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ABSTRACT

THERMOELECTRIC PROPERTIES OF SI/SIC THIN-FILM SUPERLATTICES GROWN BY ION

BEAM SPUTTERING

There are many mechanical systems that convert heat to work and processes that
utilize heat including power plants, automobiles, and foundries. Most of these systems
expel large amounts of waste heat to the environment that goes unused. One way of
recovering the waste heat is to use a solid-state energy converter based on thermoelectric
processes. Nano-scaled materials are of interest for use in thermoelectric devices because
their properties enhance the efficiency over those obtained using bulk materials. Some
nano-scaled materials systems being considered are thin-film superlattices that utilize
quantum confinement effects. Thin-film, superlattice thermoelectric devices could
revolutionize traditional heat-to-work systems and heat-only processes if they are coupled
to the systems to recycle a fraction of the waste heat into usable power. The advantage of
thermoelectrics over traditional mechanical systems is that they use solid-state processes
instead of moving parts and working fluids. As a result, they can be made to be more
reliable and require less maintenance. This thesis focuses on the characterization of a thin-
film, superlattice (SL) thermoelectric material formed by alternating silicon and silicon
carbide layers to form an n-type quantum well. Superlattices of 31 bi-layers of Si/SiC (10
nm each) were deposited on silicon, quartz, and mullite substrates using a high-speed, ion-
beam sputter deposition process, and the Seebeck coefficient and electrical resistivity are

measured as a function of temperature and used to compare film performance. In addition,
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SL layer thicknesses of 2 and 5 nm were deposited on mullite to determine the effect layer

thickness has on the thermoelectric properties.
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1 Introduction

Energy, in the form of heat and electricity, is an integral part of modern life for
humans. We depend on energy sources like power plants and powered vehicles to get us
through our everyday lives. Over time, there has always been an increasing demand for
energy and the direct conversion and storage of it. An estimated 1.1 x 1014 kW-hr of energy
is produced every year by human activities, and a majority of this energy is provided by
sources such as coal, oil, natural gas, nuclear, hydro, and biofuels as shown in Figure 1.1 [1].
In a more understandable perspective, this energy consumption rate corresponds to
40 kW-hr per person per day, which is slightly higher than the average house hold usage in

the United States of 20 kW-hr per day.

14 000
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B Hydro [ Biofuels and waste B Other***

Figure 1.1: World total energy supply from 1971 to 2012 by fuel in Mtoe [1].



Harnessing enough energy in a reliable and stable manner in an ever increasing rate
is one of the world’s biggest problems. Civilization has historically turned to energy
sources that are finite to produce energy. These energy sources are typically converted to
heat, which is then either used directly in a process or converted to useful work in a
mechanical-based thermodynamic process. Most of these systems that use heat as the first
step in the energy conversion process are inefficient and expel large amounts of high
quality waste heat energy. It is typical that more than 75% of the original heat energy put
into a system or process is wasted by means of dissipation to the environment. One simple
way to capture waste heat energy is to utilize a solid-state energy converter like a
thermoelectric generator that converts a fraction of the waste heat to electrical power.

This process is shown in Figure 1.2.

Thermodynamic ;
(.l | ) ‘ y > Thermoelectric l
in ystem . Generator o
Q waste Qiow grade
heat
|
Wprocess W RECOVERY

Figure 1.2: Thermodynamic system expelling heat that is partially recovered by a solid
state energy converter.

Solid state energy conversion is attractive because it uses no moving parts or
working fluids as in conventional turbo machinery- or internal combustion, engine-based,
energy conversion systems. This thesis focuses on the characterization of a material that is
intended for use in a thermoelectric generator. A thermoelectric generator is a device that

utilizes a heat source to induce a temperature difference across its internal, hermetically-



sealed components. The temperature difference causes a voltage to be built up that can be
used to drive current through an external load to capture useable power in the form of
electricity.

Since the discovery of the Seebeck effect in 1821, which is the voltage resulting from
a temperature difference imposed across a material, there was little progress in TEG
efficiency above 1% until semiconductors and semi-metals were utilized in the early
1950s [2]. This is because the early materials used to exploit the thermoelectric effect
were metals, which have low Seebeck coefficients in general [2]. Efficiencies improved in
the 1950s and 1960s to the 2-4% range with semi-metals but stagnated until 1996 when
nano-scaled and structured materials were proposed and investigated. A time line of the

Figure of Merit versus time is shown in Figure 1.3.
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Figure 1.3: Time line of thermoelectric progress in terms of the Figure of Merit, which is a
parameter that is discussed later in this thesis [2].



As indicated in Figure 1.3, nano-scaled materials show high promise for
thermoelectrics due to the tradeoffs with the properties that determine efficiency and
theoretical studies suggest that nano-scale technology could push TEG efficiency into the
10% and higher range. The nano-structured materials highlighted in Figure 1.3 are
superlattice configurations that will be described below. Some of these data have come
under scrutiny due to difficulties in the independent reproduction of results, and this thesis
addresses some of the concerns that have been raised.

There are two ways to fabricate nano-scaled thermoelectric materials, one of which
is a self-arranging, nano-scaled structure that scatters phonons to limit heat conduction
and has favorable band structure for enhancing Seebeck coefficient and electrical
conductivity [3]. The other approach is based on applying engineering principles to form
ordered quantum confinement features like those in quantum superlattices, wires, and
dots. Superlattices are periodic, alternating layered structures of two or more materials
that have epitaxial and single crystal growth. In our case, the films are not single crystal
nor epitaxial, but we will refer to our films as SLs because this is the historical conventional
term for these multilayers found in the literature, and previous studies of thin-film
multilayers of Si/SiC have used the term superlattices. To fabricate organized nano-scaled
materials like superlattices, proven micro-electronics-based manufacturing methods such
as magnetron and ion beam sputtering can be used to speed fabrication and reduce
production costs. In a thermoelectric generator module, there are two legs comprised of n-
type and p-type materials that are polarized oppositely when a temperature difference is

imposed across them. The research presented in this thesis is focused on characterization



of a high temperature, n-type, nano-scale, thin-film, superlattice (SL) material system that
has the theoretical promise to achieve high efficiency.

The following sections contain information on thermoelectricity, TE device
configuration, and efficiency metrics. Next, a summary of advanced TE materials is
presented along with a brief discussion of theoretical concepts of material properties that

affect TE device performance.

1.1 Thermoelectricity

The thermoelectric effect encompasses the Seebeck, Peltier, and Thomson effects.
The Peltier effect is a temperature difference caused at the junction of dissimilar materials
when current is passed through the junction. The Thomson effect is the rate of generation
of reversible heat in a material with an imposed current flow and temperature gradient.
The Seebeck effect is a voltage caused by a temperature difference imposed between the
point where two dissimilar materials are joined and their free ends. The Seebeck effect is
easiest to understand by considering the thermocouple setup in Figure 1.4. There are two
junctions at a reference temperature (T1), and the ends of the two dissimilar metals form
another junction to be placed in the sense area (Tz). The two dissimilar metals are wired to
add the voltages induced by the temperature difference, which can be calibrated to a
temperature. The Seebeck coefficient is defined in Equation 1.1 as the derivative of the
voltage with respect to the temperature difference [4]. It is the most important materials

property for TE materials because of its strong influence on energy conversion efficiency.
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Figure 1.4: Schematic of a thermocouple utilizing the Seebeck Effect. Voltage will build up
when the ends of the different materials are at different temperatures.

T)—dV 1.1
a( = o7 (1.1)

Thermoelectric power generation can be explained by performing an energy
balance at the hot and cold side junctions of a TEG device like the one shown in Figure 1.5.
The net heat supplied to the hot junction, qu, and the net heat removed from the cold

junction, qc, are shown in Equations 1.2 and 1.3, where &, is the average Seebeck

pn
coefficient of the couple, I is the current, Tu is the hot side temperature, K is the total
thermal conductance of the couple, and Rg is the total internal resistance of the couple.

1
Gn = puTyl + KAT =2 IRy (1.2)

1 (1.3)
Gc = EpnTcl + KAT + 5 IRy



The heat supplied to the hot side is broken down into three components, the Peltier
cooling, conduction cooling, and joule heating. The charge carriers get promoted to a level
where they can conduct electricity and heat, and this energy promotion consumes heat and
is referred to as the Peltier cooling term. One can think of the Peltier cooling at the hot
junction as the act of blooming electrons in the n-type leg and holes in the p-type leg that
then diffuse to the colder junction. The n- and p-type leg materials conduct heat via
phonon lattice vibrations and electronically by electrons and holes. The TEG legs also heat
themselves due to current flow, |, that is referred to as Joule heating. As mentioned above,
the blooming of holes and electrons creates a buildup of carriers on the hot ends of the n-
and p-type materials, which creates a concentration gradient. The carriers then diffuse
toward the cold side causing current to flow. Simultaneously, some heat is conducting to
the cold side. The total Joule heat is I2Rg, and half of this term is traditionally assigned to
the hot junction, and it reduces the amount of heat that needs to be supplied to the hot
junction to maintain the hot junction temperature. When an external load completes the
circuit, the carriers that were created at the hot side can then flow to the cold side and be
recombined sustaining a current when the temperature difference is imposed across the TE
device. The heat removed from the cold side is also broken down into three components,
the Peltier heating, conduction heating, and joule heating. In the case of the cold side, the
one-half of the Joule heat is required to be removed, and, consequently, it increases the
amount of heat that must be removed at the cold junction to maintain the temperature

there.



Qu = Peltier Cooling + Conduction Cooling - Joule Heating

|
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Figure 1.5: Thermoelectric Generator.

1.2 Thermoelectric Efficiency Metrics

Thermoelectric materials are ranked according to a parameter called the non-
dimensional figure of merit, zZT. This parameter is defined in Equation 1.4, where «a is the
Seebeck coefficient in V/K, T is the temperature in K, p is the electrical resistivity in Q-m,

and k is the total thermal conductivity in W/mK due to steady state phonon and electronic



heat transport. These parameters will be discussed throughout this thesis as we move into
characterization of thin-film, quantum-well-superlattice thermoelectric materials.
a’T

T =—
Z ok

(1.4)

The figures of merit for several semi-metal, n-type thermoelectric materials are
shown in Figure 1.6. The material with the highest zT is nano-structured PbTe, which is
80% higher than bulk PbTe, which has been used since 1960 [5]. Figure 1.6 shows that
Bi2Tes is best for low temperature applications no higher than 250°C, and, although PbTe
can be used in lower temperature ranges like BizTes, it works best in the 400-600°C range.
Finally, the semi-metals CoSbs, LasTes, and SiGe are best used in higher temperature
applications.

The non-dimensional figure of merit, zT, is a property of a material at a given
temperature. Another related quantity that is used to describe the performance of a TE
couple in the configuration shown in Figure 1.5 is the figure of merit for a couple, ZT, which

is defined in Equation 1.5, where @, is the average Seebeck coefficient of the module for

pn
both legs over the temperature range from Tc to Tu, T is the average of Tc and Tn, Rg is the
total resistance of the n- and p-type legs, and K is the total thermal conductance [4].
_ TpnT

RgK

ZT

(1.5)
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Figure 1.6: zTs of common thermoelectric materials [5].

The thermal efficiency is defined as the total amount of work done by the system
divided by the heat supplied to the hot side of the couple. The resistance of the load, R, can
be used to obtain the total work generated by the system. With some algebraic
manipulation of the definition of the efficiency as shown in Equation 1.6, the efficiency can

be put in terms of temperature and ZT.

_ W _ qu—qc __ av'pnATI_IZRg . I?Ry,
M=~ T G TuI+KAT—212R., @ Tnl+KAT—12r, (1.6
qH dH ApnTyl+ —51*Rg ApnTHI+ —>I?Rg
_ [V1+ZT-1][(AT/TH] 7

Me VI+ZT+1

The efficiency calculated using Equation 1.7 is shown in Figure 1.7 as a function of

ZT and the hot side temperature, and Figure 1.7 shows that the efficiency increases as the
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hot side temperature is increased for a fixed cold side temperature of 300°C. Also, by
increasing the module figure of merit, the efficiency increases as well [4]. The
thermoelectric efficiency is a fraction of the Carnot efficiency, (AT /Ty), so the maximizing
parameter is the material properties and the geometry of the n- and p-type legs. The main
point to draw from Figure 1.7 is that in order to increase the couple ZT, the zT of the
materials must be increased. The plot shows that 30% efficiencies are achievable at a
temperature difference of 1150°C - 300°C and at a module ZT of about 4. As of now, the
best TEG devices have a ZT of about 1 and operate at a relatively low temperature and
small temperature difference. For example, a module made of PbTe can operate in the
4000°C range based on Figure 1.6, so, if the hot side is maintained at 550°C and the cold side
is maintained at 300°C, then the efficiency is only about 7%. The four-fold increase in
efficiency from about 7% to 30% is necessary to bring thermoelectric-based energy
conversion systems into common use, and this thesis is focused on the characterization of a

nano-structured material system that shows the potential for achieving this goal.
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Figure 1.7: Curve of the thermal efficiency of a thermoelectric generator as a function of the figure of merit and hot shoe
temperature. The cold shoe temperature is assumed to be 300 K.
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1.3 Background of Advanced TE materials

As mentioned earlier, a superlattice is a promising material concept for achieving
high thermoelectric (TE) efficiency, where each leg in a module is composed of thousands
of nanometer-scale thick bi-layers as shown in Figure 1.8. Superlattice systems, such as the
n-type Si/SiC films described herein, aim to take advantage of quantum-scale effects. The
superlattices are deposited onto substrates that are then metallized and brazed into a
hermetically sealed module. A mockup up of the process is shown in Figure 1.8 along with

a photograph of an early prototype module.

Figure 1.8: A SL-based TEG fabrication mockup and photograph of an early CSU prototype.

Theoretical work of Hicks and Dresselhaus showed that nano-scaled superlattices
will display a quantum well effect that increases the carrier effective mass, which increases
the Seebeck coefficient, while leaving the mobility unchanged and increasing the electrical
conductivity. This theory suggested that zT values could be ~13 times higher than bulk
material values [6]. In later work, Chen et al [7] and Ezzahri et al [8] both showed that
electrical conductivity increases and thermal conductivity decreases in a superlattice
structure. Consequently, these three studies show that all three properties of the figure of
merit are affected such that the zT is increased with a superlattice structure. In related
work and more recent work, Lee et al [9] show enhanced Seebeck coefficient with

SrTiOs/SrTiosNbo.203 superlattices, and Liu et al [10] show promising in-plane TE
13



properties on Si/Ge SLs. These more recent studies show increases of the figure of merit
by an order of magnitude over bulk material. Also, recent data from superlattices of
GaN/AIN/AlGaN grown by chemical vapor deposition at high temperature show that
enhanced zT values can be obtained over bulk properties when the material is tested at
room temperature [11]. Further theoretical work and testing done by Ghamaty and Elsner
[12] and Balusu and Walker [13] show a decoupling of the Seebeck coefficient and
electrical conductivity due to the quantum well effect, which allows zT optimization.

In addition to superlattices, Dresselhaus et al [14] show promising thermoelectric
properties with nano-structured materials, such as clathrates, skutterudites, and zero- and
one-dimensional, quantum-well materials. They show that the nano-structured materials
enhance scattering of phonons resulting in decreased thermal conductivity. Also, these
nano-scaled materials allow for controlled doping of the material to increase the electrical
conductivity without detrimentally decreasing the Seebeck coefficient, which is one
promising angle of research in thermoelectrics. = Another angle of nano-scaled,
thermoelectric materials research that has not received as much attention is the
enhancement of the Seebeck coefficient at lower carrier concentrations. Theoretically,
superlattices enhance the Seebeck coefficient, and, if the right materials fabrication
processes are used that result in low defect concentration within the layers, the electrical
conductivity could be increased as well resulting in a breakthrough in zT and
thermoelectric efficiency.

The interface quality of the materials is important for superlattices, and three
different deposition techniques using different particle arrival energies and background

pressures have been used. Early n-type Si/SiosGeo.2 and p-type B4C/BoC superlattices were
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deposited using molecular beam epitaxy [15] and magnetron sputtering [16], but a
potentially faster and cheaper method is ion beam sputtering because the ion energies are
higher [17]. Furthermore, excellent thermoelectric properties have been reported for
Si/SiC, Si/SiosGeo2, and B4C/B9C superlattices using magnetron sputtering. A module ZT
near 4 at 250°C was reported for these materials [18, 19, and 20], and more recent data for
Si/SiC superlattices on silicon substrates made by magnetron sputtering [21] and ion beam
sputtering [22] indicates even higher zT in high temperature applications.

These findings of the Si/SiC, Si/SiosGeo.2, and B4C/BoC superlattices are not
generally accepted in the thermoelectrics community because the resistivity of the TEG
material was measured when the superlattices were deposited on a silicon substrate, and
the Si substrate was likely affecting the measurements. The company Hi-Z Technologies
Inc. claimed thermoelectric properties that would yield a figure of merit of around 10 and
has a patent for the in-plane superlattice configuration [21]. Reproducibility of the claims
by Hi-Z film has been a problem because of the substrate issue; and no independent group
has yet been able to achieve as low of a resistivity of the films on a non-silicon substrate.
One thesis partially reproduced the Hi-Z values at high temperature, but it is likely that the
same problem with the silicon substrate affected the resistivity measurements [22]. Hi-Z
shows good room temperature resistivity, but in our recent studies, low resistivity at room
temperature is not observed. This thesis investigates Si/SiC superlattices deposited on
silicon and ceramic substrates in an effort to resolve this issue.

The additional motivation to investigate alternative substrates is to find one with
low thermal conductivity that is compatible with growing high performance TEG SL films.

To address this challenge, we tested the properties of the Si/SiC superlattices on three
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different substrates that were deposited using a high-speed, ion-beam-deposition process.
The films are characterized by their non-dimensional figure of merit, zT, where the Seebeck
coefficient and resistivity are measured directly, and the thermal conductivity is estimated
from the literature and justified by measurements made using a MEMS technique
performed by the University of Denver [22]. Several studies have shown that superlattices
in the 5-10 nm layer thickness range have thermal conductivity of less than 5 W/mK
including the Aubain et al [23] study of the lattice thermal conductivity and the Mazumder
et al [24] study of the total thermal conducvity at different temperatures on Si/SiC films
specifically. These thermal conductivity measurements include the 3-w transient method

and the thermal reflectivity method, which are both well accepted techniques.

1.4 Thermoelectric Property Theory

If the Fermi level is the average energy of a crystal in a material at any temperature,
then the ideal band structure of a thermoelectric has a sharp band or high density of states
near the Fermi level to enhance Seebeck and dispersive bands to enhance the electrical
conductivity [3]. This band structure of a metal with good thermoelectric properties is
shown in Figure 1.9. For a good thermoelectric material, there should be high density of
states near the Fermi level as in Figure 1.9, but the dispersive bands should not be cut by

the Fermi level nor should they be touching.
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Figure 1.9: Schematic of band diagram for a metal with good thermoelectric properties [3].

Materials with relatively low carrier concentration (n << 10!° cm=3) such as
semiconductors can have large Seebeck coefficients and high mobility. The relationship
between carrier concentration and Seebeck coefficient can be determined from relatively
simple models of electron transport. Two-dimensionally confined carriers in a superlattice
quantum well whose layer thickness is close to the Fermi shell of the free carrier, exhibit
quantum effects whereby the Seebeck coefficient can be increased due to increased density
of states (DOS) without the other important properties decreasing [3]. Other quantum
effects such as the effective mass of carriers are governed by energy surface shape in the
valence and conduction bands, which can, along with carrier and phonon scattering
behavior, strongly affect electronic phenomena [3]. For metals or highly doped
semiconductors, the parabolic band, energy-independent scattering approximation is used

to derive the Seebeck coefficient shown in Equation 1.8 where n is the carrier

17



concentration, m* is the effective mass, T is the temperature, kv is the Stefan-Boltzmann

constant, h is Planck’s constant, and e is the elementary charge [5].
@ =—2LmT(=—)3 (18)

The electrical conductivity ( o ) and electric resistivity (p) are related to the carrier
density and the carrier mobility, where n is the carrier concentration, e is the elementary
charge, and p is the mobility of the carriers. The mobility gives a measure of how well the
carrier will flow through the material. Ideally, if the mobility is high and the carrier density
is moderate, then the Seebeck coefficient will remain high and the electrical conductivity
(shown in Equation 1.9) won’t be compromised, resulting in a good thermoelectric

material.
— 1 —
0= b neu (1.9)

Figure 1.10 shows the tradeoffs between Seebeck coefficient and electrical
conductivity in bulk thermoelectric materials that must be met to maximize the figure of
merit. The maximum value of carrier concentration typically occurs at carrier
concentrations between 101? and 1020 cm3 which corresponds to semi-metals that fall in
between common metals and semiconductors in terms of carrier concentration. Our SL
materials are in the concentration range for low carrier concentration semiconductors

(n <1018 cm-3), but with a high or giant Seebeck coefficient.
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Figure 1.10: Tradeoffs of thermoelectric properties as a function of carrier density. Only
typical values are shown for the zT curve. The other properties are normalized for
visualization purposes. [This plot is adapted from Ref. 4.]

The effective mass of the charge carrier provides another compromise of zT because
a large effective mass produces high Seebeck coefficients but lower electrical conductivity.
The m* in Equation 1.8, refers to the density-of-states effective mass, which increases with
flat, narrow bands with high density of states at the Fermi surface [5]. However, the
inertial effective mass is also directly to m* and the high band curvature in SL materials
enhances inertial effective mass. Heavy carriers will move with slower velocities, and
therefore have smaller mobility, which in turn leads to lower electrical conductivity as

indicated in Equation 1.9. The relationship between effective mass and mobility is
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complex, and depends on electronic structure, scattering mechanisms, defect
concentration, and anisotropy [5].

Additional materials design conflicts arise from the necessity for low thermal
conductivity. Thermal conductivity in thermoelectrics comes from two sources:
(1) electrons and holes transporting heat (ke) and (2) phonons travelling through the

lattice (ki).

k=k, + k; (1.10)

k., = LoT = neulLT (1.11)

Most of the electronic term (ke) of thermal conductivity is directly related to the
electrical conductivity through the Wiedemann-Franz law, where L is the Lorenz factor,
2.4 x 10-8 J2K-2C-2 for free electrons [5]. There will always be a small conduction
contribution from the electrons transporting heat, but the steady-state lattice term is
usually the dominant term in low-carrier-concentration semiconductor materials, and
reducing lattice thermal conductivity is the focus to block heat conduction. Nano-

structures and SLs can significantly reduce the k; value by factors of 10 to 100 [23, 24].

1.6 Thesis Outline

In Chapter 2, we discuss the sample preparation and ion beam sputtering process,
and all measurement techniques are presented that are used to characterize zT. The
results are presented in Chapter 3 where we first analyze the two different superlattice
materials individually. Next, we analyze the morphology of the SL using SEM and TEM.

The effect of the silicon substrate is substantial, and data explaining this effect is presented

20



and discussed. The materials characterization and morphology for superlattices grown on
different surfaces such as quartz and mullite is then presented. Next, we present the data
from different layer thicknesses on mullite substrate. Finally, the conclusion and

recommendation for future work are presented in Chapter 4.
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2  Experimental Methods and Measurements

The work presented in this thesis focuses on the ion beam sputtering deposition
technique and measurements of thermoelectric properties at high temperatures. There are
different methods of fabricating thin films such as chemical vapor deposition and physical
vapor deposition (PVD). Ion beam sputtering is one method of PVD and is our method of
choice due to speed and ease of fabrication. The films are deposited using ion beam
sputtering in one chamber, tested for thermoelectric properties as a function of
temperature in another chamber, and are transported to other facilities for more analysis.
The mobility, band gap, and stress of the individual films are also measured at room
temperature. In the following sections, we describe the ion beam deposition process,
Seebeck coefficient and resistivity measurement apparatus, mobility measurement setup,

and all material characterization techniques.

2.1 Sputter Deposition

Before installing the silicon and quartz substrates into vacuum, they were cleaned
and rinsed with acetone, isopropyl alcohol, and deionized water and dried. No pre-cleaning
preparation was done with the mullite substrates as they were pre-cleaned by the supplier,
Ceramatec. The configuration of the sputter deposition process is shown in Figure 2.1.
Inside the chamber, a stage moved targets under a stationary ion beam in order to sputter
deposit different materials onto the substrates. The targets are mounted at forty-five
degrees relative to the ion beam and substrate holder as shown in Figure 2.1. A second
stage was used to position a mask over the substrate to control layer thickness. During

deposition, the temperature of the substrates was held constant at about 500°C. A titanium
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getter heated to roughly 1300°C is used to lower the oxygen partial pressure during
deposition. This is important when making silicon films because oxygen in the chamber
will react with the silicon and produce defects. The deposition rate is slowed to 3 nm/min
by lowering the ion beam energy to 300 eV during the first nanometer of growth of each
layer to insure sharp interfaces and less mixing at the interfaces. The remainder of each SL
layer is grown more quickly at 10 nm/min using 1000 eV ions. A total of 31 bi-layers of

silicon and silicon carbide were deposited to form our superlattices.

Substrate Holder

lon Source

Substrate

Target »
45°

A B C

Figure 2.1: Configuration for the sputter chamber deposition setup. A is a schematic. B is
a photograph showing the direction of target movement. In B, the substrate holder is
behind the mask. Cis a photograph of the substrate holder viewed perpendicularly to the
target motion.

2.2 Seebeck Coefficient and Resistivity Measurement

After the SL films were deposited onto substrates, they were installed into a
separate vacuum test facility where the Seebeck coefficient and electrical resistivity were
measured over a temperature range from 300 K to 900 K. A photograph of the test setup is
shown in Figure 2.2. Two substrates can be mounted onto a sample holder and tested at

the same time.
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The substrate holder is made of boron nitride, and a tungsten wire-based heater is
used to control the temperature of each side such that a small temperature difference is
established across the substrate. A maximum temperature of 800°C was possible to
achieve. Resistance Temperature Detectors (RTDs) are used rather than thermocouples for
measuring temperatures. Because the RTDs are embedded in a boron nitride block above
the TE samples, an FEA simulation was performed to more accurately estimate the
temperature at the ends of the SL where metal contacts were made.

The model predictions of the temperature difference sustained across the holder
when one end of the holder is at 800°C is shown in Figure 2.3. The heater settings for this

condition produced a cold side temperature that was 20 degrees lower than the hot side.
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Figure 2.2: Thermoelectric Property Measurement Setup. Two samples can be tested at
one time.
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Figure 2.3: ANSYS Fluent simulation of the temperature gradient across a SL for a given
heater power condition.

The holder and the substrates are modeled to predict the temperatures at the
surface of the thermoelectric material using the RTD measurements as inputs. The
temperature difference calibration factor was found to be 2.0. This means that the
temperature difference measured using the RTDs needs to be divided by 2 to reflect the
actual temperature across the SL in the region between the metalized contacts.

To measure the Seebeck coefficient, a, an induced temperature difference is needed
along with a method to measure the voltage difference across the sample [1, 2]. One way of
measuring a as a function of temperature is to create a temperature difference and then
ramp the temperature of both sides uniformly while measuring the voltage. The Seebeck
coefficient is the voltage divided by the temperature difference. The resistance, Rsi, of the

SL can also be measured as the temperature is increased. One can calculate the resistivity
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of the SL from Equation 2.1, where A is the cross sectional area of the SL calculated by
multiplying the film width by the thickness, and L is the distance between the metalized

ends of the sample.

Rg A
L

PsL = (2.1)

When a thermal gradient exists and the SL produces a significant voltage, a problem
can occur when reading the resistance as shown in Figure 2.4. Itis better to test the sample
for Seebeck coefficient by inducing a temperature difference, and then test it again for the
resistance with both sides of the sample held at the same temperature to minimize any

problems with the resistance measurement [3, 4].
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Figure 2.4: Schematic of measurement system when a SL sample is introduced to a
temperature difference. It will produce its own voltage that interferes with the true
resistance measurement.
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2.3 Thermal Conductivity Measurements

In bulk materials, the thermal conductivity can be large because phonons, or lattice
vibrations, can propagate easily through the material, but, in a nano-structured
superlattice, the phonons are scattered at the layer interfaces resulting in less propagation
of heat. There have been many studies that show the reduction of thin film thermal
conductivity [5, 6]. There have also been studies of Si/SiC superlattice thermal
conductivity specifically [7]. We used a value of 2.0 W/mK estimated from the available
literature. A measurement at the University of Denver of one of our SL films was
substantially lower than this value, but the data have some inconsistencies that cast doubt
on the measurements [8]. To eliminate this doubt, other techniques such as the 3-w
transient and thermo-reflectance techniques can be used to measure the thermal

conductivity [9, 10].

2.4 Hall Mobility Measurements at Room Temperature

The mobility was measured at room temperature using the Van Der Pauw Method
with the apparatus shown in Figure 2.5. This method is a Hall measurement that uses the
differences in carrier transport in an applied electric due to a changing magnetic field.
Once the mobility is measured, one can measure the resistance of the film no magnetic field

is applied and calculate the carrier concentration using Equation 1.9.
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Figure 2.5: Van der Pauw Hall Measurement Setup.

2.5 Thickness of SL Films

Thickness of the SL layers is an important parameter to control. To obtain accurate
layer thickness, a quartz Crystal Microbalance (QCM) was used to measure in-situ
thickness [11]. SL film thickness was verified with Scanning White Light Interferometry
(SWLI) and contact profilometry. Because the substrates are placed beside the QCM, there
is a correction factor that is used to set the deposition time for a given layer thickness.

Correction factors for Si and SiC films are listed in Table 2.1.
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Table 2.1: QCM calibration for film thickness.

Material Thickness Measured Correction
calculated from thickness Factor
QCM (nm) (nm)
Silicon 100 113 1.13
Silicon Carbide 100 150 1.5

80

Depth of Sample (nm)

-60

Figure 2.6: Data from a typical SWLI data slice done on a SiC film showing the step height.
The flat area of the curve on the left is the reference part of the substrate, and the height is
measured relative to the substrate surface. A step height of about 100 nm is observed.

Scan Distance (mm)

2.6 Other Material Properties

Several other material properties are presented along with «, p, and p in the next

chapter for the SL films deposited on silicon, mullite, and quartz substrates.

calculated by measuring the deflection of the substrate with the SWLI before and after film

deposition. Density is calculated by measuring the mass and thickness before and after
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deposition. Band gap is calculated using photo spectrometer measurements of the
transparency as a function of the photon wavelength. And finally, the composition and

bonding state of silicon carbide is examined using X-ray photoelectron spectroscopy (XPS).
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3 Results and Discussion

This chapter focuses on presenting measurements of the thermoelectric properties
of the Si/SiC superlattices. We also present the structure and morphology of a SL using
SEM and TEM. The effect of substrate material with a SL layer thickness of 10 nm was
found to be substantial, and, in particular, the silicon substrate electrical properties, which
changed during processing and testing, prevented us from determining SL properties.
Finally, the effect of quantum confinement size is presented for layer thicknesses of

2,5,and 10 nm for SLs deposited on mullite.

3.1 Investigation of Si and SiC Film Properties

Two micrometer thick films of silicon and silicon carbide were sputter deposited on
silicon, quartz, and mullite substrates to characterize the materials used to form
superlattices. Good adherence to the substrate is integral for thin films. Our first attempt
to determine the properties of the materials used to make our SLs showed that the silicon
carbide films did not stick on the silicon or quartz substrates when the substrates were not
heated, however, the films adhered nicely to the substrates when they were held at 500°C.
Although several hundred SLs were produced in this research over a very wide range of
conditions, all SLs discussed in this thesis and in this chapter in particular were deposited
at a substrate temperature of 500°C. Table 3.1 shows properties of the sputter deposited
films of silicon and silicon carbide at room temperature. The silicon film was found to be
under mild compressive stress, the density is very close to that of bulk silicon, and the band
gap measurements suggest that it is poly- or micro-crystalline. The silicon carbide film was

under higher compressive stress that could result in some cracking of the film when
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thermally cycled. The density is lower than bulk silicon carbide, and the band gap
measurements suggest that the material is highly doped [1, 2, and 3]. The room
temperature mobility was measured as well and found to be near nominal bulk Si values
for the silicon film and much lower than nominal for the silicon carbide film. The carrier
densities are both quite low at room temperature, but the silicon carbide film carrier
concentration is about one thousand times higher than the silicon film. The higher carrier
concentration, higher stress, and lower mobility of the silicon carbide film suggest a

relatively higher defect concentration in the SiC film compared to the Si film.

Table 3.1: Properties of individual superlattice materials found with SWLI and a photo
spectrometer by measuring before and after film deposition.

Stress | Density | Band Gap | Mobility Carrier
(GPa) | (g/cm3) (eV) (cm?2/V s) | Density (cm-3)
Silicon film 0.4 (Q) 2.3 1.25 1369 5.4x 1011
Silicon Carbide film | 2.0 (C) 3.0 1.63 170 1.6 x 1014

XPS measurements of the silicon carbide film verified silicon carbide is sputtered
deposited in the SiC chemical state onto the silicon substrate. Specifically, the carbon 1s at
284 eV indicates bonding to silicon, and the silicon 2p at 101 eV indicates bonding to
carbon. XPS measurements were done after sputter cleaning the top surface oxides. X-ray
Diffraction (XRD) was done and found to be inconclusive, and further XRD analysis should

be done.
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Figure 3.1: XPS data of Carbon 1s. The peak location at 284 eV indicates bonding with
silicon.
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Figure 3.2: XPS data of silicon 2p. The peak location at 101 eV indicates bonding with
carbon.
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To obtain thermoelectric properties as a function of temperature, 500 nm films of
silicon and silicon carbide were deposited on two separate mullite substrates. These
samples were tested for thermoelectric properties to compare with properties of
superlattices deposited on mullite. The resistivity as a function of temperature is shown in
Figure 3.3, and the Seebeck coefficient is shown in Figure 3.5. The Seebeck coefficient is
low and is in the opposite polarization than the superlattices indicating p-type behavior.
The resistivity plot shows that the silicon is more conductive by ~3 orders of magnitude,
and that the silicon carbide resistivity data contain some noise likely due to the large
resistances of the SiC film, which was close to the limit of the resistance meter that was
used. The films from the two materials, individually, do not have thermoelectric properties

that would result in good thermoelectric devices.
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Figure 3.3: Resistivity as a function of temperature of individual films of Si and SiC on
separate mullite substrates.
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Figure 3.4: Seebeck coefficient as a function of temperature of individual materials on
mullite substrate.

3.2 Investigation of Si/SiC Superlattices with SEM and TEM

The SL structure was investigated using Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) of a cross section of a SL film deposited on silicon
for the SEM and quartz for the TEM. In both cases, the films were deposited at 500°C and
tested in the thermoelectric property measurement system from 50°C to 630°C. The SEM
image of the superlattice structure on a silicon substrate shown in Figure 3.5 verifies the SL
structure and the layer thickness and uniformity, but it is hard to tell how much

intermixing there is at the interfaces between the layers.
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Figure 3.5: SEM image of cross section of a 10 nm layer superlattice film on silicon.

To investigate intermixing and morphology, TEM images are taken of a SL that was
ion milled out of a sample by a focused ion beam (FIB) at Colorado School of Mines. The
substrate for this sample was quartz. The TEM images in Figure 3.6 also verify the SL
structure, but, like the SEM image in Figure 3.5, they also do not yield much information
about intermixing at the interfaces due to poor contrast at the interfaces. The morphology
of the SL films is mostly amorphous, but there are some regions of micro-crystallinity in
both layers as evident in high magnification image in Figure 3.5. An even closer look at the
SL structure in the high magnification TEM image in Figure 3.7 confirms that there is some
micro-crystallinity in both the layers of the SL film. This could help improve electrical
conductivity and provides evidence that micro-crystallinity is likely responsible for the
relatively low band gap measurements of the individual films on the quartz substrates that
was discussed in Section 3.1. The materials mapping data from the TEM measurements
were inconclusive likely due to the FIB mixing the materials. There is more crystallinity in

one of the layers, and that is likely the silicon layer.

41



Quartz Substrate

Figure 3.6: TEM images of cross section showing layers and morphology. The far left
image shows the substrate and layers. The middle image is a close up of the layers. The far
right image is a close up of grains of silicon and silicon carbide in dark field mode showing
a mostly amorphous layer with some grains.
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Figure 3.7: TEM dark field emission image of the grains of the silicon and silicon carbide
layers showing some micro-crystallinity within the red circles.

3.3 Investigation of SLs on Different Substrates

To test the SL performance on different substrates, SLs of 31 bi-layers of 10 nm
layers each were deposited on silicon, quartz, and mullite and tested. The best substrate
was then selected to study thinner layer thicknesses of 5 nm and 2 nm. It should be noted
that more than 400 SL samples were fabricated during this thesis to find the best film
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fabrication technique, and that only the most important studies are shown in this thesis.
The first substrate was a silicon wafer that is diced out of silicon #C977 from El-Cat Inc.
The second is the same silicon wafer with an insulating film (500 nm) of mullite
(3A12032Si02) sputter deposited on top. The third substrate is fused quartz which provides
a smooth insulating surface for thin films. The last substrate used is sintered, bulk mullite,
which is very rough. Mullite has a thermal expansion coefficient very close to that of silicon
and also has very low thermal conductivity, so it is a great substrate candidate for
superlattices intended for TE applications. Table 3.2 shows AFM data of the roughness of
the SL samples grown on the three main substrate candidates. The mullite is by far the
roughest, and the silicon and quartz are two orders of magnitude less rough.

Table 3.2: Roughness measurements of SL samples on different substrates.

Substrate Roughness
(RMS)
Silicon 4.86 nm
Mullite 365 nm
Quartz 2.16 nm

The resistance as a function of temperature of the silicon substrate, SL on silicon,
and SL on deposited mullite on silicon is shown in Figure 3.8. The samples deposited on
silicon have nearly the same resistance as the substrate, which means the substrate can
strongly affect the measurement especially if its resistance changes during processing or
during testing at high temperatures. Specifically, the data in Figure 3.8 suggest that

conduction is primarily through the silicon substrate, and that the resistance of the
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substrate needs to be subtracted out in order to obtain an accurate resistance
measurement of the SL. This is difficult to do, and, hence measurements of SL properties of
the SLs deposited on silicon substrates are not trustworthy and are not reported. It is
interesting to note that the bare silicon substrate has a lower resistance than the silicon
substrate with the SL. This is unexpected because the presence of the SL should reduce the
resistance of a sample compared to the bare silicon substrate. It is possible that this occurs

due to differences in substrates that are cut from different regions of the Si wafer.
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Figure 3.8: Resistance of samples deposited on silicon substrate as a function of
temperature.

The Seebeck coefficient of the silicon substrate, SL on silicon substrate, and SL on
deposited mullite on silicon substrate is shown in Figure 3.9. These data also show that the

Seebeck coefficient of the SL samples are close to that of the pure silicon substrate
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indicating that the silicon substrate is likely strongly to be affecting the measurement once

again because most of the temperature difference and conducting is through the Si

substrate and not the SL.
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Figure 3.9: Seebeck coefficient of samples deposited on silicon substrate as a function of
temperature.

Next, the resistivity of the SL on mullite, SL on quartz, and SL on sputtered mullite

on quartz is shown in Figure 3.10. We switched to quartz from silicon for the sputter

deposited mullite because the silicon substrate was preventing us from measuring SL

properties even with the insulating mullite film coating the Si substrate. The SLs on quartz

and mullite substrates have significantly higher resistivity compared to the SL on sputtered

mullite on quartz. The 500 nm sputtered mullite film is likely not fully oxidized and is more

conductive than we expected, so its resistivity was lower, and the Seebeck coefficient of the

SL on sputtered mullite on quartz was similar to those of metals (see Figure 3.11). In
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hindsight, the sputtered mullite film could have been fired in an air furnace to ensure full
oxidation, but it is likely that the sample would not have differed much from the SLs on
quartz and mullite substrates. The film has evidence of reduction of the silica or alumina

materials because the film turns out purplish and greenish.
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Figure 3.10: Resistivity of the four candidate substrates as a function of temperature.

The Seebeck coefficient of the SL on mullite, SL on quartz, and SL on sputtered
mullite on quartz is shown in Figure 3.11. The quartz and mullite samples have very low
Seebeck coefficient until reaching an average temperature of 800°C at 40 degree
temperature difference. The samples have the highest Seebeck coefficient ever recorded in
our lab, and, in some conditions, they produced an emf of over 100 mV. The quartz sample
that has a sputtered mullite film on it did not behave the same way and had almost no emf
generated during the tests. The giant Seebeck coefficient obtained on the quartz and

mullite is repeatable as we have seen it multiple times with multiple samples. The giant
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Seebeck does tend to degrade slightly after testing it multiple times. Table 3.3 shows that

the degradation of the Seebeck coefficient is 5.8% and 6.5% on the SLs on quartz and

mullite substrates respectively after 3 cycles. Also, the metal contacts tended to flake off of

SL film of quartz after just one cycle, so this adversely affects the repeated resistivity

measurements. The resistivity of the quartz and mullite SL samples improved at room

temperature and at 870 K by about 5% and 7% respectively. The best thermoelectric

properties are obtained with the quartz substrate, but the SL film cracked on the quartz

due to the mismatch in thermal expansion coefficient. These two problems led us to use

the mullite for the layer thickness studies because the SL film is robust and does not flake

off mullite.
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Figure 3.11: Seebeck coefficient of samples on different substrates.

Table 3.3: Degradation of Seebeck coefficient of SL on different substrates.
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Number of tests Seebeck coefficient of Seebeck coefficient of
SL on quartz (uV/K) SL on mullite (uV/K)

1 -2600 -2300
2 -2500 -2250
3 -2450 -2150

Finally, the mobility of the SLs is compared In Table 3.3 to delineate the carrier
density and mobility of the SL as a whole. Surprisingly, the mobility is relatively high and
close to the mobility of bulk silicon. It is also noted that the room temperature carrier
concentration is relatively low. This result is very similar to the superlattices of
GaN/AIN/AlGaN that have mobility of 1176 cm2/Vs [4]. These results are surprisingly high
for amorphous materials, so verification of these results should be done with another Hall
mobility system. The mobility of amorphous silicon is in the 0.1-10 cm?2/Vs range [5, 6].
The then checked the mobility of the ML films using a four-point Ecopia HMS-3000 Hall
measurement system to verify the results, and this system gave us a more accurate measurement.
The mobility is very low and indicative of amorphous material composition.

Table 3.4: Mobility and carrier concentration of Si/SiC SL samples on mullite and quartz at
room temperature using Ecopia HMS-3000.

Mobility | Carrier Density

(cm?/Vs) (cm-3)
mullite | 3.9 x 102 -3.2 x 10Y
quartz | 1.0x10° -3.3x 108

3.4 Investigation of Superlattice Layer Thickness

Superlattices of 2 nm, 5nm, and 10 nm layers were deposited on mullite and
compared. The correlation between the resistivity and layer thickness is shown in Figure
3.12, and the -2 and 5-nm layer SLs have lower resistivity compared to the 10-nm layer SL

over the temperature range from 600K to 870 K.
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Figure 3.12: Resistivity as a function of temperature of samples of different layer thickness
on mullite substrate.

The correlation between the Seebeck coefficient and the layer thickness is shown in
Figure 3.13, and the 2- and 5-nm layer SLs have smaller Seebeck coefficient relative to the
10-nm layer SL at 870 K. At temperatures of 650 K and 750 K, the 5-nm layer SL displays

the highest Seebeck coefficient followed by the 2 nm layer and then the 10 nm layer SLs.
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Figure 3.13: Seebeck coefficient as a function of temperature of samples of different layer
thickness on mullite substrates.

3.5 Discussion

The morphology of the SLs shows that the SL structure is retained and that there is
some micro-crystallinity meaning that the films could have been influenced by temperature
and been annealed at growth or during testing at high temperatures. A limited number of
TE property measurement tests were redone several times to determine the repeatability
of the measurements. Relatively good repeatability was obtained on SLs on mullite
substrates where the SLs and metal contacts did not crack excessively, and so annealing
temperatures above ~800K would likely be necessary to determine if annealing could be
used to affect TE properties.

Data from the company Hi-Z Technology Inc. on Si/SiC SLs on silicon substrate is
summarized in Table 3.5. From their data and an inferred thermal conductivity of 2 W/mK,

the figure of merit was calculated and listed in the fourth column. These values are very
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large compared to the best materials developed to date by the materials science
community.
Table 3.5: Data for Si/SiC superlattices as reported by Hi-Z Technology, Inc. Column four

contains zT data calculated from the reported values of resistivity and Seebeck coefficient
and assuming a thermal conductivity of 2 W/mK.

Temperature Resistivity Seebeck Coefficient | Calculated zT
(°C) (mOhm-cm) (nV/K)
25 2.15 -750 3.9
250 1.71 -1080 17.8
500 1.52 -1240 39.1

It is not evident from the available literature that Hi-Z doped the Si/SiC layers on
silicon substrates, and we believe the only difference from our SL process is that Hi-Z uses
magnetron sputtering instead of ion beam sputtering. Their reported properties would
yield zTs higher than 10 and close to 40 if an appropriate number for the thermal
conductivity is used. It is likely that the Hi-Z samples were strongly affected by the bulk
resistance of the silicon substrate as was found to be the case in this thesis. Using an
inferred thermal conductivity of 2 W/mK, the zT at 900 K is calculated for our samples and
is shown in Table 3.6. The best zT is the 10-nm layer SL on quartz. In our opinion, the
resistivity measured by Hi-Z Technology, Inc. cannot be trusted due to the influence of the
silicon substrate, and thus the calculated zT for the Hi-Z samples is severely over estimated.
We believe the maximum zT that these materials can achieve with ion beam deposition and

no doping is in the 0.05-0.1 range at a temperature of ~870 K. Higher zTs might be
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possible at higher temperatures, but it is not practical to operate TEGs at such high
temperatures.

The interesting phenomenon in our SLs is the turn on of the Seebeck effect at high
temperature on SLs deposited on the quartz and mullite substrates. The turn on of the
giant Seebeck is not well understood, but it is hypothesized that it is a strain-induced effect
due to the mismatch of the interfaces. They likely line up and allow the emergence of
phenomena at the interfaces when the samples are given enough thermal energy to reduce
the strain in the films. Our apparatus could not be used to drive the temperature above
~900 K, and so no data are available above 900 K. We also note that our metal contacts
began to degrade when tested to 900 K, and so both better contacts and a higher
temperature measuring system are necessary to further study the emergent phenomena
that have been observed.

Our superlattice structure likely has enhanced the effective mass and has high DOS
near the Fermi level at temperature, which might lead to an enhanced Seebeck coefficient if
an unknown mechanism is suppressing the minority carriers at elevated temperature. The
SL majority carrier density is relatively low, which also can lead to high Seebeck coefficient.
The SL materials produced in this study have inherently low electrical conductivity, and,
because we had no systematic method of doping the silicon or silicon carbide, it isn’t
surprising that we observed the tradeoff in the thermoelectric properties that yielded a
relatively low figure of merit.

One group that has been able to combat the tradeoff between carrier concentration
and Seebeck coefficient is at Oak Ridge National Laboratory [7, 8, 9, and 10]. They use

perovskite-structured titanates for their materials. Their hypothesis is that if a superlattice
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structure were made of oxides that can be doped controllably without generating excessive
defects at the interfaces, then the resistivity could be decreased without detrimentally
decreasing the Seebeck coefficient. The group at Oak Ridge National Laboratory has
demonstrated this by controllably doping perovskite superlattices. In addition, the band
structure of oxide perovskites can be manipulated to have favorable thermoelectric
properties. Our Si/SiC SLs are difficult to construct with low defect concentrations, and it is
also difficult to dope the active SiC layer without adversely affecting the Si layer. A
transition metal oxide (TMO) like the ones being studied at Oak Ridge National Laboratory
is ideal for enhancing electronic phenomena because the s-shell electrons in the transition
metal are transferred to the oxygen in the formation reaction, and the remaining d-shell
electrons determine and enhance the TE properties of the TMO [7]. In TMO superlattices,
the d-shell band is empty until it is lightly doped and overlapped, and then the interfaces
can have very good conduction while the materials in the layers are band insulators. It has
been shown that the mobility in oxide superlattices, namely perovskites and titanates, can
be tuned [8], and that the mobility can be maintained at high levels even with very high
carrier density that is appropriate for TE materials [9]. In our Si/SiC SLs, the mobility
decreases as the carrier density increases. It is also difficult to tune the interface due to the
relatively large lattice misfit between the SiC and Si. Finally, the amorphous morphology
makes it difficult to tune the bands to draw out the desired quantum confinement effect.
Using careful oxide superlattice doping techniques that are possible in pulsed laser
deposition (PLD), the Seebeck coefficient has been greatly enhanced resulting in a three-

fold increase in thermal power (a20) without compromising the mobility [10].
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Table 3.6: Material zTs for 10 nm layers of Si/SiC on different substrates.

Substrate zT (at 870 K)
mullite 0.07
quartz 0.08
sputtered mullite on quartz 0.003
sputtered mullite on silicon 0.05

The figure of merit was calculated for the SLs of different layer thickness on mullite.

The different layer thicknesses show that the best thermoelectric leg is the 2-nm layer SL.

This is because the resistivity is better and the Seebeck coefficient has not decreased too

much relative to the 5- and 10-nm layer samples. There is a large jump of the Seebeck

coefficient in all the samples on mullite at high temperature just like the 10-nm layer SL on

quartz. This means that the giant Seebeck effect that was observed isn’t related to the

substrate that the SLs are grown on.

Table 3.7: Material zTs for samples of different layer thickness on mullite.

Sample zT (at 900 K)
2 nm 0.07
5nm 0.07
10 nm 0.06

The large Seebeck coefficients at high temperature suggest the giant Seebeck

coefficient effect has been observed in the Si/SiC SL system. This is the highest Seebeck

coefficient to date for our Si/SiC SL system. The giant Seebeck coefficient is a term
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reserved for systems that enhance the Seebeck coefficient beyond bulk values with
quantum confinement. Most of these giant Seebeck coefficient systems utilize oxides and
precise doping. Ohta et al [11] and Lee et al [12] have both shown the giant Seebeck
coefficient in SrTiOs systems, and Song et al [13] have shown the giant Seebeck coefficient
for MnO2. These studies provide additional evidence that Hicks and Dresselhaus’s [14]
theoretical work is correct. Fully decoupling the carrier concentration and Seebeck
coefficient may never be acheived, but we and other researchers have proved that the giant
Seebeck coefficient exists. Systems designed for high Seebeck coefficient like superlattices
have the potential for performing carrier concentration tuning, thus, shifting the zT versus
carrier density plot to the left and upward for a higher, more efficient material with
relatively lower carrier concentration, which is the reverse of the current approach that is
being followed by the materials science community in skutterudites, clathrates, and

chalcanogides [15].
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4 Conclusion and Future Work

4.1 Conclusion

An ion-beam-based deposition system was configured to grow Si/SiC superlattices
on silicon, mullite, and quartz substrates. Typical SL films consisted of 31 bi-layers of
10-nm layer thickness. The SLs where found to be highly amorphous with some limited
regions of microcrystallinity. The Seebeck coefficient was negative for the SLs as expected,
and giant Seebeck coefficient behavior was observed at a temperature of 870 K. An
impressive Seebeck coefficient of ~2600 BV/K was measured at this temperature along
with a higher, less than desired, resistivity of 3.4 B-cm. A zT of 0.08 was calculated when
these values are combined with an assumed thermal conductivity of 2 W/mK. Although
this is too low for use in a thermoelectric generator, we believe that nano-structures like
superlattices are still very promising. This belief is based on the very large improvement in
zT that is observable with SLs of Si/SiC over zTs corresponding to bulk Si or SiC or films of
Si or SiC.

Every precaution was made to ensure quality SL films were grown and tested
including minimizing the oxygen in the vacuum chamber during the sputter deposition
process, slowing the growth rate at the interfaces, and carefully transporting the SL films
between vacuum testing facilities. Regardless of the care, we were unable to reproduce the
very high zT values obtained by others with Si/SiC superlattices on Si substrates. Our films
on silicon superlattices also showed promising zT properties, but, upon careful follow on
testing, we determined that the silicon substrates were strongly affecting the results and

that changes in the silicon substrates during SL deposition and subsequent testing at high
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temperature was causing the SL film resistivity to be severely underestimated.
Consequently, our investigation of Si/SiC superlattices sputter deposited on silicon
substrates showed that silicon is not a good substrate candidate for these materials due to
difficulty in measuring the SL properties. Although mullite and quartz substrates allowed
the SL properties to be measured, the resistivity was too high and the zT was less than 0.1,
which is too low to be useful in TE devices, as mentioned above. The best SLs were the
ones deposited on mullite using 10-nm layer thickness because it is robust and comes
within 95% of the properties observed on the quartz substrate sample. Although the SL on
quartz displayed better TE properties, it cracked after one thermal cycle and flaked off.

We have measured the highest Seebeck coefficient to date with Si/SiC superlattices
on insulating substrates with values greater than 2000 uV/K. We show evidence that there
is a Seebeck enhancement effect due to quantum confinement. With superlattices made of
semiconductor materials, the electrical conductivity is poor compared to traditional bulk
TE materials that are in the semi-metal materials class. It is believed that the density of
states effective mass was increased in our SLs on mullite and quartz, which resulted in an
increase of the Seebeck coefficient at higher temperatures. The turn on of the giant
Seebeck coefficient at high temperature is not well understood, but it is thought to be due

to a strain-related effect.

4.2 Directions for Future Work

The resistivity of our SLs is low especially at low temperatures below 600 K, and
this is bad for the figure of merit of the materials. To improve the resistivity, the SL layers
could be doped, but finding a way to do this is challenging because the dopants for Si are

not always compatible with SiC, and sputtering a doped wafer does not guarantee the same
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substitution of the dopant in the film. It is recommended that a doping material or
materials be found and that systematic tests be done to study the affect doping has on TE
properties of SLs on mullite substrates.

A limited number of cycles to high temperature were performed on the films in this
work. In addition, no annealing was performed on the samples. Although TEM studies
showed that some crystallization exits, most of the SL was in the amorphous state. Hence it
is suggested that the SLs should be cycled or annealed several times to see if the SLs
become more crystalline or if the interfaces break down or mix. This is important because
the annealing might help the resistivity, but it should be done in a manner that does not
disrupt the interfaces or adversely affect the Seebeck coefficient or thermal conductivity.
The annealing and cycling might also lead to an understanding of the lifetime of these
materials for real world devices. Finally, the annealing process might enhance the
electrical conductivity if optimized, but one would need to take care to avoid generating
compensating donor-acceptor pairs or converting the n-type material to p-type.

As mentioned above, there was limited crystallinity content in the Si and SiC layers.
If the SiC can be grown around its crystallization temperature, then it might have better
resistivity, and further TEM work would need to be done to show this. The SiC is 3 orders
of magnitude larger in resistivity, so it making it more crystalline could help the overall SL
resistivity. Consequently, if the annealing studies above result in improvement, then it is
suggested that the deposition temperature be increased to study its effect on SL TE
properties. If we reach more uniform crystallinity, the term superlattice will really be
appropriate. Right now, we have almost no crystallinity, so the term superlattice is used

because previous studies have used this term with Si/SiC thin-film multilayers. In addition,
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we note that further mechanical polishing preparation for the TEM might prevent the
mixing of the materials and show the individual layers materials more accurately, which
might be necessary to show that layer intermixing doesn’t occur at higher deposition
temperatures.

Another improvement for Si/SiC SLs is to find a better metal contact to the SLs. This
is important for testing the materials to higher temperature and for eventually making
them into module legs if adequate performance is achieved. Molybdenum and titanium
adhere well and seem to work directly after the contact deposition, but they sometimes
flake off after testing the samples at high temperatures. Some studies with alloys can be
done to ensure a good metal contact can be made to the Si/SiC SL films, and the contacts
should withstand thermal cycles. The best contacts for Si/SiC might be tungsten, nickel,
copper alloys that are known to have coefficients of thermal expansion that is close to
silicon.

Other fabrication techniques should be investigated, and different materials could
be used to form other superlattice systems. It is possible that the ion beam sputtering
process is causing a problem with the growth leading to interfaces that are not sharp. Also,
there could be too much strain in the Si/SiC SLs given the lattice mismatch. Most other
superlattices are not fabricated with ion beam sputtering, and they usually use the same
material for the layers but dope the active layer, so the mismatch is extremely small
yielding limited strain in the SL structure. It is recommended that a general study be done
to identify materials that could be made into SLs with low lattice mismatch values.

Elsner et al [1] showed that Si/SiGe superlattices had good resistivity and

maintained a Seebeck coefficient near bulk values. Ohta et al [2] and Lee et al [3] have
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shown enhanced properties in SrTiO3/SrTio.sNbo.203 superlattices but they did not measure
the thermal conductivity. The thermal conductivity measurement is important because one
would like to know the actual zT and not an estimate of it. Choi et al [4] had some success
with out-of-plane superlattices of LaxSr1xTi03/SrTiOs; however, they also did not measure
the thermal conductivity. Recent data from SLs of GaN/AIN/AlGaN show an increase in
mobility and good resistivity [5]. These are all motivation for working with SL systems and
finding the best fabrication technique, materials configuration, and materials choice to
fabricate a thermoelectric material that could have zTs near the 10 range and higher.

The titanate superlattice thermoelectric materials at Oak Ridge National Laboratory
[4], if still enhanced in the in-plane direction, should have thermoelectric properties better
than any known material, and further research of these materials is recommended. They
have not tested the thermal conductivity, which would most likely be higher than 2 W/mK
due to the much higher carrier density. They also did not test these superlattices to any
substantial temperature above room temperature, and it looks like their Seebeck will be
large at higher temperatures as it already is at -600 pV/K at room temperature.
Consequently, it is strongly recommended that additional work be done with TMO
superlattices and that their in-plane electrical and thermal properties be measured.

Studying the differences of fabrication of oxide thermoelectric materials with ion
beam sputtering, spark plasma sintering, and magnetron sputtering is recommended
because there might be a difference of the quality of films and the sharpness of the
interfaces. Annealing of the superlattices could be done to test the ratios of materials and

make sure they are the same as the superlattices done at Oak Ridge National Laboratory.
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Then one could compare the thermoelectric properties to see if that is a viable option for

fabricating perovskite oxide thermoelectric superlattices for high temperature devices.
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