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Abstract

We have made a comparative study of the electronic and thermoelectric properties of
bulk, 2D-sheet and 1D atomic wire of Silicon, using the Full Potential Linearized
Augmented Plane Wave method (FP-LAPW) within the framework of DFT. The electron
exchange correlation was treated with the modified Becke-Johnson exchange potential (PB-
mBJ) for bulk Silicon and for Si sheet and wire, the most common Generalized Gradient
Approximation (GGA) is taken into consideration. The transport coefficients were
calculated by a post DFT treatment which involved the semi-classical Boltzmann Theory as
implemented in the code BoltzTraP. For Si, we observed that as we move towards lower
dimensionality, the thermoelectric efficiency ZT increases significantly (bulk ~ 0.01, Si
sheet ~ 1.1 and Si wire ~ 1.65 at 300 K). The increase in ZT is mostly due to the change in
phase in going from higher to lower dimension, which increases the electrical conductivity
and reduces the thermal conductivity. Results obtained are compared with available
theoretical and experimental results.

Keywords: Thermoelectric properties, 1D atomic silicon, 2D sheet silicon, FP-LAPW,
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1. Introduction

Thermoelectric materials are gaining tremendous attention because it plays an
important role in energy conversion between heat and electricity, an alternative source for
green energy production [1]. With the exhausting global energy consumption rate, a new
renewable and environmentally friendly energy resource is a challenge [2]. The utilization
of huge quantity of fuel in the industries and factories has degraded the amount of energy
supply. On the other hand, the by-product from these factories is the large amount of heat
[3]. Thermoelectric materials can directly convert heat into electricity and are thus being
considered as the solution of the world’s energy crisis [3]. The efficiency of a thermoelectric
material is defined by its dimensionless Fig. of merit ZT, given by,
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where, is the electrical conductivity, S is the Seebeck coefficient, defined as the measure of
the magnitude of induced thermoelectric voltage in response to a temperature difference [4],
is the electronic contribution to thermal conductivity and is the phonon contribution to
thermal conductivity.

In this work, silicon is explored as a thermoelectric material due to its abundance,
established manufacturing infrastructure, high temperature stability and negligible toxicity.
Our main objective is to study the thermoelectric properties of silicon atomic wires, sheet
and bulk, and their applications in producing the usable amount of standard electricity by
utilizing the waste heat. However, the technology has not progressed far enough to make
this a reality. The fundamental problem is that for a material to be an efficient
thermoelectric it needs to be a good conductor of electricity, but not heat. Otherwise, the
device will reach thermal equilibrium and the generation of electricity will cease [5].
Unfortunately, in most materials, thermal and electrical conductivity tends to go hand in
hand. Thus to decouple electrical and thermal conductivity is a great technological
challenge. As with most material properties, controlling the micro-structure is the key to
optimizing thermoelectric performance [3]. There are many theoretical models [6] for
increasing the efficiency of the materials, however, the most effective models being used are
the supper-lattice or quantum well structures [7] and nano-structured engineering [8].

Low dimensionality can be largely beneficial for increasing the thermoelectric
properties as it increases the power factor of a material [9]. Recently, large improvements in
ZT have been reported in silicon nano wires (ZT~1) compared to the bulk (ZT~0.01) [3, 10].
We have investigated the electronic band structure and thermoelectric parameters like
Seebeck coefficient (S), electrical conductivity (o/t) and electronic thermal conductivity
(/) of silicon bulk, sheet and 1-D wire. The electronic band structure is directly related to
S of the material and S to the thermoelectric parameters. For all three cases, the value of S is
very low; this is because of the absence of dense and narrow band gap at or around Fermi
level [11]. However, high ZT values of Si-wire and Si-sheet are caused by the reduction of
due to decrease in dimensionality. We have neglected in our ZT calculation due to lack of
data, thus, modifying the efficiency equation to

2
ZT:US T, where x =k,
K

2. Model and Calculation Method.

We have performed the first principle calculations based on the Density Functional
Theory (DFT) using the WIEN2k code [12]. The electronic structure calculation was
performed using the modified Becke-Johnson exchange potential (PB-mBJ) [13] and
Generalized Gradient Approximation (GGA) [14] based on the Full Potential Linearized
Augmented Plane Wave (FPLAPW) method [15, 16]. The natural output of energy band
from the first principles calculation is taken as the key input for the calculation of transport
properties, as implemented in the program code BoltzTraP [17].

The monatomic Si-nano wire was designed using the super cell method in which the
position of Si atom was taken based on orientation (0.5, 0.5, 0.5) and a vacuum of 20 A was
applied along the x- and y-axis in order to discontinue the atomic wave function and to
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break the crystal symmetry along the x-and y-direction. As a result, the repetition of the Si-
atom takes place only along one direction i.e. along the z-axis. The obtained structure is a
1D Si atomic chain (periodic linear chain of identical atoms) as shown in Fig. 1(c). The
preparation of Si-wire is similar to that of Fe-wire [18]. The lattice constants (a and b) of the
Si-wire have been changed to 20 A and the lattice constant of ¢ is 1.92 A which is
equivalent to the bond length. Similarly, for Si sheet, a vacuum of 10 A was applied along
the z-axis to break the crystal symmetry along the z-direction, as shown in Fig. 1(b). The
lattice constants (a and b) of the Si-wire are taken as 3.82 A and the lattice constant of ¢ is
taken as 10 A. The bulk-Si crystallizes in FCC structure with lattice constants, a =b = ¢ =
5.431 A [19], is shown in Fig. 1 (a).

Fig.1: (a) FCC crystal structure of bulk silicon (b) 2-D Si sheet and (c¢) 1-D silicon atomic chain

3. Results
3.1 X-ray Diffraction

It is necessary to obtain a good description of electronic structure in order to
determine the thermoelectric properties. The contribution of different electronic states in the
valence and the conduction band determines the electronic property of the material. This is
shown with the help of band structure along with the density of states in following Figs. 2(a-
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Fig. 2: (a) band structure of bulk silicon crystal (b) band structure of 2-D silicon sheet and (¢) band
structure of 1-D silicon atomic wire.

The band structure of bulk silicon is shown in Fig. 2 (a). An indirect band gap of
1.68 eV along I'-X symmetry was observed, which is in close agreement with those obtained
by many authors [20, 21, 22]. The presence of small band gap in bulk Si indicates its
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semiconducting nature. In thecase of Si sheet, the Fermi level, EF cuts the DOS slightly in
the valence region, as shown in Fig. 2(b). The band in the EF along K-symmetry is due to
the overlaping of p-states of Si. Similar trends in band structure and DOS has been reported
by Behera et al. [23]. However they have obtained a different value of the band gap for bulk
Si, this may be due to the difference in energy exchange potential.

The band structure and DOS calculated from GGA for Si atomic wire is shown in
Fig. 2(c). The total DOS extends from -3 eV to 5 eV. The states above 5 eV are completely
unoccupied due to the vacuum applied in order to discontinue the atomic wave function. In
our previous study [24], we had observed a Dirac cone like feature at about 3 eV above the
Fermi energy along the A-symmetry. The band structure is differ in this study since we have
considered the dispersion relation of phonon, applying a different wave vector, Kz which
was expected to increase the ZT of the wire. The band structure of Si wire indicates metallic
nature, which is in agreement with the previous study [25]. In thecase of Si atomic chain, the
cone-like features are shifted entirely to the conduction region, showing almost narrow band
gap. The shifting of the narrow band gap in Si-wire indicates the existence of an
intermediate state between metal and semiconductor. The transformation of the band gap
into an overlapping energy band, with the decrease in the dimensionality of a material,
increases the electrical conductivity. Furthermore, it reduces the lattice thermal conductivity,
which finally leads to an increase in ZT.

3.2 Thermoelectric properties

The existence of crystalline phase was verified by SEM analysis. Fig. 2(a)-(d) show
the SEM micrographs of some TeO, — Na,O — MgO glass systems in varying Eu,O3; dopant
concentration. Some of them are spherical in shape, some have star-like structure and some
of them are irregular in shape. All the micrographs confirm that the crystalline region is
composed of TeO, phase is dominant.

G- 7’k T (d{ln[a(E)}]J
e dE E=E,

The value of calculated Seebeck coefficient (S) is plotted against temperature which
is shown in Fig. 3(a). The value of S at 300K for Si-bulk, sheet and wire are 1.96E-05, -
7.63E-04 and -9.37E-05 V/K respectively. The low value of S in our calculation is due to
the absence of the dense bands near EF in the band structure [26]. The nature of the carriers
can be predicted by the sign of the Seebeck coefficient. The magnitudes of S along the
negative and positive side are equal, which indicates the equal number of n/p-type carriers
for Si-2D sheet and Si-bulk. However, the magnitude of S in the negative side is higher,
indicating the n-type carriers in the Si-1D wire. The mixed carrier concentration is observed
for bulk, which is the reason for its low ZT value. For temperatures up to 500 K, the carrier
concentration is negative, and for higher temperatures, the carrier concentration is positive,
as shown in Fig. 3(a). To ensure that the Seebeck coefficient is large, there should only be
one type of carrier. Mixed n and p-type conduction will lead to both charge carriers moving
to the cold end, canceling out the induced Seebeck voltage [1]. The plot of Seebeck
coefficient against temperature increases up to the room temperature (300 K) and then the
slope decreases, which is a typical behavior of low carrier density metal [27]. This is in
agreement with our previous study [24].
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The variation of an electrical conductivity against temperature is shown in Fig. 3(b).
It can be seen that the electrical conductivity of atomic wire is almost constant with
temperature, in fact, it decreases slightly with the increase in temperatures (above room
temperature), whereas electrical conductivity is expected to increase with temperature. This
result deviates from our previous result. This may be due to the inclusion of phonon
dispersion. The variation of thermal conductivity with temperature is shown in Fig. 3(c). Is
very low for Si sheet and increases with the increase in temperature. We observed that for
higher temperatures, value for Si wire and sheet coincides. For Si-wire the value decreases
with the increase in temperature and this led to its high ZT value. This may be because of
deficiency in the number of electrons in order to transport heat in 1D structure. Fig. 3(d)
gives the variation of the figure of merit with temperature. The ZT value calculated at 300K
for bulk, sheet and wire are 0.013, 1.11 and 1.64 respectively. For both Si-sheet and wire,
the ZT value decreases with the increase in temperature. This is because, for Si-sheet,
increases abruptly with temperature, thus decreasing ZT and for Si-wire, the reason being
the decrease in conductivity with temperature. An improved ZT is obtained for Si-wire in
comparison to our previous study [24].
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Fig. 3: (a) Temperature dependence of Seebeck coefficient (S), (b) electrical conductivity over
relaxation time (a7/t), (c) electron thermal conductivity (k) and (d) Fig. of merit (ZT).
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4. Conclusion

The formation of cone-like features in the case of Si-nano material, which is absent
in bulk materials indicates the presence of high effective mass and favors high ZT value.
This also implies to a change in phase to an intermediate state between metal and
semiconductor, which is the reason for the increase in electronic conductivity. The intrinsic
conductivity and intrinsic carrier concentration are largely dependent on the ratio of band
gap to the temperature. When this ratio is large, the concentration of intrinsic carriers will
decrease and the conductivity will also decrease. In the case of silicon sheet and wire, no
band gap is observed, that the ratio is almost zero, thereby, increases the concentration of
intrinsic carrier and also its conductivity. Thus both Si sheet and atomic wire is a good
candidate for the thermoelectric purpose. The drawback of our code lies in the exclusion of
phonon contribution to thermal conductivity. Our thermoelectric efficiency result is only
based on the contributions by electrons. The inclusion of phonon effect may reduce the
thermoelectric efficiency. Furthermore, the inclusion of dopants, in addition to the reduction
in structural dimensionality could reduce the hole concentration in the material and increase
the Seebeck coefficient, hence increase the ZT value.
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