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Size effects induced high thermoelectric figure of merit in PbSe and
PbTe nanowires

Ernesto O. Wrasse,” Alberto Torres,”* Rogério J. Baierle,’ Adalberto Fazzio,”* and Tome M.
Schmidt,* ¢

The fundamental properties that compose the thermoelectric figure of merit are investigated in confined systems PbSe and PbTe
nanowires, with the goal to improve the thermoelectric efficiency. Using the Landauer electronic transport theory, we verify that
the figure of merit can be several times larger than the bulk value for nanowires with diameters down to one nanometer scale. This
enhancement in the thermoelectric efficiency is primary due to the reduction of the thermal conductivity, and an increasing in
the power factor. The origin of these desired properties that enable to transform heat into electricity comes from the confinement

effects, which increase the density of states around the Fermi level, either for n- or p-type system.

1 Introduction

The increasing demand for energy, results in the searching
for new energy sources, especially clean and renewable ones.
In this way thermoelectric devices are good candidates, be-
cause they can transform solar energy and heat into electric-
ity.! Thermoelectric power generations are based in the See-
beck effect, in which a temperature gradient is directly con-
verted in electric current. The limitation of these devices is the
efficiency, that is very low when compared to devices which
utilize other energy sources. In this way, the searching for
materials is essential to increase the thermoelectric power ef-
ficiency.

The adimensional figure of merit ZT is used to quantify the
efficiency of a thermoelectric device. It is writing as:

2
ZT = LT, (1)
Kel + Kph

where G is the electric conductance, S is the Seebeck coeffi-
cient, K,; and K, are the electron and phonon contributions to
the total thermal conductivity, respectively, and T is the abso-
lute temperature of the device. In the 1950°s decade a great
number of works were dedicated to obtain efficient thermo-
electric materials, but the largest ZT obtained was smaller than
1,2 an efficiency too low to be used in thermoelectric devices.
The low efficiency observed in bulk materials reduced the
interest of thermoelectric properties, and for many years the
study of these properties was latent. A new light in this matter
was given by Lin and Dresselhaus, using nanostructured sys-
tems.>* They developed a theoretical model to describe the
thermoelectric properties, predicting that nanostructures can
have greater thermoelectric efficiency than the bulk ones. With
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this new proposals the interest of thermoelectric properties
in nanostructured systems has increased.”® Bulk PbSe and
PbTe are already promising thermoelectric materials. They
crystallize in the rock salt structure and are narrow band gap
semiconductors. They have one of the largest value of ZT
for bulk materials, making nanostructures of PbSe and PbTe
natural candidates to increase even more the thermoelectric
efficiency. A special type of nanostructure of PbSe and PbTe
are nanowires (NW), that already have been synthesized. 1013
Alloys and nanostructures of lead chalcogenides have been
showed to increase the efficiency, reaching a ZT up to 2. 1410
Another efficient strategy to enhance the ZT of lead chalco-
genides is the doping with impurities that introduces resonant
levels near the valence band maximum or conduction band
minimum. '7-20

In this work we investigate the fundamental properties in-
volved to obtain ZT', which are the electric conductance, See-
beck coefficient and thermal conductivity for several nanowire
diameters. The results reveal that the increasing of the thermo-
electric efficiency by reducing the nanowire diameter is due to
two main factors: the reduction of the thermal conductivity,
and an increasing of the power factor (PF = GS?). We will
show that the enhancement of Z7 is due to the distortion in
the density of states around the Fermi level, as a result of the
electronic confinement effect.

2 Methodology

The thermoelectric properties of PbSe and PbTe NWs are
investigated employing the Landauer-Biittiker approach,?!-2?
where the quantities involved in the equation for ZT are ob-
tained separately. In this model the electric conductance, See-
beck coefficient and electronic thermal conductivity can be
writing in terms of the electronic transmittance 7'(¢g), in the
following way:
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where e is the electron charge, and T is the operation temper-
ature. The y, are defined as:

2@ :/dg(_%)(g_u)ar(s). 5)

Here f is the electronic Fermi distribution, u is the elec-
tronic potential, and 7' (&) is the electronic transmittance. By
neglecting the phonon contribution to the total ¥ (x,, = 0),
the figure of merit ZT can be written in terms of the y] as:

[ 20y

o

For 1D systems, 7(€) is given by the number of energy
bands at energy &, that is equal to the number of transport
channels available. Thus we obtain T (&) from an electronic
structure calculation, so that in this approximation we do not
differentiate the electrodes from the scattering region.

The electronic properties are obtained within the density
functional theory, where the exchange-correlation term is de-
scribed by the general gradient approximation.® The interac-
tion between core and valence electrons is described by the
projected augmented wave method.?* Fully relativistic cal-
culations are performed by including the spin-orbit interac-
tion as implemented in the Vienna Ab Initio Simulation Pack-
age.?>?6 The Kohn-Sham orbitals are expanded in a basis set
of plane waves, with an energy cutoff of 450 eV. We use pe-
riodic boundary conditions along the NW growth direction,
and to avoid undesirable interactions between the NW images
a vacuum size of lnm between them have been used. The
Brillouin zone was sampled by a center scheme, by using a
number of k points up to 1 x 1 x 4 Monkhorst-Pack form,?’
such that the total energy was converged.

©)

3 Results and Discussions

We study the thermoelectric properties of PbSe and PbTe NWs
with diameters between 1 and 4 nm, where the confinement
effects are very strong. These NWs are classified according
to the in-plane stoichiometry, so that NWs that have a 1 : 1
in-plane stoichiometry are called type I NWs and those that
do not keep the 1 : 1 in-plane stoichiometry are called type II
NWs, as showed in Fig. 1. The electronic properties of PbSe
and PbTe NWs are different for type I and type II, which are

affected by three effects: quantum confinement, spin-orbit in-
teraction, and in-plane stoichiometry, as shown before. 28

2 °) % %
1
i
0) d)

Fig. 1 Top and side view of PbSe NWs aligned along the (001)
direction. In (a) and (b) are the atomic geometry for a type I NW,
and in (c) and (d) for a type II NW. The small (green) spheres
represent the Se atoms and the bigger (white) spheres represent the
Pb atoms.

The thermoelectric properties of type I and type Il NWs are
analyzed separately. As we can see in Fig.2, for type I PbSe
NWs the Seebeck coefficient S increases when the system is
confined, but this effect is compensated by a decreasing of
the conductance G. The ZT increases by decreasing the NW
diameter, mainly due to the reduction of the thermal conduc-
tivity ;. This reduction is so substantial that the difference
of k,; between the thinner and the thicker NW is four orders
of magnitude, leading to a huge ZT for very thin NW diam-
eter. In this picture we do not consider the k,;, contribution
to the total k. It is known that the reduction of k,, is domi-
nant for the enhancement of ZT for semiconductor nanostruc-
tures.>*3! So, by neglecting Kpn we will be in an ideal situa-
tion where phonon transport is completely suppressed. In this
way, Fig. 2 can be interpreted as the upper limit for the ZT.

For type II PbSe NWs the dependence of the thermoelectric
properties with the diameter is similar to the ones observed
in type I, as can be seen in Fig. 3. However, the variables
involved in the equation for ZT are quite different in type II
as compared to type L. For type II S is lower than that of type

2| Journal Name, 2010, [vol]1-5

This journal is © The Royal Society of Chemistry [year]

Page 2 of 5



Page 3 of 5

Physical Chemistry Chemical Physics

8 T T
~ 6T
>
e 4 i
) \
2 u
0 1 I
<o ]
>
é .
»n O 4
_1:5 1 1 1 1
0.3 T T T T
2
s 02 —
2
£
s 0.1f 4
4
00 1 s S 1 1
150 T T T T
100 — 1.0nm
B — 16nm| 7]
'l:l — 22nm
50 | 2.8nm |
— 3.4nm
0 .
-0.50 -0.25 0.00 0.25 0.50 0.75

i, (eV)

Fig. 2 Thermoelectric properties of type I PbSe NWs as a function
of the electronic chemical potential tt,;, calculated at 300K. From
top to bottom, the conductance G, the Seebeck coefficient S, the
electronic thermal conductivity k,;, and the adimensional figure of
merit ZT. The Fermi energy is inside the band gap at zero energy of
Hei-

I, but the conductance is so high in type II that compensates
the reduction in S. As a result the power factor of type II PbSe
NWs is larger than that of type I, as can be seen in Fig. 4. But
there is another limiter for the Z7', the thermal conductivity
for type II, although it is reduced for small diameter, k,; is one
order of magnitude larger than that of type I. As a consequence
the thermoelectric efficiency is reduced, so that the ZT in type
IT PbSe NWs are lower than that of type I, but is still quite
high as compared to the experimental bulk value, 0.35.

By looking at the peaks of ZT in Fig. 2 and 3 it is clear
that the values of ZT are very high either for the Fermi level
located at the valence band (p-type) as well at the conduc-
tion band (n-type). Also we observe that both types of NWs
present high ZT', however the ZT peaks for type I PbSe NWs
(Fig. 2) are almost one order of magnitude larger than that
of type I PbSe NWs (Fig. 3). These values must be inter-
preted as maximum values for ZT', because we do not include
the contribution of phonons to k, although it is know that the
reduction of the Ky, is more important than that of k,;.>=!
Experimental results show that in the bulk phase the major
contribution to the total thermal conductivity comes from the
phonons, which are 91.6% for PbSe, and 90.3% for PbTe.*
We will not include k,, here, but by assuming the bulk ratio
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Fig. 3 Thermoelectric properties of type Il PbSe NWs as a function
of the electronic chemical potential t,;, calculated at 300K. From
top to bottom, the conductance G, the Seebeck coefficient S, the
electronic thermal conductivity x,;, and the adimensional figure of
merit ZT. The Fermi energy is inside the band gap at zero energy of

Hep-

K.1/x = 0.084 for PbSe, we compute the figure of merit as a
function of the NW diameter, shown in Fig. 4. As the reduc-
tion of K, in confined systems is larger than the reduction of
K., these values can be interpreted as the lower limit for the
ZT. The ZT for the thinner type I PbSe NW is 11.4 and for
type II PbSe NW the optimized ZT is 0.7. So, we have now
the upper limit for the ZT', when no phonon scattering is pre-
sented, and the lower limit, when the phonon contribution is
the same as the bulk one, both showed in Fig. 4. In this way
the ZT will be always inside the hachured range showed in
Fig. 4, and even for the lower limit the ZT values are quite
high, larger than that of the bulk PbSe, 0.35.

In order to understand why the quantum confinements in
PbSe and PbTe NWs give an exceptional enhancement in the
thermoelectric efficiency as compared to the bulk, we also
plotted in Fig. 4 the power factor PF as well as the electronic
thermal conductivity. For very thin NW the small thermal con-
ductivity is responsible for the huge ZT', since the PF is also
small. For thicker NW the PF increases but the thermal con-
ductivity also increases. The competition between these two
variables result in a total reduction of the ZT by increasing the
NW diameter. Also from this picture we can understand why
type I and type II present different thermoelectric efficiencies.
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Type 1I has larger thermal conductivity, and the PF does not
follow the same trend as that of type I, resulting in a smaller
ZT.
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Fig. 4 Calculated power factor, electronic thermal conductivity, and
optimized figure of merit as a function of NW diameter for PbSe (a)
and PbTe (b). Black spheres represent type I NWs, and red squares
type I NWs. The lines are guide for the eyes. All results are
obtained at 300K.

The thermoelectric properties of PbTe NWs are not the
same as that of PbSe NWs. Although there is an increas-
ing of the ZT, especially for type I PbTe NWs, as a result
of the nano effects, the gain for thermoelectric applications
using PbTe is smaller than that of PbSe nanostructure. This
reduction is related to the smaller electronic quantum confine-
ment observed in PbTe NWs as compared to the PbSe. As
showed before?® the spin-orbit effect is size dependent, re-
sulting in a small dependence of the band gap with the NW
diameter for PbTe NWs. Small confinement effect means less
changes on the density of states. As a consequence, the ZT is
less affected, as can be seen especially for type II PbTe NWs,
Fig. 4-b. By assuming the bulk ratio x,;/kx = 0.097, the lower
limit for ZT is 6.9 and 0.6 for the thinner and thicker type I

PbTe NW, respectively. The upper limit of ZT for type I PbTe
NW is quite high. On the other hand, for type Il PbTe NWs,
while the lower limit is small, the upper limit for ZT is around
4 for all NW diameters. Also by comparing PbTe with PbSe,
for very thin NWs we observe a reduction of the PbTe ZT by
a factor of 2 as compared to the same diameter of PbSe NWs.
For thicker NWs the values of ZT are almost the same for both
materials.

The origin of the ZT enhancement due to the quantum con-
finement can be better understood by looking the density of
states (DOS) around the gap region. The DOS is related to the
Seebeck coefficient as well the electronic thermal conductiv-
ity. An increasing in the DOS peak is expected an enhance-
ment in ZT.33 From equations (2) to (5) we observe that an
increasing in the DOS peak will result in an increasing of the
transmittance. This effect will provoke an increasing of the
Seebeck coefficient and a decreasing of the k,;. In Fig. 5
the DOS of PbSe NW is plotted for several NW diameters.
The DOS peak at left corresponds to valence band maximum,
while the first peak for positive values of energy is the conduc-
tion band minimum. We clearly can see an increasing of the
DOS around the Fermi level, by decreasing the NW diameter.
For NW diameter around one nanometer scale the DOS peak
is quite high, resulting in a huge ZT'. As the optimized values
for the ZT are proportional to the DOS peak plotted in Fig. 5,
we also conclude that the electronic structure is the major fac-
tor to define the thermoelectric efficiency in confined systems.
The reduction of the PF' with the diameter, showed in Fig. 4
is due to a reduction of the conductance. The competition be-
tween S and G result in a smooth decreasing of the PF. On
the other hand there is a drastic reduction on the k,; leading
to a high value of ZT, for thin NW diameters. Based on the
results presented here, for thicker NWs with diameter larger
than 4 nm, we expect a continuous reduction of the ZT, since
all variables (as showed in Fig. 4) present a smooth behavior
as a function of the NW diameter. Defects and scattering due
to surface effects is important to determine the thermoelectric
efficiency, especially for thin NWs, 30 but here we have NWs
with clean surfaces, and the main factor on the thermoelectric
properties is the size effect.

4 Conclusions

In summary, based on transport properties obtained from ab
initio calculations, we demonstrate that NWs of lead chalco-
genides present desired properties to be used as efficient ther-
moelectric materials. We verify that the figure of merit of
PbSe NWs can be several times larger than the bulk one for
NW diameter down to one nanometer scale. The main reason
for the huge ZT for very thin NW diameter is the reduction of
the thermal conductivity. For thicker NWs the power factor in-
creases, resulting also in a high Z7. This enhancement of the
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Fig. 5 Density of states around the gap region of type I PbSe NWs
for several NW diameters. The solid vertical line is the Fermi level.

ZT is due to an increasing of the density of states, as a con-
sequence of the electronic confinement, which acts different
for the bands above and bellow the Fermi level, resulting in a
high ZT for both n- or p-type doping. Our results demonstrate
that size effects are crucial in the search for potential thermo-
electric materials. In this search, we show that PbSe and PbTe
NWs present ideal properties to transform heat into electricity.
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