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Abstract: Energy filtering by energy barriers has been
proposed to interpret observations on large thermoelec-
tric power factor (TPF) enhancement in highly doped
nanocrystalline Si (nc-Si). Previous Boltzmann transport
equation (BTE) modeling indicated that high TPFs could
be explained as the result of the presence of energy
barriers at the grain boundaries, the high Fermi energy
due to the high doping level, and the formation of a low
thermal conductivity second phase. To test the
assumptions of the BTE modeling and provide more
realistic simulations, we have performed Monte Carlo
(MC) simulations on the transport properties of composite
nc-Si structures. Here, we report on (i) the effect of an
energy barrier, and (ii) the effect of multiple barriers on
the conductivity and the Seebeck coefficient. In short
structures, a TPF enhancement was found and it has
been attributed to energy filtering by the energy barrier.
The MC indicated that the TE performance can be
improved by multiple barriers in close separation. It has
been shown that TPF enhancement is possible even when
the condition for thermal conductivity non-uniformity
across the composite structure is not-fulfilled.
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Introduction

Efficient thermoelectric (TE) energy conversion requires
high electrical conductivity o, high Seebeck coefficient S,
and low thermal conductivity k. A measure of the TE
efficiency of a material is the figure of merit Z that is
expressed as the ratio of the thermoelectric power factor
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(TPF), 0S?, over the thermal conductivity: Z = 0S*/k. The TE
efficiency of Si is low because of its high thermal conduc-
tivity. One way to reduce the thermal conductivity of Si is
to use nanocrystalline Si (nc-Si) that has lower thermal
conductivity than bulk Si because of enhanced phonon
scattering on grain boundaries and imperfections. The
additional scattering mechanisms in nc-Si, also scatter
electrons and the electrical conductivity also decreases.
The decrease of the thermal conductivity may, however,
be more significant than the decrease of the electrical
conductivity because phonons have larger mean free
paths than electrons. For this, an overall Z enhancement
is possible. Furthermore, in nc-Si the decrease of the elec-
tron conductivity is not the only effect of the structure
inhomogeneity on the electron transport properties.
Additional effects take place due to electrical potentials
from inhomogeneous doping concentration, charge trap-
ping at grain boundaries, imperfections etc. The modified
electron TE transport properties may contribute themselves
to the Z enhancement. Indeed, enhanced thermoelectric
power factor (TPF) was measured in heavily doped Si in
the presence of dopant segregation (Cojocaru-Miredin et al.
2013; Yusufu et al. 2014; Narducci et al. 2010, 2012, 2014;
Narducci, Frabboni, and Zianni 2015). A remarkable five-
fold TPF enhancement was observed in highly B-doped
nanocrystalline Si films annealed at 1,000 °C and resulted
from a non-conventional concurrent increase of the con-
ductivity and the Seebeck coefficient (Narducci et al. 2010,
2012, 2014; Narducci, Frabboni, and Zianni 2015).

Energy filtering by energy barriers has been proposed
to interpret the enhanced TE properties of highly doped
Si (Narducci, Frabboni, and Zianni 2015). Energy filtering
causes a decrease of the density of carriers participating
in transport and consequently a decrease of the electrical
conductivity. Filtered carriers have however higher
energies, so that the Seebeck coefficient is enhanced.
An overall increase of the TPF is then possible if the
Seebeck coefficient enhancement compensates for the
decrease of the conductivity. Much theoretical investiga-
tion has been devoted to the prospects for TPF enhance-
ment by energy filtering using both simple and
sophisticated models (Kim and Lundstrom 2011;
Popescu et al. 2009; Neophytou et al. 2013; Kajikawa,
2012, 2013a, 2013b; Kim and Lundstrom 2012; Neophytou
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and Kosina 2013). The ineffectiveness of the sole energy
barriers to enhance thermoelectric efficiency has been
proved in the literature (Bachmann, Czerner, and
Heiliger 2012). A Boltzmann transport equation (BTE)
model was presented (Neophytou et al. 2013) to interpret
the large TPF enhancement observed in highly boron-
doped nc-Si. It confirmed that the observed fivefold
improvement of the TPF cannot be interpreted solely by
invoking electrostatic energy barriers at grain bound-
aries. High TPFs could be explained as the result of
three factors, namely the presence of energy barriers at
the grain boundaries due to the formation of a second-
phase originating by boron segregation, the high Fermi
energy due to the high doping level, and a modification
of the temperature variation profile due to the formation
of a low-k second phase.

Based on the BTE formalism, a parametric model has
also been derived for the electron transport properties in
the presence of an energy barrier (Zianni and Narducci
2015). The dependence of the ¢ and S on the Fermi
energy, the height of the energy barrier and the type of
dominant scattering mechanisms were explicitly indi-
cated. It has also been explored the effect of the occur-
rence of two phases and of multiple barriers in real
samples assuming a 1d-sequence of two types of resis-
tors: (a) bulk-like and (b) barrier-like. It was predicted
that an overall TE power factor enhancement could be
possible in samples with significant density of energy
barriers, grain widths smaller than ~50 nm and thermal
conductivity of the barrier phase lower than that of the
bulk-like phase.

The modeling within BTE formalism and the resistor
network analysis pointed out the importance of the
microstructure details and of the connectivity between
the two phases. In order to quantitatively interpret mea-
surements in real samples and to explore prospects for
optimized structures, a more realistic modeling would be
required. It would be necessary to take into account that
the structures are composed by non-uniform distributions
of nanograins and grain boundaries. For this we have
performed kinetic Monte Carlo (MC) simulations on the
electron transport properties of composite nc-Si struc-
tures. Here, we report on (i) the effect of an energy
barrier, and (ii) the effect of multiple barriers on the
conductivity and the Seebeck coefficient. To account for
the effect of energy barriers, a 1d non-uniform doping
profile has been assumed. Thin regions of low doping
concentration have been assumed along the structure
between Si regions with a higher doping concentration.
The low-doping regions impose energy barriers to the
carriers. The potentials in the material are calculated
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self-consistently during the simulation. In the BTE mod-
eling of the composite material, the bulk Fermi level was
used and an approximate resistor network model was
assumed for the connectivity between the barrier phase
and the bulk-like phase. The MC simulations were free of
these assumptions. The Fermi level is extracted from the
simulations taking into account the energy distribution of
carriers and the Pauli’s exclusion principle. The transport
coefficients have been calculated from the currents
through the composite structure. We present and discuss
our results for (i) a single barrier and (ii) multiple barriers
in Section “Method and Results”. The conclusions are
drawn in the final section.

Method and Results

Simulation Method

We have performed ensemble MC simulations on the
electron transport properties. The MC technique is
described in detail in standard references (e. g. Jacoboni
and Reggiani 1983) and it is summarized here.

The mobile charge of the structure is represented by a
number of “super-particles”. The charge on each super-
particle is Q = eN/N;,,, where e is the elementary charge,
N is the total number of mobile charges and Ng;,, is the
number of super-particles used in the simulation. We
used 10* super-particles that were adequate for ~5%
uncertainty on the transport coefficients of the investi-
gated structures. The initial carrier concentration was
determined by a preliminary solution of the POISSON
equation for the actual doping configuration of the struc-
ture using COMSOL. After each simulation step, the
actual carrier concentration was used to solve Poisson
equation and update the potential profile across the
structure. In the MC, the particles are initialized assuming
thermal energy distributions with randomly oriented
momenta. The carrier drifts under the influence of the
electric fields during the free flight time. Then, a random
number between O and 1 is drawn and it is compared
with cumulative probabilities of scattering. A scattering
mechanism is selected proportionally to the scattering
probability of each process. The particle’s state after
scattering is stochastically chosen taking into account
both energy and momentum conservation. The procedure
is repeated for all particles. Ensemble averages are
updated every time step. The super-particles are sampled
at regular time-intervals until the required statistical
accuracy is reached or the total simulation time ends.
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The currents in the presence of external fields are directly
provided by the MC. The transport coefficients are
thereby calculated.

The electron energy bands are modelled analytically
including non-parabolicity. The six ellipsoidal, energeti-
cally equivalent conduction band valleys of silicon are
explicitly included. The phonon dispersion branches,
acoustic and optical, are treated with the isotropic
approximation. The parameters have been chosen to fit
the bulk Si phonon dispersion curves for all phonon
modes. The scattering rates have been calculated within
Born approximation. Intravalley and intervalley electron
transitions are included. The carrier transitions are
induced by scattering by phonons, impurities, and other
electrons. Electron-phonon interaction by deformation
potential is assumed for both acoustic and optical pho-
nons. lonized impurities scattering is included. The effect
of the electron-electron interactions has been taken into
account in the determination of the electron distribution
function. The Pauli’s exclusion principle has been imple-
mented using the rejection technique.

We have used our MC simulation code that allows for
simulations of 1d, 2d and 3d structures. The Poisson
equation is solved in 1d. We present results for n-doped
Si with a doping concentration 10°° cm™ and low doping
barrier layers with n-doping of 10'® cm™. The high carrier
concentration (10°° cm™) was chosen so that the carriers
are degenerate and have significant conductivity in bulk
and also in the composite structure. The low doping
concentration (10°cm™) was chosen to provide ade-
quately high energy barrier for energy filtering. The
height of the energy barrier was obtained by the initial
solution of the Poisson equation with COMSOL. It is ~60
meV for a 5 nm low doping region. We have used a 5 nm
barrier that is appropriate for thermionic emission over
the barrier in Si. For thinner barriers, we would have a
contribution from carrier tunneling. For thicker barriers
we would have contribution from diffusive transport. The
results presented here have been produced with the 1d
MC code that provides Poisson self-consistency. To test
the 1d code, we compared it with the 3d code for uniform
doping. Agreement was found in this case between the 1d
code, the 3d code and the BTE.

The Effect of a Single Energy Barrier

Simulated transport properties of the composite structures
are shown in Figure 1 for T=100 K (red dots) and 300 K
(blue squares) versus the structure length. The energy bar-
rier is located in the middle of the structure and it is formed
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Figure 1: Simulated conductivity o, Seebeck coefficient S and TPF
0S? versus the structure length for T=100 K (red dots) and
300 K (blue squares). The n-doping concentration is 10%°cm™
in the bulk-like regions, and 10'® cm™ in the 5 nm layer (barrier
region) in the middle of the structure. Stars are for bulk Si with
10%° cm™2 electron concentration.

3

by a 5 nm Si layer with low doping. The potential energy
profile is calculated self-consistently by solving the Poisson
equation for charge redistributions during the simulations.
In the present case, the barrier height was estimated to be
~60 meV. The corresponding bulk Si properties for the
uniform material with electron concentration of 10%° cm™
are also included in Figure 1 shown by stars.

The conductivity o is lower than in bulk Si for all
structure lengths. This is because a smaller number of
carriers participate to transport through the complex
structure compared to bulk. Carriers with energies lower
than the barrier energy are filtered out and do not con-
tribute to transport. For the same barrier region, the
conductivity decreases more significantly with decreasing
structure length. This can be qualitatively understood if
we see the structure as composed by two bulk-like grains
separated by a short barrier-like grain. The barrier con-
ductivity is smaller than the bulk conductivity and the
overall conductivity is therefore smaller than in bulk. The
energy barrier grain has a bigger contribution to the over-
all resistance in shorter structures. The decrease is, there-
fore, bigger in shorter structures.

For structure length smaller than ~200 nm, the
Seebeck coefficient S is higher than in bulk Si. In longer
structures the Seebeck coefficient was found to be
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comparable to its bulk value. This is because in short
structures the barrier phase dominates the effective S that
is therefore higher than in bulk Si. In long structures, the
bulk-like phase dominates the effective S that is equal to
the bulk value. One should be therefore aware that the S
enhancement by the energy barrier may be screened in a
composite structure by the contribution of an extended
bulk-like phase around the barrier phase.

The effective TPF 052, is determined by the two com-
peting trends: the decrease of the conductivity and the
increase of Seebeck. In structures with length smaller
than ~200 nm, an overall TPF enhancement has been
found compared to bulk. The enhancement reaches the
factor ~3.8 at 100 K and ~1.2 at 300 K in the shortest
structure 25 nm/5 nm/25 nm. These findings are consis-
tent with our BTE calculations for the barrier-like phase
(Zianni and Narducci 2015).

The Effect of Multiple Energy Barriers
We now consider the effect of multiple barriers.

Schematics of the simulated structures are shown in
Figure 2.

25nm § d s 25nm
smfl, 9 A d | 250m

Figure 2: 1d-schematics of the composite structures with two bar-
riers (upper panel) and with three barriers (lower panel). Here, d is
the width of the grain separating subsequent barriers.

In Figure 3 the simulated coefficients of composite struc-
tures with two barriers (grey) and three barriers (light
grey) is plotted versus the grain width d. The values for
the reference single barrier structure 25 nm/5 nm/25 nm,
that exhibits the highest TPF enhancement, are shown
with red squares at 300 K and blue squares at 100 K. The
bulk values for electron concentration 10*°cm™ are
shown in stars.

The transport coefficients of the multiple barriers
structures show the same characteristic dependence of
the magnitudes of o and S, in the presence of energy
barriers, on the relative lengths of the bulk-like phase
and the barrier phase and on the temperature, as the
single barrier structures. The transport properties of the
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two- and three-barriers structures have been found in
qualitative agreement at 300 K. Small deviations have
been found at 100 K. This is because the effects of the
barriers are shown at lower temperatures in more detail
as transport over the barrier is a thermally activated
process. At higher temperatures, more carriers have ener-
gies higher than the barrier height and participate to
transport.

In Figure 3, it can be seen that at 100 K the conduc-
tivities of the three barriers structures are higher than
those of the two barriers structures. This is because the
bulk-like grains extend over longer length in the three
barriers structures compared with the corresponding two
barriers structures with same grain width. Therefore, the
overall contribution of the bulk-like grains to the effective
conductivity is bigger in the three barrier structures. Their
conductivity is higher than that of the corresponding two
barriers structures. In Figure 3, it can be also noticed that
the conductivities of the three barriers structures are
nearly the same as those of the two barriers structures.
This is because the effect of the barriers on the conduc-
tivity becomes weaker with increasing thermal energy,
since more carriers have higher energies than the barrier
energy and participate to transport. The Seebeck coeffi-
cient also has been found higher in the three barriers
structures. A cross-over behavior can be noticed in the
transition from wide- to short-grain widths in this case.
The higher Seebeck coefficient in the three barriers struc-
tures compared to the two barriers structures is due to
more efficient energy filtering in the presence of multiple
barriers. Transport is diffusive within the grains when
they are not very small. As the grain size decreases,
transport becomes more ballistic. The crossover between
diffusive and ballistic transport differs quantitatively for
the three barriers and the two barriers structures. This
effect leads to the Seebeck coefficient being higher for the
double barrier for grain lengths between 50 and 150 nm.
Energy filtering of the more energetic carriers occurs
more efficiently by three barriers than by two barriers.
The decrease of the conductivity and the increase of
Seebeck coefficient are maximized in the structures with
the shortest grains of width 25 nm. These structures show
the maximum TE power factor enhancement: by a factor
of 4.5 in the two-barrier structure and by a factor of 6
in the three-barrier structure. The TPF enhancement is
lower at 300 K because energy filtering is less efficient at
higher temperatures as more carriers have energies
higher that the energy barrier and participate to trans-
port. Higher energy barriers would be required at 300 K
for more efficient energy filtering and bigger TPF
enhancement. In our simulations, energy barriers were
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Figure 3: Simulated conductivity g, Seebeck coefficient S and TPF 0S? versus the grain width in composite structures with two barriers (black
dots) and three barriers (grey dots) barriers for T=300 K (left panel) and 100 K (right panel). The doping concentrations are as in.

formed by non-uniform doping. Additional sources of
energy barriers and higher barriers are expected at grain
boundaries in highly doped samples due to dopant seg-
regates and trapped charges.

Conclusions

We have explored the effect of energy barriers in the TE
transport coefficients and TPF of nc-Si using the Monte
Carlo technique. The composite nc-Si structure was simu-
lated by a 1d-sequence of bulk-like grains separated by thin
barrier regions. The MC results clearly showed the decreased
o and the enhanced S in the single barrier structure in agree-
ment with our previous BTE calculations. In short structures,
a TPF enhancement was found. It has been attributed to
energy filtering by the energy barrier. The MC simulations
showed that the effect of the energy barrier in the composite
structure is a thermally activated process. This justifies the
corresponding assumption in our previous BTE modeling.
The MC indicated that the TE performance can be improved
by multiple barriers in close separation. It has been shown
that when the barrier separation increases, the barrier phase
contribution decreases, and the bulk-like phase becomes
increasingly important. The competition of the two phases,
the barrier-like and the bulk-like has been clearly shown in
our MC simulations.

Finally, we comment on the condition for thermal
conductivity non-uniformity set as one of the require-
ments for observation of TPF enhancement, based on
the BTE modeling. The MC simulations showed that TPF

enhancement is possible even without this condition.
Thermal conductivity uniformity was assumed in the MC
simulations. Nevertheless, TPF enhancement was found
in structures with small grain width. It should be noted
that the MC modeling was free of any assumptions on the
transport regime throughout the composite structure
whereas diffusive transport was assumed in the grains
in the BTE modeling. This further indicates that the MC
technique can provide physics insight and reliable esti-
mations on the thermoelectric properties of composite
structures.
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