
obtained from the measured Seebeck coefficient and
electrical resistivity values along with calculated ther-
mal conductivity values. The calculated thermal con-
ductivity values are based on the Wiedemann-Franz
law and published experimentally derived values of
the lattice thermal conductivity κL for the mean or
equivalent alloy composition of the QDSL samples. It
is well known that PbSe0.5Te0.5 has a much lower
lattice thermal conductivity25 than either PbTe or
PbSe at 300 K by a factor of 2 to 2.5. We determined
the equivalent alloy compositions of each sample by
two independent methods, i.e., from x-ray diffraction
and growth parameters. However, recent experimen-
tal results26 on the lattice thermal conductivity of Si/
Ge superlattice structures (a 4.2% lattice-mismatched
system) would suggest that the above estimates for
the lattice thermal conductivity of PbSexTe1–x/PbTe (a
5.2% lattice mismatched system) superlattice films
are too high. To be conservative, we used the values
from Ref. 25 measured on bulk alloys of PbSeTe alloys
in our estimates of ZT shown in Fig. 4. Nevertheless,
we found some very high ZTs in these PbSe0.98Te0.02/
PbTe superlattice samples of up to about 0.9 at 300 K.
Thus, these MBE-grown PbSe0.98Te0.02/PbTe quantum
dot superlattice samples have shown significantly
enhanced Seebeck coefficients, power factors and ZTs.

SUMMARY

Large increases in Seebeck coefficient, power factor
and ZT have been measured in PbSeTe/PbTe QDSLs.
The improvement in ZT is attributed to the following:
(1) a more favorable carrier scattering mechanism
due to adsorbed or precipitated extra Te, (2) the
presence of PbSe0.98Te0.02 islands or dots imbedded in
a PbTe matrix and believed to result in partial con-
finement of electrons in the QDs, and (3) the lowering
of the lattice thermal conductivity to at least the
values of the homogeneous pseudobinary PbSexTe1–x
alloys. Experimental values for the Pb-chalcogenide
film in-plane room-temperature ZT values have been
increased from approximately 0.52 for PbTe/Te struc-
tures to about 0.9 for PbSe0.98Te0.02/PbTe QDSL struc-
tures. Further improvements in the ZT are antici-
pated based on the potential for lowering the lattice
thermal conductivity because of the enormous num-

ber of dissimilar materials interfaces present in QDSL
structures and with periods in the 10 to 15-nm range.
Also, many variables need to be optimized including
alloying with other compounds.
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