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Abstract
We present the molecular beam epitaxial growth of

nanocomposites consisting of semimetallic ErAs
nanoparticles which are epitaxially embedded within
InGaAlAs-based semiconductors. The properties of
nanocomposites can be drastically different from that of the
constituents, and in this case, the incorporation of ErAs is
used to increase the thermoelectric power factor and decrease
the lattice thermal conductivity, resulting in an increase in the
figure of merit, ZT. In addition, the thermoelectric power
factor is increased due to electron filtering (solid-state
thermionic emission) by barriers within the composite. In one
geometry, barriers of InGaAlAs, a wider bandgap
semiconductor, are introduced into an ErAs:InGaAs
nanocomposite. In a second geometry, ErAs particles are
embedded directly into InGaAlAs. Electron filtering occurs
due to the Schottky barriers which are formed surrounding the
particles. We present a 400-element array based on these
materials for thermoelectric power generation; a power
density > 1 W/cm2 is demonstrated with a temperature
gradient of 120°C.

Solid-state thermionics
Efficient thermoelectric materials operating at high

temperatures ( 300-600°C) are desirable for a wide range of
power generation applications. To be practical, thermoelectric
power generation requires efficient materials and a well-
designed device with minimal parasitics and can be
impedance matched to a load. The efficiency of
thermoelectric materials is generally discussed in terms of the
dimensionless figure of merit, ZT=S2GaT/p, where S is the
Seebeck coefficient, a is electrical conductivity, T is
temperature, and 3 is thermal conductivity. The quantity S2G
is often referred to as the thermoelectric power factor.

Researchers seeking efficient thermoelectric materials face
two unfortunate obstacles: (1) thermal conductivity contains
an electronic term which tends to increase with increasing
electrical conductivity (known as the Wiedemann-Franz law),
and (2) the Seebeck coefficient and electrical conductivity are
generally inversely related. As a result, optimizing materials
generally involves balancing these parameters. For
semiconductors, the lattice thermal conductivity is frequently
larger than the electronic thermal conductivity and this first
obstacle can be safely ignored; lattice thermal conductivity is
minimized and electronic thermal conductivity is ignored. The
second consideration suggests that there is an optimal doping
for a semiconductor which will result in a maximal
thermoelectric power factor. Hicks and Dresselhaus [1, 2]

suggested the use of the quantum effects which accompany
reduced dimensionality in semiconductor heterostructures to
increase the performance of thermoelectric materials. While
recent work has demonstrated the potential of nanocomposite
materials to increase ZT, this increase is primarily a result of
decreased thermal conductivity. [3, 4] Solid-state thermionics,
in which barriers are used to prevent cold (low energy)
electrons from moving through a heterostructures while still
allowing hot (high energy) electron transport, offers an
alternative technique to traditional thermoelectrics. In this
case, it is possible to partially decouple Seebeck coefficient
from electrical conductivity by artificially changing the
distribution of carriers within the material. This technique has
been discussed in depth elsewhere. [5-10]

ErAs-based thermoelectric materials
Erbium arsenide (ErAs) is a semimetal which forms self-

assembled nanoparticles in a rocksalt structure when
incorporated into Ill-V semiconductors grown by molecular
beam epitaxy (MBE). [11] These nanoparticles are epitaxial
within the structure and do not result in large concentrations
of defects.

The presence of ErAs in Ill-As compound semiconductors
often changes the properties of the semiconductor drastically.
In Ino.53Gao.47As (lattice matched to InP and hereinafter
referred to as InGaAs), ErAs serves as a donor. [12] Growth
conditions and the effects on electrical conductivity, Seebeck
coefficient, and thermoelectric power factor of incorporating
ErAs into InGaAs (either as layers of particles or randomly
distributed throughout the semiconductor) have been
discussed elsewhere. [13] We also have shown that
incorporating these nanoparticles into InGaAs increases
phonon scattering and therefore reduces thermal conductivity
below the so-called "alloy limit" without decreasing electrical
conductivity. [14]

If barriers made of InGaAlAs (also lattice matched to InP)
are incorporated into this ErAs:InGaAs composite (during the
MBE growth), it is possible to use the solid-state thermionic
technique (electron filtering) to increase the thermoelectric
power factor. We have recently demonstrated electron
filtering experimentally by measuring an increase in the
Seebeck coefficient of a superlattice in the cross-plane
direction (vs. the in-plane value) in good agreement with
theory. [15] Thermal conductivity measurements of these
superlattice materials show a similar reduction in thermal
conductivity to that of the ErAs:InGaAs material. [16] Using
transient measurements, we have also measured a room
temperature ZT of 0.13-0.15, which agrees quite well with
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theoretical predictions and is an improvement over the
maximum room temperature ZT of optimally-doped InGaAs,
which is approximately 0.06. [17] According to theory, a ZT
of 1.6 is expected at T=900K.

Power generation from arrays
For power generation, single elements (or small arrays)

are impractical because their low resistance makes impedance
matching impossible. Instead, we have fabricated a 400
element array (200 each of p-type and n-type elements) in
which the elements are thermally in parallel and electrically in
series. This design increases the voltage and also increases the
resistance (and therefore the ideal load resistance) to tens of
Ohms. The structure of the n-type elements is the
ErAs:InGaAs/InGaAlAs superlattice described above. In
previous work, we have used similar structures for the p-type
material in which the InGaAs is heavily compensated with
beryllium (an acceptor) and the barrier is InAlAs rather than
InGaAlAs. InAlAs was chosen because the valence band
offset between InGaAs and InGaAlAs is much smaller than
the conduction band offset; InAlAs gives the same hole
barrier height as the electron barrier height used in the n-type
material. [18] In this previous work, each element was 5 ptm
thick elements and had an area of 200 pm x 200 pm. An
output power of 0.7mW (4.4mW/cm2) was measured with a
30°C temperature gradient across the packaged generator.

In the present work, the p-type material consists of Be-
compensated ErAs:InGaAs without additional barriers
because the barriers increased the resistance of the p-type
material too drastically. Contact resistance and other parastics
have also been reduced. The element area has been reduced to
120 ptm x 120 ptm, and the thickness of the elements has been
doubled to 10 ptm, which increases the thermal resistance of
the elements and therefore allows larger temperature
gradients. Output power densities greater than 1W/cm2 have
been achieved with a temperature gradient of 120°C across
the packaged device. It is estimated that the temperature
gradient across the active region is 25°C.

Figure 1: Measurement results of the output power density
for 400 element power generator arrays. The temperature
gradient is the total across the packaged generator, and the
load resistance is 27Q.
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ErAs:InGaAlAs nanoparticle composites
As an alternative to the ErAs:InGaAs/InGaAlAs material

described previously, it is possible to incorporate ErAs
directly into InGaAlAs, which can be described as
(Ino.52AI0.48As)x(Ino.53Gao.47As) -x. At a given temperature,
ErAs pins the Fermi level at a particular energy which is
determined by the band lineup of ErAs to the particular
InGaAlAs composition. Previous work measuring Schottky
barrier heights for complete films of ErAs on InGaAlAs
shows a linear relationship between barrier height and InAlAs
content. [19] As a result, the incorporation of ErAs into
InGaAlAs results in Schottky barriers around the particles
with a height which can be controlled by the InAlAs content.
It is possible, in principle, to use these barriers for electron
filtering. This scheme has some potential advantages over the
superlattice described previously. One important advantage is
that this material is isotropic, which greatly simplifies the
measurement of relevant thermoelectric properties. In Figure
2, the in-plane electrical and thermoelectric properties are
plotted as a function of InAlAs content at room temperature.
As expected, carrier concentration decreases with increasing
InAlAs content; the Fermi level is pinned deeper within the
bandgap. The decrease in carrier concentration is faster than
might be expected by the decreasing Fermi level, but it is
worth noting that only mobile carriers are measured. As is
usually the case, the Seebeck coefficient is increasing as the
carrier concentration (and conductivity) decreases. Figure 2c
demonstrates that ErAs:InGaAs has the highest thermoelectric
power factor at room temperature, but electron concentration
of ErAs:InGaAlAs is expected to increase with temperature.

Figure 2: Room temperature measurements of thermoelectric
properties of ErAs:InGaAlAs as a function of InAlAs
composition. The properties presented are (a) electron
concentration, (b) mobility, (c) Seebeck coefficient, and (d)
thermoelectric power factor.
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Careful measurements of high temperature properties of
this material are necessary to determine its efficiency as a
thermoelectric material for high temperature applications.
Because the temperature dependence of the relevant
properties could be rather large in this system, the potential
exists for drastic improvements at higher temperatures.

Conclusions
The incorporation of ErAs into InGaAlAs-based materials

provides a promising route to efficient thermoelectric power
generation at high temperatures. Electron filtering has been
experimentally demonstrated in superlattices of ErAs:InGaAs
and InGaAlAs, which offers the potential to increase
thermoelectric power factors over that of optimally-doped
bulk semiconductors. Additionally, the presence of ErAs
reduces thermal conductivity, resulting in a further increase in
ZT. While the room temperature performance of ErAs
incorporated directly into InGaAlAs is somewhat
disappointing, further work and high temperature
measurements are necessary to determine its performance at
higher temperatures.
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