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We computed thermoelectric properties of nanoporous Ge (np-Ge) with aligned pores along the
[001] direction through a combined classical molecular dynamics and first-principles electronic
structure approach. A significant reduction in the lattice thermal conductivity of np-Ge leads to a
30-fold increase in the thermoelectric figure-of-merit (Z7) compared to that of bulk. Detailed
comparisons with the recently proposed np-Si show that although the maximum ZT (ZT,,,;) of Ge
is nine times larger than that of Si in the bulk phase, ZT,,, of np-Ge is twice as large as that of np-Si
due to the similarity in lattice thermal conductivity of the two np systems. Moreover, ZT,,,, is found
to occur at a carrier concentration two orders of magnitude lower than that for with np-Si due to the
dissimilarities in their electronic structure. © 2009 American Institute of Physics.

[DOL: 10.1063/1.3159813]

Thermoelectricity, or solid-state energy conversion be-
tween temperature gradient and electricity, has received
much attention recently due to its promise for environmen-
tally benign power generation and cooling applications.1
However, a large enhancement in the energy conversion ef-
ficiency is still needed™’ in order to utilize thermoelectric
(TE) materials as an abundant resource, and as such, intense
research efforts have focused on increasing the TE figure-of-
merit ZT=S%0T/ k, by which the efficiency of TE materials
is described. Here, S is the Seebeck coefficient, o is the
electrical conductivity, « is the sum of the electronic and
lattice thermal conductivities («, and «;, respectively), and T
is the absolute temperature.

Two approaches are commonly used to increase ZT.
In one approach, the electronic density of states (DOS) is
engineered to have a sharp singularity near the Fermi
energy Ep, which has been shown to lead to a direct increase
in the power factor S20.* This approach can be realized by
modifying the DOS through doping, for example, with Tl in
PbTe to achieve ZT~ 1.5 at 775 K, a factor of two improve-
ment over the best p-type PbTe-based TE materials
(Nag o, PbyooTe).” Another approach for increasing ZT is
through reducing «, which has greatly benefitted from recent
advances in semiconductor nanostructure synthesis. For
example, while considered a poor TE material in the bulk
phase (ZT<0.01 at 300 K), Si was recently shown experi-
mentally to have significantly increased Z7 values in the
form of nanowires (ZT~ 0.6 at 300 K),*" largely due to the
sharp decrease in « (from 150 W/mK in the bulk to
0.76—1.6 W/mK in the nanowires). Wang et al.® also re-
ported that nanopowders of n-type SiGe possess «
~2.5 W/mK, lower than that of the conventional bulk al-
loys (4.6 W/mK), resulting in a maximum Z7 of 1.3 at 1173
K. Recently, Si with vertically aligned nanometer-sized pores
(nanoporous Si, or np-Si) was predicted to have substantially
enhanced ZT values at room temperature, mainly due to the
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significant reduction in lattice thermal conductivity.9 The use
of aligned nanopores for reducing k; may have important
advantages in manufacturing, doping, and the formation of
robust contacts with electrical leads, compared to other nano-
structuring approaches due the bulk character of the host
material. It is therefore of interest to further explore the po-
tential of such nanoporous (np) materials for TE applica-
tions. In particular, given the higher carrier mobility and
lower thermal conductivity of bulk Ge compared to Si, as
well as the widespread use of SiGe alloys in existing TE
applications,lo_12 understanding the properties of np-Ge rep-
resents a valuable next step.

In this work, the TE properties of np-Ge are computed
using a combined density functional theory and classical mo-
lecular dynamics (MD) approach. We note that a straightfor-
ward extrapolation from bulk behavior to the nanoscale is
not necessarily reliable, and indeed our results show that the
highest ZT value, ZT,,,,, for np-Ge is twice that of np-Si,
which is far less than the ninefold increase in the respective
bulk phases. The striking difference in the enhancement of
ZT ..« between the respective bulk and np phases is due to
the similarity of «; in the np geometry; while «; of bulk Ge is
three times lower than that of bulk Si, our calculations show
that np-Ge and np-Si have very similar ;. In contrast, the
power factor, S?a, of bulk Ge is 2.5 times larger than that of
bulk Si, and np-Ge shows a similar increase in S?c over
np-Si, which suggests that ZT,,, of different np systems is
almost entirely determined by the differences in their elec-
tronic properties. Further, our calculations show that np-Ge
may have advantages over np-Si since the carrier concentra-
tion for ZT,,, is two orders of magnitude lower, less than
10'® cm™ because of the high dispersiveness in the band
structure in np-Ge.

As in the np-Si cases, the structure of np-Ge employed
in the present study contains periodically arranged cylindri-
cal pores along the Ge[001] direction in a square lattice pat-
tern. The pore diameter, dp, and pore spacing, d,, are varied
separately in order to examine the dependence of the trans-
port coefficients on these variables.

© 2009 American Institute of Physics
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FIG. 1. (Color online) (a) Room-temperature Seebeck coefficients of np-Ge
for different (d,,d,) (nm) values and (b) Fermi energy calculated from the
CBM. Solid (dotted) lines represent d,, (d,)=1.0 nm cases.

Following the same computational approach as in Ref.
13, the lattice thermal conductivity perpendicular to the pore
axis (Kli) is calculated through a series of classical MD
simulations using a Tersoff potential,M’15 and is found to be
greatly reduced in the presence of pores from the bulk value
which is computed to be 906 W/mK, about 50% higher
than the experimental value.'® At (dy,dy)=(1.0,0.70)nm, the
smallest K1l=0.51 *+0.03 W/mK is obtained, which is 180
times smaller than the bulk value. Similar to the np-Si
cases,” the reduction in KlL for np-Ge originates from the
increased phonon-phonon scattering and phonon-pore sur-
face scattering.

The electronic transport coefficients are calculated in
terms of the so-called “transport distribution function™

dk
E(S) = 7-2”: f mvnkvnk5(8 - 8nk) (1)

and

L@ = ¢? J de[- df(e)/de]2(e)(e — ). (2)

Here, ¢, is a single particle energy eigenvalue, obtained
through electronic structure calculations, in the nth band at
K, v, =(1/A)Vye,x f(g) the Fermi function and u the
chemical potential, respectively. Computational details of the
electronic structure calculations are described elsewhere.’
Note that while considered to be energy independent, the
relaxation time 7 is a function of carrier concentration ob-
tained by fitting the experimental mobility values for bulk
Ge."”

Figure 1(a) shows the calculated Seebeck coefficient for
np-Ge as a function of carrier concentration n,. As is clear
from the figure, the magnitude of the Seebeck coefficient
increases as n, decreases, which can be understood by exam-
ining the Fermi energy (FEg), measured from the conduction
band minimum (CBM) as a function of n,, as shown in Fig.
1(b)."® As can be seen, Ex moves closer to the CBM as n,
decreases, which leads to an enhanced asymmetry in the
single particle energy distribution with respect to Er within
the conduction band, resulting in an increase of L™ and thus
|S|. As the carrier concentration becomes high, however, Ep
is located far above the CBM, causing the single particle

Appl. Phys. Lett. 95, 013106 (2009)
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FIG. 2. (Color online) (a) ZT and (b) S for np-Ge (blue) and np-Si (red),
respectively. Circles represent ZT,,, for the two systems in (a) and the
corresponding S values in (b), respectively. Results are presented only for
the geometries that produce maximum ZT.

energy to be symmetrically distributed around Efy, which re-
sults in a decrease in L") (and in |S]), and |S| thus becomes
similar even for different (d,,,d;) values.

Figure 2(a) shows calculated ZT,,,, values of np-Ge to-
gether with those of np-Si as a function of carrier concentra-
tion. Here, we present results only for the pore structures that
give maximum ZT for np-Ge and np-Si, respectively, in or-
der to focus on the comparison between the two systems. As
can be seen from the figure, ZT of np-Ge decreases as n,
increases mainly due to the decrease in |S|. We also find that
ZT . of 0.83 occurs at a low carrier concentration, n,=6.0
X 10" cm™. This ZT,,, is about 30 times larger than the
corresponding bulk value, which is computed to be 0.026 in
the present study. The large enhancement in Z7 is due to the
substantial reduction in k; as in the np-Si cases. We note that
the computational approach employed in the present work
together with the use of the Tersoff potential is likely to
underestimate the predicted ZT,,, approximately by a factor
of two.’”

Further comparison between the present results and
those of np-Si are given in Table I. We note that Ge has a
value for k; that is three times lower than Si in the bulk
phase. This small k;, together with a 2.5 times larger power
factor, leads to a nearly nine times higher ZT,,,, value for
bulk Ge than bulk Si. It would be, therefore, expected that
np-Ge also shows lower «~ and higher ZT,,,, values com-
pared to those of np-Si by similar factors as in bulk. As is
clear from the table, however, this extrapolation from the
bulk behavior to the nanoscale does not hold: while there is
a factor of three difference in the bulk phase, Kﬁ at ZT . 18
similar for both np-Ge (0.51 W/mK) and np-Si (0.62 W/mK),

TABLE 1. Room-temperature x, (W/mK), S’c (1072 W/mK?), n,
(10" em™3), and ZT,y of Ge and Si in bulk and np phases. The minimum
Ki" values are presented for np structures, and values of S?¢ and n, are given
at ZT .. A range of n, is given for bulk Ge and np-Si since Z7 is essentially
the same for the whole range.

K](Kli) SZU ne ZTmax
Bulk Ge 90 0.79 0.08-0.1 0.026
Si 273 0.31 10.0 0.003
np Ge 0.51 0.19 0.06 0.83
Si 0.62 0.10 2.0-15.0 0.40
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FIG. 3. Single particle band structures for (a) np-Ge and (b) np-Si. The band
structures are presented for the (d,,d;) value that produces the highest ZT.

which, combined with S, makes ZT,,,, of np-Ge twice as
large as that of np-Si, as opposed to the factor of 9 in bulk.

The differences in ZT,,, between the two np systems
result from the dissimilarity in S as presented in Fig. 2(b). In
np-Ge, S is 38% larger in magnitude at ZT,,,, than that of
np-Si, which is due to the different locations of Ep as dis-
cussed above, i.e., Eg of np-Si is higher than that of np-Ge by
30%, causing the corresponding |S| to be smaller. Given that
the difference in o at ZT,,, is less than 2% between the two
systems, the larger |S| of np-Ge leads to an increase in the
power factor by 90% (Table I) and thus in ZT compared to
np-Si. We note that although the power factor of np systems
becomes reduced from the bulk values, the ratio in S2o be-
tween Ge and Si is relatively similar for both bulk and np
phases, which suggests that electronic properties play a de-
cisive role in determining ZT,,, in different np systems.

Another finding of interest is that for np-Ge, the carrier
concentration for ZT,,,(6.0X 10" ¢cm™) is much smaller
than that of np-Si, for which ZT has a maximum at n,=2.0
X 10" c¢m™. As can be seen from Table I, these values are
close to those for bulk in both Ge and Si cases. The differ-
ence in the carrier concentration between np-Ge and np-Si
can be explained by considering the electronic band struc-
ture, as shown in Fig. 3. As is seen from Fig. 3(a), the lowest
conduction band of np-Ge is highly dispersive in all symme-
try directions, which is essentially the same as that of the
bulk phase, and differences between np and bulk Ge occur
only in the upper bands. In contrast, the situation is quite
different for the np-Si cases [Fig. 3(b)]: although dispersive
as in bulk Si in the symmetry directions such as I'—=M, M
— X, and I'— R, the band in the I'— X direction becomes
flat in np-Si, which results in Er from the CBM to be located
lower for np-Si than for np-Ge at a given carrier concentra-
tion. Since np-Si has higher Ep at its ZT,,,, by 30% than
np-Ge as discussed above, the corresponding carrier concen-
tration is lower for np-Ge than that of np-Si.

Appl. Phys. Lett. 95, 013106 (2009)

Since the present results together with those of np-Si
predict that forming regular arrays of nanopores might be an
effective approach for increasing Z7T significantly, one might
be tempted to carry out such a process for a well-known TE
material such as Bi,Te; in order to improve its TE efficiency.
However, this may not be the case: since bulk Bi,Te; already
has a low xk~1.5 W/ mK," the reduction in k) caused by
pores would not be as large as np-Ge or np-Si, and might be
only a factor of three or so, based on our findings. In addi-
tion, the lowest conduction band of bulk Bi,Te; has both
highly dispersive and relatively flat parts as in bulk Si. In
the np phase, therefore, S?c is expected to be decreased from
the bulk value by a similar factor as in the Si case, which,
together with the decrease in «;, would lead to a similar ZT
as in bulk or only a marginal increase. Our findings suggest
that generating nanopores in semiconductors possessing high
power factors with a dispersive lowest conduction band in
the bulk phase would be more beneficial in achieving high
ZT values.

This work was performed under the auspices of the
National Science Foundation (NSF) by the University of
California, Berkeley under Grant No. 0425914, and compu-
tations were performed at the National Energy Research Sci-
entific Computing Center. Part of this work was supported by
NSF through the Network for Computational Nanotechnol-
ogy, Grant EEC-0634750.
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