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Abstract

Thermoelectric phenomena, Seebeck effect, Peliter effect and Thomas effect, in-
volve the conversion between the thermal energy and electrical energy. The ther-
moelectric materials play an important role in solving the energy crisis. The per-
formance of the thermoelectric materials is evaluated by the thermoelectric figure
of merit ZT(=S5%0/k T), here S is the Seebeck coefficient, o is the electrical con-
ductivity, s is the thermal conductivity, where k. and x,, are the electronic and
phonon contribution to the thermal conductivity, respectively; T' is the absolute

temperature.

Recent advances in semiconductor nanowires have provided a new path to improve
the thermoelectric performance. In this thesis, we firstly combine the Boltzmann
Transport Theory and the first principle method to investigate the size dependence
of thermoelectric properties of silicon nanowires (SiNWs). With cross section area
increasing, the electrical conductivity increases slowly, while the Seebeck coefficient
reduces remarkably. This leads to a quick reduction of cooling power factor with
diameter. Moreover, the figure of merit also decreases with transverse size. Our
results demonstrate that in thermoelectric application, NW with small diameter

is preferred.We also predict that isotopic doping can increase the value of ZT
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significantly. With 50% 2°Si doping (*Si052°Sigs NW), the ZT can be increased
by 31%.

Besides the Si NWs, we also use first-principles electronic structure calculation
and Boltzmann transport equation to investigate composition effects on the ther-
moelectric properties of silicon-germanium S%;_,Ge, NWs. The power factor and
figure of merit in n-type Si;_,Ge, wires are much larger than those in their p-type
counterparts with the same Ge content and doping concentration. Moreover, the
maximal obtainable figure of merit can be increased by a factor of 4.3 in n-type
Sig5Gegs NWs, compared with the corresponding values in pure silicon nanowires
(SiINWSs). Given the fact that the measured ZT of n-type SINW is 0.6 — 1.0, we

expect ZT value of n-type Si1_,Ge, NWs to be 2.5 — 4.0.

Recently, Znic Oxide (ZnO) nanowires (NWs) have shown promise for nanodevice
applications. However, rare researches are concerning about the thermoelectric
properties of ZnO wires. In this thesis, we use the first-principle electronic struc-
ture calculation and Boltzmann transport equation to investigate the impacts of
phase transition and Gallium (Ga) doping on the thermoelectric properties of [0001]
ZnO NWs. The phase transition has played an important role in electronic conduc-
tion and thermal conduction in ZnO NWs, but this effect on thermoelectric is still
unclear. Our results show that the electronic band gap of ZnO NWs for Wurtzite
(W) phase is larger than that of Hexagonal (H) phase. For a certain carrier con-
centration, the Seebeck coefficient S for W-phase is larger than that for H-phase,
while electrical conductivity with H-Phase is much higher than that of W-Phase
because of the higher electron mobility in H-Phase. There is an optimal carrier

concentration to achieve the maximum value of power factor P for both W and H
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phases. The maximum value of P (P,,4,) for H phase (P, = 1638uW/m — K?)
is larger than that of W phase (P,.. = 1213uW/m — K?) due to its high electrical
conductivity. Provided that the thermal conductivity for H phase is about 20%
larger than that for W phase, the maximum achievable value of figure of merit ZT

for H phase is larger than that for W phase (1.1 times).

We also study the impact of the Ga doping effect on the thermoelectric proper-
ties of [0001] ZnO NWs. Our results show that the thermoelectric performance
of the Ga-doped ZnO (Zn,_,Ga,O ) NWs is strongly dependent on the Ga con-
tents. The maximum achieved room-temperature thermoelectric figure of merit in
Zny_,Ga,O can be increased by a factor 2.5 at Ga content is 0.04, compared with

the corresponding pure ZnQO wires.

Finally, we investigate the thermoelectric figure of merit in [001] Sig5Geq s super-
lattice (SL) nanowires (NWs). In this work, we combine the charge transport and
the phonon transport to study the interface effect on the thermoelectric properties
of this SL NWs. For the charge transport, we use Transiesta package, which is
based on the Density Functional Theory (DFT) and nonequilibrium Green’s Func-
tions (NEGF) to calculate the charge transmission across the SL NWs; For the
phonon transport, we use the DFT, which is implemented by the Siesta package,
to obtain the force-constant matrix. We use the nonequilibrium Green’s Functions
(NEGF) to calculate the phonon transmission in this SL NWs. Our results show
that the maximum values of power factor and thermoelectric figure of merit in
n-type Sig5Geps wires are larger than those in p-type counterparts with the same
period length. Furthermore, the largest values of ZT ((Z7)nq4:)achieved in n-type

Sto.5Gep.5 wires is 4.7 at the period length is 0.54nm, which is 5.0 times larger than
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that in n-type pure Si NWs (Z7T = 0.94), while (ZT) 4z for p-type wires is 2.7 at
the same period length, which is 4.5 times larger than that of p-type pure Si NWs
(ZT =0.6).
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Chapter 1

Introduction

1.1 General Description of Seebeck Effect and

Peltier Effect

The energy crisis that fossil fuel supplies decrease and the world demand increases
will become a major society problem in the 21st century. Thermoelectric phenom-
ena involve the conversion between the thermal energy and electrical energy and
provide a method for heating and cooling materials. Thermoelectric materials are
able to convert the heat into electricity, which is based on the Seebeck effect. The
Seebeck effect is discovered by Thomas Johann Seebeck in 1821. The phenomenon
of the Seebeck effect can be explained as follows: when a temperature gradient is

applied to a material, the charge carriers (electrons or holes) at the hot side have
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more thermal energy than those at the cold side. They will diffuse from the hot
side to the cold side. In the end, there are more carriers at the cold side than
those at the hot side, and the inhomogeneous charge distribution causes an oppo-
site electric field to the diffusion direction. When the rate at which carriers move
from the hot side to the cold side is balanced by the rate at which the carriers
move from the cold side to the hot side due to the induced electric field, the equi-
librium is reached and the electrochemical is formed according to a temperature
gradient. This electrochemical is known as the Seebeck voltage and the Seebeck
coefficient is defined as the amount of the voltage generated per unit temperature
gradient (S = %, S is the Seeebck coefficient; AV is the Seebeck voltage; VT
is the temperature gradient). When the material is connected to a circuit, the

electrochemical potential will drive a current to perform the electrical work, which

is called thermoelectric power generation [1-3] (See Figure 1.1).

The thermoelectric device is shown in Figure 1.1. For these devices, there are
many legs of alternating n-type and p-type materials, which allow a current to
flow through each leg sequentially while heat flows through each leg in parallel.
The commercial thermoelectric module is shown in Figure 1.1. For the power
applications, the modules will be subjected to the temperature difference using a
flame as a heat source and a large aluminum block as the cold side heat sink. This
temperature gradient will create an electrochemical potential difference between
the hot side and the cold side of the thermoelectric material which drives a current

around the circuit, lighting up the LEDs.

Thermoelectric materials are also capable of converting the electricity into heat,

which is called the Peltier effect, which is discovered by Jean-Charles Peltier in
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Hot side

a
) (COLD SIDE TE device

E b \ Heat Source

N Uy
Electric Current  paat sink

Figure 1.1:  (a) Schematic of thermoelectric power generation; (b) a typical thermoelectric

device; and (c¢) an example demonstration of thermoelectric power generation.(from Ref [3])

1834. For the Peltier effect, the heat is absorbed or emitted at the interfaces of the
materials when the current is across a circuit. The Peltier coefficient is related to
the Seebeck coefficient and is defined as the amount of the thermal energy is carried
by per charge (I = S x T', II is the Peltier coefficient; S is the Seebeck coefficient;
T is absolute temperature.). Whether the heat is absorbed or emitted depends
on the sign of the difference between the Peltier coefficients and the direction of
the current. If the current is in one direction, the junction will exact heat [1-3],
which can produce the thermoelectric refrigeration; If the current is in the other

direction, the junction will absorb heat, which can act as a heat jump.
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1.2 General Description of Thermoelectric Fig-

ure of Merit ZT

Thermoelectric materials are defined as these materials that are able to generate
the power using the Seebeck effect or refrigerate using the Peltier effect. The per-
formance of the thermoelectric materials is characterized by the figure of merit ZT
(= S%0 /KT )[4], here S is the Seebeck coefficient, ¢ is the electrical conductivity
and x is the thermal conductivity, where s, and &, are the electronic and phonon
contribution to the thermal conductivity, respectively; T' is the absolute temper-
ature [5]. ZT can be increased by increasing the power factor or decreasing .
However, in conventional materials, it is difficult to improve ZT. First, a simple
increase in S for general materials will lead to a simultaneous decrease in o. Also,
an increase in o leads to a comparable increase in the electronic contribution to k
[3]. Therefore, over the 3 decades, from the 1960s — 1990s, the value of ZT could
not be increased significantly and the best thermoelectric materials are BisT'es and
its alloy family with Z7T = 1.0. There has been no breakthrough in the increase of
Z'T until the year 2000 [6] (See Figure 1.2). From the year 2000, the large value of
Z'T is achieved in nanoscaled materials, such as nanowires, thin films, superlattices
and so on. Why these nanoscaled materials can have large ZT 7 The reasons are:
firstly, many interfaces are introduced in these nanoscaled materials and these in-
terfaces are able to scatter phonons more effectively than electrons; Secondly, the
Seebeck coefficient S and electrical conductivity ¢ can be increased independently

in those materials.
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Figure 1.2: History of the improvement of thermoelectric figure of merit, ZT, at 300K . (from

Ref [6])

During a very long period, many research groups have made considerable effort
to improve the thermoelectric efficiency of materials. In general, there are two
important methods to improve the value of ZT. The first convention way is to
reduce the thermal conductivity of the materials while the electrical properties are
not affected. This method has been widely used in recent years. For example, using
the nanoscaled materials is the typical way to reduce the thermal conductivity and
thus increasing the value of ZT. The electrical properties in nanoscaled materails
always remain unchanged compared with their bulk materials. The other way is to
increase the thermal power factor with reducing the thermal conductivity. In some
particular nanoscaled materials, the improvement of power factor has also been

found. In the following, we will give a detailed introduction of these two methods.
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1.3 Methods to Improve The Thermoelectric

Figure of Merit ZT

1.3.1 Reduction of Thermal Conductivity

In the above sections, it is mentioned that an alternative way to increase Z71' is to
reduce the thermal conductivity without affecting electronic property. Moreover,
ultra-low thermal conductivity is also required to prevent the back-flow of heat
from the hot end to the cool end. Therefore, the reduction of thermal conductivity
is crucial in thermoelectric applications. Due to the size effects and the high sur-
face to volume ratio, the thermal properties of nanostructured materials are very
different from that of the bulk materials. Volz and Chen investigated the thermal
conductivity of silicon nanowires based on molecular dynamic simulations using the
Green-Kubo method, and they found that thermal conductivity of individual sili-
con nanowires is more than 2 orders of magnitude lower than the bulk value [7, 8].
Li et al. have also reported a significant reduction of thermal conductivity in sili-
con nanowires compared to the thermal conductivity in bulk silicon experimentally
[9]. This is due to the following facts. Firstly, the low frequency phonons, whose
wavelengths are longer than the length of a nanowire, cannot survive in nanowires.
Therefore, the low frequency contribution to thermal conductivity, which is very
substantial and significant in bulk material, is largely reduced. Secondly, due to
the large surface to volume ratio, boundary scattering in quasi-1D structures is

also significant. More experimental and theoretical activities have been inspired to
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explore this direction, including the theoretical prediction of the thermal conduc-
tivity of Ge nanowires [10], molecular dynamics simulation of nanofilms,[11]and
experimental measurement of the thermal conductivity of Si/SiGe superlattice
nanowires.[12]. Liang and Li [92] have proposed an analytical formula including
surface scattering and the size confinement effects of phonon transport to describe
the size dependence of thermal conductivity in NWs and other nanoscale struc-
tures. In recent experiments,[14, 15] Hochbaum and Boukai have reported that
large thermoelectric figure of merit has been achieved in SINWs, which is about a
100-fold improvement over the value of bulk silicon. Moreover, Donadio and Galli
[16] have investigated heat transport in SINWs systematically, by using molecular
dynamics simulation, lattice dynamics, and Boltzmann transport equation calcu-

lations.
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Figure 1.3: Measured thermal conductivity of different diameter Si nanowires.(from Ref [12])

The low thermal conductivity in nanostructures has attracted much attention due

to its good thermoelectric applications. In order to achieve better thermoelectric
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performance, further reduction of the thermal conductivity in nanostructures is
the key point. Although the thermal conductivity of Si NWs is lower than that of
bulk Si, it is still larger than the reported ultralow thermal conductivity achieved
in layered materials [17]. Yang et al. proposed to use two isotope doping methods
to reduce the thermal conductivity of SINWs. The first one is to dope SINWs with
isotope impurity randomly. The second one is to to build isotopic superlattice
structured SiINWs. Their results show that the thermal conductivity of SINWs
can be reduced exponentially by isotopic defects at room temperature. The ther-
mal conductivity reaches the minimum, which is about 27% of that of pure 28Si
NW, when doped with 50% isotope atoms. The thermal conductivity of isotopic-
superlattice structured SINWs depends clearly on the period of superlattice. At a
critical period of 1.09nm , the thermal conductivity is only 25% the value of pure
Si NW. An anomalous enhancement of thermal conductivity is observed when the

superlattice period is smaller than this critical length [18].

The isotopic doping effect on the thermal conductivity of graphene nanoribbon-
s is studied by classical molecular dynamics simulation with quantum correction
[19]. Tt is found that in low isotopic doping region, the thermal conductivity de-
creases rapidly with increasing doping, and 10% doping can yield 50% reduction
of the value of thermal conductivity; while in the high isotopic doping region, the
thermal conductivity decreases slowly with further increasing doping. The under-
lying mechanism is that a single isotopic doping center can localize phonon modes
which will reduce thermal transport. In addition to the isotope randomly doping,
the thermal conductivity of isotopic superlattice graphene nanoribbons was also

studied [20]. The thermal transport property of the isotopic superlattice graphene
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Figure 1.4: Thermal conductivity of SINWs versus the percentage of randomly doping isotope
atoms at 300K. SiNWs are along the (100) direction with cross sections of (3 x 3) unit cells
(lattice constant is 0.543nm). The results, by the Nosé — Hoover, method coincide with those
by Langevin methods indicating that the conclusions are independent of the heat bath used.(from

Ref [18])
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Figure 1.5: Thermal conductivity of the superlattice SiNWs versus the period length at 300K.

SiNWs are along the (100) direction with cross sections of (3 x 3) unit cells (lattice constant is

0.543nm).(from Ref [18])
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strongly depends on the superlattice period length and the isotopic mass. With
the period length decreases, the thermal conductivity undergoes a transition from
decreasing to increasing, which is explained by analyzing the phonon transmission

coefficient, and a larger mass difference induces smaller thermal conductivity.

Besides the isotopic doped semiconductor nanostructures, the compound semicon-
ductors also have low thermal conductivity. Silicon and germanium alloy (Si;_,Ge,.)
is of particular interest for its thermoelectric applications. Chen et al. have pro-
posed to dope Ge atoms in the Si NWs to reduce the thermal conductivity of Si
NWs. They found that the thermal conductivity reaches the minimum, which is
about 18% of that of pure Si NW, when Ge content is 50%. More interesting, with
only 5% Ge atoms Sig.95Geg.o5s NW, the thermal conductivity of Si NWs is reduced
to 50%. The reduction of thermal conductivity mainly comes from the localization

of phonon modes due to random scattering [21].

1.3.2 Improvement of Thermal Power Factor

Since the reduction in the lattice thermal conductivity has been realized in nanos-
tructures, further increase in the thermoelectric figure of merit requires the im-
provement of the thermal power factor (P = S%¢). In general, there are three
main methods in this aspect. The first method is to increase the mobility of ma-
terials. The mobility in nanostructures can be influenced by the grain boundaries.
If we can reduce the negative effect of the grain boundaries on the mobility in
the fabrication process, it is possible to enhance ZT. The Kanatzidis group has

recently found that nanostructure PbTe with encapsulated nanodots made of both

11
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Pb and Sb has an increased mobility over that of the bulk PbTe, resulting in a
ZT a factor of two larger than that of bulk PbTe [22]. The second method is to
increase the Seebeck coefficient by the introduction of the phonon drag effect and
energy filtering. On the one hand, for the phonon drag effect, with the electron
and phonon collision, the momentum is transferred from the phonons to the elec-
trons, which gives rise to the phonon-drag thermopower (Seebeck coefficient) [23],
which has also been confirmed in experiment. Boukai et al. found that there is
a peak of the Seebeck coefficient, S, in Si NWs from the phonon drag effect at
around 7" = 200K , where they can achieve a value of ZT = 1.0. [15]. The Seebeck
coefficient from the phonon-drag effect in Si NWs is shown in Figure 1.6. The blue
triangle curve is the measured electronic Seebeck coefficient and the black dotted
curve is the measured total Seebeck coefficient. The red curve is the theoretical
calculation of phonon-drag thermopower. It is obvious from the figure that the
phonon-drag thermopower is dominant. On the other hand, the energy filtering
can be understood from Figure 1.7. In this figure, the calculated Seebeck coeffi-
cient distribution versus energy for heavily doped bulk n-type SiggGeg is shown.
If the transport of those low energy electrons, which will reduce the total See-
beck coefficient, is minimized, the value of the Seebeck coefficient will be increased
greatly [3]. Shakouri and coworkers have studied the energy filtering both theoret-
ically and experimentally. They reported that a InGaAs/InGaAlAs superlattice
has shown an increase in the power factor because of the energy filtering effects
[24]. Moreover, it is reported that an increase in the Seebeck coefficient due to the
energy filtering effects is also found in bulk nanstructured PbTe-based materials

(25, 26].
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Figure 1.6: Thermopower calculation plotted along with experimental data (black points)

from a 20-nm-wide Si nanowire p-type doped at 3 x 10'9(em™3).).(from Ref [15])
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Figure 1.7: Calculated normalized Seebeck distribution versus energy for heavily doped bulk

n-type SigoGego. Low energy electrons reduce the total Seebeck coefficient.).(from Ref [3])
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The third method is to increase the Seebeck coefficient by using the impurity band
energy levels. In most doped semiconductors, the impurity atoms will introduce
the states with energies into the band gap. If the electrons (or holes) are close to
the conduction band or valence band edges, they can be thermally activated into
the conduction band and valence band to conduct, which will result in a peak in
the density of states . Figure 1.8 shows the density of states with the introduction
of the impurity levels. If the Fermi energy level is very close to this resonant level
of density of states, an increase in the Seebeck coefficient is expected. Mahan and
Dresselhaus [27, 28] have theoretically predicted that the thermoelectric properties
could be enhanced by the increase in the density of states. Heremans and coworkers
have recently demonstrated that with the use of the resonant level in bulk Tl-doped
PbTe, a significant increase in the Seebeck coefficient over the bulk materials is
achieved in experiment [29]. By the introduction of Tl atoms into bulk PbTe,
there is a resonant level produced, which is close to the valence band edges of
the bulk PbTe. Moreover, the Fermi level is also near the valence band edges in
p-type PbTe, and thus the Seebeck coefficient is greatly enhanced. They are able
to obtain a ZT = 1.5 by 2% T1 concentration doped in PbTe, which is twice larger
than in bulk p-type PbTe. After that we have discussed the methods to improve
the thermoelectric figure of merit in nanomaterials, we will turn in to report the
achieved Z'T in semiconductor nanowires, superlattices, and nanocomposites in the

following sections.
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Figure 1.8:  Schematic of the effect of a resonant level on the electronic density of states

(DOS).).(from Ref [3])
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1.4 Thermoelectric Figure of Merit ZT in Nanos-

tructured Systems

1.4.1 ZT in Nanowires and Superlattices

Early in 1993, L.D. Hick et al. proposed that the theoretical models in 1D conduc-
tor (quantum wires) system [28] and in periodic 2D quantum-well system [4] could
improve the values of ZT, which has also been demonstrated in experiment[30, 31].
They attributed this increase in ZT to the quantum confinement effects. Today
semiconductor nanowires (NWs) and superlattices (SLs) have attracted much at-
tention due to their fascinating thermoelectric applications. Large values of ZT
can be found in NWs and SLs. The main reason is that significant reduction in
the thermal conductivity due to the strong phonon scatterings from the boundary
scatterings and interface scatterings is found in NWs and SLs, respectively (this
has been discussed in the above sections. For example, Hochbaum et al. fabricated
the Si nanowires (Si NWs) to achieve a value of ZT about 0.6 at room temperature,
which is two orders magnitude larger than that in bulk Si [14], because that the
thermal conductivity in Si NWs is much smaller than that in bulk Si due to the
strong phonon scatterings from the rough surfaces of Si NWs. Venkatasubramanian
et al. demonstrated that BiyTes/SbyTes superlattices show a large enhancement
in ZT up to 2.4 at room temperature when p-doped, and that ZT 1.4 [32]is ob-
tained in n-type BisTe3/BisTes835b017 superlattices (See Figure 1.9). Harman

et al. used n-type PbSeTe/PbTe-based quantum dot superlattice structures to
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achieve ZT 1.3 — 1.6 at room temperature [33].

3
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Figure 1.9: Temperature dependence of ZT of 104/50A p-type BisTes/SbyTes superlattice

compared to those of several recently reported materials.(from Ref [32])

Besides experimental work, there is much theoretical work focusing on the ther-
moelectric properties of NWs. Vo et al. investigated the effects of the growth
direction and doping on the thermoelectric figure of merit ZT in thin Si NW by
using ab initio electronic band structure calculations and Boltzmann Transport
Equation. They aimed to obtain an optimal ZT by tuning the growth direction
and doping in p-type and n-type Si NWs. Their results show that only by reducing
the ionic thermal conductivity by about 2 or 3 orders of magnitudes with respect
to bulk values, one may attain ZT larger than 1, for 1 or 3 nm wires, respectively.
They also found that ZT of p-doped wires is considerably smaller than that of their

n-doped counterparts with the same size and geometry [34].
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1.4.2 7ZT in Nanocomposites

Besides that the large ZT can be realized in both superlattices and nanowires,
at the present time, a number of research groups are developing nanocomposite
materials to increase ZT. The reasons are :(1) the reduction in the thermal con-
ductivity is more than electrical conductivity by boundary scattering, and (2) the
increase in S is more than the decrease in the electrical conductivity, and thus
yielding an increase in the power factor. Nanocomposite thermoelectric materials
have shown the improved performance compared with their corresponding bulk
materials in experiment [35-38]. Silicon and Germanium nanocomposites (SiGe)
have attracted much attention due to its large ZT. Wang et al.  [39] reported
that by using a nanostructure approach, a peak ZT of about 1.3 at 900°C in an
n-type nanostructured SiggGesy bulk alloy has been achieved.The enhancement of
ZT comes mainly from a significant reduction in the thermal conductivity caused
by the enhanced phonon scattering from the increased density of nanograin bound-
aries. The enhanced ZT makes such materials attractive in many applications such
as solar, waste heat conversion into electricity. Joshi et al also reported that they
could achieve the value of ZT (= 0.95) in p-type SiggGegy bulk alloy [40]. The
enhancement of ZT is due to a large reduction of thermal conductivity caused
by the increased phonon scattering at the grain boundaries of the nanostructures
combined with an increased power factor at high temperatures. Zhu et al found
that at 5% Ge replacing Si is very efficient in scattering phonons shorter than 1
nm, resulting in a further thermal conductivity reduction by a factor of 2 , thereby
leading to a thermoelectric figure of merit 0.95 for Sig5sGegs, similar to that of

large grained SiggGegpalloys [41]. The TEM image for the nanostructured SigsGes
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sample is shown in Figure 1.10.

Figure 1.10: Low (a) and high (b) magnification TEM images of the hot pressed nanostruc-

tured SigsGes sample.(from Ref [41])

Besides the experimental work, there are a lot of theoretical works concerning
about the thermoelectric figure of merit in nanocomposites. These model calcula-
tions provide an important guide for the design and choice of processing parameters
in the preparation of nanocomposite structures. For example, Minnich et al used
the Boltzmann transport equation and the relaxation time approximation to study
the thermoelectric properties of n-type and p-type SiGe nanocomposites. They
considered the strong grain-boundary scattering mechanism in nanocomposites us-
ing phonon and electron grain-boundary scattering models. Their results from this
analysis are in excellent agreement with recently reported measurements for the
n-type nanocomposite. Their results also indicate that an improvement in mobility
is possible by reducing the number of defects or reducing the number of trapping
states at the grain boundaries [42]. Hao et al. investigate the thermoelectric prop-

erties of Si nanocmposites using Monte Carlo simulations and combine the phonon
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modeling with electron modeling to predict the thermoelectric figure of merit (ZT)
in silicon nanocomposites. The value of ZT they can be obtained is about 1.0 at
1173 K when the grain size is reduced to 10nm. Their results show the potential of
achieving a large ZT in bulk Si by the nanocomposites [43]. In this thesis, we focus
on the investigation of the thermoelectric property of semiconductor nanwires. In
Chapter 2, we will turn into discussing the theoretical models and numerical meth-

ods, which have been used to study the the thermoelectric properties of nanowires.
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1.5 Outline of Thesis

The dissertation is divided into 5 chapters.

Chapter 1 provides the background information, including the description of the
Seebeck effect, Peltier effect and thermoelectric figure of merit (ZT). The literature

review of the ZT in nanostructures is also presented.

Chapter 2 introduces the theoretical models and numerical methods. Both the
Boltzmann transport equation and semiclassical ballistic transport equation are

presented.

Chapter 3 to Chapter 4 represent the main study of the works relevant to my Ph.
D. research project. The collaboration-ship of the presented works, if any, will be

credited at the end of respective chapters.

Chapter 3 studies the size dependent the thermoelectric properties of silicon nanowires,
examines the composition effects on the thermoelectric properties of silicon-germanium
Si1_,Ge, nanowires (NWs) and investigates the impact of the phase transition
and Gallium (Ga) doping effect on the thermoelectric properties of [0001] ZnO

nanowires.

Chapter 4 studies the significant enhancement of the thermoelectric figure of merit

in [001] Sig5Gey s superlattice nanowires.

Chapter 5 summarizes the whole dissertation by correlating the individual chapters

(Chapter 2 to Chapter 4), and draws a general conclusion of my Ph. D. research
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project. Some remarkable points will be highlighted, and further works, either on
agenda or still in mind, will be prospected in hope of meliorating and enriching

the whole story.
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Chapter 2

Theoretical Models and

Numerical Methods

In this chapter, we will discuss theoretical models and numerical methods, which
are used to study the thermoelectric properties of semiconductor nanowires. For
the charge (electrons and holes) transport, in the diffusive regime (the system size
is much larger than the mean free path), the convention theory is the Boltzmann
Transport Equation (BTE), while for the ballistic regime (the system size is much
less than the mean free path.), the semiclassical ballistic transport theory is wide-
ly used. In order to obtain the solutions of the BTE and semiclassical ballistic
transport theory, the first principle method is applied to calculate the important

input parameters, such as the electronic band structure and electronic density of
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states. Either the first principle method or ab initio is based on the density func-
tional theory(DFT). In the following sections, we will give a brief introduction of
the basic concepts of the density functional theory. And for the phonon transport,
two main numerical methods are used: Molecular Dynamics Simulation (MD)and
Nonequilibrium Green’s Function (NEGF). In this thesis, we will not discuss these
two methods and we only focus on the discussion on the BTE, semiclassical ballistic

transport theory and DFT.

2.1 Boltzmann Transport Equation

The semiclassical transport coefficient is based on the solutions of steady-state
Boltzmann Transport Equation (BTE) via the relaxation time approximation.
Hicks and Dresselhaus predicted the thermoelectric properties of 3D bulk materials
2D quantum wells [4] and 1D conductors [28] with the solutions of the Boltzmann
transport equation (BTE). In Hicks’ calculations, they used the BTE to obtain the
thermoelectric transport coefficients under the single-band approximation, which
are unable to give the accurate description of the systems, especially the atomic
systems. Besides that, from the recent work [44] , the power factor described with
the single-band approximation is invalid even in the large nanostructures. The
multi-band approximation should be considered in order to obtain the accurate
results. Considering these aspects, the first principle method and ab initio calcula-
tion have been widely used to obtain electronic properties of nanostructures. For

instance, Vo et al. combined the ab initio electronic band structure and the 1D
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Boltzmann transport equation to investigate the thermoelectric properties of Si N-
Ws with 1nm and 3nm diameter [34]. In their calculations, they used the density
functional theory (DFT) to calculate the electronic band structure and density of
states of the Si NWs. The combination of DFT and Boltzmann transport equation
has been widely used to study the thermoelectric properties of atomic structures

[34, 45]. In the following, we will start to discuss Boltzmann transport equation,

When there is perturbation imposed in the systems, for a steady state, there is a
balance between the effects of the fields and the scattering processes. The Fermi-
Dirac distribution f(F) is a function of the wave vector k and the position vector
7" of the charge carriers. Under the relaxation time approximation, the change of

f(E) can be expressed as follows [5]:

J(B) = fo(E) __:00(E) _-91(F)

T, ok or

(2.1)

where f and fy are the perturbed and unperturbed distribution functions, respec-
tively. The equation of f — fy should be solved in terms of the electric field and the
temperature gradient. E is the electron energy. Here, we assume that all the fields
and flows are in the direction of the x -axis. If | f — fo| < fo, we can replace f by fy
on the right-hand side of Equation ( 2.1). Then the Fermi-Dirac distribution will
be dependent on the displacement through both the electric field and temperature

gradient, we can obtain that

O(E) o E—poT
T, o

8x+ T Oz

), (2.2)
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where v(k) = $2E is the velocity of carriers in the z-direction. g is the Fermi
energy. T, is the relaxation time, which is a complex parameter, with the relation
to the scattering processes, including the boundary scattering, impurity scattering,
electron-phonon scattering and so on. D(FE) is the electronic density of states. It
is a bit difficult to get a reliable relaxation time. In some previous works and our
work, we obtain this relaxation time by fitting the electronic mobility from the
experimental data for the electrical conductivity. The number of carriers per unit

volume in the range of energy from F to E + dE is f(E)D(E)dE, therefore, the

electric current density j is:

= /Ooo ev(k) f(E)D(E)E = — /Ooo env(k)v(k)a@g) (%+$Z—Z)D<EWE

(2.3)

And the electric field £ is given by g—‘; /e and it is assumed that g_;j; = 0, the electrical

conductivity is written as follows:

o=j/E=— /0 N 62761)(/{)1)(16)8];0<EE )D(E)dE (2.4)

In order to define the Seebeck coefficient S, we should make Eq. 2.3. to be zero.

ar

L))", which is given by:

S is equal to g—‘;[e(

o Ll reo(k)u(k) 2B B — \D(E)dE
ST [ (ko) BB D(E)dE

0 oF

(2.5)

The heat flow per unit cross-section area from carriers ,.J, is given by
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7= [T ot(E = wrE) DB (2.6)

The electronic thermal conductivity is given by:

oT
Re = —J/%

- @LT[ /O h e%(k)v(k)Te(—a@EEE))(E — 1)*D(E)dE

(Jo~ erev(k)u(k) 52 (E — p) D(E)AE) (f;~ e*rev(k)o(k) i (E — u) D(E)

oFE

S

N

[ 2 0(k)u(k) (-2 D(E)dE

0 OE

The above equations are applied to all the dimension, including 3D, 2D and 1D

cases. In our calculations, we assume that

—m*v(k)v(k) = FE (2.8)

here m* is the effective mass. Then we can obtain the expressions of the thermo-
electric transport coefficients in one dimensional nanowires [46-48]. The electrical
conductivity o, the electronic thermal conductivity . and the Seebeck coefficient

S can be written as :

Ko = ——[A® — AO(AO)=1A ()] (2.10)
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1

SeT

(AOY=1AW (2.11)

A — 627'(2/771*) ZAE /Bexp[ﬁ(Ek‘ _ :u)]

)
o [L+ eaplB(Ex - e DB BB = 1) (2.12)

where e is the charge of carriers, T' is the temperature, 5 = kBLT (kp is the Boltz-
mann constant). FEj is the electron energy, 7 is the relaxation time, m* is the
effective mass of the charge carrier, p is the electron chemical potential and D(Ey,)
is the density of states and it can be obtained from the first principle method or

ab initio calculation, which will be introduced in the following sections.

2.2 Semiclassical Ballistic Transport Equation

For the ballistic regime, the expressions of transport coefficients are very similar
to Eq. ( 2.9) to Eq.( 2.12), which are based on the solutions to the Boltzmann
transport equation (BTE). The set of the semiclassical ballistic transport equations
is widely used to investigate the thermoelectric property of Si NWs [49], graphene

nanoribbons [50]. The transport coefficients can be expressed as the following:

The electronic conductance :

G, = 2L (p) (2.13)

The electronic thermal conductance :
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e = L) = L[ )] O o) (214)

The Seebeck coeflicient:
§ = (L0 () L) (2.15)
Lntp) = 2 [ amTE)E - (- 202) (2.16)

Here e is the charge. p is Fermi energy. h is the Planck constant. E is the electron
energy. T is the absolute temperature. f(F) is the Fermi-Dirac distribution. T, (F)
is electron(or hole)transmission. It is able to be achieved by Transiesta package,
which is based on DFT and NEGF. In the following section, we will introduce the

density functional theory (DFT).

2.3 Density Functional Theory

Density Functional Theory (DFT) has been the dominant method for the quantum
mechanical simulation of periodic systems. It is widely used in the calculation of
electronic band structure, density of states, energy surfaces and so on. In this
section, we will give the basic concepts of density functional theory (DFT). From

the quantum mechanics, the wave function can determine the total energy of the
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systems E[W(ry,re,r3....7n)]. In 1964, Hohenburg and Kohn proved the two the-
orems [51], which are named as Hohenberg — Kohn (H-K)theorems. The first
theorem is stated as follows: the electron density determines the external potential

(to within an additive constant), which is given by:

E[U(ry,re,r3.....ry)] — E[p(r)] (2.17)

And the second theorem is stated as follows: If the electron density p(r) is not
for ground state, then Eq s [p(r)] > Eg.slpc.s.(r)]. We will try different electron
density p(r) to achieve the minimum energy Eg.s (p(r)) and we also confirm this
electron density to be the ground-state electron density. The H-K theorems only
prove the existence of Eg.s (p(r)) and do not show the definite expressions and
equations. From the energy functional, the total energy contains three terms: the
kinetic energy, the interaction with the external potential and electron-electron

interactions, we can write them as:

Elp(r)] = T[p(r)] + Veat[p(r)] + Vee[p(r)] (2.18)

The interaction of external potential is expressed as:

—

Veat[p(1)] = [ Vewrp(r)dr (2.19)

The kinetic energy and the electron-electron interaction is still unknown. Kohn and
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Sham proposed the following approach to approximate the kinetic and electron-
electron functionals [52]. They introduced a fictitious system of N noninteracting
electrons to be described by a single determinant wave function in N orbitals ¢;.
In this system the kinetic energy and electron density are known exactly from the

orbitals:

Tlp(r)) = —5 > < IVl > (2.20)

The ground state density is :

plr) = > louf (221)

The electron-electron interaction will include the classical Coulomb interaction
(Hartree energy)and exchange-correlation functional. The Coulomb interaction is

expressed as:

1 =\
Virlp] = 5 :Tp’(mp ir2|)dr_1>dr_§ (2.22)
T — T2

The exchange-correlation functional is written as:

&M:/MWMWWh (2.23)

where ¢, is the local charge density. The exchange and correlation energy density

of the uniform electron gas density p is in the local density approximation (LDA).
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Within LDA, ¢, is a function of the local value of density. Another mostly used
accurate approximation is the generalised gradient approximation (GGA). Within

GGA, the energy functional that depends on both the density and its gradient.
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Chapter 3

Thermoelectric Figure of Merit in
[110]Si NWs, [110]S%1_,Ge; NWs

and [0001] ZnO Nanowires

In this chapter, we use the first-principle method and Boltzmann transport e-
quation to study the thermoelectric figure of merit in silicon nanowires(SiNWs),
Si1_Ge, NWs and [0001] ZnO nanowires. Firstly, we investigate size dependent
thermoelectric properties of silicon nanowires. It is found that with cross section
area increasing, the electrical conductivity increases slowly, while the Seebeck coef-
ficient reduces remarkably. This leads to a quick reduction of cooling power factor

with diameter. Moreover, the figure of merit also decreases with transverse size.
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and [0001] ZnO Nanowires

Our results demonstrate that in thermoelectric application, NW with small diam-
eter is preferred.We also predict that isotopic doping can increase the value of ZT
significantly. With 50% 2°Si doping (*Si052°Sigs NW), the ZT can be increased
by 31%.

Secondly, we study large figure of merit in Si,_,Ge, nanowires. We investigate
composition effects on the thermoelectric properties of silicon-germanium S, _,Ge,
nanowires (NWs). The power factor and figure of merit in n-type Si,_,Ge, wires
are much larger than those in their p-type counterparts with the same Ge content
and doping concentration. Moreover, the maximal obtainable figure of merit can
be increased by a factor of 4.3 in n-type Sig5Gegs NWs, compared with the corre-
sponding values in pure silicon nanowires (SiNWs). Given the fact that the mea-
sured ZT of n-type SINW is 0.6 — 1.0, we expect ZT value of n-type Si,_,Ge, NW's

to be 2.5 — 4.0.

Finally, we study the impacts of the phase transition and Gallium doping on the
thermoelectric properties of [0001] ZnO nanowires.Phase transition has played an
important role in electronic conduction [53, 54] and thermal conduction in ZnO
NWs [55], but this effect on thermoelectric is still unclear. Our results show that
the electronic band gap of ZnO NWs for Wurtzite (W) phase is larger than that of
Hexagonal (H) phase. For a certain carrier concentration, the Seebeck coefficient S
for W-phase is larger than that for H-phase, while electrical conductivity with H-
Phase is much higher than that of W-Phase because of the higher electron mobility
in H-Phase. There is an optimal carrier concentration to achieve the maximum
value of power factor P for both W and H phases. The maximum value of P

(Paz) for H phase (P, = 1638uWW/m — K?) is larger than that of W phase
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(Prae = 1213uW/m — K?) due to its high electrical conductivity. In Ref [55], it
is referred that the thermal conductivity for H phase is about 20% larger than
that for W phase. Combined the calculations of power factor and the thermal
conductivity, the maximum achievable value of figure of merit ZT for H phase is

larger than that for W phase (1.1 times).

Furthermore, we also study the impacts of the Gallium doping on the thermo-
electric properties of [0001] ZnO nanowires. It is found that the thermoelectric
performance of the Ga-doped ZnO ( Zn;_,Ga,0O) NWs is strongly dependent on
the Ga contents. The maximum achieved room-temperature thermoelectric figure
of merit in Zn;_,Ga,O can be increased by a factor 2.5 at Ga content is 0.04,
compared with the corresponding pure ZnO wires. Our work provides design rules
for possible ZnO NW arrays based piezoelectric, optoelectronic and thermoelectric

hybrid energy generator.

3.1 Introduction

Thermoelectric material plays an important role in solving the energy crisis. The
cooling efficiency is given by the figure of merit,ZT (= S%c0/k T), here S is the
Seebeck coefficient,o is the electrical conductivity, 7" is the absolute temperature,
and k = K. + K, is the thermal conductivity, where x.and &, are the electron and

phonon lattice vibration contribution to the thermal conductivity, respectively.

Nanostructured materials have been proposed to enhance thermoelectric figure of
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merit ZT (Refs. [28, 32, 33, 56]) due to both enhancement in the power factor
through increasing the density of states near the Fermi energy level and reduction
in the thermal conductivity. Silicon nanowire (SiNW) has attracted broad interests
in recent years due to its ideal interface compatibility with Si based electronic
technology and the potential applications.[57, 58] It has been demonstrated that
the thermal conductivity of SINW can be 100 times smaller than that of bulk silicon
(7,9, 14]. Vo et al.[34] have studied the impacts of growth direction and doping on
the thermoelectric figure of merit in SINWs by using ab initio electronic structure
calculations. In addition to the growth direction and carrier concentration, it
has been demonstrated that the electronic structure of Si NW also depends on
the transverse size remarkably. [34, 59-61]. Moreover, it is well established that
isotope doping is an efficient way to reduce the thermal conductivity.[18, 62, 63]
In this chapter, we will investigate the impacts of size and isotope concentration

on thermoelectric property of SINW.

Besides SiINW, it has also been demonstrated that Si;_,Ge,NW is a promis-
ing candidate for high-performance thermoelectric application [21]. It has been
observed experimentally that when the Ge content in Si;_,(Ge, nanocomposites
increases from 5% to 20%, the thermal conductivity decreases obviously [41]. How-
ever, at the same time, the power factor also decreases, and induces uncertainty in
the change in figure of merit ZT. Although a number of studies have been reported
recently about the thermal and thermoelectric properties of Si,_,Ge, nanocom-
posites and nanowire,[21, 40, 41, 64-68] it is still not clear on the quantitative
impact of the composition on the thermoelectric performance. In this chapter,

we will investigate the composition dependence of the thermoelectric properties of
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S’l'lwa@xNWS.

Besides the convention thermoelectric materials, such as Si NWs and Si;_,Ge,
NWs, the exploration of other thermoelectric materials is also very important for
the improvement of thermoelectric figure of merit in materials. Recently, Znic
Oxide (ZnO) nanowires (NWs) have shown promise for nanodevice application-
s. The high surface-to-volume ratio of NWs is important for many applications,
such as gas sensors. Through the coupling of piezoelectric and semiconducting
properties of ZnO, nanoscale mechanical energy can be converted into electrical
energy by using ZnO NW arrays [69]. Moreover, compared to traditionally 7O,
films, ZnO NW arrays are considered promising anode material for photovoltaic
device because of the highly controllable single-crystalline morphology which pro-
vides direct electron transport pathway [70-72].In addition to piezoelectric and
optoelectronic applications, thermoelectric effect is also an important part of the
solution to the energy crisis by converting waste heat into electricity. To our best
knowledges, rare researches are concerning about the thermoelectric properties of
ZnO NWs [73]. Phase transition has played an important role in electronic con-
duction [53, 54] and thermal conduction in ZnO NWs [55]. Zhang et al found that
the direct to indirect band gap transition occurs in ultrathin [0001] ZnO nanowires
under the uniaxial compression. Their results show that all ZnO nanowires exhibit
direct band gap in wurtzite (W) structure and indirect band gap in hexagonal
(H) structure. For the same wire, the band gap in hexagonal structure is smaller
than that in W structure[54]. Kulkarni et al used Green-Kubo approach to study
the impacts of phase transition on the thermal conductivity in ZnO nanowires[55].

Their results show that the thermal conductivity in hexagonal (H) structure is
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20% high than that in wurtzite (W) structure. However, the impacts of the phase
transition on the thermoelectric properties in ZnO nanowires is still unclear. In
this chapter, we use the 1D transport theory and the first-principle method to
investigate the impacts of the phase transition on the thermoelectric properties of

[0001]ZnO nanowires.

Besides the impacts of phase transition on the thermoelectric property in ZnO
nanowires, it is found that the study of the thermoelectric property of ZnO ceram-
ics has been motivated by the reports of the improved electrical conductivity and
reduced thermal conductivity by employing elements (Al, Ga, Mn) as dopants[74—
76]. In the Al and Ga dually doped ZnO ceramics, ZT is about twice of that of
pure ZnO, which can arrive 0.65 at 1247K [74]. A natural question comes prompt-
ly: Can we obtain a piezoelectric, optoelectronic and thermoelectric hybrid energy
generator based on ZnO NWs? And how to improve the thermoelectric proper-
ty of ZnO NWs? Although there are a few researches focusing on the electrical
properties of ZnO NWs [77-80], rare researches are concerning about the thermo-
electric properties of ZnO NWs [73]. In this chapter, we will answer these questions
through investigations with the first-principle method and 1D Boltzmann trans-
port Theory (BTE), to explore the impacts of Ga doping on the thermoelectric

performance of Zn,_,Ga,O NWs.

38



Chapter 3. Thermoelectric Figure of Merit in [110]Si NWs, [110]S%;_,Ge, NWs
and [0001] ZnO Nanowires

3.2 Computation Methods

In this chapter, we combine the first principle method and 1D Boltzmann trans-
port equation (BTE)to investigate the thermoelectric properties of semiconductor
nanowires. The electrical conductivity o, electronic thermal conductivity . and
Seebeck coefficient S are obtained from the electronic structure with the solution

of 1-Dimensional Boltzmann transport equation:

o=A" (3.1)
1 _
Ky = eZ_T[A(Q) — AW (A=A D] (3.2)
5= L (A0) 10 (3.3)
el

pexp[B(Ex — p)]
+ exp[B(Ex — )]

AW = e*r(2/m*) Y AE 1 D(Ep)Ex(Ey— )™ (3.4)
k

where e is the charge of carriers, T is the temperature, Ej is the electron energy,

7 is the relaxation time, m* is the effective mass of the charge carrier, p is the

electron chemical potential and D(E}) is the density of states. The relaxation

time 7, is a complex function of the electronic structure, temperature and carrier

concentrations.
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3.3 Size Dependent Thermoelectric Properties of

Silicon Nanowires

In this section, we investigate the thermoelectric properties of silicon nanowires.
We focus on SiNWs oriented along the [110] direction since small diameter SINWSs
have been observed to grow experimentally mostly along this direction. We studied
SiNWs with rectangular cross section shape, which can be fabricated experimen-
tally [34, 61, 81]. For each NW, the atomic structure is initially constructed from
diamond structured bulk silicon. Then, all the Si atoms that fall within a virtual
cage are selected while silicon atoms falling outside this virtual cage are removed.
The dimensions of the NWs were varied by changing the virtual cages. Here the
transverse dimension of SINW is characterized by A - the cross section area, which
is ranging from 1nm? to about 18nm? . The corresponding diameter D is from 1.7
to 6.1nm. Here D is defined as the largest distance between the terminating hydro-
gen atoms in the cross section plane. The surface dangling bonds were terminated
with hydrogen atoms placed at a standard bond length of 1.48 4 that eliminate arti-
ficial dangling bonds. This H-termination model without surface reconstruction is
widely used to study the size effect on electronic structure of SINWs [59]. A super-
cell approach is adopted where each wire is periodically repeated along the growth
direction [110]. The size of the supercells in the transverse plane is so large as to
avoid interaction between the SINW and its images in neighboring cells (> 15A
from surface to surface). In this work, the density functional derived tight-binding

method (DFTB) [82, 83] is used. The DFTB has high computational efficiency and
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allows the simulation of bigger systems than conventional density functional the-
ory (DFT) at a reasonable computational time and with similar accuracy. In this
work, the structural relaxation is performed using a conjugate gradient method.
The atomic force tolerance of 3x 10~%eV is applied. Self-consistent charge tolerance
is 10°au. The accuracy of DFTB method in SiINW band structure calculation has

been demonstrated [59, 84].

The goal of our work is to determine the qualitative effect of SINW’s transverse
dimension on its thermoelectric property. So here we obtain the values of 7 by
fitting the calculated mobility to measured electrical conductivity data of SINW.
As the lack of experimental electrical conductivity data on diameter dependence,
here we use the experimental data of SINW with fixed diameter of 48nm (n = 1.7 x
10%em™3, 0 = 588(Qem)™1), from Ref. [14]), and obtain 7 = 4.3 x 10'6s. Then, we
use the dependence relation [85] between the mobility and carrier concentration
in bulk silicon to calculate the carrier concentration dependent relaxation time.
For example, 7 = 1.7 x 10'%s for n = 1.0 x 107em =3, and 7 = 9.7 x 10'®s for
n=5.0x107em=3. As ZT of n-doped SiNWs is considerably larger than that of
their p-doped counterparts, we only study n-doped wires in this work. The carrier
concentration is defined as n = [[° D(E — p) x f(E — p)dE , where f(E) is the
Fermi distribution function. In this model, n corresponds to the concentration of
charge in a system that is artificially doped by varying the chemical potential while
assuming a fixed band structure. With the change in u, the carrier concentration

changes, and induces the corresponding modification in thermoelectric property.

Figures 3.1(a) and 3.1(b) show the size effects on ¢ and S with different electron

concentration. ¢ increases slightly as the diameter increases, while the Seebeck
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coefficient S decreases remarkably. The size dependence arises from quantum con-
finement effect on the electronic band structure. Figure 3.2 shows the density of
states (DOS) of intrinsic SINWs. It is obvious that the larger the dimension of
the wire the smaller the band gap. However, as the electron band gap converges
quickly with transverse dimension increases [34, 59-61]. o only has an obvious
size dependence in very small size less than 5nm?. In contrast, Seebeck coefficient
S decreases with increasing of size remarkably. Besides the electronic band gap,
Seebeck coefficient S also depends on the detailed band structure, in which narrow
DOS distribution is preferred [64, 86]. In SINW, the large numbers of electronic
states in narrow energy ranges can lead to large S. With the transverse dimension
increases, the sharp DOS peaks widen and reduces S. The increase in transverse
dimension has two effects on band structure: reduce the band gap; and widen the
sharp DOS peaks, both have negative impacts on Seebeck coefficient. So the See-
beck coefficient decreases quickly with transverse size increasing. In addition to
the transverse size dependence, both S and ¢ depend on carrier concentration. As
shown in Figs. 3.1(c) and 3.1(d), S decreases as the carrier concentration increases,

while ¢ increases as more carriers are available to transport charge.

In thermoelectric application, the power factor P (P = S%¢), is an important factor
influencing the thermoelectric performance directly. Figure 3.3(a) shows the power
factor versus carrier concentration. There is an optimal carrier concentration N, ..
yielding the maximum attainable value of P,,,,. As SINW area increases, the P,
decreases (Fig 3.3(b)), and N, shifts to lower carrier concentration (Fig. 3.3(c)).
The slow increase of o is offset by obvious decreasing in S (P = S?¢), as a result

the power factor reduces with size increasing. In Fig.3.3(b), at small size, the
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Figure 3.1: (a) o vs cross sectional area with different carrier concentration. (b) S vs cross
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small increases of cross section area can induce large reduction on power factor.

For example, with the cross section area increases from 1.1 to 4.7nm?, the power

factor decreases with about 4300uW/mK? . In contrast, the power factor versus

cross section area curves are almost flat when cross section area increases from 14.1

to 17.8nm?.
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SINW with length of 1um.

The power factor (P) is related to the cooling power density (PD) of a thermo-

electric cooler. In the practical application, the maximal cooling power density is

given by PD,,a = 1/2(S%0/L)T?, [87], T is the environment temperature around
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the SINW, and L is the length of the SINW. In our analysis, we consider SINW
with length of 1um. Figure 3.3 (d) shows the size dependence of maximal cool-
ing power density versus the cross section area at room temperature. Even for
thick SINW with cross section area of 17.8nm?, the maximal cooling power densi-
ty, 6.4 x 103W/cm?, is about six times larger than that of SiGeC/Si superlattice
coolers,[88] ten times larger than that of Si/Si,_.Ge, cooler,[89] and six hundred

times larger than that of commercial TE module.[90]
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Figure 3.4: a) Thermal conductivity due to electrons vs carrier concentration for SINWs with
different transverse dimensions. (b) ZT vs carrier concentration for different isotope-doped SiINWs
(?88i2%  Si, NWs) with fixed cross section area of 2.3nm?. (c) ZT 4 vs the concentration of

298i atom. (d) Npae vs the concentration of 29Si doping atom.

The figure of merit, ZT is another important factor for thermoelectric materials.
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In the calculation of ZT, both electron and phonon contribute to the total thermal
conductivity. Figure 3.4(a) shows the dependence of electron thermal conductivity
calculated from Eq. 1 on carrier concentration. It is clear that k., increases with
carrier concentration, and SINW with larger diameter is with higher k.. And
kp of SINW increases with diameter increases remarkably until the diameter is
larger than about hundreds nanometers.[91, 92] Thus « increases with transverse
dimension. Combine the size dependence of the power factor, as shown in Fig.
3.3 (b), we can conclude that ZT will decrease when the NW diameter increases.
However, at present, there is no consensus in the literature about quantitative
expression of size dependence of lattice (phonon) thermal conductivity in thin

SiNWs, which limits the study of size effect on ZT quantitatively.

Besides diameter impact, the isotope doping is an important method to tune the
thermal conductivity of nanomaterials. [18] In this work, we focus on the iso-
tope doping effect on ZT of SiNW (%54, ,*Si, NWs) with fixed cross section
area of 2.3nm?. From molecular dynamics calculation,[18] &, of pure 5 NW is
1.49W/mK. In Fig. 3.4(a) it is obvious that with the carrier concentration we
studied here, k, is much larger than k.. Using our calculated S, o, k. from Eq. (1),
and r, value from Ref. [18] calculated by using nonequilibrium molecular dynamics
method, Stillinger — Weber (SW) potential and Nosé — Hoover /Langevin heat
bath, more details in Ref. [18], the dependence of ZT on carrier concentration is
shown in Fig.3.4 (b). Similar to the power factor, there exists one optimal carrier
concentration N,,., yielding the maximum attainable value of ZT,,,.. Moreover,
the isotope doping concentration changes the value of Z7T,,,, remarkably. Figures

3.4(c) and 3.4(d) show the dependence of ZT,,,, and N, on concentration of Si.
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The ZT,,q, values increase with 2°Si concentration, reach a maximum and then de-
creases. In the case of 2254, Siy o NW , namely, 20% 2°S4i, its ZT,,4. increase with
15% from that of pure 2SiNW. And with 50%%*Si doping (*Sig52°Sigs NW),
the ZT,,.» can increase with 31% . The carrier concentration N,,,, to attain Z7,, ..
is independent on the isotope concentration, as the 2°Si doping only changes the

lattice vibration and has no effect on the electronic structures in our calculations.

In summary, we have investigated the size dependence of thermoelectric properties
of [110] oriented SiINWs. It is found that with cross section area increasing, the
electrical conductivity increases as the reduction in band gap. In contrast to the
weak size dependence of electrical conductivity, the Seebeck coefficient reduces
remarkably with transverse dimension. This leads to a quick reduction of cooling
power factor with diameter. At small size, the small increases of cross sectional
area can induce large reduction in power factor. For example, with the cross
section area increases from 1.1 to 4.7nm?, the power factor decreases with about
5000uW/m — K?. In contrast to the high sensitivity at the small size range, the
power factor is almost constant when cross-sectional area increases from 14.1 to
17.8nm?. Even for thick SINW (A > 12nm?) with typical length of 2um, its
cooling power density is hundreds times of that of conventional thermoelectric
materials. Moreover, the figure of merit, ZT also decreases with increasing of
transverse size. Our results demonstrated that in SINW thermoelectric application,
NW with small diameter is preferred. In addition to the size effect, we also present
the prediction that the isotopic doping can increase the ZT value. With 50%%°Si
doping (#Si052°Sigs NW, with A = 2.3nm?), the ZT can be increased 31%, from

0.81 to 1.06. Our results demonstrate that isotope doping is a promising method
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to enhance ZT of SINWs further.

3.4 Large Thermoelectric Figure of Merit in Sv;_,Ge,

Nanowires

We focus on Si;_,Ge, NWs oriented along the [110] direction with rectangular
cross section area of 2.3nm?. The Si atoms are randomly substituted by Ge atom-
s. The surface dangling bonds are terminated with hydrogen atoms. The size
of the supercells in the transverse plane is large enough (> 15A)from surface to
surface). Here the density functional theory (DFT)) calculations are carried out
by DMOL package.[93] The DFT calculations are performed by using generalized
gradient approximation with the functional parameterized by Perdew, Burke, and
Ernzerhof.[94] And the double-numerical-polarization basis set is employed. Self
consistent field calculations are done with a convergence criterion of 107% hartree
on the total energy. The Brillouin zone integration is performed using a 6 x 6 X 6
Monkhorst-Pack k-point grid. All the structures are fully optimized with a conver-
gence criterion of 0.002hartree/A for the forces and 0.005A for the displacement.
A real-space cutoff of 4.04 for the atom-centered basis set is chosen to increase
computational efficiency while not significantly affecting the magnitude of inter-
atomic forces or the total energies. The Gaussian smearing of electron density is

applied with the energy range of 0.1eV.

The electrical conductivity o, the thermal conductivity due to electrons k., and the
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Seebeck coefficient S, are obtained from the electronic structure with the solution
of one-dimensional Boltzmann transport equation as described in Ref. [[46]]. Here
we use the experimental data of n-type SiggesGeggs alloy (n = 1.5 x 10%em =3,
o = 3400Sem™! from Ref. [[41]], and the dependence relation [67] between the
mobility and carrier concentration in S%;_,Ge, alloys to calculate the carrier con-
centration dependent relaxation time. The carrier concentration is defined as:n =

J.°D(E)f(E)dE , where f(E) is the Fermi distribution function.

Figure 3.5 shows the Ge content (x) dependence of the electronic band gap. Bulk
Si and Ge are indirect band gap semiconductors with the valence-band-maximum
located at the I' point. In bulk silicon, its conduction-band-minimum (CBM)
located on A line (from I" point to X point), while in bulk Ge, its CBM is on the A
line (from I" point to L point). Therefore in bulk Si;_,Ge, alloy, with x increases
from 0 to 1, there is a transition in the location of CBM. However, for pure Si(Ge)
nanowire, it has direct band gap due to the quantum confinement effect [59]. Thus
in the Si;_,Ge, NWs, there is no transition in the location of CBM. In order to
reduce the fluctuation, the results are averaged over five realizations. With the
Ge content increases, the averaged band gap decreases. This is consistent with
the experimental observed energy band gap in single crystalline Si;_,Ge, NWs
[95]. However, in Ref. [95], the band gap of pure Ge NW is about 0.4eV less
than that in pure Si NW, while the calculated value is 0.2eV here. This is because
the commonly used DFT methods underestimate the value of band gap by about
50% [96]. In the calculations of thermoelectric properties, the DOS of specific NW
structure is used which has the corresponding band gap mostly close to the average

band gap value.
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Figure 3.5: The electronic band gap shift for Si;_,Ge, NWs vs Ge

contents x from 0 to 1.

Figure 3.6 shows the Ge content dependence of o and S with different electron
concentration for Si;_,Ge, NWs. Here we choose the heavily doped case because
the maximum ZT is expected to occur for high carrier concentration, which has
been confirmed experimentally,[40, 41, 64] and also to reduce the unknown ef-
fects of the band-gap uncertainty on the calculated values of S.[97, 98] In n-type
wires (n = 1.0 x 102%m™2), o decreases with x, reaches a minimum, and then
increases. However, in p-type wires, ¢ increases almost monotonically as the Ge
content increases. The different trends of o can be explained from their charge
mobility. In general considerations, there are three dominant scattering mecha-
nisms in Si;_,Ge, composites as follows [67]:alloy, acoustic phonon, and impurity
scatterings. The total mobility is p=! = ,u;l + ,LL;l}Oy , where py is related to the
combination of acoustic phonon and impurity scatterings, and jiq, is the contri-

bution from alloy scattering, respectively [67]. As shown in Table I, jiq0, decreases
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as X increases remarkably, reaches a minimum at x = 0.5 and then increases. While
ppy and pny increases with x monotonically, with pyy is about twice of ppy. So
in p-type wires, pupy is the dominant contribution to a1, and figere increases
with x monotonically. However, in n-type wires the alloy scattering dominates the
system, thus pq decreases with z first, and then increases when x = 0.4. Figure

3.6(b) shows that the Seebeck coefficient S decreases as the Ge content increases.
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Figure 3.6: (a) o vs Ge content x with different carrier concentration for n-type and p-type

wires; (b)S vs Ge content with different carrier concentration for n-type and p-type wires.

Figure 3.7 shows the power factor P (P = S%0) versus carrier concentration. There

is an optimal carrier concentration N,,,, yielding the maximum attainable value
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of Prae. Here, Ny, is around n = 2.0 x 10%cm =2 for n-type wires and n =
1.0 x 10%*'em ™3 for p-type wires. As the Ge content increases, for n-type wires,
P,..c decreases remarkably until x = 0.5, and then increases with x as shown in
Fig. 3(b). For p-type wires, P,,,, decreases (Fig. 3(b)) as the Ge content increases
monotonically until x = 0.8. The large fluctuation is partially due to the effects
of the band-gap uncertainty on the calculated values.[97, 98] However, the power
factor of p-type wire is much smaller (only about 15%) than that in its n-type
counterpart because of the reduced charge mobility in p-type wires as shown in

Table 3.1.

Table 3.1: The charge mobility in Si;_,Ge, alloys (n = 1.2x10*°cm=3) for different

Ge content x. The mobility values are calculated from Ref.[67]

X Hattoy(cm?/VS)  ppy(em?/VS)  unv(em?/VS)  ppror(em?/VS)  pnror(cm?/VS)

0.0 4000.4 40.24 87.94 39.84 86.05
0.05 834.13 41.91 89.64 39.90 80.93
0.2 248.13 48.33 96.85 40.50 69.81
0.4 166.12 56.70 105.52 42.31 64.61
0.5 160.02 60.05 110.02 43.76 65.41
0.6 167.54 64.82 114.89 46.76 68.19
0.8 257.92 76.23 123.52 58.83 83.50
0.9 484.00 80.73 128.06 69.03 100.92
1.0 4000.41 80.92 132.48 79.31 128.23
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ZT is the most important factor for thermoelectric materials. In the calculation
of ZT, both electron and phonon contributions to the total thermal conductivity
are counted. The phonon thermal conductivity has been investigated with molec-
ular dynamics simulations, it is quite remarkable that with only 5% Ge atoms
(Si0.05Geoos) NW, its thermal conductivity can be reduced 50% [21] The similar
thermal conductivity reduction (by a factor of 2) is also observed experimentally
in nanostructured silicon with a 5% replacement of Si by Ge.[41] And it is found
that[46] phonon thermal conductivity dominates the thermal transport property.
As different doping (p-type or n-type) only have various changes in the electronic
property but the same impact on the lattice vibration, so the phonon thermal con-
ductivity of p-type nanowire should be close to that of n-type wire. For instance,
the room temperature thermal conductivity of p-type nanostructured SiggGesq is
from 2.3 to 2.6W/mK [40], while the room temperature thermal conductivity of
n-type nanostructured SiggGeg is from 2.2 t02.5W/mK [64]. As shown in Fig.
3.7, the ZT of n-type wire is about six to seven times of that of p-type nanowire.

In the next section, we only show the Ge content dependent ZT of n-type NW.

Using our calculated power factor, and the relative phonon thermal conductivity
Ksige /Ksi, here kg; and Kg;g. are thermal conductivities of SINW and Si;_,Ge,
NW, respectively from Ref. [21], the dependence of ZTs;, e, /ZTs; on Ge content
x is shown in Fig. 3.8 The ZTs;, . ge, /ZTs; values increase with Ge content, reach
a maximum and then decreases. In the case of SigsGego NW, namely, 20% Ge,
ZTsi,_,ce, /ZTs; is about 3.0. And with 50% Ge atoms (Sig5Geos NW), the
ZTsi,_,ce. /ZTs; can be as high as 4.3. The similar dependence of ZT is also

observed in p-type wire. This phenomenon can be understood as the following.
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Figure 3.8: ZTsi,_,ge, /ZTsi vs the Ge content x for n-type Si;_,Ge, wires.

ZT is contributed by both power factor and thermal conductivity. As we discussed
(refer to Fig. 3.7), in n-type Si;_,Ge, NWs, the maximum obtainable power
factor (Pq.) decreases remarkably with Ge content to x = 0.5, and then increases
slowly. The curve of thermal conductivity (refers to Ref. [21]) also decreases first
to reach a minimum and then increases. However, when 0 < 2 < 0.5, the reduction
in thermal conductivity is much larger than the reduction in power factor, thus
results in the increasing of ZT with Ge content. Our calculation results indicate
that in comparison with the SINWs, the ZT could be increased by a factor of 4.3
in n-type St;_,Ge, NWs. Given the fact that the experimental measured ZT of n-
type SINW is about 0.6 1.0, we may obtain ZT of about 2.5 4.0 in n-type S%;_,Ge,

NW.

In summary, a remarkable composition impact on the thermoelectric properties

o6



Chapter 3. Thermoelectric Figure of Merit in [110]Si NWs, [110]S%;_,Ge, NWs
and [0001] ZnO Nanowires

of Si1_,Ge, NWs is observed. We also found that the ZT in n-type wires is
about six to seven times larger than that in p-type wires. Moreover, by tuning
the Ge contents, Z'T can be increased by a factor of 4.3 in n-type Sig5Gegs NWs.
Our results demonstrate that n-type Si;_,Ge, NWs are promising thermoelectric
materials to achieve ZT > 3. Although the ZT of p-type Si;_,Ge, NWs is higher
than that of the p-type pure Si NWs, it is much lower than that of its n-type
counterpart. In practical application, good thermoelectric performance for both
n-type and p-type legs of a thermoelectric device are required. Improved ZT of

p-type Si1_,.Ge, NWs deserves further investigation.

3.5 Impacts of Phase Transition on Thermoelec-

tric Figure of Merit in [0001] ZnO Nanowires

We focus on on ultrathin ZnO nanowires oriented along the [0001] direction. The
atomic structures are initially constructed from bulk wurzite (W)structure of ZnO
solid. The geometry is relaxed to its closest minimum total energy. A supercell ap-
proach is adopted where each wire is periodically repeated along the growth direc-
tion. The size of the supercells in the transverse plane is large enough (> 15A from
surface to surface). Two repeated unit cells are required in the growth direction.
The relaxed supercell length along the wire axis is about 10.4A for W structure
and 8.24 for H structures, respectively, which is the same as Ref [53].The diame-

ter of W-structured nanowire we considered is from 0.7nm to 1.4nm and that of
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H-structured nanowires is from 0.7nm to 1.8nm. . In this work, the density func-
tional theory (DFT) calculations are carried out by DMol3 package [93]. The DFT
calculations are performed by using generalized gradient approximation with the
functional parameterized by Perdew, Burke, and Ernzerhof [94]. And the double-
numerical-polarization basis set is employed. Self-consistent field calculations are
done with a convergence criterion of 10~¢ hartree on the total energy. The Brillouin
zone integration is performed using a 1 x 1 x 16 Monkhorst-Pack k-point grid. All
the structures are fully optimized with a convergence criterion of 0.002hartree/ A.
for the forces and 0.0054 for the displacement. A real-space cutoff of 4.0A4 for the
atom-centered basis set is chosen to increase computational efficiency while not sig-
nificantly affecting the magnitude of inter-atomic forces or the total energies. The

Gaussian smearing of electron density is applied with the energy range of 0.1eV.

The electrical conductivity o , the thermal conductivity due to electrons k., and the
Seebeck coefficient S, are obtained from the electronic structure with the solution of
one-dimensional Boltzmann transport equation as described in Ref. [46, 47]. Here
we use the experimental data of film [ low carrier concentration, 20 — 30(Qcm)™*
from Ref. [100]] and the dependence relation [101] between the mobility and carrier
concentration to calculate the carrier concentration dependent relaxation time.

The carrier concentration is defined as:in = [~ f(E)D(E)dE , where f(E) is the

Fermi distribution function.

Figure 3.9 shows the geometry for the optimized ZnO nanowires with different
diameters for both W phase and H phase. From wire A to wire D, the diameter

increases.
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View
(W)
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Figure 3.9: The geometry for the optimized ZnO nanowires with four different diameters for

both W structure and H structure (top view and side view);Red: O atom; Gray: Zn atom.
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Figure 3.10 shows the electronic band gap for wire A-D for both W phase and H
phase. The electronic band gap deceases with the diameter increases (from wire
A-D) For the same wire, the electronic band gap for W phase is larger than that

of H phase, which has also been confirmed in Ref [53].

201 » i
——W-Phase
] —— H-Phase
1.8 | -
L 1.6 - -
[~
L : o
1.4 - E -
1.2 . ; . . . .

WireA WireB WireC Wire D

Figure 3.10: The electronic band gap for wire A, B, C,D for both W phase and H phase.

Figure 3.11(a) shows the electrical conductivity ,o vs carrier cincentration for both
the W phase and H phase. ¢ increases with the carrier concentration increases for
both of the two phases. For a certain carrier concentration(n.), o for H phase is
larger than that for W phase. It is attributed from the smaller effective mass for
H-phase with the large dispersion of the lowest conduction band in the electronic
band structure (See Figure 3.12). Figure 3.11(b) shows the Seebeck coefficient (.5)
vs carrier concentration. S decreases with the carrier concentration increases for

the two phases. For a certain carrier conectration, S for W phase is larger than
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Figure 3.11: o vs n. (a); S vs n. for both W phase and H phase.
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that for H phase. It is because that the larger electronic band gap, the larger S.

5 ——

— T T T T T T T
[—— W-Phase]

Figure 3.12: The electronic band structure for W phase (a)and H phase (b). (Dashed line for

Fermi energy level.)

Combine with the calculation of o and S, the power factor (P = S?¢) vs n, (carrier
concentration) for both W phase and H phase is shown in Figure 3.13(a).There is
an optimal carrier concentration N,,,, to achieve the maximum value of the power
factor for both the two phases. The maximum value of the power factor for H
phase is larger than that of W phase due to its high electrical conductivity. The
Nz for ZT is located at 6.5 x 10'8(em=3) for H-phase and 7.09 x 10'8(cm™3) for
W-phase. The thermal conduction is also influenced by the phase transition. The
total thermal conductivity contains both the electronic thermal conductivity and

phonon thermal conductivity. Here, the electronic thermal conductivity can be
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Figure 3.13:

phase (dashed line) (a) ; The relative value of ZT(H)/ZT(W) vs carrier concentration (ne)(b)
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neglected compared with that of the phonon thermal conductivity. The phonon
thermal conductivity for H-phase is 20% higher than that for W-phase in Ref.
[55]. Combined with the calculation of power factor and the thermal conductivity,
we obtain the thermoelectric figure of merit ZT for both W-phase and H-Phase.
Figure 3.13(b) shows the relative value of ZT for both W-phase and H-Phase vs
n.(carrier concentration). The achieved ZT for H-phase is a bit larger than that for
W-phase in most range of carrier concentration because of the larger power factor
from the high electrical conductivity. The maximum achievable value of figure of

merit ZT for H phase is larger than that for W phase (1.1 times).

In this section, we use the Boltzmann transport equation and first principle method
to investigate the thermoelectric properties in [0001] ZnO nanowires. Our results
show that the electronic band gap of ZnO NWs for Wurtzite (W) phase is larger
than that of Hexagonal (H) phase. For a certain carrier concentration, the Seebeck
coefficient S for W-phase is larger than that for H-phase, while electrical conduc-
tivity with H-Phase is much higher than that of W-Phase because of the higher
electron mobility in H-Phase. There is an optimal carrier concentration to achieve
the maximum value of power factor P for both W and H phases. The maximum
value of P (P,,4,) for H phase (Ppe. = 1638uW/m — K?) is larger than that of
W phase (Ppa. = 1213uW/m — K?) due to its high electrical conductivity. The
maximum achievable value of figure of merit ZT for H phase is larger than that for
W phase (1.1times). Our work provides design rules for possible ZnO NW arrays

based piezoelectric, optoelectronic and thermoelectric hybrid energy generator.
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3.6 Thermoelectric Figure of Merit in Ga-Doped

[0001]ZnO Nanowires

We focus on ultrathin NWs oriented along the [0001] direction with the diameter
about 0.7nm. The atomic structure of NW is initially constructed from bulk
wurzite structure of ZnO solid. The Zn atoms are randomly substituted by Ga
atoms and the geometry is relaxed to its closest minimum total energy. A supercell
approach is adopted where each wire is periodically repeated along the growth
direction. The size of the supercells in the transverse plane is large enough (>
15A from surface to surface). Two repeated units along the growth direction are
required for NWs and the relaxed supercell length along the wire axis is about
10.4A [53]. The total atom number of pure ZnO NWs is 52, with 26 Zn atoms and
26 Oxide atoms. In this work, the density functional theory (DFT) calculations
are carried out by DMol3 package [93].The DFT calculations are performed by
using generalized gradient approximation with the functional parameterized by
Perdew, Burke, and Ernzerhof [94]. And the double-numerical-polarization basis
set is employed. Self-consistent field calculations are done with a convergence
criterion of 107® hartree on the total energy. The Brillouin zone integration is
performed using a 1 x 1 x 16 Monkhorst-Pack k-point grid. All the structures are
fully optimized with a convergence criterion of 0.002hartree/A for the forces and
0.005A4 for the displacement. A real-space cutoff of 4.0A4 for the atom-centered basis
set is chosen to increase computational efficiency while not significantly affecting
the magnitude of inter-atomic forces or the total energies. The Gaussian smearing

of electron density is applied with the energy range of 0.1eV.
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The electrical conductivity o , the thermal conductivity due to electrons k., and the
Seebeck coefficient S, are obtained from the electronic structure with the solution of
one-dimensional Boltzmann transport equation as described in Ref. [46, 47]. Here
we use the experimental data of film [ low carrier concentration o (20—30)(Qem) ™,
n = 6.0 x 10**(Qem) ™! from Ref. [100]] and the dependence relation [101] between
the mobility and carrier concentration to calculate the carrier concentration depen-
dent relaxation time. The carrier concentration is defined as:n = [ f(E)D(E)dE

, where f(F) is the Fermi distribution function.

Figure 3.14 show the atomic structure of the NW for z = 0.04 with the replacement
of one Zn atom [(a)and (b)are for top view and side view, respectively|. z = 0.08
and 0.12 correspond to two and three Zn atoms are substituted with Ga atoms,
respectively. Figure 3.15 shows the total density of states (DOS) of Zn;_,Ga,O
NWs (z = 0(a),0.04(b),0.08(c)). For pure ZnO NW (z = 0), the O 2s states are
located around —18eV, which have little interaction with the other valence band.
The valence band consists of two main states, Zn 3d and O 2p orbitals. The Zn 4s
states dominate the conductance band. With the Ga content (x) increase, on the
one hand, there is charge transfer from Zn 4s states to O 2p states, thus results in
the shift of the center of gravity of the DOS at the O sites towards the low energy
regions and the Fermi energy level into the conduction band (See Fig. 3.15), which
indicates the n-type characteristics of Zn,_,Ga,O wires. And on the other hand,
the dopant states, (Ga 4s states and Ga 3d states) appear following the O 2s states.

Similar phenomena can be observed in Ga-doped bulk ZnO [102].

Figure 3.16 shows the Ga content (z) dependence of electronic band gap and carrier

concentration. It is obvious that for each Ga content, the band gap values depend
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o, — .,

(a) (b)

Figure 3.14: The atomic structure of ZnO nanowires with diameter of 0.7nm;(a)is top view

and (b)is side view; Red: O atom; Gray: Zn atom; Blue: Ga atom.
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Figure 3.15: The total DOS for Zn;_,Ga,O NWs for (a) z = 0;(b)0.04;(c) 0.08. The Fermi

energy is set to 0. The dashed magenta line is used to guide the eyes.
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Figure 3.16: The averaged electronic band gap for Zn;_,Ga,O NWs and carrier concentration

versus Ga contents.
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Figure 3.19: Relative value of phonon Thermal conductivity for Zn;_,Ga,O NWs compared

with that for pure ZnO wires versus doping contents.
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Figure 3.20: Relative value of ZT for Zn;_,Ga,O NWs compared with that for pure ZnO

wires versus the Ga content.
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on the detailed atomic structures. In order to reduce the fluctuation, the results
are averaged by over five realizations as we did in SiGe NWs [47]. With Ga
content (z) increase, the averaged band gap decreases. This is consistent with the
experimental observed energy band gap in [103]. In the following calculation of
the thermoelectric properties, the DOS of specific NW structure is used, which
is most stable with the lowest total energy. The carrier concentration increases
as the Ga content increase. We can obtain a high electron concentration about
1.43 x 10**(em™3) at z = 0.12. However, the maximum electron concentration
achieved in ZnO NWs via doping method is about in the order of 102°(cm™3) [104],
and thus the maximum Ga doped content (x) we consider in our paper can not
exceed 0.08 (n = 6.0 x 102°(¢cm™3)). Figure 3.17 shows the Ga content dependence
of o and S. o increases and S decreases as the Ga content increases because
there are more charge transport. At low carrier concentration range, the Seebeck
coefficient is about 400uV/ K, which is in good agreement with the experimental
observation in Ref. [73]. Figure 3.18 shows the power factor (P = S?%0) versus
the Ga content. There is an optimal Ga content (z = 0.04,n = 1.0 x 10'7(cm™3))

yielding the maximum attainable value of power factor (P.. = 908uW/m — K?).

ZT is one of the central physical quantities that determine the efficiency of ther-
moelectric application. In the calculation of ZT, both electron and phonon con-
tributions to the total thermal conductivity are counted. To calculate the phonon
thermal conductivity of Zn;_,Ga,O NW by using molecular dynamics simulation-
s, the potential that describes the interactions between the atoms is needed,[55].
However, there is no consensus in the literature about the potential that describes

the interactions between Ga atom and Zn, O atoms. In the Zn;_,Ga,O NW,
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compare to the original Zn atom, the doped Ga atom has different atomic mass
and different interaction with the neighboring atoms. Through the investigation of
thermal conductivity by using molecular dynamics simulation, it has been demon-
strated that the difference in atomic mass has larger impact on thermal conduc-
tivity than the different interaction does [21]. Thus here we use the Buckingham
potential[99] to describe the atomic interaction in Zn;_,Ga,O. In the molecular
dynamics simulation, there are 20 unit cells in the longitudinal direction which
corresponds to a length of 10.4nm, and the wire diameter is 0.7nm, the same as
that in the DF'T calculation. Figure 3.19 shows the phonon thermal conductivity
decreases as the Ga content increases. Compare to the 60% thermal conductivity
reduction (with x = 0.1) in Si;_,Ge, NW, the thermal conductivity reduction in
Zni_,Ga,O NW is only about 10%, due to the small difference in atomic masses

between Zn and Ga atoms [18].

Combined with the calculations of the power factor and the phonon thermal con-
ductivity, we show the Ga content dependent ZT in Figure 3.20. The value of
Z'T firstly increases with the Ga content, reaches a maximum value at x = 0.04,
which is 2.5 times larger than that of pure ZnO wires, and then decreases. This
phenomena can be explained as follows: ZT is contributed by both power factor
and thermal conductivity. With Ga content (x) increase, the power factor in-
creases, reaches a maximum value at x = 0.04 and then decreases. The curve of
the thermal conductivity decreases with the Ga content increase. However, when
0 <z <0.04, the increase in the power factor is larger than the reduction in the
thermal conductivity, thus results in the increase in ZT with the Ga content. And

when 0.04 < x < 0.08, the reduction in the thermal conductivity can not offset
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the reduction in the power factor, thus results in the decrease in ZT with the Ga
content. It is worth to mention that the optimal carrier concentration yielding the
maximum attainable value of ZT is 1.0 x 10"7e¢m™3. This low carrier concentration
suggests that the high thermoelectric performance of Ga-doped ZnO NW can be

realized by using reliable fabrication technology.

In summary, we have investigated the Ga content dependent thermoelectric prop-
erties of Zn,_,Ga,O nanowires. It is found that the thermoelectric performance is
strongly dependent on the Ga content. The Ga doping reduced the thermal con-
ductivity of ZnO NW, down to less than 90% at Ga content of 0.08. The maximum
attainable ZT corresponds to a optimal Ga content of x = 0.04, which is 2.5 times
of that of the pure ZnO wires. Our work provides design rules for possible ZnO
NW arrays based piezoelectric, optoelectronic and thermoelectric hybrid energy

generator.
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Chapter 4

Significant Enhancement of

Thermoelectric Figure of Merit in
[001] Sig5Geq 5 Superlattice

Nanowires

In this chapter, we combine the density functional theory (DFT) and nonequi-
librium Green’s Function (NEGF) to investigate the thermoelectric properties of
[001] Sip5Geq s superlattice (SL) nanowires (NWs)with diameter 1.2nm. Firstly,
we would like to achieve the enhanced thermoelectric figure of merit ZT in the SL

NWs compared with that of pure Si NWs. Our results show that for the charge
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transport(electrons and holes), the charge transmission of the S NWs is decreased
sharply compared with pure Si NWs. The Si NWs have higher electronic conduc-
tance and lower Seebeck coefficient. As a result, the optimal thermal power factor
of pure Si NWs is higher than that of SL NWs. While for the phonon transport, a
large reduction of phonon thermal conductance is found in SL. NWs compared with
that in pure Si NWs. Secondly, we investigate the effect of the interfaces of SL NWs
on the thermoelectric figure of merit ZT. The maximum value of optimal thermal
power factor occurs at the period length L = 0.54nm. And the phonon thermal
conductance curve firstly decreases with the period length L increase, reaching a
minimum value at L = 0.54nm, and then increases when further increasing L. Fi-
nally, the Z'T curve firstly increases, reaching a maximum value at L = 0.54nm and
then decreases with the further increase of L. A large enhancement of ZT is found
in our studied SL NWs. For n-type SL NWs, the achieved maximum value of ZT
is 4.7, which is 5.0 times larger than that of pure Si NWs (Z7 = 0.94), while for
p-type wires, the achieved maximum value of ZT is 2.7, which is 4.5 times larger

than that of pure Si NWs (Z7T = 0.6).

4.1 Introduction

Superlattice(SL) Nanowires(NWs)have been fabricated experimentally with ten-
s and hundreds of diameters. Superlattice(SL) Nanowires(NWs) have recently
attracted broad interest in recent years due to their fascinate applications in pho-
tonics,electronics and phononics [105-107]. The SL NWs can act as nanobarcodes

[105], nanolasters [106], 1D waveguide and resonant tunneling diodes [107]. The
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SL N'Ws have also exhibited more advantages than the conventional 1D nanowires
28] and 2D superlattices [30, 32| due to their strong quantum confinement effects.
The SL NW is attractive especially in the thermoelectric applications because the
interface between two different NW’s materials can scatter the phonons strongly,
thus reducing the thermal conductivity. The thermal conductivity of S NWs is
widely studied. Yang et al[18] used the isotopic-superlattice structured Si NWs to
reduce the thermal conductivity with the molecular dynamics simulations. They
found that at a critical period of SL NWs, the thermal conductivity is only 25% of
the pure Si NWs. Chen et al. [21] also used the molecular dynamics simulations to
investigate the reduction in the thermal conductivity of the silicon(Si) and germa-
nium(Ge) superlattice nanowires. Their work show that at a critical period length,
the thermal conductivity is only one sixth of the pure Si NWs. In conclusion, using

the S NWs could effectively reduce the thermal conductivity of nanowires.

The thermoelectric performance is evaluated by the dimensionless thermoelectric
figure of merit ZT (= SQTGT) Here, S is the Seebeck coefficient, G, is the electronic
conductance, T is the absolute temperature and X is the thermal conductance.
A = Ae + Ay, where A, is the electronic contribution to the thermal conductance
and A, is the phonon contribution to the thermal conductance. A low thermal
conductance is required for a high thermoelectric figure of merit ZT. As a result,
the S NWs are good candidates for the thermoelectric applications because of
their low thermal conductivity. Several theoretical work have also been concerned
with the thermoelectric properties of the SL NWs. Dresselhaus et al [108] used
the Boltzmann transport equation to investigate the thermoelectric property of

superlattice nanowires. They found that thermoelectric properties of S NWs
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were influenced by period length, wire diameter, growth direction and the length
ratio of the two different segments. They predicted that values of ZT higher than 4
and 6 could be obtained in PbSe/PbS and PbT'e/PbSe superlattice nanowires. In
their work, the superlattice nanowires are expected to enhance the thermal power

factor beyond the conventional nanowires and superlattices.

In this work, we combine the density functional theory (DFT) and nonequilibrium
Green’s Function (NEGF) to investigate the thermoelectric properties of SigsGeg s
superlattice nanowires with diameter about 1.2nm. Firstly, we aim to study the
interface effects on the thermoelectric properties of the SL NWs. For the electronic
conduction, we combine the Density Functional theory (DFT) and nonequilibrium
Green’s Function (NEGF), which is implemented in TRANSIESTA package, to
obtain the electronic transmission, while for the phonon conduction, we use the
density functional theory (DFT), which is implemented by Siesta package, to ob-
tain the force-constant matrix, and then calculate the phonon transmission. This
method is widely used to investigate the electron transport and phonon transport
in nanostructured systems. Markussen et al. used this method to compute the
electron and phonon transmission in the disordered silicon nanowires (Si NWs)

[109]and surface-decorated Si NWs [110].

4.2 Computation Methods

We focus on the [001] Sig5Geg 5 superlattice(SL) nanowires (NWs), which contain-

s the alternative Si and Ge layers with the varied period length in the longitude

80



Chapter 4. Significant Enhancement of Thermoelectric Figure of Merit in [001]
Sig5Gegs Superlattice Nanowires

direction. The NWs have the fixed total length with four unit cells of bulk Si
(192 atoms) and their diameter is about 1.2nm. The surface dangling bonds are
terminated with Hydrogen (H) atoms. In order to investigate the transport prop-
erties of the SL NW, we devise a two probe system, Si/Sig5GeqsSLNW/Si. The
central region Sig5Gegs SL NW is connected by two semi-infinite Si electrodes,

whose surfaces are also terminated with Hydrogen(H) atoms.

For the charge (electrons and holes) transport, we use the Transiesta package, which
is based on the density functional theory (DFT) and nonequilibrium Green’s Func-
tion (NEGF) to calculate the electrons’(holes’)transmission of the SL NWs when
the applied voltage is zero. All the structures are fully relaxed until the force on
cach atom is less than 0.04eV/A. The single-zeta plus polarization (SZP) basis
set is employed. The Brillouin zone Integration is performed using Gama point
grid.We use norm-conserving pseudopotentials and the local density approxima-
tion for exchange correlation energy. For the phonon transport, we use the density
functional theory (DFT), which is implemented by Siesta package, to obtain the
force-constant matrix. We use nonequilibrium Greens-Function (NEGF) to calcu-
late the phonon transmission function of Si/NW/Si. In order to obtain the accurate
phonon transmission, we use Double-zeta (DZ) basis set and all the structures are

fully relaxed until forces on each atom are less than 0.01eV/A.

We use the ballistic transport equations to study the thermoelectric properties
of the S NWs. This method is widely used to investigate the thermoelectric
properties of the S NWs, [50, 109, 110]. The transport coefficient can be written

as follows:
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The electronic conductance:

G =e* L () (4.1)

The electronic thermal conductance:

A = SO () = LOG[LO ()] L ()] (4.2)

The Seebeck coeflicient:
§ = (L0 () L) (4.3)
Lot = [~ aEL(B)E - " -5 (4.4)

Here e is the charge. p is the chemical potential. h is the Planck constant. F is
the electron (or hole) energy. T is the absolute temperature. T,.(FE) is electron(or

hole)transmission. f(E) is the Fermi-Dirac distribution.

The phonon thermal conductance ), is given by:

hw

(T [ T el 45
o(T) = QWICBTQ/D ww ph(w)m (4.5)

where w is phonon frequency; 7T}, is phonon transmission;
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4.2.1 Results and Discussion

Figure 4.1 shows the geometry of the Sig5Geq 5 superlattice (SL) nanowires (NWs)
at the period length L = 1.08nm. The period length L = 0.27nm , 0.54nm, 1.08nm
and 2.16nm are denoted by SG1, SG2, SG3, SGA4.

|‘ superlattice il

0% 70 X
peietelete
SRR

|l— supercell

Figure 4.1:  The geometry of the Sig5Geos superlattice nanowires with the period length

L = 1.08nm; Yellow:Si atom; Green:Ge atom; White:H atom.

Figure 4.2 and 4.3 show the hole and electron transmission spectra T'(E) versus
energy for SigsGeqs superlattice (SL) nanowires (NWs) and pure Si NWs. It is
found that for pure Si NWs, both the hole and electron transmission have the
perfect transmission, while for the SL. NWs, the hole and electron transmission
decrease sharply due to the scatterings from different atoms. Moreover, the trans-

mission for the cases L = 0.27nm and L = 0.54nm is larger than that of the cases
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L =1.08nm and L = 2.16nm. We can explain this phenomenon from the project-
ed density of states (PDOS) on the Si and Ge atoms of the S NWs. Figure 4.4
and 4.5 show the projected density of states on Si and Ge atoms for p-type and
n-type SL NWs,respectively. For the cases L = 0.27nm and L = 0.54nm, within
the considered energy range, the density of states (DOS) spectra projected on the
Si and Ge atoms overlaps with each other perfectly, while for the cases L = 1.08nm
and L = 2.16nm, the density of states (DOS) spectra projected on the Si and Ge
atoms have obvious differences. When the density of states projected on the Si and
Ge atoms overlaps each other very perfectly, high transmission is achieved. This
is the reason why the transmission for the cases L = 0.27nm and L = 0.54nm is

larger than those of the cases L = 1.08nm and L = 2.16nm.

After we obtain the hole and electron transmission, the electronic conductance G,
the Seebeck coefficient S and the thermal power factor P can be achieved. Figure
4.6 and 4.7 show the electronic conductance versus energy in the valence band and
the conduction band for both SL NWs and pure Si NWs, respectively. For the pure
Si NWs, the charge (hole and electronic) conductance has the plateau, while for
the SL NWs, the conductance decreases sharply compared with that of the pure
Si NWs. Figure 4.8 and 4.9 show the Seebeck coefficient S versus energy in the
valence band and the conduction band, respectively. S decreases with the energy
increase for both holes and electrons within most energy range and there are also
a series of peaks in the curves, which derive from the peaks in the transmission

spectra.

Figure 4.10 and 4.11 show the thermal power factor as a function of energy in the

valence band and the conduction band for both S NWs and pure Si NWs. There
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Figure 4.2:  The hole transmission for the Sip5Geg.5 superlattice(SL) nanowires(NWs) and

pure Si NWs. The energy scale is relative to the valence band edge.
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Figure 4.3:  The electron transmission for the Sig5Geq s superlattice(SL) nanowires(NWs)

and pure Si NWs. The energy scale is relative to the conduction band edge.
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Figure 4.4: Projected density of states (PDOS) on Si and Ge atoms for the p-type SL NWs.The

energy scale is relative to the valence band edge.
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Figure 4.5: Projected density of states (PDOS) on Si and Ge atoms for the n-type SL NWs.

The energy scale is relative to the conduction band edge.
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Figure 4.6: The hole conductance for SL NWs and pure Si NWs.The energy scale is relative

to the valence band edge.
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Figure 4.7:  The electronic conductance for SL NWs and pure Si NWs. The energy scale is

relative to the conduction band edge.
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Figure 4.8: The Seebeck coefficient of holes in the valence band for both SL NWs and pure

Si NWs. The energy scale is relative to the valence band edge.

91



Chapter 4. Significant Enhancement of Thermoelectric Figure of Merit in [001]
Sig5Gegs Superlattice Nanowires

—SG1 ]
180 Electrons SG2 ]

S(uV/K)
S

0 - T T T T T T '
0.0 0.1 0.2 0.3 0.4 0.5
E-E (eV)

c

Figure 4.9: The Seebeck coefficient of electrons in the conduction band for both SL NWs and

pure Si NWs. The energy scale is relative to the conduction band edge.
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is always an optimal energy to achieve the maximum value of thermal power factor
P,... for both holes and electrons. For the holes case, the optimal energy for pure
Si NWs and SG2(L = 0.54nm) occur at the valence band edge, while for electrons
case, the optimal energy happens closely to the conduction edges for all the cases

referred here. The similar phenomenon has also been found in Ref [110].
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Figure 4.10: The thermal power factor versus energy in the valence band. The energy scale

is relative to the valence band edge.

Figure 4.12 show the P,,,, versus period length L for both p-type and n-type cases.
For n-type wires, the P, curves firstly increases, reaching the maximum value
at L = 0.54nm , then decreases and at last increases a bit. The similar behaviors
have been found in p-type counterparts, but the values of P,,,, for p-type wires is

much smaller than that of n-type ones, about 40% of n-type wires. However, the
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Figure 4.11:  The thermal power factor versus energy in the conduction band. The energy

scale is relative to the conduction band edge.
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values of P, for pure Si NWs are much larger than the cases of SL NWs. The
value of P, for n-type Si NWs is 3.03 x 10~%uWW/K?, which is 1.2 times larger
than the maximum value obtained in the SL NWs (P, = 2.46 x 107 5uW/K?>
at L = 0.54nm) and that for p-type Si NWs is 1.96 x 1075uW/K?, which is
almost 1.6 times larger than the maximum value achieved in the SL NW (P, =
1.25 x 107uW/K? at L = 0.54nm). The larger P, achieved in Si NWs comes

from the higher transmission compared with that in the S NWs.
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Figure 4.12: The values of P4, versus period length L for SL NWs.

The thermal conductance is an important factor in the calculation of ZT and the
small thermal conductance leads to large ZT. Both the phonon thermal conduc-

tance and the electronic thermal conductance are contributed to the whole thermal
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conductance. It is worth pointing out that in our calculation, we neglect electron-
phonon and phonon-phonon scattering mechanisms. Considering these scattering
mechanisms will result in lower electronic and thermal conductance. Figure 4.13
shows the phonon thermal conductance A, and the electronic thermal conductance
Ae versus period length L. The phonon thermal conductance A, is largely reduced
in the SL NWs compared with that of the pure Si NWs. The maximum value of A,
achieved in the SL NW at L = 0.27nm is 0.13nW/ K, which is only 16.25% of that
of pure Si NW (A, = 0.8nWW/K), while the minimum value of A\, obtained in the
SL NW at L = 0.54nm is 0.07nW/K, which is even 8.75% of that of pure Si NW.
And the A, curve firstly decreases, reaching a minimum value at a period length
L = 0.54nm, and then increases with the further increase of the period length.
Different cases are obtained for the electronic thermal conductance A, for both p-
type and n-type wires. The values of A\, are smaller than that of A\,. The A, curve
for p-type wires is similar as that of A\, curve and the A, curve for n-type wires
firstly substains and reaches the minimum value at L = 1.08nm, then increases
with the further increase of the period length L. The values of A\, for p-type and

n-type wires are very close to each other expect at L = 0.54nm.

ZT is the most important factor for the thermoelectric materials. Figure 4.14 shows
the room-temperature ZT versus the energy p for both the SL NWs and Si NWs.
There is always an optimal energy to achieve the maximum value of ZT in both the
valence band and the conduction band. The optimal energy happens closely to the
valence band edge and the conduction band edge for both n-type and p-type cases.
Figure 4.15 shows the maximum value of ZT (ZT,,..) versus the period length L

for both n-type and p-type wires. The Z7T,,,, curve firstly increases, reaches the
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Figure 4.13: X, and A. versus period length L for SL NWs.

97



Chapter 4. Significant Enhancement of Thermoelectric Figure of Merit in [001]
Sig5Gegs Superlattice Nanowires

0 1 2
n(eVv)

——SiNW
6+ ——SG1 .
SG2 T=300K
——SG3
4l SG4 |
|_
N
24 ! =
-2 -1

Figure 4.14: ZT versus energy u for both SL NWs and Si NWs.
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maximum value of ZT,,,, at the period length L = 0.54nm and then decreases
with the further increases of the period length. The achieved Z7T,,,, for n-type
wires is about twice larger than its the p-type counterparts. Moreover, the values
of ZT,,q.. for SL NWs is much larger than the SINWs. The maximum value of
LT for n-type wires is 4.7 at the periodic length L = 0.54nm , which is 5.0
times higher than that of n-type Si NWs (Z7T,,., = 0.94), while that for p-type
wires is 2.7 with the same period length, which is 4.5 times larger than that of

p-type Si NWs (ZT},4: = 0.6).

4.2.2 Summary

In this work, we have investigated the thermoelectric properties of [001] Sig5Geg s
superlattice nanowires. Our results show that for the charge(holes and electrons)
transport, the transmission for the S NWs decreases sharply compared with the
perfect transmission in pure Si NWs. The thermal power factor of pure Si NWs is
larger than that of the S NWs for both p-type and n-type cases. The maximum
power factor in the S NWs increases firstly, reaches the maximum value at a
period length L = 0.54nm and then decreases with the further increase of the
period length. For the phonon transport, the phonon thermal conductance is
largely reduced in the SL NWs compared with that of the pure Si NWs. And the
thermal conductance curve firstly decreases, reaches the minimum value at a period
length L = 0.54nm, and then increases with the further increase of the period
length. Compared with the phonon thermal conductance, the electronic thermal

conductance is smaller. For both p-type and n-type wires, there is always an
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optimal energy to achieve the maximum value of ZT. The optimal energy happens
closely to the valence band and conduction band edges. The maximum value of
the optimal ZT ( ZT,,4.) increases firstly, reaches the maximum value of ZT,,,, at
a period length L = 0.54nm and then decreases with the further increase of the
period length. The optimal ZT ( ZT,,.,) of the SL NWs is enhanced compared
with the pure Si NWs. The maximum value of the optimal ZT (Z7T,,,.) found for
n-type wires is 4.7, which is about 5.0 times higher than that of n-type Si NWs
(ZTmae = 0.94), while for p-type wires, the achieved maximum value of ZT,,,, is

2.7, which is about 4.5 times larger than that of p-type Si NWs (Z7,,.. = 0.6).
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Conclusions and Outlook

Semiconductor nanowires have attracted board interest due to its fascinating ther-
moelectric applications. In my thesis, we have used the first principle method and
Boltzmann transport equation (BTE) to investigate the thermoelectric properties
of [110]Si NWs, [110]S%;_.Ge, NWs and [0001]ZnO NWs. We have focused on
the size dependent of thermoelectric properties of [110] Si NWs. The NWs with
small diameter are preferred for the thermoelectric applications. We also studied
the istoping effect on the thermoelectric properties of Si NWs. We have found the
enhanced thermoelectric figure of merit in [110] Si;_,Ge, NWs compared the pure
Si NWs. Moreover, the thermoelectric properties of Si;_,Ge, NWs are strongly

dependent on the composition effect.

Besides the convention semiconductor nanowires, such as Si NWs and Si;_,Ge,

NWs, we have also investigated the thermoelectric properties of [0001]ZnO NWs.
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We have focused on the impacts of the phase transition and Ga doping effect
on the thermoelectric figure of merit in [0001)ZnO NWs. It is found that the
thermoelectric figure of merit is dependent on the phase transition and Ga doping

effect.

Finally, we have applied the density functional theory (DFT) and nonequilibri-
um Green’s Function (NEGF) to investigate the thermoelectric properties of [001]
S10.5Geq 5 superlattice nanowires. It is found that the thermoelectric figure of merit

is largely enhanced in the SL. NWs compared with that of pure Si NWs.

5.1 Conclusive Remarks

The investigation of the enhanced thermoelectricity in semiconductor nanowires

were discussed in Chapter 2 to Chapter 4.

In Chapter 2, we discussed the Boltzmann Transport Equation (BTE) for diffusive

regime and the semiclassical ballistic equation for ballistic regime.

The size dependent thermoelectric properties of Si NWs was studied in Chapter
3. we use the first-principles tight-binding electronic structure calculation and
Boltzmann transport equation to investigate the the size dependence of thermo-
electric properties of silicon nanowires(SiNWs). With cross section area increasing,

the electrical conductivity increases slowly, while the Seebeck coefficient reduces
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remarkably. This leads to a quick reduction of cooling power factor with diam-
eter. Moreover, the figure of merit also decreases with transverse size. Our re-
sults demonstrate that in thermoelectric application, NW with small diameter is
preferred.We also predict that isotopic doping can increase the value of ZT sig-
nificantly. With 50% 2°Si doping (*®Si2%SigsNW), the ZT can be increased by
31%.

Chapter 3 also studied composition effects on the thermoelectric properties of
silicon-germanium Si;_,Ge, nanowires (NWs). The power factor and figure of
merit in n-type Si;_,Ge, wires are much larger than those in their p-type counter-
parts with the same Ge content and doping concentration. Moreover, the maximal
obtainable figure of merit can be increased by a factor of 4.3 in n-type SigsGeqgs
NWs, compared with the corresponding values in pure silicon nanowires (SiNWs).
Given the fact that the measured ZT of n-type SINW is 0.6 — 1.0, we expect ZT

value of n-type Si;_,Ge, NWs to be 2.5 — 4.0.

Chapter 3 turns to consider the impacts of phase transition and Ga doping effect on
the thermoelectric figure of merit in [0001] ZnO nanowires. Our results show that
the electronic band gap of ZnO NWs for Wurtzite (W) phase is larger than that for
Hexagonal (H) phase. For a certain carrier concentration, the Seebeck coefficient
S for W-phase is larger than that for H-phase, while electrical conductivity for
H Phase is much higher than that for W-Phase because of the higher electron
mobility for H-Phase. There is an optimal carrier concentration to achieve the
maximum value of power factor P for both W and H phases. The maximum value
of P (Paz) for H phase (P = 1638uW/m — K?) is larger than that of W phase

(Prae = 1213uW/m — K?) due to its high electrical conductivity, it is referred
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that the thermal conductivity for H phase is about 20% larger than that for W
phase. Combined the calculations of power factor and the thermal conductivity,

the maximum achievable value of figure of merit ZT for H phase is larger than that

for W phase (1.1 times).

On the other hand, we have also investigated the Ga doping effect on the ther-
moelectric properties of [0001] ZnO Nanowires. It is found that the thermoelec-
tric performance of the Zn;_,Ga,O NWs is strongly dependent on the Ga con-
tents. The maximum achievable room temperature thermoelectric figure of merit
in Zn,_,Ga,O NW can be increased by a factor of 2.5 at Ga content of 0.04,
compared with the ZT of pure ZnO NWs. Our work provides design rules for pos-
sible ZnO NW arrays based piezoelectric, optoelectronic and thermoelectric hybrid

energy generator.

Finally, Chapter 4 discussed the significant enhanced thermoelectric figure of merit
in [001] Sip5Geqs superlattice (SL) Nanowires (NWs). In this chapter, on the one
hand, we aim to study the interface effect on the thermoelectric properties of the
SL NWs. We found that for the charge(electrons and holes) transport, the optimal
power factor (P,,,;) curve firstly increases, reaching the maximum value of P,
at a period length L = 0.54nm and then decreases a bit with the further increase
of the period length. For the phonon transport, the phonon thermal conductance
Ap dominates the whole conductance. The A, curve firstly decreases, reaching the
minimum value at a period length L = 0.54nm and then increases with the further
increase of the period length. Furthermore, the optimal thermoelectric figure of
merit ZT (ZT,..) curve firstly increases, reaching the maximum value of Z7T,,,,

at the period length L = 0.54nm and then decreases with the further increase of
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the period length. The value of Z7T,,,, in n-type wires is larger than its p-type

counterparts.

On the other hand, we would like to compare both the charge transport and phonon
transport of the SL NWs with that of pure Si NWs. For the charge transport, the
optimal thermal power factor ( P,,,,) of pure Si NWs is larger than that of the SL
NWs, while for the phonon transport, the thermal conductance of pure Si NWs is
much larger than that of the S NWs. Therefore, combing both charge transport
and phonon transport, the maximum value of ZT,,,, achieved in n-type wires is 4.7,
which is about 5.0 times larger than that of n-type pure Si NWs ( ZT,,,4, = 0.94 )
and that in p-type wires is 2.7, which is about 4.5 times higher than that of p-type
pure Si NWs (ZT,,4. = 0.6).

According to the above works I have done, it is evident to conclude that semi-
conductor nanowires are good candidates for the thermoelectric applications. On
the one hand, the smaller NWs are preferred for the achieved high thermoelec-
tric figure of merit ZT. On the other hand, doping is a good way to improve the

thermoelectric figure of merit ZT.

5.2 Outlook to Future Research Perspective

I dedicated myself into the investigation of improvement of the thermoelectric fig-

ure of merit ZT in semiconductor nanowires throughout my Ph. D. candidature,
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with the collaborations of my colleagues, investigations of the improvement of ther-
moelectric figure of merit ZT in nanowires has not come to an end. Nevertheless,
based on my currently obtained results and the methods adopted in my works,

there are several directions still open and worthwhile for further studies.

5.2.1 The Phonon-Drag Effect on Thermoelectric Figure

of Merit in Semiconductor Nanowires

In recent experiment [15], the phonon-drag effect is considered as a key point for
improving the thermoelectric figure of merit ZT. In their work, it is shown that
the phonon-drag effect can contribute to the Seebeck coefficient, thus improving
the value of ZT. The enhancement of phonon-drag thermopower is found in bilayer
graphene[111] and single-layer graphene[112]. Under the condition that at very
low temperatures and weakly doped, the phonon-drag thermopower would be sig-
nificant. In ref [111], at temperatures 7' > 10K, the contribution to thermopower
mainly comes from diffusive process and the phonon-drag effect can be ignored,
while at very low temperatures " < 10K, a phonon-drag peak from phonon-phonon

scattering in the temperature dependence of thermopower is found.

As early as in the year 1954, Herring’s formulas [113] was used to study the phonon-
drag thermopower in 3D materials, however, this formulas is so simple that it could
not describe 2D and 1D cases. D.G. Cantrell and P.N. Butcher have successfully
proposed a theoretical model to investigate the phonon-drag thermopower in 2D

electron gas [114] and 1D materials [115, 116]. In our future work, we will use
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Cantrell-Butcher’s theorem to study the phonon-drag thermopower in semicon-

ductor nanowires.
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