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ABSTRACT

The ever-increasing energy needs of humanity, coupled with geopolitics of fossil
fuels, are imposing demand on the energy supply. A perennial supply of energy is possible
by tapping into renewable sources as well as making the current process more efficient.
This can be achieved via the use of thermoelectrics, i.e. they can be used to generate energy
by converting sunlight into electricity via solar thermoelectrics and increase the efficiency
of current processes by converting the wasted heat into electricity. However, the current
state-of-the-art thermoelectrics are inefficient and expensive due to the use of rare earth
materials.

Nanomaterials, especially nanowires, are on the forefront of advancement in
thermoelectrics. Recent theoretical and experimental reports indicate the superior energy
conversion performances of nanowires compared to their bulk counter parts. However,
this superior performance is only observed in single-nanowire devices. Despite more than
two decades of research, macro-devices based on large-scale nanowire assemblies, have
not been realized. The three main roadblocks for fabricating such large-scale assemblies
are lack of 1) methods for mass producing nanowires of any desired chemical composition,
2) techniques for assembling these nanowires into energy conversion devices in an
interface engineered manner, and 3) techniques to stabilize the nanowires at higher
temperatures against air- water- and acid-assisted degradation. In this context, the
objective of this work is to design a strategy to obtain stable and efficient nanowire-based
thermoelectric devices. The material systems chosen for this effort are Zinc Phosphide

Zn3P>, Magnesium Silicide, Mg.Si, and Manganese Silicide MnSiy 7s.



Methods for mass production of ZnzP, and Mg.Si nanowires have been realized
previously via a combination of chemical vapor deposition, electroless etching and solid-
state diffusion. The assembly and aligning of nanowires was achieved using shear forces
via Equal Channel Angular Extrusion (a severe plastic deformation technique). Assembly
of the nanowires was also achieved via welding of nanowires utilizing the solid-state
diffusion. The nanowires were chemically stabilized by nonconformally decorating them
with boron nitride. The stabilization and welding of nanowires helped to achieve
decreased thermal conductivity thereby improving their thermoelectric performance

compared to the as-obtained nanowire pellets.
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CHAPTER I
INTRODUCTION

The current annual rate of energy consumption by mankind is 13 terawatts and is
expected to increase to 43 terawatts by the end of this century, as shown in Figure 1.1 Such
a tremendous increase in energy demand not only strains the available supply of fossil
fuels, but also negatively impacts the environment. If, the contribution to energy demand
from the conventional fossil fuels needs to be reduced (Figure 2), while sustaining the
current standard of living, new and efficient methods for energy production must be
explored.! This portfolio should include waste heat harvesting technologies, as a majority
of energy generated is lost as waste heat. In United States, as shown in Figure 3, during
2013, 60% of the total energy (99 Quads) generated was lost as waste heat. To reiterate,
the future portfolio of renewable energy necessary to counteract the ever increasing
demand for energy should be composed of a multitude of technologies, such as wind, solar,
geothermal, tidal, etc., which complement each other. Each of these technologies has its
own set of advantages and drawbacks. In addition to exploring new energy generation
technologies, the existing energy consuming/conversion processes and technologies (such
as in automobiles, power plants, etc.), must be modified to be more energy efficient and

cost effective so as to reduce the amount of lost heat.
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Figure 1 Increase in the rate of energy over the century as predicted by LLNL!

Over the last few decades, tremendous effort in photovoltaic research to produce
electricity from sunlight more efficiently and cost effectively has been performed.? This
led to a lowering in the cost of solar cells. However, the high installation costs, coupled
with moderately lower efficiencies of solar cells, limit their widespread use. In addition,
photovoltaics must be often water-cooled, must undergo daily maintenance and cannot be
used in remote locations.® Solid-state thermoelectric devices useful for converting thermal

energy into electricity circumvent some of these challenges.
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Figure 2 Expected energy demand in the future and the contribution of fossil fuels to
the supply.t

Introduction to thermoelectrics

Thermoelectrics are solid-state energy conversion devices, which convert heat to
electricity. Thermoelectric effect comprises of three different effects i.e., Seebeck effect,
Peltier effect and Thomson effect. Seebeck effect was discovered by Thomas Johann
Seebeck in 1823.% He observed that a magnetic needle was deflected due to the flow of
electricity when the magnetic needle was placed in the vicinity of a closed loop formed by
two dissimilar metals with one heated junction, as shown in Figure 4. Many materials were
investigated for the Seebeck effect, including materials which are currently referred to as
semiconductors. In fact, the very first application of semiconductors was not in electronics
but thermoelectrics.® Seebeck coefficient is defined as the voltage generated per unit

3



degree change in temperature. A few years later, in 1835, a complementary effect was
reported, i.e. Peltier effect by Jean Charles Athanase Peltier. He observed that circulating
electricity through a loop of dissimilar metals caused a temperature difference near the
junctions. In 1851 Lord Kelvin established the relation between Seebeck and Peltier
coefficients and introduced a third effect, the Thompson effect. A schematic of Seebeck

effect and Peltier effect are shown in Figure 5. These effects are defined below.

Estimated U.5. Energy Use in 2013: ~97.4 Quads a fﬁ?&&%ﬂgf

Pt KB trcity
[n

Rejected
Energy
59.0

Trarmi=
portstion
)

Figure 3 Spaghetti diagram showing the various sources of energy generation in
United States in 2013. It is notable that from 97.4 quads of energy generated in the
U.S. 59 Quads (about 60%) of energy is wasted as rejected heat energy.*

Peltier Effect: It is defined as “the relative change in heat content at an interface of
dissimilar metals when a current flow is maintained across the interface”.

Thomson Effect: It is the “reversible change of heat content within any single
homogenous conductor in a temperature gradient when an electric current passes through

it”



Figure 4 A schematic of the first experiments done by Seebeck to discover Seebeck
effect®

The Seebeck coefficient (S) and Peltier coefficient (IT) are related as follows

IT=T*S, where T is the absolute temperature.

(a) Hot Cold

Junctiﬂr ; Junction

(V)
(b) \_/

Heated Cooled

Junction ; Junction

Figure 5 A schematic shown a) the Seebeck effect and b) the Peltier effect
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Thermoelectrics for energy conversion

The absence of moving parts in a thermoelectric device allows for a compact design
and silent operation. Among various energy conversion devices, thermoelectrics have the
highest specific energy (energy generated/device weight) output, which makes them highly
suitable for use in portable applications.”® One of their most celebrated applications is in
radioisotope-thermoelectric generators (RTG), used for powering deep space missions
such as Voyager 1&2, Cassini, etc.® As the satellites move farther away from Mars,
sunlight is not intense enough to power them, and therefore RTGs are the only viable
option. Thermoelectric devices can be used for long time periods without any maintenance,
and this allowed the RTGs to last for more than thirty years.® Currently, thermoelectrics
are also making their way into compact mobile coolers and car seat heaters.' 12 In spite of
all the mentioned advantages, their use is limited to niche applications. The large-scale
deployment of these devices for terrestrial applications such as topping cycles,*® small
scale cogeneration,* automobile waste heat recovery,® etc. are still in the distant future.
This is mainly due to the high costs and low efficiencies of thermoelectrics compared to
other energy generation methods.

The current thermoelectric materials, which are not only prohibitively expensive
but also are made from toxic elements, do not help in alleviating the main drawbacks
namely, high costs and lower efficiencies. In addition to waste heat harvesting,
thermoelectrics can also be used in renewable energy generation (solar thermoelectric
generators useful for converting solar thermal energy into electricity); nonetheless, this

application faces the same challenges presented before.® 7
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The efficiency of thermoelectric materials is represented by the dimensionless
figure of merit, zT. It is evident from Equation 1 that the efficiency of the device is
dependent on the zT of the material and the temperatures of operation, i.e. the hot and cold
side temperatures. Higher zT values result in materials and devices, which can convert heat
to electricity with higher efficiencies. The relation between zT of a material and heat-to-
electricity efficiency for various hot side temperatures (with the cold side at room

temperature, 300K) is shown in Figure 6.
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Figure 6 Calculated zT vs efficiency for various hot side temperature, the cold side
temperature is 300K



A case for efficient and cost effective thermoelectric materials

A recent report published by the Department of Defense (DOD) has predicted that
for any new energy generation technology to be commercially viable it has to produce one
Watt of electrical power at a cost lower than 1 dollar.!® Even at zT = 1, any thermoelectric
material operating below 135 °C is not commercially viable. Only materials which operate
at an average temperature above 275°C with zT > 1 can achieve the $1/W target.*® For
waste heat scavenging, the existing thermoelectric materials have lower conversion
efficiencies compared to other alternative technologies such as organic Rankine cycles.?
In addition to lower zT values, thermoelectric devices face additional challenges, such as
oxidation and material degradation, electrical and thermal contact degradation owed to
their thermal expansion mismatch.?! In addition, most of the primary energy generation
technologies cost less than $3 per watt (natural gas < $0.5/W, coal < $1/W and nuclear <
$3/W). Currently only subsidized photovoltaics can generate electricity at a cost less than
$1 per watt.??2 Overall, achieving cost-effectiveness requires thermoelectrics, which a)
operate at temperatures above 275 °C, b) have zT greater than 1 and c¢) are made of low-
cost raw materials.?? The prices of raw materials are usually subject to market fluctuations
and are also affected by the purity requirements. Thermoelectric modules usually use
materials with purity > 99.99% which adds uncertainty to their cost estimation.*® In lieu of
materials’ costs, an alternate argument can be made in terms of their abundance with the
assumption that widely available materials cost lower.?® Therefore, for thermoelectrics to

be commercially viable, they should be made from materials abundantly available in the



earth’s crust. In essence, the need of the hour is thermoelectric materials, which are highly
efficient, chemically and thermally stable, and synthesized from earth abundant elements.

Materials for thermoelectrics

The state-of-the-art thermoelectric materials which exhibit high efficiencies (e.g.,
Bi;Tes, SiGe and PbTe) are made from rare-earth and toxic elements.?* The thermoelectric
figures of merit of these materials are represented in Figure 7. The elemental abundance of
these materials is less than 100 ppm.2® Tellurium and germanium are the two most widely
used elements in thermoelectric materials, with crustal abundance of only 0.001ppm and
1 ppm, respectively.?® This limits their use to niche applications, where the emphasis is
only on power generation, but not on cost and toxicity. For a material to be cost effective
in terrestrial thermoelectric applications, all of the elements in the compound (except the
dopants, which by definition are used in small quantities) must have a crustal abundance

of at least 30 ppm.?
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Figure 7 Thermoelectric figures of merit for (a) n-type and (b) p-type state of art
materials.” Reprinted by permission from Macmillan Publishers Ltd: Nat. Mater.
2008, 7, 105-114



History of thermoelectrics

The efficiencies of thermoelectric materials, including those composed of rare-
earth elements, have not significantly improved over the past half century.” 2”28 Only in
the last decade, higher thermoelectric efficiencies were demonstrated. This is owed to the
tremendous developments in nanotechnology, and the synthesis and characterization of
nanomaterials.?® *° There were two key periods where thermoelectric efficiencies were
demonstrably increased. Firstly, during the late 1950s when these devices were used for
space exploration missions.’® Secondly, when nanomaterials were predicted to be the
future of the field to improve the thermoelectric efficiency in the 1990s. The latter occurred
when in a series of papers, Hicks and Dresselhaus, reported that materials with
nanomorphology have the properties necessary to both tune and enhance zT.3% 3! Increased
power factor owing to quantum confinement, decreased thermal conductivity owing to
phonon confinement, and increased phonon scattering were key in achieving a higher zT 3%
32 Based on these predictions, thin films and nanowires were explored for thermoelectric
applications and it was concluded that nanowires have an extra degree of freedom to
influence and increase the thermoelectric figure of merit zT.3! In fact, it was calculated
that a zT of 14 was achievable if the bismuth nanowires were synthesized as thin as 5
angstroms.*

Following this, nanomaterials, i.e., nanoparticles, nanowires and thin films, have
been explored for their use in thermoelectrics due to their large surface-to-volume ratio.*
The crucial factor here is the large surface areas, which create more scattering centers for

phonons, thereby decreasing the thermal conductivity. However, the zT of material
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depends on both the electrical and thermal conductivity; an increase in surface area
decreases both the electrical and thermal conductivity. The key challenge for increased
thermoelectric performance improvement is to reduce the thermal conductivity more than
the electrical conductivity. In addition, quantum confinement in nanoparticles leads to an
increased Seebeck coefficient; however, this is at the expense of decreased electrical
conductivity. Nanoparticles decrease both electrical and thermal conductivities, and when
the diameters of the nanoparticles are small enough to observe quantum confinement
effects, they act as insulators.®*3" Thin films, on the other hand, maintain high electrical
conductivity but they do not suppress the thermal conductivity enough to achieve high zT
values. An alternate form of materials, nanowires, provides a comfortable median of
properties required for achieving high zT values in thermoelectric materials. Due to their
anisotropic nature, nanowires possess high electrical conductivity in one direction and
scatter the phonons in the other orthogonal directions, thereby reducing the overall thermal
conductivity. Nanowire form of materials also allow for the easy determination of
anisotropicity in the thermoelectric performances of materials.

Magnesium silicide for thermoelectrics

One of the materials that fits the criteria described above is Mg»Si. It is expected
to have high zT values due to its high Seebeck coefficient and high electrical conductivity,
combined with its relatively low thermal conductivity.®® *° Furthermore, Mg.Si is made
from earth-abundant and non-toxic materials.* Mg and Si have an abundance of 29,000
and 270,000 ppm, respectively, which are very high compared to the well-known

thermoelectric materials Bi (0.025 ppm), Te (0.001 ppm), Ge (1.4 ppm), and Pb (10
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ppm).2*2%% Finally, both Mg and Si are non-toxic in nature.** The current widely accepted
thermoelectric figure of merit of Mg.Si is 0.8.3% 42 Only one group of researchers reported
a zT of 1.2 but this result has not been not independently verified.*> ¢ Satyala et al.
predicted using theoretical calculations that a system of Mg>Si and Mg»Sn has a potential
to achieve a zT of 3.* However, the current zT of these materials is less than one
(approximately zT = 0.8), which leaves the scope for enhancing zT.

Achieving high zT in Mg2Si system is hindered by the following problems: 1) the
propensity for oxidation of Mg.Si into MgO in the presence of both air and water, 2) its
brittle nature, and 3) instability of Mg.Si at higher temperatures and upon thermal
cycling.*-* The propensity of Mg.Si to oxidize at both ambient and elevated temperatures
leads to the formation of oxide layer on top of the Mg.Si which reduces the electron
mobility and therefore thermoelectric performance.*” 8 Its brittle nature makes fabrication
of macroscale devices a problem.

Any attempt to commercialize thermoelectrics must not only concentrate on
synthesizing mass quantities of nanomaterial (in this case nanowires) of Mg.Si in a cost
effective manner, but must also address the device fabrication and assembly challenges in
order to solve the thermal and chemical stability problems discussed above.*® In addition,
ways of assembling nanowires into bulk anisotropic devices is necessary for ascertaining

their thermoelectric performances in various crystallographic directions.
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CHAPTER II
LITERATURE REVIEW
The performance of a thermoelectric material (i.e. material from which

thermoelectric devices are fabricated) is given by figure of merit (zT), the dimensionless

SZ
number zT = —2

— T, where S is the Seebeck coefficient, ¢ is the electrical conductivity,
e L

T is the absolute temperature, and ke and ki are the electronic and lattice contributions to
the thermal conductivity.*® % The thermoelectric figure of merit depends on quantities
which are interdependent on each other; Seebeck coefficient and electrical conductivity
are inversely related i.e. an increase in the electrical conductivity leads to loss in Seebeck
coefficient.>! % The relation between these factors are shown in Figure 8. Additionally,
electrical conductivity is directly proportional to electronic thermal conductivity

(Widemann-Franz law).” %
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Figure 8 A schematic showing the relation between seebeck coefficient, electrical
conductivity, thermal conductivity and zT with respect to the career concentration of
a material’ Reprinted by permission from Macmillan Publishers Ltd: Nat. Mater.
2008, 7, 105-114
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The current champion material, SnSe, is reported to have a zT of 2.6.>* However,
the current accepted and verified values of zT are near unity (i.e. zT = 1).% Higher zT’s
are required before these devices can enter the consumer market.>? In addition the zT
values of materials did not improve significantly for a long period of time i.e., from 1950
to early 2000. For five decades the zT values were below 1 as shown in Figure 9.
Introduction of nanomaterials for thermoelectrics drove the rally for increase in zT, as
shown in Figure 9. Although increase in zT was reported, many of these values are not
verified and are viewed with skepticism.

Nanowires for thermoelectrics

A series of publications by Hicks and Dresselhaus on the enhanced thermoelectric
performance via nanostructuring kicked off the race to increase the zT of thermoelectric
materials via nanostructuring.®3? They predicted an increase in the thermoelectric
performance would be due to increased power factor (S?s) via quantum confinement and
decrease in thermal conductivity via increased phonon scattering events at the boundaries
and interfaces of the nanomaterials. Nanowires were especially predicted to have better
thermoelectric performance compared to thin films and nanoparticles as their geometry
allows for phonon confinement in the two directions perpendicular to the axis while the
axial direction acts as a high way for electrons. This allows for reduced thermal

conductivity without loss of electrical conductivity.
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ZT enhancement due to quantum confinement

When the diameter of the nanowire is on the order of the electron wavelength, the
electron is confined to the dimensions perpendicular to the axis. This leads to the
discretization of the bands in the two directions, as shown in Figure 10. When the Fermi
level is adjusted so as to be near the edge of the sub-bands as shown in the Seebeck
coefficient is significantly boosted, which in turn increases the power factor as shown in
Figure 11(a). However, these calculations by Hicks and Dresselhaus assumed only one sub-
band in the nanowire. Theoretical predictions reported by Cornett and Rabin, considering
multiple sub-bands, show that the power factor does not monotonically increase with
decreasing diameter, but it decreases with decreases in diameter up to a certain radius, and

then increases as the diameter of the nanowire decreases as shown in Figure 11(0).5%4 In
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addition, some enhancements in power factors have been observed in nanowires but none

of the investigations showed as significant improvements as predicted. From both the

experimental and theoretical investigations it can be concluded that nanowires of ultra-low

diameters (less than 5 A for Bismuth), which are practically not possible or at the very

least cost prohibitive to manufacture, are required to realize a significant enhancement in

zT via quantum confinement.
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Figure 10 Density of states of (a) bulk material and (b) nanowires.®®> Reproduced with
permission from WILEY-VCH Verlag GmbH & Co.
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Figure 11 (a) The plot showing an increase in power factor as the diameter of the
nanowire according to the Hicks — Dresselhaus in which only one sub-band is
considered and (b) plot showing the change of power factor then an increase with
decreasing nanowire diameter as per the calculations done by Rabin in which 300
sub-bands were considered.®3: 64

Thermal engineering in nanowires for enhanced zT

Another venue for enhancing the zT of nanowires is via a decreasing the thermal
conductivity without adversely affecting the electrical conductivity. The thermal
conductivity of a material can be separated in two components, electron thermal
conductivity (contribution to thermal energy transfer because of election/hole motion) and
phonon thermal conductivity. The electronic component of the thermal conductivity is
related to the electrical conductivity via the Wiedemann Fanz law as follows-

k. = LTo, where L is the Lorenz number, T is the absolute temperature, and o is the
electrical conductivity. The Lorentz number is usually a constant and has a value of 2.44
x 10 WQK 2. Therefore any attempts to reduce thermal conductivity have to be focused
on reducing the lattice thermal conductivity as any changes in electronic part of thermal
conductivity would invariably change the electrical conductivity. The lattice thermal

conductivity of a material is given by
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ky =3 Cyvl

Here Cv is the volumetric specific heat, v is the phonon group velocity and 1 is the
phonon mean free path. Most of the studies aimed at achieving higher conversion
efficiencies (i.e. higher zT) are aimed at using the nanowire morphology to reduce lattice
thermal conductivity. To achieve such a result, the diameter of the nanowires must be
smaller than the phonon mean free path and larger than the electron mean free path. When
the diameter of the nanowire is lower than the phonon mean free path, the boundaries
between nanowires scatter the phonons, thereby reducing the lattice thermal
conductivity.®” Recent investigations using rough silicon nanowires have demonstrated a
100-fold decrease in thermal conductivity without a pronounced decrease in electrical
conductivity. Further investigations into the effect of nanowire morphology on thermal
conductivity have shown that the increase in roughness of the nanowires lead to an
increased thermal resistance.®® More information on this is included in appendix A.

Previous work on nanowires

Numerous experimental investigations have been reported thermoelectric
characterization of single nanowire and nanowire array devices. Using nanowires for both
the power factor enhancement and thermal conductivity reduction have been reported.

Power factor enhancement

Enhancement of zT in nanowires due to quantum confinement have not been clear
and the power factor of the nanowires have been either less than or approximately equal
to bulk values. The report published by Tian et al., on InAs nanowires, in which the Fermi

level was adjusted using the gate voltage, showed several peaks in the power factor®®.
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These peaks were attributed to the Fermi level aligning with the sub-band edges (as
explained in the above section). However these values are lower than that of the bulk InAs.
Similarly the work done by Zuev et al. on Sb>Tes nanowires (with diameters in range of
20 — 100 nm) have shown an increase in Seebeck coefficient (of about 30% compared to
the bulk Sb.Tes) but lower power factor due to reduced electrical conductivity.”®
Analogously, no enhancements in power factor were observed in 11nm wide Ge-Si
nanowires due to quantum confinement, this work was reported by Moon et al. * However,
of the studies reporting on enhanced thermoelectric power factor, Wu et al. from Sweden
observed enhanced power factors at 20K."

Thermal investigations

Investigations on nanowires for reducing their thermal conductivity and thereby
enhancing zT have had more success compared to the previous approach, which depends
on power factor enhancement. Wingert et al. reported work involving the thermal
conductivity measurements of Ge and Ge-Si core-shell nanowires with diameters less than
20 nm. Ultra-low thermal conductivity of 2 W/m-K have been shown compared to high
values of thermal conductivity at RT for Ge i.e. 59 W/m-K.” The lowering of thermal
conductivity is attributed to not only the interface effect of the core-shell structure but also
to the phonon confinement, which is a result of the small nanowire diameters.

One of the most intriguing work in this area was done by Boukai et al., in which
75 - 200 fold decrease in thermal conductivity in nanowire compared to bulk silicon was
reported.”® This translated to a zT of 1 at 200K for a single silicon nanowire and a zT of

0.4 at 300K. In the same way, work done by Hochbaum et al., resulted in a 100 fold
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decrease in thermal conductivity of rough silicon nanowire compared to its bulk
counterpart (149 W/m-K) with zT of 0.6 at room temperature.®

Eun Kyung Lee et al., reported that a zT of 0.46 at 450K was realized in SiGe
nanowire, with a thermal conductivity of 1.2 W/mK.”™ The same work predicted a zT of
2.2 at 800 K for the same SiGe nanowires. Liang et al. reported on power factor and
thermal conductivity of single crystalline nanowires of PbSe. Their power factor and Fermi
level controlled by applying a gate bias, however a low zT was reported.’®The same group
reported the thermoelectric characterization of degenerately doped PbSe nanowires made
via solution phase technique. They reported a modest zT of only 0.12 at room
temperature.”” Lee et al., reported on thermoelectric characterization of vapor grown single
crystalline PbTe nanowires resulted in a zT of 0.0054 at room temperature compared to
the zT of bulk PbTe (synthesized in their lab) 0.002 at room temperature.’

The above mentioned works and a few others on thermoelectric characterization of
lead chalcogenides have shown lower zT values compared to their bulk counterparts. As
these materials (i.e. IV-VI semiconductors) already possess lower thermal conductivities,
the nanowire morphologies tend to have both low thermal and electrical conductivity. The
loss in electrical conductivity is usually greater than loss in thermal conductivity, which
leads to poor zT values. However, bulk nanostructuring along with doping of these
materials (PbTe with Na2Te) has lead to a zT of 1.7 and higher” (upto 2.2 when other
techniques were used.®%)

Mavrorkefalos et al., reported on electrodeposited Bi>Tes nanowires of 52nm in

diameter. They discovered electron mobility of the nanowires was about 19% higher than
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that of bulk. A zT of 0.1 has been achieved at 400K.8! Similarly Zhang et al. reported on
Bi>Tes nanowires in which the Te nanowires were converted to Bi>Tesz by reacting them
with Bi precursors, this resulted in a zT of 0.96 at 380K.%2 Work done on segmented
nanowires of Bi>Tes-Sb and Bi>Tes-Te nanowires show a great promise with a seebeck
increase and thermal conductivity decrease compared to the bulk.®

A theoretical investigation by Mingo shows that the thermal conductivity of CdTe
nanowires can be reduced to 0.2 W/m-K for a 10nm wire which results ina zT greater than
1.84 Other investigations on ZnO nanowires by Bui et al.®> reported a dramatic decrease
in the thermal conductivity of the nanowires. The thermal conductivity decreased from 100
W/m-K for the bulk to 5W/m-K for a 70nm nanowire at 300K. Zhou et al. has reported a
very weak zT of 0.01 at 400K for InSb nanowire.® This low performance is attributed to
the oxidation of InSh nanowires.

Theoretical investigations by Mingo have shown that for InSb nanowire with a
diameter of 30 nm, a zT of 3 is achievable. However these high zT’s in InSb nanowires
have not yet been observed experimentally.5!

Investigations on nanowire arrays

Although only two experimental investigations have shown enhanced
thermoelectric figure of merit using single nanowire devices, interest in nanowire
thermoelectrics has been extensive. This is in part because there is no fundamental
principle limiting the zT value and since many theoretical investigations have concluded

that nanowire, based thermoelectrics are the way to achieve high zT values.

21



However, it is obvious that single nanowire devices are not practical to be used in
terrestrial applications. Therefore, scientists and engineers have focused their effort on
using arrays of nanowires for achieving thermoelectric devices with an enhanced zT. One
of the initial work was done by Abramson et al., in which arrays of silicon nanowires
grown by VLS method were used as the thermoelectric device.®” The gaps between the
nanowires were filled with parylene, a polymer with very poor thermal conductivity. This
was done to provide structural stability and thermal isolation between the nanowires.
Though thermoelectric characterization of the device did not yield any enhancement in the
zT, this work paved a way for using nanowires for bulk applications. Similar works have
been reported by various groups on the thermoelectric characterization of silicon nanowire
arrays filled with a very low thermal conductor.%8-* No significant enhancements of zT

were reported. A schematic of such a device is shown in Figure 12.

Top Contact

Si Substrate/Contact

Figure 12 A schematic showing a nanowire array based thermoelectric device.®®
Reproduced with permission from TMS, 2012
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Similar works on Bismuth and Bismuth telluride nanowire arrays were also
performed.®> % Though these devices reported a competitive performance, the
performance gains were not even on the order of gains observed in individual nanowires.
In addition, the number of steps required to fabricate such a device makes them cost
prohibitive to be used in terrestrial applications where the devices must compete with more
cost effective technologies such as solar cells.

Material selection criteria

The state-of-the-art thermoelectric materials which show high efficiency (such as
Bi;Tes, SiGe, PbTe etc.) are made from rare-earth and toxic elements.?* The elemental
abundance of these materials are less than 30 ppm.? Tellurium and germanium, two most
used elements in thermoelectrics, have a crustal abundance of 0.001ppm and 1ppm
respectively.?® In fact these materials cost orders of magnitude more than gold. This limits
their use to niche applications where neither cost nor toxicity is a factor. For a material to
be cost effective in terrestrial thermoelectric applications, all of the elements in the
compound (except the dopants) must have a crustal abundance of at least 30ppm.2® The
cost and crustal abundance of various materials used for thermoelectric application are
shown in Table 1. A simple analysis comparing zT vs the cost of the material (excluding
the cost of production and packaging) shows that state of the art materials cannot compete
against the low efficient materials as shown in Figure 13. It shows that the current champion
material SnSe which has been claimed to have a zT of 2.6 has a zT/cost value lower than

Zn3P> manufactured in our lab, which as a zT of only 0.23.
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Figure 13 zT per dollar value for prominent thermoelectric materials. The yellow bar
shows the zT/cost value of the current state of the material. The green bar and the
red bars shows the achieved and expected zT/cost value of thermoelectric materials
composed of earth abundant. The cost of the compounds were calculated from
elemental costs provided in USGS 2013 survey.?% 33, 54,80,94

Zinc phosphide

Zinc Phosphide is a p-type, metal deficient semiconductor with a bandgap of
1.5eV.%° It is a well known solar cell material, with reported efficiencies of about 6% via
amagnesium-ZnsP, Schottky diode solar cell.% Its constituent elements have a high crustal
abundance (Zinc is 79 ppm and Phosphors is 1000ppm®) and is costs approximately $3/kg.
Zn3P» has a FCC tetragonal crystal structure, P42/nmc, with lattice parameters a = b =

8.0785 A, ¢ = 11.3966 A as shown in Figure 14. It has unfilled lattice sites, which when
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filled could lead to reduction in thermal conductivity and increased thermoelectric
efficiencies. However, this material has the following drawbacks - lack of good electrical
conductivity and relatively low stability in oxidizing environments (i.e. in presence of
oxygen, moisture or any acidic medium). The typical reaction of ZnzP, with water and
moisture are given below.

Zn3P; + 6H20 — 3Zn(OH)2 + 2PH3

ZnsP2 + 4 Oz — Zn3(PO4)2

Zinc phosphide reacts with water to form zinc phosphide and phosphene, and with

oxygen to form zinc phosphate.
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Table 1 Crustal elemental abundances of elements used in state of the art
thermoelectrics. Shaded in violet are the state of the art materials which are rare and
toxic. Shaded in green are the materials used in this work and are non-toxic as well
as earth abundant®*

Manganese and magnesium silicides

The other class of material studied in this thesis are silicides. This class of materials
are highly investigated for their application in thermoelectrics, partly because silicon is the

second most abundant element in the earth’s crust. Metal silicides are potential materials

26



for thermoelectric applications due to their excellent mechanical and chemical properties.
Except for alkali and alkaline silicides only higher silicides i.e. silicides with higher silicon
in the stoichiometric ratio, show semiconducting properties. Higher silicides, i.e. silicon
rich silicides of transition metals (Ru, Mn, Fe, Ru and Cr) have higher seebeck coefficients
due to the d- orbital hybridization. The thermoelectric characteristics of these materials are
presented in Table 2. Among them Mg.Si is notable for its thermoelectric properties.
Magnesium silicide has a band gap of 0.78eV with high electron mobility and low thermal
conductivity.®” It has an antifluorite crystal structure magnesium at the tetrahedral sites
and silicon at the face centered position with lattice parameter (a =b = ¢ =0.6351nm). The
phonon mean free path is upto 10nm and the electron mean free path is 2 nm.%" %
Nicolau et al. predicted a zT of 3 is possible for certain solid solutions of silicide.
Magnesium silicide is a mid to high range thermoelectric material.®® A zt of 1.1 is reported

for Mg.Si - 0.4Sn - 0.6 solid solution by Fedorov.*
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Figure 14 The tetragonal crystal structure of zinc phosphide.!?® Reprinted from,
Elrod et al., Journal of Crystal Growth 1984, 67, 195-201., with permission from
Elsevier

However, the current zT of these materials is less than one (approx. zT = 0.8),
which necessitates enhancing zT. In Figure 13, the zT/cost of the prominent thermoelectric
materials are plotted. Mg.Si even at the current zT of 0.8 has the highest zT per cost

efficiency. If the zT of this material is improved to 1.5 it is possible to use this material for

commercial application.?
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Figure 15 Nowotny chimney-ladder structure of higher manganese silicide.l
Reprinted by permission from Macmillan Publishers Ltd: Nature Communications
2015, 6, 6723.

Higher manganese silicide (HMS) has a Novtny-chimney ladder structure as shown
in Figure 15. The composition of HMS ranges from MnSii71 to MnSii77. The other
compositions of Mn and Si (which are not silicon rich) are more metallic in nature, which
are not useful for thermoelectric performance. It has a band gap of 0.67eV and is a self-
doped p-type material, with a relatively high carrier concentration and low carrier mobility.
It is also considered to have high anisotropy in its kinetic and thermoelectric properties.
Due to its strong anisotropy of charge and thermal properties combined with its complex
crystal structure, it is expected to be a good thermoelectric material. Undoped HMS
samples have relatively low zT due to the high carrier concentration. Its unusually low
vapor pressure at 1000K and high stability, in addition to its relatively cheap and abundant
elemental materials, make this material a noteworthy thermoelectric. Introduction of
neutral dopants such as Ge makes this material a better thermoelectric due to the increased

complexity in crystal structure.
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Table 2 A literature survey of thermoelectric figure of merit for various metal
silicides®

Material Band Gap Type Effective mass zT
ratio
Mg2(SiSn) 0.7 N 1 0.8
Mg2(SiGe) 0.74 N 1.2 1.07
CrSi» 0.35/0.35 p/n 5/20.2
MnSi1.7s 0.67 P 1 0.7
ReSi> 0.12 P 1
Ru_Sis 1.08 n/p 2.9/2.9
FeSi 0.9 n/p Ya 0.2/0.4
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CHAPTER Il
PROBLEM STATEMENT AND HYPOTHESIS
Experimental studies performed over the last decade have explored the efficiency
of single nanowire thermoelectric devices. In the case of silicon, a 100 time enhancement
in the zT values was reported in nanowires, relative to those observed in bulk counterparts,
i.e. an increase in zT from 0.006 to 0.6, has been reported.%? 19 Other works exploring
the efficiency of single nanowire devices have shown a moderate to significant boost in
thermoelectric performances of up to 30 %.1% % However, two decades after the
aforementioned work by Hicks & Dresselhaus,**32 despite all the positive and exciting
work published in the interim, reports on performance of thermoelectric devices based on
bulk nanowire devices are scarce. As a result, no thermoelectric devices based on
nanowires are commercially available. The only reports currently available are based on
silicon nanowire arrays and polymer-nanowire composites.8® 8% 106 The dearth of work on
macrodevices based on nanowires is due to following reasons, among many, and are
addressed in this thesis.
e Lack of methods for producing pure and uncontaminated nanowires on gram and
kilogram scale in a reproducible manner
e Lack of methods to assemble these nanowires in a manner that offers precise
control over electrical and thermal transport of the interfaces between nanowires
in the assemblies and necessary to optimize the thermoelectric performance. The
assembly strategies should preferably assemble nanowires in either randomly-

oriented or aligned fashion on demand.
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e Lack of methods to chemically and thermally stabilize the nanomaterials without
loss of their novel and excellent electric and electronic properties. These issues are

represented in Figure 16.

Nanowires must be
anisotropically assembled
without loss of morphology,
in an interface engineered
manner to translate
nanowire propertiesto
macrodevices

Such pellets must be
robust and highly dense
(>95%)

12 million tons or nanowires
are requiredto generate 1% of
worlds energy demand via
thermoelectrics

Techniques for mass
production of nanowires are
scarce

» High-temperature stability of
nanowires is essential for
commercial use of nanowire
based devices.

Stability must be achieved
without loss of nanowire novel
electrical properties

Figure 16 Schematic showing the fields in which advances are needed to achieve
materials with commercialization of thermoelectrics for domestic applications
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The following sections outline the hypothesis behind the work in this dissertation,
along with the goals.
Hypothesis

The following are the hypothesis of the work presented in this dissertation:

1. Although organic molecule decoration of nanowires offers it stability against air-
and moisture-assisted degradation, it may not offer high temperature stability.
Therefore, it is entirely possible that decorating nanowires with high-temperature-
stable ceramic molecules (e.g., BN) may make render them stable at high
temperatures. This work hypothesizes that that complete and conformal coating of
the nanowires will make the nanowires stable, however such a coating will render
the nanowire-nanowire interfaces electrically insulating, making it unusable in
thermoelectric devices. To overcome this problem, this work hypothesizes that
non-conformal decoration of the nanowires with BN makes them both stable and
usable in thermoelectric devices. Here, the hydrophobic nature of BN ensure that
the nanowires are non-wettable to aqueous media and hence resist degradation in
their presence. In addition to increasing the stability of the nanowires, the non-
confomal BN coating is also expected to improve the thermoelectric properties of
the nanowires. The BN molecules are expected to scatter phonons, thereby
reducing the thermal conductivity of the nanowires, without adversely affecting
electrical transport.

2. Another hypothesis of this work is that a strategy for aligned assembly of

nanowires into anisotropic bulk devices is necessary to test whether enhanced

33



thermoelectric performances in individual nanowires are translatable to bulk
devices, and to document the anisotropicity in the thermoelectric performances of
bulk nanowires devices. The latter is highly important because a strategy for
measuring thermoelectric performance of individual nanowires in a direction
perpendicular to their lengths is not currently possible. Suspended nanowire
devices only measure thermoelectric performance of individual nanowires along
their lengths.’ In the literature, techniques for assembling nanowires in an aligned
fashion into bulk devices do not exist. Literature review of nanowire assembly
techniques demonstrates that monolayers of nanowires are obtained in an aligned
fashion using shear forces.1%": 1% |n this work Equal Channel Angular Extrusion
(ECAE) 110 3 severe plastic deformation technique, is hypothesized to provide
the shear forces for alignment and also for the consolidation of the nanowires.
This coupled with the nanowire welded strategy demonstrated by our group
previously*® is expected to lead to anisotropic bulk thermoelectric devices based
0N nanowires.

3. Finally, it is the hypothesis of this work that it is possible to enhance the
thermoelectric figure of merit of macro devices based on nanowires, composed of
earth abundant elements, using the above mentioned techniques and the work
performed previously in our lab i.e., welding the nanowires (via solid state
diffusion for phase transformation).*® The premise is that it is possible to enhance
the thermoelectric figure of merit (zT) of Mg.Si nanowire assemblies to about 1.5

— 2 from the current state of the art zT, which is approximately around 1. Literature
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Goals

review of thermoelectric data on M@.Si shows a maximum achievable seebeck
coefficient is 180-270 uV/K and maximum available electrical conductivity is
20,000-75,000 S/m, and minimum thermal conductivity of 2W/mK respectively.>®
42,44, 45, 111-124 These values were individually achieved, however if these values if
obtained in the same device would dramatically improve the thermoelectric

performance of Mg.Si nanowire based devices to zT values of 1.5 or higher.

The objective of this work is to design various strategies that aid in fabricating

efficient and stable nanowire-based thermoelectric devices. Contextually, each chapter in

this dissertation described individual aspects of stabilizing/assembling nanowires. The

description below is a previews individual goals and accomplishments (of each chapter)

of this work.

1.

Chapter IV: In this chapter the synthesis of pure and uncontaminated ZnsP2, Silicon
and Mg.Si nanowires is revisited.

Chapter V: In this chapter the consolidation of rigid silicon nanowires into aligned
pellets is achieved using ECAE and described. Accomplishing the aim of achieving
high density consolidation of mechanically rigid nanowires into aligned nanowire
pellets (and thermoelectric devices) is described in detail in this chapter.

Chapter VI: This chapter describes a novel nanowires stabilization strategy
involving their non-conformally decoration with BN. The increased stabilization

of nanowires achieved as a result of this strategy is described in detail.
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Chapter VI1I: In this chapter, the effect of BN addition to nanowire surfaces on their
thermal transport properties is explored in detail.
Chapter VIII: In this chapter the thermoelectric properties of BN decorated

MnSi1.7s micron powders and welded Mg>Si nanowires are explored.
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CHAPTER IV
MASS PRODUCTION OF ZINC PHOSPHIDE SILICON AND MAGNESIUM
SILICIDE NANOWIRES

Considering the recent thermoelectric efficiencies of reported on single nanowire
devices, 12 million tons of nanowires are required to produce even 1 % of worlds energy
demand. The enormity of this requirement is understood when compared to the production
of iron in US is 20 million tons per year. To achieve such a high production of nanowires,
methods to produce pure nanowires at a lower cost must be explored. In this section the
production of ZnsP2 nanowires is explored via chemical vapor deposition of elemental
components and production of magnesium silicide nanowires is achieved via phase
transformation of silicon nanowires.'?®

Mass production of ZnsP2> and ZnO nanowires

The large-scale synthesis of ZnsP, and ZnO nanowire was reported in earlier
publications. The nanowires were fabricated by using direct reaction scheme by reacting
red phosphorus/oxygen with Zinc foils in in a hot walled CVD chamber as shown
schematically in Figure 17. The zinc foil rolled so as to fit into the reactor acts as both the
substrate and the source of zinc foil. For fabricating ZnsP2 nanowires, the zinc foil was
heated to 400C and the phosphorus to 485 C at pressure of 100 milli torr with a 5 sccm
flow of hydrogen. The nanowires thus formed on the zinc foil are brushed off. For
synthesizing the ZnO nanowires were fabricated by heating the zinc foil to 500 C in the
flow of oxygen under atmospheric pressure.*?® Gram quantities of nanowires per day were

produced using this technique. The zinc phosphide nanowires synthesized were
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characterized using XRD, SEM and TEM. The scanning electron and transmission electron
images are shown in Figure 18. The nanowires were grown in [101] direction. The
nanowires were characterized to have a diameter of 20 — 70 nm and with lengths between

5 40 pm.
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Figure 17 Schematic of 3 zone furnace for chemical vapor deposition chamber of
elemental phosphorous onto rolled zinc foil for production of ZnsP2 nanowires
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Zinc foil

Figure 18 The scanning electron micrograph of the zinc phosphide nanowires
synthesized by reacting the (a) zinc foil with elemental red phosphorous to result in
(b) a completely converted foil with (c) nanowires of 20 — 50 nm in diameter.*?’
Reproduced from Physical Chemistry Chemical Physics 2013, 15, 6260-6267 with
permission of The Royal Society of Chemistry.

Owing to the difficulties in fabricating Mg.Si nanowires in conventional fashion a
novel phase transformation method was invented. Arrays of silicon nanowires fabricated
by electroless etching were placed on Mg foil. Diffusion of Mg into the silicon nanowires
resulted in the formation of Mg.Si nanowires.'?® 12 The silicon nanowires required for the
fabrication of Mg.Si nanowires were fabricated by anisotropically etching silicon wafers.
These wafers are first cleaned in piranha solution and acetone to get rid of any organic
contaminants. This is followed by cleaning these wafers in HF solution to get rid of the
SiO2 passivation layer present on the wafers. Then the wafers are etched in a solution of
5M HF and 5M AgNO:s solution. This step lasts for an hour and wafer are cleaned in acid
to get rid of the silver so that pristine and un-contaminated silicon nanowires are obtained.

The mechanism of the nanowire production is as follows. The silver ions from

silver nitrate are reduced to form silver nanoparticles on top of the silicon wafer as follow.

Agr+e—Ags)
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These silver nanoparticles catalyze the reaction in which the silicon atom under the
silver nanoparticles oxidize on reaction with water to form silicon-di-oxide as shown
below.

Sisolid) + 2H20 - 4™ — SiO2(solig) + 4H*

The silicon-di-oxide thus formed is etched away by hydrofluoric acid leaving
behind a pit in which the silver nanoparticle fall into.!?® ¥ This mechanism is
schematically represented in Figure 19.

SiO2solid) + 6HF — H3SiFeSi + H20

Continuous selective etching of silicon leads to the formation of [100] and [110]

silicon nanowires as shown in Figure 20. P-type silicon nanowires were synthesized by

electroless etching of both p-type (boron doped) wafers. .

Silicon Wafer — Silver nucleation
(100 orientation) AgNo./HF on silicon wafer

Ag* (aq) T © 2 AJ(s0liq)

HNO; + HCI
acid cleaning

Si nhanowires on wafer Etched silicon wafer

Figure 19 Schematic of silicon nanowire synthesis from a single crystalline (100)
silicon wafer by etching in a solution of hydrofluoric acid and silver nitrate
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Mass production of contaminant free silicon nanowires

Electroless etching of single crystalline silicon wafers resulted in the fabrication of
arrays of silicon nanowires. Gram quantities of these nanowires were produced, Figure 21
. Electronic characterization of silicon nanowires shows that the nanowires had a diameter
between 20 — 100 nm with a length range of 10 — 15um as shown in Figure 20 (a & b).
Transmission electron microscopy of the nanowires show their growth direction to be
either [100] or [110], Figure 20 (c & d).

Silver removal from nanowire surfaces

The nanowires obtained from electroless etching of silicon wafers, using
hydrofluoric acid and silver nitrate, are not expected to be contaminated by silver as the
whole procedure takes place at a moderate temperature of 50C. No work reporting such
contamination is published to date. However, we discovered that silver is embedded in the
nanowire surface in trace quantities, undetectable by the EDAX detector of a TEM. This
silver contamination is revealed only after the nanowires are exposed to shear forces.
While undergoing ECAE the nanowires are exposed to shear forces and rub against each
other. This exposes the silver in the nanowires as shown in Figure 28. Removal of this
silver is an important step so as not to alter the electronic properties of silicon nanowires
and thereby of Mg.Si nanowires. This also leads to the recovery of silver, which makes
the whole process more cost effective.

The phase transformation of silicon nanowires is achieved by diffusing magnesium
through silicon nanowires. This method was demonstrated in a previous publication where

silicon nanowires made via electroless etching are phase transformed in Mg.Si
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nanowires.'?® However, the silicon nanowires produced were contaminated with silver an
essential process of electroless etching (see procedures section).
The use of silver in this procedure gives rise to two issues 1) contamination of silicon
nanowires which ultimately leads to contamination and property poisoning of Mg.Si
nanowire, 2) silver is a precious metal costing more than $1000/Kg and the use of new
silver for every etching increases the cost of reaction. Therefore a method for removal of
silver in a fashion such that the silver is recoverable leads to cost effective procedure and
uncontaminated silicon nanowires. More on this is included in goals and procedures
section.

Fabrication of devices based on nanowires requires mass production of nanowires.
The first step requires the production of impurity free silicon nanowires in a cost effective
nanowire. Silicon nanowires will be synthesized using electrochemical etching of single-
crystalline silicon wafers.!? 12 The etching process uses hydrofluoric acid and silver
nitrate solution. In the conventional synthesis, the silver used is usually removed by
reacting the silver with a mixture of hydrochloric and sulfuric acid. This procedure has two
drawbacks 1) the use of expensive precious metal i.e. silver which makes the whole
procedure expensive and cost prohibitive, and 2) the contamination of silicon nanowires
with silver. Contamination of the nanowires detrimentally influences the electrical and
electronic properties of the silicon and Mg.Si nanowires synthesized from them (more
information provided in appendix B). Due to the trace amounts of silver in the silicon
nanowires cannot typically detected using even a TEM. The evidence of silver presence

can be seen when the nanowires are sheared using ECAE.
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Figure 20 Scanning electron micrograph showing the a) top view and b) crossectional
view of silicon nanowires fibricated via electroless etching. High resolution TEM
images showing single crystalline nanowires with c¢) [110] and d) [100] growth
directions.'?® Reprinted from Materials Letters 2013, 100, 106-110., with permission
from Elsevier

Figure 21 Silicon nanowires obtained from electroless etching of single crystalline
(100) silicon wafers
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Figure 22 SEM image and corresponding EDS spectrum of particles observed on top
of consolidated and aligned nanowire pellets. The particle is primarily composed of
silver contaminant, a by-product obtained during the electroless etching of silicon
wafers into nanowires
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CHAPTER V
SIMULTANEOUS ALIGNMENT AND CONSOLIDATION OF RIGID NANOWIRES
VIA SHEAR FORCE USING EQUAL CHANNEL ANGULAR EXTRUSION*

Achieving robust and high density pellets (relative density greater than 90%) is
essential to obtaining reliable thermoelectric characterization of the nanowires.™®! In
addition to retain the novel properties of nanowires, after the assembly the pellet fabricated
from the nanowires must retain their morphology. Aligning of nanowires achieved both
the above requirements. In addition, such an assembly provides a highway for electrons
transport while scattering the phonons, which increases the electrical conductivity and
reduces the thermal conductivity.**? Aligning the nanowires in a thermoelectric device
allows us to not only exploit the anisotropic properties of nanowires but also pack them
into high-density pellets (greater than 98%).1%* 134 Abreu et al. reported that the maximum
density achievable by a random packing of nanorods is only 57%.*® In order to achieve a
highly dense arrangement of the faceted nanowires, the nanowires have to be aligned. As
thermoelectrics need high electrical conductivity and low thermal conductivity, aligning
the nanowires will scatter the phonons in the directions perpendicular to the axis of the
nanowire (thereby decreasing the thermal conductivity) while providing a single-

crystalline electron pathway (thereby having a high electrical conductivity).®®

*Reproduced with permission from “Shear Induced Simultaneous Consolidation and
Alignment of Silicon Nanowires into Ingots using Equal Channel Angular Extrusion” V.
Vasiraju et al., 2015, Materials Research Express, 2, 015013 © 2015 by IOP Publishing.
All rights reserved
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Introduction

Nanowires have been envisioned and demonstrated to be the fundamental building
blocks for the fabrication of next-generation electronic and photonic devices.!3¢-143
Materials in nanowire format offer the unique ability to tailor their electrical,*
mechanical,*** electronic'®® and optical’*® properties, unlike their counterparts in bulk
form.® Tailoring the dimensions of materials in nanowire form (i.e., varying the lengths
and diameters of nanowires) not only allows for precisely tuning their electronic and
optical properties, 14”148 but also brings to the fore of hitherto-unknown novel properties
they exhibit.3* 149 150 Utilization of any novel properties observed in nanowire form of
materials requires strategies for assembling them in a bottom-up fashion into devices.'>
Such bottom-up assembly strategies are expected to overcome the technological and
economical limitations posed by traditional lithography and other top-down approaches
for device fabrication.?®2" In fact, a large number of studies explored the use of nanowire
form of materials in electronics'** %8, photonics,'®® optics,!%® and also in other mechanical
devices.®* Superior performances have been reported in nanowire-based energy conversion
devices such as thermoelectricl®?, solar cells,*®* photo-,'®?bio- 1% and chemical-
detectors,*®* for example, a 100-fold increase in thermoelectric performance has been
reported in thin silicon nanowires.1%2 Similarly, efficiencies in nanowire-based solar cells
are consistently reported to be on the rise because of increased optical path, photon
trapping through multiple scattering and decreased reflections.® Single-photon nanowire
based detectors have been reported, which stand as a testimony for the efficiency of

materials in nanowire format.'®® Finally, nanowires have also been employed successfully
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as plasmonic wave guides,*®’ efficient biosensors,'®* bio-chemical sensors, lasers!® 1% and
DSSC’s 170, 171.

A common thread in all the above-mentioned studies is the fact that they mostly
characterize the performances of single nanowires. % 129172173 Reports indicating that the
unique characteristics exhibited by individual nanowires are extendable to bulk devices
composed of multiple nanowires are scarce.!* This is readily supported by the fact that no
bulk/macro devices fabricated from nanowire building blocks are currently commercially
available. Realizing such devices needs huge leaps in the progress on the strategies useful
for the mass production of nanowires, and strategies that allow for their assembly into
various configuration on demand.!’* In a previous report, our group has addressed one of
these issues, we have described a catalyst and template-free method for the mass
production of compound semiconductor nanowires from elemental solid sources.'?” More
specifically, mass production of zinc phosphide (ZnsP2) and zinc antimonide (ZnsShs)
nanowires from zinc foils and phosphorus/antimony powders was reported. In subsequent
reports, we have described assembly of nanowires into high density pellets.!** As
described in these reports, the enhanced flexibility offered by thin nanowires allowed for
the assembly of nanowires in a randomly oriented fashion into highly dense pellets, while
also allowing for the retention of their morphologies.}** High packing fraction of
nanowires is important to avoid inconsistent device performance and ensure long-term
device stability.*® However, gaining any insight into and utilizing the anisotropic
properties of single-crystalline nanowires requires their assembly in an oriented fashion

into highly dense pellets.%’
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Nanowire alignment has been center of many studies!’® and has been achieved by
application of magnetic field,'®1"® electric field,%® 179 fluid flow!8 8 and shear force.™!
Though consistent alignment within £ 20° variation has been achieved using these
methods, nanowire compaction was not accomplished. The aligned nanowires were always
spaced apart and not compacted in these studies. Even though some applications may need
the large inter spacing between nanowires, they require expensive lithography techniques
to address individual nanowires in the aligned assembly before devices could be fabricated
from them. At the core, this goes against the primary advantages of bottom-up assembly
of nanowires into devices, namely cost reduction and high throughput. Mechanical printing
overcomes some of the problems plaguing field flow approaches, but is still limited by
problems in density and alignment ratios.'®% 18 These limitations necessitate the need for
developing strategies that create highly dense assemblies (>90% material density) of
aligned nanowires. In other words, strategies for the simultaneous consolidation and
assembly of nanowires are essential. Contextually, the main goal of this manuscript is the
same, achieving the simultaneous consolidation and assembly of nanowires into bulk
ingots composed of highly dense and aligned nanowires. More specifically, use of equal
channel angular extrusion (ECAE) for the simultaneous consolidation and alignment of
large quantities of silicon nanowire powders is described in detail in this manuscript.

Application of simple shear was chosen for the simultaneous consolidation and
alignment and consolidation of nanowires over tensile and compressive forces due to the
following reasons. Processes based on tensile forces, such as wire drawing, would align

the nanowires. However, they do not allow for the consolidation of the nanowires into
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highly dense compactions.!8* Processes based on compressive forces, such as hot uniaxial
pressing, on the other hand do consolidate nanowire powders into stable and robust
compacts. However, they do not impart any alignment to the nanowires. In sharp contrast,
ECAE could be used to both impart high amounts of texture (i.e. better chance for
nanowire alignment) and also to consolidate the nanowires.8> 186 Briefly, ECAE is a shear
deformation technique for texture development and microstructure refinement.!* In a
typical ECAE process, a well lubricated metal bar (billet) filled with
microcrystalline/nanocrystalline powders is pushed through a rigid metallic die (extrusion)
that has two identical channels whose axis intersect at an angle (90° in this case).'8” Simple
shear occurs at crossing plane intersection as shown in the schematic in Figure 23 and this
shear is responsible for microstructure refinement and texture development.'®® As the
cross-section of the billet before and after processing remains same, the extrusion can be
done any number of times, imparting huge strains on the billet. Each extrusion of the billet
through the metallic die is called a ‘pass’. It is also possible to processes the
microcrystalline/nanocrystalline powders by either rotating the billet relative to the die or
opting to keep the orientation of the die relative to the billet the same between different
passes. Route A processing uses the latter strategy and involves maintaining the orientation
of the billet relative to the die the same between multiple passes. As already mentioned
earlier, shear forces imparted to the nanowires through the copper billets surrounding them
is expected to simultaneously consolidate and align the nanowires, with the alignment
getting better as more and more shear force is applied.’®” Though an extensive amount of

literature is available for consolidation and texture development of nanoparticles using
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ECAE®19 literature discussing use of ECAE to consolidate or align nanowire powders

does not exist.

Punch

Route A

Plana

Schematic of ECAE on a 90°
Driex

Figure 23 A schematic showing the basic working of equal channel angular extrusion

Only a few reports on ECAE of metal matrix carbon nanotubes exist.*%-1%” The aim
of these studies to increase the mechanical strength and hardness of copper-carbon
nanotube composites.'®® No indication was provided regarding the alignment of the carbon
nanotubes in the composites.

Materials and methods

Gram quantities of silicon nanowires necessary for the ECAE experimentation
were obtained using electroless etching of single crystalline silicon wafers as reported
previously.'%%2%! These wafers were rinsed with acetone and cleaned using piranha
solution (a mixture of 1 part Hydrogen peroxide (H20>) and 3 parts sulfuric acid (H2SO4)
solution) for 15 minutes. Following the cleaning, the wafers were treated in 5M

Hydrofluoric acid (HF) for 3 minutes to remove the native silicon oxide layers on the
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wafers. Following this, the wafers were electroless etched with a mixture of 1 part 5 M
Hydrofluoric acid (HF) and 1 part 0.04 M silver nitrate (AgNO3) solution 30 minutes at
50°C for forming silicon nanowires on their surfaces. Subsequently, the electroless etched
wafers containing the nanowires were treated with 1:1 ratio by volume of nitric acid
(HNOs3, 70% wi/w) and hydrochloric acid (30% w/w), for one hour to remove any excess
metallic silver. The nanowires were then scraped off the wafers using a blade and collected
as powders. The silicon nanowires obtained using this procedure typically had diameters
in the 20-100 nm range and lengths of 10 pum.

For the ECAE experimentation, a 1 inch x 1 inch x 6 inch copper 101 stock
(obtained from McMaster Carr, Inc.) was used as the billet. Copper was specifically chosen
as the billet material not only because of its excellent room temperature ductility?®? and
good machinability but also because of its abundance and wide availability. It is
worthwhile to add here that other metals could also be used as billet, in addition to
copper.'® Two holes 1/8" inch diameter and 3 inches deep were drilled into the copper
billet as depicted in Figure 24(b). 0.2 grams of silicon nanowires were filled into each of
these holes, followed by covering them using copper wire of the same diameter as the hole.
Any excess copper wire was then cut flush to the top surface of the billet. The top of the
wire was then welded to the billet using metal inert gas (MIG) welding, using argon as the
inert gas. This welding ensured that the structure remained stable during the extrusion.
This nanowire filled copper billet was extruded at a rate of 0.01 inches/second at room
temperature, which required a maximum pressure of 690 MPa. The extrusion was

performed using four passes in route A. A pictorial representation of the state of the billet
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and the nanowires within it as the extrusion proceeds is presented in Figure 24(c). The
rectangular cross-section of the element containing the nanowires is distorted into a
parallelogram due to the shear forces as the billet is extruded. However, the billet
containing the nanowires retains its original square cross section.?® This is because the
inlet and outlet channels of the die are of the same cross-section (rectangular). After the
processing the billet was cut open using a slow rotating diamond saw and the copper
surrounding the consolidated nanowires was etched in concentrated HNO3 to expose the
oriented and consolidated silicon nanowire pellets. Both the as-obtained nanowires and the
consolidated silicon nanowires were characterized using electron microscopy (SEM),
Energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD). Densities of the

consolidated nanowire pellets were determined using Archimedes principle.
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Figure 24 Schematic representing (a) ECAE experimental setup, (b) billet used for
the ECAE experimentation, and (c) steps involved in Route A processing of
nanowires.

Results and discussion

Optical micrographs of a copper billet during various stages of ECAE are depicted
in Figure 25. In addition, micrographs of the silicon nanowire powder, copper billet and
copper wires used as initial raw materials for processing the nanowires, along with those
of a consolidated silicon nanowire pellet are also depicted in Figure 25. As is clearly
evident from Figure 25, the processing of silicon nanowires powders using ECAE resulted
in the formation of robust and free-standing nanowire pellets. Measurements of the
consolidated nanowire pellets indicated that on an average they exhibit densities of 2.12

g/cm?. This is approximately 90% of the theoretical density of silicon (density of silicon
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is 2.32 g/cm?®). This indicates that ECAE consolidated the nanowires powders into pellets
of fairly high packing densities. This result also serves as indirect evidence of the
alignment of the nanowires within the pellets, as randomly oriented nanowires cannot be
pressed into such highly dense pellets. Scanning electron micrographs of a silicon
nanowire pellet are presented in Figure 26 (b) and (c). For comparison, an SEM

micrograph of as-obtained silicon nanowires is presented in Figure 26(a).
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Figure 25 Optical micrographs representing all the steps involved in the simultaneous
consolidation and alignment of nanowires using ECAE. (a) Raw materials used for
consolidating and aligning nanowires, including copper billet, silicon nanowire
powders and copper rods, (b) billet containing the copper nanowires before ECAE,
(c) copper billets after ECAE processing, and (d) silicon pellet obtained by the ECAE.
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The analysis of the pellets confirmed the dense packing and consolidation of the
nanowires Figure 26(b & c)). In addition, some regions of the pellets indicated alignment
of the nanowires in the shear direction Figure 26(b & c)). The nanowire alignment
observed is not believed to be an artifact, as the nitric acid etching procedure employed for
removing copper surrounding the consolidated and aligned nanowire pellet is not expected
to react or otherwise disturb the configuration of the silicon nanowires in the pellets. The
angular mismatch between the shear direction and the direction of alignment of the
nanowires is observed to lower than 5°. Such orientation of the nanowires was across the
sample at multiple locations. The SEM analysis indicated no major loss of the nanowire
morphology (breaking of the nanowires into nanoparticles was observed to be minimal, if
any). The bright particles seen on the surfaces in the Figure 26(b & c) are believed to silver
contaminant generated during the electroless etching of silicon nanowires to produce
nanowires. EDS analysis of the pellets confirmed this conclusion (Figure 28). In such
highly dense nanowire pellets, it is entirely possible that the consolidation process obscures
the grain boundaries between the nanowires. In such a scenario, it is essential to delineate
the grain boundaries to precisely determine the orientation of the nanowires relative to
each other. Typical scanning electron microscopes do not have the resolution necessary to
delineate the grain boundaries between the nanowires. To obtain this information,
destructive analysis of the nanowires was performed. For this purpose, partial etching of
the grain boundary between the nanowires in the pellets, followed by scanning electron
microscopy was performed. As the grain boundaries between the nanowires in the pellets

are primarily composed of silicon oxide, well-known silicon oxide etching procedure
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involving the use of HF acid aqueous solution was employed. Partial etching of the grain
boundaries using mild HF solution, as expected, revealed the boundaries between the
nanowires in pellets and clearly confirmed the alignment of the nanowires (Figure 26 (d)).
However, prolonged etching of the grain boundaries using concentrated HF solution led to
the complete disintegration of the pellets into powders. The disintegration of the pellets
clearly indicated that no sintering /welding of the nanowires occurring during the ECAE.
It is believed that the mechanical stability of the nanowire pellets is owed to the

interlocking of their rough surfaces during ECAE, as explained below.
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Figure 26 Scanning electron micrographs of (a) as-obtained nanowires, (b) and (c)
as-obtained aligned and consolidated nanowires obtained by ECAE, and (d) aligned
and consolidated silicon nanowires after grain boundary etching. Images shown in
(b) and (c) are obtained from consolidated and silicon nanowire pellets.

Typically, consolidation of anisotropic crystals (e.g., nanowires) into highly dense
pellets, while also ensuring that their morphologies are retained within the pellets, is only
possible under two different scenarios. In the first scenario, mechanical flexibility of the
nanowires is a requirement. In a previous study, we have demonstrated that enhanced
flexibility afforded by ultrathin ZnsP2 nanowires allows for their consolidation into highly
dense pellets. In this case, the intertwining of the nanowires makes the resulting pellets
robust. In cases where the nanowires are brittle, simple hot pressing of randomly oriented
nanowires does not result in highly dense pellets. High density is only possible if the

nanowires break along their lengths into nanoparticles. This defeats the primary purpose

of synthesizing materials in nanowire form for studying their anisotropic properties. The
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silicon nanowires employed in the current study are brittle in nature. This is because the
nanowires made by electroless etching, although thin, are not expected to be defect-free.2%
In such cases, consolidating them without destroying their wire morphology requires
aligning them. In fact, faceted nanowires when consolidated in an aligned fashion could
be theoretically packed into 100% dense pellets. ECAE allowed us to accomplish this task.
The mechanical robustness of the nanowire pellets in this case is believed to be due to the
interlocking of the rough surfaces of the silicon nanowires obtained by electroless etching
(Figure 27).1%2 This is clearly supported by the etching experiments. When the rough grain
boundaries of the nanowires are etched using HF/water mixtures, the silicon oxide at the
grain boundaries is removed and this further leads to the loss of the interlocking
mechanism. Consequently, the pellets disintegrate into powders. As all the processing was
done at room temperature, no sintering or grain growth is expected during ECAE, unlike
that occurs during the consolidation of materials using traditional powder consolidation
techniques. As mentioned above, the disintegration of the nanowires on prolonged etching
in concentrated HF etching clearly confirmed that the sintering of nanowires did not occur
during consolidation. It is entirely possible that in some cases the same surface roughness
of the nanowires also prevents the alignment of the nanowires. The average surface
roughnesses, if large, will prevent the sliding of the nanowires relative to each other on
application of shear stress and prevent the alignment of the nanowires during the initial
stages of consolidation. This essentially makes the nanowires consolidate in a random
fashion without any alignment (Figure 26(b)). Further experimentation is necessary to

precisely determine the processing conditions (number of passes, ECAE route etc.) and
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the characteristics of the nanowires (surface roughness, length etc.) necessary for
consolidating and aligning nanowires all across the pellets. Nevertheless, these results
indicate that it is possible to simultaneously consolidate and align nanowires using ECAE.
ECAE strategy for simultaneously consolidating and aligning nanowires, coupled with the
strategy we recently developed for welding nanowires,?® is expected to lead to aligned
and welded nanowire ingots highly useful in the fabrication of energy conversion devices,

such as thermoelectrics.

Silicon oxide
Nanowire sheathe
/

__________

Interlocks between
aligned nanowires

Figure 27 A schematic representing the mechanism proposed to explain the
mechanical robustness of the consolidated and aligned nanowire pellets. The
interlocking of the rough surfaces of the electroless etched nanowires is believed to
be responsible for the robustness of the pellets
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sum ' Electron Image 1

Spectrum 1

Figure 28 SEM image and corresponding EDS spectrum of particles observed on top
of consolidated and aligned nanowire pellets. The particle is primarily composed of
silver contaminant, a by-product obtained during the electroless etching of silicon
wafers into nanowires
Conclusions

In conclusion, the possibility of simultaneously aligning and consolidating
mechanically rigid nanowire powders for obtaining highly dense ingots (or pellets) of

aligned nanowires was studied. ECAE of silicon nanowires obtained by electroless etching

was employed for this purpose. The results indicated that ECAE could be employed for
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consolidating nanowires into highly dense and robust nanowire pellets, without destroying
their morphologies. As this is a room temperature process, no major changes to the
dimension of the nanowires were observed. This is unlike traditional hot pressing
techniques where consolidation of powders leads to grain growth via sintering and the
alteration of the dimensions of the particles composing the powders. In addition to
consolidation, nanowire alignment was also observed in a few regions of the pellets. Based
on the results, it was postulated that the interlocking of the rough surfaces of the nanowires
is responsible for their mechanical robustness. Optimization of the processing conditions
further is expected to lead to the complete alignment of the nanowires within the pellets.
Such large-scale assemblies of aligned and consolidated nanowires directly in the solid
state and without the use of any solvents or fluids are highly useful for utilization the
anisotropic properties of nanowires and the fabrication of energy conversion devices, such

as thermoelectrics.
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CHAPTER VI
STABILITY ENHANCEMENT OF ZINC PHOSPHIDE, ZINC OXIDE AND
MAGNESIUM SILICIDE NANOWIRES VIA NONCONFORMAL BORON NITRIDE
DECORATION*
Introduction

Instability of inorganic compound semiconductors, especially nanomaterials, is a
subject that has received very little attention, especially when compared to the volume of
research that has been/being performed on nanomaterials synthesis, nanomaterial
characterization and energy conversion device fabrication from these materials.?°6-?1* The
need for addressing instabilities of compound semiconductor nanomaterials and devising
strategies for overcoming such instabilities is illustrated below using three material
systems as examples, zinc phosphide (ZnsP2), zinc oxide (ZnO) and magnesium silicide
(Mg2Si) nanowires.

Zn3P», an inorganic compound semiconductor, is predicted to be highly useful in
the bulk fabrication of photovoltaics (PVs).21*2!° It is not only composed of earth abundant
elements, Zn and P,? but also has an ideal bandgap (Eg) of 1.5 eV 26 useful for obtaining
highest possible efficiencies in single-junction PVs. It also has other characteristics ideal
for the fabrication of PVs, including high electron diffusion lengths of ~10 pum reported in
p-type ZnsP2, and a high absorption coefficient >10* cm™. 217219 However, the instability

of ZnsP prevents its widespread use in PV fabrication.??°.

*Reproduced by permission from “Non-conformal Decoration of Semiconductor
Nanowire Surfaces with Boron Nitride (BN) Molecules for Stability Enhancement:
Degradation-resistant ZnsP2, ZnO and Mg.Si Nanowires” Vasiraju, V. R. K, et al., 2014
Physical Chemistry Chemical Physics, 16, 16150 © 2014 by PCCP Owner Societies
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It is unstable not only in ambient air at room temperature, but also in vacuum at
slightly elevated temperatures of 150-200 °C. When exposed to air, ZnsP> reacts with both
oxygen and moisture to form Zn(OH); or Zns(POa4)2.12® Processing ZnsP2 under vacuum
for the fabrication of PVs (e.g., metal cathode deposition) also renders it unstable. It leads
to loss of phosphorus from the ZnsP, surfaces.??! This inevitably leads to the formation of
Zn-Zn3P> interfaces dominating the electrical properties of the interfaces, irrespective of
the type of metal deposited on their surfaces.??? The loss of phosphorus is believed to occur
due to the rearrangement of the surfaces, followed by the subsequent formation and
sublimation of phosphorus in the form of P4 molecules. In addition to oxygen and moisture
from air, ZnsP> also reacts with mild aqueous acid solutions. It reacts with mild HCI
solution and forms ZnCl,, along with the evolution of PH3 gas. As rain water is acidic in
nature (pH of rain water is typically in the 5.5-6 range), this corrosion of ZnsP renders
any photovoltaic modules fabricated from it unsuitable for rooftop installation and long-
term use. Similar instabilities are also observed and reported in other compound
semiconductors, including metal arsenides,??® antimonides 22* and oxides.??®

ZnO, similar to ZnsP», is also a well-known semiconductor with an Eq of 3.4 eV.?%
It has been reported that ZnO nanowires are useful in the fabrication of light emitting
diodes (LEDs)??’, waveguides 228 and lasers,??° dye-sensitized solar cells (DSSCs) #° and
biosensors.?! Similar to ZnsP,, ZnO nanomaterial degrades (dissolves) in both acidic
solutions of pH in the 4.5-5.0 range, basic solutions of ammonia and NaOH, and even in
horse blood serum,?2 rendering it unsuitable for the fabrication of stable energy

conversion devices.
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Finally, Mg>Si is a compound semiconductor highly useful in the fabrication of
thermoelectrics modules. Similar to ZnzP, and ZnO, Mg>Si reacts with both water and mild
acid solutions rendering it unsuitable for use in terrestrial thermoelectric device
fabrication. To illustrate the instability of Mg>Si, its reaction with water and aqueous HCI
solution are presented below.?3 234

Mg,Si+4H,0 > 2Mg(OH)2+SiH4
Mg2Si+4HCI->2MgCl+SiH4

In the past, passivation of surfaces with organic molecules has been pioneered to
enhance the stabilities of inorganic semiconductor surfaces.?** 2%¢ Both straight chain and
conjugated molecules with various head groups have been employed for passivating
semiconductor surfaces as reported in the literature.?*” These molecules act as barriers and
prevent the diffusion of either oxygen or moisture to the semiconductor surfaces, thereby
imparting them enhanced resistance against air- and moisture-assisted degradation.2%: 238
Although this strategy offers stability to semiconductors at low temperatures, it does not
do so at high temperatures.?® In addition, these organic molecules alter the interfacial
properties of nanomaterials, especially when a multitude of these nanomaterials are
assembled into devices. It is worthwhile to mention here that presence of molecules at the
interfaces between assembled nanomaterials is not always a handicap. In fact, the presence
of molecules has been employed to tune thermal and electrical transport through materials.
Nevertheless the low stabilities of these organic molecules at high temperatures,
necessitates the development of an alternate strategy for imparting stabilities to

nanomaterials.
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Therefore, the primary question that needs to be answered is whether a strategy
could be developed to enhance the stabilities of compound semiconductors at both room
temperature and moderately elevated temperatures. Of particular importance in the
development of such strategies is ensuring that the stabilization process does not
degrade/majorly alter either their electrical or electronic properties. The aim of this paper
is to accomplish the same, namely the development of a strategy for making compound
semiconductor nanowires stable both at room temperature and at moderately high
temperatures. More specifically, surface decoration of ZnsP,, ZnO and Mg.Si nanowires
with small and highly stable inorganic boron nitride (BN) molecules is presented as a
strategy for imparting them stabilities against water- and acid-assisted degradation. By the
end, it will be demonstrated that BN molecule decoration of nanowire surfaces imparts
them enhanced stabilities not only against moisture-assisted degradation, but also to acid-
assisted degradation. It will also be demonstrated that such surface decoration does not
adversely impact their electrical and electronic properties (e.g., the electrical conductivities
and the Eg of nanowires). Such inorganic molecule decoration of semiconductor nanowire
surfaces for making them corrosion resistant has never been reported in the literature. Only
a lone report in the literature discussed the doping of semiconductors with salt molecules
for enhancing their electrical conductivity.?*® That report did not mention whether salt
doping of semiconductors made them resistant to degradation.

Experimental methods

Zn3P2 and ZnO nanowires necessary for this study have been synthesized using

direct reaction schemes. This procedure was described in detail previously.'?® Direct
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reaction of zinc foils with either phosphorus or oxygen, respectively, was employed for
the synthesis of ZnsP2 and ZnO nanowires. These nanowire synthesis experiments were
performed in a hot-walled chemical vapor deposition (HWCVD) chamber, and in the
presence of hydrogen. The zinc foils served as both the source of zinc and the substrate in
these experiments. Following the synthesis, nanowires were brushed off the foils and
collected as powders. The same HWCVD setup was slightly modified for obtaining BN
molecule decorated ZnsP2 and ZnO nanowire powders. Experiments for obtaining BN
molecule decorated nanowires involved an additional step of exposing the nanowires to a
vapor of pre-decomposed B-tribromoborazine molecules immediately after the formation
of nanowires, and before their removal from the vacuum chamber.?® The supply of B-
tribromoborazine molecules into the CVD chamber was accomplished by heating a
stainless-steel bubbler containing the source powder to a temperature of 300 °C. The B-
tribromoborazine vapor is then passed through a decomposition zone maintained at a
temperature of 600 °C,%*! before it reacted with the nanowires. In order to prevent the
complete conformal coating of the nanowires with either a monolayer or multilayers of
BN, only minute amounts of B-tribromoborazine, ~30-40 mg, were employed per
experimental run. The amount of B-triboromborazine employed in each experimental run
was always lower than that theoretically required to form one monolayer of BN conformal
coating on top of all the nanowire synthesized in that run. The nanowires obtained were
characterized for morphology, phase, crystal structure and chemical composition using
scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron

microscopy (TEM), and Fourier Transform Infrared Spectroscopy (FTIR). To understand
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the stabilities of BN molecule decorated nanowires, they were dropped in either deionized
(DI) water or concentrated HCI solution (pH=3) for an hour, followed by decanting the
mixtures to collect the nanowires and analyzing the so-obtained nanowires using electron
microscopy and diffractometry. For comparison, as-obtained (or pristine) nanowires were
also dropped into DI water and concentrated HCI solution, and the resulting residues were
studied using microscopy and diffractometry. 4-point probe measurements of nanowires
cast into thin mats by drop casting nanowire dispersions were employed for the
measurement of their electrical conductivities. UV-Vis spectroscopy was employed to
determine the Eq of the both the BN decorated and as-obtained nanowires,226: 242243

While the characterization of Mg>Si nanowires was also performed using the
methods mentioned above, their synthesis was performed using an alternate procedure.
Mg2Si nanowires both pristine and BN decorated were obtained by solid-state phase
transformation of pre-synthesized silicon nanowires produced by electroless etching. This
experimental procedure employed for obtaining Mg>Si nanowires was described in detail
in previously.*® 12° For obtaining pristine Mg,Si nanowires, phase transformation of as-
obtained silicon nanowires was performed. BN decorated silicon nanowires (obtaining by
exposing silicon nanowires to a vapor of decomposed B-tribromoborazine) were employed
for obtaining BN decorated Mg>Si nanowires.

Results and discussion

The stability of the non-conformally decorated ZnzP, nanowires, ZnO and Mg.Si
nanowires, these nanowires were dipped in deionized water and 3pH acid solutions.

Scanning electron micrographs of pristine and BN molecule surface decorated ZnsP»
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nanowires are presented in Figure 29, respectively. As observed in the micrographs, the
surface decoration of the nanowires, by itself, did not majorly alter either their
morphologies or their dimensions. The diameters of both the pristine and BN decorated
nanowires were observed to be approximately the same, in the range of 40-60 nm. A
comparison of the XRD patterns of pristine and BN decorated nanowires (Figure 29c)
indicated that they are both composed of only a-ZnsP2 phase. No traces of any crystalline
BN phase was observed in the BN molecule decorated ZnzP, nanowires. From the
microscopy and the diffractometry analyses, it can be concluded that the BN decoration
process did not result in the formation of thick, conformal BN coatings on top of the
nanowires, as such thick BN coating of the nanowires would have significantly increased
the diameter of the nanowires and indicated its presence in the XRD pattern. High-
resolution TEM (HRTEM) and selected area electron diffraction (SAED) analysis of the
pristine (Figure 29d) and BN decorated nanowires (Figure 29e) confirmed the conclusions
drawn from the SEM and XRD analyses and indicated that they are primarily composed
of a-ZnsP> phase (Figure 29 (d & e), and that exposure of the nanowires to decomposed
B-tribromoborazine did not lead to their conformal coating with BN (Figure 29 e).
Furthermore, no formation of any nanoscale BN domains (or crystals) on top of the ZnsP>
nanowire surfaces was observed in the HRTEM analysis of BN decorated nanowires.
Comparison of the HRTEM images of pristine and BN decorated nanowires (Figure 29 d
and e, respectively) clearly indicated that their surfaces are different. Formation of
amorphous Zn3(POs)2 sheathes, expected on top of pristine ZnsP> nanowires and observed

in a previous study by our group, was clearly reiterated in Figure 29d. In sharp contrast,
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the surfaces of BN decorated ZnsP> nanowires did not indicate the presence of any
Zn3(PO4)2 sheathes (Figure 29e). This result gave a preliminary indication that BN
decoration of ZnsP> nanowires prevented the reaction of their surfaces with air and the
formation of amorphous Zn3(POa4)2 sheathes. Energy dispersive spectroscopy (EDS) of the
samples was also performed to detect the presence of BN on top of the nanowires (not
shown). The analysis indicated the presence of no BN, clearly demonstrating that the
conformal coating of the nanowires with thick layers of either amorphous or crystalline

BN did not occur.
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Figure 29 Scanning electron micrographs of (a) pristine ZnsP2 nanowires and (b) BN
decorated ZnsP2 nanowires. No changes to the morphologies or the dimensions of the
nanowires were observed after they were decorated with BN. (¢) XRD spectra of both
pristine and BN decorated ZnsP2 nanowires. In both the cases, the nanowires
exhibited the a-ZnsP2 phase. Peaks corresponding to zinc foil substrate employed for
the synthesis of nanowires are indicated with a * in the figure. Transmission electron
micrographs and the corresponding SAED patterns of (d) a pristine and (e) a BN
decorated ZnsP2 nanowire. TEM analysis also indicated that the nanowires exhibited
[101] growth direction.
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To further probe the effect of BN surface decoration on the stability of ZnszP
nanowires they were exposed to water and concentrated HCI solution. Scanning electron
micrographs of BN molecule decorated ZnzP, nanowires after they were treated with
deionized (DI) water and concentrated HCI solution of pH 3 for one hour are respectively
presented in Figure 30 (a & b). In sharp contrast, pristine ZnsP> nanowires indicated a
complete degradation of the nanowire morphology after treatment with either DI water or
HCI solution of pH 3 for an hour (Figure 30 ¢ & d). The XRD spectra of the nanowires
after DI water and acid treatments are presented in Figure 30e. These analyses clearly
indicated that the morphology and the phase the BN decorated ZnsP> nanowires remained
unaltered after either DI water of acid solution treatment. HRTEM analysis of a BN
decorated nanowire after it is treated with HCI solution of pH 3 for one hour is depicted in
Figure 30f. The analysis indicated that the nanowire remained single-crystalline and

retained its a-ZnsP2 phase.
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Figure 30 Scanning electron micrographs of BN decorated ZnsP2 nanowires (a) after
they were treated in DI water and (b) HCI solution of pH 3. The nanowires retained
their morphologies in both the cases. (¢) and (d) SEM of pristine ZnsP2 nanowires
after treatment with DI water and pH 3 HCI solution. Complete degradation of the
pristine ZnsP2 nanowires was observed in both the cases. (¢) XRD spectra of BN
decorated ZnsP2 nanowires after they are treated with DI water and pH 3 HCI
solution. Peaks corresponding to zinc foil substrate employed for the synthesis of
nanowires are indicated with a * in the figure. (f) TEM micrograph of a BN decorated
Zn3P2 nanowire after it was treated in pH 3 HCI solution.
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To determine the presence of any minute quantities of BN on top of the ZnsP-
nanowires (that is below the detection limits of the TEM EDS detector), FTIR
spectroscopic analysis of the BN decorated ZnsP> nanowires was performed (Figure 31).
For comparison, FTIR spectroscopy of pure B-tribromoborazine powders heated to a
temperature of 600 °C was also performed and presented in Figure 31. The analysis clearly
indicated the presence of BN in decorated ZnsP, nanowires. Peaks at 744 and 919 cm™
indicative of B-N-B bonds and B-N bonds are clearly observed in the spectra. In addition,
peaks of cubic BN phase in the 1050-1065 cm™ and the 1310-1340 cm™ regions, and at
1078 cm™ are clearly observed in the spectrum. Also, peak at 1019 cm™ and 1400 cm
corresponding to explosive BN phase are also observed in the spectrum. Finally, peaks at

962 cm! corresponding to the wurtzitic phase of BN are also observed in the spectra.
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Figure 31 FTIR spectrum of BN decorated ZnsP2 nanowires indicating the presence
of BN. For comparison, FTIR spectrum of decomposed B-tribromoborazine source
is also included.

Overall, the analysis indicated that exposure of ZnsP2 nanowires to decomposed B-
tribromoborazine results in the formation of non-conformal, ultra-thin BN coating on the
surfaces. It is postulated that these non-conformal, ultra-thin BN coating is composed of
multiple BN nanocluster islands or BN individual molecules. These nanoclusters or
molecules are physically embedded on the surfaces/sub-surfaces of the nanowires (Figure
32), and not chemically bonded to the surfaces. When BN decorated nanowires are
exposed to DI water or aqueous acid solutions, these BN clusters or molecules prevent the
wetting of the nanowires by water or acid solution in their vicinity, and thereby prevent
their degradation. Fairly large amount of literature supports the fact that BN coatings and
films prevent wetting by many molten metal melts, non-metallic melts and aqueous

solutions. Unlike conformal coating of nanowires with polymers and ceramics that result
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in the complete loss of interfacial electrical conductivity and the formation of electrically-
insulating interfaces, this strategy is not expected to lead to the complete loss of interfacial

electrical conductivity.

Surface
doped Zn;P,
nanowire

|
A

Figure 32 The proposed structure of BN decorated ZnsP2 nanowires. Exposure of
Zn3P2 nanowires to a vapor of decomposed B-tribromoborazine is expected to lead to
BN molecule getting embedded within the surfaces/sub-surfaces of the nanowires and
the formation of BN decorated Zn3P2 nanowires

To ensure that the decoration of ZnsP> with BN molecules did not alter the
electronic and electrical properties of the nanowires UV-Vis spectroscopy and 4-point
probe measurements have been performed. Tauc plots, generated from the variation
absorbance (¢) with frequency (v), of BN decorated ZnsP> nanowires along with that
obtained from pristine ZnsP2 nanowires, are presented in Figure 33. The Tauc plot clearly
indicated that both BN decorated and pristine ZnsP2> nanowires have the same light

absorption characteristics and that the Eq of both the as-obtained ZnsP> nanowires and BN

decorated ZnzP2 nanowires is 1.55 eV. This Eg values is close to that expected of ZnsP.
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The electrical conductivity of pristine ZnsP, nanowire mats was observed to be 2.4
milliQ*m™. This value was very close to that observed in highly dense ZnsP2 nanowire
pellets obtained by our group in a previous study.'* The electrical conductivity of BN
decorated ZnsP, nanowire mats was observed to be lower, approximately 0.155 milliQ*m"
L This result confirms the previous conclusion that ZnsP, nanowires are not conformally
coated with BN layers. Had the nanowires been coated conformally with electrically-
insulating BN layers, they would not have exhibited any measurable electrical
conductivity, a fact support by multiple previous studies.?** BN is an insulating material
with a band gap of 6 eV and is used in the fabrication of ultrathin insulators and as gate
dielectric material. Studies on electrical properties of monolayers and multi layers of boron
nitride sheets have reported a large electric potential, on the order of 10° V/cm, is required
for the BN layers to show measurable current. The required break down voltage is 5 orders
of magnitude higher than the voltages employed in our measurements (a maximum electric
potential of 5V/cm was employed in our measurements), clearly underlying that the

conformal coating of the nanowires with BN did not occur in our experiments.
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Figure 33 A Tauc plot of both pristine ZnsP2 nanowires and BN decorated ZnsP2
nanowires. The plot indicted no change in the Eg of ZnsP2 nanowires on decoration
with BN molecules. The Eg of both pristine and BN decorated ZnsP2 nanowires
remained 1.55 eV.
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Figure 34 (a) (a) Scanning electron micrographs of (a) as-obtained ZnO nanowires,
(b) as-obtained ZnO nanowires after treatment with pH 3 HCI solution, (c) BN
decorated ZnO nanowires, and (d) BN decorated ZnO nanowires after pH 3 HCI
solution treatment. From the micrographs, it is clear, beyond doubt, that BN
decoration of ZnO nanowires imparted them stability against acid-assisted
degradation. (e) Tauc plot of both pristine and BN decorated ZnO nanowires. The
plot indicated that the decoration process did not majorly alter the Eg of ZnO
nanowires.

To further confirm the universal applicability of this procedure for stabilizing
nanowires of compound semiconductors, study of the stabilities of BN decorated ZnO and

BN decorated Mg.Si nanowires was also performed. The results of these experiments were

along expected lines and indicated that BN decoration of ZnO nanowires imparted them
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stability against acid degradation, without altering their Eg (). Scanning electron
micrographs of pristine ZnO nanowires and BN decorated ZnO nanowires before and after
treatment in HCI solution of pH 3 are presented in Figure 34(a) to (d). As is clearly evident
from the figures, BN decoration aided in preserving the morphologies of ZnO nanowires,
even when they are exposed to strong acids. It is essential to mention here that ZnO
nanowires are known to dissolve in acidic solutions. Tauc plots obtained from UV-Vis
spectroscopic measurements of both pristine ZnO nanowires and BN decorated ZnO
nanowires also indicated no variation in the Eg of ZnO nanowires, even after BN
decoration (Figure 34e).

Finally, non-conformal decoration of Mg>Si nanowires with BN also reiterated that
this procedure imparts stabilities to the nanowires against acid-assisted degradation
(Figure 35). As is clearly depicted in Figure 35, BN non-conformal decoration of Mg>Si
nanowires imparted them enhanced stabilities against acid-assisted degradation. Both the
composition and the morphology of the Mg.Si nanowire remained unaltered after their
treatment with pH 4.5 HCI acid solution (Figure 35). In sharp contrast, bare Mg.Si
nanowires were completely etched by the pH 4.5 HCI acid solution employed in these
studies. As the synthesis of these nanowires involved the solid-state diffusion of
magnesium into BN decorated silicon nanowires, these final set of experiments also
confirm that the decoration procedure did not conformally coat the nanowires. If the
nanowires had been coated with either a complete monolayer or multilayers of BN, then
magnesium would not have diffused into the nanowires and this would have prevented the

formation of Mg>Si nanowires.
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Figure 35 Scanning electron micrographs of (a) as-obtained Mg2Si nanowires, (b) as-
obtained Mg2Si nanowires after acid treatment, (¢) BN surface decorated Mg:Si
nanowires, and (d) BN surface decorated Mg2Si nanowires after acid treatment. It is
very clear from the figure (b) and (d) that BN surface decoration imparted resistance
against acid-assisted degradation to Mg2Si nanowires. (e) Raman spectra of the
nanowires indicating that the nanowires are indeed composed of Mg2Si and that they
retained the same composition after BN decoration and acid treatment.
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Conclusions

To summarize, a novel strategy for stabilizing the surfaces of compound
semiconductors is presented. This strategy primarily involved the use of the non-conformal
decoration of the surfaces of compound semiconductor nanowires with small inorganic
molecules of BN, experimentally accomplished by exposing ZnsP2 and ZnO nanowires to
a vapor of decomposed B-tribromoborazine in-situ in a chemical vapor deposition (CVD)
chamber immediately after their synthesis. By controlling the amount of B-
tribromoborazine employed for this purpose, conformal BN coating of the nanowires is
prevented. For the synthesis Mg.Si nanowires non-conformally decorated with BN
molecules, a slightly alternate procedure was employed. Here, BN surface decorated
silicon nanowires were phase transformed into BN surface decorated Mg.Si nanowires. It
is hypothesized that the decoration process is expected to embed BN molecules within the
surfaces/sub-surfaces of the nanowires. These molecules are expected to prevent the
wetting of the surfaces by either water or aqueous acidic solutions and hence prevent their
degradation. The decoration process did not majorly alter the electronic properties of the
nanowires. UV-Vis measurements of the nanowires before and after BN decoration clearly
indicated no change in the Eq of Zn3P, and ZnO nanowires. 4-point probe electrical
conductivity measurements of the nanowires indicated that the stabilization procedure
allowed for retaining the electrical conductivity between nanowires when assembled, and
confirmed earlier conclusion that this procedure employed did not result in nanowires
conformally coated with BN layers. This novel method of stabilizing nanowires, along

with our recent reports on the strategies for the large-scale synthesis and assembly of
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nanowires, is expected to be of huge importance in the energy conversion device
fabrication field as the instability of compound semiconductors nanowires is a major

deterrent in their widespread use in the fabrication of the above-mentioned devices.
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CHAPTER VII
THERMAL ENGINEERING IN NANOWIRE AND MICRON PARTICLE
ASSEMBLIES VIA NONCONFORMAL BN DECORATION

Introduction

Enhancing thermal dissipation through materials (via increased thermal
conductivities) has been a key hurdle in realizing performance-intensive electronic
devices, such as microprocessors 2424 and graphic cards.?*?! On the other hand,
insufficient reduction in the thermal conductivities of materials without any associated loss
in electrical transport through them has been a major deterrent in achieving highly efficient
thermoelectric devices.?®>2* Therefore a multitude of both theoretical and experimental
research efforts have focused on both increasing the thermal conductivities of materials
for better thermal dissipation,?®>2%" and reducing the thermal conductivities of materials
for increased thermoelectric efficiencies.®® 2°° These efforts include modifying defects in
materials, strain engineering,®2%2 nanostructuring of materials, and fabricating
composites from two or more materials.?%3>%® Amongst these, engineering thermal
engineering of materials by mixing/hybridizing them with materials that are good thermal
conductors for fabricating composites that have enhanced thermal conductivities has
received tremendous attention. In addition, nanostructuring of materials for reducing their
thermal conductivities has received a lot of attention in the field of thermoelectrics
research.33 80.267. 268 \wjjth regards to thermoelectrics, the ability to selectively reduce lattice
thermal conductivities (xi) through phonon confinement and phonon scattering (and hence

overall thermal conductivities) of materials through nanostructuring has been found to be
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an indispensable tool in the fabrication of highly efficient thermoelectrics.? 270 In a series
of publications, our group has also exploited this concept for designing thermoelectrics
from bulk assemblies of ZnsP, and ZnO nanowires.?3% 271272 |n sharp contrast, the same
nanostructuring approach was employed for increasing thermal conductivities of materials
in the composites literature.

First and foremost, that exhibit enhanced thermal conductivities (compared to those
observed in the standalone polymer matrices).2”® Use of BN in nanostructured form has
not only allowed for uniformly mixing BN and polymers or other matrices in these
cases,?’* but also in enhancing the thermal conductivities of the resulting composites.?”®
215217 Therefore, nanostructuring was not observed to majorly lower the thermal
conductivity of BN and stands in contrast to the observed lowering in the thermal
conductivities of semiconductors on nanostructuring. In fact, nanomorphologies of boron
nitride (BN), i.e., nanosheets, nanotubes and nanoparticles, have been increasingly
researched upon for their excellent thermal conductivities.?’® 2° Nanomaterials of BN are
not only inert, but also electrically insulating counterparts to carbon nanotubes (CNT’s)
and graphene.?®% 281 BN nanotubes have theoretically been predicted to have higher
thermal conductivities than those of CNTs (3000 Wm™K1),282 28 \which are orders of
magnitude higher than those of bulk BN (thermal conductivity of bulk h-BN is 400 Wm~
1K1 at room temperature).?* It is worth noting that the lattice thermal conductivity of
single layer of hexagonal BN was predicted to be more than 600 WmK at room
temperature.?®> Overall, reports in the literature indicate that BN is thermally conductive

not only in the bulk form, but also in nanostructured form. However the highest thermal
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conductivity experimentally measured for multilayered (11-12 atomic layers) h-BN was
reported to be 360 WmK™,

Secondly, a review of the literature also shows that inorganic-organic hybrids,
unlike composites, exhibit novel properties that do not proportionally increase or decrease
with compositional variations. For example, thermoelectric power factors of PEDOT:PSS-
tellurium nanowire hybrids were found to be completely different and higher than those of
the individual components.?® In this case, the electrical conductivities of the hybrids were
found be far higher than those of the two individual components.?8” However, no reports
in the literature discuss that thermal conductivities of hybrids are lower than those of the
components, especially in cases where BN nanostructures are one of the components.

In this context, it is important to determine whether conditions exist where mixing
BN with a thermal insulator leads to the formation of hybrids (not composites) that exhibit
thermal conductivities lower than those of both the components. In other words, it is
important to know if addition of nanoclusters of BN to materials leads to enhanced phonon
scattering at the boundaries and overall lowering of the thermal conductivities of the
resulting hybrids. If so, it is important to deduce a pathway for obtaining such hybrids.
Finally, it is necessary to determine the magnitude of the thermal conductivity lowering
that could be achieved in the obtained hybrids. The aim of this paper is to accomplish the
above-mentioned tasks, i.e., demonstrate a strategy involving non-conformal decoration of
nanowire surfaces with BN for obtaining hybrids that have thermal conductivity lower than
those of both the nanowires and bulk BN. Specifically, non-conformal surface decoration

of ZnsP> nanowires, followed by their consolidation into pellets, was employed as a
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strategy for obtaining the nanowire-BN hybrids in this paper. Non-conformal decoration
of nanowires was previously employed by our group for imparting nanowires resistance
against water- and acid-assisted degradation, without majorly altering their electrical and
electronic properties in the process. In this report, the thermal conductivity behavior of the
hybrids is determined and discussed.?®® In addition, extension and generalization of this
strategy for obtaining CuO nanoparticle-BN hybrids composed of BN surface decorated
CuO nanoparticles with low thermal conductivities was also accomplished and discussed.
This report is the first of its kind in discussing the use of BN for reducing the thermal
conductivities of semiconductors and is believed to be highly useful for fabricating highly
efficient thermoelectric devices that are also corrosion resistant.

Experimental methods

Mass production of ZnsP, nanowires was accomplished using self-catalysis in a
hot-walled chemical vapor deposition (HWCVD) chamber. This procedure was
extensively described in previous publications and involved the direct reaction of zinc and
phosphorus. This one-dimensional growth of ZnsP» crystals is aided by the presence of
zinc droplets at the tips of the crystals. For the vapor phase transport of phosphorus onto
zinc foils maintained at 400°C, the source of red phosphors was maintained at a
temperature of 480 °C. A steady flow of hydrogen aids in the vapor transport of phosphorus
onto zinc foils. Following the synthesis, the nanowires were simply brushed off the zinc
foils and collected.’?” Synthesis of BN decorated nanowires involved one extra
experimental step following the synthesis of nanowires and preceding the brushing off

nanowires from foils. This step involved exposing the nanowires to decomposed B-
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tribromoborazine supplied via the vapor phase onto the nanowires.?® Care was taken to
ensure that the amount of B-tribromoborazine source employed was low enough to prevent
complete conformal coatings of the nanowires with BN. The morphology, phase, and
chemical composition of the nanowires were respectively determined using scanning
electron microscopy (SEM), X-ray diffractometry (XRD) and Raman spectroscopy.

Consolidation of the nanowires into % inch diameter, 1 mm thick pellets was
accomplished using hot uniaxial pressing. The experimentation for this involved pressing
the nanowire powders at a pressure of 300 MPa and a temperature of 500 °C hours for 2
hours under a current of nitrogen. Custom-built stainless steel dies lined with graphite were
employed for this purpose. A carver hydraulic press was employed for consolidating
nanowires into pellets. Following the pressing, the die was naturally cooled and the
nanowire-pellet was hand polished using 1200 grit sand paper, followed by cleaning them
using isopropyl alcohol.

Thermal conductivity of the pellets was calculated using the following relationship:

Kk = apc, . Here, o is the thermal diffusivity (2% error), p is the density and cp is the heat

capacity (3.5%) of the sample. The density (p) was measured using the Archimedes
principle. o was measured using the laser flash method and c, was obtained via identical
flash experiments. copper served as the reference in ideal flash experiments. A TA
instruments DLF 1200 laser flash apparatus was employed for o and ¢, measurement. The
respective errors in the determination of « and cp are 2% and 3.5%.

For comparison, composites were also fabricated by hot uniaxial pressing powders

obtained by mixing measured quantities of commercially-available BN micropowder and
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Zn3P> nanowires. The thermal conductivities of the composites were then compared
against hybrids obtained by consolidating BN surface decorated nanowires.

Results and discussion

Micrograph of ZnsP2 nanowires obtained by self-catalysis is depicted in Figure
36(a). Micrograph of the same ZnsP> nanowires after the non-conformal decoration of their
surfaces with BN is presented in Figure 36(b). In both the cases, the nanowires had an
average diameter of 30 nm and an average length of 25 um. In other words, decoration of
nanowire surfaces non-conformally with BN, as expected, did not majorly alter their
diameters. XRD analysis of the nanowires both before and after BN surface decoration
(Figure 36(c)) clearly confirmed that they are primarily composed of a-ZnsP2 phase.
Owing to the presence of BN in extremely small amounts on the surfaces of the nanowire,
its presence could not be detected using XRD analysis. Although TEM analysis was not
performed, based on multiple previous studies published by our group it could be

reasonably assumed that the axial direction of the nanowires is along the [110] direction.*3:

271,288
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Figure 36 SEM images of (a) unfunctionalized ZnsP2 nanowires and (b) BN decorated
Zn3P2 nanowires. No changes in morphologies or dimensions were observed in the
nanowires. (¢) XRD spectra of both pristine and BN decorated nanowires show the
presence of the same phases.

A plot showing the temperature variation of the thermal conductivities of the ZnsP»

nanowire assemblies, ZnszP2 nanowire-BN composites and ZnsP2 nanowire-BN hybrids is

presented in Figure 37. The plot indicates that the thermal conductivity of nanowires is
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low, ranging from 1.062 WmK at 300 K to 0.962 Wm™K™ at 620 K. ZnsP, nanowire-
BN composites prepared by consolidating mixtures of ZnzP, nanowires and BN
micropowder (1 wt.% BN) exhibited thermal conductivities lower than those observed in
Zn3P2 nanowire pellet. The thermal conductivity of the composites ranged from 0.906 Wm"
1K1 at 300 K to 0.880 Wm™K™ at 620 K. This translated to a reduction of 8-15% in the
thermal conductivities of ZnsP> nanowires when mixed with BN micropowder. Upon
increasing the weight percent of BN in the composites to 10%, no major changes in the
their thermal conductivities was observed. However, a higher reduction in the thermal
conductivities of ZnsP, nanowires was observed when their surfaces are decorated with
BN. On decoration of the nanowires with BN for the formation of ZnzP, nanowire-BN
hybrids the thermal conductivity of the nanowires was found to be reduced by 36 - 47%.
The thermal conductivity of the hybrids ranged from 0.624 Wm™?K™ at 300 K to 0.576
Wm?K? at 620 K. Overall, all the sample studied exhibited a slight decrease in their
thermal conductivities with increased temperature. Furthermore, the reduction in thermal
conductivity observed on BN decoration of ZnsP2 nanowires is higher than that realized
by merely mixing them with BN micropowders or functionalizing their surfaces with 1,4-

Benzenedithiol 13!
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Figure 37 A plot indicating the temperature variation of the thermal conductivities
of the ZnsP2 nanowires, ZnsP2 nanowire-BN composites and ZnsP2 nanowire-BN
hybrids. The hybrids exhibited lowest thermal conductivities of all the samples tested.
To understand the thermal conductivity reduction of ZnzP2 nanowires on either the
addition of BN micropowder or the decoration of their surfaces non-conformally with BN,
it is essential to regard the ZnsP, nanowires the matrix and the BN
micropowder/nanodomains the filler. In composites made by mixing ZnsP2 nanowires and
BN microparticles/nanodomains, the thermal conductivity behavior could typically be
explained using traditional theories, such as Lewis-Nielsen model.?®° Here, the thermal
conductivity of the composites is dependent on the ratio of the thermal conductivities of
the filler to that of the matrix, A. If 2 > 1, then the thermal conductivity of the composite

will be higher than that of the matrix; and if A < 1, then the thermal conductivity of the

composite will be lower than that of the matrix. In the current case, it is well-known that
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the filler (BN) is a superior thermal conductor, relative to the ZnsP» nanowires.
Considering a room temperature thermal conductivity of 450 WmK for BN and 1.23
WmK for ZnsP, nanowires, the value of 1 is 365.85. Therefore, the thermal conductivity
of the ZnsP. nanowires-BN composites are expected to be higher than those observed in
stand-alone ZnsP> nanowires. This stands in contrast to the measured thermal conductivity
values.

Enhanced interfacial phonon scattering, and the ensuing lowering of the thermal
conductivities, explains the observed behavior in the ZnsP, nanowire-BN hybrid pellet
compared and the ZnsP2 nanowire-BN composite pellet relative to that observed in ZnsP»
nanowire pellets. If knanowires IS the thermal conductivity of ZnzP2 nanowire pellet, then it
encompasses the thermal resistance contribution of the material (i.e., ZnszP.), the
contribution to thermal resistance owed to the phonon confinement in the nanowires and
finally the contribution to thermal resistance owed to phonon scattering at the nanowire—
nanowire interfaces. The thermal conductivity of the ZnsP> nanowire—BN micropowder
composites, xen-composite, CONSISts in addition thermal resistance contribution of the
consolidated BN micropowder (xgn) and the thermal resistance contribution from the
Zn3P2 nanowire-BN microparticle interfaces (xen-microinterface), asS described below in
Equation 1 . Similarly, the thermal conductivity of the ZnsP, nanowire—BN hybrid, xan-
Hybrid, has thermal resistance contributions from the nanowire component (xnanowires),
nanocrystalline BN (xgn) and ZnsP> nanowire—nanocrystalline BN interfaces (xsn-

nanointerface), 8S described below in equation 2.
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From the data in Figure 37, it could be concluded that amount of BN does not
majorly impact the overall thermal conductivities of the composites and the hybrids. This
is because of the fact that increasing BN fraction in nanowires from 1 wt. % to 10 wt. %
did not majorly alter the thermal conductivities of the nanowires. As the thermal
conductivity of BN is very high relative to those of the nanowires and the BN interfaces,

the composite and hybrid thermal conductivities are primarily dictated by the nanowire

component and the BN-nanowire interfaces. In other words, it could be assumed that

1 ~ 0 inequations 1 and 2. Therefore, equations 1 and 2 could be rewritten respectively
Ky

rewritten as equations 3 and 4, represented below.

t 1 ! (3

K

KBN —composite nanowires KBN —microinterface

t ! (®

KBN—Hybrid Knanowires KBN—nanointerface

Using equation 3 and 4, and the data from Figure 37, the thermal conductivities of
the microinterfaces and nanointerfaces between BN and the nanowires, xgn-microinterface and
KBN-nanointerface, COUld be determined. The plot in Figure 38 shows the variation of xen-
microinterface @Nd KBN-nanointerface, With temperature. It can be clearly seen that microinterfaces

between BN and the nanowires serve as better pathways for thermal transport compared
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to nanointerfaces between BN and nanowires. Assuming that the weight fraction of BN in
both the hybrids and the composites is the same, microparticles have at least three orders
of magnitude lower surface area per unit volume relative to the nanodomains. The lower
surface area of the microparticles lowers the magnitude of phonon scattering. Therefore,
the microinterfaces are expected to exhibit higher thermal conductivities, than the
nanointerfaces. Secondly, the process of formation of ZnsP2 nanowire-BN hybrids results
in the spatially uniform decoration of ZnzP, nanowires with BN. CVD processes are
expected to lead to such spatially uniform BN coatings on nanowire surfaces. In sharp
contrast, mere mixing of BN microparticles and ZnsP> nanowires used for the formation
of composites lead to spatially non-uniform composites. Overall, the amount of ZnzP.-BN
interfaces available for phonon scattering is higher in the hybrids than in the composites.
This also makes the microinterfaces better thermal conductors than the nanointerfaces.
Making interfaces better thermal conductors necessitates that the interfaces between the
nanowires and the BN be defect-free. Heteroepitaxial deposition of a thermal conductor
on a thermal insulator could be theoretically employed for ensuring that the interfaces are
defect-free and that the resulting hybrids exhibit enhanced thermal conductivity. In the
current case, although CVVD was employed for the formation of the hybrids, the large lattice
mismatch between BN and ZnsP»> make the nanointerfaces imperfect and hence poor

thermal conductors. The lattice parameters and their mismatches are shown in Table 3
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Table 3 Table showing the differences in lattice parameters among zinc phosphide,

copper oxide and three different structures of boron nitride?%-2%4

Material a(A) b (A) c (A) aplha beta | Gamma
Zn3P> 8.097 | 8.097 11.45 90 90 90
Cu20 4.627 | 4.627 | 4.627 90 90 90
h-Bn 2504 | 2.504 | 6.6612 90 90 120
Wourtzite BN 2.55 2.55 4.23 90 90 120
zinc blende structure | 3.6157 | 3.6157 | 3.6157 90 90 90
BN

In short, mere mixing of BN and compound semiconductor nanowires (directly in
the solid state) may not be a feasible route for enhancing the thermal conductivities of the
resulting composites, even when the consolidation of such mixtures is performed at
elevated temperatures. Therefore, any annealing of defects at the nanowire-BN interface
is not sufficient to enhance thermal transport through them. Interface-engineered assembly
is essential both for enhancing and reducing thermal transport through nanomaterial
assemblies and their composites. For example, welding of nanowires during their assembly
can be used to enhance thermal transport between them.?®> In such cases, phonon
confinement resulting from reducing the size of the welds could also be employed to curtail

thermal transport between them.%®
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Figure 38 A plot indicating the temperature variation of the thermal conductivities
of the microinterfaces between ZnsP2 nanowire and BN microparticles in composites,
and nanointerfaces between ZnsP2 nanowire-BN nanodomains on their surfaces in
the hybrids.

To ensure that the observed thermal conductivity behavior is universal and
applicable to other nanomaterials systems in addition to ZnsP> nanowires, thermal
conductivity behavior of CuO micropowders, CuO micropowder-BN composites and CuO
micropowder-BN hybrids were also measured and presented in Figure 39. As expected,

the thermal conductivities of the samples exhibited the following trend: xcuo micropowders >

KCuO micropowder-BN composites = KCuO micropowder-BN hybrids.
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Figure 39 A plot indicating the temperature variation of the thermal conductivities

of the CuO micropowder, CuO micropowder-BN composites and CuO micropowder-
BN hybrids. Similar to the case of Zn3P2 nanowires, the hybrids exhibited lowest
thermal conductivities
Conclusions

In summary, thermal conductivity behavior of composites and hybrids of BN and
semiconducting nanowires/nanoparticles have been studied. It was observed that mere
addition of superior thermal conducting filler to a semiconducting matrix does not improve
the overall thermal conductivity of the resulting composites or hybrids, especially if the
mixing is performed in the solid state. Contrary to the expectation, addition of filler in
nanostructured form to a semiconducting matrix actually results in composites and hybrids

that have thermal conductivities lower than those of the individual components. In other

words, rule of mixture does not help in enhancing the thermal conductivities of bulk
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nanostructured systems. Owing to the significant role of interfacial phonon scattering on
the thermal conductivities of bulk nanostructured systems, enhancing their conductivities
essentially requires controlling the chemistries and phases of the interfaces between the
nanostructures in the bulk assemblies. In an ideal scenario, bridges that have the same
chemical compositions and phases as the nanostructures they are joining, coupled with
them being in homoepitaxy with the nanostructures, will be ideal for tuning the thermal

conductivities of bulk nanostructured materials.?%®
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CHAPTER VIII
THERMOELECTRIC PROPERTIES OF STABILIZED MANGANESE SILICIDE
AND WELDED MAGNESIUM SILICIDE

Introduction

Thermoelectrics despite all their advantages are limited to use in niche applications
and not in terrestrial applications. This is due to their low conversion efficiencies and high
costs. Magnesium and higher manganese silicides, as discussed in the literature review,
have great potential to be used for thermoelectrics for terrestrial applications. This is owed
to fact that the constituent elements are earth abundant, cost effective and non-toxic.
However, the low zT’s of these materials limits their use. In addition, as discussed in the
literature review section of this dissertation, nanowires are expected to have higher
thermoelectric figure of merit, which in turn leads to higher efficiencies for converting
heat to electricity. Experimental demonstrations using individual nanowires of silicon have
shown two-order increase in thermoelectric figure of merit.®® However, as discussed
extensively in the literature review, assemblies of nanowires did not show this enhanced
performance.?®® In this context, strategy for assembling magnesium silicide nanowires is
explored here in order to reduce the thermal conductivity and simultaneously increase the
electrical conductivity while not affecting the seebeck coefficient. In addition the assembly
strategy should also be able to protect the device against mechanical degradation while
temperature cycling. Strategies for obtaining such semiconductor nanowire assemblies do
not currently exist. The assembly strategy used in this work, for consolidating

nanocrystalline semiconductors, leads to the formation of electrically insulating oxides at
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the interfaces between the nanowire after consolidation (e.g., interfaces composed of
electrically-insulating MgO are formed when nanocrystalline Mg.Si is assembled) and
also as shown will lead to tailoring of electrical and thermal properties to obtain higher
efficiencies in the material system.

The current strategy for achieving such interfaces, involves conformal decoration
of the synthesized silicon nanowires with SiO, nanoparticles.?% 2% The silicon nanowires
particles thus obtained are phase transformed into Mg.Si via solid-state diffusion of
magnesium through the nanowires.!?® These converted nanowire powders are then hot
pressed and sintered to obtain nanowire assemblies joined by the same material as the
nanowires. These pellets are characterized for their thermoelectric properties i.e. seebeck
coefficient, electrical conductivity and thermal conductivity. Such an assembly without

oxide interfaces are expected to lead to enhanced thermoelectric performance.

Experimental methods

Fabrication of welded Mqg,Si nanowire pellets

Interface engineered assembly of Mg.Si nanowires i.e. Mg2Si nanowires attached
with Mg2Si bridges were fabricated for their thermoelectric characterization. Pellets of
Mg2Si unwelded nanowires and welded nanowires in which the Mg.Si nanowires are
connected with Mg>Si nanowire welds were fabricated. In order to fabricate these pellets
(in this work both pellets and assemblies are used interchangeably) silicon nanowires were
synthesized via electrochemical etching. Silcion wafers of (100) orientation were etched
in a solution of 0.04 M AgNos and 5M HF solution. Anistropic etching of silicon leads to
the formation of silicon nanowires.'?® Gram quantities of Si nanowires were produced in
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this method. More discussion on the silicon nanowire synthesis is available in the mass
production section. The silicon nanowire samples thus obtained were phase transformed
into Mg.Si via solid-state diffusion. This was achieved by scraping the nanowires of the
silicon wafer and placing these nanowire powders in between two polished magnesium
foils. The foils were heated to 400 “C for 2 hours in a vacuum chamber, the conditions are
shown in Figure 40, with a base pressure of 5 mTorr and an operating pressure of 50 mTorr
with 100 sccm hydrogen flow which provides a relatively oxygen free environment. This
heating allows the magnesium to diffuse through the silicon nanowires and leads to the
phase transformation of silicon nanowires into Mg>Si nanowires. The phase transformation
was conducted in a flow of hydrogen in order to prevent, or in the very least minimize, the
the formation of MgO. The obtained Mg.Si nanowires were then hot pressed at 500 MPa
and 400 “C for 2 hours in a stainless steel die covered with graphite sheet in order to prevent
any unwanted side reactions from the stainless steel die. This leads to highly dense Mg.Si
nanowire pellets that are 12 mm in diameter and at least 1 mm thick. The pellets were then
annealed inside a vacuum chamber, in a flow of hydrogen, at 450 “C for 2 hour without
any pressure inside the graphite sheet covered stainless steel die. This leads to better
sintering of the nanowires. The welded nanowire assemblies of Mg.Si nanowires were
fabricated using the same procedure. However in this fabrication silica decorated silicon
nanowires Figure 41 (a) were used as the starting material. The silica nanoparticles used
here are functionalized with an amine group with an average diameter of 200nm. The
pellets obtained were polished with 800 grit polishing paper and alcohol to obtain a clean

surface for the density and thermoelectric characterization.
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Figure 40 Temperature profile for solid state diffusion of magnesium into silicon
nanowires for fabrication of magnesium silicide nanowires.

Fabrication of BN decorated MnSiz.zs micron pellets

Stabilized and interface engineered assembly of MnSii7s micron particles was
accomplished via phase transformation i.e. by solid state diffusion of manganese powder
into silicon micron particles. Pellets of MnSii7s micron powders and MnSii7s BN
decorated micron powders were fabricated. In order to fabricate these pellets silicon
micron powders were obtained by crushing a single crystalline wafer of silicon using a
mortar and pestle. The obtained powders were ball milled in a “Cole-Parmer one-tier jar
high-capacity laboratory jar mill” for 24 hours. The ball-miller powder was then mixed
with 44 micron manganese powder in a mortar and grounded manually with a pestle to
allow for homogenous mixing. The obtained homogenous mixture of manganese and
silicon micron powders were then filled in a stainless steel die covered with a graphite

sheet. The powder in the die was hot pressed at a pressure of 500 MPa and 500 ‘C in a
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continuous flow of nitrogen for 2 hours. The pellets were then annealed inside a vacuum
chamber, in a flow of 100 sccm hydrogen, at 700 "C for 2 hour without any pressure inside
the graphite sheet covered stainless steel die. This leads to better sintering of the formation
of MnSiy.7s powders from a mixture of silicon and manganese powders. The BN decorated
manganese silicide micron pellets were fabricated in a similar fashion. The silicon micron
particles used for the phase transformation were non-conformally decorated with BN. This
procedure was discussed in detail in the previous chapters V. Pellets of diameter 12 mm
and at least 1 mm thick were obtained.

The pellets thus obtained were characterized via XRD and SEM to confirm the
phase formed as shown in Figure 42. The thermoelectric figure of merit of these pellets
was measured by measuring the individual components. The seebeck coefficients w.r.t
temperature were obtained via the analogue subtraction. The electrical conductivity were
measures using the same setup via the 4-probe Van-der-Pauw technique. This allows for
the measurement of both the seebeck coefficient and electrical conductivity at various
temperatures simultaneously. The thermal conductivity (k) of the pellets is calculated
using the following k = a pCp., Where p is the density of the pellet which is measured using
Archimedes principle, C, is the heat capacity measured using differential scanning
calorimetry and « is the thermal diffusivity, measured using laser flash apparatus viaa TA
instruments DLF-1200.

Results and discussion

Electron micrograph of silicon nanowires obtained from electroless etching of

single-crystalline silicon wafers and the silicon nanowires decorated with silica particles
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are shown in Figure 41 (a). These nanowires were phase transformed into Mg2Si nanowires
both welded. These phase transformed silica decorated nanowires are presented in Figure
41(b). Comparing the phase transformed nanowires without and with the silica
nanoparticle decoration; it is evident that the welding of nanowires leads to the formation

of bridges between the nanowires and leads to the formation of Mg2Si nanowire assembly.
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Figure 41 Scanning electron microscopy of (a) silica decorated silicon nanowires and
(b) phase tranformed magnesium silicide nanopartciles decorated magnesium silicide
nanowires.
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Figure 42 (a) Optical micrograph of Mg2Si nanowire pressed pellets (b) Scanning
electron micrograph of pressed nanowire pellet and (c) X-ray diffraction spectra of
both welded and unwelded nanowires. The (*) represents the carbon peaks a
reminant of pressing.

Post pressing of these nanowires via hot pressing and annealing results in macro

pellets. SEM imaging of these pellets show the presence of nanowire morphology. XRD

analysis on the pressed pellets, both welded and unwelded nanowires result in phase pure
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Mg2Si as evident from Figure 42. The density of the pellets was measured using the
Archimedes principle. High relative density (greater than 98%) was observed in these
pellets.

Pellets of MnSiv7s and BN MnSiy.7s were also run through the same gamut of
characterization techniques. The scanning electron microscopy images of silicon micron
powder, Figure 43, shows that the sizes of the particles range from 5 um to 50 um. The X-
ray diffraction spectroscopy of these pellets reveals the presence of MnSiy7s phase.

However silicon peaks were also detected in these pellets.
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Figure 43 Scanning microscopy of (a) crushed and ball-milled silicon micron powder
and (b) phase transformed manganese silicide micron powders. The X-ray-
diffraction spectroscopy of converted manganese silicide and BN decorated show the
higher manganese silicide phase. In addition, some peaks of silicon are also observed
in both the pellets. The (*) indicates silicon peaks which indicate incomplete
transformation of silicon micron particles to HMS.
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Thermoelectric characterization

Welded and unwelded nanowire networks

The pellets were characterized for thermoelectric properties. These properties are
shown in Figure 44. Seebeck coefficient was measured using the analogue subtraction
method. Magnesium silicide is an n-type material. However the measured seebeck
coefficient of the nanowires showed a positive seebeck. This is believed to be due to the
silver doping resulting from incomplete removal of silver, which is shown to be a p-type
dopant for Mg.Si. The seebeck coefficient of both welded and unwelded nanowire
networks are similar in magnitude. A seebeck coefficient of approximately 500 uV/K was

measured at 773K. 4
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Figure 44 Thermoelectric properties of welded and unwelded magnesium silicide
nanowire networks a) seebeck vs temperature b) conductivity vs temperature c)
thermal conductivity w.r.t. temperature and d) the thermoelectric figure of merit
with respect to temperature

The electrical conductivity of welded nanowire networks was twice that of the
unwelded nanowire networks. The increased thermal conductivity of the welded nanowire
is due to the formation of Mg.Si bridges across the nanowire networks. The thermal
conductivity of these pellets was measured using the laser flash analysis.

Thermal conductivity of the welded and unwelded nanowire networks are plotted
in Figure 44 (c). Though the electrical conductivity of the welded nanowire pellet is greater

than that of the unwelded pellet, the thermal conductivity of the welded pellet is lower than

the unwelded nanowire pellet. This is due to the single crystalline Mg.Si bridges between
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the Mg2Si nanowires. The bridges act as highway for electron transfer due to the single
crystalline nature of the junctions. However the same bridges/welds obstruct the flow of
phonons. The electrons have smaller mean free paths than that of phonons allowing them

to pass through the welds while the phonons with larger mean free path are scattered by
the welds. The thermoelectric figure of merit was calculated from the zT formula zT =

S%0T

K

In short, the welded nanowire pellets have similar seebeck coefficients as the
unwelded nanowire pellets, but the welded nanowire pellets have higher electrical
conductivity and lower thermal conductivity than the unwelded nanowire pellets.
Therefore the welded nanowire pellets have higher thermoelectric figure of merit

compared to the unwelded nanowire pellets as show in Figure 44 (d).
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Figure 45 Thermoelectric characterization of MnSi1.7s and BN_MnSi1.7s a) seebeck vs
temperature b) conductivity vs temperature c¢) thermal conductivity w.r.t.
temperature and d) the thermoelectric figure of merit with respect to temperature

Thermoelectric properties of BN decorated MnSi1.7s micron pellets

The pellets of higher magnesium silicide were characterized for their
thermoelectric properties by individually measuring their seebeck coefficient, electrical
conductivity and thermal conductivity. The seebeck coefficient w.r.t. temperature was
measure via the analogue subtraction method. The seebeck coefficient of both the pellets
i.e. higher manganese silicide (HMS) micron powder pellet and the BN decorated higher
manganese silicide micron powder pellet was observed to be positive which is expected of
these materials. A peak seebeck coefficient of 25 pV/K was measured for the HMS sample

and a peak of 38 uV/K was observed for the BN decorated sample, at 870K. Similarly, the
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electrical conductivity of these samples were measure to be approximately 3900 S/m and
2300 S/m respectively at 870K. The decreased electrical conductivity of the BN samples
is believed to be the reason for the increased seebeck coefficients for these samples. The
thermal conductivity of BN decorated samples was found to be 2.33 W/mK compared to
the 3.05 W/mK for the undecorated HMS samples. This decrease in thermal conductivity
is in line with the previously observed trend in BN decorated samples i.e. BN decorated
Zn3P» and CuO have shown lower thermal conductivities than the undecorated pristine
samples. The decrease in thermal conductivity is attributed to the increased scattering of
phonons caused by the BN decoration in these samples.

The thermoelectric figure of merit (zT), when calculated for the two samples, the
BN decorated samples exhibited higher thermoelectric figure of merit compared to the
undecorated pristine samples. The decrease in electrical conductivity in BN samples was
compensated with the increased seebeck coefficient and decreased thermal conductivity.
From Figure 45 (d) it can be observed that the BN decorated samples exhibited two time
the figure of merit compare to the undecorated pristine samples.
Conclusion

The work presented in this chapter focused on welding of nanowires and BN
decoration as techniques for increasing thermoelectric figure of merit. Nanowires of
magnesium silicide were welded to form nanowire assemblies. The welded nanowire
networks, compared to their unwelded counterparts, showed an increased electrical
conductivity and decreased thermal conductivity, without affecting the seebeck

coefficient, there resulting in an increased zT. This is a result of single crystalline welds
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between the nanowires which allow for the free flow of electrons and scatter the phonons,
which have a higher mean free path than the electrons.

Similarly, the BN decorated MnSi7s micron pellets exhibited a higher
thermoelectric figure of merit, twice that of the undecorated pristine MnSz.7s micron
pellets. The BN decorated samples displayed lower thermal and electrical conductivities

compared to undecorated samples which lead to the higher zT.
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CHAPTER IX
CONCLUSIONS

A pathway for assembling nanowires into bulk devices is essential for the
following reasons:

1. To verify and translate the thermoelectric performances reported in
individual nanowires to macrodevices based on large-scale nanowire
assemblies.

2. Ensure that enhanced thermoelectric performances demonstrated in
individual nanowires are possibly further enhanced in these large-scale
nanowires assemblies.

Accomplishing such a task requires that nanowires should not only be mass
produced, but also assembled in an interface-engineered manner. Furthermore, the
nanowires and their assemblies should be stable against degradation at both ambient and
elevated temperatures. Building on the work performed in our research group in the
past, 12126 this work contributed the following towards the aforementioned goals:

1. An assembly technique for consolidating mechanically rigid nanowires into

highly dense pellet without the loss of the nanowire morphology in the process.
While consolidation of flexible nanowires was achieved in the previous work
done by Dr. Brockway in our lab,*! this work dealt with the simultaneous
alignment and consolidation of mechanically rigid nanowires for obtaining
highly dense pellets. This is crucial because currently no strategy allows for

measuring thermoelectric properties of nanowires in a direction perpendicular
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to their lengths. ECAE of silicon nanowires obtained by electroless etching was
employed for this purpose. Since this is a room temperature process, there were
no major changes to the dimension of the nanowires. This is unlike traditional
hot pressing techniques where consolidation of powders leads to grain growth
via sintering and alteration of the dimensions of the particles composing the
powders. In addition to consolidation, nanowire alignment is also observed in
a few regions of the pellets. Based on the results, it was understood that the
interlocking of rough surfaces of the nanowires is responsible for the
mechanical integrity of the nanowire pellets. Optimization of the ECAE
processing conditions further is expected to lead to complete alignment of the
nanowires within the pellets.

Nanowires composed of earth abundant elements (ZnsP2, Mg.Si and ZnO),
were stabilized via non-conformal decoration of their surfaces with BN. In this
work, nanowires of ZnsP2, ZnO and Mg.Si were stabilized without majorly
impacting their electrical and electronic properties. ZnsP2 and ZnO nanowires
were exposed to a vapor of tribromoborazine for this purpose. However, BN
decorated Mg>Si nanowires were obtained by decorating silicon nanowires
with BN, followed by phase transforming these nanowires into Mg.Si via solid-
state diffusion of magnesium. The morphology and phase of these nanowires
were preserved when exposed to water or acid solutions of pH 3. The
stabilization of these materials is attributed to the change of the wetting

properties of the nanomaterial. Addition of BN on to the nanowires makes their
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surfaces non-wettable to aqueous acidic solution, thereby preventing the
reaction between the nanomaterial and the acidic solutions.

BN decoration of nanowires for stabilizing them also lead to the reduction in
thermal conductivity, as expected, without any adverse impact on their
electrical and electronic properties. In this part of the study, the nanomaterials
were conformally decorated with BN and then these materials were pressed to
fabricate pellets for measuring the thermal conductivity. Here, ZnsP2 nanowires
and CuO micron particles were used as model systems. The thermal
conductivity behavior of these samples were compared to those of composites
(i.e., mixtures of ZnsP> nanowires and BN micron powder), and pellets made
from as-obtained nanowires. It was observed that mere addition of superior
thermal conducting filler, BN in this case, to a semiconducting matrix does not
improve the overall thermal conductivity of the resulting composites or
hybrids, especially if the mixing is performed in the solid state. Contrary to the
expectation, addition of filler in nanostructured form to a semiconducting
matrix actually results in composites and hybrids that have thermal
conductivities lower than those of the individual components. Moreover,
addition of filler materials in nanoscale or molecular-scale form allows for
lowering the thermal conductivity of nanowire matrices to a maximum, as
opposed to adding filler in micron-scale form.

Finally, in this work, the assembly and stabilization strategies were utilized to

fabricate pellets of BN decorated MnSiz 75 micron particles and welded Mg.Si
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nanowire networks to ascertain their thermoelectric performances. An increase
in ZT was observed in both the scenarios i.e., upon BN decoration or welding
of the nanowires in the assemblies or both. However, the zT values realized
were very low, much lower than those reported in the literature. The reasons
behind these lower zT values and commentary about the future outlook of

nanowire-based thermoelectrics are discussed in the next chapter.
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CHAPTER X
FUTURE WORK

Strategies for stabilizing and assembling mass produced nanowires have been
discussed. The two strategies for improving zT of nanowire forms of materials are; the
decoration of nanowire surfaces with BN and nanowire welding during their interface
engineered assembly, have proven useful. However, the achieved zT values in these
materials have been lower, making them unsuitable for use in the current form in
commercial markets. The following describes some of the reasons identified for lower
thermoelectric performances obtained in this study. However, it needs to be emphasized
that addressing these drawbacks will lead to commercially-viable, nanowire-based
thermoelectrics.

Routine materials characterization using XRD and SEM may not be enough to
precisely determine the chemical composition of materials and correlating them to their
thermoelectric performances. In fact, this may be the reason behind widely varying zT
values reported by various research groups for the same material.3® 40 43 46, 112-114, 116, 117,
122-124,297 Eor example, most of the Mg2Si nanomaterials systems may be covered with thin
layers of MgO. The ratio of the amounts of MgO to Mg.Si in the samples depends not only
on the methods employed to synthesize the samples, but also on the materials’
morphology. Consequently, Mg.Si nanomaterials have relatively more MgO than bulk
Mg2Si crystals of the same mass. Unless this quantification is reported in studies, it is not
possible to accurately compare the thermoelectric performances reported by various

research groups. Another example of the shortcoming of routine materials characterization
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is their inability to detect silver contamination of nanowires obtained by electroless etching
(detailed in the section below). This silver contamination was not even detectable by TEM.
The sensitivity of these instruments is upwards of 1 wt. %, whereas doping of Mg»Si with
impurities on the order of 0.1 wt. % or less are sufficient to dramatically alter the
thermoelectric properties of the material.

As mentioned above, the use of silver nitrate for electroless etching of silicon
wafers to obtain silicon nanowires leaves behind a small quantity of silver. Multiple studies
incorrectly assume that performing etching at room temperature prevents their
contamination.1%% 12> This work indicated that silver cannot be completely removed from
nanowires, following their synthesis by using electroless etching. As this silver cannot be
detected using routine SEM, XRD or TEM characterization of nanowires, it is incorrectly
assumed that no silver contamination of the nanowire occurs. In this work, such an
assumption was made initially. No silver was detected in our nanowires in the initial stages.
However, shear forces employed via ECAE to align and consolidate nanowires disturbed
the nanowire surfaces and thereby made the silver embedded within their surfaces visible,
which was not hitherto visible. Such a contamination leads to the unexpected doping of
the silicon, thereby compromising the thermoelectric properties of silicide nanowire
networks. This is possibly one of the reasons for the poor performances of the silicide
nanowire networks. Additional proof of silver contamination is in the thermoelectric
performances of Mg.Si measured in this work. Mg.Si is inherently an n-type
semiconductor, however a p-type behavior was observed in this work. Silver is shown to

dope Mg:Si p-type and this silver is a by-product of the electroless etching.!?? Due to the

120



inability of acids to diffuse into voids between the nanowires, silver is left unreacted
despite immersing the etched silicon wafers in boiling concentrated acids for extended
periods of time (i.e. > 8 hours). Therefore, shearing nanowires surfaces using a technique
such as rolling, before cleaning them with boiling acids, is necessary to completely remove
the silver embedded within the surfaces of the nanowires.

Routine XRD and EDS characterization is also insufficient to determine whether
the phase transformation of silicon into Mg.Si is complete. The pellets of magnesium
silicide were characterized via XRD and EDAX to confirm their phase, which revealed the
presence of pure Mg.Si phase only. However these techniques are bulk level
characterization techniques, i.e. they do not reveal the true composition of the materials,
especially at nanoscale, and therefore the conversion might not be complete at the
nanoscale. The evidence of a complete phase transformation can only be obtained by
utilizing destructive techniques, such as immersing the silicides obtained in concentrated
hydrochloric acid and then characterizing the remaining powder. Mg.Si reacts with
hydrochloric acid to form magnesium chloride and silane. However, silicon is stable in
such solutions and therefore absence of silicon in the acid treated Mg.Si would act as
evidence of complete phase transformation.

This work demonstrated that both BN decoration of nanowires and assembly of
nanowires via welding implemented individually improved the zT of nanowire assemblies.
However, a combined approach using both these techniques can lead to the development
of higher zT materials and optimizing their thermoelectric performances. In addition,

optimal doping of nanowire assemblies by intentionally adding known quantities of
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impurities is essential to optimize the thermoelectric performances of Mg.Si nanowire
assemblies. The performance of thermoelectric materials, among many factors, depends
on the carrier concentration of the material. Optimization of the dopants, which in turn
leads to optimization of carrier concentration, has been the focus of many works.
Therefore, a logical extension of this strategy in addition to the above mentioned and
proven strategies has a greater chance of improving the thermoelectric figure of merit,
thereby enhancing the efficiency of the thermoelectric devices.

In this work, welding of nanowires was accomplished by phase transforming SiO-
decorating silicon nanowires for obtaining Mg>Si nanowires with Mg.Si bridges by solid
state diffusion of magnesium. This strategy has increased the electrical conductivity and
reduced the thermal conductivity. Use of elements such as Sn or Ge for decoration of
silicon nanowires will lead to the formation of Mg>Si-Mg.Sn hybrids, known to exhibit
high zT values.® 1. 112 Ag tin and germanium are isoelectronic dopants to silicon,

therefore no deleterious effects are expected due to their presence.
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APPENDIX A: THERMAL CONDUCTIVITY IN NANOWIRES

Matthiessen's rule

The thermal or electrical resistivity of a material is the sum of resistivities caused
by several scattering processes if each of them were present independently.2%
Hochbaum et al. showed that the introduction of roughness on the surface of the silicon
nanowire can reduce the thermal conductivity of the nanowire nearly to its amorphous
limit at room temperature.'? The roughness on the nanowires reduces the phonon mean
free path and thereby reduces the thermal conductivity. However, such a low conductivity
is only possible if all the following scattering processes are included: transverse and
longitudinal scattering, anharmonic phonon-phonon scattering, impurity scattering,
boundary scattering and scattering due to roughness. All the contributions from the above
scattering mechanisms can be combined using matthiessen rule to obtain the total thermal
conductivity of the given material. Mathession rule was employed in many theoretical
studies to show the combined effect of all the scattering processes, and it used to calculate
the combined effect when the scattering mechanisms are independent of each other.
Mathematical form of Mathession rule is as follows:

1 1 1 1 1 1
= + + + +

Ktotal Klongitudanal Ktransverse Kimpurity Kboundary Kroughness

In the above formula all the scattering phenomenon except boundary and roughness
scattering are geometry independent and are dependent on the properties of the material.
The boundary scattering depends on the phonon wavelength (i.e. boundary scattering is

more pronounced if the wavelength of the phonon is small) and the number of boundaries
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present in the chosen sample. Phonon scattering due to roughness of the nanowire is
dependent on the diameter (D) and the rms roughness value (A) as shown in Figure 46.

The thermal conductivity dependence is mathematically shown as follows.?%°

(D)Z D,
X |— —
Kroughness A fOT‘ A

D D
Kroughness (A_Z) for 7> 20

The effect of surface roughness was seen to be highest for nanowires with
diameters less than 50nm. The effect of scattering due to roughness is more pronounced
when the dimensions of the roughness on the surface is comparable to the phonon velocity.
When a phonon hits a rough surface, the phonon is scattered by the rough surface and some
time is lost before it enters the wire, thereby localizing the phonons. The contribution of
surface roughness to thermal resistivity increases by 7 times from a nanowire diameter of
115 nm to 22 nm. The effect of surface roughness also varies with the frequency of the
incident phonons, low frequency phonons are not scattered as much as the medium
frequency phonons.” 3% There is a certain range of phonons which are scattered more than
other due to surface roughness. Surface roughness scatter is lower in low energy phonons.
Martin et al calculated the phonon average life time to be 15s or roughness of 3A and
characteristic length of 6nm. The average lifetime decreases with increase in surface
roughness as follows lifetime = k* A2, The thermal phonon-surface scattering rate follows
Bose-Einstein statistics.?%

The scattering rate in each mechanism is given as follows:
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Table 4 Various scattering mechanisms and their corresponding scattering rate
dependence on temperature and frequency?%

Phenomenon Scattering Rate (1)
Longitudinal ~ Phonon-Phonon | = B, T3 w?

Scattering:

Transverse Phonon — phonon | = B,Te /7?2
scattering

Impurity Scattering = Co*

Boundary Scattering = ;D71 + 4wc; /v;

Deviation from mathession rule:

Mathieu Luisier, showed that mathession rule at nanoscale gives the same behavior
as obtained by molecular dynamic simulations but thermal conductivity obtained using
mathession rule underestimates the thermal conductivity by 18% in silicon nanowires.3%
The phonon scattering due to roughness and annharmoic oscillations are not independent
scattering mechanisms and are dependent on each other. The reduced thermal conductivity
due just the roughness of the nanowires is attributed to the presence of non-propagating
phonon modes (20 — 25 mev) with a quasi-null velocity, but a fraction of these phonons,

due to the anharmonic phonon-phonon interactions decay into lower energy phonons
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(10mev) but with higher velocity and thereby contribute to the thermal conductivity.
Therefore the two scattering mechanism cannot be treated independently. The assumption
in most of the calculations is that the boundary scattering process is elastic in nature and

no phonons are emitted into surrounding environment.
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Figure 46 Dependence of thermal conductivity on a) roughness of the nanowire for a

given nanowire diameter and b) Diameter of the nanowire for a given roughness
value.?®®

Temperature dependence on thermal conductivity

The thermal conductivity of material is given as follows
= —=Cut
=3

At low temperatures the thermal energy is low so there are fewer phonons. Due to
this the phonon-phonon interaction/scattering is not prominent, in addition, the phonons
have a large wavelength therefore interaction with imperfections and boundaries is also
minimum, thereby having large mean free path of phonons.?®® At high temperatures the

phonon-phonon scattering increases due to increased number of phonons. Also due to the
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shorter wavelength of phonons (due to high thermal energy) the impurity scattering
increases. Another effect, which must be considered to calculate the thermal conductivity,
is heat capacity, which decreases for temperatures below Debye temperature and
eventually goes to zero. For most materials as the temperature decreases the thermal
conductivity increases and then starts to decreases after certain temperature and drops to
zero. The temperature at which thermal conductivity is maximum is 8p/10 where 6p is the
Debye temperature in Kelvin, for silicon 0p is 645K.

Widemann-Franz law

This law states that the electronic thermal conductivity is directly proportional to

the electrical conductivity of the material and is given by
Ke(T)=L*T*0a(T)

Here ke = electronic thermal conductivity, T = temperature, o = electrical
conductivity and L = the Lorentz number. This law implies that the electrical conductivity
and electronic thermal conductivity cannot be tuned independently. Therefore the zT could
be increased by reducing the lattice thermal conductivity without adversely affecting the
electrical conductivity.

Phonon and electron confinement in silicon nanowires

The average wavelength of an acoustic phonon at room temperature is 1nm and
mean free path is on the order of 200nm. The average wavelength decreases as temperature
increases. Prasher et al. showed that the bulk to 1D transition at 6K and 24 k occurs in

nanowires of diameters 10.8 and 2.7 nm.
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Electrons and acoustic phonons are confined in two dimensions in silicon
nanowires. Mobility decreases with decreasing cross section and the rate of decrease
increases with decreasing cross section. Silicon oxide is a soft acoustic material and the

phonon group velocity decreases into half compared to that of silicon.

Table 5 Physical and electronic properties of magnesium silicide.®’ %8 297
Phonon mean free path 10 nm

Electron mean free path 1 — 2 nm changes with doping (decreases

with increased doping)

Debye temperature 160 C

Density 1.88 g/cm?®

Band gap Indirect band gap of 0.74ev
Melting point 1102 C

Heat capacity at RT 67.87 J/mol/K
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APPENDIX B: ROLE OF CONTAMINATION IN SILICON NANOWIRES

Unintentional contamination in silicon nanowires during their growth or synthesis
leads to a change in their electronic properties. Silicon is an indirect band gap material
with a band gap of 1.12eV. Contamination of silicon nanowires leads to the formation of
deep level defects as shown in Figure 47. Silver doping leads to formation of a acceptor
level defect at 0.48ev from the valence band.*%% 3% As the seebeck coefficient, electrical
conductivity and even the thermal conductivity in a semiconductor depend on the band
gap and the fermi level position, unintentional contamination would lead to unpredictable

changes in these properties.

* Sb P As
0.039 0.045 0.054 Ti
531 Cu Pt Au
' 025 025 0.28
112 eV e e o — e — e — — — — —
A
Fe  Ni Pd 0.8
In
l B Al Ga

Figure 47 Band diagram of silicon showing the defect states created in the forbidden
region on addition of various impurities.302 303
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