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We theoretically investigate the use of energetically sharp resonances of core-shell nanoparticles
embedded in semiconductors to selectively scatter carriers and thereby enhance the thermoelectric
power factor and figure of merit. Appropriate selection of materials for the core-shell band
structure can lead to the formation of quasi-bound states inside the nanoparticles, which strongly
scatter carriers near these energy levels, making sharp features in the energy-dependent electron
relaxation time. We find that the power factor of PbTe at 80K is enhanced by more than 80%
when core-shell nanoparticles of 3nm core diameter and 1.5 nm shell width are introduced with
density 1 x 10" ecm ™. © 2012 American Institute of Physics. [doi:10.1063/1.3673615]

The efficiency of thermoelectric devices directly
depends on the dimensionless figure of merit, ZTZSZO'T/K,
of the materials used, where S is the Seebeck coefficient, o is
the electrical conductivity, T is the absolute temperature, and
Kk is the thermal conductivity, respectively. In recent years,
significant enhancements in the thermoelectric figure of
merit have been achieved mainly by reducing the thermal
conductivity via the introduction of additional phonon scat-
tering in nanostructured materials such as superlattices and
nanocomposites.' ™

However, only a few methods have been reported for
enhancing the so-called power factor, Sza, in the numerator
of ZT. Hicks and Dresselhaus theoretically predicted
improved power factor by the modified density of states in
low-dimensional materials such as quantum wells and wires
in 1993.° Since then, a great deal of research activities has
been carried out on various nanostructured materials for ther-
moelectric energy conversion.®’” The ErAs nanoparticles em-
bedded in InGaAlAs III-V semiconductors showed both
thermal conductivity reduction and power factor enhance-
ment to reach ZT ~ 1.3 at 800K.* However, the magnitude
of the power factor enhancement has not been fully
explained as the details of the scattering potential and band
profile around nanoparticles are not yet known. Recently, the
modulation doping concept has been experimentally demon-
strated in SiGe nanocomposites to improve electrical con-
ductivity over bulk values, thus enhancing the power factor.®
Bahk et al. also proposed that the electrical conductivity and
power factor can be enhanced when embedded nanoparticles
of a few nm in diameter donate charge carriers instead of the
conventional impurity dopants.’

Recently, Heremans et al. demonstrated a large power
factor enhancement in Tl-doped PbTe at high temperatures,
and attributed this enhancement to the distorted density of
states (DOS) by the Tl resonant level inside the valence band
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of PbTe.'” Group III elements such as TI, and group IV ele-
ments such as Sn have also been found to create resonant
levels in the band structures of IV-VI semiconductors,'' and
Bi,Tes,'? respectively. The effect of resonant impurity levels
on thermoelectric transport comes in two distinct ways: the
modified density of states'®!" and the resonant carrier scat-
tering,lz’13 both of which, however, result in similar Seebeck
coefficient enhancements by increasing the slope of differen-
tial conductivity with respect to energy. The resonant carrier
scattering improves the thermoelectric properties mainly at
low temperatures.

In this letter, we propose the use of core-shell nanopar-
ticles embedded in bulk semiconductors as resonant scatter-
ing centers to suppress conduction in a narrow band of
energies and thereby enhance the Seebeck coefficient and
thermoelectric power factor. Fig. 1 shows the three-
dimensional structure of the proposed core-shell nanopar-
ticles and the potential profile around them in the radial
direction, r. The core region (r <a) forms a potential well
with the well depth V|, below the band minimum of the host
material, and the shell region (¢ <r<b) forms a potential
barrier around the core with the finite barrier height V| above
the host band minimum. When an appropriate potential

(a) (b) Potential
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a b r
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direction
Vo —
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FIG. 1. (Color online) (a) Three dimensional schematic of the proposed
core-shell nanoparticle structure and (b) potential profile around the nano-
particles in radial direction. The core region (r < a) has heavier effective
mass (i.e., 1 to 1.2mg) than those of the shell region and the host material
(i.e., 0.053m,, the density of states effective mass of PbTe at 80 K).
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profile is used along with the proper selection of materials
for the effective masses of the core and shell regions, quasi-
bound states are formed inside the core with evanescent tails
that resonantly couple to the continuum of free electron
states in the host conduction band.

Fig. 2 shows the energy-dependent scattering times of
the core-shell nanoparticles for varying well depth (V) calcu-
lated using the partial wave method.'* In dilute regime of par-
ticles as in this work, scattering events are independent, and
thus the total scattering time is inversely proportional to the
particle density. When the particle density is so high that the
scattering events are no longer independent, the coherent
potential approximation method can be used for the scattering
calculations.'> All the parameters for the core-shell nanopar-
ticles are carefully chosen to have one quasi-bound state
between the matrix conduction band minimum and the barrier
height. We used 1.2m, for the core effective mass, and
0.053my, for the shell and host material. The size of the core
radius «a is chosen to be 1.5 nm, and the shell width (b-a) to be
1.5nm as well. The barrier height V; is 0.2¢eV, and the well
bottom V), is varied to control the position of the quasi-bound
state. For the core material, metals that have large effective
masses around 1 to 1.2mg can be used. The shell material can
be an alloy of the host material with small stoichiometric dif-
ference so that the band offset is limited to 0.2 or 0.3eV, and
the effective mass remains similar to the host mass.

In Fig. 2, strong scattering dips are observed at the quasi-
bound energy levels, which shift to higher energy as V goes
up. These sharp scattering dips are clear evidence of the
strong resonance between free electrons and the quasi-bound
state inside the core-shell nanoparticle. Near the resonance,
the energy-dependence of the scattering rate is approximately
Lorentzian."? The width of the resonant dip comes from the
homogeneous broadening of the resonant level due to the fi-
nite lifetime of electron in the quasi-bound state. Electrons
remain in the localized quasi-bound state for a certain amount
of time, i.e., the state’s lifetime, and are ejected out of the
state with a randomized momentum. As the electron is con-
fined in the state more weakly (i.e., by thinner and lower bar-
riers, shallower well depth, and/or smaller core size), this
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FIG. 2. (Color online) Scattering time of 1 x 10'® cm ™ core-shell nanopar-
ticles as a function of electron energy for varying well bottom in the core
from Vy=—0.24eV to —0.12eV with a step size of 0.02eV. Other parame-
ters of the core-shell nanoparticles are all assumed to be constants as
Vi=0.2eV,a=1.5nm, h=3nm, m;, =1.2m,, and m;, , = 0.053m,,.
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lifetime decreases. By the energy-time uncertainty principle,
the shorter lifetime in the state results in larger uncertainty of
the energy level, and the resonance becomes wider.

The scattering time at energies far away from the reso-
nant levels is determined predominantly by non-resonant
scatterings of electrons, such as interface scattering at the
potential boundaries. The presence of this additional
non-resonant scattering is an important difference between
core-shell nanoparticles and impurities that similarly lead to
resonant scattering. The sharp potential boundary is associ-
ated with the scattering of high energy electrons through the
Fourier transform.” Moreover, since the range of the nano-
particle sizes of interest falls in the Rayleigh scattering re-
gime, the scattering time monotonically decreases with
increasing energy for the non-resonant scattering as shown at
the energies far away from the resonant dips in Fig. 2. Note
that another bound state with energy just below the host band
edge may dominate over non-resonant scattering at low ener-
gies as when Vy=—0.12eV in Fig. 2. The non-resonant scat-
tering rates vary slowly with energy, and diminish the slope
of the energy-dependent scattering time at the shoulders of
the resonance dips, thereby reducing their enhancement of
the Seebeck coefficient. As a result, it is necessary to keep
the non-resonant scattering weak with the barrier height suf-
ficiently low (<0.3eV in most cases) and the size of core-
shell nanoparticles sufficiently small (a few nm) in order to
gain a large Seebeck enhancement by resonant scattering.

The comparison of the differential scattering cross sec-
tions as a function of electron momentum in Fig. 3 reveals
clear distinction between the resonant scattering and the
Rayleigh-like non-resonant scattering. In Fig. 3(a), the same
effective mass of 0.053m, is used everywhere in both core
and shell region, so that there is no resonant level formed.
On the other hand, a large effective mass of 1.2mq is used
for the core in Fig. 3(b), so that there is a resonant state
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FIG. 3. (Color online) Differential scattering cross section in units of na*
(cross section of core region) as a function of final electron momentum (po-
lar angle and magnitude) for core-shell nanoparticles with (a) non-resonant
scattering and (b) resonant scattering with resonant energy level at
~0.07eV. The incident wave propagates to the +x-direction from left to
right.
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formed at ~0.07 eV. The non-resonant scattering has slowly
varying differential scattering cross-section with energy and
angle. Electrons of greater energy are scattered more, and
scattering is primarily by small angles. On the other hand,
the resonant scattering is very strong only near the resonant
level, and the electron is scattered both forward and back-
ward with almost equal probability, since the resonant state
is sharply localized in real space.

Fig. 4 shows the thermoelectric transport properties of
PbTe embedded with the core-shell nanoparticles of
1 x 10" cm ™ density at 80K, calculated based on the Boltz-
mann transport theory under the relaxation time approxima-
tion."® The core-shell nanoparticle scattering as well as other
major scattering mechanisms in PbTe such as polar optical
phonon scattering, non-polar optical phonon and acoustic
phonon deformation potential scatterings, alloy scattering,
and the screened Coulomb impurity scattering are all
included in the calculations using the band and scattering pa-
rameters given by the previous literature.'”'® We have
included the strong dielectric screening effect in the phonon
scattering calculations for the IV-VI semiconductor.'® A
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FIG. 4. (Color online) (a) Seebeck coefficient, (b) electrical conductivity,
and (c) power factor of PbTe with 1x 10" cm™ core-shell nanoparticles
embedded in comparison with bulk PbTe values as a function of carrier den-
sity at 80 K. The parameters of the core-shell nanoparticles used in these
plots are the same as those used in Fig. 2 with varying well bottom (V).
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non-parabolic band model is used for the bulk PbTe. PbTe is
selected as the host material, because it has large power fac-
tors over a wide temperature range, and compared to phonon
scattering, the ionized impurity scattering rate in this mate-
rial is negligibly small even at very high carrier density, so
that its mobility is relatively unchanged even with strong
doping. These characteristics allow us to probe the effects of
core-shell nanoparticle scattering over a wide range of dop-
ing densities without making more idealized assumptions
about additional electron scattering processes.

As can be seen in Fig. 4(a), the Seebeck coefficient
sharply increases in a narrow carrier density range for the core-
shell nanoparticle materials indicating more than a 10-fold
enhancement over the bulk value with the equivalent carrier
density. As the carrier density is changed from low to high, the
Fermi level increases in energy accordingly; when the Fermi
level passes by the energy window in which the resonant scat-
tering time has a sharp positive slope, i.e., at the high energy
end of the resonant dip, the Seebeck coefficient is drastically
enhanced. This is due to the highly selective carrier scattering
which allows higher energy electrons to conduct better than
lower energy ones, so that the average electron energy and
thus the Seebeck coefficient are increased. This effect is less
significant at higher temperatures because the energy distribu-
tion of electrons participating in electrical conduction is
broader at higher temperatures, proportional to kg7, according
to the Fermi-Dirac distribution, so that a larger portion of elec-
trons may not see the much sharper resonance and not benefit
from the selective resonant carrier scattering at higher tempera-
tures. In fact, the peak of the Seebeck coefficient in Fig. 4(a)
slightly increases with Vy, indicating that further broadening
could actually improve the material’s power factor. As Vj
increases, the resonant level shifts up and broadens at the same
time, so the maximum Seebeck coefficient may keep increas-
ing with increasing V,, until the broadening of the resonance
exceeds the optimal width. Fig. 4(a) also shows that resonant
scattering may even reverse the sign of the Seebeck coefficient.
When the Fermi level falls along the lower-energy side of the
resonance and the slope of the scattering time with energy is
sharply negative, the states above the Fermi level see lower
mobility than those below it. As a result, in spite of the greater
density of states above the Fermi level, the average transport
energy is below the Fermi level and the sign of the Seebeck
coefficient is reversed.

The mobility and the electrical conductivity are suppressed
at the resonances due to the strong scattering as shown in
Fig. 4(b). However, when the Fermi level is aligned properly at
the high-energy shoulder of the resonance, the scattering time
retains a large slope which enhances the Seebeck coefficient,
but the scattering time remains sufficiently high across the
Fermi window to keep overall mobility high as well. This
alignment maximizes the power factor as a function of doping.
As shown in Fig. 4(c), the power factor is enhanced to 65 yW/
ecmK? or higher when the well bottom V, is higher than
—0.2eV, which is a more than 80% enhancement over the
maximum bulk power factor 36 xuW/cmK? The maximum
power factor will keep increasing with increasing V until the
broadening of the resonance starts to decrease the Seebeck
enhancement, or the suppression of mobility at the optimal car-
rier density outweighs the diminishing Seebeck enhancement.
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In summary, core-shell nanoparticles having resonant lev-
els within the band of the host material can significantly
enhance the thermoelectric power factor over the bulk at low
temperatures. This is due to the large Seebeck enhancement
by the sharp features in the modified scattering time. More
than 80% of power factor enhancement could be obtained in
PbTe at 80K. At high temperatures, these enhancements
would be smaller due to the wide electron energy distribution
and the stronger phonon scattering. A systematic study on the
effect of the various conditions of the core-shell resonant scat-
tering at high temperatures is a subject of future publication.

The authors are grateful to Mona Zebarjadi for her great
contribution to the partial wave code. This work was partly
supported by DARPA/NMP.
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