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1. Introduction

Recently, thermoelectric materials have attracted extensive attention again. This is primarily
due to the increasing awareness of the deleterious effect of global warming on the planet’s
environment, a renewed requirement for long-life electrical power sources, and the
increasing miniaturization of electronic circuits and sensors. Thermoelectrics is able to make
a contribution to meet the requirements of all the above activities. Moreover, the advent of
nanotechnology has had a dramatic effect on thermoelectric material development and has
resulted in the syntheses of nanostructured materials whose thermoelectric properties
surpass the best performance of its bulk counter, such as Silicon nanowires (SiNWs).
(Boukai et al., 2008; Hochbaum et al., 2008) SINWs are appealing choice in the novel nano-
scale TE materials because of their small sizes and ideal interface compatibility with
conventional Si-based technology. For a good thermoelectric material, the material must
have a high figure of merit (ZT), which is proportional to the Seebeck coefficient (S),
electrical conductivity, and absolute temperature, but inversely proportional to thermal
conductivity. In order to make materials that are competitive for (commercial)
thermoelectric application, the ZT of the material must be larger than three. There are
several ways to do this. The first approach is to increase the Seebeck coefficient S. However,
for general materials, simply increase S will lead to a simultaneous decrease in electrical
conductivity. The second approach is to increase the electrical conductivity. This has also
proven to be ineffective, because electrons are also carriers of heat and an increase in
electrical conductivity will also lead to an increase in the thermal conductivity. The ideal
case is to reduce the thermal conductivity without affecting the electrical conductivity. It is
possible to achieve this in SiNWs. In SiNWs, the electrical conductivity and electron
contribution to Seebeck coefficient are similar to those of bulk silicon, but exhibit 100-fold
reduction in thermal conductivity, showing that the electrical and thermal conductivities are
decoupled. Recent experiments have provided direct evidence that an approximately 100-
fold improvement of the ZT values over bulk Si are achieved in SINW over a broad
temperature range. (Boukai et al., 2008; Hochbaum et al., 2008) This large increase of ZT is
contributed by the decrease of thermal conductivity. SiNWs have attracted broad interests in
recently years due to their fascinating potential applications. Extensive investigations have
been carried out on the synthesis, properties and applications of SINWs. Experimental
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technology has been developed to control the growth of SINWs not only in various growth
orientations, but also with various shapes of transverse cross section including rectangle
(square), hexagon ( rough circle), and triangle. A large number of theoretical and
experimental works have been done to explore the properties and applications of these nano
wires. Due to the limit of space, here we only address the most fundamental aspects of
thermoelectric in nanowires. For the comprehensive review of nanoscale thermal
conductivity, please refer to these articles (Cahill et al., 2002; G. Zhang & B. Li, 2010).
However, to be self-consistent, we will also give a brief summary about the anomalous
thermal conduction and diffusion in one-dimensional nano materials. These results are
helpful in understanding the phonon transport in nanowires. In this chapter, it provides an
update of recent developments and serves both as an authoritative reference text on
thermoelectric property of nanowires for the professional scientist and engineer, and as a
source of general information on thermoelectric application for the well-informed layman.
This chapter is review type and arranged in eight sections, entitled Introduction; Thermal
Conduction in Low-Dimensional Systems; Impact of doping on thermal conductivity of
NWs; Effect of surface roughness on phonon transport; Reduction of thermal conductivity
by surface scattering; Thermoelectric Property of SiNWs; Realization of SiINW based On-
Chip Coolers and Conclusion.

2. Thermal conduction in low-dimensional systems

In recent years, different models and theories have been proposed to study the phonon
transport mechanism in low dimensional system. The physical connection between energy
diffusion and thermal conductivity has been demonstrated theoretically. (B. Li et al., 2005)
For instance, when phonon transports diffusively, which is what we have in bulk material,
the thermal conductivity is a size-independent constant. However, in the ballistic transport
region, the thermal conductivity of the system increases with the system size, which is the
case for ideal One-Dimensional harmonic lattice. Low dimensional nanostructures such as
nanowires and nanotubes provide a test bed for these new theories.

Regardless of the specific application, it is obvious that the systematic applications of nano
materials will be greatly accelerated by a detailed understanding of their material property.
Thermal property in nanostructures differs significantly from that in macrostructures
because the characteristic length scales of phonon are comparable to the characteristic length
of nanostructures. In bulk materials, the optical phonon modes contribute little to heat flux.
However, in nano system, optical phonon (short wavelength) also plays a major role to the
heat flux.

A large variety of studies on thermal conductivity of nano materials have been undertaken
in the past decade, and quite unexpected phenomena have been observed. This chapter is to
address the most important aspects of thermal conduction and thermoelectric property in
low dimensional nano materials, of particular focus on semiconducting nanowires. For a
comprehensive review of nanoscale thermal conductivity, please refer to these articles.
(Cahill et al., 2002; G. Zhang & B. Li, 2010)

2.1 Thermal conduction in nanotubes
Carbon nanotube (CNT) is one of the promising nanoscale materials discovered in 1990’s.

(lijima, 1991) It has many exceptional physical and chemical properties. Depending on its
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chirality and diameter, the nanotube can be either metallic or semiconducting. At room
temperature, the electronic resistivity is about 104-10-3 Q cm for the metallic nanotubes,
while the resistivity is about 10 Q c¢m for semiconducting tubes. By combining metallic and
semiconducting CNTs, the whole span of electronic components can be embodied in
nanotubes. Actually, CNTs are ranked among the best electron field emitters that are now
available.

In the past few years, there has been some experimental works on the heat conduction of
CNTs. The thermal conductivity of a single CNT was found to be larger than 3000 W/mK
at room temperature. (Kim et al., 2001) In addition to the experimental activity, there are
also many theoretical studies on heat conduction of CNTs. It was found that at
room temperature, thermal conductivity of CNTs is about 6600 W/mK. (Berber et al.,
2000) Yamamoto et al. have demonstrated that even for the metallic nanotubes,
the electrons give some but limited contributions to thermal conductivity at very low
temperature (colse to 0 K), and this part decreases quickly with temperature increasing.
(Yamamoto et al., 2004) More important, it is found that thermal conductivity of CNT
k diverges with length as a power law: & oc [, with the exponents § is between 0.12 to 0.4
(G. Zhang & B. Li, 2005) and between 0.11 to 0.32 (Maruyama, 2002). This length
dependent thermal conductivity can be understood from the vibrational energy diffusion
in SWNT.

2.2 Thermal conduction in nanowires

In addition to CNTs, Silicon nanowires (SiNWs) have attracted a great attention in recent
years because of their potential applications in many areas including biosensor (Cui et al.,
2001), electronic device (Xiang et al., 2006) and solar PVs (J. Li et al., 2009). SINWs are
appealing choice because of their ideal interface compatibility with conventional Si-based
devices.

Due to the size effect and high surface to volume ratio, the thermal conduction properties of
silicon nanostructures differ substantially from those of bulk materials. Volz and Chen (Volz
& G. Chen, 1999; 2000) have found that the thermal conductivity of individual silicon
nanowires is more than 2 orders of magnitude lower than the bulk value. Li ef al. (D. Li et
al., 2003) have also reported a significant reduction of thermal conductivity in silicon
nanowires compared to the thermal conductivity in bulk silicon experimentally. The
reduction in thermal conductivity is due to the following two factors. Firstly, the low
frequency phonons, whose wave lengths are longer than the scale of nanowire, cannot
survive in nanowire. Therefore, the low frequency contribution to thermal conductivity is
largely reduced. Secondly, because of the large surface to volume ratio, the boundary
scattering in NW is greatly significant.

More experimental and theoretical activities have been inspired to do further in this
direction, including the theoretical prediction of thermal conductivity of Ge nanowires,
molecular dynamics simulation of SiGe NWs, and experimental growth of the isotopic
doped SiNWs. The low temperature (<2K) thermal conductance of individual suspended
SiNWs was measured by Bourgeois et al. (Bourgeois et al., 2007) And the pure phonon
confinement effect has been observed in germanium nanowires by measurement of Raman
spectra. (X, Wang et al., 2007)
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Fig. 1. The thermal conductivity of SINWs vs longitude length

The similar length dependent thermal conductivity was also observed in SiNWs by using
NEMD simulation. (N. Yang et al., 2010) As shown in Fig. 1, it is obvious that the thermal
conductivity increases with the length as, & oc I, even when the wire length is as long as 1.1
pm. By using the phonon relaxation time (~10 ps) in SiNWs (Volz & G. Chen, 1999), and the
group velocity of phonon as 6400 m/s (N. Yang et al., 2010), the mean free path A is about
60nm. The maximum SiNW length (1.1 pm) in Fig. 1 is obviously much longer than the
phonon mean free path of SiNW. Traditionally, it is well known that in macroscopic
systems, the thermal conductivity is a constant when system scale L>> A\ . However, the
NEMD results demonstrated that in SiNWs, thermal conductivity is no longer a constant
even when the length is obviously longer than the traditionally mean free path.

Moreover, it is obvious that the length dependence of thermal conductivity is different in
different length regimes. At room temperature, when SiNW length is less than mean free
path (about 60 nm), the thermal conductivity increases with the length linearly ( f~1). For
the longer wire (L > 60 nm), the diverged exponent 3 reduces to about 0.27. The dependence
of B on NW length can be understood from the picture of phonon coupling. There is weak
interaction among phonons when the length of SINW is shorter than mean free path. So the
phonons transport ballistically, and f~1. However, when the length of SINW is longer
than the mean free path, phonon-phonon scattering dominates the process of phonon
transport and the phonon cannot flow ballistically. Thus the diverged exponent  reduces
from 1 to 0.27.

Then let us turn to the energy diffusion process in SiNWs. To study the energy diffusion
process, the SINW is first thermalized to a temperature T, then a heat pulse (a packet of
energy) is excited in the middle of the wire and its spreads along the wire was recorded. To
suppress statistical fluctuations, an average over 103 realizations is performed. The details of
the numerical calculation can be found in (N. Yang et al.,, 2010). Based on billiard gas
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channel models, Li and Wang (B. Li & J. Wang, 2003) proposed a phenomenologically
formula that connect anomalous heat conduction with the anomalous diffusion of heat
carrier, namely, f=2-2/«a . This connection indicates that only when the heat carrier
undergoes normal diffusion like in the bulk material, the thermal conductivity is
independent of system size. In super-diffusion case, a>1, the exponent £ >0, which
means that thermal conductivity diverges with system size, this is the case observed in
thermal conductivity of CNTs and SiNWs. In Fig. 2 we show <o2(t)> versus time in double
logarithmic scale, so that the slope of the curve gives the value of a. For the NWs of length
of 140 nm, it was obtained o =1.15at 300 K. With the value of diffusion exponent
(a=1.15at 300 K), one can obtain #=0.26 at 300 K, which are very close to those values
(0.27) calculated directly from NEMD simulation. These results demonstrate that the super
diffusion is responsible for the length dependent thermal conductivity of SINWs.
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Fig. 2. The behavior of energy diffusion in SINW at room temperature. The length of SINW
is 140 nm.

3. Impact of doping on thermal conductivity of NWs

Although the thermal conductivity of SINWs is lower than that of the bulk silicon, it is still
larger than the reported ultralow thermal conductivity (0.05 W/m-K) found in layered
materials. So it is indispensable to reduce the thermal conductivity of SiNWs further in
order to achieve higher thermoelectric performance. Actually, real materials can have
natural defects and doping in the process of fabrication. The doping of isotope and/or other
atoms have played key roles in some of the most important problems of materials, such as
elastic, and field emission properties. Since the phonon frequency depends on mass, the
isotopic doping can lead to increased phonon scattering. Thus, natural SINW always contain
a significant number of scattering centers leading to localization of some phonon modes and
reduces thermal conductivity. By using molecular dynamics simulations, Yang et al. (N.
Yang et al., 2008) have proposed one approach which is to dope SiNWs with isotope
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impurity randomly for reduction of thermal conductivity of SiNWs. In silicon isotopes, 285i
is with the highest natural abundance (92%), then 2°Si and 30Si with 5% and 3% respectively.
Here the effect of doping 2°Si to 285i NWs are shown.
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Fig. 3. Thermal conductivity of SINWs versus the percentage of randomly doping isotope
atoms (4251 and 29Si) at 300K.

The curve of thermal conductivity first reach a minimum and then increases as the
percentage of isotope impurity atoms changes from 0 to 100%. At low isotopic percentage,
the small ratio of impurity atoms can induce large reduction on conductivity. Contrast to the
high sensitivity at the two ends, the thermal conductivity versus isotopic concentration
curves are almost flat at the center part as show in Fig. 3, where the value of thermal
conductivity is only 77% (¥Si doping) of that of pure 2865i NW. The calculated thermal
conductivity of SINW with natural isotopic abundance, 5% 29Si and 3% 30Si is around 86 % of
pure 2865i NW, which reduction (14%) is higher than the experimental results in bulk Si,
which is about 10% reduction.

In addition to the disorder doping, it has been shown that superlattices are efficient
structures to get ultra low thermal conductivity. The isotopic-superlattice (IS) is a good one
to reduce the thermal conductivity without destroying the stability. The thermal
conductivity of IS structured NWs which consists of alternating 285i/29Si layers along the
longitudinal direction are shown in Fig. 4. As expected, the thermal conductivity decreases
as the period length decreases, which means the number of interface increases. The thermal
conductivity reaches a minimum when the period length is 1.09 nm. This is consistent with
the fact that increasing number of interface will enhance the interface scattering, and results
to the reduction of the thermal conductivity. With the period length smaller than 1.09 nm,
the thermal conductivity increases rapidly as the period length decreases. This anomalous
superlattice dependence of thermal conductivity can be understood from the phonon
density of states (DOS). When period length is 2.17 nm, there is an obvious mismatch in the
DOS spectra, both at low frequency band and high frequency band, results in very low
thermal conductivity. On the contrary, the DOS spectra overlap perfectly for IS structured
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SiNW whose period length is 0.27 nm. The good match in the DOS comes from the collective
vibrations of different mass layers which is harder to be built in longer superlattice period
structures. The match/mismatch of the DOS spectra between the different mass layers
controls the heat current.
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Fig. 4. Thermal conductivity of the superlattice SINWs versus the period length at 300 K.

It is worth to point out that the growth of isotopically controlled silicon nanowires by the
vapor-liquid-solid mechanism has been done recently. (Moutanabbir et al.,, 2009) The
growth is accomplished by using silane precursors 285iH4, 29SiH4 and 30SiH,; synthesized
from SiF, isotopically enriched in a centrifugal setup. And the effect of isotope doping on Si-
Si LO phonon has also been investigated. The corresponding experimental measurement of
thermal conductivity is on-going.

Moreover, Silicon and Germanium can form a continuous series of substitutional solid, Sii-
«Gex over the entire compositional range of 0<x<1. These semiconductor alloys offer a
continuously variable system with a wide range of crystal lattices and band gaps, leading to
various electrical property. Single crystalline Si;xGex NWs have been successfully grown. (J-
E. Yang et al., 2006) Those composite nanocrystals constitute a new class of semiconductor
materials with unique chemical and physical properties which are not possible in single-
component compounds. The tenability of those properties makes this kind of semiconductor
systems very attractive for industrial application. In spite of an increasing number of works
devoted to the electronic and optical properties, very little has done for thermal conductivity
of Si1xGex NW.

Here we address the non-equilibrium molecular dynamics (NEMD) calculated thermal
conductivity of Si;.«Gex NWs with x changing from 0 to 1. (J. Chen et al., 2009) In NEMD, to
derive the force term, Stillinger-Weber (SW) potential (Stillinger & Weber, 1985) is used for
Si and Ge. SW potential consists of a two-body term and a three-body term that can stabilize
the diamond structure of silicon and germanium. The two-body interaction can be described
as:
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U2(”ij) = ng(Tij / 6), (1)

fo(r) = ABr? —r Dexpl(r—a) " L(r <a) (2)

where i is the inter atomic distance, A, B, p, g, € and o are potential parameters, and a is the

potential cutoff distance above which no interaction occurs. The three-body interaction is:

03(ri,rj,rk) =¢f5(r, /0,1, / 0,1,/ 0),

J3(5.15,10) = Bt 13,0 i) + (5,730, O ) +h(1,73,0), 3)

h(r -0 ) = hexply(r; —a) ™ +y(ry —a) "] X(cos B +1/3)%,
where X and y are potential parameters, and 6 is the angle between r; and 7. The
parameters of Si-Ge interactions are taken to be the arithmetic average of Si and Ge
parameters for 6g;_., , and the geometric average for Ag_, and gg;_¢, .

According to the Boltzmann distribution, the temperature Typ in MD simulation, is
calculated from the kinetic energy of atoms as:

1Y, 3
(Ex) == mvj ==NkgTyp, (4)
2 2
where <E;>is the mean kinetic energy, v; is the velocity of atom i, m is the atomic mass, N
is the number of particles in the systems, and kp is the Boltzmann constant. However,
Eq. (4) is valid only when T>>Tp, where Tp is the Debye temperature. Therefore,
if the system is simulated at a MD temperature below the Debye temperature
(Tp=645K for Si), a quantum correction to both MD temperature and thermal
conductivity should be carried out. According to the equipartition theorem, the
system energy is twice the kinetic energy. So we can write the equality of phonon energy
as:

3NksTypp = jo“’D D(w)n(w, T)hodo, (5)

where @ is the phonon frequency, D(w) is the density of states, n(w, T) is the phonon
occupation number given by the Bose-Einstein distribution, and wp is the Debye frequency.
The real temperature T can be deduced from the MD temperature Typ by this relation.
Correspondingly, the "real" thermal conductivity is rescaled by

|VTMD| — aTMD (6)
vr| M er

When Typ is at room temperature, 300K, the rescale rate (a=0Tmp/0T) a=0.91 for silicon,

which gives a quite small quantum correction effect on thermal conductivity.

Figure 5 shows the thermal conductivity x versus Ge content x at room temperature. The

thermal conductivity of pure SINW calculated is 3.18W/m-K. The lowest x is 0.59W/m-K,

which is 18% of that of pure SINW. At the two ends of the curves, the thermal conductivity
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shows a very sensitive dependence on x and follows an exponential decay, which is caused
by the localization of high frequency phonons by the impurity. It is quite interesting that
with only 5% Ge atoms (Sio.95Geo.os NW), its thermal conductivity can be reduced 50%.
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Fig. 5. The thermal conductivity x versus x at T=300K. The blue circles are the average
values of the simulation results, and the solid curve is the best fitting to the formula
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Fig. 6. The representative PDOS for Si;«Gex NWs with 0 <x<1.

To wunderstand the compositional dependence of thermal conductivity, we show
representative phonon density of states (PDOS) of the Si;.«Gex NWs in Figure 6. There is
significant difference between nano and bulk material in the PDOS, in particular in the high
frequency regime. In bulk materials, the optical modes contribute little to heat flux. However,
in nano scale system, optical phonon (high frequency) also plays a major contribution to heat
flux. For both pure Si NW and pure Ge NW, a significant PDOS peak appears at high
frequency range, indicating the main contribution of optical modes to heat flux. However, in
the Si;«Gex NWs (0<x<1), as the introduction of disorder scattering, the main PDOS peak at
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high frequency range weakens and vanishes with the impurity concentration increasing. In
contrast to the strong dependence of high frequency PDOS on x, the low frequency PDOS are
almost independent on the composition change. This is consistent with the idea that in nano
materials, the high frequency phonons are more sensitivity to the impurity than low frequency
phonons (which have long wavelength) do, and the reduction in thermal conductivity mainly
comes from the suppressing of high frequency modes. (Che et al., 2000)

4. Effect of surface roughness on phonon transport

It is well known that the thermal conductivity of NW decreases with wire diameter. To
calculate the diameter dependent thermal conductivity quantitatively, an analytical formula
including the surface scattering and the size confinement effects of phonon transport is
proposed by Liang and Li (Liang & B. Li, 2006) to describe the size dependence of thermal
conductivity in NWs and other nanoscale structures. In their approach, the phonon-phonon
interaction is assumed to increase with size reduction due to the confinement, which causes
the decrease of heat conduction. On the other hand, as the size decreases and the surface-
volume ratio increases, the large surface/interface scattering, corresponding to certain
boundary conditions, has great influence on the transport. Considering the nonequilibrium
phonon distribution due to boundary scattering, the effect of the surface roughness with the
boundary scattering shows an exponential suppression in the distribution and the
conduction. Then, the quantitative formula for the size-dependent thermal conductivity of
SiNW is obtained (Liang & B. Li, 2006):

3/2
KL}, = pexp(—%o){exp (%ﬂ (7)

Here «x is the thermal conductivity of SINW, x; is the thermal conductivity of bulk silicon.
The details about this formula can be found in (Liang & B. Li, 2006). This empirical formula
gives a quantitative prediction for the size-dependent thermal conductivity. The larger value
of p corresponds to the smaller roughness, thus the more probability of specular scattering.
Thermal conductivity of Si nanowires from the experiments and the comparison with
theoretical predictions from Eq. (7) with suitable parameters p are shown in Fig. 7. The
predictions are in good agreements with the experimental results. (D. Li et al., 2003) It is
obvious that the phonon thermal conductivity increases with diameter increases remarkably
until the diameter is larger than about hundreds nms. This reflects the fact that scattering at
the surface introduces diffuse phonon relaxation in the transverse cross section. After the
diameter reaches large values, the portion of phonons experiencing boundary scattering
becomes much smaller, as a result, the thermal conductivity tends to be constant and is close
to the value of bulk silicon. For Si nanowires with diameter of 20-100 nm, p=0.4, reflecting
the larger surface roughness of the nanowires in the sample fabrication. This is consistent
with the experimental image. (Hochbaum et al., 2008)

Donadio and Galli (Donadio & Galli, 2009) also studied heat transport in SiNWs
systematically, by using molecular dynamics simulation, lattice dynamics, and Boltzmann
transport equation calculations. It was demonstrated that the disordered surfaces,
nonpropagating modes analogous to heat carriers, together with decreased lifetimes of
propagating modes are responsible for the reduction of thermal conductivity in SINWs.
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Fig. 7. Size-dependent thermal conductivity of Si nanowires.(a) Comparison of thermal
conductivity between theoretical prediction and experimental measurements. The curve is
prediction from Eq. 7 and the symbols are experimental results from(D. Li et al., 2003). (b)
The experimental temperature dependent thermal conductivity from (D. Li et al., 2003).

5. Reduction of thermal conductivity by surface scattering

Very recently, another mechanism to reduce thermal conductivity by introducing more
surface scattering: making SiNWs hollow to create inner surface, i.e. silicon nanotubes
(SiNTs) was proposed. (J. Chen et al., 2010) Fig. 8 shows the thermal conductivity of SINWs
and SiNTs versus cross section area at 300K. It is interesting to find that even with a very
small hole, the thermal conductivity decreases obviously, from xknw=12.2+1.4 W/mK to
kn1=8.0£1.1 W/mK. In this case, only a 1% reduction in cross section area induces the
reduction of thermal conductivity of 35%. Moreover, with increasing of size of the hole, a
linear dependence of thermal conductivity on cross section area is observed. It is clear that
for SINW, thermal conductivity decreases with cross section area decreases. This is because
with the increase of size, more and more phonons are excited, which results in the increase
of thermal conductivity. So the decrease of cross section area is one origin for the low
thermal conductivity of SINT but not the sole one. We can see that with the same cross
section area, thermal conductivity of SiNTs is only about 33% of that of SiNWs. This
additional reduction is due to the localization of phonon states on the surface.
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Fig. 8. Left: Thermal conductivity of SiNWs and SiNTs versus cross section area at 300K.
Right: Normalized energy distribution on the cross section plane for SiNWs and SiNTs.
Here are energy distribution for modes with P<0.2.
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To understand the underlying physical mechanism of thermal conductivity reduction in
SiNTs, a vibrational eigen-mode analysis on SiNWs and SiNTs was carried out. Mode
localization can be quantitatively characterized by the participation ratio Py which
measures the fraction of atoms participating in a given mode, and effectively indicates the
localized modes with O(1/N) and delocalized modes with O(1). Fig. 8 shows the
normalized energy distribution on the cross section plane for SINWs and SiNTs at 300K.
The positions of the circles denote different locations on plane. For those localized modes
with p-ratio less than 0.2, it is clearly shown that the intensity of localized modes is almost
zero in the centre of NW, while with finite value at the boundary. This demonstrates that
the localization modes in SiINWs are distributed on the boundary of cross section plane,
which corresponds to the outer surface of SiNWs. In addition, due to inner-surface
introduced in SiNTs, energy localization also shows up around the hollow region. These
results provide direct numerical evidence that localization takes place on the surface
region.

Compared with SiNWs, SiNTs have a larger surface area, which corresponds to a higher
SVR. As a result, there are more modes localized on the surface, which increases the
percentage of the localized modes to the total number of modes. In heat transport, the
contribution to thermal conductivity mainly comes from the delocalized modes rather than
the localized modes. Due to the enhanced SVR in SiNTs which induces more localized
modes, the percentage of delocalized modes decreases, leads to a reduction of thermal
conductivity in SiNTs compared with SiNWs. Very recently, the similar SiNT structures
have been fabricated experimentally by reductive decomposition of a silicon precursor in an
alumina template and ething (Park et al., 2009). Thus SiNTs is a promising thermoelectric
material by using reliable fabrication technology.

6. Thermoelectric property of SiINWs

From above sections, it is well established that reduction of thermal conductivity, such
as by isotopic doping, is an efficient way to increase the figure of merit ZT. ZT depends
on both the phonon and electron transport properties. Thus to maximize the
performance of SINW thermoelectric cooler, it is indispensable to have a comprehensive
understanding of the above factors. In this section, we will discuss systematically
the impacts of size, isotope concentration and alloy effect on thermoelectric property
of SINW.

By using the density functional derived tight-binding method (DFTB), Shi et al. (L. Shi et al.,
2009) have studied the size effect on thermoelectric power factor. The DFTB has high
computational efficiency and allows the simulation of bigger systems than conventional
density functional theory (DFT) at a reasonable computational time and with similar
accuracy. Here the cross section area is ranging from 1 nm? to about 18 nm2. The
corresponding diameter D is from 1.7 to 6.1 nm.

It has been shown that electron transport is diffusive in SINWs longer than 1.4 nm. (Gilbert
et al., 2005) Therefore, o, S and «. are evaluated by only elastic scattering processes. The
electrical conductivity o, the electron thermal conductivity «,, and the Seebeck coefficient S,
are obtained from the electronic structure with the solution of 1-Dimensional Boltzmann
transport equation as:
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Here e is the charge of carriers, T is the temperature, Ei is the electron energy, T 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. The relaxation time T, is obtained by fitting the
calculated mobility to measured electrical conductivity data of SINW.

The carrier concentration is defined as:

_ZAE D(E;. )Ei (Ex — ﬂ)n

E;

n=[D(E-p)x f(E-u)xdE, 9
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 p, the carrier concentration changes, and
induces the corresponding modification in thermoelectric property.

Figure 9(a) and 9(b) show the size effects on o0 and S with different electron concentration.
The size dependence arises from quantum confinement effect on the electronic band
structure of SINWs. It is obvious that the larger the dimension of the wire the smaller the
band gap due to quantum confinement. In contrast to the weak size dependence of
electronic conductivity, Seebeck coefficient S decreases with increasing of size remarkably.
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Fig. 9. (a) and (b) Electrical conductivity and S vs cross sectional area with different carrier
concentration. (c) Thermal power factor of SINW vs carrier concentration. (d) Maximum
power factor vs cross sectional area.
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Besides the electronic band gap, Seebeck coefficient S also depends on the detailed band
structure, in which narrow DOS distribution is preferred. (R. Y. Wang et al., 2008) In a bulk
material, the continue electron energy levels give a wide distribution of carrier energies.
However, the DOS of SiINW differs dramatically from that of bulk silicon. The large
numbers of electronic stats 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 Seebeck coefficient
decreases quickly with transverse size increasing.

In thermoelectric application, the power factor P, which is defined as P = S*c , is an important
factor influencing the thermoelectric performance directly. Figure 9 (c) shows the power factor
versus carrier concentration for SINWs with different cross sectional areas. The power factor
increases with carrier concentration increases, and there is an optimal carrier concentration
N yielding the maximum attainable value of Pyux. Above Nay, the power factor decreases
with increasing carrier concentration. This phenomenon can be understood as below.
Increasing carrier concentration has two effects on power factor. On the one hand, the increase
of carrier concentration will increase the electrical conductivity. On the other hand, the
increase of carrier concentration will suppress the Seebeck coefficient S. The power factor is
determined by these two effects that compete with each other. Therefore, there exits an
optimal carrier concentration Nypx. With SINW diameter increases, the maximum attainable
power factor Py, decreases (as shown in figure 9(c)), due to the slow increase of o is offset by
obvious decreasing in S (P~S?). Figure 9 (d) shows the maximum power factor Py versus the
cross section area of SiNWs. With the area increases from about 1 nm2 to 18 nm?2, the
maximum power factor decreases from about 6800 to 1400 pW/m-K2. At small size, the 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 4.7 nm?, the power factor decreases with about 4300
pW/m-K2. In contrast to the high sensitivity at the small size range, the power factor versus
cross section area curves are almost flat at the large wire range, where the power factor is
almost constant when cross section area increases from 14.1 to 17.8 nm2.

In the calculation of ZT, both electron and phonon contribute to the total thermal
conductivity. It is clear that electron thermal conductivity increases with diameter as it is
proportional to electronic conductivity. For SiNWs with length in pm scale, the phonon
thermal conductivity increases with diameter increases remarkably until the diameter is
larger than about hundreds nms. (Liang & B. Li, 2006) As both the electron and phonon
contributions to thermal conductivity increase as transverse size increasing, it is obvious
that the total thermal conductivity increases with transverse dimension. Combine the size
dependence of the power factor as shown in figure 9(d), we can conclude that ZT will
decrease when the NW diameter increases.

As we discussed above, the isotope doping is an important method to modulate the thermal
conductivity of nano materials. Now we focus on the isotope doping effect on ZT of SINW
(2851142951, NWs) with fixed cross section area of 2.3 nm2. Here we use the phonon thermal
conductivity value calculated in (Yang et al., 2008) with cross section area of 2.6 nm?. It is
obvious that within the moderate carrier concentration, the thermal conductivity from
phonons is much larger than that from electrons. Using the calculated S, o, electron thermal
conductivity and the phonon thermal conductivity, the dependence of maximum attainable
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value of ZTpux on doping concentration is shown in figure 10(a). The ZT i, values increase
with 295i concentration, reach a maximum and then decreases. This phenomenon is from the
isotope doping effect on lattice thermal conductivity. (Yang et al., 2008) At low isotopic
percentage, the small ratio of isotope atoms can induce large increase in ZT .. For instance,
in the case of 285i9§29Sipo NW, its ZTpma increases with 15% from that of pure 265i NW. And
with 50% 29Si doping, the ZT . can increase with 31%.
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Fig. 10. (a) ZTmax vs the concentration of 29Si atom. Thermal power factors of Si;..Gex NWs
versus carrier concentration for n-type wires (b) and p-type wires (c). (d) ZTsi1-xGe/ZTsi
versus the Ge content x for n-type Sii.xGe, wires.

Besides SiNW, it has also been demonstrated that Si;.«Gex NW is a promising candidate for
high-performance thermoelectric application since its thermal conductivity can be tuned by
the Ge contents (J. Chen et al., 2009). It has been observed experimentally that when the Ge
content in the Si;«Gex nanocomposites increases from 5% to 20%, the thermal conductivity
decreases obviously. (G. H. Zhu et al., 2009) However, at the same time, the power factor
also decreases, and induces uncertainty in the change of figure of merit ZT. The composition
dependence of the thermoelectric properties in Si;.«Gex NWs have been investigated
systematically by Shi et al. (L. Shi et al. 2010) Figure 10 (b) and Figure 10(c) show the power
factor versus carrier concentration for n-type and p-type wires. 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 different doping (p-type or n-type) only have
various changes on the electronic property, but the same impact on the lattice vibration, so
the phonon thermal conductivity of p-type nanowire should be close to that of n-type wire.
Combine the calculated power factor, it is obvious that ZT of n-type wire is about 6-7 times
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of that of p-type nanowire. In the next, we only show the Ge content dependent ZT of n-type
NW. Using the calculated S, and o and the relative phonon thermal conductivity (ksice/ksi,
here ks; and ksice are thermal conductivities of SINW and SiixGex NW, respectively)
calculated by using molecular dynamics method from (J. Chen et al., 2009), the dependence
of ZTsi1-xce/ZTsi on Ge content x is shown in figure 10(d). The ZTsi1xce/ZTsi values increase
with Ge content, reach a maximum and then decreases. It is worth pointing out that the
calculated ZT of pure Ge NW is only 1.3 times of that of pure SINW, which is far less that
the 9-fold increase in the respective bulk materials. The remarkable difference in the
increased factor of ZT between the respective bulk and nanowires is due to the similarity of
the thermal conductivity and electronic property in the nano scale. Moreover, at low Ge
content, the small ratio of Ge atoms can induce large increase in ZT. For instance, in the case
of SipsGep2 NW, namely, 20% Ge, ZTsiixce/ZTsi is about 3. And with 50% Ge atoms
(SiosGeos NW), the ZTsi1xce/ZTsi can be as high as 4.3. Combine with the experimental
measured ZT of n-type SINW which is about 0.6-1.0, it is exciting that we may obtain high
ZT value of about 2.5-4.0 in n-type Si;xGex NW.

7. Realization of SiNW based on-chip coolers

Typical integrated circuit (IC) chips have millions or even billions of transistors, which can
generate huge heat fluxes in very small areas which is called as hot-spot. The hot spot
removal is a key for future generations of IC chips. Circulated liquid cooling is one of
current available cooling technologies, which moves heat sink away from the processors by
increasing the surface area. However, reliability is a big concern if the liquid hose is leaking.
Moreover, this and other conventional cooling techniques are used to cool the whole
package temperature and none of them addresses the hot spots cooling. The hot spots in
microprocessors are normally in the order of 300-400 pm in diameter, thus even the smallest
commercial cooling module is still too large for spot cooling. In addition, as the three-
dimensional (3D) chips are investigated, this can create smaller and hotter spots. The current
cooling technologies are fast reaching their limits. High efficiency and nano scale cooler is a
key enabler to remove small hot spots in IC chips and for the future improvements of IC
thermal management. To solve the hot spot issue, one way is to use thermoelectric (TE)
materials to cool the hot spot. In above of this chapter, we have discussed the thermal and
thermoelectric properties of NWs. A natural question comes promptly: if a cooler is built
from SiNW, then how cool we can achieve? And what are the cooling power and efficiency?
In this section, we will show the answers to these questions.

By using finite element simulation, Zhang et al. (G. Zhang et al., 2009a) studied the the
cooling temperature, cooling power density and coefficient of performance of SINW based
on-chip cooler. The size of SINW is 50 nm % 50 nm x 2.5 pm. Upon electrical current flow
through, electrons absorb thermal energy from lattice at one junction and transport it to
another junction (Peltier effect), creating a cold and hot side. Here the assumed hot spot is
in contact with the cold side and the hot side is fixed at 300 K. Besides this positive
cooling effect, the back-flow of heat from hot end to cold end and Joule heat will weaken
the cooling efficiency. So heat flux is the sum of Seebeck (Peltier) effect, Fourier effects,
and the Joule heat. For SINW with 50 nm diameter, 20 W/m-K is observed for vapour-
liquid-solid grown SiNW (VLS-SiNWs), while 1.6 W/m-K is found for aqueous
electroless-etching grown wire (EE-SiNWs). (Hochbaum et al, 2008) The large
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discrepancy in thermal conductivity lies from the surface scattering of phonons. Both
thermal conductivity values are used to explore the importance of thermal conductivity
on thermoelectric performance. Natural convection and radiation as the heat transfer
mechanism between the system and the surrounding air are established. The surrounding
environment is assumed to be stationary air at atmospheric pressure. From the finite
element simulation, it was found that for nanoscale systems such as SiNWs, the
contribution of natural convection and radiation are very low in the total heat transfer,
while thermal conduction is the major contribution. (G. Zhang et al., 2009a)

Figure 11(a) shows the cooling temperature versus electrical current. For both EE-wire and
VLS-wire, the cooling temperature increases with supplied current increases, and there is a
maximum at about Iy=3.5-4.0 pA. Above Iy, cooling temperature decreases with increasing
current. This phenomenon can be understood as below. Increasing electrical current has
two effects on cooling. On the one hand, the increase of electrical current will absorb more
thermal energy from one end and transport it to another end. We call this effect the
“positive” effect. On the other hand, the increase of electrical current will also increase Joule
heating that in turn will increase the heat flux to the cool end, thus suppress cooling. We call
it the “negative” effect. The cooling temperature is determined by these two effects that
compete with each other. And as demonstrated in Figure 11(a), the maximum cooling
temperature of EE-wire is much larger than that of VLS-wire, although they are with the
same dependence characteristic on electrical current.

In the cooling temperature analysis above, the hot spot is a non-source device. If the
device (hot spot) generates heat, the maximum cooling temperature will depend on the
dissipation power, and we can predict the maximum cooling power that SINW cooler can
arrive. Fig. 11(b) shows the relation between the cooling temperature with the power
dissipation density from the device for both EE- and VLS-SiNWs with electrical current of
4 pA. The maximum cooling power is defined as the heat load power that makes the
device’s maximum cooling temperature equal to zero. The maximum cooling power
density is about 6.6 X103 W/cm? here, and is independent on the special thermal
conductivity. The independence of maximum cooling power density on thermal
conductivity is due to the maximum cooling power is arrived when the temperature
difference between the two ends is zero and no Fourier heat flux. The maximum cooling
power density, 6.6 X103 W/cm? for SiNW, is about six times larger than that of SiGeC/Si
superlattice coolers (X. Fan et al., 2001), ten times larger than that of Si/SiyGeix thin film
cooler (Y. Zhang et al., 2006), and six hundred times larger than that of commercial TE
module. (Rowe 2006)

The performance of any thermoelectric material is in general expressed by its coefficient
of performance (COP). This is defined as the actual cooling power divided by the total
rate at which electrical energy is supplied. The electrical power consumption of SINW cooler
is used to generate the Joule heat and overcome the Seebeck effect, which generates power
due to the temperature difference between the two junctions of the wire. However,
the maximum cooling power is the heat load power that makes the device’s maximum
cooling temperature equal to zero, so here the electrical power consumption is equal
to the Joule heat. From Figure. 11, we can obtain the COP for both EE and VLS
nanowires are 61%. This is larger than that of Si/SixGei« thin film cooler (Y. Zhang et al.,
2006) which is 36%, and larger than that of commercial TE module which is only 0.1%.
(Rowe 2006)
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Fig. 11. (a) Dependences of cooling temperature on thermal conductivity and applied
electrical current. (b) Cooling temperature versus heat load power density. (c) Maximum
cooling temperature vs diameter of SINW.

From the analytical expression of cooling temperature, we can provide a prediction of the
transverse size effect on the cooling temperature. For SINWs with length in pm scale, the
thermal conductivity increases with diameter increases remarkably until the diameter is
larger than about hundreds nm. (Liang and B. Li, 2006) Using the quantitative formula for
the size-dependent thermal conductivity from Eq. 7, Figure 11(c) shows the maximum
cooling temperature vs diameters of SINWs. It is obvious that cooling temperature decreases
as diameter increases. When the diameter increases to 100 nm, the maximum cooling
temperature is only about 4K. So to keep high cooling temperature, SINW with small
diameter is preferred.

In the following, we will discuss time dependent cooling performance of SiNWs, (G. Zhang
et al., 2009b) including the cooling response time, and the impact of number of SiINWs in the
bundle. Figure 12(a) shows the time dependent temperature of the hot spot. Upon current
flow through the SINW, the temperature of the island decreases exponentially initially and
then converges to a constant temperature Tc which is much lower than the environment
temperature To. The cooling temperature AT=T;-Tc. From the best fitting of the time
dependent temperature curves, the cooling response time tp can be calculated. Figure 12(b)
shows that ty decreases as applied electrical current increases monotonously. From Figure 12
(a), the maximum cooling temperature can be achieved with about 3-4 pA electrical current,
which corresponds to 0.05-0.06 s response time. This demonstrates that SINW is a fast
response cooler.
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In practical application, a bundle of SINWs will be used, which can be realized by top-down
method on SOI wafers. Figure 12 (c) shows the time dependent temperature of the silicon
island with a number of SiINWs N (>1). With increase in N, the cooling process becomes
faster. However, the maximum AT does not change with N. Figure 12 (d) shows the N
dependent response time. It is obvious that in practical applications, increasing of N is an
efficient approach to speed the cooling process.

8. Conclusions

The present article tries to give an overview of the thermal and thermoelectric property of
semiconducting nanowires. Here we use Silicon nanowires as examples, however, the
physics addressed in this article is not limited to silicon system. The thermal transport in
low dimensional system has attracted wide research interests in last decade. Silicon
Nanowires are promising platforms to verify fundamental phonon transport theories.
Moreover, the study of thermal property of SiNWs is also important for potential
application, such as waste heat energy harvesting and on-chip cooling. Compared with ten
years ago, we have a comprehensive understanding of the impacts of doping, surface
scattering and alloy effect on thermal conductance and thermoelectric property of
nanowires. However, further experimental and theoretical studies on fundamental
mechanism will be greatly helpful to advance the field.
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