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Abstract

Alternative Approaches to Group IV Thermoelectric
Materials

Matthew Loren Snedaker

In the pursuit of energy efficiency, there is a demand for systems capable of
recovering waste heat. A temperature gradient across a thermoelectric material
results in the thermal diffusion of charge carriers from the hot side to the cold
side, giving rise to a voltage that can be used to convert waste heat to electricity.
Silicon germanium (SiGe) alloys are the standard materials used for thermoelectric
generators at high temperatures.

We report an alternative method for preparing p-type Si;_,Ge, alloys from
a boron-doped silica-germania nanocomposite. This is the first demonstration of
the thermoelectric properties of SiGe-based thermoelectrics prepared at tempera-
tures below the alloy’s melting point through a magnesiothermic reduction of the
(Si02)1-.(GeO3),. We observe a thermoelectric power factor that is competitive
with the literature record for the conventionally prepared SiGe. The large grain
size in our hot pressed SiGe limits the thermoelectric figure of merit to 0.5 at

800 °C for an optimally doped p-type SiggGeyg alloy.
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A phosphorus-doped oxide can yield n-type Si;_,Ge,; however, the current
processing method introduces a background boron content that compensates ~10%
of the donor impurities and limits the thermoelectric power factor.

Spark plasma sintering of the nano-Si;_,Ge, yields a heterogeneous alloy with
thermal conductivity lower than that of the hot pressed homogeneous alloy due
to a reduction in the average crystallite size. Magnesiothermic reduction in the
presence of molten salts allows some control over crystallite growth and the extent

of Si-Ge alloying.
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Figure 0.1: Synthesis and processing scheme to yield a pellet for thermoelec-
tric characterization: (1)—(2) The sol-gel synthesis of a doped silica-germania
nanocomposite, (3) magnesiothermic reduction to a doped silicon-germanium
nanocomposite, (4) consolidation into a doped silicon-germanium pellet by hot
pressing or spark plasma sintering.
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Chapter 1

An introduction to thermoelectrics

1.1 The heat engine

The combustion of fossil fuels for power generation is an inefficient process,
introducing waste heat into the environment well beyond the energy premium
predicted by thermodynamics for an ideal Carnot engine. In the pursuit of energy
efficiency, the demand for systems capable of recovering waste heat is increasing.

Figure [1.1| shows a schematic of a heat engine which produces work (W) due
to the differential in thermal energy of a reservoir at high temperature (Ty) and
a reservoir at a colder temperature (T¢). In the theoretical thermodynamic cycle
shown in the temperature—entropy diagram (Figure , the system is always in
a state that is totally reversible to a previous state. This perfect cycle is called

the Carnot cycle and a heat engine that follows this cycle is called a Carnot engine.
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Figure 1.1: Schematic of a heat engine.

The efficiency of a heat engine is defined by the ratio of work output (W) to
heat flow into the engine (Qp), as shown in equation |1.14] Calculating the work
done by the Carnot engine during the Carnot cycle and the heat flow into the

Carnot engine, we obtain the efficiency of the Carnot cycle shown in equation [1.8|

A—»B: isothermal heat absorption
B—»C: isentropic work output
C—*D: isothermal heat rejection
D—*A: isentropic work input

Temperatwre

-t L~ P
T D <
N _=_ : *
Sa 58
E n‘\-rofy

Figure 1.2: The Carnot cycle.



Chapter 1. An introduction to thermoelectrics

n o= % (1.1)
Woarnot = ]{ (dQ — dU) (1.2)
- g (13)

~ fras (14)

= (Ty —Tc)(Sp — Sa) (1.5)

Qu = /ABT ds (1.6)

= Ty (Sp— Sa) (1.7)

NCarnot THT—_HTC (1.8)

Real heat engines stray from the totally reversible cycle that the Carnot cycle
idealizes because heat is lost to the surroundings; thus, a real heat engine performs
less work than a Carnot engine and the efficiency of a real heat engine is always

less than the efficiency of a Carnot engine.

1.2 The thermoelectric effects

1.2.1 The Seebeck effect

In 1821, Thomas Johann Seebeck observed the deflection of a compass needle

from a closed loop of two metals, when there was a temperature difference between
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the two junctions. Seebeck incorrectly believed that this was a thermomagnetic ef-
fect; however, Hans Christian Orsted identified that there was a thermally induced
voltage and current involved and so the first thermoelectric effect was discovered.
A temperature gradient across a material results in the thermal diffusion of charge
carriers from the hot side to the cold side, giving rise to an open-circuit voltage
(AV) that is proportional to the temperature difference (AT'), as described by

the Seebeck coefficient () in equation [1.9}

AV
= ——_ 1.
« AT (1.9)

1.2.2 The Peltier effect

In 1834, Charles Athanase Peltier observed that a current flow flow between
two dissimilar materials generated a temperature difference at the junction of
the materials. This effect is called the Peltier effect, where the heat flux (Q) is
proportional to the applied current (1) by the difference of Peltier coefficients (II)

of the materials in contact:
Q = (I, -1I) I . (1.10)

The Peltier effect allows heat to be pumped to or away from a junction of

dissimilar materials.
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1.2.3 The Thomson effect

In 1854, William Thomson (aka Lord Kelvin) discovered that an electrical
conductor that has a temperature gradient will have a gradient in the Seebeck

coefficient that is proportional to the temperature by the Thomson coefficient

(7):
T =T (Z-?) . (1.11)

1.2.4 The caveat

Lord Kelvin was able to establish relations between the three thermoelectric

effects. The Thomson relations are:

T = — -« (1.12)
and

n="Ta. (1.13)

The Thomson relations connect a material’s heat transport properties to its charge
transport properties, which allow thermoelectrics to be used as heat engines; how-
ever, the transport processes that connect heat current to charge current are in-
terrelated and place limitations on the maximum efficiency of a thermoelectric

heat engine.



Chapter 1. An introduction to thermoelectrics

1.3 Thermoelectrics as heat engines

NASA has successfully employed radioisotope thermoelectric generators
(RTGs) for power generation in their space missions, where alternative power
generation methods are not viable.[I] The RTGs employ 23*PuQ, as their heat
source and the coldness of space (or Mars) as the sink.

Figure shows how the Seebeck coefficient for a material may be evalu-
ated and Figure shows one configuration for a thermopile and thermoelectric
module, where the thermopile is an n-type (i.e. electron conducting) semicon-
ductor and a p-type (i.e. hole conducting) semiconductor that are electrically in
series but thermally in parallel. The existence of a temperature gradient, results
in the diffusion of the charge carriers from the hot side to the cold side, giving
rise to a current and voltage, which are delivered as power to the load that is
connected to the thermoelectric device. By the Peltier effect, the opposite may
occur too, where an applied current may produce a temperature gradient useful

for refrigeration applications.

1.3.1 Efficiency of a thermoelectric power generator

The efficiency of the conversion process in a thermoelectric power generator

has been discussed by Nolas et al. [2] and Curtin [3]. The efficiency is expressed
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b Heat absorbed

Substrates

Thermoelectic
elements Metal

electrical
connection

Figure 1.3: Schematic of a thermopile and thermoelectric device: (a) The See-
beck coefficient for a material and (b) a thermopile and thermoelectric device
(Reprinted by permission from Macmillan Publishers Ltd: Nature Materials, Ref.
[1], Copyright 2008. doi;10.1038 /nmat2090).

by equation [I.15}

W
O (1.14)

o <AT)2 (RLfIL%TE>
kAT +1aTy—3I? Rrp '

=
Il

(1.15)

where Ry is the load resistance, Rrg is the resistance of the thermoelectric mate-

rial, AT is the temperature drop across the thermoelectric (i.e. AT =Ty — T¢),


http://dx.doi.org/10.1038/nmat2090
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and r is the material’s thermal conductivity. If equation [1.15[is maximized with
respect to the current, then the maximum efficiency of the thermoelectric power

generator is:

nmax - TH

TH — TC ( \/1 + ZTm,e —1 > (1 16)

V914 2T e —To/TH

where the prefactor is the Carnot efficiency, Ty, = %(TH —T¢), and z is a di-
mensionless quantity that is useful for discussing the thermoelectric conversion

efficiency of a material.

The thermoelectric figure of merit, 27T

The product of z and the absolute temperature (7'), are referred to as the

thermoelectric figure of merit, 27"

T = T . (1.17)

Efficiency: thermoelectrics vs. mainstream heat engines

Vining| compared the standard heat engine efficiencies to a model thermoelec-
tric heat engine operating at different z7’s. An adaptation of his comparison
is shown in Figure [1.4] The 27T improvements necessary to make thermoelectrics
competitive with the standard heat engines used in power generation are extremely
challenging. Improving the figure of merit is a significant materials engineering

problem due to the interdependence of these properties.
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Figure 1.4: Heat engine efficiencies and zT requirement. (Reprinted by permis-

sion from Macmillan Publishers Ltd: Nature Materials, Ref. [4], Copyright 2009.
d0i:10.1038 /nmat2361)

1.3.2 Interdependence of the material properties in 27T

We see that the efficiency of a thermoelectric power generator (and a ther-
moelectric refrigerator) is dependent upon the material’s Seebeck coefficient, elec-
trical conductivity, and thermal conductivity. To maximize the thermoelectric
conversion efficiency, the material must approach the behavior of a phonon-glass,
electron-crystal, where the thermal conductivity is low and the charge transport
is like that in a crystal. It is a challenge to realize a phonon-glass, electron-
crystal because as seen in Figure from Snyder and Toberer| since the power
factor (o? o) is maximized at a different carrier density than that of the 27— the

material properties that define 21" are interdependent.
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zT

0 |
1018 1019 1020 1021

Carrier concentration (cm—2)
Figure 1.5: Thermoelectric properties for a model of BiyTes. (Reprinted by

permission from Macmillan Publishers Ltd: Nature Materials, Ref. [1], Copyright
2008. doi;10.1038 /nmat2090)

The electrical conductivity

The electrical conductivity describes how well a material conducts charge. It

is the reciprocal of the electrical resistivity (p = o~!), which is defined as:

p = R

A
T (1.18)

where R is the resistance measured between the electrical contacts, A is the cross

sectional area, and [ is the distance between the electrical contacts. The electrical

10
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conductivity depends on the carrier density (n) and carrier mobility (u):

o = ney . (1.19)

The thermal conductivity

The thermal conductivity describes how well a material conducts heat; how-
ever, the heat is transported by lattice vibrations known as phonons as well as

the charge carriers themselves. Thus, the total thermal conductivity is:

R = liph—i-liel (1.20)

= fkpnto LT, (1.21)

where k,, and k¢ are the lattice and electronic contributions to the thermal
conductivity in equation and the Wiedemann-Franz Law (i.e. kg =0 L T),
where L is the Lorenz number, yields equation [I.21] showing the interdependence
between electrical conductivity and thermal conductivity.

The lattice thermal conductivity may be significantly reduced by increasing
the phonon scattering rate by one of the mechanisms shown in Figure[I.6h. These
phonon scattering processes affect the phonon mean free path distribution, such
that point defect scattering reduces the number of phonons that have very short
mean free paths and phonon scattering at grain boundaries disrupts the phonon

number at a larger mean free path— the consequence is that the number of phonons

11
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and integral of the curve in is changed and the lattice thermal conductivity

decreases. The introduction of boundaries and other phonon scattering mecha-

d Phonon scattering mechanisms: b Distribution of Phonon Mean Free Paths
Phonon-phonon scattering
Phonon-electron scattering ~5 nm (Si, 300K)
Point defect scattering o
Boundary scattering Traditional
~200-300 nm
e 300
=3 Si, 300 K
> ~
£g
g E
=
c o
e
=B
S
= 5
g
ofoRe2s0 20050 0,%5 | %0 N\ %% ¥ i=9
0.5
MWWA=D> = phonon Mean Free Path [um]

O = point defect
= = grain boundary

Figure 1.6: (a) The introduction of point defects and boundaries leads to in-
creased phonon scattering and (b) reduction in total lattice thermal conductivity
(figure adapted from Dames [5], with permission).

nisms isn’t always best for maximizing 27" since those scattering mechanisms may
exist on a length scale that affects the charge carrier transport too. For a thorough

discussion of the phonon mean free path distribution and how it affects thermal

conductivity, the reader is referred to Dames [5] and Rowe [6].

12
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The Seebeck coefficient

Using what we just learned about thermal conductivity, the thermoelectric

figure of merit may be expressed as equation [1.24}

2
T
o= LT (1.22)
Kph + Kel
aloT
_ S 1.23
Rph +0o LT ( )
2
L
_ o /L (1.24)
1 + /{‘ph/ﬁ;el

Improving the figure of merit is a significant materials engineering problem due to
the interdependence of the properties. Most recent advances in improving ther-
moelectric efficiency have resulted from nanostructuring the material, which leads
to a reduction of the lattice thermal conductivity without significantly decreasing
the charge mobility.[I] However, the Seebeck coefficient greatly affects the zT.
Microscopically, the Seebeck coefficient is related to the entropy per charge
carrier. It may also be expressed by the Mott Formula shown in equation [1.25

and in the expanded form [I.26}

w2 k% | dlin(o(E)]
@ = - T{ = (1.25)
E=Ep
k% | 1dn(E) 1du(F)
= T4 — — 1.2
e {n dE + u dE ’ (1.26)
E=Ep

13
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where kg is the Boltzmann constant, e is the elementary charge, o(FE) is the en-
ergy dependent electrical conductivity, and Er is the Fermi energy. The Mott
formula accurately describes metals and degenerate semiconductors and captures
the interdependence of the Seebeck coefficient and electrical conductivity. Gener-
ally, an increase in electrical conductivity due to doping will decrease the Seebeck

coefficient.

1.3.3 The benchmark thermoelectric materials

In “Complex thermoelectric materials”, Snyder and Toberer|show the tempera-

ture dependence of the 2T of commercially available, bulk thermoelectric materials

(see Fig. [1.7)).

a 4 n-Type zT b 4 p-Type zT
2 e Sice ER o Yb, MnSb,
1.0 2% 1.0} —
PbTe CoSby, CeFe,Sby,
" 05, gl
04} 04+t
0.2 02}
0 - - : - 0 ' ' ‘ :
0 200 400 600 800 1,000 0 200 400 600 800 1,000
Temperature (°C) Temperature (°C)

Figure 1.7: The state-of-the-art commercial (a) n-type and (b) p-type thermo-
electric materials and some developed by NASA for their radioisotope thermoelec-
tric generators. (Reprinted by permission from Macmillan Publishers Ltd: Nature
Materials, Ref. [1], Copyright 2008. doi:10.1038 /nmat2090)

14
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Silicon germanium alloys (Si;_,Ge,) are the standard materials used for ther-
moelectric generators at high temperatures. Two appealing advantages of these
Si;_.Ge, alloys are that silicon is the second-most earth abundant element (see
Fig. [1.8[7]); and both silicon and germanium are less toxic than other heavy met-
als commonly used in thermoelectrics. However, the 271”s of the SigyGesy RTG’s
used by NASA in the past were limited to 0.5 (p-type) and 1.0 (n-type). New
materials or new effects must be discovered and studied in order to improve the

efficiency of thermoelectric heat engines.

1.4 Paradigm shifts in thermoelectrics

The functionality of a material/device can be attributed to the properties of
the material under the effect of some perturbation, as is highlighted in Figure [I.9
An example of a perturbative effect that gives rise to enhanced functionality is the
existence of topological insulators, where the bulk of the material is electrically
insulating; however, at the proper dimension and composition, the material /device

exhibits electrical conduction at the material’s surface.[8-10)]

15
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Figure 1.8: The crustal abundance of the elements. (Figure taken from
Wikipedia, with permission under a Creative Commons Copyright 2003 Haxel
et al. [7].)

1.4.1 Nanostructuring to reduce lattice thermal conductiv-
ity

A variety of synthetic strategies have been developed for silicon-based alloys in

order to improve the figure of merit and reduce cost.[TTHI5] In general, the thermo-

electric efficiency of the materials can be improved by increasing nanostructuring

to enhance phonon scattering to decrease the thermal conductivity,[16] 17] and

the cost is reduced by minimizing the germanium content.[I8, [I9] High energy

16
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Figure 1.9: Bulk properties and some perturbative effects that give rise to en-
hanced functionality.

ball milling of a mixture of elemental silicon, germanium, and the dopant element
in order to decrease the average particle size and the thermal conductivity has
been demonstrated to give the highest figure of merit for bulk nanostructured
SiGe thermoelectric materials of 1.3 and 0.95 at 900 °C, for n-type and p-type
respectively.|20], 21]

However, the ball milled nanocomposites were prepared from relatively
costly metallurgical-grade silicon and germanium made through high temperature
(~2000 °C) carbothermal reduction of high purity silica and a similar reduction

process of germania. Therefore, an alternative strategy to obtain nanostructured

17
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SiGe particles directly from nanostructured oxides at low temperature is highly
desirable.

The successful demonstration of lattice thermal conductivity reduction in
nanostructured silicon has been shown in nanowires (see Fig. [22] 23], and

extended to silicon nanomeshes|24] and Si nanowire arrays|25], 26].

Silicon boule Silicon nanowire

k(300 K) ~ 150 W/(m K)
ZT(300 K) ~ 0.01

Figure 1.10: A silicon nanowire’s thermal conductivity may be reduced two
orders of magnitude lower than that of a bulk single crystal, making nano-Si a
more efficient thermoelectric than bulk-Si. (Fig. adapted from Wikimedia
Commons, Creative Commons Copyright 2004 Stahlkocher [27] and Fig.
reprinted by permission from Macmillan Publishers Ltd: Nature, Ref. [22], Copy-
right 2008. doi:10.1038 /nature06381)

Porous thermoelectrics

Porous semiconductors have been proposed as the ideal phonon-glass, electron-

crystal. Calculations by suggest that nanoporous Si should exhibit a

2T that is two orders of magnitude greater than thatthat of bulk Si and that

18
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nanoporous Ge should exhibit a 27 that is thirty times greater than the 2T of
bulk Ge.|28, 29]. Somewhat encouraging is that there are porous semiconductors
or semiconductors that exhibit cage-like structures (e.g. the clathrates), which
have been shown to have zT' > 1.3. However, the effect of porosity may be
detrimental in a nanograined material, where the phonons are limited by the
grain boundary scattering and additional defects would cause a degradation of
the charge mobility. |[Lee et al.| argue that nanoscale porosity is not beneficial
in bulk Si;_,Ge, nanocomposites because the benefit in reducing lattice thermal

conductivity is insufficient to overcome the deficit in electrical conductivity.[30]

Isotopic phononic crystals

Yang et al|calculated that a nanoscale 3D isotopic phononic crystal of silicon
should yield a 27" > 1; however, the ability to control the isotope assembly appears
to be a huge obstacle.[3I] A bottom-up process like the method developed in this

thesis may offer an opportunity to prepare such a 3D isotopic phononic crystal.

Embedded “Nanoparticle-in-Alloy”

Mingo et al|calculated the 2T for a variety of particle-matrix nanocomposites

and reported that a SiGe matrix with ~1% volume fraction of silicide nanoinclu-

19
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sions may have a room temperature 27" greater than 0.5 and a 27" of 1.7 or higher

at 900 K.[32]

1.4.2 Power factor (o? o) enhancement

Since the Seebeck coefficient is squared in the 27" equation, changes in its value
can have a dramatic impact. If we consider the Mott equation for the Seebeck
coefficient of a metal as shown in equation and expanded in equation [1.28]
then we see that the Seebeck coefficient is sensitive to how the Fermi function

changes at the Fermi level.

din(o(B)
a X {T}E:E (1.27)

ldn(E) 1dup(E)
{ﬁ dE u dE }E:E (1:28)

This dependence has been used to improve the thermoelectric power factor by
several different (but related) mechanisms.
Distortion of the electronic density of states

Heremans et al. doped PbTe with thallium, which introduces an impurity
state that distorts the electronic density of states and the energy derivative in the

equations above, resulting in 27" = 1.5 at 773 K.|33]

20
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Modulation doping in silicon germanium to enhance power factor

If a doped material is interfaced with an undoped material, then charge may
transfer to the undoped region and since the undoped region has a higher charge
mobility, there may be an enhancement in the power factor. Modulation doping
has been employed as a means to enhance the power factor (a? o) without signif-
icantly increasing the thermal conductivity, yielding 27" of 1.3 for p-type at 900
°C.[34, 35] This is similar to the field effect, which has been used to improve the

thermoelectric power factor in Si-based nanowires.[36H3§]

Energy filtering in heterostructured thermoelectrics

Zide et all demonstrated enhanced  Seebeck  coefficients in
Ing 53Gag.47As/Ing 53Gag 0sAlg19As superlattices, which they attribute to en-
ergy filtering, where the low energy carriers are blocked and the higher energy
carriers are transported, producing a lower electrical conductivity but an increase
in the derivative of the conductivity with respect to energy.[39] The concept of
energy filtering has also been used to explain the thermoelectric properties of

highly-doped nanograined semiconductors. [40]

21
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Mobility enhancement and the hole gas in Si/Ge heterostructures

Strain has a dramatic impact on the band structure in Si;_,Ge,.
calculated the band alignment for the Si/Ge system and since then
the effect of strain to enhance mobility has been used by Intel.[4I] The Ge/Si
heterostructure can also result in the confinement of a hole gas to the germanium
phase, which without any dopants, gives rise to enhanced conductance.[36, 42
44] This property may be useful for thermoelectrics because ionized impurity
scattering is the dominant scattering mechanism which degrades charge mobility
in degenerately doped Si;_,Ge,.

a.

Si Shell

Figure 1.11: The 1D hole gas in Ge/Si nanowire heterostructures: (a) model of
the wire’s cross section and band offsets in the heterostructure, which confine a
hole gas to the germanium core, and (b) HR-TEM image of the Ge/Si nanowire.
(Reprinted with permission from Moon et al. [36]. Copyright 2013 American
Chemical Society)
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1.5 The structure of this thesis

The goal of this thesis is to demonstrate an alternative method to prepare sil-
icon germanium nanocomposites and alloys and to develop doping strategies such
that structures like that shown in Figure [[.12] which can’t be realized under the

extreme conditions currently used to make bulk-Si;_,Ge,, may be realized. This

B rhase A

Figure 1.12: Model of a heterostructured nanocomposite (adapted, with permis-
sion, from Zhang [45]).

thesis is structured to introduce the concepts and properties that govern thermo-
electric transport and then it goes in chronological order of the experiments that I
performed from investigating porous silicon films, which had poor electrical prop-
erties to the magnesiothermic reduction of doped-(SiOs);_,(GeOs), nanocompos-
ites, which exhibit better electrical properties. The processing steps from sol-gel
synthesis, to reduction conditions, to powder consolidation conditions all affect
the microstructure and homogeneity of the (Si);_,.(Ge),. Finally, I propose a
hybrid organic-inorganic heterostructured thermoelectric that may demonstrate

enhanced power factor, using some of the methods developed in this thesis.

23
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The silicon—germanium system

2.1 Industrial production of metallurgical-grade

silicon and germanium

Metallurgical grade (i.e. >98% purity) silicon is prepared by the carbothermal
reduction of high purity silica in an electric arc furnace at temperatures around
~2000 °C, as shown in the reactions starting at equation 2.1 The liquid silicon
that is collected may be processed further to yield higher purity silicon and single

crystals of large diameter may be grown to feed the semiconductor industry.

Si0, (s) + 2 C (s) 2227 Gi(1) + 2 CO (g) (2.1)
Si0y (s) + C (s) 2225 S0 (1) + CO (g) (2.2)
SIO (1) +2C (s) 2229 SiC (s) + CO (g) (2.3)

2 SiC (s) + Si0, (1) 222°% 338i (1) + 2 CO (g) (2.4)
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Germanium may be produced by a hydrogen reduction or a carbothermal reduc-
tion of a high purity germania. Silicon germanium crystals may be grown; however

their size and homogeneity is limited due to the properties of this system’s phase

diagram (see Fig. [2.2)).

2.2 The crystal structure

Silicon crystallizes in the diamond cubic crystal structure, which is two inter-
penetrating face-centered cubic sublattices. Figure shows the unit cell for the
diamond cubic crystal structure. The lattice constant of crystalline silicon (¢-Si)
is 5.431 A. Silicon can also be deposited as an amorphous or poylcrystalline phase.
The lattice constant of ¢-Ge is 5.658 A. Germanium may substitute for silicon,

which leads to an increase in the lattice constant.

2.3 The phase diagram

Silicon and germanium are completely miscible and may form a solid solu-
tion (i.e. an alloy), as seen in Figure 2.2 The large liquidus-solidus region and
difference in melting points of the pure phases make it difficult to obtain large,

homogeneous Si;_,Ge, single crystals.
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Figure 2.1: At ambient pressure, silicon & germanium crystallize in the dia-
mond cubic crystal structure, which is two interpenetrating face-centered cubic
sublattices. [40]

2.4 Basic properties of Si;_,Ge,

2.4.1 Thermal conductivity

The crystal structure of silicon (see Figure is a strong covalent network,
with a high thermal diffusivity, sound velocity, and lattice thermal conductivity.
Figure[2.3|depicts the temperature dependent lattice constant, heat capacity, ther-
mal diffusivity, and thermal conductivity for undoped, crystalline silicon that have

been reported.[48-H51] Thermal diffusivity decreases with increasing temperature

due to increased phonon—phonon scattering.
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Ge @ @& & WAE 5
Figure 2.2: The silicon-germanium phase diagram. (Reprinted with per-

mission from Stohr and Klemm [47]. Copyright 2004 John Wiley and Sons.
do0ii10.1002/zaac.19392410401)

The density of a bulk thermoelectric (e.g. a pellet) of convenient shape may be
measured by its weight and geometric volume. The density of an arbitrarily shaped
bulk thermoelectric may be measured by the Archimedean method. The specific
heat capacity may be measured by differential scanning calorimetry or estimated
by the Law of Dulong-Petit (i.e. C, ~ 3R/M, where R is the gas constant and
M is the molar mass). The thermal diffusivity of a bulk thermoelectric may be

measured by the laser flash method, where a laser is flashed at one side of the
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Figure 2.3: Temperature dependence of pure, crystalline silicon’s (a) lattice con-
stant (as reported by Yim and Paff [48|) & density, (b) heat capacity |Reprinted
with permission from Desai [52]. Copyright 1986, AIP Publishing LLC.], (c¢) ther-
mal diffusivity [Reprinted figure with permission from Shanks et al. [50], Physical
Review, vol. 130, 1743, 1963, doi:10.1103/PhysRev.130.1743. Copyright 1963 by
the American Physical Society.], and (d) thermal conductivity [Reprinted figure
with permission from Glassbrenner and Slack [51], Physical Review, vol. 134,
A1058-A1069, 1964, doi:10.1103/PhysRev.134.A1058. Copyright 1964 by the
American Physical Society.|

pellet and the temporal response of the temperature profile on the other side of

the pellet is measured.
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Point defect scattering for reduced lattice thermal conductivity in

Silfoem

The lattice thermal conductivity may be significantly reduced with the incor-
poration of germanium, as shown in Figure 2.4} [53H57] The thermal conductivity

reduction is a manifestiation of increased phonon scattering at point defects.

[y

[
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1
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Ge content x

Thermal conductivity K (W/ecm K)

Figure 2.4: Effect of germanium content on lattice thermal conductivity of

Si;_,Ge,.[53] (Reprinted with permission from Levinshtein et al. [54]. Copyright
2001, John Wiley and Sons.)

2.4.2 Carrier mobility

Intrinsic germanium (i-Ge) has a higher hole and electron mobility than i-Si. i-
Si;_,Ge, has a lower carrier mobility due to charge—point defect scattering. In all
of the doped thermoelectric samples discussed in this thesis, the carrier mobility

is limited by ionized impurity scattering.
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Figure 2.5: Hall mobilities in intrinsic Si;_,Ge,. (Reprinted with permission
from Levinshtein et al. [54]. Copyright 2001, John Wiley and Sons.)

2.4.3 Extrinsic doping of Si;_,Ge,

Boron and phosphorus are substitutional dopants in Si;_,Ge,. The ioniza-
tion energies of some common impurities in monocrystalline silicon are shown in
Figure 2.6 Boron introduces shallow acceptor levels and phosphorus introduces
shallow donor levels, which are essentially all ionized at room temperature to
yield holes or electrons, respectively. The addition of boron or phosphorus into
the Si;_,Ge, lattice allows the carrier density to be tuned to the extent allowed
by the solubility of the dopant. The dopant solubility is temperature dependent
and preparation dependent; however, a high temperature solubility may be stable
for some time at lower temperatures. The solubility of boron and phosphorus in

c-Si are ~2 x 10%° cm ™3 and ~3 x 102 cm™3 at 900 °C, respectively. [58-60]
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Figure 2.6: Ionization energies of some impurities in monocrystalline silicon.
(Reprinted from Solid-State Electronics, Vol. 11 Issue 6, Sze and Irvin|, “Resistiv-
ity, mobility and impurity levels in GaAs, Ge, and Si at 300K” [61], pages 599-602,
Copyright 1968, with permission from Elsevier. doii10.1016/0038-1101(68)90012-
9)

The van der Pauw method to measure electrical resistivity

The electrical resistivity of a bar as shown in Fig. may be determined
according to equation or by the van der Pauw method drawn in Fig. [2.7p.
A current Iy is applied from contact 2 to contact 1 and the potential difference
between contact 4 and 3 (Vj3) are measured to give the resistance Roj43. The
resistance Rg; 40 is measured similarly. The sheet resistance (Rs) that appears
in the van der Pauw equation may be solved numerically, according to |[van der

Pauw’s procedure. [62]
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pellet bar

Differential
Heater -

Figure 2.7: Schematics of how electrical conductivity is measured on the (a)
ULVAC ZEM-3 and in the (b) van der Pauw configuration.[62]

The Hall effect

A magnetic field (||B]|) orthogonal to a conducting plane exerts a Lorentz force
on charge carriers, giving rise to the Hall voltage that may be measured according

to Figure [2.8] The Hall voltage is related to the carrier density by equation [2.5}

I|B
Viar = —M ; (2.5)

nte

where, for an n-type semiconductor, the n carriers (per volume) are all electrons,
I is the excitation current, ||B|| is the magnetic field orthogonal to the conduct-
ing sheet, e is the elementary charge, and t is the thickness. When all of this
information is known and an electrical conductivity has been determined, then
the Hall mobility (up.u) may be determined according to o = nyay € figa- Note

that this is a simple use of the Hall results that won’t take into account the Hall
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Figure 2.8: Schematic of how the Hall effect measurement is performed in the
van der Pauw configuration.

scattering factor (rgqy), which is important when interpreting Hall results for an

inhomogeneous semiconductor, which will be discussed in Chapter
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Chapter 3

Porous silicon from
electrochemically etched single
crystal silicon

3.1 Porous silicon (PSi) films

Our first strategy to demonstrate the model heterostructure shown in [1.12]
so that we could test the theoretical calculations of Lee et al. [28] and Lee and
Grossman [29] for porous silicon (PSi) and germanium, was to electrochemically
etch single crystal silicon. |Uhlir| was the first to report the electrochemical etching
of silicon and germanium [63] and his work was forgotten until Canham| demon-

strated light emission from the electrochemically etched PSi.[64]
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3.1.1 Previous studies on thermoelectric properties of PSi

The temperature-dependent thermal conductivity of porous silicon films was
investigated by |Gesele et al who found that the porous silicon films had thermal
conductivities that “were three to five orders of magnitude smaller than the values
for bulk silicon.”[65]

The electrical conductivity of porous silicon films are known to be degraded due
to a high density of surface traps that compensate the dopants and/or the fluctu-
ation in the band edges due to the inhomogeneous distribution of crystallites.[66]
We will attempt to characterize the electrical conductivity of PSi prepared from
highly boron-doped, p** silicon wafer and aim to backfill the pores to yield a

heterostructure with enhanced power factor, as shown in Figure [3.1k.

3.2 Synthesis of PSi

Highly boron-doped Si wafers were obtained from Siltronix. The setup shown
in Figure was used to perform the chemistry shown in Figure[3.Ip. A current
density J; was applied for some amount of time to generate the porous film and to
obtain a freestanding film, we could use a different hydrofluoric acid concentration

and current density.
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Figure 3.1: Scheme for the electrochemical synthesis of porous silicon. (a) elec-
trochemical etching cell used to prepare porous Si from single crystal Si wafers
(image credit: Sailor [67], used by permission), (b) the electrochemistry that takes
place to etch the silicon wafer, and (c) the scheme to prepare freestanding porous
silicon films or to backfill and prepare a silicon-germanium nanocomposite.

3.3 Electrical properties of the PSi films

We first characterized the resistance of the porous films on silicon in the sand-
wich configuration shown in Figure [3.2h. The current-voltage characteristic for a
PSi film on Si is shown in Figure [3.2b. The slope of the trace is the reciprocal of
the resistance, indicating that the PSi film has a higher electrical resistivity than
the silicon wafer. We wanted to determine the electrical resistivity of the porous
film, without the influence of the silicon substrate or the PSi/Si interface so we

performed the electropolishing “lift-off” procedure.
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Figure 3.2: (a) Scheme for determining cross-sectional resistance of porous silicon
film and (b) J-V curves of the starting silicon and the porous silicon film on silicon.

3.4 Free-standing porous silicon films

Upon drying, the PSi on Si films crack and the free-standing PSi films crack,
as shown in Figure & b. The cracking is a mechanism to relieve strain in the
nanocrystalline film. It is concomitant with amorphousization of the structure, as
shown in the Raman spectra of Figure where the optical phonon of silicon at
520 cm™! becomes asymmetric towards lower wavenumbers.[6G8]

COy critical point drying was used to produce lifted-off PSi films with less
cracks; however, the crack-free films would roll up, which made it difficult to
probe their electrical resistivity. The thickness and porosity of the PSi films
prepared under different conditions were determined by the gravimetric method

discussed in Properties of Porous Silicon.[66] The properties of the PSi films that
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we prepared are summarized in Table 3.1 which shows that PSi films on silicon

had variable resistivities and once they were lifted-off of the silicon substrate they

became insulators.

Layer PSi/Si Freestanding
. Thickness . Resistivity | PSi Resistivity
Etch Conditions (i) Porosity (Q cm) (Q cm)
0 mA cm 2, 0 min. 0 0% 0.0008 N/A
10 mA cm™2, 20 min. ~8 ~61% ~1.6 ~1x10°
100 mA cm~—?, 20 min. ~50 ~74% ~40,000 ~1x10°

Table 3.1: Properties of porous silicon films discussed in this chapter.

The poor electrical conductivity of PSi films is attributed to compensation
due to trap states & undulating bands & extensive crack defects, as discussed
in Properties of Porous Silicon— “the evaluated trap density is ~10* cm™3, the
same order of magnitude as the dopant density.”[66] PSi has not been successfully
applied as an electronic material but it has been successfully applied as an optical
material for biosensors, drug delivery, and gas sensors.[69-73)|

We quickly abandoned this top-down approach to silicon thermoelectrics, in
favor of a bottom-up process that would yield material with better electronic

properties.
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Figure 3.3: Micrographs of (a) air dried PSi on Si & (b) air dried freestanding
PSi show widespread cracking, whereas (c—f) critically point dried freestanding
PSi exhibit less cracking— instead they roll up.
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Figure 3.4: Raman spectra of the (a) starting p** Si wafer and after electro-
chemical etching at two different current densities and (b) PSi that is dried in air
compared to a critically point-dried PSi film.



Chapter 4

Magnesiothermic reduction of doped
silica-germania nanocomposites

4.1 The carbothermal reduction of silicon dioxide

The highest thermoelectric performance reported for Si;_,Ge, is for ball milled
nanocomposites that were prepared from relatively costly metallurgical-grade sil-
icon and germanium made through high temperature (~2000 °C) carbothermal
reduction of high purity silica and a similar reduction process for germania. There-
fore, an alternative strategy to obtain nanostructured SiGe particles directly from
nanostructured oxides at low temperature is highly desirable.

Motivated by this goal, several attempts to synthesize hierarchically structured
Si and SiC materials from silica at low temperature have been reported.[74] [75]

Bao et al. first reported a successful magnesiothermic reduction of silica to silicon
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at 650 °C that maintains the microstructure of the precursor oxide (in their case,

a diatom frustule as shown in Figure [4.1]).[70]

4.2 Maintaining microstructures with the magne-

siothermic reduction of silicon dioxide

Aulacoseira Silicon
frustule : replica

Figure 4.1: The magnesiothermic reduction of a diatom frustule maintains the
microstructure of the frustule. (Adapted by permission from Macmillan Publishers
Ltd: Nature, Ref. [76], Copyright 2007. doi:10.1038 /nature05570)

The reduction chemistry and etch chemistries

The Bao et al| result was achieved by vapor transport of magnesium to the

oxide. The reduction chemistry that occurs in the magnesiothermic reduction is
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shown in equation and overreduction leads to the silicide-germanides shown
in [4.2] [Szczech and Jin showed that the diatom frustule may be overreduced to

the silicide and the diatom’s structure is maintained.[77]

650 °C

(Si02)1-2(GeOs), (s) + 2 Mg (g) —— Si;_.Ge, (s) + 2 MgO (s) (4.1)

2 Mg (g) + Si;_.Ge, () —  MgeSiy_,Ge, (8) (4.2)

The product of the magnesiothermic reduction contains impurity phases, which

may be selectively etched according to equations 4.3}H4.5]

MgO (s) + 2 HCI (aq) — MgCly (aq) + H20 (1) (4.3)

MgsSi (s) + 4 HCI (aq) — 2 MgCly (aq) + SiHy (g) (4.4)

SiOy (s) + 6 HF (aq) — HsSiFg (aq) + 2 HyO (1) (4.5)
Sustainability

The magnesiothermic reduction of silica obtained from rice husks and sand and
application of those materials for lithium ion batteries has been reported.|78-80]
The benefit of those silica sources is that they are plentiful: (1) a huge fraction
of the population consume rice and (2) sand constitutes a huge fraction of the
Earth’s crust.

Another silica source, as shown above, is diatomaceous earth. Diatoms nat-

urally incorporate boron into their cell walls with many types having 10-1000
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ppm boron.[81], [82]. There have been studies on the effect of germanium incorpo-
ration on diatom growth and structure, as well.[83-86] Perhaps diatoms may be
bioengineered to have the germanium and dopant content that would make them
sustainable feedstock for nano-Si;_,Ge, applications.

Although this low temperature route can successfully maintain the microstruc-
ture of the precursor oxide since it occurs below silicon’s melting point, we are not
aware of any studies on the electronic properties of the silicon obtained by this
route or application of the magnesiothermic reduction to prepare silicon-based

thermoelectrics.

4.3 What I propose to do

Shi demonstrated that the vapor-transport magnesiothermic reduction of a
mesoporous silica, yielded a micro/mesoporous silicon, as shown in Figure .
We aim to develop a one-pot synthesis of a doped silica-germania and potentially
backfilling of the pores to achieve the nanocomposite structures shown in Figure
that may allow us to access the perturbative effects that give rise to enhanced

functionality:.
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Figure 4.2: TEM images of a mesoporous silica and the micro/mesoporous silicon
product obtained after vapor-transport magnesiothermic reduction (unpublished
results by and with the permission of Shi [87]).

4.3.1 Free energies for reduction and importance for doping

The most important material property for tuning the thermoelectric efficiency
is the carrier density, which is modulated by the dopant density; thus, we must
develop a means to controllably dope the precursor oxide. The Ellingham dia-
gram describes what species we may be able to reduce using magnesium.[88] Our
doping strategy is to inject the desired amount of dopant into the solution during
the sol-gel synthesis. The amount to inject is determined according to Figure [4.4]
We use boron to yield p-type conductivity and phosphorus to yield n-type con-
ductivity. The solubility of those dopants in the final Si;_,Ge, are on the order

of ~2x10%° ecm ™2 at 900 °C.[58-60]
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Phase A;
with pores filled with Phase B,

Mesoporous Phase A;

Pore
infiltration

(1) Chemical reduction
(2) Pore infiltration

5
h
\.._.»_',

Reduced Phase A, with pores
filled with Reduced Phase B,

Figure 4.3: Scheme for the synthesis of ordered mesoporous material and pore-
filled nanocomposites (Figure adapted, with permisson, from Zhang [45]).

4.4 “SBA-15" (SiO;);_,(GeO,), nanocomposites

We chose Santa Barbara Amorphous type material, SBA-15 as a model
nanocomposite to realize the structures shown in Figure [£.3/[89] There was a
previous study on a SBA-15 borosilicate; however, the boron content in that
study is greater than the amount of boron that we’ll need to target in order get

degenerately doped Si;_,Ge,.[90]
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4 Density of the desired )

Si, Ge, alloy

Desired dopant density X
< (i.e. Desired carrier density) > => Ratio of dopant to TEOS

Assume no loss during
processing steps Ratio of dopant acid to TEOS

Figure 4.4: Method of determining how much dopant acid to use during the
sol-gel synthesis to yield the desired dopant density.

4.4.1 Synthesis

SBA-15 was synthesized by the soft template, amphiphilic block copoly-
mer Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) aka (PEG-PPG-PEG), commercially available as Pluronic-P123. 1 gram of
P123, 30 mL of 2M HCI, and 7.5 mL of water were stirred at 38 °C until the so-
lution was clear. Then 2.08 grams of tetraethylorthosilicate (TEOS) was injected
and the solution was stirred for 24 hours. The viscosity increased in the first 15-25
minutes and then it decreased.

The sealed Nalgene bottle was placed in the oven at 100-130 °C for 24 hours.
It was removed and the white powder was collected by vacuum filtration, dried at
25-60 °C over night, then the powder was calcined at 1.5 °C min~* to 500 °C and

soaked there for 5 hours.

47



Chapter 4. Magnesiothermic reduction of doped silica-germania nanocomposites

The silica SBA-15 obtained by this synthesis is shown in the brightfield trans-

mission electron micrographs shown in Figure [£.5]

Figure 4.5: Brightfield TEM image of a SiOy SBA-15 after calcination.

The effect of the germanium dioxide precursor

The SiO5-GeOs system has been studied extensively for fiber optic cables due
to the tunability of the index of refraction by incorporation of germania.[91-94|
Processing at high temperature appears to yield homogeneous silica germania.[95]
It is known that TEOG and chlorogermanes have larger hydrolysis and condensa-
tion rates than their silicon analogs; however, there are reports of homogeneous,
self-assembled mesoporous silica-germania films.[96] To the best of my knowledge
the nanoscale heterogeneity of sol-gel synthesized silica-germania prepared from

the alkoxides has not been definitively shown but the heterogeneity has been dis-
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cussed for Si0y-GeO; glass preforms and fibers prepared by vapor phase axial de-
position method,[97] and proton implantation into GeO2-SiO5 was shown to yield
embedded germanium nanocrystals[98| and hydrogen reduction of the GeOy-SiOq
was shown to yield embedded germanium nanocrystals.[99]

The phase diagram of the SiOs—GeOy system shown in Figure [4.6] indicates
that a solid solution will form at high temperature but at lower temperatures,
equilibrium favors the precipitation of crystalline germania. I was never able
to determine the type crystallinity of the germania obtained in this thesis work.
There are different structures of germania that have appreciable solubility in water

and so aqueous processing should be avoided for nanostructured germania.[I00]
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Figure 4.6: Equilibrium phase diagram for the Si0O,—GeO, system, as reported
by Shafer and Roy [101] and Levin et al. [I02]. (Reprinted with the permission of
The American Ceramic Society, www.ceramics.org.)
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“SBA-15" (Si0Os)g5(GeOy )5 was synthesized by the appropriate molar substitu-
tion of germanium (IV) ethoxide (TEOG) for the TEOS. Condensation was rapid
and visible within 30 seconds. A white film was observed on the pipet used to

inject the TEOG.

4.4.2 Microstructure

Scanning electron microscopy was used to show that the germania precursor
affects the “SBA-15" particle morphology as shown in Figure[£.7] The Si:Ge=95:5
(nominal composition) “SBA-15" has a rod-like structure that is more tortuous

and there are tiny, brighter particles on the surface, and the particle diameter is

reduced.

Figure 4.7: SEM images of the calcined SBA-15’s show the germania precursor
causes morphological changes and the (Si03)g5(GeO2)s “SBA-15" has small dots
decorating the surface of the rods.
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4.4.3 Porosity

Nitrogen adsorption/desorption was performed to determine the Brunauer-

Emmett-Teller (BET) surface area of the “SBA-15s" (see Fig. [4.8a) and the

Barrett-Joyner-Halenda (BJH) pore size distribution is shown in Figure[.8b. The

germania precursor does not significantly affect the specific surface area or the av-

erage pore size.
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Figure 4.8: Porosimetry of the SiOs SBA-15 and (SiO2)¢5(GeO1)5 “SBA-15"after
calcination: (a) Ny adsorption/desorption isotherms and (b) pore size distribution.

Small-angle XRD indicates that the germania precursor does not signficantly

affect the dygp spacing or pore ordering as shown in Figure
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Figure 4.9: Small-angle XRD patterns of the SiOy SBA-15 and (SiOs3)g5(GeOs)s
“SBA-15" after calcination indicate that addition of germania precursor at 5 mol%
doesn’t appear to affect the dioy spacing of the pore structure.

Compilation of the structural properties of the “SBA-15s” is shown in Table
[4.1] The germania precursor seems to only affect the particle diameter which may

be due to the rapid formation of GeO, particles that disrupt the soft template.

BET Pore q Wall Particle | Particle
SBA-15 Area Size 199 1 Thickness | length | Diameter
gt | o) | ™™ ) | ) | ()
Si:Ge = 100:0 840 9.5 9.4 1.4 900 510
Si:Ge = 95:5 745 9.8 9.6 1.3 860 210
Table 4.1: Summary of the structural properties of the calcined “SBA-15"
nanocomposites.
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Silica and germania nanocomposites for battery applications

There have been recent studies on silica and germania for anode materials
that exhibit high and stable capacities.[I03HI06] The phase segregation in our
“SBA-15" (SiO32)1-2(GeO3), may exhibit enhanced battery properties. We have
attempted to prepare battery cells with our oxide nanocomposite; however, the
films we apply to the electrode peel off. This work is ongoing with Dr. Young-Si

Jun & Dayton Horvath.

4.4.4 Retention of phase segregation after magnesiothermic
reduction of (Si03)¢;(Ge0Os)5 “SBA-15”

The (SiOg)95(GeO2)s “SBA-15" was reduced with 2 mol. equivalent of mag-
nesium powder that were gently mixed and placed in a steal tube in an argon
glovebox and then sealed. The tube was placed in a box furnace and heated to
650 °C. The obtained brown & purple-ish powder were cleaned with hydrochloric
acid and then hydrofluoric acid. The Raman spectrum of the (Si)g5(Ge)s “SBA-15"
is shown in Figure and compared to a SigsGes alloy prepared by ball milling
(BM) and hot pressing (HP) silicon and germanium powders. The absence of a
Raman band at ~400 cm™! indicates that the (Si)gs(Ge)s “SBA-15" has no Si-Ge

alloying.
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"SBA-15"
(Si)gs(Ge)s

"SBA-15" (Si)q5(Ge)s

|

L Silicon wafer Si
!
Germanium ingot GLJ\

1 . I . 1 . I . . I . I . 1
200 400 600 800 1000 200 300 400 500

Raman shift (cm_l) Raman shift (cm'l)

counts (a.u.)
counts (a.u.)

Figure 4.10: (a) Raman spectra of phase-segregated (Si)os(Ge)s “SBA-15" com-
pared to an alloyed Sig5Ges, Si, and Ge indicates that there is no significant
alloying between Si & Ge in the (Si)g5(Ge)s “SBA-15". (b) The same Raman
spectra but zoomed in to show the absence of Si—-Ge vibrations in the (Si)g5(Ge)s

“SBA-15".

Raman spectroscopy is a useful tool for studying the diamond cubic crystal
system. The Raman shifts and relative intensities for characteristic phonon bands

in crystalline Si;_,Ge, are shown in and in If the Si;_,Ge, is nanos-

Band Raman Shift (cm™!)
Si(2TA) 300
Ge(||q|| = 0) 300
Si—Ge 400
Si(]|q|| = 0) 520
Si(2TO) 950

Table 4.2: Characteristic Raman bands in crystalline Si;_,Ge,.[107-109]
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Figure 4.11: (a) Raman shifts, as reported by Alonso and Winer [I07] and (b)
relative intensities in the Si;_,Ge, system. (Fig. |4.11a adapted with permission
from Levinshtein et al. [54]. Copyright 2001, John Wiley and Sons.)

tructured, then the optical phonon shifts to lower wavenumber due to phonon
confinement effect.[IT10] If the Si;_,Ge, is doped, then it can produce an asym-
metry in the phonon band due to Fano resonance. These spectral features are
useful for characterizing Si;_,Ge, ; however, the presence of multiple broadening

or shifting phenomena makes analysis mostly qualitative.

Poor yields after reduction and etch chemistries

The aforementioned magnesiothermic reduction of (SiOg)g5(GeO2)5 “SBA-15”

produced a very low yield of product due to: (1) low density of the mesoporous
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oxide and limited reactor volume and (2) high surface area and instability of the
porous structure. We wanted to make a lot of material because that is what
we will need to get a pellet for thermoelectric characterization and considered
nanospheres as a better alternative since a ~30 nm silica sphere should have a

specific surface area of ~40m? /g, which is much less than that of our SBA-15.

4.5 “Stober” (Si0;);_,(GeO;), nanocomposites

4.5.1 Synthesis of the (SiO);_,(GeO,),

A silica germania nanocomposite was synthesized via an adaptation of the
modified Stober method used by Strandwitz et ol[I11, 112] Silica-germania
nanospheres were formed by the ammonia-catalyzed hydrolysis and condensa-
tion of a mixture of tetraethyl orthosilicate (TEOS) and germanium(IV) ethoxide
(TEOG) dissolved in ethanol. The ratio of silicon to germanium was tuned by
adjusting the molar ratio of the TEOS and TEOG precursors.

Tetraethyl orthosilicate (X grams TEOS, 99.999%, Alfa-Aesar) and germa-
nium(IV) ethoxide (Y grams TEOG, 99.995%, Alfa Aesar) were added to a glass
vial and bath sonicated for 10 seconds. This mixture was injected into ethanol
(280 mlL, 200 proof) that was stirred inside an Erlenmeyer flask by a magnetic

stir bar. Aqueous ammonium hydroxide (8.4 mL, 30 wt.%, ACS grade, EMD) was
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added drop wise over three minutes. Then ethanolic dopant acid (Z pL of 1 M
solution was quickly injected, the flask was sealed with parafilm, and the mixture
was stirred for 24 hours. The parafilm was removed and the flask was placed in
an oven for 24 hours at 65 °C. The condensate was obtained by vacuum filtration,
rinsed with deionized water and ethanol, redispersed in ethanol, and allowed to
dry in a crystallization dish at room temperature over several days. The oxide
powder was calcined at 500 °C for 6 hours. In order to obtain (SiOs)eo(GeOs)10:
X = 6.768 and Y = 0.9126. In order to obtain (SiO2)go(GeO3)2p: X = 6.016 and

Y = 1.826.

Boron-doped (SiO3);_,(Ge0Oy),

Borosilicates have been studied thoroughly and are a great accomplishment of
materials science. The weight ratio of boron to silicon in PYREX is ~10%.[113]
The properties and structure of BoO3—GeO,y glasses have been determined and
there is no sign of phase separation or microclustering.[114]

Boron was incorporated into the oxide by injecting an aliquot of ethanolic
boric acid into the precursor solution immediately after the ammonia was added.
The volume of the boric acid aliquot was selected based on the boron content
desired in the silicon germanium alloy (see Figure . Boron was chosen be-

cause 1) it is a common p-type dopant in silicon semiconductors, [61] 2) there has
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been extensive research and development of borosilicates, including borosilicate
nanoparticles,[I15] and 3) the incorporation of boron into mesoporous silica SBA-
15 has been demonstrated.[90] The added boric acid resulting in the desired boron
doping concentrations did not affect the particle shape or size for our samples.
We used boric acid as our dopant acid to yield p-type materials. For the
dopant series, [B|;: Z = 0; [Bla: Z = 71; [B|s: Z = 710; and [B]4: Z = 7100.
Borates may be incorporated in the silicate structure directly, or boric esters
(see equation may play some role in that incorporation, or residual boron
species may form B,;O3 upon calcination of the oxide (see equation and that

may be reduced to elemental boron during the magnesiothermic reduction.

B(OH); + 3 C,H;OH —  B(OC,Hs); + 3 HyO (4.6)
B(OH); "% HBO, + H,0 (4.7)
4HBO, *°% H,B,0; + H,0 (4.8)
H,B,0, = 2B,0; + H,0 (4.9)

Phosphorus-doped (SiO;);_,(GeOs),

Phosphosilicates have been prepared with phosphoric acid during the sol-gel
synthesis. [116H119] The phosphosilicates have been used to improve thermal

stability of cotton fabrics and for flame retardancy.[120-122] To the best of my
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knowledge, all previous studies introduced a phosphorus content much greater
than the work discussed in this thesis and desireable for n-type Si;_,Ge, .

Anastasescu et al.| observed the loss of phosphorous in silica-phosphate sol-gel
films.[123] Livage et al. observed that phosphoric acid reacts too fast during the
polycondensation reaction leading to precipitation rather than gelation[124] and
Fernandez-Lorenzo et al. noted that it is difficult to achieve homogeneity in the sol-
gel synthesis of Si05-P505 glasses.[125] Szu et al. used MAS-NMR to show that
phosphite and phosphate lead to different crystallization in the phosphosilicate
gels.[126] Another NMR study considered a variety of phosphorus sources and that
the amount of phosphorus lost during the processing depends on the precursor and
the preparation method.[127]

We used phosphorous acid and phosphoric acid as our dopant acids to yield
n-type materials. For the dopant series, [P|;: Z = 0; [Pla: Z = 71 H3POy; [Pls: Z
= 71 H3POs3; and [P|y: Z = 7100 H3POs3.

It is uncertain exactly how the phosphorus gets incorporated to eventually
yield elemental phosphorus; however, phosphorous acid may deprotonate follow-
ing equations to leave phosphites in the silicate network or residual

phosphorous acid may be left and then during the calcination, it would convert
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to phosphoric acid as shown in equation .12}

HPO(OH), + OH~ —» HPO(OH)(0)™ + H,O (4.10)

HPO(OH)(O)™ + OH~ —» HPO(O); + H,O (4.11)
4 HPO(OH), 22°% 3 H,PO, + PH; + ... (4.12)

Addition of the phosphoric acid, likely forms phosphates that will form in
phosphate-rich regions in the silicate network. Residual phosphoric acid may
thermally decompose during the calcination of the oxide, yielding phosphorus

suboxides that could be reduced to elemental phosphorus.

H;PO, + 30H" — PO + 3 H,0 (4.13)

HsPO, -5 (PO,OH), + H,0 (4.14)

The effect of the germanium dioxide precursor

Due to the high hydrolysis and condensation rate of the TEOG precursor rel-
ative to that of TEOS, (SiO2);_,(GeOs),was also prepared with germanium (IV)
isopropoxide and germanium (IV) n-butoxide as the precursors. The hydrolysis
and condensation rates appeared to be the same as for TEOG based on visual

observation.
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4.5.2 Microstructure of the (SiOs);_,(GeO,),

Fusion of the oxide nanospheres was achieved through a mild thermal treat-
ment of the oxide condensate and precursor solution before the oxide was
isolated by vacuum filtration, rinsed with water and ethanol, redispersed in
ethanol, and dried at room temperature. The oxide was then calcined. Fig-
ure presents a scanning electron microscope (SEM) image of the calcined
(Si02)90(GeO3)10 nanocomposite that was obtained, which shows that the parti-
cles are monodisperse with an average diameter between ~16 and 30 nm. Imaging
with a scanning transmission electron microscope (STEM) reveals a more com-
plex nanostructure, with ~3 nm diameter germania clusters randomly dispersed
throughout the oxide matrix (Figure ) The electron micrographs indicate

that the particles had fused.

Calcination changes the morphology slightly

Figure shows an SEM image of the (SiO3)g0(GeO3)19 composite, in-
dicating that the particles are ~30 nm spheres. A high-angle annular dark-
field (HAADF) scanning transmission electron microscope (STEM) image of the
(Si02)90(GeO3 )10 indicates a finer structure with ~3 nm diameter GeOs dots em-
bedded in the silica, as inferred from the Z-contrast. Calcination has a slight

effect on the particle size and morphology as shown in Figure The particles
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Figure 4.12: (a) SEM image and (b) HAADF-STEM image of the
(Si02)90(GeO3)19 composite before calcination, which indicates the presence of
germania particles (~3 nm diameter) embedded in the silica nanoparticle matrix.

appear rougher, the particle diameter is ~16 nm and the embedded GeO, are ~3

nm in diameter.

The amount of germania precursor used doesn’t appear to signifi-
cantly affect the particle size or morphology from (SiO3)¢(GeO3)1o to

(SiOg)go(GeOQ)go.

Brightfield TEM images of (Si02)g9(GeO3)10 (see Fig. [4.14) may be compared

to (SiOs2)s0(GeO3)ag (see Fig. |4.15), indicating that more germania precursor

62



Chapter 4. Magnesiothermic reduction of doped silica-germania nanocomposites

Figure 4.13: (a) SEM image and (b) HAADF-STEM image of the calcined
(Si02)90(GeO3)19 composite, which indicates the presence of germania parti-
cles (~3 nm diameter) embedded in the silica nanoparticle matrix. (Reprinted
with permission from Snedaker et al. [I128]. Copyright 2013 American Chemical
Society.)

slightly decreases the diameter of the particles. Note that the embedded germania

dots are not discernible in brightfield TEM mode.

Heterogeneity in the phosphorus-doped (Si05)g(GeO3)q

The HAADF-STEM image of (SiO2)go(GeOz2)20-|P]s and EDX linescan shown
in indicate the presence of a phosphorus rich region. Note that the image

quality and EDX signal to noise ratio are poor. A better signal to noise ratio
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Figure 4.14: Brightfield TEM image of the boron-doped (SiO3)g0(GeO3)10 after
calcination. Note that there is no contrast that indicates embedded particles.

should be obtained using a lower spot number, higher beam current, and longer
acquisition time.

Powder XRD of the calcined (SiO3);_,(GeOs), nanocomposite did not de-
tect the presence of crystalline GeOs;. Electron diffraction of the calcined

(Si03)1_2(GeOy), nanocomposite did not detect the presence of crystalline GeOs.
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Figure 4.15: Brightfield TEM image of the phosphorus-doped
(Si02)50(GeO3)9o after calcination.  Note that there is no contrast that
indicates embedded particles.

4.5.3 Magnesiothermic reduction of the
“Stober” (Si0s)1_,(Ge0,),

A pellet of oxide powder and magnesium powder was prepared by grinding
the oxide (0.6 grams) with magnesium (0.6 grams, -325 mesh powder, 99.8%,
Alfa-Aesar) in acetone with a mortar and pestle until dry. The light grey mixed
powder was cold-pressed into a pellet at about 7 tons for ca. 3 min. The pellet
was placed inside an open ended quartz tube that was placed at the center of a

quartz tube furnace. A 90 scem argon : 10 scem hydrogen flow was established
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Figure 4.16: STEM image and EDX linescan of the P-doped
(Si02)s0(GeOy)qo after calcination.

and the furnace was heated to 650 °C at 4.8 °Cmin~!, soaked at 650 °C for 6
hours, and allowed to cool to room temperature.
Please note that later chapters will use modified conditions for the magnesio-

thermic reduction, as discussed in Chapter [7}
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4.5.4 Powder purification through etch chemistries

All of the powder contents of the tube were collected into a centrifuge tube
and soaked in aqueous hydrochloric acid solution (30 mL, 3 M) for 12 hours. The
liquid was removed following centrifugation, the powder was washed again with the
hydrochloric acid solution and then agitated by a bath sonicator for 20 minutes,
decanted, washed once more with the hydrochloric acid solution and agitated by
a bath sonicator for 20 minutes, and decanted. Then a hydrofluoric acid solution
(~30 mL, 3:1 volumetric ratio of 48% aqueous hydrofluoric acid: 200 proof ethanol)
was poured into the centrifuge tube with the powder. This mixture was sonicated
for 20 minutes, centrifuged, decanted, and these steps repeated again. After the
second HF solution had been decanted, ethanol (~30 mL, 200 proof) was added to
the centrifuge tube with powder, sonicated for 20 minutes, centrifuged, decanted,
and these steps were repeated again. The centrifuge tube with the wetted-powder
was placed in a vacuum oven at 50 °C for at least 24 hours in order to yield a dry,
purified, brown powder.

An SEM image of the powder mixture obtained after the magnesiothermic
reduction of the (SiOg)go(GeOs)19 nanocomposite is shown in and the
hydrochloric acid cleaned podwer appears as is shown in [{.17b. The cleaned
(Si)go(Ge)1o structure is porous with small, bright-looking dots decorating the

surface— these dots are believe to be elemental germanium.
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Figure 4.17: (a) SEM image of a representative region of the powder mixture ob-
tained after the magnesiothermic reduction of the (SiOs)g0(GeO3 )19 nanocompos-
ite and (b) after the (Si)go(Ge)1o was cleaned with hydrochloric acid. (Reprinted
with permission from Snedaker et al. [I128]. Copyright 2013 American Chemical
Society.)
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The etch chemistries remove the impurity phases, as shown in Figure We
observe a reflection from the Si(111) planes and Ge(111) and the Si;_,Ge,(111).

The Ge(111) reflection is broader indicating a smaller domain size and compressive

strain.
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Figure 4.18: XRD patterns of the powder after the magnesiothermic reduction of
the (SiO4)s0(GeO3)q0 and after the product has been cleaned with HC1. (Reprinted
with permission from Snedaker et al. [I128]. Copyright 2013 American Chemical
Society.)
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This (Si);—.(Ge), structure may be useful for batteries according to |Liu

et al.[129)

4.5.5 Reduction of the “Stéber” (SiO,);_,(GeOs), using in-
termetallic Mg, X alloys

Ji et al|started investigating the use of intermetallic Mg, X alloys for modified
magnesiothermic reduction of silica in 2010.[I30] The goal is to use the different
heats of reaction for the intermetallics in order to prevent the overreduction of
the silicon to the silicide.

We prepared intermetallic MgySn alloy by intimate mixing of the elemental
powders and then direct reaction in a crucible placed in an argon-flow tube furnace.
Powder XRD shows that (see Fig[4.1%h) the intermetallic has a 5-Sn phase. This
intermetallic was used in a modified magnesiothermic reduction to reduce the
“Stober” (SiO2)g0(GeO2)1p. The product of that reaction was cleaned with a
hydrochloric acid solution and the powder XRD of the dried product is shown
in Figure . We see that the (Si)go(Ge)yo exists with an impurity phase of
f—Sn and that the reflection from Si(111) is asymmetric towards the position of
the Ge(111) reflection.

Raman spectra were obtained at three different regions of the powder that

appeared different under an optical microscope and are shown in Figure )
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The optical phonon of germanium is immediately recognizable. The absence of a
band at 400 cm~! indicates that there is no significant bonding between Si-Ge,
that is, there is little to no Si;_,Ge, alloy. We also observe that the region with
the most tin has a silicon optical phonon band with a larger breadth and that
it has shifted to lower wavenumber, indicating that the silicon near the tin-rich

regions is more nanostructured than the the silicon in the tin-deficient regions.
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Figure 4.19: (a) Powder XRD pattern of the intermetallic MgySn reductant
and hydrochloric acid cleaned (Si)go(Ge)19/6-Sn with asymmetric Si(111) re-
flection and (b) Raman spectra at three different regions in the HCl-cleaned
(Si)o0(Ge)10/8—-Sn indicates phase segregation of germanium and no evidence of
alloying.
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It is not clear whether the presence of a f—Sn impurity phase will be beneficial
for thermoelectric properties of its composite with Si;_,Ge,; however, I decided to
abandon this method because f—Sn has a low melting point, which may complicate
powder consolidation, and it cannot be etched away appreciably with hydrochloric
acid. Figure show the energy dispersive X-ray spectroscopy (EDX) maps of
silicon and tin in the (Si)go(Ge)19/F-Sn after a hydrochloric acid clean. Since
[—Sn resists corrosion by hydrochloric acid, we find metallic tin everywhere. One
potential etch chemistry to increase the corrosion rate of metallic tin would be
to use a hydrochloric acid solution and bubble in oxygen, as discussed by Craig
et al. [131]. (Craig et al.|report a corrosion rate of ~100 mg cm~2 day~! under such

conditions.

Figure 4.20: EDX map of the (Si)go(Ge)10/8-Sn composite prepared through a
magnesiothermic reduction with the intermetallic Mg,Sn.
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Ji et al. [I30] reported on the use of intermetallic MgsSh and Mg, Si as reduc-
tants for a modified magnesiothermic reduction; however, they did not discuss the

use of MgoSn— presumably because this study was done at UCSB.
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Thermoelectric properties of the hot
pressed silicon germanium
nanocomposites

Although this low temperature route can successfully maintain the microstruc-
ture of the precursor oxide since it occurs below silicon’s melting point, we are not
aware of any studies on the electronic properties of the silicon obtained by this
route or application of the magnesiothermic reduction to prepare silicon-based
thermoelectrics. Herein, we solve the issues of extrinsic doping and germanium
incorporation and describe the first confirmation that the magnesiothermic reduc-
tion can be used to produce silicon-based thermoelectric materials, and demon-
strate that this reaction may offer a low temperature, cost-effective route to pre-
pare p-type silicon-based thermoelectric materials, with an equivalent power factor
(~20 W ecm K=2 at 800 °C) as the reference alloy (i.e. the one used for NASA’s

space missions) prepared by the conventional silicon production route.[21]
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In this chapter, we focus on the doping strategy to tune the carrier density
in the Si;_,Ge, alloy by controllably incorporating the dopant into the precursor
oxide concurrent with the direct reduction of the precursor silicon and germa-
nium oxides. By creating an optimal carrier density for p-type SiggGesg , the
best thermoelectric power factor performance obtained using a silica precursor is
comparable to the record values reported for the ball-milled material that we will
refer to as BM-SigoGey .[21] These results suggest a new, potentially cost-effective
route for the preparation of Si;_,Ge, alloys that have a high thermoelectric per-
formance. The ability to directly produce nanostructured silicon germanium from
nanostructured silica and germania to eliminate time-consuming, high energy ball
milling will be considered in the subsequent chapters.

We demonstrate n-type Si;_,Ge,; however, the thermoelectric power factor
is limited due to a background concentration of holes from unintentional boron,

which compensates the electrons produced by phosphorous donors.

5.1 Conventional hot pressing of (Si);_,(Ge),

5.1.1 Pelletization and pellet processing

About 0.34 grams of the Si;_,Ge, powder was added to a POCO EDM-3

graphite die with an inner diameter of 1.3 cm. The die surfaces that contacted the
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powder were previously coated with a boron nitride diffusion barrier. The powder
was hot-pressed into a pellet at 1200 °C and 70 MPa for 2 hours. A schematic
of the hot pressing tool/process is shown in Figure The hot pressing profile
and powder compression for a representative silicon germanium nanocomposite

powder are shown in Figure 5.2l The pellet was removed from the die and the

hw
Die
Vacuum qhw\
h

w

Cooling jacket
Heating mesh

Figure 5.1: Schematic of the hot pressing process.

surface boron nitride was removed from the pellet by sanding with silicon carbide
sand paper. The surface of the pellet was further polished with diamond lapping

films down to at least 1pm diamond grain size (MultiPrep, Allied High Tech,
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Figure 5.2: The hot pressing profile used on the silicon germanium nanocom-
posite powders and a representative compression profile.

Inc.). A ~Ipm x 2pm X 10 pm bar was cut from the pellet with a low-speed saw

fitted with a diamond wafering blade (Allied High Tech Products, Inc.).

5.1.2 Hot pressing alloys the Ge dots into the Si matrix to
form Si;_,Ge,

Hot pressing the (Si)so(Ge)qo, alloys the germanium into the silicon as seen in
Figure[5.3] The Ge(111) reflection disappears and the Si(111) reflection shifts to

Si;_,Ge, (111).
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Figure 5.3: X-ray diffraction patterns of the (Si)so(Ge)q composite after the
magnesiothermic reduction, the (Si)go(Ge)gp composite after the magnesia &
silicide-germanide impurity phases are removed with hydrochloric acid, and the
SigoGeygg alloy after being hot pressed. The impurity phase marked with the aster-
isks is assumed to be a magnesium germanium oxide phase that forms due to the
high local temperature during the magnesiothermic reduction. This magnesium
germanium oxide phase is assumed to transform to magnesium fluoride during the
hydrofluoric acid clean which precedes the hot pressing step. (Reprinted with per-
mission from Snedaker et al. [128]. Copyright 2013 American Chemical Society.)

XRD characterization

Lab powder diffraction data were collected on a Philips X’PERT, using the

CuKa radiation wavelength of A = 1.5418 A and some powders were measured on a
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zero-background silicon substrate. High resolution synchrotron powder diffraction
data were collected at beamline 11-BM at the Advanced Photon Source (APS),
Argonne National Laboratory using a wavelength of A = 0.41315A. Le Bail fits
were performed with TOPAS Academic v4.1.17.[46]

High-resolution synchrotron powder X-ray diffraction data (Figure [5.4h) for
the clean, dry (Si)go(Ge)1o powder indicate separate phases of germanium and
silicon, with Le Bail fits giving an average germanium grain size of 8.5 nm and an
average silicon grain size of approximately 200 nm. This phase segregation is in
agreement with an observation made by Szczech et al. [132].

The average silicon grain size of 200 nm is about fifteen times larger than
the grain size obtained by groups that performed the reduction on silicon dioxide
nanostructures;|76l, [133] however, this may be attributed to the oxide being in
intimate contact with the magnesium powder (instead of the reduction relying
upon Mg-vapor transport), the longer reduction time that we have used, and/or
efficient crystal nucleation around the germanium nanoparticles, which form be-
fore the silicon dioxide starts to reduce. Since germanium dioxide can be reduced
to germanium with hydrogen gas at temperatures below magnesium’s melting
point,[I34] the germanium nanoparticles may act as seeds for the silicon crystal-
lization. SEM images of the clean, dry (Si)eo(Ge);p powder show that germanium

dots decorate the surface of the porous matrix (Figure [5.4k).
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Figure 5.4: (a) Synchrotron X-ray powder diffraction data (black circles), two-
phase Le Balil fit (orange line) corresponding to the segregated silicon (blue line)
and germanium (red line) phases, and difference profile (black line) of the re-
duced, purified (Si)go(Ge)1o powder. (b) Synchrotron X-ray powder diffraction
data (black circles), single-phase Le Bail fit (orange line) corresponding to the
SigoGey alloy and difference profile (black line) of the annealed SigoGejy com-
pound. An SEM image of the reduced, purified (Si)go(Ge)1p powder appears in
(c) and an SEM image of the pressed, polished SigyGejg pellet appears in (d).
(Reprinted with permission from Snedaker et al. [I128]. Copyright 2013 American
Chemical Society.)
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The XRD data also indicate the presence of a trace silicon carbide (SiC) impu-
rity phase, which was significantly lessened when the oxides were calcined before
the magnesiothermic reduction. The SiGe powder is consolidated into a pellet
(Figure [5.4b inset) by hot pressing at 1200 °C and 70 MPa for two hours, which
causes the germanium nanodots to alloy into the silicon matrix, as shown by the
disappearance of the Ge reflections in the XRD pattern for the SigyGeiq pellet
(Figure ) The average SigyGeqg grain size calculated from the single-phase Le
Bail fit is 500 nm. The germanium is considered to completely alloy into the silicon
because the Ge(111) reflection disappears and the lattice constant of 5.44448(1)A
calculated on the basis of the SiGe(111) diffraction peak is in agreement with the

lattice constant measured for the SigyGeyq alloy.[135]

Microscopy characterization

Field-emission scanning electron microscopy was performed on a FEI X140
Sirion FEG microscope with an Oxford Inca X-ray system attached for energy dis-
persive x-ray spectroscopy. Secondary electron images were collected with an ac-
celeration voltage of 5 kV and EDX measurements were collected with an acceler-
ation voltage of 20 kV to distinguish between magnesium and germanium. Pellets
for TEM characterization were polished with diamond lapping films to ~100 nm

roughness and an electron-transparent lamella was then obtained by low-angle
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milling with a FEI Focused Ion Beam Helios 600 Dual Beam with Omniprobe.
Transmission electron microscopy images were obtained with an FEI T20 electron
microscope at an accelerating voltage of 200 kV. TEM EDX measurements were
performed with the use of a double-tilt sample holder. HAADF-STEM and EDX
were performed on an FEI Titan.

After polishing the pellet (shown in the inset of Figure ) with diamond
lapping films, SEM images of the sample’s surface (Figure [5.4d) were obtained.
The surface is characterized by regions rich in silicon germanium (darker) and
lighter regions that are rich in magnesium and fluorine, as determined by energy
dispersive X-ray spectroscopy with a lateral resolution of ~50 nm (EDX).

A lamella was obtained from a SigoGe;o pellet by focused ion beam etching in
order to investigate the grain sizes and grain interfaces by transmission electron
microscopy. The inset of Figure [5.5h shows a TEM image of the lamella prepared
from a SigyGeyg pellet. The sample is composed of grains that range in size from
tens of nanometers up to a micron. The large grains are silicon germanium.
EDX measurements suggest that the silicon germanium composition is spatially
homogeneous in the large grains. Figure shows the SiGe(111) lattice planes
in the large grain marked “1” (Figure .

An EDX linescan of one of the nanocrystals embedded in a SiggGeg grain was

performed in order to confirm that it is SiC (see Fig. [5.6).
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Figure 5.5: (a) TEM image of lamella prepared from a SigoGeo pellet by focused
ion beam etching with an inset image at lower magnification and (b) HR-TEM
image of the large SiGe grain marked “1”, (¢) a magnified image of region “2”
which contains magnesium and fluorine, and (d) an HR-TEM image of the SiC
nanoparticle that is embedded in the SiGe grain shown in region “3”. Both of
the HR-TEM images include a Fast Fourier Transform of the image as an inset.
(Reprinted with permission from Snedaker et al. [I28]. Copyright 2013 American
Chemical Society.)

Some of the boundaries of the SiGe grains (such as region “2” which is shown
magnified in Figure ) interface with an impurity phase that is rich in magne-

sium and fluorine, as determined by EDX. The TEM analysis also indicates that
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Figure 5.6: STEM image and EDX linescan of embedded SiC nanocrystal in the
SigoGelo pellet

the SiC impurity phase that was observed by XRD is due to SiC nanoinclusions
that are embedded in the SiGe grains. Figure shows a high resolution TEM

image (HR-TEM) of an embedded SiC nanoparticle from region “3”.

Secondary ion mass spectrometry

A Physical Electronics 6650 Dynamic Secondary Ion Mass Spectrometry

(SIMS) system was used to measure the boron to background silicon ratio. A
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relative sensitivity factor (RSF) of 4.5 x 10?° Si cm™3, which was obtained for
boron-doped, single crystal silicon, was used to estimate the boron density in the
samples. The RSF are known for standards; however, the samples we are measur-
ing have some oxygen and halide content, which affects the ionization probability
of the species that we are measuring so the interpretation of the SIMS results
introduces some error and we are measuring from a Si;_,Ge, matrix so that in-
troduces a systematic error.[I36] Regardless, the matrices are similar and the
boron densities reported here are semi-quantitative.

The effectiveness of our doping strategy is shown in Table[5.1]and in the SIMS
Depth Profile (Figure , where we have demonstrated reproducibility and the
ability to control the boron content over two orders of magnitude. We detect
a significant amount of boron in the unintentionally-doped SigoGe;o—|B]1, which
we attribute to boron contamination from the glassware used during the oxide
synthesis and likely boron contamination from the ammonium hydroxide’s glass

bottle.

Electronic and thermal transport characterization

The Seebeck coefficient and electrical conductivity in the temperature region
between 35 °C and 800 °C were meas-ured simultaneously on bar-shaped samples

using a ULVAC ZEM-3 MS8. Thermal diffusivity was measured on pellets or half-
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Figure 5.7: Dynamic secondary ion mass spectrometry depth profiles of boron
in the Si;_,Ge, pellets that were prepared with varying boron content. Two
SigoGe1o—|BJs samples were measured in order to check doping reproducibility.
(Reprinted with permission from Snedaker et al. [128]. Copyright 2013 American
Chemical Society.)

pellets using a Netzsch laser flash apparatus (LFA 457) in the temperature region
between 35 °C and 800 °C, samples were coated with a thin layer of graphite to
minimize errors in the emissivity. Most of the Hall coefficients were measured by
the van der Pauw method on a home-built system with 2 Tesla field; however,
some were obtained on a Quantum Design PPMS with 7 Tesla field and indium

contacts and gold wires to the specimens.
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Figure 5.8: (a) Dependence of room-temperature Seebeck coefficient on the
boron density (red ring) and the hole density (blue box) for the SiggGeiq [B]; dop-
ing series, including the data reported for p-type SizoGeso (blue crosses),[I137] and
p-type SigoGego (blue circles).[I138] Temperature dependence of the (b) Seebeck co-
efficient, (c) electrical conductivity, and (d) power factor for bulk-nanostructured
Si;—,Ge, alloys of varying boron content. The boron content increases from [B];
to [B]s. The solid trace represents the data from BM-SigyGegg. [2I] (Reprinted
with permission from Snedaker et al. [I128]. Copyright 2013 American Chemical
Society.)
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The mass-densities of the pellet samples were determined by the Archimedean
method. The measured densities are greater than 94% of the corresponding alloy’s
density. The Si:Ge ratio and the atomic percentage of magnesium were charac-
terized by EDX measurements on several regions across the samples’ surfaces.
The densities and atomic compositions data for the samples discussed in this pa-
per are provided in Table The densities of the samples are all high enough
such that their effective thermoelectric properties are representative of their host

thermoelectric properties (see Appendix [Al).

5.1.3 Thermoelectric characterization of p-type Si;_,Ge,

As the thermoelectric properties of a material are strongly dependent upon
the carrier density, we used our doping strategy to prepare a doping series for
the SigoGeyp composition (SiggGeip—|BJ;). The hole density and mobility in the
samples were meas-ured by the van der Pauw method.[62] The boron incorporation
strategy we have developed is observed to be an effective means of tuning the
carrier density, as seen in Table |5.1], where the hole density increases with the
boron density measured by SIMS. We achieved an optimal hole density in the
SigoGeyp composition, which is also close to the previously determined optimal

level <~1.5X 1020 Cm_3> for SigoGego.[:lBS]
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With a knowledge of the boron content that produces an optimal carrier den-
sity in a SiggGejg alloy and because the optimal carrier density does not vary
significantly with the alloy composition,[I39] we prepared a SiggGesy sample with
a near-optimal carrier density so that we could compare the thermoelectric prop-
erties of the material prepared by our magnesiothermic reduction route to a
SigoGeg mnanocomposite prepared by the ball-milling route.|21]

The electrical conductivity and Seebeck coefficient were measured from room
temperature to 800 °C on a ~1 mm X 2 mm X 10 mm bar that was diced from
each pellet with a low-speed saw fitted with a diamond wafering blade. The room
temperature Seebeck coefficients for the SigyGejo—|B|; doping series are plotted
as a function of carrier density and boron density in Figure [5.8h, showing that
the Seebeck coefficient decreases with increasing carrier density. Our results for
this doping series agree well with previously reported carrier density dependent
Seebeck coefficient measurements on p-type SiggGeog and p-type SizgGesq.[137,
138] The discrepancy between hole density and boron density for the two highest
doped samples is likely due to boron precipitation, which limits the number of
electrically active boron atoms and thus, the hole density. The hole density in the
highest doped sample (i.e. SigoGejp—|B]4) is an order of magnitude lower than the

boron density due to the solubility limit of boron in this alloy.
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Up to 800 K, the Seebeck coefficients for the SigyGejp—|B]; series and the op-
timally doped SiggGeyg alloy (Figure ) increase with increasing temperature,
with the exception of the SigoGeo—|B|; sample, where a maximum of Seebeck coef-
ficient was observed around 800 °C due to the contribution from minority carriers
in lightly doped samples.

The electrical conductivities of the SigyGeio—[B|; doping series and the opti-
mally doped SiggGegg alloy are presented in Figure [5.8c. With increasing boron
content in the SigoGe1o—|B|; doping series, we observed increasing electrical con-
ductivity. The electrical conductivity for the optimally doped SigyGe;q is compa-
rable to the optimally doped SiggGesy. The electrical conductivity of all of the
samples decreases as a function of temperature, which is expected for degenerately
doped semiconductors. The optimally-doped SigoGejo-|Bl3 exhibits an approxi-
mately 80% increase in power factor at 1000 K compared to the unintentionally-
doped SigyGeio—[B]; (Figure ) Our high-temperature power factor for the
optimally-doped SiggGeyo—[Bl3 alloy is ~20 pW cm K=2 in the temperature range
from 700 K to 1000 K, approximately 10% lower than that reported for BM—
SigoGeg. [21]

The thermal diffusivities of the Si;_,Ge, alloys were measured by the laser
flash method from room temperature to 800 °C. The thermal conductivity was

determined from the product of the temperature-dependent thermal diffusivity,
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Hot Pressed | EDX EDX Density SIMS. B HOl.e Ho'le.
Sample Si-Ce Mg (g cm-3)? Density Density Mobility
P O (at%) | 8 Bem™3) | (em™) | (em?V-lsh)

SigoGeyo-[B]; | 89:11 5.0 59282%> 1.25%10% | 1.42x10 31
SigoGelo-[B]Q 92:8 3.8 ?9Z47%) 5.09% 10" | 5.18x10% 29
SigoGelo-[Blg 92:8 3.3 ?95682%) 439X1020 1.35x 1020 29
SigoGeyo-[B]s | 91:9 3.7 ?;;30%) 1.52x10%! | 1.44x10% 27
SigoGey-|B]3 | 82:18 1.1 ?99878%) 2.32x10% | 1.55x10% 28

Table 5.1: Summary of the compositional and carrier properties of the hot
pressed samples. “The relative standard deviations are <5% for SIMS B den-
sity, ~1% for the hole density, and ~1% for hole mobility, respectively. °The
mass-density column includes the density relative to the theoretical density for
the nominal Si:Ge composition.[I35] (Reprinted with permission from Snedaker
et al. [128]. Copyright 2013 American Chemical Society.)

the room temperature mass-density, and the temperature dependent heat capac-
ity measured by Amano et al. for the SiggGeyy composition (for the SiggGerg com-
position, the heat capacity was estimated using the Dulong-Petit value, which
slightly underestimates the heat capacity).[I40] For the carrier density range ex-
plored in the SigyGeyo—|B|; doping series, the [B|; sample is the only one to exhibit
a bipolar contribution to the thermal conductivity at temperatures greater than
900 K (Figure [5.9h). However, the thermal conductivities of the [Bls, [B]3, and
[Bls4 SigoGeyp alloys do not increase in the order of increasing electrical conduc-

tivity as one would expect from the Wiedemann-Franz law. This trend may
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be due to differences in microstructure (including porosity and impurity con-
tent), or electron-phonon scattering with increasing carrier density, which occurs
in this degenerate-doping regime.[I41] The SiggGego—|B|3 alloy is expected to have
a lower thermal conductivity than the SigoGe;q samples; however, the thermal
conductivity of the SigyGe;y samples is estimated using the heat capacity from
the Dulong-Petit value, which underestimates the heat capacity and hence the
thermal conductivity.

The thermal conductivity of our optimally doped SiggGeyg alloy at 800 °C
is approximately 10% lower than the thermal conductivity reported for a non-
nanostructured, optimally doped p-type SiggGeyg radioisotope thermoelectric gen-
erator (RTG) used for space missions.[21], [138] However, compared to BM-
SigoGegg, the grain sizes in the samples reported here are almost 30 times larger,
which leads to our SiggGeyy alloy having a thermal conductivity at 800 °C that
is about 50% higher than the ball-milled and hot-pressed nanocomposite. The
larger grain sizes are due to the synthetic conditions we have employed and the
dramatic grain growth during the consolidation process (2 hours at 1200 °C and
70 MPa). The grain size may be minimized by using vapor transport for the
magnesiothermic reduction and by using a more rapid consolidation process such

as spark plasma sintering or rapid hot pressing.[142]
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Figure 5.9: Temperature dependence of the (a) thermal conductivity and (b)
thermoelectric figure of merit for Si;_,Ge, alloys of varying boron content pre-
pared by magnesiothermic reduction of a silica-germania nanocomposite. The
thermal conductivity is calculated from thermal diffusivity, Archimedean den-
sity, and the relevant heat capacity (i.e. the literature-reported, temperature-
dependent heat capacity of SiggGegg or the Dulong-Petit value for SigoGeyg). The
dotted trace represents the data for RTG—SiggGeyg and the solid trace represents
the data for BM-SigoGegofrom Joshi et al. [2I] (Reprinted with permission from
Snedaker et al. [I128]. Copyright 2013 American Chemical Society.)
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The zT values of the Si;_,Ge, alloy that we prepared via magnesiothermic
reduction of a boron-doped silica-germania nanocomposite are shown as a function
of temperature in Figure[5.9p. The optimally doped SiggGeg alloy has a zT of 0.5
(800 °C). The maximum zT for our SiggGesy alloy is in agreement with the RTG
material (0.5 at 800 °C) but about 40% lower than the zT (800 °C) of 1 for the
nanostructured bulk BM-SigyGey alloy, as a result of the larger grain size in our
alloy.[21), 138] The maximum power factor of our optimally-doped SiggGegg alloy

is in agreement with the RTG material (~20 pW ecm K=2 at 800 °C).

5.1.4 Conclusions

In summary, p-type Si;_,Ge, alloys prepared by hot-pressing the product
from a magnesiothermic reduction of a boron-doped silica germania nanocom-
posite have been shown to have comparable thermoelectric properties to p-type
Si;_.Ge, alloys prepared by the conventional carbothermal reduction route. The
carrier density and electronic properties were tuned by varying the boron con-
tent in the precursor oxide, which resulted in a power factor that is competitive
with the record values in compositionally homogeneous p-type SigyGeyg nanocom-
posites. The large grain size in our alloys results in a relatively high thermal
conductivity, which is currently the limiting factor in the thermoelectric efficiency

of our alloys. We expect the figure of merit to be further enhanced by mini-
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mizing the grain growth during the magnesiothermic reduction and consolidation

process— these strategies are addressed in Chapter [7] and Chapter [6] respectively.

5.2 n-type doping control via silica-germania

nanocomposite synthesized in the presence of
H;PO;

Samples of (SiO2);_,(GeOs), were prepared and phosphorus-containing acids
were injected according to the procedure described in Chapter[dl The phosphorus-
doped (SiO3)1_,(GeO,), was reduced as described in Chapter |4 and hot pressed

and processed as described above.

5.2.1 Thermoelectric properties of n-type Si;_,Ge, pre-
pared by the magnesiothermic reduction of a
phosphorus-doped silica-germania nanocomposite

When no phosphorus-containing acid was added (i.e. SigoGe1o—|P|1), the See-
beck coefficient indicates the material is p-type, as shown in Figure [5.10p. The
use of phosphoric acid (i.e. SigoGejp—|P|2) produces a p-type material that has a

decreasing Seebeck coefficient with increasing temperature— this is possibly due
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to the elemental phosphorus being phase segregated and with increasing temper-
ature it is solubilized, ionizing to give electrons that sequentially compensate the
hole density. The use of phosphorous acid (i.e. SiggGejo—[P]3), produces an n-type
material that when sufficiently doped (i.e. SigoGe1o—|P]s), exhibits a Seebeck co-
efficient that is competitive with the Seebeck coefficient of the literature record
for n-type BM-SiggGegg.[20] Figure shows the temperature dependent elec-
trical conductivities. SigoGejg—|P|2 exhibits “metal-like” temperature dependence,
whereas SigyGejg—|P|z and SigyGejg—|P|3 exhibit thermally activated conductiv-
ity. The thermally activated conductivity is probably due to electrons from the
phosphorus compensating a background hole density and then with increasing
temperature more free carriers are generated. SigoGejp—|P|s exhibits a “metal-
like” temperature dependence; however, the maximum is significantly lower than
the similarly doped n-type BM-SiggGeyy considering the value of the Seebeck
coefficient. This reduction of the electrical conductivity in SiggGejo—[P]4 is likely
due to compensation from a background boron content of ~10* Boron cm~3 that
we measured by SIMS in the pellet that was not intentionally doped with any-
thing. The consequence of the compensation of ~10-40% of the donor states is
the degradation of the electrical conductivity and the thermoelectric power factor

of the material prepared using our current sol-gel process.
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Figure 5.10: Temperature dependence of the (a) Seebeck coefficient, (b) elec-
trical conductivity, and (c) power factor for bulk-nanostructured Si;_,Ge, alloys
of varying phosphorus content. The phosphorus contents were achieved based
on the information in the legend. The dotted trace represents the data for BM-
SigoGeyy from Wang et al. [20].

97



Chapter 5.  Thermoelectric properties of the hot pressed silicon germanium
nanocomposites

5.2.2 The phosphorus content

Attempts to quantify the phosphorus content by dynamic SIMS were unsuc-
cessful due to the mass interference components in the secondary ion signal (i.e.
2CIBFT and 3°SiH™).[136] However, as of November 2014 at UC Santa Barbara,
it should be possible to distinguish the phosphorus ions due to the installation of
a magnetic sector detector with higher resolution than the previous quadrupole

mass analyzer.

5.2.3 Reducing the background boron content to improve
thermoelectric power factor

If the background concentration of boron were reduced, then there would be
less compensation of the donor impurities; thus, the power factor would be higher
for our n-type Si;_,Ge,. I believe that the source of the background boron content
is the ammonium hydroxide solution’s bottle, which is borosilicate glass. The
ammonia may cause borates to leach into the solution and then during the sol-gel
process, the borates may become part of the silicate network. Strategies to avoid
this contamination would be to use ammonia solution from a plastic bottle and/or

use a catalyst that won’t introduce impurities.
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Chapter 6

Current Assisted Pressure Activated
Densification of

(Si)l—x(Ge)az

An alternative powder consolidation technique to hot pressing is current acti-
vated pressure assisted densification (CAPAD) aka spark plasma sintering (SPS)
aka field assisted sintering (FAST), where a load is applied to the powder and a
current is passed through it, giving rise to a large heating rate and short press-
ing time. CAPAD has been applied to the densification of ceramic powders and
materials systems that don’t easily sinter by other pressing methods.[143] [144]
Although, there is no evidence of a spark or plasma during CAPAD, the process

is commonly called SPS.
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6.1 The SPS process

Spark plasma sintering has been applied to prepare half-Heusler /full-Heusler
thermoelectrics.[145] Reactions can also be performed, as exemplified by the
SPS synthesis of Magnéli phase thermoelectrics with reduced lattice thermal
conductivity.[146], [147] For SPS, the powder is placed in the graphite die and
graphoil is used as a diffusion barrier (see Fig. [6.1h). The die is placed in the SPS
chamber, which may be evacuated, and then the pressing program is initiated, re-
sulting in aggregates of crystallites being pressed against each other so that mass
transfer occurs between the crystallites due to the applied current and load (see

Fig. so that the domains ripen and a robust pellet may be obtained.

6.2 Heterogeneous alloying of (Si);_,(Ge), during

SPS

6.2.1 XRD

The (Si)go(Ge)go powder was spark plasma sintered according to the pressing
profile shown in Figure densification was achieved in ~20 minutes. Powder

XRD of the SPS-(Si)go(Ge)ao (see Fig. shows an asymmetric Si(111) reflection
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Figure 6.1: The procedure for SPS: (a) graphite die and powder or powders to
be pressed and (b) the setup for the die inside the SPS system. (Figures taken
from Garay [144].)

towards the Ge(111) reflection and there is an impurity phase which may be

elemental germanium or a crystalline magnesium fluoride impurity.

6.2.2 Microscopy

The granular structure of the SPS’d (Si)go(Ge)go is visible by eye and opti-
cal micrographs show porosity that is characteristic of the presence of a liquid
during solidification, as shown in Figure [6.5][148] EDX showed that the SPS’d
(Si)so(Ge)gy had lost some germanium relative to the starting powder, such that

it became SPS-(Si)s5(Ge)y5. FIB was used to pull a lamella from a large grain
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(4)
Volume
diffusion

(M

Evaporation

boundary

Figure 6.2: The mechanism of consolidation for SPS, as presented by |Garay} (a)
aggregates of crystallites are pressed against each other under a load, (b) mass
transfer occurs between the crystallites due to the applied current and load, and
(c) as domains ripen, they form a consolidated, granular pellet. (Figures taken

from Garay [144].)

region and analysis by TEM (Fig. indicates the lamella is a single crystal

with a high dislocation density. FIB was used to pull a lamella from a smaller
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Figure 6.3: The SPS profile that was wused to consolidate the
(Si)1_.(Ge), powder.

grain region and analysis by TEM (Fig. indicates the lamella is a polycrys-
talline and porous. We wanted to determine the location and distribution of the
elemental germanium phase that XRD suggested but we did not observe a germa-
nium phase. Figure shows a HAADF-STEM image of a grain that appears
in [6.7b. An EDX linescan from the center of the grain to the grain boundary
indicated that the grain was heterogeneously alloyed, with germanium localized
to near the grain boundary. The Z-contrast in Figure confirms the existence

of germanium primarily at the grain boundary.
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Figure 6.4: Powder XRD patterns of the pellets prepared by hot pressing the
(Si)so(Ge)gg or spark plasma sintering the (Si)go(Ge)ao.

6.2.3 Electronic properties

Dynamic SIMS of the SPS—(Si)g5(Ge)15—|Bls pellet suggests that the boron
density is in good agreement with the similarly doped hot pressed pellets and that
the boron density is uniform through the pellet (see Fig. . The compositional

and carrier properties of the similarly doped hot pressed samples compared to

the SPS’d sample are shown in Table [6.1] The SPS’d pellet has a higher boron
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Figure 6.5: Photograph and optical micrograph of the pellet obtained after SPS
of the (Si)go(Ge)go. Large grains are visible and so are porous regions that are
indicative of the presence of liquid during solidification.

Figure 6.6: (a) Optical microscope image of the surface of the SPS-(Si)g5(Ge)15
with a large grain visible, (b) bright field TEM image of a single crystal lamella
that was plucked from a large grain region similar to that shown by the line in (a),
and a higher resolution weak-beam condition image to accentuate the dislocations
in this single crystal lamella.

density, higher hole density, and lower Hall mobility than the hot pressed pellets.
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Figure 6.7: (a) Optical microscope image of the surface of the SPS-(Si)s5(Ge)1s
with porous regions visible and a (b) STEM image of a polycrystalline lamella
that was plucked from a region similar to that shown in (a).

Hot Pressed EDX EDX Density SIMS. B HOl.e Ho.l(?
Sample Si-Ge Mg (g cm~)a Density Density Mobility
P e (at.%) | 8 Bem3) | (em™®) | (em?V-is)
HP-SigGeio-[B]; 92:8 3.3 ?956?2%) 4.88x10% | 1.35x10%° 29
HP-Sig,Geyo-[B]3 82:18 | 1.1 ?9%78%) 2.91x10% | 1.55%x10% 28
SPS-(Si)ss (Ge)15-[Bls | 85:15 | 3-10 ?ég%%) 3.63x102 | 2.45x 1020 22

Table 6.1: Summary of the compositional and carrier properties of the similarly
doped hot pressed samples compared to the SPS’d sample. “The mass-density col-
umn includes the density relative to the theoretical density for the nominal Si:Ge
composition.[I35] (Adapted with permission from Snedaker et al. [128]. Copyright
2013 American Chemical Society.)

The RSF for boron in silicon was corrected according to the Si:Ge ratio for

the samples as determined by EDX and the estimated boron density’s correlation
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Figure 6.8: (a) HAADF-STEM image and EDX linescan direction across a grain
in the lamella, (b) EDX linescan for Si and Ge approaching the grain bound-
ary, and (¢) HAADF-STEM image of the boxed region shown in (a) shows Z-
contrast due to germanium at the grain boundary.

to Seebeck coefficient and hole density are shown in Figure [6.10h. The SPS-
(Si)s5(Ge)15—[B|s sample’s data agrees with previously reported carrier density—
Seebeck coefficient values for boron doped Si;_,Ge,. The temperature dependent
Seebeck coefficient indicates that the SPS—(Si)s;(Ge)15—|B|3 has an above-optimal
boron density (see Fig. and there is hysteresis upon cooling, which may
be due to alloying that takes place at the higher temperatures and a change
in the conductivity. The electrical conductivity of the SPS—(Si)s5(Ge)15—Bl|3 is
competitive with the ball milled nanocomposite reported by Joshi et al. [21]. The

above-optimal carrier density in the SPS—(Si)ss5(Ge)15—|B|s pellet degrades the
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Figure 6.9: Dynamic secondary ion mass spectrometry depth profiles of boron
in the Si;_,Ge, pellets that were prepared with varying boron content and
hot pressed compared to the SPS—(Si)ss5(Ge)15—|Bls pellet. Two HP-SigoGejg—
[B|s samples were measured in order to check doping reproducibility. (Adapted

with permission from Snedaker et al. [I28]. Copyright 2013 American Chemical
Society.)

Seebeck coefficient, limiting the thermoelectric power factor to below the literature

record.
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Figure 6.11: Temperature dependence of the (a) thermal conductivity and (b)
thermoelectric figure of merit for Si; _,Ge,alloys of varying boron content prepared
by magnesiothermic reduction of a silica-germania nanocomposite. The thermal
conductivity is calculated from thermal diffusivity, Archimedean density, and the
relevant heat capacity (i.e. the literature-reported, temperature-dependent heat
capacity of SiggGeyy or the Dulong-Petit value for SigyGeig). The dotted trace
represents the data for RT'G—-SiggGesy and the solid trace represents the data for
BM-SigyGego.[21] (Adapted with permission from Snedaker et al. [128]. Copyright
2013 American Chemical Society.)
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Temperature dependent thermal diffusivity of the SPS—(Si)s5(Ge)15—|B|s pel-
let was measured and combined with the geometric density, and the Dulong-Petit
heat capacity for Sig;Ges to yield the thermal conductivity shown in Figure[6.11h.
The thermal conductivity that we estimate is approximately the same as for HP—
SigoGezo—|Bls and with less germanium. “It is known that thermal conductivity of
the inhomogeneous material is less than that of the volume averaged thermal con-
ductivity due to the inhomogeneous temperature gradient”[I49-151] so perhaps
that and more nanostructuring explains why the sample with less germanium has
comparable thermal conductivity to the homogeneous SiggGegy alloy. At high
temperatures, the thermal conductivity of SPS—(Si)s5(Ge)15—[B|3 does not show
signs of a bipolar contribution which is likely due to the higher hole density in this
sample. The thermal conductivity of SPS—(Si)s5(Ge)15—|B|3 is greater than than
the thermal conductivity of the ball milled SigyGesy nanocomposite reported by
Joshi et al.. The thermoelectric figure of merit of SPS—(Si)s5(Ge)15—[B|s is shown
in Figure — it is less than that of the homogeneous hot pressed SigoGeso—|Bl3

due to an unoptimal Seebeck coefficient.
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6.2.4 The optimal pressing profile for a silicon germanium
nanocomposite powder

Since germanium and silicon have a wide gap in their melting temperatures,
the SPS profile must not be as extreme as what was tried here. It may be possible
to get homogeneous alloying if the SPS—(Si)s5(Ge)15—|B|3 pressing takes place at

~50% the melting point of germanium (i.e. ~490 °C).

6.3 Microwave heating to increase the extent of
alloying

Conventional microwave ovens have been used to rapidly prepare ther-
moelectric half-Heusler compounds.[I52] Microwave preparation of phosphors
for lighting applications and noble metal oxides for catalysis have also been

demonstrated.|[I53HI55)]
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a b C

Figure 6.12: Schematic of microwave heating procedure: (a) the (Si);_,(Ge), is
placed in an evacuated quartz tube and sealed with an oxygen torch, (b) the tube
is placed in a crucible filled with activated carbon, (c) the crucible and fire brick
are placed in a conventional microwave oven and set for the desired power level
and time. Some microwaving conditions led to (d) a violent explosion of the tube

due to outgassing (Fig. |6.12a—c reprinted with permission from Birkel et al. [152].
Copyright 2012 American Chemical Society.)

A typical procedure is to put the powder precursors into a quartz tube, evacu-
ate the tube, and seal it with an oxygen torch as shown in Figure|6.12h. The tube
may be placed in a crucible that is filled with activated carbon, the crucible &

tube are placed in a protective fire brick, and the microwave power level and time

are used as reaction controls. [Birkel and Lettiere demonstrated that microwave
heating of silicon powder and germanium powder would lead to some alloying be-
tween the elements, as shown in Figure [6.13p after 7.5 minutes and then SPS was
used to consolidate the powder-alloy mixture. However, a close inspection of the
Si(111) reflection of the microwaved and SPS’d product show that that reflection

is asymmetric and the alloy is not homogeneous. Regardless, microwave heating

112



Chapter 6. Current Assisted Pressure Activated Densification of
(Sl')lfx (Ge)x

is a potentially useful method for us to alloy our (Si);_.(Ge), powder before the

spark plasma sintering process.
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Figure 6.13: The effect of microwave heating and subsequent spark plasma sin-
tering on silicon and germanium powders: (a) powder XRD patterns for a mixture
of silicon powder and germanium powder that is microwaved for an increasing
amount of time, resulting in some alloying and (b) the XRD pattern after the mi-
crowaved, heterogeneous Si;_,Ge, is spark plasma sintered. (This is unpublished
work reproduced with the permission of Birkel and Lettiere [I56].)

It is difficult to know the temperature distribution in the microwave oven and
at the sample. A pyrometer was used to measure the temperature at the activated
carbon under different microwave oven conditions, as is shown in [6.14] The tem-
perature at the activated carbon can be prescribed and it may exceed the melting

point of germanium. Some microwave heating conditions were found to cause
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outgassing and explosion of the tubes, as shown in Figure [6.12d and sometimes

the sides of the tube would get coated in what we believe was germanium.
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Figure 6.14: Pyrometer temperature measurements of the microwave activator
carbon at different power levels.

The (Si)so(Ge)ag powder was microwaved sequentially under different condi-
tions and the powder was collected for XRD. Figure [6.15] shows that successive
microwave heatings cause the intensity of the Ge(111) reflection to decrease and
the Si(111) peak to broaden and shift towards Ge(111), which indicates alloying.
There was not much control with this process and it seemed that we would not

be able to obtain a lot of homogeneously alloyed Si;_,Ge, because there was the
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risk of the tubes exploding. A nitric acid treatment was used to selectively etch
the germanium phase and/or a magnesium fluoride phase, which shows that there

is some crystalline Si;_,Ge, phase present.
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Figure 6.15: The effect of progressive microwave heating on the homogeneity
of the (Si)so(Ge)yo powder. A nitric acid treatment was used to preferentially
etch the magnesium fluoride impurity phase; however, nitric acid will also attack
nanostructured Ge.
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Figure 6.10: (a) Dependence of room-temperature Seebeck coefficient on the
boron density (red ring) and the hole density (blue box) for the HP—SigyGejo—
[B|; doping series & HP-SiggGea—|Bls & SPS—(Si)s5(Ge)15-|Bls, including the
data reported for p-type SizoGesp (blue crosses),[I37] and p-type SigoGegg (blue
circles).[I38] Temperature dependence of the (b) Seebeck coefficient, (c) electri-
cal conductivity, and (d) power factor for bulk-nanostructured Si;_,Ge, alloys
consolidated via hot pressing and SPS. The power factor of the SPS’d sample
is shown with the heating values (closed) and cooling values (open). The solid
trace represents the data from BM-SigyGesg.[21] (Adapted with permission from
Snedaker et al. [I128]. Copyright 2013 American Chemical Society.)
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Chapter 7

The effect of reduction medium on
alloying and grain growth

In Chapters [ [ [, and [, the reductions of the “Stober”
(Si02)1-2(GeOy), were performed with intimate mixing & cold-pressed contact
of the magnesium powder and oxide powder. The intimate mixing & cold-pressed
contact and the long reaction time used, result in large (Si);_.(Ge), crystallites.

To reduce the lattice thermal conductivity of our Si;_,Ge, pellets, we must
minimize the crystallite size in the (Si);_,(Ge), that we obtain after the magne-
siothermic reduction. This can be realized by using a lower furnace temperature
(i.e. controlling the vapor pressure of magnesium), shorter reaction time (i.e.
controlling grain growth and diffusion time), and using a reaction medium that
controls heat dissipation. The difficulty arises that the heat that goes to grain

growth and the heat that goes towards forming the alloy are related.
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7.1 Reduction of oxides in molten salts

“Pinpoint and bulk electrochemical reduction of insulating silicon dioxide to
silicon” was achieved with a LiCl-KCl-CaCly; molten salt at 500 °C.[157] CaCl,
was also used for reduction of SiOq at 1123 K.[I58] The use of the LiCl-KCl and
NaCl-MgCl, eutectics for magnesiothermic reduction media was pioneered by Liu
et al. [I59] (the phase diagrams are shown in Fig. [7.1)), who argue that these salts
produce solvated electrons that allow the reduction of the oxide to occur. Use of
the pure MgCl,; or NaCl will also lead to the formation of Si particles but with a

slight difference in particle morphology. [160].

7.1.1 The LiCl-KCIl eutectic

For this molten salt system, a molar ratio of Mg/(SiO5);_,(GeO,), = 2.2 and
a weight ratio of ((SiOg);1_,(GeOs), + Mg)/(salts + (SiO2);_,(GeOs), + Mg)
= 10% were used and the reductions were performed both in a argon-flow tube
furnace and in an alumina crucible that was placed in a nitrogen purged box
furnace. Figure shows an problem encountered in the tube furnace setup,
where the molten salt flows onto the quartz tube and upon cooling, cracks the
tube. When the reduction is performed in the box furnace under nitrogen flow,

the molten salt flows up the wall of the crucible as seen in Figure — this may
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Figure 7.1: Phase diagrams for (a) the LiCl-KCl system as reported by
Elchardus and Laffitte and (b) the NaCl-MgCl, system as reported by Klemm and
Weiss. [102], [161], [162] (Reprinted with the permission of The American Ceramic
Society, www.ceramics.org.)

be avoided using a lower nitrogen flowrate; however, at this flowrate, we observed
signifcant oxygen impurity and the crystallite size was much lower than in the
tube furnace synthesis. Another complication was the removal of LiCl; although,
it is highly soluble in water, there was still residual LiCl with the product after

being cleaned and filtered with >1 Liter of water.
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placed in tube furnace

LiCI-KCI eutectic in'@alumina
crucible placed in N-purged

box furnace
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Higher oxygen impurity

Molten salt flow can cause tube to crack, Limited
amount of product per run

Figure 7.2: Challenges faced with magnesiothermic reductions in the different
reduction media and reactors: (a) magnesiothermic reduction in the presence
of 1/10 wt.% ratio of oxide to NaCl salt leads to a (Si);_,(Ge), that has phase
segregation visible by eye, (b) magnesiothermic reduction in the LiCl-KCl eutectic
results in flow of the eutectic, that upon cooling, contracts and cracks quartz, and
(c) use of the eutectic in a alumina crucible in a box furnace can yield more
product but is more prone to oxidation.

7.1.2 Molten NaCl

reported on the use of NaCl as a heat scavenger during the magne-
siothermic reduction of (SiOs);_,(GeOs), . When we applied that strategy with a
1/10 wt.% ratio of oxide to NaCl salt, we obtained a brown powder (see Fig. [7.2])

with dark flecks visible by eye that indicate phase segregation of germanium. The
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removal of the NaCl with water and hydrochloric acid cleans is shown in Figure

[7.3] and one advantage of this process is that the NaCl may be recycled.
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Figure 7.3: Powder XRD patterns of the (Si)so(Ge)so prepared in the molten
sodium chloride and after a water and hydrochloric acid clean.
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Figure 7.4: (a) Powder XRD patterns and (b) Raman spectra of (Si)so(Ge)ao pre-
pared under different magnesiothermic reduction conditions.

7.1.3 Effect of reduction medium on crystallite size and al-
loying.

The powder XRD patterns and Raman spectra shown in Figure allow us
to compare the crystal properties and bonding properties in the powders obtained
from magnesiothermic reduction in different media. Reduction of the cold-pressed
oxide & magnesium results in the largest crystallite sizes and some alloying be-
tween the Si-Ge, as seen in the Raman band at ~400 cm~!. Reduction of the
oxide mixed with NaCl yields much smaller crystallites, as indicated by the larger
breadth of the (111) reflections and it appears that the Si and Ge phases are

distinctly segregated, which we confirm by the absence of the Si-Ge band in the
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Raman spectrum. This is an important distinction from the results obtained by
Luo et al.; who claimed retention of phase segregation but present a Raman spec-
trum that shows the presence of Si-Ge alloy. If NaCl is an efficient heat scavenger,
then there should be little to no alloying, as we show. We attribute their result
to improper mixing of the precursor oxide, salt, and magnesium.

The reduction of the (Si02)go(GeO3)9g in the LiCI-KCl in a tube furnace yields
crystallite sizes similar to those in the case of molten NaCl and the breadth of the
peaks indicates some alloying of Si—Ge, as confirmed by Raman spectroscopy. The
fragility of these nanostructures is evident by the loss of crystallinity and presumed
oxidation of the material upon the sonication and acid cleaning procedure that
we had employed for the powder purification procedures discussed earlier in the
thesis. Although the reactant and salt ratios were the same, reduction in LiCl-KCl
that was performed in the nitrogen-purged glovebox leads to a smaller crystallite
size, more oxygen impurity, and less Si-Ge alloying.

We attribute the difficulty in controlling crystallite size and the extent of
alloying to the difference in the latent heats of crystallization of Ge, Si;_,Ge,, and
Si and the heats for alloy formation. Figure[7.5|shows the crystallization transition
temperatures and latent heat of crystallization for the Si;_,Ge, system. It takes
much less heat to initiate crystallization of Ge and once initiated, crystallization

can be “explosive” according to Takamori et al. [L64], Fan et al. [165], and Aydinli
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et al. [166]. However, it may be possible to engineer the (Si);_.(Ge),structure so
that the crystallite sizes are such that a nanocrystalline, homogeneous alloy may

be prepared in the appropriate reduction medium.
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Figure 7.5: Crystallization transition temperature & latent heat of crystalliza-
tion for the Si;_,Ge, system. (Reprinted with permission from Fan and Anderson
[167]. Copyright 1981, AIP Publishing LLC.)
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7.2 Methods for controlling the extent of alloying

and the Si/Ge interface

7.2.1 Laser annealing

Laser annealing of amorphous silicon to induce crystallization is used in-
dustrially and has been studied by many researchers.[I68-171] We observed
crystallization of an amorphous silicon component in our LiCl-KCl mediated
(Si)go(Ge)ao powder after a short time of laser irradiation, as shown in Figure
[7.6] Perhaps this type of irradiation treatment may be used to engineer the inter-

face between the Si/Ge interface.

7.2.2 Magnesiothermic reduction at temperatures lower
than magnesium’s melting point

Shi showed that the temperature of the furnace during the magnesiothermic
reduction has a significant impact on the crystallite size, as shown in Figure [7.7]
Higher furnace temperatures lead to larger crystallites. Perhaps lower furnace
temperatures could yield smaller crystallite sizes that will make it easier to achieve

Si-Ge alloying.
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Figure 7.6: Laser annealing of (Si)go(Ge)ao prepared in the eutectic LiCl-KCl
shows rapid crystallization of amorphous silicon.

7.2.3 Magnesiothermic reduction in the presence of hydro-
gen gas

The germania phase may be preferentially reduced with hydrogen gas at low

temperatures according to equation [8.8|

GeOy(s) + 2Hy(g) 2% Ge(s) + 2H,0(g) - (7.1)
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Figure 7.7: Effect of furnace temperature on the silicon crystallite size produced

during magnesiothermic reduction (unpublished work by and with permission of

Shi [172]).

When we performed the magnesiothermic reduction of (SiO3)go(GeOs)9o with hy-
drogen flow present, we observed a change in the Ge(111) reflection’s peakshape
and breadth as shown in Figure[7.8 Perhaps hydrogen reduction of the germania

phase will allow Si/Ge heterostructures to be prepared.
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Figure 7.8: XRD patterns of the powder after the magnesiothermic reduction of
the (SiO3)g0(GeOs2)9o with and without the presence of hydrogen gas.
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Chapter 8

Heterostructured
PEDOT:PSS/Germanium
thermoelectrics

8.1 Introduction

The thermoelectrics research community is plagued by two things: (1) most
improvements in 27T have been accomplished via reduction of lattice thermal

25) enhancement,

conductivity and (2) “demonstrations” of power factor (i.e. «
thus far, have been in miscible, inhomogeneous composites, where the interpre-
tation of Hall effect results is not straightforward and the thermal stability of
the composite is questionable. Enhancement of thermoelectric power factor in
heterostructured SiGe nanocomposites via modulation doping was demonstrated

by Zebarjadi et al. [34] and Yu et al. [35]. And Heremans et al.| made a convinc-

ing argument for enhanced thermoelectric power factor in PbTe due to distortion
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of the electronic density of states. Carrier filtering, where the energy derivative
of the electrical conductivity is increased due to a mechanism that preferentially
scatters low energy carriers, has been proposed as a strategy to enhance the ther-
moelectric power factor. Zide et al. demonstrated enhanced Seebeck coefficients
in Ing 53Gag.47As/Ing 53Gag s Alg 19As superlattices, which they attribute to energy
filtering, where the low energy carriers are blocked and the higher energy carriers
are transported, producing a lower electrical conductivity but an increase in the
derivative of the conductivity with respect to energy.[39] The concept of energy
filtering has also been used to explain the thermoelectric properties of highly-
doped nanograined semiconductors.[40] However, claims of carrier energy filtering
are difficult to believe and probably can’t be directly proven since the energy
derivative of the electrical conductivity has not been measured.

A degenerately doped (i.e. metallic) semiconductor’s Seebeck coefficient may
be described by the Mott equation (see equation , which relates the Seebeck
coefficient to the derivative of the energy dependence of the electrical conductivity,
evaluated at the Fermi level. Using the definition of electrical conductivity, o(E) =
qg n(F) u(E), where g, n, and u are the majority carrier’s charge, the carrier

density, and the charge mobility, respectively, the Seebeck coefficient’s dependence
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on n, u, and the change (see equation .

o {dwnw(E)]}
dE .

ldn(E) n 1du(E)
n dE w o dE
E=Ep

(8.1)

(8.2)

It is not straightforward to attribute the results from a Hall effect measurement

for an polycrystalline, inhomogeneous material to a change in the Hall mobility

or a change in the carrier density or a combination of both.[I73| Indeed, the Hall

coeflicient may even indicate the wrong carrier type in some materials. [174]

The Hall voltage that is measured for a single carrier type semiconductor is

related to the carrier density (and Hall coefficient) and measurement parameters

by equation[8.3] However, the Hall mobility and carrier density are also affected by

the Hall scattering factor ry;, which is sensitive to the material’s homogeneity

and is not necessarily 1.0. Comparison of Hall results for two materials with

different homogeneities may lead to improper conclusions if the Hall scattering

factor isn’t considered.

I1||B
Vi — B
nte
1
Rygay = ——
ne
NHar = THat /(Ruai €)
Mol = RHal 0= THa Hdrift
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8.2 Claims of carrier filtering in hydrazine-
solution-processed chacogenide thermo-

electrics are problematic

Ko et al| reported an enhanced Seebeck coefficient in Pt—SbhyTe; nanocom-
posites due to carrier energy filtering.[I75] The summary of their Hall results is
shown in Figure [8.I} where the mobility and carrier density could be incorrect
since they didn’t consider the Hall scattering factor. Also consider that the plat-
inum may be soluble in the ShyTe; matrix so that the enhancement comes from
the better thermoelectric properties of the Pt—SbyTes. A similar study was re-
ported for Ag-ShyTesz and Ag/oxide/ShyTes films with enhanced thermoelectric
power factor that is attributed to carrier filtering. [I76], [177] Zhang et al.|report the
process shown in Figure to prepare heterostructure where silver nanoparticles
are protected with a barrier deposited by atomic layer deposition (ALD) and the
interface of those metal particles to the ShyTes produces a Schottky barrier that
will filter the low energy holes. However, ALD films are not defect free [178]| and
as shown in the secondary ion mass spectrum depth profile shown in Figure [8.2b,
silver that is supposed to be contained has diffused 40% into the film’s thickness.

Since silver is a dopant in ShyTes it is difficult to believe that carrier filtering is
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Table 1. Summary of van der Pauw resistivity, Hall effect, and
thermopower measurements on Sb,Te; matrix and
Pt—Sb,Te; nanocomposite at room temperature®

nanocomposite Sb,Te;
resistivity [Q - cm] 3.69 (£0.73) x 107> 1.37 (£0.04) x 10>
type of carriers holes holes
carrier mobility [em?®/(V s)] 11.4 (£3.0) 28 (£5.9)
carrier concentration [cm™ ] 2.46 (+0.89) x 10" 1.67 (£0.36) x 10"
thermopower [1V/K] 151.6 + 14.8 115.6 + 83
power factor at 300 K 1.02 + 0.36 0.96 + 0.14

[uW/cmK?]
Figure 8.1: Electronic properties of a Pt—SbyTes nanocomposite with Seebeck
coefficient exceeding that of SbyTes, which the authors attribute to the carrier

filtering effect. (Reprinted with permission from Ko et al. [I75]. Copyright 2011
American Chemical Society.)

being demonstrated as opposed to modulation doping from the Ag-doped region
at the bottom of the film to the top of the film where the electrical contacts
for the Hall measurement are placed. Furthermore, the roughness of these films

introduces error and potential deviation of the Hall scattering factor.

8.3 The ideal system for the demonstration of car-

rier filtering

We aim to develop a composite system where component A and component

B are immiscible. If A and B mix, then we cannot attribute an observable to
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Figure 8.2: Silver distribution in a Ag/oxide/SbyTez nanocomposite with See-
beck coefficient exceeding that of Shy,Tes, which attribute to the
carrier filtering effect. (a) schematic of the material/device, (b) SIMS depth pro-
file showing silver is not contained by ALD oxide barrier, and (c) cross-sectional
SEM image of the material /device (Reprinted with permission from Zhang et al.

[177]. Copyright 2014 |Zhang et al.. doi:10.1002/adma.201304419)

an interfacial property. The composite should have isotype junctions, where the
majority carrier in each phase is of the same type to avoid p-n junctions and
trapping. Composite film must be smooth. We would like the composite to
have amorphous limited thermal conductivity so that the thermoelectric figure of

merit will be higher
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8.3.1 Enhanced thermoelectric power factor in organic—
inorganic heterostructures is possibly due to the car-
rier filtering/modulation doping effects

The polymer system poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
is also known as PEDOT:PSS and is shown in Figure 8.3] Its thermoelectric
properties have been investigated and the mobility has been shown to increase
upon addition of co-solvents.[I79] Use of the solvents to engineer the doping of

the polymer system has resulted in 27" = 0.42 at room temperature.

g 0
PSS
/ \
S
PEDOT /‘
S

SO,

Figure 8.3: Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate aka
PEDOT:PSS.

Coates et al| and [Yee et al.| prepared a nanocomposite of the PEDOT:PSS
with tellurium nanowires and the composite exhibited a huge enhancement in the

thermoelectric power factor, as shown in Figure [8.41[I8I] It is unclear if enhance-
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ment is due to a carrier filtering effect or ordering of the polymer at the interface.
However, this is a model system because there will not be any alloying between

the organic and the inorganic phases.
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o
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Power Factor (uW/m-K2)
3

PEDOT: PSS Long Hybrid Long Hybrid Long Hybrid
Nanowires Nanowires Nanowires Nanowires
+ 5 vol% DMSO @ 16 wt%
PEDOT: PSS
+ 5 vol% DMSO

Figure 8.4: Yee et al.| demonstrated enhanced thermoelectric power factor in an
organic-inorganic hybrid thermoelectric. (Reproduced from Yee et al. [I81] with
permission of the PCCP Owner Societies. doii10.1039/C3CP44558E)

A PEDOT:PSS/Germanium heterostructure that may exhibit a supe-

rior thermoelectric power factor

Germanium would be preferable to tellurium since it is more earth abundant,
less toxic, exhibits a higher hole mobility, the doping control to tune the Fermi

energy is more easily accomplished, and processing of germanium is more devel-
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oped. In fact, there was a recent study on enhanced power factor in PEDOT:PSS
mixed with germanium powder.[I82] However, we have developed a method that
will give us more control over the interface, structure, and band alignment in the
heterostructured composite.

The intrinsic Fermi level (p;) of germanium may be calculated from equation
8.7, where E, is the valence band edge energy, E, is the bandgap, kp is the
Boltzmann constant, T is the absolute temperature, m, is the effective mass at
the valence band, and m, is the effective mass at the conduction band. Using
this with the electron affinity and work functions available in the literature for
PEDOT:PSS and Ge, we can sketch the band alignment and band bending in

PEDOT:PSS/i-Ge/PEDOT:PSS heterostructures, as shown in & b.

1. 3 ,
pi =By + 5By + Tkl ln(m ) (8.7)

The utility of the PEDOT:PSS/i-Ge/PEDOT:PSS heterostructure is that a
hole gas will form in the germanium phase and it will be highly mobile, giving
rise to a modulation doping effect and the presence of the Schottky barrier will
make it so that only the high energy holes can tunnel to the germanium, where
they will be rapidly transported. The consequence is that you have a structure
with modulation doping and carrier filtering.

We could dope the germanium phase with acceptor impurities to shift the

Fermi level towards Ge’s valence band to yield the alignment and band bending
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Figure 8.5: (a) Band alignment and (b) band bending in a PEDOT:PSS/i-Ge
heterostructure. (c¢) Band alignment and (d) band bending in a PEDOT:PSS/p* -

Ge heterostructure.

sketched in Figure[8.5¢ & d. The utility of the PEDOT:PSS/p**-Ge/PEDOT:PSS

heterostructure is that the Schottky barrier may be tuned so that the energy filter

can be variable to test the limit and connection between modulation doping and

carrier filtering.
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8.3.2 Preliminary data: Thermoelectric properties and Ra-
man measurements

A silica germania nanocomposite was prepared by a sol-gel synthesis. The
structure of the material is shown in Figure [8.6] where the GeOs dots are em-

bedded within the silica matrix. The GeOy may be selectively reduced to size-

controlled germanium nanocrystals according to equation 8.8

Figure 8.6: (a) SEM image and (b) HAADF-STEM image of the
(S102)90(GeO3)19 composite before calcination, which indicates the presence of
germania particles (~3 nm diameter) embedded in the silica nanoparticle matrix.

GeOy(s) + 2Hy(g) 2% Ge(s) + 2H,0(g) (8.8)
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The germanium nanocrystals were isolated by oxide stripping and drying the
powder. The germanium nanoparticles were mixed with PEDOT:PSS solutions
and spincast onto glass slides to yield a film with thickness of ~40 nm. An ethylene
glycol treatment of the film was used to improve the dopant activation of the
PEDOT:PSS. Raman spectra of the PEDOT:PSS film and the PEDOT:PSS/Ge
film are shown in Figure which indicate an enhancement effect due to the
presence of the germanium nanocrystals. Germanium has a large excitonic Bohr

radius of 24.3 nm so the electronic structure at this scale may prove usefull.
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Figure 8.7: Raman spectra of PEDOT:PSS/Ge nanocrystal films indicate a
Raman scattering enhancement due to the germanium nanocrystals.
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Electrical resistivity was determined according to the van der Pauw
method.[62] And Seebeck coefficients were measured; however the preliminary
PEDOT:PSS and PEDOT:PSS/Ge films exhibited approximately the same ther-
moelectric power factor due to the high and unoptimized carrier density of the
PEDOT:PSS and low weight percent of germanium used.

Furthermore, our preliminary processing method introduced extended defects
like the fiber shown in Figure 8.8 Microscope analysis of this fiber indicated that
this fiber was slightly elevated above the average film thickness and a Raman
linescan indicated that this fiber had more scattering from the PEDOT band that
is assigned to the ring C-C stretching vibration that is attributed to “neutral
parts existing between localized elementary excitations such as positive polarons

or bipolarons generated upon doping.”[183], [184]

8.3.3 Proposal

We will:

e Improve the film processing so that the film doesn’t appear to have phase

segregated regions or fibers.
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Figure 8.8: (a) Optical micrograph of a fiber-like region in the ethylene glycol
treated PEDOT:PSS/Ge film, (b) higher magnification of the boxed region in (a)
and the direction of the (¢) Raman linescan that shows chemical inhomogeneity.

e Develop diborane doping procedure for the germanium so that we can control
the germanium’s Fermi level and therefore, the Schottky barrier height /en-

ergy filter.

142



Chapter 8. Heterostructured PEDOT:PSS/Germanium thermoelectrics

e Demonstrate hole gas transport in the PEDOT:PSS/i-Ge/PEDOT:PSS

structure.

e Tune the interfacial potential by functionalizing the Ge surface [I85] and/or

electropolymerizing the PEDOT:PSS directly onto the Ge.

e Prepare various mesoporous Ge films for controllable interfaces and deter-
mine the ideal phase domain size to enhance the thermoelectric properties.
We have experience preparing various mesoporous oxides, as shown in Figure
and we can reduce those oxides to the elemental state, whilst maintaining

the original microstructure.
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Figure 8.9: Mesoporous KIT-6 GeO, that was then reduced to a nanocrystalline,
mesoporous Ge by a low temperature Hy treatment. (Unpublished results by and
with permission of Shi [186].)
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Conclusions

9.1 Overview and Summary

We have demonstrated that conversion of dilute borosilicate-germanates
and phosphosilicate-germanates to doped silicon germanium nanocomposites by
the magnesiothermic reduction is an effective method to prepare functional
Siy_,Ge, for thermoelectric conversion.

As Figure [9.1p shows, we have been able to produce p-type and n-type
Si;_,Ge, and have demonstrated Seebeck coefficients competitive with the lit-
erature record for ball milled and hot pressed SigyGesy nanocomposites.

We have optimized the p-type Si;_,Ge, to have an electrical conductivity
that is competitive with the literature record for ball milled and hot pressed

SigoGegp nanocomposites (see Fig. [0.1b); however, our n-type Si;_,Ge, suffers

145



Chapter 9. Conclusions

from compensation due to an unintentional boron doping, which is currently lim-

iting the electrical conductivity of those alloys.
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Figure 9.1: Summary of the doping control that we have developed to optimize
(a) Seebeck coefficient and (b) electrical conductivity by controlling the doping
during the sol-gel synthesis of dilute borosilicate-germanates and phosphosilicate-
germanates. The blue trace is the data for n-type SigoGegy nanocomposite re-
ported by Wang et al.| and the red trace is the p-type SigoGegy nanocomposite
data reported by |Joshi et al..[20, 21] (Adapted with permission from Snedaker
et al. [128]. Copyright 2013 American Chemical Society.)

We have demonstrated the effect of rapid consolidation on our (Si);_.(Ge),,
which produces a heterogeneous alloy with a reduction in lattice thermal conduc-
tivity. However, that process is not optimized and the thermoelectric figure of

merit should be improved with a higher germanium content, more alloy homo-

geneity, and a lower carrier density (see Fig. [0.2)).
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Figure 9.2: Summary of the control that we have demonstrated over (a) ther-
mal conductivity and (b) the thermoelectric figure of merit through the magne-
siothermic reduction of a silica-germania nanocomposite. The solid trace is the
data for the p-type SiggGesy nanocomposite data reported by [Joshi et al|and the
RTG-SiggGegg that they compare to is shown with a dotted trace.|2I] (Adapted
with permission from Snedaker et al. [I128]. Copyright 2013 American Chemical
Society.)
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We have demonstrated the effect that the reduction medium of molten salts
has on the extent of alloying and grain growth. If the reduction conditions are
properly engineered it may be possible to prepare Si;_,Ge, nanostructures with

the desired dopant distribution in arbitrary shapes and sizes.

9.2 Outlook

9.2.1 Cost

Using the cost of the precursors that we use compared to the cost of the met-
allurgical grade silicon and germanium from Alfa Aesar, we see that our process
method is more expensive than the conventional, carbothermal reduction route.
However, the price of the alkoxide precursors is likely more expensive because the
demand for silicon has resulted in the industry and economy that makes metal-

lurgical grade silicon less expensive.

9.2.2 Diatom factory farms?

It would be neat if the bioengineering of diatoms was advanced such that silica
structures could be prepared with the desired porosity, structure, and impurity

compositions necessary to yield functional polycrystalline doped-Si;_,Ge,.
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Figure 9.3: The cost of this alternative process based on the cost of Alfa Aesar’s
alkoxide precursors and metallurgical grade Si & Ge.

9.2.3 The allotropes of silicon

Silicon is amazing since it’s so Earth abundant and we’'ve learned how to
control its properties down to the scale where it is no longer semiconducting. Our
semiconductor industry has been made possible by silicon in the diamond cubic
structure; however, there are allotropes of silicon that exhibit different properties.
Although it is metastable at ambient pressure, silicon that crystallizes in the
wurtzite or recently discovered orthorhombic structure can be stable for some
period of time. Allotropes of silicon have received growing interest because they

exhibit a quasidirect bandgap and can emit light! [I87H190].
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Appendix A

Effective medium model for
electrical conductivity:

This effective medium calculation for electrical conductivity of the host matrix
in the hot pressed Si;_,Ge, is performed according to previous considerations of
electrical transport in porous materials.[30], 1911 192]

2—-30 o = Pore volume
2 ~ total volume

Oef fective = Ohost

Oef fective, Sample A O host, Sample A 2—-39 Sample A

Oecf fective, Sample B O host, Sample B 2—-30 Sample B

q)SigoGelo—[B]g ~ 0.04

¢S7:90G€107[B]4 ~ 0.02
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Appendix A. FEffective medium model for electrical conductivity:

Ueffective, Sig0Ge10—[B]2 o Uhost, SigoGe10—[B]2

x 0.969

Ueffective, SigoGe1o— [B]4 Uhost, SigoGeio— [3]4

O f fective, SigoGero—(Blo (T = 300 K) ~ 2.2 x 10 S/m

Oef fective, SigoGe1o—[Bla (T =300 K) ~ 6.0 x 104 S/m

2.2 X 104 S ost, S e10—
- /m _ 0367 ~ Op t, SigoGe1o [B]2 % 0969
6 x 10 S/m Ohost, SigoGei1o—[Bla
O-host, SigoGelo—[B}Q ~ 0378

O-host, SigoGeio— [3}4

.. The electrical conductivity of the SigyGejo—[B]2 host matrix (i.e. the con-
ducting phase) is about 38% of the electrical conductivity of the SiggGeio—[B]4
host matrix at room temperature. Variation in the thermoelectric properties
of our samples is not due to a density/porosity effect. The modulation of the
electronic properties was achieved by tuning the carrier density.

Consider our results from the room temperature Hall effect measurements:

Oef fective, SigoGe1o—[Bl2 pSigoGew—[B]z MSigoGew—[B]g

= 0.386
Ueffective, SigoGe1o—[B]a pSi90G610—[B]4 /’LSigoGem—[B]4

The discrepancy between the effective electrical conductivities and host elec-
trical conductivities of the two samples with the most different densities (94.7%
vs. 98.0%) is due to different carrier densities in the conducting SiGe host matrix.
The ~2% discrepancy between effective and host electrical conductivities may be
attibuted to a difference in densities or sample quality.
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