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Abstract

High Temperature Experimental Characterization of Microscale Thermoelectric
Effects

By
Tela Favaloro

Thermoelectric devices have been employed for many years as a reliable energy conversion
technology for applications ranging from the cooling of sensors or charge coupled devices to
the direct conversion of heat into electricity for remote power generation. However, its
relatively low conversion efficiency has limited the implementation of thermoelectric
materials for large scale cooling and waste heat recovery applications. Recent advances in
semiconductor growth technology have enabled the precise and selective engineering of
material properties to improve the thermoelectric figure of merit and thus the efficiency of
thermoelectric devices. Accurate characterization at the intended operational temperature
of novel thermoelectric materials is a crucial component of the optimization process in

order to fundamentally understand material behavior and evaluate performance.

The objective of this work is to provide the tools necessary to characterize high efficiency
bulk and thin-film materials for thermoelectric energy conversion. The techniques
developed here are not bound to specific material or devices, but can be generalized to any

material system.

Thermoreflectance imaging microscopy has proven to be invaluable for device thermometry
owing to its high spatial and temporal resolutions. It has been utilized in this work to create

two-dimensional temperature profiles of thermoelectric devices during operation used for

XViii



performance analysis of novel materials, identification of defects, and visualization of high
speed transients in a high-temperature imaging thermostat. We report the development of
a high temperature imaging thermostat capable of high speed transient thermoelectric
characterization. In addition, we present a noninvasive method for thermoreflectance
coefficient calibration ideally suited for vacuum and thus high temperature employment.
This is the first analysis of the thermoreflectance coefficient of commonly used metals at

high-temperatures.

High temperature vacuum thermostats are designed and fabricated with optical imaging
capability and interchangeable measurement stages for various electrical and
thermoelectric characterizations. We demonstrate the simultaneous measurement of in-
plane electrical conductivity and Seebeck coefficient of thin-film or bulk thermoelectric
materials. Furthermore, we utilize high-speed circuitry to implement the transient Harman
technique and directly determine the cross-plane figure of merit of thin film thermoelectric

materials at high temperatures.

Transient measurements on thin film devices are subject to complications from the growth
substrate, non-ideal contacts and other detrimental thermal and electrical effects. A
strategy is presented for optimizing device geometry to mitigate the impact of these
parasitics. This design enabled us to determine the cross-plane thermoelectric material
properties in a single high temperature measurement of a 25um InGaAs thin film with
embedded ErAs (0.2%) nanoparticles using the bipolar transient Harman technique in
conjunction with thermoreflectance thermal imaging. This approach eliminates

discrepancies and potential device degradation from the multiple measurements necessary

XiX



to obtain individual material parameters. Finite element method simulations are used to
analyze non-uniform current and temperature distributions over the device area and
determine the three dimensional current path for accurate extraction of material properties
from the thermal images. Results match with independent measurements of thermoelectric

material properties for the same material composition, validating this approach.

We apply high magnification thermoreflectance imaging to create temperature maps of
vanadium dioxide nanobeams and examine electro-thermal energy conversion along the
nanobeam length. The metal to insulator transition of strongly correlated materials is
subject to strong lattice coupling which brings about the unique one-dimensional alignment
of metal-insulator domains along nanobeams. Many studies have investigated the effects of
stress on the metal to insulator transition and hence the phase boundary, but few have
directly examined the temperature profile across the metal-insulating interface. Here,
thermoreflectance microscopy reveals the underlying behavior of single-crystalline VO,
nanobeams in the phase coexisting regime. We directly observe highly localized alternating
Peltier heating and cooling as well as Joule heating concentrated at the domain interfaces,
indicating the significance of the domain walls and band offsets. Moreover, we are able to
elucidate strain accumulation along the nanobeam and distinguish between two insulating
phases of VO, through detection of the opposite polarity of their respective

thermoreflectance coefficients.
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Chapter 1 Introduction

1.1 Applications of thermoelectric devices for energy conversion
Thermoelectric devices have been employed for many years as a reliable energy conversion
technology for applications ranging from localized hot spot cooling to waste heat recovery.
These devices are utilized because of their solid-state attributes; they are compact and
dependable for long term use in a variety of environments due to the absence of moving
parts. However, the relatively low conversion efficiencies have limited the ubiquity of

thermoelectric implementation to niche applications.

Since the early 1960s, NASA has been employing radioisotope thermoelectric generators
(RTGs) for power generation in deep space and planetary missions which require a constant
power supply (Figure 1.1)." Solar energy flux weakens and becomes insufficient for the
energy requirements of deep space missions, and the long planetary/lunar nights
necessitate energy storage capability. These thermoelectric modules directly convert the
thermal energy produced during the natural decay of a radioisotope, commonly Plutonium
238 (**®pu) into electrical power. In many of these devices, cogenerated heating is routed
away from the module to control the temperature of critical system components while
maintaining the cold side temperature.? The thermoelectric materials that comprise the
modules are selected based on their conversion efficiencies in the operational ambient
temperature; until recently, SiGe alloys achieved the highest conversion efficiency of ~7 %
with a hot side temperature of 1300 K. The radioisotope generators deployed by NASA

have proven to be robust, exhibiting minimal degradation from environmental factors and



outlasting the intended mission length. The reduction in power output of the thermal
source governs the overall lifespan of the generator. In spite of these beneficial qualities,
the small heat to electrical power conversion efficiency and the material expense have
prevented the use of this technology in terrestrial applications, excepting in small, remote

locations.

Heat Source Liner Thermal Insulation

Cooling Tubes

Housing

Thermoelectric 27
Modules

Figure 1.1: Radioisotope thermoelectric generator used by NASA to power the Curiosity
Mars rover. Right hand side is a picture taken by the rover with RTG visible. (From Ref. *:
http://mars.jpl.nasa.gov/msl/files/mep/MMRTG_FactSheet_update_10-2-13.pdf)

The automotive industry would significantly benefit from thermoelectric waste-heat
reclamation and has already incorporated thermoelectric technology into some
commercially available vehicles. * It is estimated that more than 75 % of the power
generated in a traditional combustion engine vehicle is lost as heat through the vehicle
exhaust, engine cooling lines, and other parasitic losses such as mechanical braking in the

wheels.>® For example, the average automobile exhaust produced during normal vehicle



operation is heated in the combustion cycle to temperatures in the range of 650 K to 900
K.>” Refer to Figure 1.2 for an energy flow diagram of a vehicle equipped with a
thermoelectric generator. Recently, Bi,Te; thermoelectric generators demonstrated an
improvement in fuel consumption of 2.5 % to 4 %, depending on operating conditions, when
placed in-line with the vehicle exhaust.? This thermoelectric generator was implemented for
maximum conversion efficiency; however, its potential impact was limited by the need to
incorporate a thermal bypass to limit the temperature of the module to under 550 K and
prevent material damage. Yet, the cost per Watt (electrical) generated would not make this
thermoelectric generator economically viable. The study mentions cheaper materials able to
withstand 900 K ambient temperatures could be economical. Nonetheless, some
manufacturers have begun developing similar systems for integration into high-end models

to improve overall efficiency.®**%

Mobility

Mech. Power
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Figure 1.2: Energy flow diagram of a diesel engine equipped with a Bi,Te; thermoelectric
generator used for the recovery of waste heat. The efficiency of the thermoelectric
generator and thermal efficiency of the heat exchanger among other factors contribute to



overall power (fuel) savings. (Image taken from HeatReCar project website:
www.heatrecar.com)

Some non-profit organizations (and humanitarian research sectors of for-profit companies)
have begun the development and in-field testing of advanced, biomass-fueled cooking

StOVES.lZ'B' "

A large percentage of the population in developing countries, estimated at
around three billion people in total," relies on the combustion of wood or some other
biomass for all their cooking and heating needs. This results in many instances of smoke
inhalation-related illness (approximately 4.3 million deaths per year™) accompanying the
substantial in-home air pollution and the overuse of limited natural resources. The new
stove design incorporates a thermoelectric module that converts the heat generated in the
stove to electrically power a fan. The resultant increased air flow within the stove improves
the combustion efficiency; this, combined with other design improvements such as lower
thermal mass materials and high environmental isolation also makes the fire burn hotter
and thus more cleanly than traditional stoves. Some models preheat the secondary air to
burn more completely,” while others harness the electricity to power a light'® or charge a
battery.17 Overall, these stoves have demonstrated more than 90 % toxic emission reduction
and around 50 % fuel savings.'® Commercially available thermoelectric modules, namely
bismuth telluride (Bi,Te;) are integrated in the stoves to keep costs relatively low (Figure
1.3). However, this material system is not optimal for the temperatures attained in these

stoves, ~500 K to 700 K or higher and necessitates additional mechanisms to cool the

module or thermal insulation. In addition, tellurium is a rare and toxic element, adding to



the expense. Utilization of more available and scalable materials for the thermoelectric

generation will make this technology accessible in developing countries.

Philips wood stove

Figure 1.3: An example of a biomass fueled advance stove featuring Bi,Te; thermoelectric
module, developed by Philip’s Research. Picture taken from reference 18.

In spite of these difficulties, the implementation of thermoelectric power generation via
waste heat recovery is increasingly attractive; approximately sixty percent of energy
consumed in the United States each year is lost as rejected heat.” If only 10 % of that
amount is reclaimed as electrical power, thermoelectrically generated power could more
than account for the residential electricity requirements each year. The technology is many
years away from this level of prevalence, but it is progressing; recent advances in
semiconductor material synthesis have enabled the selective engineering of material

20,21,22
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properties to improve the efficiency of energy conversion devices.
materials are able to be optimized to target applications requiring specific operational

temperatures, reduced costs, and/or increased performance. Precise characterization of the



anticipated environment is therefore essential to evaluate the behavior of these materials

during the device development process.

In this chapter, we provide an overview of the physical mechanisms governing
thermoelectric energy conversion and explain how nanostructuring is employed to tune
select material properties. The advanced materials analyzed in this work are highlighted. We
introduce and discuss the application of the individual characterization techniques
implemented and adapted for high temperatures; this chapter sets the foundation for
understanding the development of novel thermoelectric materials and the importance of

their characterization.

1.2 Physical Effects

Thermoelectric devices exploit the physical relationship between heat and electrical current
in suitable materials; though any conductive material will exhibit a finite thermoelectric
response. A temperature gradient applied across a material will induce the diffusion of
charge carriers away from the hot side as they absorb the higher kinetic energy. As the
electric charges move through a material, they transport heat but also dissipate thermal
energy back into the material lattice through collisions with ions, phonons, or other such
guantized particles. The favorable interplay of these effects leads to a good thermoelectric

material.

Seebeck Coefficient
The Seebeck effect describes the voltage developed across a solid state material by the
diffusion of charged particles in response to a temperature gradient, as shown in Figure 1.4.

It was first observed by Thomas Seebeck in 1821, when the needle on a compass deflected

6



when placed near a closed loop of two dissimilar metals, with junctions held at two different
temperatures. The ensuing movement of charge carriers induced a magnetic field. The
Seebeck effect is responsible for the conversion of thermal energy to electricity in
thermoelectric power generation devices, though most commonly it provides the

functionality for thermocouple-based thermometry.
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Figure 1.4: Schematic depicting the movement of charge carriers in response to a
temperature gradient. In this example, the material is n-type and electrons are representing
by closed black dots. The representative probability distributions (f(E)) governed by Fermi-
Dirac statistics for the different temperatures experienced in the material.

The Seebeck coefficient, S, defines the relationship between the Seebeck voltage (Vs)

generated from a given temperature differential, for a given material:

Vs = f S(T)dT.

Fundamentally, the Seebeck coefficient is a measure of the temperature dependence of the
rate of change in the Fermi level in a solid. In the first order approximation, that is, for a
small temperature change, the Seebeck coefficient is constant with temperature and the

voltage produced has a linear dependence with temperature change. Common convention



designates the sign of S relative to the cold side: if the hot side of the material accumulates
positive charge then S is negative. In many metals, the Seebeck coefficient is quite small, ~
10 uV/K; whereas semiconductors can exhibit much higher coefficients on the order of

many 100 pV/K.

Peltier Effect

Jean Peltier discovered the complementary effect thirteen years later; heating or cooling
occurs at the junction of dissimilar materials when under electrical bias. The rate at which
heat is created or absorbed is proportional to the applied current through the difference in

the Peltier coefficients of the materials (denoted A and B) forming the junction:

Q= (HB - HA)I

In the example provided in Figure 1.5, material A is a metal forming an ohmic contact with
material B, an n-type semiconductor. When the two materials are brought into close
contact, the more energetic charge carriers in the metal tunnel into the semiconductor; the
result is the subsequent alignment of the Fermi levels in the two materials. Thus, in order
for current to flow through the junction, charge carriers from the metal must gain energy
from the lattice to reach the conduction band in the semiconductor. The junction is
therefore cooled by a factor equal to the difference in energy between the conduction band
and the Fermi level in the metal (plus the average kinetic energy). Likewise, charge carriers
moving from the semiconductor release energy when moving across the interface and heat
the junction. This effect is the basis for Peltier cooling modules and thermoelectric heat

pumps.



n-type
semiconductor

metal

Figure 1.5: Ohmic contact formed between a metal and an n-type semiconductor. For the
direction of current depicted here, the junction is cooled by electron flow.

The Peltier coefficient is really a measure of the amount of heat carried per unit charge in a
material (relative to its Fermi level) and is expressed with the units W/A. Lord Kelvin
(Thomson) established the interdependency between the Peltier coefficient and the

Seebeck effect:

[l — 1y = (SB - SA)T

where T is the absolute temperature. This relationship states that the observed
heating/cooling of the interface of two dissimilar materials occurs at the junction of two
materials with different S; the Seebeck effect is the driving force behind the different

thermoelectric phenomena.

Joule heating
While the previously described effects are all reversible, a finite amount of thermal energy

is irreversibly lost due to the resistivity of the material. This occurs in any electronic



transport process and is not a thermoelectric effect, though the resultant heating in a
material affects thermoelectric performance. The heat dissipated (Q)) is proportional to the

square of the applied current, and is independent of current direction.
Q= I’R
where R is the electrical resistance of the material.
1.3 Thermoelectric material properties governing efficiency

Thermoelectric module design

The thermoelectric modules used for energy conversion, briefly described in section 1 of this
chapter, consist of arrays of thermoelements connected across an external load. For
maximum benefit, these thermoelements are comprised of alternating n-type and p-type
legs connected electrically in series and thermally in parallel, refer to Figure 1.6 for a
diagram of one of these elements. Ohmic metal contacts connect the materials electrically,
while an electrically insulating heat sink creates the parallel thermal circuit. The resultant
current flow is generated from the sum of the Seebeck voltages developed across the two
legs in response to the temperature gradient; thus, accomplishing useful electrical work.
Matching the load resistance (R,) to the internal resistance (R;y;) of the module achieves

maximum power output.
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Figure 1.6: Thermoelectric couple configured for energy generation.

The interface described in Figure 1.5 exemplifies thermoelectric heat pumping capabilities. If
the thermoelement is run in reverse, that is, if a current is applied to the device, heat will be
absorbed at one junction, transported across the thermoelectric legs, and released to the
heat sink. The interface that experiences active cooling can be exchanged if the current is

reversed.

Interestingly, the materials selected and their respective geometries for the individual
elements are not required to be homogenous. For example, NASA (and collaborators)
incorporates segmented couples as part of the thermoelectric modules for the RTGs. The
MMRTG (multi-mission RTG) features this design to power the Curiosity mars rover, both
during transit and after reaching Mars.>* The p-type leg is segmented with multiple

advanced bulk materials to accommodate the variation in operational conditions; the
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material optimized for higher temperature conversion is positioned closest to the heat
source. In this way, an array of materials can be employed across the temperature gradient,

each harnessed at their corresponding optimal temperature.

Material Figure of Merit
The maximum theoretical efficiency of a thermoelectric device is governed by a combination

of material parameters which, together, comprise the material figure of merit ZT:

aS?
ZT = —T.
K

In this equation, S is the Seebeck coefficient, o is the electrical conductivity, k is the thermal
conductivity of the material, and T is the absolute temperature. The importance of this
guantity becomes apparent through examination of the thermoelectric module depicted in
Figure 1.6. Thermal isolation must occur between the two sides of the device; ideally, heat
transport manifests as energy supporting charge accumulation but does not propagate
through the lattice. Thus, the materials used as the elements should exhibit a small thermal
conductivity, while supporting charge carrier flow through a large electrical conductivity.
The Seebeck coefficient is the most important quantity; it controls the amplitude of the
voltage developed for a given temperature differential and clearly should be maximized to

achieve electrical power through a load.

The efficiency (1) of an energy conversion device is defined as the ratio of electrical energy

supplied to the load, Q,, relative to heat energy absorbed at the hot junction:

QL I’R,

~ Qv STI+ KAT — %I2R,yp

n
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K is defined as the thermal conductance, where k = K- L/A and L is the length of the
element and A is the area. The energy entering the thermoelectric module from the hot side
(Qiv) is composed of Peltier heating at the interface, heat conducted into the device, and
Joule dissipation. The generated Seebeck voltage induces current across the total resistance

(R7o:) Of the circuit:

Vs SAT

I = = .
Rrot  Rinr + Ry

Rnris the effective resistance derived from the electrical conductivities in both legs of the

thermoelement: 0 = L/RINTA . Neither of these geometries necessarily needs to equal the

corresponding value across the two material types.

The expression for efficiency can be maximized with respect to the load resistance, giving:

AT NTFZT -1
ax = 7, VI+2ZT +1¢

The optimum load resistance, R, ,, for maximum efficiency differs from the matching load

condition for maximum power generation:

RL,?] == Vl +ZT RINT

In these expressions, AT is the difference between the hot side and cold side temperatures,
AT =Ty- Tcand T is approximated as the average temperature %AT. The efficiency

approaches the Carnot limit as ZT approaches infinity.
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1.4 Advances in material synthesis

For many years, the maximum achievable material figure of merit was that of a Bi,Te; alloy:
ZT ~1, which explains its prevalence in commercial thermoelectric modules. This limit was
reached due to the impediment of minimizing thermal conductivity without a corresponding
sacrifice in electrical conduction. Atomic substitutions into the crystal lattice inhibit phonon
propagation in the material; though, too many inclusions substantially disrupt the lattice
structure resulting in significant loss of charge carrier mobility. Generally, the material
parameters that constitute the thermoelectric figure of merit themselves are
interdependent. It was not until 1993 that Hicks and Dresselhaus® proposed the idea that
thermoelectric material properties can be engineered discretely at the nanoscale level by

introducing complex structures and composites associated with thin-film growth.

Interdependence of thermoelectric material properties

Thermal conductivity (k) is a measure of the ease of thermal energy propagation through a
material, expressed in units of W/m-K. It is composed of two factors: a term representing
the contribution of lattice vibrations (phonons) and an electronic component from heat
transported by the charge carriers themselves. Charge carriers gain kinetic energy through
collisions with the lattice and their subsequent higher energies cause them to diffuse to

cooler areas. Further scattering imparts heat back into the lattice.

Electrical conductivity (o) quantifies charge carrier movement in response to an electric
field; this expression describes the concentration (n.) and mobility (1) of the charge carriers

in a material:

0 =en.u
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where e is the fundamental charge of the electron/hole. In this work, o is given in units:

(Q-cm)™.

The relationship between thermal and electrical conductivities in metals or degenerate, bulk

semiconductors is expressed by the Wiedemann-Franz law:

K
—=1LT.

o

This expression states that the ratio of conductivities is proportional to ambient

temperature through the Lorenz number, where L. = n2k§/3e2, a constant. Thus, it is

difficult to vary one parameter without affecting the other.

In semiconductor materials, the lattice contribution dominates the total thermal
conductivity, though an increase in carrier concentration may induce a corresponding
increase in thermal conductivity, depending on the mechanism introduced. The overall
impact of thermal conductivity in these materials is less consequential at high temperatures;
K declines as a result of the increased phonon population while o in most cases increases

due to the thermal activation of intrinsic carriers.

There is also inherent connection between the Seebeck coefficient and electrical
conductivity, which adversely affects ZT enhancement. The Fermi level of a bulk, n-type
semiconductor, for example, shifts away from the band gap and into the conduction band
with an increase in carrier concentration. Here, the density of states is more symmetric
around the Fermi level; thus, the energy of charge carriers available to contribute to

conduction is not optimal. As mentioned earlier, the Seebeck coefficient is a measure of
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thermal energy transported per charge carrier, and can be expressed in terms of carrier

energy as:

1 [04(E)E — Ep)dE
" eT  [o4(E)dE

The term o4(E) represents the effective electrical conductivity contributed by charge carriers
at a given energy level. The total electrical conductivity is then the sum of these
contributions over all energy levels. In summary, there is an optimal carrier concentration
that balances asymmetry in o, (with respect to the Fermi level) while maintaining relatively

high total electrical conductivity in bulk semiconductors.

Material nanostructuring theory

The most straightforward approach to improve the material figure of merit is by reducing
the thermal conductivity through nanostructuring. This tactic has, by far, yielded the best
results; by shrinking device dimensions to the order of the mean-free-path of the phonons,
thermal energy propagation through the lattice is inhibited. In alloys, the differences in mass
experienced along the lattice behave as atomic scale defects. This primarily affects shorter
wavelength phonons. Whereas, interfacial or boundary scattering in superlattices and
nanowires (2D and 1D structures) have demonstrated decreased k to values well below the

222 These interfaces are distributed or

alloy limit of their respective bulk materials.
roughened to increase the scattering rate of phonons with mid to long wavelengths.
Distributed nanoparticles or grain boundaries in nanocomposites also effectively disrupt

phonons at selected wavelengths; the sizes of the inclusions can be controlled to target mid

and/or longer wavelength phonons. The additional scattering of higher energy phonons still
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occurs in these materials via atomic substitutions or defects. Thus, the lattice component of

the thermal conductivity is minimized with little effect on charge carriers.

As mentioned in the previous section, asymmetry in the available states proximate to the
Fermi level in a semiconductor material is necessary for a large Seebeck coefficient. Hicks
and Dresselhaus proposed that quantum confinement has a dramatic effect on the density
of states in a semiconductor material, which was subsequently verified.?** These sharp
features, illustrated in Figure 1.7, can be exploited by aligning the Fermi energy
appropriately through careful selection of doping concentration (among other factors). This
approach does not necessitate a decrease in carrier concentration; consequently o can be

enhanced along with S.

Density of States

Figure 1.7: The effect of nanostructuring on the density of states in the conduction band.

Alternatively, nanostructures can be implemented as energy barriers for carrier filtering. Hot
charge carriers, those with higher kinetic energies, are allowed to transmit over a potential

barrier formed in the path of the current flow. In this way, higher energy carriers are
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favored thus increasing the average heat transported per particle, i.e. the Seebeck
coefficient. There is a corresponding decrease in electrical conductivity. Zide et al.
experimentally observed electron filtering in nanostructured InGaAs films with InGaAlAs
barriers®® and again in a bulk-like nanocomposite of the same material system®’. The authors
achieved a dramatic increase in S, resulting in ZT > 1.3 at 800 K. These materials are used as

a basis for characterization in much of this work.

These and many other thermoelectric material systems not mentioned here, validate the
premise behind material nanostructuring and exhibit enhancement to the thermoelectric
figure of merit. However, in many cases, the mechanisms responsible for the resultant
improvements were unanticipated and/or the experimental results were not reproducible,
indicating the need for ongoing material characterization. Nevertheless, the potential for

more efficient thermoelectric devices has certainly been demonstrated.

1.5 Advanced materials in this work

III-V films with embedded nanostructures

The primary material system analyzed over the course of this work consists of InGaAs thin
films with randomly distributed nanoparticles at varying atomic percentages. For higher
efficiency n-type thermoelectric materials, erbium is co-deposited during the epitaxial
growth of n-type Ing53Gag47As semiconductor matrix which spontaneously yields rocksalt
structured ErAs nanoinclusions. The resultant nanoparticles are a few nanometers in
diameter and are naturally randomly dispersed in the film. Refer to Figure 1.8 for a high
resolution image of this material with TbAs embedded nanoparticles. These materials have

shown significant improvement in the thermoelectric power factor (5’c) through electron
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filtering, while ErAs nanoparticles acting as dopants donate electrons to the matrix.
Additionally, long wavelength phonons are scattered by the nanoparticles; higher atomic
percentages of ErAs result in greater reduction of the lattice thermal conductivity. 0.2 %
ErAs seems to be the most promising concentration, though this and 0.78 % TbAs

nanoinclusions have consistently demonstrated ZT >1 at elevated temperatures.

1-15% ErSb:GaSb

Figurel.8: High resolution SEM images of n-type and p-type Ill-V materials with embedded
nanoparticles. As the the atomic percentage of the nanoparticles (ErSb) increases in the
GaSb lattice, the nanoinclusions grow to form vertical 1-D structures at 10 % ErSb
concentration and horizontal 1-D structures at 15 %.

Recently, we began investigating InGaSb with ErSb inclusions for the complementary p-type
material. This material system is quite interesting; the self-assembled nanoparticles increase
in size to eventually form 1-D nanowires with increasing InSb composition, shown in Figure
1.8. As with the n-type material, the nanoinclusions significantly hinder phonon transport.

Beryllium co-doping and contributions from ErSb significantly increases electrical
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conductivity and instigates metallic behavior in the charge carriers. Thus far, this material

has displayed around a 25 % enhancement to ZT at 500 K for 0.8 % ErSb: Ing gsGag 31Sb.

These two materials together are suitable for moderate temperature power generation
applications. However, the method of growth and associated crystalline quality with long
growth times will constrain their use to applications where high efficiency energy

conversion is a more important factor than cost.

Nitride superlattices

Nitride superlattices are a potential material system for high temperature applications.
Rocksalt nitrides are good refractory materials; they remain physically and chemically stable
at temperatures beyond that of typical thermoelectric materials. The superlattices are
formed with alternating metal/semiconductor periods with rough coherent interfaces, see
Figure 1.9. We examined ScN as the semiconductor component for use with ZrN, HfN, and
other metal alloys. Ideally, Schottky barriers are formed at the metal/semiconductor
interfaces which filter out low energy electrons. Experiments have shown that the
heterostructures produce a large increase in S while suppressing lattice thermal conductivity
in the cross-plane direction, as compared to the individual bulk materials. The electrical
conductivity exhibits a semiconductor-like increase with ambient temperature, though the
values are too low to be utilized as a good thermoelectric material. This material system has
not yet been optimized; tuning of the barrier height is possible through material alloying
and by adjusting the superlattice period thickness. Simulations have shown very large ZTs

are possible.”®
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Figure 1.9: HfN/ScN superlattice with roughened interface.

Nanostructured bulk Mg.Si

Advanced bulk materials have the best potential for scalability and thus are feasible for
widespread use. Magnesium Silicide exhibits ‘electron crystal, phonon glass’ behavior in its
Zintl phase, desired for high thermoelectric efficiency. In addition, its constituent materials
are abundant and non-toxic. We specifically explored optimization of this material system
through nanostructuring for conversion of waste exhaust heat in automobiles. Bismuth
dopants are integrated into the light elemental framework typical of Zintl phase materials
which maintains high charge carrier mobility and density, while the larger magnesium atoms
scatter high energy phonons. Figure 1.10 illustrates the unit cell of the material. Silicon
nanoparticles are incorporated to suppress mid to long wavelength phonon modes. High
energy ball milling and spark plasma sintering are utilized for material synthesis of Mg,Si

with Si nanostructures. These techniques are similar to those already in use for Bi,Te;
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commercial production. SEM images (Figure 1.10) show silicon aggregates form within the
Mg,Si framework; though, more distributed, smaller nanoparticles are ideal. Presently, the
experimentally measured ZT is ~0.7 at 775 K, which is attractive, considering the limited
temperature range of Bi,Tes. This material is also well-suited for thermoelectric power

generation in the aforementioned stove application.

Figure 1.10: Mg,Si unit cell for an ‘advanced’ bulk thermoelectric material. SEM image
showing formed aggregates instead of the preferred nanoparticles.

Vanadium dioxide nanobeams

Strongly correlated materials share a unique feature where phase transitions result in
significant changes in physical properties, making these materials of particular interest for
their potential device applications beyond the scope of current semiconductor technologies.
Such devices are inherently complicated in nature owing to strong coupling of the crystal
lattice with charge, spin, and orbital degrees of freedom of electrons. The metal to insulator
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transition (MIT) in VO, nanobeams, in particular, is subject to strong lattice coupling which
brings about the unique one-dimensional alignment of metal-insulator (M-I) domains. Figure
1.11 shows the nanobeam in the domain coexisting state, along with the Peltier thermal
images. Many studies have investigated the effects of stress on the MIT and hence the
phase boundary, but few have directly examined the temperature profile across the metal-
insulating interface. In this work, we utilize thermoreflectance microscopy to create two-
dimensional temperature maps of single-crystalline VO, nanobeams under external bias in
the phase coexisting regime. The incentive for this work is strictly scientific. These materials
are investigated to reveal the underlying physics of the phase boundary; we directly observe

highly localized alternating Peltier heating and cooling as well as concentrated Joule heating.

VO, nanobeam

Peltier Signal

Oov o0 wad e

Figure 1.11: VO, nanobeam in the phase coexisting regime exhibiting periodic domain
structure. Alternating Peltier cooling and heating signals occur at the interface between the
metal and insulating phases in this material.
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1.6 High temperature material characterization methodologies and

scope of work

Optimization of novel thermoelectric materials is an iterative process: theories are given and
implemented, measurements are performed whose results inform simulations, and theories
are successively revised. Accurate characterization is a crucial part of this process and
maintaining this precision in measurements subject to varying environmental conditions is
essential to fundamentally understand material/device attributes in the operational range
of interest. In many instances, new or alternative device functionality is revealed, or in some
cases, performance-limiting defects. Examples of both of these outcomes have occurred

over the course of this work and are discussed in this manuscript.

The work performed as part of this thesis is devoted to providing the tools necessary to
identify and implement high efficiency materials for thermoelectric energy conversion which
can impact the consumption of limited natural resources. The techniques described here are
not bound to specific materials or devices, but can be generalized for any material system;

however, some measurements impose specific requirements on device structures.

In-plane and cross-plane measurements

Chapter 2 is divided into the in-plane and cross-plane measurements commonly utilized in
the characterization of thermoelectric materials. Regarding the in-plane measurements, we
present a differential approach to determine the Seebeck coefficient and the van der Pauw
method for electrical conductivity. The Seebeck coefficient is obtained by imposing a
temperature gradient across the sample and measuring the resultant voltage and the

temperature gradient with the same probes. S is simply the ratio of these values. The van
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der Pauw technique is well established in semiconductor industry since it is immensely
versatile when it comes to sample geometry restrictions. We discuss how these two
measurements can be performed in a vacuum thermostat for high temperature
characterization with one setup; thus, the power factor can be determined in a single

measurement.

We introduce the 3w measurement of cross-plane thermal conductivity and its extension for
the cross-plane Seebeck coefficient in the second portion of chapter 2. The 3w
measurement is an electrical measurement of temperature in a heater line in response to
AC electrical bias. Current or voltage excitation is applied at frequency 1w and generates
Joule heating in the heater line which spreads into the substrate at 2w. Lock-in detection of
the 3w voltage across the heater line can determine the amplitude of the temperature
oscillations. Thermal conductivity is the temperature response in the material bulk to
electrical power dissipated in the heater line, as measured in the heater line. If the sample
under test is thermoelectric in nature, then Joule heating creates a Seebeck voltage which
also oscillates at 2w. The magnitude of the Seebeck voltage divided by the 2w temperature

oscillation is the cross-plane Seebeck coefficient.

Thermoreflectance imaging microscopy

Thermoreflectance thermal imaging has proven to be a valuable tool for the thermometry of
integrated circuits and other semiconductor/electronic devices, owing to its high spatial and
temporal resolutions (~200 nm and 50 ns, respectively). This noncontact technique is based
upon the detection of fluctuations in sample surface reflectivity (AR/R) due to a variance in

local surface temperature (AT). For most materials, the relationship is linear over a specified
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temperature range. This dependency is quantified by the thermoreflectance coefficient, Cr,

which is normally on the order of 10° to 107 per (degree) K.

R

AR (1 aR)AT C CoAT
RoT/)" T CTRTE

If the Crg is known, the absolute temperature change can be discerned. The coefficient is a

sample composition and illumination wavelength dependent parameter, but is also strongly

influenced by the measurement apparatus, especially the magnification and numerical

aperture (NA) of the optics. It therefore must be calibrated for in each measurement.

Thermal imaging has been employed to create two-dimensional temperature profiles of
device surfaces used for performance analysis of novel thermoelectric materials, reliability
and failure point testing, and visualization of high-speed thermal transients.” It is especially
constructive for the development and optimization of novel thermoelectric materials;
Peltier and Joule temperature signatures are readily distinguished. However, CCD based
thermal imaging at high ambient temperatures has not yet been realized. High temperature
thermoreflectance thermal imaging enables the study of active devices at their intended
temperatures of operation; and also provides real time device failure analysis upon

temperature cycling.

Chapter 3 introduces the different approaches for thermoreflectance thermal imaging and
describes the development and implementation of a high temperature thermoreflectance
imaging apparatus. We present instances of high temperature thermal imaging of novel

thermoelectric films which ascribes to the utility of the technique. Moreover, we report a
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noninvasive method for thermoreflectance coefficient calibration ideally suited for in-

chamber, and thus high temperature, employment.

In chapter 4, we utilize thermal imaging in conjunction with the transient Harman method at
high temperature to quantify Peltier temperature and thus obtain cross-plane S. Thermal

profiles are measured and used to diagnose device faults in an energy conversion device.

Furthermore, in chapter 5 we examine a study where high magnification imaging is used to
analyze thermoelectric energy exchange and Joule heating at domain walls in vanadium
dioxide nanobeams-revealing the stress response of correlated nanobeams. The small
temperature signals associated with the M-I junctions (both spatially and in magnitude)
warrant long averaging times of a very sensitive and volatile device. Strategies pertaining to
successful imaging of such devices are discussed. In addition, we report that the relative
thermoreflectance coefficients can readily distinguish between insulating states along the

nanobeam.

Transient Harman technique

The methodology of the transient Harman method exploits the slower response time of
thermally induced voltages to directly determine the cross-plane ZT of a thermoelectric
device. In steady state, a voltage potential is developed across the sample comprised of
electrical and thermal constituents. At device turn-off, the resistive component of the total
voltage disappears instantaneously, while the generated Seebeck voltage will decay in
accordance with thermal time constants. The material ZT is simply the ratio of these two

voltages.
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In practice, this measurement is difficult to implement in thin films; micro and nano-scale
devices are subject to various electrical and thermal parasitic effects that can dominate
overall performance. In chapter 4, we present an optimized design and specialized
processing of experimental devices to mitigate these effects during the measurement of
thermoelectric thin films. With this approach, we successfully employ the bipolar transient
Harman method combined with thermoreflectance imaging to determine the individual
cross-plane material properties (and ZT) for a microscale energy conversion device at
elevated temperatures. This tactic eliminates discrepancies and potential device
degradation from the multiple measurements necessary to obtain individual material
parameters. Finite element method simulations are utilized to analyze surface current and
temperature distributions over the device area to ascertain the three-dimensional current
path. This is necessary to accomplish the accurate extraction of material properties from the

thermal images, in spite of the detrimental impact of defective device processing.

High temperature considerations

The goal of this work is to facilitate the characterization of novel thermoelectric materials in
their intended operational temperature range. All characterization techniques are
presented in the context of their high temperature ease of use. Electrical and thermal
degradation to the device under test is alleviated by the high vacuum environment; on the
other hand, parasitic thermal gradients and thermal shunting are potentially intensified.
General considerations for high temperature characterization are discussed in Chapter 6.
We describe the fabrication of two custom thermostats, in addition to the respective

measurement specifics.
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Chapter 2 Characterization techniques for thermoelectric

material and device properties

In this chapter, the detailed methodology of the standard measurement techniques for
thermoelectric material characterization is presented. Each method requires specific
measurement conditions for the extraction of an individual thermoelectric parameter, thus
three measurements are necessary to construct the material figure of merit. This approach
may introduce some discrepancies in the results; often material parameters vary among
samples with different processing and film thicknesses, for example, the inclusion of buffer
layers and growth substrate will contribute to the measured quantity. In addition, each high
temperature run has the potential for device degradation, detrimental to subsequent

measurements.

Here, we discuss techniques for combining individual measurements to reduce error
introduced by repeated and/or dissimilar experiments. This approach is particularly useful in
experiments with limited sample accessibility, such as in a vacuum cryostat. Since
techniques are electrical in nature, only measurements with similar excitation bias (AC vs
DC) and direction of applied current are amenable to consolidation. Simultaneous in-plane
measurements of electrical conductivity and the Seebeck coefficient, and thus the power
factor, are accomplished using the van der Pauw method with a differential Seebeck
measurement, respectively. The 3w technique, however, utilizes the frequency response to
AC excitation of Joule heating in a heater line to determine cross-plane thermal conductivity
of bulk and thin films. This method has been extended to measure the cross-plane Seebeck

coefficient as well.
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These experiments are designed and performed at high temperatures with careful
consideration of the direct electrical probing of the samples. The thermoelectric devices
examined in this section consist of both nanostructured thin films and bulk materials, and
distinctions between the respective measurement configurations are identified. In the case
of a distributed nanostructured system, such as embedded nanoparticles, the direction of
measurement usually does not matter and any technique can be applied, though the
orientation of the crystal lattice can play a role and should be taken into account. This is not
true for superlattices and nanowire devices where measurements in the direction of
nanostructuring (perpendicular to the superlattice and in the plane of the nanowire) are

warranted.

2.1 In-plane measurements

Van der Pauw method for electrical conductivity

The van der Pauw (vdP) technique is a very useful approach to ascertain the in-plane
electrical conductivity of a sample with arbitrary shape.® It is essentially a four probe
measurement of voltage induced by an electrical current, the accuracy of which depends
primarily on the uniformity of the sample under test. The sample must be of uniform
thickness and quality; there should be no substantial holes or scratches on the sample
surface. Thus, there is no geometry requirement other than the probe contacts must be
much smaller than the sample dimensions and placed on the sample perimeter. Square or
rectangular samples are conventionally used, though the most accurate sample
configuration is the so-called clover leaf pattern, which affords the experimenter more

leeway with the contact pad size. The injection current is forced through the central area of
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the device and into ground of the adjacent pad; little current arrives at the areas where
voltage is measured making this effectively an open-circuit voltage measurement. These
two vdP configurations are displayed in Figure 2.1. Commonly, the four Ohmic contacts are
formed using electrodes made from a smidgen of indium positioned at the perimeter, which
is then heated above its melting point (~160 ° C). Metal electrodes can also be deposited
and patterned by lithographic processing, thus providing more control over the contact

area.

Contactpads

substrate

1cm

Figure 2.1: van der Pauw sample configurations. The left hand sample displays an optical
image of the vdP clover leaf pattern.

Each measurement of electrical conductivity by the vdP method consists of two resistance
measurements: R,., and Ry, For one direction of current, for example from contact 1to 2 in
Figure 2.1, the voltage is measured between contacts 3 and 4 to obtain the first resistance:
R1234 = V34/11,. TO help ensure measurement precision, the contact sets are then switched in

terms of applied current and measured voltage to obtain Rz 1 = Vi5/l54. These two
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resistances must be identical in accordance with the reciprocity theorem,® but the finite
contact size and slight variance in probe positions may cause a discrepancy between them.
The results are averaged to reduce these discrepancies in the determination of Rye;. Rhor is
attained in a similar way. A current is sent from contact 1 to the other adjacent contact, 4,
and the voltage between 2 and 3 is measured to gain Ris 3 = Va3/l14. And again, Ry3 14 = Via/los
is acquired such that Ry, is the average of Ri4,3and R,3 14. Inserting these two resistances in

the vdP formula, one can calculate the sheet resistance, Rs, of the sample by

Ryer -T[Rhor

1=e¢ TR +e TR, (2.1.1)

This equation is solved iteratively until the calculated sheet resistance converges. The

electrical conductivity of the sample is given as:

1
—=R 2.1.2
~= Ryd (212)

where d is the thickness of the film.

These formulae were derived assuming four infinitely small point-like contact pads at the
sample perimeter. In reality, contact pad size is not negligible and is a significant source of
error in the measurement, which will be on the order of the ratio of pad width divided by
the distance between contact pads. Utilizing the clover leaf pattern overcomes these issues

since the potential distribution is essentially uniform at the points of voltage measurement,
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regardless of contact size (up to a point).The uncertainty in the sample thickness, d, can

contribute substantial error in the measurement, as well.

When performing these measurements on thermoelectric devices in a vacuum environment
at elevated temperature, it is advantageous to reverse the current polarity and/or measure
the slope of several sampled voltages. This eliminates the contribution of parasitic Seebeck
voltages and voltage offsets induced by thermal gradients that may be present due to non-
isothermal conditions in the chamber. A total of eight measurements are made to obtain
the two vdP resistances, R,., and Ry,,. However, the thermoelectric sample itself will also
generate a Seebeck voltage. Peltier heating and cooling occurs at the interface between the
sample and the contact pads, creating a temperature difference across the sample, as does
Joule heating within the device. These effects cannot be avoided; consequently, the applied

current magnitudes should be kept at a minimum.

Differential Seebeck coefficient measurement

In a thermoelectric material, a Seebeck voltage, V, is created between two points of
unequal temperature in the sample. The Seebeck coefficient is simply the generated voltage
per degree K temperature change (A7),

|74
§= 3

= = (2.1.3)

and for most thermoelectric materials is usually given in units of pV/K. Therefore, the
determination of the Seebeck coefficient requires the measurement of two quantities: the
applied temperature difference across the sample and the voltage generated by the

temperature change at the same points of reference.
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In-plane Seebeck measurement involves imposing a temperature difference across a sample
whose length is much greater than its width. This will ensure one-dimensional heat flux in
the sample. No current should be flowing through the sample; there is only the resultant net
diffusion of charge carriers. We suspend the sample between two isothermal blocks (see
Figure 2.2) which heat-sinks the two ends of the sample at specifically designated
temperatures.’ Ideally, the measurement is executed under steady-state conditions with
the device under test in perfect thermal contact with the stage, such that the only thermal
gradient is due to the temperature difference of the isothermal blocks. However, there
exists a finite thermal resistance between the sample and the measurement stage, as well
as possible influence from device inhomogeneity and externally imposed parasitic gradients.
To improve the accuracy of the method, the temperature and resultant Seebeck voltage are
measured at precisely the same locations of the device. AT is measured absolutely using a
pair of type R (Pt/ 13 % Rh-Pt) thermocouples, while the voltage generated across the device
is measured at each end utilizing a single thermocouple leg. In this case, we selected the
platinum leg since this material has the smaller inherent Seebeck coefficient and is the

industry standard.
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Figure 2.2: Schematic of the side view of a sample mounted for in-plane measurement
depicting the circuit used for the differential Seebeck measurement.

The experiment proceeds as follows: the thermoelectric device is mounted onto the
isothermal blocks using a small amount of thermal paste. Electrically and thermally
conductive silver or platinum paste (depending on the temperature range of interest) is
used to ensure good thermal contact between the thermocouple probe tips and the sample
surface/contact pad. This also helps to improve the adherence of the probe tips to the
sample, as thermal expansion in the measurement stage and the device under test can
cause the probes to move and lose contact at higher temperatures. Small thermal gradients
are applied along the length of the sample by supplying power to the individual heaters in
the isothermal blocks. The thermal gradient is kept within 10 K or so of the temperature of
interest; that is, in the linear response regime. Several data points of varying temperature
differences are collected and the slope of Vs with respect to AT gives the Seebeck

coefficient. The data for two thin film samples analyzed for prospective use in superlattice
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material systems are given in Figure 2.3. The viewgraphs show six ATs are measured, but
one hundred data points are taken at each AT for a total of six hundred collected data

points. More detail about the measurement stage is found in Chapter 6.
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Figure 2.3: In-plane Seebeck coefficient measurement of thin film samples at approximately
650 K by the differential method. (a) The absolute Seebeck coefficient measurement of a
Mn doped ScN film with 500 nm thickness. (b) Absolute Seebeck coefficient data collected
for 400 nm thick Lag 67Sr0.33MnO; film. In both cases, each data cluster is comprised of one
hundred data points. Error in the voltage measurement of LSMO on STO is higher
considering the smaller Seebeck coefficient of the material, though it only contributes ~2 %
error to the calculated value of S.

The spread in each data cluster along with the linear fit quality establishes the error in this
measurement. Spread along the y-axis is indicative of voltage fluctuations in the
measurement apparatus, while spread in the temperature difference (x-axis) may point to

non-ideal thermal resistances between the sample and the probes. Large clusters and/or a
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poor linear fit may point to non-uniform heat flow suggesting poor probe and sample

placement.

The effect of thermal resistance between the probe tip and sample surface is far greater
than any electrical resistance at the interface, and thus impedes the accurate measurement
of the Seebeck coefficient. The thermal heat flux, Q, relates the thermal resistance, Ry,
between the thermocouple probe tip and the device to the temperature drop across the

interface.

ATinterface = @ * Ren (2.1.4)

In addition to reducing the thermal resistance with the application of silver or platinum
paste, we minimize Q by allowing the measurement apparatus to reach thermal equilibrium
between measurements. We establish an adequate wait time after each temperature step
before collecting data; typically, up to three minutes between AT measurements is allotted.

Smaller thermocouple tips reduce the requisite wait time.

Finally, error estimates in S should include the calibration error of thermocouple probes
used in the measurements. This will affect both measured quantities. Calibration error in
the absolute temperature measurement for type R thermocouples is less than 1 K, at all
temperatures sampled in this work.>* As mentioned above, the Seebeck voltage is
measured relative to the platinum thermocouple leg, which is the common reference
material for relative Seebeck measurements. This approach contributes approximately -6 to
-12 pV/K to the measurement of the Seebeck coefficient in the temperature range of the

chamber, as calculated using thermocouple reference tables supplied by the
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manufacturer.* For good thermoelectric materials, this is an error of less than 10 %.
However, the absolute Seebeck coefficient is often required, especially for characterization
of structures whose Seebeck coefficients are close to zero. For example, the in-plane Sin a
superlattice may be minimal or change sign at increased temperature, while the cross-plane
S is significantly enhanced.® If the two electrodes are assumed to have equal parasitic
Seebeck coefficient at a given base temperature, the actual Seebeck coefficient of the
sample is obtained by subtracting this value; here, the measured voltage relative to both the
Pt and Pt-Rh leads (Vineas, pt/pirn) is used to extract the absolute Seebeck voltage (Vs 4ss) of the
material under test since the calibration information for the type R thermocouple is readily
available. Figure 2.2 illustrates this probe configuration for measurement of the Seebeck

coefficient. The inverse calibration polynomial takes the form:*

n

Vi = Z ;T (2.1.5)

i=0

where T is the average temperature measured by the two thermocouples, V;¢is the output
voltage of the type R thermocouple at temperature T, and c; refers to the calibration
coefficients. Thermocouple manufacturers usually give the calibration coefficients accurate
to within a tenth of a degree. The Seebeck voltage of the thermocouple at the measurement
temperature, relative to room temperature, is subtracted from the total measured voltage

to give the absolute Seebeck voltage of the sample.

Vs,aps = Vmeaspe/pern + Ve (Tave) — Ve (Troom)]: (2.1.6)

Total error can be as large as 10% and increases with ambient temperature.
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Consolidation of in-plane measurements

Simultaneous measurements of the electrical conductivity and the Seebeck coefficient are
accomplished by mounting a thermoelectric device with vdP geometry across the two
heating blocks. It is crucial that the thermocouples are placed in good thermal contact with
the measurement stage. For thin film samples, only four probes are necessary: we utilize
two platinum electrical probes and two type R thermocouples. Electrical conductivity is
measured as above using the two electrical probes and two identical legs of the
thermocouples while the two heating blocks are maintained at the same ambient
temperature. A temperature gradient is subsequently applied to the device under test and
the generated voltage and temperature are measured by the two thermocouples. The
criterion of one-dimensional heat flux is fulfilled simply by heating the bottom of the
sample, since the thickness of the film is on the order of micrometers. A schematic of a thin
film sample with vdP geometry mounted in this fashion is illustrated in Figure 2.4a.
However, a caveat of the method is the presence of the growth substrate, whose material
properties can dramatically affect the perceived parameters of the thin film. A thermally
conductive, electrically insulating substrate is ideal, though many common substrates,
including InP or Si, are electrically conductive or become so at high temperatures. In these
cases, we remove the problematic growth substrate and transfer the thin film to a more
ideal material, such as sapphire.* The temperature dependent Seebeck coefficient and
electrical conductivity of a novel p-type thin film with differing doping and nanoparticle

concentrations are displayed in Figure 2.4b and Figure 2.4c, respectively.
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Figure 2.4: (a) A top down view of the sample stage for simultaneous measurements of
electrical conductivity and Seebeck coefficient of a sample with clover leaf vdP geometry.
Two electrical probes (in yellow, single lead) and two thermocouples (TCyqt, TCco14) are used
for measurements. (b) The high temperature behavior of the Seebeck coefficients shows
substrate contributions around 550 K. (c) Electrical conductivities of the films are displayed.
High temperature measurement results for the InGaSb thin film compare Be doping
behavior to 0.8 % nanoparticle inclusion.

The approach taken for bulk samples in the experiments described in this work is slightly
more complex. Van der Pauw geometry is still applicable and four electrical probes are
positioned on the sample perimeter. However, the thermocouples cannot be utilized as
electrical probes during the vdP measurement; six measurement probes including two
thermocouples are used in total. Bulk materials have a finite thickness on the order of the
device length and width, encouraging three-dimensional heat flow. To solve this, we heat
sink the sample on three sides, leaving the surface open for electrical probing. A bulk sample
mounted on this stage is depicted in Figure 6.1 in Chapter 6. The thermocouples are
channeled through the measurement stage and measure temperature and Seebeck voltage
at the center of the sample thickness. Thus, the thermocouples and device are at thermal
equilibrium with their respective isothermal blocks and a one-dimensional thermal gradient
is achieved. More information about the bulk measurement stage is offered in Chapter 6.
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Hence, the Seebeck coefficient and electrical conductivity are determined using the same

experimental setup under identical ambient conditions.

2.2 Cross-plane measurements

3w method for measurement of thermal conductivity

The 3w methodology was introduced and developed by Cahill et. al. to quantify the
frequency response of a thermal wave in a semi-infinite solid by utilizing a resistive metal
line as both heater and thermometer. It has become the standard technique for

37,38' and

measurement of thermal conductivity for bulk materials/substrates® and thin films
is quite easily implemented for measurement in a vacuum thermostat. We employ the
standard experimental procedure in this work, which was greatly improved by collaboration
with Arun Majumdar’s group at the University of California, Berkeley (currently at Stanford

University). More information including a full derivation of the heat equation and in-depth

uncertainty analysis can be found in references 39, 40.

Simply put, a sinusoidal current is applied to the heater line at frequency 1w, inducing Joule
heating in the sample at 2w (since Joule heating is proportional to the square of the
current). The resistance of the metal heater line changes linearly with temperature,
therefore, the heater line also oscillates at frequency 2w. By analyzing the circuit in terms of
Ohm’s law, it becomes evident that the detection of 3w voltage fluctuation in the heater

line will reveal information about the temperature oscillations; Vs, = |,*Ry.
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The experimental circuit is illustrated in Figure 2.5. The small temperature dependence of
the heater line resistance necessitates the use of lock-in detection of the 3w voltage. Hence,

a voltage source is used to bias the circuit, given as
Vsource = Vo cos(wt),
and the current is thus:

/= V, cos(wt)
Rh + Rext + Rl—in.

(2.2.1)

The sum of the heater line resistance, R;, the non-temperature dependent external
resistance, R.., and the internal resistance of the lock-in amplifier, R.;,, constitutes the total
resistance (Ry) in the circuit. As mentioned previously, the resistance of the heater line
varies with the 2w fluctuation in temperature:

dR
Rn = Ryo + 2 AT(20) = R (1+ Ry oaAT2w)). (2.2.2)

We define a as the temperature coefficient of the resistance of the metal line and R, is the
initial resistance of the heater line without applied bias. Again, we determine the change in
temperature of the heater line in terms of the applied voltage utilizing the thermal Ohm’s

law for Joule heating:

Q]oule = Ith;

VERp o R cos(Rwt)
2
(Rr.0) 2

AT(2w) = = AT, cos(2wt) (2.2.3)
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where we have made the assumption that R, =Ry . Ry is the thermal resistance in the heater
line at w and Ry,is the initial total resistance in the circuit: Rrp= R0+ Rext+ Rin. Note that
this is only the 2w component of the heat generated in the heater line, there is also a DC
component. Combining the equations for AT,,(2.2.3) and R, (2.2.2) and inserting them into

the equation for current (2.2.1), the voltage drop across the heater line (V,) is obtained:

Ry oVo alT,,, Ry oaAT,, RhO(ZZATZZw
v, = — 1+ - - t
"= Rro [( 2 2R 2R76 cos(wt)
aATy, RpoAT,, Rpoa?ATZ, Ry, a?ATZ,
+ - — - — 3wt) — — Swt) + -+ 2.2.4
< 5 2Rrs 4Ry, cos(3wt) 4Ry cos(5wt) ( )

This calculation is valid assuming that R, s << Rrpand that the quantity aAT,,<<1, in which
case all higher order terms in a (including a’)may be ignored. Thus, the voltage drop across

the heater line is comprised of a 1w term (V4,,,) and a 3w term (V3,,,), as expected.

A similar analysis can be made for the voltage across the external load, V., which in this

experiment is a potentiometer, as depicted in Figure 2.5.

A Ry 0@AT, Ry o@AT,
Vet = ;3;‘0 |:<1—T'Ow cos(wt) + TD(U cos(3wt) (2.2.5)

Setting R..:= Rppand ignoring the higher order terms in V}, (equation 2.2.4):

Ry oVo alATy, <V alT,,

Rro 2 )

(Vlw,h - Vlw,ext) = (VSw,h - V3w,ext) = (2.2.6)

Physically, the reason for the inclusion of the external resistor is to balance the 2" order
effect on current caused by heating in the heater line, due to our use of a non-ideal current

source. The heater line itself acts as an additional voltage source in the circuit which must
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be ‘dropped’ across a load; the differential measurement removes this background 3w
current. Hence, the difference in either the 1w or 3w components of the two voltages can
be used to determine the magnitude of the temperature fluctuation at 2w. It is
commonplace to examine the 3w voltages in the circuit since the voltage difference is so
small it can easily be construed as error in a 1w voltage measurement, although any phase

difference between V3, and V3, .« must also be taken into account.

Lock-in B Lock-in A
[1@, BwDD D] [1(0, S(DDC) D]
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® s @ ]
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Figure 2.5: Experimental schematic/circuitry used for high temperature 3w measurement.

The relationship between thermal conductivity and the temperature difference has been
derived elsewhere** from the analytic solution to the transient heat equation. In the case
of an isotropic, semi-infinite material the thermal conductivity, k,., is typically acquired
either by measuring the V3, at many different frequencies of applied bias and/or by

performing an applied voltage sweep while holding w constant.
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—-P ( d(AT) >_1 a <d(V3w,h — Vw,ext)

-1
Foulk = 501 \d(In(Zw)) o Kl = o Ry d(Vie°) ) - @27)

P is the power dissipated across a heater line of length L.

The measurement is valid for an infinitely narrow heater line on a semi-infinite substrate. In
order to achieve these conditions, the penetration depth of the thermal wave, L,, must be
much greater than the width of the heater line though still contained within the material
layer of interest. The appropriate frequencies are calculated from the thermal diffusivity,

Dy, of the material using:

L,= . (2.2.8)

If the applied frequencies are constrained appropriately, AT,, plotted as a function of In(w)
is linear and kuyy is simply the slope of the line. This characteristic 3w result is shown in
Figure 2.6 for a metal heater line deposited on a 525 um thick silicon substrate with a
thermally grown 200 nm SiO, dielectric layer for electrical insulation. It can be shown that
the presence of the dielectric layer adds a frequency independent term to AT,,; the slope of
the line representative of a frequency sweep still only conveys the bulk material
information. More details on this measurement are given below and the treatment with an

additional film is presented in the next section.
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Figure 2.6: The characteristic 3w curve for a simple case of a metal (gold) heater line
deposited on a silicon substrate at 295 K. The thermal conductivity of silicon is determined
to be 156 W/m-K, which matches well with reference values.***?

The measurements reported in this work are taken under the following experimental
conditions: the 3w device is mounted in the vacuum thermostat on a large sample stage
which functions as a thermal heat sink and varies the ambient temperature of the
measurement. The circuitry is as depicted in Figure 2.5; a potentiometer is mounted in
series with the heater line but external of the thermostat. Lock-in A is used to deliver a
sinusoidal voltage and measure both the 1w and 3w responses of the heater line, while lock-
in B is used to detect the 1w and 3w voltages across the external resistor for the differential
measurement. Initially, the resistance of the heater line R, is measured in a four probe
configuration where the currents applied to the circuit are kept small such that heating in
the sample is negligible. The resistance of the potentiometer is set to match Ry, ,. Since this

method of resistance matching is not exact, we insert the average 1w voltage % (Vi n+
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Viwext) @S Vi, into the above equations. The difference between the 1w voltage drops is

potentially a large source of error in the measurement.

The use of the heater line as both heater and thermometer, and consequently the
dependence of the heater electrical resistance with temperature, dR/dT, must be calibrated
for each individual heater line over the temperature range of the experiment. This is
accomplished by measuring the DC voltages from an applied current sweep across the
heater line while slowly ramping the ambient temperature in the chamber. Again, the
current amplitudes are kept small so as not to generate measurable heating in the sample.
We measured a for three separate 300 um x 24 um heater lines with 100 nm thickness, each
made of a different evaporated metal: gold, aluminum, and platinum. In all cases, the dR/dT
values were linear with ambient temperature and are presented here for the respective
metals: (5.5 + 0.043) x 107, (7.2 £ 0.037) x 10, and (23 + 0.66) x10™ Q/K below 550 K. These

correspond to values for @ much smaller than 1.

The thermal conductivity of the silicon sample is plotted with respect to ambient
temperature in Figure 2.7. We used a 300 ms time constant with a 12 dB low pass filter and
high reserve as the lock-in amplifier settings to stabilize the 3w signals in the appropriate
frequency range for this device. There were three dominant sources of error in this
measurement: error in the resistance matching as mentioned above, error in the fit of k as
per equations 2.2.7, and error in the linear fit of o coefficient. Error in @ became more
significant at higher temperatures. The metal of the heater line began to anneal, around 500
K for gold and much later for platinum considering it is a much more inert material, as

reflected in the error bars in the figure.
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Figure 2.7: High temperature thermal conductivity of a silicon substrate, attained by 3w
measurement using various metal heater line compositions, plotted in comparison to the
data from references 42 and 43.

Extension to measurement of the cross-plane Seebeck coefficient

The heat flux through an additional thin film layer with much lower thermal conductivity
than the device substrate is one-dimensional and can be considered quasi-static in the
thermal regime, as long as the penetration depth of the thermal wave extends far into the
substrate. Refer to Figure 2.8a. The contribution of the frequency independent term of the
thin film to AT,,is apparent when relating the 3w voltages generated from the temperature

fluctuation to the thermal conductivities of sample structure:

Ad(Vswn = Vawext) @ < 1 4 dy ) (2.2.9)

d(Vie®) " 2LRpo \Thpuik WK
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where dfand k; are the thickness and thermal conductivity of the film, respectively, and w
refers to the width of the heater line. A so-called ‘differential’ approach is used to extract
the temperature component of the film, thus requiring two separate measurements under
identical experimental conditions. One measurement is performed on the device which
includes the material of interest and determines the total 2w temperature fluctuation,
ATy, 70r- Another measurement obtains the AT, ¢ of a reference sample where only the thin
film is absent. Thus, any difference in temperature between the two measurements is solely
due to the temperature contribution of the film; ATy, = AT, 10t - AT 24, rer- This strategy
neglects any effect of the thermal resistance of the interface between the film and

substrate. The thermal conductivity of the film is calculated as:

-1

Kp = f—‘fv Alzatorf, Azwrer/ b - (2.2.10)
The conventional 3w technique was expanded upon by Yang et al.** and Zhang et al.* to
measure the cross-plane Seebeck coefficient of a superlattice device. Joule heating
propagating in the thermoelectric film creates a Seebeck voltage which also fluctuates at 2w
frequency and can be detected using the lock-in configuration already proposed. Thus, the
lw, 2w, and 3w voltages are measured in turn for a ‘total’ device, that is, one with the
thermoelectric film and other required layers, and a reference sample, where only the film is
absent or much thinner. The primary complication to the original measurement scheme is
that the Seebeck voltage must be measured across the film itself, necessitating the
fabrication of additional electrodes without influence from the heat source. A schematic

depicting the sample structure is presented in Figure 2.8a for a superlattice thin film device.
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The Seebeck voltage electrodes are located at the interface of the insulating medium and
the film and at the bottom surface of the film between the thermoelectric material and

substrate. The Seebeck coefficient of the film (S;) is given as:

AVZw,Tot - AVZw,ref

Sp = : (2.2.11)
S ATyu10t — ATorer

AV, rorand AV, srefer to the 2w voltages measured over the ‘total’ and reference devices,
respectively. We utilize a serpentine heater design deposited on the superlattice mesa to

approximate one-dimensional heat flow through the thermoelectric film.

We report a representative measurement of an n-type thermoelectric superlattice
consisting of 70 periods grown on n-InP substrate with InGaAs buffer layer, performed at
University at California, Santa Cruz. Each period is comprised of 20 nm film of InGaAs with
0.3% ErAs inclusions and 10 nm InGaAsg gInAlAsy 4 digital alloy. The measured 2w Seebeck
voltages relative to the reference sample are presented in Figure 2.8b. The 2w Seebeck
voltages decrease with frequency, anticipated by the dependency of the sample thermal

impedance on the frequency of voltage oscillation.
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Figure 2.8 (a) Schematic of a superlattice device prepared for cross-plane Seebeck and
thermal conductivity measurements. The upper image is a top-down view of the serpentine
heater line. (b) The measured 2w Seebeck voltages in a device and reference sample
generated in the thermoelectric superlattice layer due to heating from the surface
resistance heater, plotted as a function of frequency. The difference between the two
curves is the actual 2w voltage of the thermoelectric film.
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Chapter 3 Thermoreflectance Thermal Imaging

Thermoreflectance microscopy is a versatile, noninvasive technique that generates two-
dimensional temperature maps of active device surfaces. It has become especially valuable
in thermoelectric material characterization with the adaptation of the conventional
sinusoidal excitation method® to distinguish between the Peltier and Joule components in
the total temperature signal. The latter oscillates at twice the frequency of the excitation
current while the former manifests at the fundamental frequency. Consequently, it is
immensely useful in determining the energy conversion efficiency of thermoelectric devices,

diagnosing faults, and visualizing thermal parasitic effects.

Thermoelectric devices utilized for power generation, as primarily examined in this work,
are designed for maximum conversion efficiency at elevated temperatures. Many of the
complications accompanying the high temperature characterization of these devices can be
readily identified in a surface temperature map. Unfortunately, there has not been
extensive application of thermal imaging at temperatures above ambient; perhaps in part
due to the unknown behavior of reflectivity dependence on temperature and the feasibility
of optical measurements in a vacuum chamber. Wang et al. employed thermoreflectance
mapping of cryogenic nanowires,* but did not take into account any change in the
thermoreflectance coefficient with temperature. Much of the work reported in this thesis
describes the development and the first ever implementation of thermoreflectance imaging
at high temperatures to enable thermal profiling at specific temperatures of interest and

thus elucidating underlying temperature-dependent device physics. In addition, this
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application of the technique can provide real-time device failure analysis upon temperature

cycling.

In this chapter, we present the different approaches utilized in this work for charge coupled
device (CCD) based detection of the reflectivity variations and thus the temperature change
in thermoelectric devices and the associated benefits of each method. The ‘4-bucket’
method® is the generalized approach that can be extended for use on nonlinear (non-
ohmic) devices. The ‘8-bucket’ technique®® provides real-time Peltier and Joule separation
over the course of a single measurement. Transient thermoreflectance captures the
temporal behavior of a device which is particularly interesting in thermoelectric samples
considering the different time responses of the Peltier and Joule effects.*”* We then discuss
the implementation of the experimental method in unique investigations that demonstrate
the breadth of the technique. High temperature thermoreflectance is employed on
thermoelectric thin films and a strategy is established for the requisite high temperature

calibration of the thermoreflectance coefficient.

3.1 General Principle

The basic thermoreflectance experimental set up used for these measurements is as follows
(Figure 3.1): Light is emitted from a narrowband LED to the beam splitter and is focused
through a microscope objective on the device-under-test (DUT), which is held in a vacuum
thermostat. A periodic voltage pulse is applied to the DUT to create an oscillating
temperature field comprised of Peltier and Joule signals. The change in temperature relative
to ambient is detected by the CCD camera as an alteration in the reflected light. The CCD is

phase-locked with the reflected signal, operating at a selected integer multiple (n) frequency
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of the applied bias. The captured images correspond to a 1/nth—period integral of the bias
signal and are used to reconstruct a single excitation cycle. Averaging over many cycles
improves the signal-to-noise ratio of this lock-in technique. The instrument settings differ
depending on the thermoreflectance measurement approach used; measurement specifics
are given in the following sections. In all cases, the basic thermoreflectance equation is used
to obtain the temperature variation (AT) owing to the thermoelectric effects from the
measured reflectivity change (4R):

|ARp|

|ATp| =
i Crr Rpc

(3.1.1)

The subscripts P and J respectively refer to Peltier and Joule signals, Crz is the

thermoreflectance coefficient, and Ry is the baseline reflectivity.

CCD
Phase Locked !

LED

* \;Beam Splitter

Microscope
Objective

Signal <
[Generatorl 1\/\/\ -

Figure 3.1: Basic experimental apparatus for high temperature thermoreflectance thermal
imaging.
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4-bucket approach to thermal imaging: homodyne method

The formulism used here is the extension of the conventional method introduced by Grauby
et al. in 1999. We apply an offset sinusoidal current (/,,,) with frequency w to the DUT. The
bias period is chosen to be much larger than the typical thermal response time of the
device, such that the DUT is operating in the quasi-static regime. In this way, the detected
reflectivity signal (Reqs) directly follows the temperature oscillation, with a relative phase

difference ¢:

Iy Ipsin(wt)
wr =3t T

I
Rieas = Rpe + AR sin(wt + ¢). (3.1.2)

We select the offset such that the applied current varies from 0 to /.

The LED provides constant illumination for the duration of the experiment. The CCD is
locked to the signal, s(t) at the first harmonic. The detected change in reflectivity can be
reconstructed with four image bins (B,) of similar phase, (hence the designation ‘4-bucket’):

n/4

B, = f s(dt n=1..4 (3.1.3)
(n-1)/4

The change in reflectivity and relative phase are extracted as:

AR 2m/(B; — B3)? + (B, — B,)?
Rpe 2 Bi+B,+B3;+B,

(3.1.4)
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B, + B, — B; — B,
B,—B,—Bs+B,

tang = (3.1.5)

The maximum frame rate of the DALSA CCD utilized in this work is 30 frames per second;
accordingly we set w = 2rt:7.5 Hz. The specifications of this thermoreflectance measurement
are exhibited in Figure 3.2a, in comparison with the other methods described in this

chapter.

Bipolar measurements exploit the respective linear and quadratic current dependencies of
the Peltier and Joule temperature fields; Joule is always heating and the Peltier response
flips between cooling and heating modes with current polarity. Two measurements are
therefore required to separate the two signals. In the case of reverse bias of a typical n-type

thermoelectric material, the temperature oscillations (ATz) and reflectivity (Rg) are given as:

T, a b T.
ATy = % + S losin(@t + ¢g) + 5 o sin(wt + ¢,) + Z’Z‘”R
Rp = Rpe + ARp sin(wt + ¢p) + AR; sin(wt + ¢;) + Ry r (3.1.6)

where the DC and 2w terms are collected in the variables with the subscripts DC and 2w,
respectively. a and b refer to constants that relate the linear (Peltier) and quadratic (Joule)
dependencies of the temperature change on current, and ¢ represents their respective
phase changes. The 2w component disappears during signal processing and can be

neglected. A similar treatment gives the forward bias expressions:

_Tpcr a . b , .
ATy = > EIO sin(wt + ¢,) + EIO sin(wt + ¢p)
Rr = Rpe — ARp sin(wt + ¢p) + AR, sin(wt + ¢). (3.1.7)
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It follows that quarter-period Peltier and Joule signals, P, and J,, may be ascertained as:

/4 n/4 n/4 n/4
fn_ RRdt - f _ Rth f _ RRdt + f _ 'Rth
_ J(n-1)/4 (n—-1)/4 = (n-1)/4 (n-1)/4 n=1._4 (3.1.8)

n 2 rJn 2

where P, and J, may be substituted into the equations for the change in reflectivity

(Equation 3.1.4) and relative phase (Equation 3.1.5) to reconstruct these values individually.

In many situations, the sinusoidal waveform used to bias the DUT is supplied by a voltage
source such as a function generator. The excitation signal is then dependent on the voltage
limitations of the source, its output impedance, and the resistance of the thermoelectric
sample itself. If the DUT is not completely ohmic in nature or engenders substantial Joule
heating, its nonlinear IV curve will result in the incomplete cancellation of terms upon
subtraction of the bipolar signals and/or parasitic higher harmonic contributions. A method
to avoid these complications is through the substitution of the sinusoidal bias for a square
pulse, which in addition usually allows for higher voltage amplitudes than a function
generator and thus potentially stronger signals. Refer to Figure 3.2b for an illustration
depicting the required waveforms. This approach is only beneficial when the device turn-off
time is considered instantaneous from the perspective of the CCD. In other words, there is
no signal leakage between camera frames. The total reflectivity is simply the reflectance in

the ‘on’ state minus the baseline reflectance (off).

Rron = Rpc + ARp + AR;;  Rpopr = Rpe

Rron = Rpe — ARp + AR; Rrorr = Rpe (3.1.9)

57



In keeping with the formulism of the 4-bucket technique, R, R, are considered ‘on” while R,
R, are taken to be ‘off’. The calculation of the amplitude of the reflectivity oscillation is

greatly simplified:

ARp _ Rer1 +Rpa —Rpz —Rpy | ARp _ Rp1 +Rpy —Rpz —Rpy (3.1.10)
Rpc Rps + Rpy ' Rpc Rp3 + Rpy
The Peltier and Joule reflectivity signals are then:
AR AR, — AR AR AR, + AR
PR 7Y, A (3.1.11)
Rpc 2Rpc Rpc 2Rpc

The end result is as expected, the Joule signal is the average of the response at the two
polarities while the Peltier signal is their difference. The 4-bucket method and the modified
square pulse version are robust techniques for measurement of low frequency phenomena.
The simple mathematical processing of the square pulse version maintains thermal signal
polarity and displays heating and cooling in the resulting thermal image. However, there is
no phase information using DC excitation. The downside of the techniques is the requisite
two separate measurements. The small reflectivity signals commonly require long averaging
times to improve the signal-to-noise ratio, which can be plagued by drift in the apparatus
and optics, and/or slight movements of the sample. It is not unusual to average a single
measurement for 30 to 60 minutes, or more, and then reverse polarity and average again.
Any drifts between the two measurement runs will result in the incorrect extraction of the

thermal fields.
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Figure 3.2: Schematic describing the principles of the different thermoreflectance
methodologies.

8-bucket technique: simultaneous imaging of Peltier and Joule

The 8-bucket approach avoids these issues by utilizing non-offset sinusoidal excitation; thus
a single waveform period is used to collect both forward and reverse polarity signals.
Consequently, the Peltier and Joule thermal signals are processed in real-time, and can be
viewed during signal averaging. 8-bucket thermal imaging similarly exploits current
dependencies of the Peltier and Joule thermal signatures. These effects, however, manifest
and are measured directly at the first and second harmonics of the bias signal, respectively,
since there is no DC offset. The measured reflectivity signal still closely follows the

temperature field, and is simply comprised of both Joule and Peltier components:
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Rineas = Rpe + ARp sin(wt + ¢p) + AR; sin(2wt + ¢)) (3.1.12)

The primary experimental differences in this method, as compared to the 4-bucket, is the
application of a non-offset sinusoidal bias and the phase-locked CCD operates at eight times
the frequency of the bias signal, n = 8. In this way, eight images are used to reconstruct a
single excitation cycle, as shown in Figure 3.2c; for these experiments w = 2r-3.75 Hz. The
DUT is under constant illumination. We represent each eighth-period integral of the
reflectivity oscillations with the notation B,, where n=1...8. The respective reflectivity

variations are:

|ARp| U V(By — B5)? + (B, — Bs)? + (B3 — B;)?+(B, — Bg)?

|AR]| _ 2”\/(31 + Bs — B3—B;)? + (B, + B — B, — Bg)?
Rpc 2 By +By;+Bs+B,+Bs+Bg+B; + Bg

(3.1.13)

The relative phase information (¢) for the respective temperature fields at each harmonic

can be reconstructed as:

B, + By + Bs + B, — Bs — By — B, — By
B, + B, — B; — B, — Bs — Bg + B, + By

tan(pp) =

B, + B, — By — B, + Bs + B4 — B, — By

t = — :
a($)) = =5 "B, =B, + By —B. — By — B, ¥ B,

(3.1.14)

The 8-bucket measurement scheme is ideal for characterization of thermoelectric materials,
especially those that require long averaging times. The main drawback is the requirement of
a perfect, non-offset sinusoidal source. Any presence of a DC bias, or measurement of a

device with a strong Joule response, may introduce parasitic signals at 1w and 3w. We use a
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function generator as a voltage source to drive a sinusoidal current through the
measurement circuit. These types of devices (waveform generators), usually have limited

output voltage amplitudes which may restrict the reflectivity signal strength.

Transient thermal imaging: pulsed boxcar averaging

The bandwidth of the methods described above is limited by the CCD accumulation frame
rate; speeds of approximately 10 to 100 Hz are available. However, these rates are still
considered within the steady state regime for thin film materials and microscale devices.
Transient thermoreflectance methodology resolves the temporal behavior of thermoelectric

devices.

In these experiments, two phase-locked square pulse trains with tunable delays are
employed; one excites the DUT and the other flashes the illumination LED. This cycle is
repeated over thousands of pulses in a single CCD frame, resulting in an accumulated
snapshot of the device at a chosen time in the device excitation cycle. Comparing this ‘on’
frame to an ‘off’ reference frame, i.e. an additional snapshot taken during the device idle
state, provides the temperature data. The full thermal transient can be captured by
gradually advancing the phase delay (@) between the two pulse trains. The bandwidth of
this technique is determined by the duration of the illumination flash, enabling temporal

resolutions down to 50 ns.

The experimental schematic is illustrated in Figure 3.2d. The CCD is run at a reduced frame
rate, such that multiple device excitation cycles are captured; i.e. w >> CCD frame rate. To
avoid accumulated background heating of the DUT, the bias duty cycle is kept low, roughly
10 %. The small LED pulse widths should be ‘on” with a minimum duty cycle of
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approximately 1 %. Shorter power bursts may not be sustainable over multiple cycles and
could damage the LED. The measurement at a minimum is run twice at a single bias: once to
gain a specified snapshot of the active device, and again just before device turn-on in order
to remove DC reflectivity term. This differential approach is closely related to the 4-bucket
with square pulse modification. Bipolar measurements are necessary for Peltier and Joule
signal extraction, after which the signal processing proceeds in exactly the same manner as
previously described. Similarly, the total heating and cooling signatures are preserved in the
mathematics and both are apparent in the temperature amplitude images. Again, there is

no retrieval of phase information.

Implementation of this technique requires equipment capable of precision device and LED
pulsing. The DUT is illuminated in very small bursts; consequently, significantly less light
reaches the CCD than in the other methods. This degrades temperature and possibly spatial
resolutions necessitating extensive averaging periods and higher applied biases. We utilize a
pulsed voltage generator with less than 10 ns rise/fall times to achieve transient
measurements of novel thermoelectric devices. Figure 3.3 exhibits a transient measurement
of a 50 um thick InGaAs energy conversion device with embedded ErAs nanoparticles (0.2
%). These thermal images show extreme current injection non-uniformity; in part due to a
large processing defect near the current injection point and in part because of the highly
elongated device design. The temporal images show that Joule heating takes time to reach
the voltage sensing region at the far end of the mesa (RHS). At device turn-off, Peltier
cooling disappears rapidly while the Joule signal is still traversing the device, finally decaying

more than one millisecond later.
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Figure 3.3: Transient thermoreflectance imaging of a 50 um 0.2 % ErAs:InGaAs
thermoelectric device. a) Comparison of transient data of the total temperature response in
cooling mode at different locations on the device. Joule heating is shown to overwhelm
Peltier cooling at varying times depending on the location along the length of the device. b)
Thermoreflectance images taken with long phase delay of the total temperature response
and c) extracted Peltier cooling. The data was taken in 15 us steps.*

3.2 Applications of thermal mapping: Peltier and Joule surface

thermal profiles for high temperature imaging

We developed high temperature thermal imaging as a tool to work in conjunction with the
transient Harman method to quantify surface temperature of a thermoelectric device and
thus enable the determination of the individual thermoelectric material properties in a
single high temperature experiment. However, thermoreflectance imaging was instrumental
throughout the optimization process of the experiment. With this technique, we were able
to visualize the thermal and thus the electrical profiles of the thermoelectric devices and
identify device and design flaws. A more detailed treatment is given in the chapter on the
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transient Harman technique. Here, we present thermal images that depict instances of
current injection non-uniformity (Figure 3.4) and three dimensional current spreading in the
thermoelectric film.”* In Figure 3.5, we demonstrate the utility of the 4-bucket/extended 4-
bucket approach for acquisition of thermal images of larger devices. Each assisted with the

optimization of the ZT Harman mask design.

Peltier Cooling
among differently sized devices
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Figure 3.4: Comparison of thermal images of different device sizes in an early generation
transient Harman device design. The thermoelectric device is a 50 pum thick InGaAlAs film
with 0.6% ErAs nanoparticles randomly distributed. Total Peltier cooling does not follow the
typical area dependence for 1-D heating in the film. Instead, the effective thermal resistivity
(Peltier) that the heat source ‘sees’ varies with area, indicative of current spreading and an
additional 1/VA dependency.

We apply a simplified fin model, in which heat propagates along a fin while being laterally
evacuated through a coolant, to approximate the current distribution in the device contact
pad. Ideally, current would spread uniformly in the contact pad and then flow one-
dimensionally in the cross-plane direction. As the thermal images show, the Peltier thermal

signal and thus the electrical current flows into the contact pad for a characteristic length,
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L, before decaying exponentially into the layers beneath. We define L. to in the contact pad

accordingly:

(3.2.1)

where o, and d. are the electrical conductivity and thickness of the fin, in this case the
contact pad, respectively. h.yis the effective ‘current’ transfer coefficient from the contact
pad to the underlying device layers, analogous to heat flow between the cooling fin and the

coolant medium; defined in this scenario as:

1
herr = .
eff Reff Ac

(3.2.2)

A.is the contact area and Reis the effective electrical resistance the current ‘sees’ in the
cross-plane direction. As the area of the device increases, the effective length should

increase as well. Combining the two equations gives:

(3.2.3)

Thus, the problem of non-uniform current injection is governed by the ratio of the electrical
conductivities of the contact pad and the effective device layers. The basic device structure,
which determines oy, is detailed in section 4.2 which includes a device schematic. For 50

pum 0.6 % ErAs:InGaAlAs depicted in Figure 3.4, an increase in metallization thickness of the
contact, d. in equation 3.2.3, from 2 um to 6 um served to increase the characteristic length

and mitigate the issues illustrated in Figure 3.4.
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However, even with an idealized case, it is difficult to achieve a reflectivity signal resolved
above the background noise in the larger devices. To do so requires higher voltages to drive
the circuit; consequently, we exploit the modified square pulse 4-bucket technique. Thermal
images generated from both the 4-bucket method and the modified (differential) version of
a 100 pum x 100 um device with the most recent mask design are presented in Figure 3.53a,b.
Figure 3.5c shows the corresponding temperature amplitudes plotted with respect to
current, in order to compare the two techniques. The higher signal-to-noise ratio facilitated
by the higher voltages reduces the necessary averaging time by a factor equal to the square
of the ratio of the individual signals (for Peltier). In this example, an increase from 200 mA to
300 mA corresponds to a 3/2 increase in Peltier temperature magnitude which decreases
the number of averaging cycles to 4/9 of the original cycling time needed to achieve the a

given signal-to-noise ratio.
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Figure 3.5: Thermal images portraying the functionality of the modified 4-bucket method,
(a), compared with thermal images produced by the conventional 4-bucket approach, (b), of
a 25 um 0.2 % ErAs:InGaAs energy conversion device. The images in (a) are under 300 mA
bias, while the images in (b) are taken at the function generator excitation limit, which
corresponds to 200 mA in this experiment. Thermal phase images specify heating versus
cooling in the 4-bucket approach. c) The absolute values of the amplitudes of the respective
temperature signals of the two techniques. Linear and quadratic fittings of the Peltier and
Joule signals, respectively, show that the two methods agree within 8 %. d) Cross-sectional

thermal profiles of Peltier images indicating current spreads preferably toward the edges of
the mesa.
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Again, the thermal images exhibit non-uniform current injection into the thermoelectric
film. However, in these devices it manifests as current crowding around the edges of the
mesa, indicative of a high interface or film electrical resistance. Essentially, o4 is much too
low. This effect is apparent in the Peltier images (Figure 3.5a,b), and is displayed as a cross
sectional average displayed in Figure 3.5d. In depth diagnosis of these device imperfections

is discussed in Chapter 4.
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3.3 High temperature experimental calibration method

The information acquired in thermoreflectance experiments directly reveals relative
temperature information across an active device surface. The absolute temperature change
can be inferred, provided the Crz has been calibrated for. However, the dependence of C
on temperature is difficult to predict; the reflectance of a sample is governed by the
interplay of electronic bands and transitions, optical absorption, phonon/carrier interactions
and light polarization, among other factors. Hence, C;r may vary nonlinearly over a large
temperature range. In this section, we describe a novel approach for Cr calibration, ideally
suited for measurements in a vacuum thermostat, and present the high temperature
thermoreflectance coefficients for several metals commonly encountered in electronic
devices. The effect of passivation on these metals is also examined. While the absolute
values of the coefficient may vary with surface roughness and among experimental
configurations, the temperature behavior provided here is directly applicable to other

thermoreflectance investigations and is of general import.

Room temperature calibration measurements

The calibration process is essentially the converse procedure to the thermal imaging
technique; the sample is externally modulated over a ‘known’ temperature range while
thermal images of the passive device are recorded. It is relatively straightforward for room
temperature measurements as long as the image magnification is relatively low so that
surface expansion does not affect the image quality. In addition, the size of the sample in
guestion should be of sufficient thermal mass to support surface temperature measurement

by a micro-thermocouple, but still allows for responsive temperature cycling. In this
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scenario, the DUT is usually mounted onto a Peltier cooling stage which is, in turn, mounted
on a thermal heat sink. Thermal paste is applied to the DUT/stage interface to achieve best
possible thermal contact. Similarly, the micro-thermocouple is adhered to the sample
surface. If the specific DUT is too small to accommodate this then the temperature of the
stage is measured and good thermal contact with the stage becomes crucial. Bipolar current
is applied to the Peltier stage to provide both heating and cooling and the temperature of
the stage plus DUT assembly is cycled quickly, ~0.1 to 10 Hz. The maximum temperature
oscillation frequency is dictated by the thermal response times of the DUT and
thermocouple; thus, smaller component geometries will thermalize much more quickly with
the heating/cooling stage and afford the higher rate of temperature modulation. The
reflectivity response is accumulated over many averaging cycles until a sufficiently small

standard deviation of the signal is achieved and Cyis obtained:

AR

TR (3.3.1)

Crgp =

The measurement of AR/R could be accomplished with different excitation waveforms and
varies between experiments. Commonly, a sinusoidal current is selected to drive the Peltier
stage; thermal images and surface temperature can be simultaneously acquired over many
points in the excitation cycle. The applied frequency must therefore be limited to the
thermocouple temperature output. With this approach, it is also possible to utilize a fast
Fourier transform to lock-into the reflectivity and temperature oscillations in the frequency
domain. Crz is then calculated as the slope of the two signals. This scheme can only run at
very slow frequency (< 1 Hz), but offers higher resolution and is therefore useful for
detection of small reflectivity fluctuations and is consequently best for samples with small
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Crr. A differential method employs a square voltage pulse excitation. In this implementation,
the experimental apparatus is required to reach thermal equilibrium at the highest and
lowest points in the temperature cycle and from this, AR/R and AT are calculated. Thus, a
wait time is established after voltage turn-on and again at turn-off before data is recorded

by the CCD. The basic calibration apparatus is shown in Figure 3.6.

Phase Locked

LED
>
Microscope
Objective
E—
Generator
TE Stage

Figure 3.6: Schematic of the experimental set up for thermoreflectance coefficient
calibration at room temperature.

The temperature magnitude must likewise be kept small in these measurements. This is not
only because of the potential nonlinear behavior of Cr, but has to do with minimizing
thermal expansion in the direction of incident light. The linear shift in the cross-plane

direction, Ad, is governed by the linear expansion coefficient (o) of the layered device as:
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The overall thickness, d, of the calibration stage assembly, primarily the Peltier module,
influences the extent of this effect. For small magnification objectives, <20x, and small
temperature oscillation, thermal expansion will have a negligible impact. However, imaging
microscopes with autofocusing capabilities are indispensable for higher magnification

thermoreflectance.

High temperature calibration methodology

Error in thermoreflectance calibration is primarily determined by the accuracy of the
temperature measurement of the sample surface. Thermocouples have the disadvantages
of potentially causing damage to the sample, interfering with the optical line of sight, and
may act as a thermal shunt if mounted on the sample surface. If positioned nearby, the
thermocouple reading may not accurately reflect the temperature in the region of interest.
All of these parasitic effects are exacerbated in a vacuum thermostat. Moreover, performing
the thermoreflectance calibration methods as described above in the high temperature,
high vacuum environment introduces further complexities into the measurement. Peltier
modules have a limited operational temperature range, up to 450 K at best. The thermal
capacitance of the sample stage/ambient heater in the chamber is large enough to be
impractical for temperature modulation, but small enough to respond to thermal
fluctuations imposed by an additional heater. Again, parasitic thermal signals and non-

uniformity are intensified.

We developed a method that circumvents or mitigates most of these concerns and can be
applied for electrically conductive surfaces.> The thermoreflectance coefficient is

determined by combining the optical reflectivity imaging technique with the electrical 3w
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measurement of temperature, as they both have the same frequency response to
temperature oscillations. The 3w technique utilizes a small heater line with minimal thermal
capacitance as both heater and thermometer, negating the need for a thermocouple. It is
amenable for simultaneous thermal imaging with the 8-bucket method; only slight

modification to the experimental circuit is required, as depicted in Figure 3.7.

Function | Lock-in A ;i‘iz
Gen

e_Jrator Microscope
Lock-in B Objective
[1(1:, SUJC)D D] 1w, 3o DD D
SENSE SINE OUT SENSE SINE OUT
o o

AT

-

Figure 3.7: Experimental apparatus for thermoreflectance imaging with simultaneous 3w
measurement.

Three commonly employed metals are examined: gold, which is frequently used in 1lI-V IC
circuitry and material processing; platinum, for its robust and inert characteristics at high

temperature; and aluminum, a common interconnect and transducer metal for time-domain
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thermoreflectance measurements. The metals were individually evaporated with 100 nm
thickness on a polished commercial silicon wafer with a 200 nm thick insulating oxide.
Straight-line heaters 300 um in length were patterned with four contact pads, in the typical
3w configuration with multiple widths (8 um and 24 um). Finally, the surfaces of these
micro-heaters were partially passivated with a SiN, layer with 200 nm nominal thickness.
Figure 3.8a shows an optical image of the sample surface, while Figure 3.8b exhibits the

different sample layers.

i

Figure 3.8: (a) Optical image of the sample with several heater designs for the different
evaporated metals. (b) Diagram of the sample cross-section; the cross-plane thermal
conductivity of this sample was measured to validate the use of the 3w method and is
presented in Section 2.2 of this manuscript.

The sample is mounted on the ambient heating stage inside the vacuum thermostat. We
apply a non-offset sinusoidal voltage across the length of the heater at frequency w =
2m-3.75 Hz, standard for 8-bucket thermoreflectance. As in the conventional 3w
measurement, the 1w and 3w voltage harmonics are detected by two lock-in amplifiers to

determine AT,, across the heater line relative to an external variable resistor; the function
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generator is used to synchronize the lock-in clocks. The measurement proceeds as is

customary for the two separate methods.

In the experiments for this work, oscillating voltage biases at various amplitudes were
applied across the outer pads of the heater line, which roughly equated to current densities
ranging from 30 to 50 mA/um? in the gold and aluminum heater lines, and 20 to 30 mA/pm?
in the platinum line. Both AT,, and AR/R in all cases exhibited the expected quadratic
behavior with respect to current (Figure 3.9). At each selected ambient temperature,
measurements were performed after the thermostat attained thermal equilibrium,
including measurements of the temperature coefficient of electrical resistance of the
individual lines (), as discussed in Section 2.2. However, the maximum temperature
achievable for each sample varied as the devices displayed effects of degradation at
elevated temperatures. The resistance of the heater line began to deviate from the
expected linear trend with temperature at approximately 500 K for gold and aluminum, and
above 700 K in the platinum heaters. The visual image became noticeably affected around
50 K higher. We believe this may be due to the metal annealing or incomplete photoresist

residue removal during the lift off process. Optical images after device failure are presented

in Figure 3.10.

One should note that the same 3w analysis performed at higher frequencies (>500 Hz) can
be used to extract the substrate thermal conductivity, as discussed in Chapter 2. Since the
silicon thermal conductivity is known, this serves as further verification of the temperature

calibration method. These results are shown in Figure 2.7.
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Current dependency of the temperature response
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Figure 3.9: The acquired amplitude of the temperature oscillations and the relative
reflectivity of a gold heater line with and without passivation, plotted with respect to the
applied current. Both signals illustrate a quadratic dependence on current.
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100KV 7.5mm x90.0k SE(M) 112812014 g -
Gold passivated heater/pad
Bare heater line junction passivated junction

Figure 3.10: a) Optical greyscale images of the gold, aluminum and platinum heater lines in
different areas on the same chip after experiencing temperatures above 800 K. These
images were taken under 530 nm illumination. b) SEM images in different locations on the
gold heater line.

For the optical portion of the experiment, we used a 20x objective with a 0.25 numerical
aperture. The illumination wavelengths were selected near absorption peaks in the optical
spectra for each metal to optimize their specific thermoreflectance response. Table 3.1
shows the wavelengths designated for each metal and their measured Crz at room
temperature. These results follow the expected spectral dependences for each metal, as
found in literature. We plot this experimental data for the metals at the specific

53,54,55

wavelengths examined in this work in comparison to spectral data given in references

in Figure 3.11.
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Table 3.0.1: Summary of the at room temperature thermoreflectance coefficients obtained
at the specific illumination wavelengths utilized in this work.

Room temperature Crr of metal heater lines (10 K™)

hicateriine 530nm  470nm 455 nm 780 nm
Metal

Gold -2.36 2.59 1.35 ;
Platinum -0.58 -0.364 ; ;
Aluminum - - - 1.14

C,. dependence on wavelength

6 x10*
Au Wilson
Pt Wilson
Al Wilson
— — Au Microsanj
4 Au Komarov

=== Al Komarov
Au
Al
Pt

———

-2

-4
300 400 500 600 700 800 900
Wavelength (nm)

Figure 3.11: Experimentally measured Cy for gold, aluminum and platinum displayed with
respect to illumination wavelength. The spectral behavior of the coefficient is from
literature, while the individual values are from this work.
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Gold

For gold, we examine the behavior of Crz under 455, 470, and 530 nm illumination from
room temperature to 500K, above which, quality of the metal deteriorated substantially. We
expect the temperature signal in the thermoreflectance images to be solely derived from
Joule heating generated in the metal line; this is confirmed by examining the 1°* harmonic
signal in the Peltier image (Figure 3.12). The lack of signal demonstrates the reliability of the
technique; parasitic thermal offsets were absent. From this point on, thermal images

presented in this chapter exhibit the 2™ harmonic (Joule) signal only.

a) b)
PELTIER - Magnitude [K] x10° __ PELTIER - Phase [degrees]

2.1 Bl R 150
100

14 S0
0
-50

0.7
-100
-150

0

Figure 3.12: Peltier magnitude (a) and phase (b) images of the active gold heater line at
room temperature. No 1* harmonic temperature signature is present in these images.

Thermal and optical images taken under the three different wavelengths at room
temperature are presented in Figure 3.13. Figure 3.13b displays the magnitude of the
relative reflectivity as a result of Joule heating generated in the heater line. The

temperature is uniform along the heater line, except in areas near the current injection
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pads. For the given AT, bare gold illuminated at 530 nm has the highest thermoreflectance
response, followed by 470 nm and then 455 nm. The reflectivity signal is significantly
enhanced in the passivated region at 530 nm, but is slightly diminished at 470 nm with
almost no change for the 455 nm data, relative to bare Au. The relative phases of these
signals are displayed in Figure 3.13c. Since no spurious harmonics are present and Joule is
always ‘heating’, the change in phase indicates a change in sign of Crz. Therefore, 530nm
unpassivated Au has a negative Cr; i.e. for a given increase in temperature, the relative
reflectivity signal is dampened. Both 470 nm and 455 nm exhibit positive phase and thus a

positive Crg, as expected.
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Gold AT=3.7K
a) visual [CCD

C) JOULE - Phase [degrees

Figure 3.13: The change in the reflectivity of a gold heater line under 530 nm, 470 nm, and
455 nm illuminations, in response to temperature oscillations with amplitude 3.7 K. a)
exhibits the optical images under the three wavelengths. b) and c¢) depict the magnitude and
phase of AR/R, respectively.

The average AT,, sensed in the 24 um wide Au heater line generated from the maximum
applied voltage varied from 3.7 K to 6.0 K over the temperature range. When normalized for
current, both the amplitudes of the relative reflectivity and temperature modulations
increased almost linearly with temperature (shown in Figure 3.14), though not at the same
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rate. To determine Cyz, we simply divide the relative reflectivity signals by the calculated
AT,,. The coefficients of thermoreflectance for both bare (Figure 3.15a) and passivated
(Figure 3.15b) gold are plotted up to 500 K. There are distinct trends in the coefficient for
each wavelength which are shown to be slightly altered by the presence of passivation. The
total error in the measurement is calculated considering the dominant error sources:
standard deviation in the average signal across the heater line in the reflectance images, the
difference in the 1w voltage drop across the heater line and external resistor, and the error
in the linear fitting of a. Since the quality of the heater deteriorated at higher temperatures,

error in both a and the resistances contributed significantly.

Measured trends with temperature-gold
15 ! ! | !
| . ARIR530 p

" AR/RI470 nn|

AT (K)
AR/R (x 104)
S

AR/R 455 nin : %
] - —— e - e AT -

i i i 1 i
250 300 350 400 450 500 550
Temperature (K)

Figure 3.14: The temperature trends of AR/R measured by thermoreflectance imaging and
AT, calculated by 3w method.
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Figure 3.15: C;; behavior with temperature for bare gold (a) and gold with a 200 nm thick
layer of SiN, (b). The maximum change in the coefficient is exhibited under 470 nm
illumination; ~20 % over the temperature range, or approximately 0.20 x 10 per 100 K.

In gold, there is a direct transition from the upper states of the d-band to the Fermi level,

with the band edge occurring near 520 nm.>**’

This corresponds to structure in the
spectrum of the imaginary component of the dielectric function affecting reflectance.
Temperature effects on the band structure are dominated by those induced by thermal
expansion of the crystal lattice, which serves to shift and broaden the absorption band

**38 These energy shifts can be considered linear for the small changes in lattice

edge.
spacing experienced in this temperature range, so we assume an approximately linear shift
of the reflectivity peak with temperature. However, for this particular transition in gold,

temperature induced broadening of the Fermi distribution also plays an appreciable role.

The change in the absorption peak in the dielectric spectrum of gold near 500 nm has been
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shown in the literature to shift toward lower energies at rates ranging from 0.03 nm*® to
0.12 nm* per K. Our measured Cr for bare gold at 530 nm exhibits a maximum near 400 K.
We roughly estimate the rate of shift with wavelength of the reflectivity peak to be ~0.1
nm/K based on the room temperature spectra maximum (or minimum, as it is negative),
which is in reasonable agreement with the literature if we assume similar shifting and
broadening. The Crrdetermined for 470 nm and 455 nm show an initial decrease with
temperature, consistent with a spectral shift to lower energies. The overall behavior of
which are anticipated by the slope of the peak in the spectrum for the reflectance of Au
(refer to Figure 3.18). This is a rough estimate of the expected shift in energy; values are
influenced by strain experienced by the metal film as a result of coefficient of thermal
expansion mismatch with the substrate, which will further influence band structure in

dielectric spectra.

Platinum

The platinum heater line remained relatively stable for higher temperature measurements,
compared to the other metals investigated. Figure 3.16 displays the thermoreflectance
images at 470 nm and 530 nm taken at 700 K. The phase images show a negative reflectivity
response of bare platinum to temperature modulation. However, the passivation effectively
turned Cy;; positive under 470 nm illumination, while enhancing the negative response of the
530 nm signal. This is consistent with the behavior of the gold heater line; passivation at 470
nm has a diminishing effect. The temperature dependent Cris plotted in Figure 3.17a for
bare platinum and Figure 3.17b for platinum with passivation. Overall, the sensitivity of

reflectivity increases with temperature.
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Platinum AT =8.3K
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Figure 3.16: Thermal images of the platinum heater line at 700 K for AT,,, = 8.3 K. The phase
images show that the sign of the thermoreflectance coefficient flips with passivation under
470 nm illumination.
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Figure 3.17: Cy; of bare platinum (a) and passivated platinum (b) up to 800 K. The larger
error bars in the bare platinum data at the higher temperatures is due to material
degradation with temperature.

Aluminum

There is a well-known interband transition near 800 nm illumination,*® which corresponds to
the only substantial absorption peak near the visible spectrum suitable for
thermoreflectance imaging. In this study, we examined the aluminum heater line under 780
nm illumination, for applied biases similar to that of the gold heater line due to their
comparable electrical resistivities. AT, also varied similarly for the maximum applied
voltage; from 3.7 K at room temperature to 8.1 K at 600 K. The reflectivity response of
aluminum is positive for both bare and passivated regions, corresponding to a positive Crz
which decreases over the temperature range (Figure 3.18). The passivation layer at this
wavelength had the overall effect of decreasing the thermoreflectance response, more so

with increasing temperatures. The Crzvalues for bare and passivated aluminum heater line
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are plotted in Figure 3.19. The temperature response of interband absorption in aluminum
is characterized by broadening and shifting of the peak toward lower energy, largely induced
by lattice volume dependence of the pseudopotential.”®* Such a shift would decrease the
magnitude of Cr (Figure 3.18).The higher rate of change in Crz with temperature is
attributed to the larger thermal expansion coefficient of aluminum relative to the other

metals.

Aluminum
T =300 K AT=3.7K
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Figure 3.18: Comparison of the change in reflectivity due to Joule heating of 3.7 K at room
temperature and 8.1 K at 600 K. Damage to the heater surface is apparent in the optical
image at 600 K. In spite of more significant heating at 600 K, the thermoreflectance image
exhibits a reduced reflectance as a result of the smaller Crzat the higher temperature.
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Figure 3.19: The trend of the coefficient of thermoreflectance for bare and passivated
aluminum. Crshifts at a rate of about 0.22 x 10™ per 100 K temperature change for bare
aluminum, which is quite substantial considering the small values of C.

Equations governing temperature dependence and the effect of passivation

Three main physical processes determine the optical properties of a material, namely
electronic transitions, free carrier effects, and charge carrier-phonon interactions. These
processes and their interactions are concisely represented in Figure 3.20 (adapted from
reference ®!). Thermoreflectance microscopy measures the thermal behavior of these
effects as they manifest in the response of the complex dielectric function, €(E) = €;-i €,, to
an oscillating thermal field. €; and €, are the real and imaginary components, respectively.
The dielectric constant is a function of energy, which implies an inherent dependence on the
wavelength of incident light (E=hc/A) and temperature of the material. Reflectivity

measurements are generally associated with the complex index of refraction of a material,
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n=n- i k. The real component, n, describes the relative velocity of light in a material and the
imaginary term, K, is the extinction coefficient and depicts absorption of light. Maxwell’s
equations give the relation between the dielectric constant and the complex index of

refraction:
£ =n?=(n?-k? —i2nk. (3.3.1)
The amplitude of the reflected light, r, of normal incidence on a single surface is given as:

NnNg—n
=2 m (3.3.2)

T,
om T+ Ny,

where ng is the complex index of refraction of the incident light (medium 0) and np,is the
complex index of the reflecting material. In practice, incident light travels through a non-
absorbing medium, such as air, and the imaginary part of npcan be neglected. The measured
reflectivity (R = r - r*) for a single interface is then:

(g —np)?+ kA
(o +np)? +kE

Ro1 (3.3.3)

The thermoreflectance coefficient is the relative reflected intensity change resulting from a
small temperature oscillation in the reflecting medium, and can be obtained from the
temperature derivative of Equation 3.3.3 normalized for baseline reflectivity. Thus, in an

optical system with a single interface Cig pare IS given as:

on ok
4ng(n?, —n3 — k) a—,]i" + 8n0nmkma—,f”

C =
TR,bare ((ng + np)? + krzn)((no —n,)?%+ k,zn)

(3.3.4)
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Figure 3.20: Schematic of the effect of a temperature increase on the physical processes in a
bulk metal which can lead to modification of the optical properties. Image adapted from
Ref. 61.
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Studies have shown significant changes in the thermo-optic coefficients
metals over the temperature range of this experiment, especially for transitions near the
Fermi level.®” These effects display as more pronounced dispersion compared to the
influence of thermal expansion specific to the material under test, including sign changes in

the thermo-optic coefficients. Each term in Equation 3.3.4 and the corresponding

temperature dependencies must be empirically determined for individual material systems.

The addition of a transparent encapsulation layer complicates the analysis somewhat; in
these measurements, incident light is reflected off both the air-to-film and film-to-metal
interfaces. This becomes a three layer problem, where reflected light off the two interfaces
constructively or destructively combines (due to phase changes) depending on the film layer

thickness. If the passivation layer is of suitable thickness to be considered completely
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transparent, the index of the film, nr is real, as is the amplitude of reflection of light solely

due to the air-to-film interface:

L DL 3.3.5
T'Of— n0+nf. ( )

The total amplitude of the reflected light, rrot, now has phase change and film contributions,

in addition to rom, expressed as:

Tof + rfme_izﬁ

Trot = (3.3.6)

1+ rof reme 28’

where ra represents the reflected amplitude off the film-metal interface. The term B
governs the phase change of the reflected light at the sample surface: f = 2mn;d /A,
where d; is the passivation layer thickness and A is the wavelength of incident light. The total
intensity of reflected light for the three layer system, Ry, is thus:

gjzc + gm + i + 295 gmcos[2B] + 2g£hy, sin[2]
1+ g7 g5 + gihi + 2grgmcos[2B] + 2ghy, sin[2]

Rrot = TrotTrot = (3.3.7)

n§ —nf nf —nk, —k, " 2npkpy,
Tt T ks T () A kG

9r

The terms g5 gm and A, are introduced following reference® to reduce the complexity of
the expression. The cyclic nature of the trigonometric terms indicates the expected
oscillation in reflectivity with respect to passivation layer thickness. Figure 3.21 displays the
calculated changes in total reflectivity due to variations in the passivation layer thickness for
the experimental devices (Au, Al, and Pt) used for thermoreflectance coefficient calibration

64,65

measurements. Room temperature optical data is taken from the literature.”™” The grey
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line depicts the thickness of the SiNx layer of the samples: d:= 200 nm.
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Figure 3.21: The reflectivity of light of the different measurement wavelengths plotted as a
function of passivation layer thickness. The grey line indicates the actual measured SiN,
thickness.

92



However, it is difficult to predict the effect of the addition of the passivation layer on Cqy
from these viewgraphs, other than it too will have a cyclic dependence on the layer
thickness. By definition, the coefficient of thermoreflectance quantifies the effective

thermo-optic behavior of a material system and is therefore governed by the individual

. . —_— ong 9 ok .
material coefficients constituting the layered sample: a—;,%,a—;‘. As mentioned
previously, these coefficients are only available phenomenologically from spectral data

acquired at various ambient temperatures.

Assuming a slight temperature dependence of the SiNx film with a linear expansion

coefficient of 3.27 E-6 and that the linearized thermo-optic coefficients are valid for small

. on,, 0k .
temperature changes, we determine the local a—;", a_Tm values for the metals using the

reflectance data measured at the various ambient temperatures of this experiment. Thus,
the influence of the passivation layer on the thermoreflectance coefficient can be calculated
using the above equations and is shown in Figure 3.22 for gold and platinum at room

ong

temperature. Again, the grey line represents the actual SiNx layer thickness. 57 Was found

64,66

to be on the order of 10° for SiNx, which is reasonable compared to literature. However,

. . . Ong .
in the calculations over the temperature range, we used an effective rr that incorporates a

contribution of the thermostat viewport. This had the overall effect of slightly reducing the
temperature dependence of the index of refraction of SiN,. The calculated room
temperature thermo-optic coefficients match quite well with data from reference 53.

Figures 3.21 and 3.22 demonstrate that the reflectance signal and thus the C; of a material
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may be optimized through selective deposition of passivation thicknesses, or by utilizing

incident illumination coincident with a maximum.
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Figure 3.22: The thermoreflectance coefficients of platinum and gold under different
illumination wavelengths plotted with respect to the passivation layer thickness. This is
accurate near room temperature. The vertical line indicates the nominal thickness of the
SiN, layer of the experimental devices.
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Chapter 4 Transient Harman technique for direct
measurement of the cross-plane figure of merit of thin films at

high temperatures

The transient Harman method®”®® is a simple approach used to obtain the cross-plane ZT of
a thermoelectric material in a single measurement; thus, its high temperature
implementation is desirable to reduce error accumulation in ZT associated with three
separate measurements. The technique is based on the detection of the ratio of resistive
and Seebeck voltages created by electrically induced heating in the time domain. Not only
does it necessitate high temporal resolution, it also requires rigorous coincidence of the
thermal and electrical flow paths in the device to attain a high degree of measurement
accuracy. The conventional transient Harman technique has been successfully employed in
bulk material systems,69 however, these criteria are difficult to achieve in thin film devices.
Both electrical and thermal profiles lose uniformity at the sample surface and within the film
itself due to its decreased aspect ratio, while thermal transients are very fast (*10nsto 1
ms) and difficult to resolve above measurement noise. These effects are further
exacerbated by contributions from spurious thermal signals, including interface Joule
heating as well as thermal leakage through probe leads, both of which are substantial
relative to thermal signature of a film at the micrometer scale. Similarly, the electrical
measurement can become convoluted. Parasitic electrical resistances, i.e. substrate and
contact resistances, are on the order of or greater than the actual device resistance and thus
constitute a larger proportion of the measured voltage. Analytical modeling and thermal
mapping of the electrical and thermal distributions in a transient Harman experimental
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70,71,72,73,74

device have shown the detrimental impact of these effects and help identify an

approach to minimize them; though, little work has been published applying transient

73-75 / 73

measurements to thin films. Previously, Singh et al. ”” demonstrated the first thin film

transient Harman measurement of ZT at room temperature.

In this chapter, we show how the transient Harman technique utilized in conjunction with
thermoreflectance imaging can not only extract the individual material parameters and ZT of
a thin-film energy conversion device, but also quantify parasitic effects. Furthermore, the
optimization of experimental devices designed to mitigate the influence of parasitic signals
during the measurement is discussed. The results of the high temperature characterization

of 25 um thick InGaAs thin film with embedded ErAs (0.2 %) nanoparticles are presented.

4.1 Theory and measurement requirements

The technique is simply a measurement of the voltage response of a thermoelectric material
to a square-pulse bias. The slower response time of the thermally induced voltages is
exploited to distinguish between Seebeck (Vs) and resistive voltages (Vz).*’ A bipolar
measurement is required to extract the Peltier (Vsp) and Joule (Vs;) components of the
Seebeck voltage since the Peltier signal flips sign with current polarity, while Joule is always

heating.68 Therefore, ZT is obtained in one direct measurement: ZT=Vsp/Vx.

The total heat (Q) transported per unit time in a thermoelectric device in response to an

applied bias is:

Q = STI — %I?R — KAT (4.1.1)

96



where I is the applied current and K is the thermal conductance. In this equation, heat and
current flow are taken with reference to the cold side of the thermoelectric device and
hence T is the temperature at the cold side. The total voltage (V;) developed across the
device is the sum of the electrical voltage drop and the Seebeck potential generated from

the temperature difference:

Vp = Vs + Vg = SAT + IR (4.1.2)

under steady state conditions. Accordingly, Q = 0 and AT can be determined from Equation

4.1.1:
Ve = Ve V. _ S?TI SI’R 413
S — Vsp S] - K ZK " ( e )
Thus, ZT is calculated as:
Vep ST
IT= —= —. (4.1.4)
Vg Kp

With an additional measurement of the temperature gradient generated by Peltier heating
or cooling (ATsp) at the thermoelectric film/contact interface, the cross-plane S and k are
obtained. o is calculated simply from the measured resistive voltage provided that the

geometry of the sample is known and can be considered one-dimensional.

o Ve STI d 1d

— ; el _’ =——; 4.1.5
ATep’ = ATepA’ ° " RA (4-1.5)

These conductivity equations assume 1D current flow through a cross-sectional area A for a

distance d.
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The cross-plane ZT determined in this manner is only accurate if the heat flux across the
device is identical to the electrical current profile; specifically, all spurious electrically and
thermally generated voltages are eliminated. To accomplish this, the following experimental

conditions must hold:

e Adiabatic heat transfer within the thermoelectric device

e Electrical measurements are made in the quasi-static thermal regime

e The average temperature of the device must not change significantly; the assumed
Seebeck coefficient is constant during heating and cooling phases.

e Current must be applied uniformly across the device contacts to avoid a ‘distributed’
Seebeck voltage effect.

e Spurious electrical resistances are eliminated through a four-wire measurement.

As mentioned previously, these last two requirements are especially difficult to achieve in

thin film devices.

4.2 Optimization of device design

Specialized processing and device lead geometries can diminish the impact of electrical and
thermal parasitic effects and improve the accuracy of the transient Harman measurement
enabling the extraction of the cross-plane ZT of thin film thermoelectric materials.”® To
accomplish this, we have employed the finite element method (FEM) and analytical
modeling together with thermoreflectance imaging to visualize thermal and electrical paths
in thin film samples over multiple generations of metallization geometries and packaging

72,733

configurations (see Figures 3.3 and 3.4 for older generation geometries). Realistically,
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both electrical and thermal spreading will occur in the different device layers and must be
accounted for. Accordingly, the assumed material conductivities given in equation 4.1.5 are
over-simplified; both electrical and thermal conductivity would not only present with a 1/A
dependency, but would include an additional 1/VA term accounting for spreading resistance

in the device.”’

Finite element simulations considered the three-dimensional heat and electrical current
flow throughout the device and included additional parasitic sources: heat generation and
conduction in the metal leads, as well as problematic electrical and thermal series
resistances. A schematic of the most recent device design is given in Figure 4.1a, and is

described in detail in this chapter.
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Figure 4.1: (a) Schematic of improved device design for thin-film transient Harman
measurement. (b) Trade-off between heat leakage through the current injection lead and
heat flow into the device due to Joule heating dissipated in the injection neck of a 25 um
thick 0.2 % ErAs: InGaAs film, plotted as a function of current injection neck width. The inset

shows a magnified optical image of the 50x50 pm” device examined; the neck width is 22
pum and the thickness of the metal lead is 0.5 um.

In this design, electric current is delivered to the sample mesa through a long metal lead
(gold), which is electrically isolated from the thermoelectric film by a thin layer of SiO,
(green). Electrical and thermal transport occurs in the cross-plane direction through the
thermoelectric material (red) to a backside electrical ground contact and thermal heat sink

(gold and brown). Separate electrodes are utilized for applied current and voltage sensing in
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order to reduce probe coupling and remove contributions from lead resistances in the
voltage measurement. The voltage sensing electrode can then be connected to the device
mesa with a much thinner lead, which practically eliminates heat and electrical current flow
to the contact. Thus, an open-circuit voltage measurement is ensured. Contact resistance,
however, is still present in this design. Ideally, the film thickness is maximized such that the

voltage drop across the film is a relatively large fraction of the total measured voltage.

The use of metal leads to deliver electrical current serves to maintain thermal isolation of
the device, but can exacerbate injection non-uniformity in the mesa. The magnitude of this
effect is governed by the metallization thickness and the lead geometry and its
corresponding electrical/thermal properties. A very thin lead width would minimize heat
leakage via conduction into the mesa (due to Joule heating from probes and leads) and
away from the top contact (i.e. loss of Peltier cooling). However, Joule heating generated in
the lead itself is substantially greater for a thin neck design and will have greater impact on
heating non-uniformity. Thus, the optimized lead geometry is a trade-off between heat
leakage and the influence of Joule heating generation. Figure 4.1b plots the two effects
versus current injection lead (neck) width, determined by analytical modeling as described
in Wang et al.” for 25 pm 0.2%ErAs:InGaAs. Thermal leakage from the current injection

neck into the mesa is given by:

Kneck
Qneckmesa = I? preck w2 _d___h . - ATSP\/Wrzzeckdneckheff- (4.2.1)
neck“neck'te

In this form, the first term on the right hand side of the equation accounts for Joule heating

generated in the neck, while the second term represents Peltier heat conduction away from
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the mesa due to the temperature differential. All subscripts labeled ‘neck’ refer to material
parameters and geometries of the current injection lead. h.4 is the effective heat transfer
coefficient of the material system; this term incorporates heating generated in the neck
which flows through an electrically insulating layer into the film (designated by the

subscripts SiO, and film, respectively).

-1
O 2 Wneck
w. 2d il 2 Sin nﬂw i ) 2d £ dg;
hesp = § ok im 4 5 Z —™"~ tanh (nn—f”m> + 220 (4.2.2)
2Kfim | Wrim 13 (_Wneck) n Writm Ksio2
Writm/) T=1

The optimal neck width is calculated by minimizing the sum of these two parasitic effects;
for this device it is 21.5 um. The inset of Figure 4.1b shows a magnified optical image of the
processed thin film with the mask dimensions. The above analysis shows that these
deleterious effects can be minimized, though not fully eliminated. To avoid further influence
on the voltage measurement, the voltage sensing area is located on the opposite side of the

sample mesa, as in the figure.

This device design was realized on the 25 um thick nanostructured InGaAs film, grown via
molecular beam epitaxy by collaborators at UC Santa Barbara. Erbium was co-deposited
during the growth of the semiconductor matrix, forming semi-metallic nanoinclusions with
an atomic percentage of 0.2 %. 250 nm thick highly-doped InGaAs buffer and cap layers
were additionally grown on either side of the film to improve the ohmic contact between
the film and the metallization layers. To eliminate the effect of the growth substrate, the
sample was flip-chip bonded to a Au-coated AIN plate and the growth substrate was
subsequently etched away. The 5 um thick Au layer is used as the backside electrical ground

contact. The collaborators used standard photolithographic techniques to deposit and
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pattern the mesa contacts with 0.5 um thickness. Subsequently, a 300 nm SiO, insulation

layer was deposited with mesa areas exposed to enable fabrication of the side electrodes.

Thermal images were used to assess electro-thermal simulation results and confirm the
necessary metallization thicknesses with mesa/contact areas ranging from 50 pm x 50 um
to 150 um x 150 um, while also determining the quality of the device processing. Section 3.2
describes some of these analyses, and Figure 3.5 exhibits thermal images of a 100 um x 100
um sample. Unfortunately, these devices displayed significant flaking and current crowding

within the contact pad, indicative of poor device adhesion/bonding.

4.3 Measurement Details and Results

Measurements of fast thermoelectric transients and thermoreflectance imaging are
performed in the optical thermostat under high vacuum (~10° mbar). The sample is
mounted with good thermal contact to the high-speed measurement stage, which thermally
sinks the sample and also acts as ambient heater. Heat sinking is important to maintain
small ATs so there is no appreciable change in thermoelectric properties between heating
and cooling cycles. The entire apparatus is capable of 100 ns temporal resolution, necessary
for transient detection of thin or thermally diffusive samples. More information about the

chamber specifics and the high-speed circuitry is presented in Chapter 6.

Application of the transient Harman technique

We obtained the total voltage responses of the 0.2 % ErAs: InGaAs devices to a bipolar
square current pulsed at 500 Hz with a 50 % duty cycle.”® This ensured that the maximum
temperature difference was achieved across the device for a given applied current, thus the

generated Seebeck voltage was saturated. The current amplitudes varied from 60 mA to 300
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mA, depending on device size. The total magnitude of the measured pulse was recorded to
determine V4, in addition to a highly resolved ‘zoom-in’ on the thermal decay for each
polarity (Figure 4.2). The smallest mesa area, 50 um x 50 um, displayed the most uniform
current/temperature distribution among the device mesa sizes examined in this experiment;
the devices with larger mesa sizes exhibited nonuniformity representative of a large
parasitic series resistance. Furthermore, the 50 um x 50 um had the highest current density,
and consequently, the best signal to noise ratio. Therefore, the results for the 50 um x 50

um sized devices are presented and analyzed in this chapter.
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Figure 4.2: The measured voltage response of the thermoelectric energy conversion device
to 100 mA bipolar excitation at select ambient temperatures. The positive and negative
measured voltages are plotted such that time t =0 is taken as the device turn-off time. The
resistive voltage decreases with increasing temperature, while the amplitude of the
transient signal is strengthened.
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The total voltages for both polarities are presented in Figure 4.2a at select ambient
temperatures. The amplitudes of the waveforms are comprised of the resistive, Peltier and

Joule voltages, as:
VT(+I) = VR + VSP + VS]
VT(_I) = _VR - VSP + VS] (431)

where +/ and —/ represent positive and negative current bias, respectively. Figure 4.2b shows
a better view of the voltage transients. The transient signal is expected to match the form of
a superposition of exponentials, with each term governed by a thermal time constant
associated with the heat capacity of the thermoelectric device. The amplitude of the total
Seebeck voltage for each polarity is calculated by fitting the transient signal with a bi-

exponential equation of the form:

Vi(t) = A+ Be T+ Ce /m (4.3.2)

where t;is the dominant time constant of 1D heat diffusion from the sample surface to the

backside of the film and can be expressed by’

—4d2 4.3.3
Tl—nzDTh. (4.3.3)

d is the film thickness and the thermal diffusivity Dy, relates the thermal conductivity and
the volumetric heat capacity C,, of the film, D;,=k/C,. The second significant thermal time
constant t,accounts for heat spreading within the film, the AIN layer, and the packaging.

The magnitude of the transient signal at device turn-off, time t=07, is taken as the sum of the

coefficients of equation 4.3.2: A+B+C.
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Vsp, Vs, and thus V; are extracted using the following equations:

Vsp =

VS] =

Y [Vs(+1) + Vs(=D)]

W [Vs(+1) — Vs(=D)]

(4.3.4)

To reduce measurement error, V; is calculated as the average value determined from both

the positive and negative polarity pulses.

The measured Seebeck voltage transients for various applied currents at room temperature

are depicted in Figure 4.3 for one of the 50 um x 50 um devices. The insets display the

extracted Vsp and Vs, amplitudes plotted versus applied current. The Peltier component of

the transient voltage exhibits a linear increase with current (Figure 4.3a), while the Joule

component shows quadratic dependence on current (Figure 4.3b), as expected. The proper

dependencies with applied bias demonstrate the accurate transient resolution of the

measurement for the specific current range and temperature.
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Figure 4.3: The Peltier (a) and Joule (b) transient Seebeck voltages taken at various applied
biases at room temperature for a 50 um x 50 um device. The insets display the total
amplitude of the transient voltage signal plotted against input current. a, B are fitting
parameters.

Thermoreflectance imaging

In order to determine the cross-plane Seebeck coefficient and k from the transient data, the
temperature change due to the Peltier effect, ATsp at the device/contact interface must be
known. We employed thermoreflectance imaging of the active device to achieve this end. A
narrowband green LED (A = 530nm) was used for sample illumination through a microscope
objective with 10x or 20x magnification and the reflectivity was monitored with the thermal
imaging set up described in Chapter 3. Green illumination was selected due to the relatively
strong Cr for Au at this wavelength. We calibrated Cr; in the measurement apparatus at

room temperature, and determined Crz= (2.26 * 0.05) x 10 /K for these devices.

To obtain thermal images, we utilized both the 4-bucket and the differencing method
(square-pulse 4-bucket) with the thermoelectric device pulsed at the same current
amplitudes as in the transient Harman measurement. An analogous procedure was used to
distinguish between the Peltier (ATsp) and Joule (ATs;) components of the thermal signals
from the total measured temperature across the mesa (AT;), as discussed in the previous

chapter:
ATsp = Y2[ATp(+1) — AT (=1)]

ATg; = W[AT(+1) + AT (=D)]. (4.3.5)
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Figure 4.4 shows the optical and thermal images of the same 50 um x 50 um active device
biased with 100 mA at 300 K, separated into Peltier and Joule components, as before. The
relative phases of these surface temperature fields depict the Peltier signal as 180° out of
phase with the Joule signal, indicating that the sample was cooling at this reference polarity,
while Joule was always heating. The Peltier temperature distribution across the sample is
fairly uniform, varying by ~9 % across 50 um; this is a consequence of the improved device
design and the resultant current injection uniformity. The Peltier image also exhibits
minimal thermal leakage into the current electrode, though some activity is still apparent in
the phase image. Phase information in general is quite sensitive to small variations in the
thermal distribution across the sample and thus reveals slight reflectivity changes. Joule
activity for the most part is dominant in the current injection neck region, with some
leakage visible into the mesa region. The uniform phase over the sample indicates the
presence of Joule heating in areas where current is flowing, as expected. The magnitudes of
the Peltier and Joule temperature signals are plotted versus applied bias at room
temperature in Figure 4.4. Again, they exhibit the respective linear and quadratic

dependencies.
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Figure 4.4: Thermoreflectance imaging of the 50 um x 50 um device at room temperature
taken at 100 mA bias, separated into Peltier and Joule components. Color bars show the
absolute temperature/phase difference from ambient. a, B are fitting parameters for the
Peltier and Joule temperature amplitudes (respectively) with current.

High temperature experimental results and cross-plane Seebeck

Transient voltage and temperature measurements of the energy conversion devices
fabricated with 0.2 % ErAs:InGaAs thin films were performed at discrete temperature steps
of 50 K from room temperature up to 550 K. According to the analysis of the previous
chapter, the thermoreflectance coefficient of gold is only expected to vary by 10 - 15 % over
this temperature range. However, sample degradation occurred at 500 K invalidating the

calibration results at this temperature range.
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The Peltier and Joule transient voltages (Figure 4.5) and thermal images (Figure 4.6) are
presented at various ambient temperatures under a constant applied bias of 100 mA. The
insets of Figure 4.5 show the respective Seebeck voltage signal amplitudes as a function of
temperature; Vsp increased more rapidly than Vs, with increasing temperature as anticipated
by the additional temperature dependence in the Vs term shown in equation 4.1.3. A
similar trend was evident when comparing AT, with AT, over the measurement
temperature range, as shown in Figure 4.6b. Thus, the potential for higher energy
conversion efficiency increases with temperature for this device. For brevity, Peltier and
Joule thermoreflectance images at select ambient temperatures are displayed in Figure 4.6,
together with the average ATspand AT, plotted versus ambient temperature. Both the
Peltier and Joule signals became more substantial at elevated temperatures, resulting in
increased thermal leakage through the current electrode neck. Joule heating in this region
also intensified due to increasing Au resistivity with temperature. Both effects worsened
temperature non-uniformity in the device, which is especially apparent at ambient
temperatures around 500 K and above. Moreover, the sample surface itself had an altered
visual appearance at these temperatures. The assumed Cr in the thermal images (-2.11 x
10™/ K) at 500 K does not account for sample roughening and darkening, clearly visible in
Figure 4.7. At these temperatures, it seems that the Au in the contact mesa unexpectedly
began to diffuse into the film and slightly darkened the mesa surface, thus changing the
thermoreflectance coefficient and yielding the large error bars shown in figure 4.6. This is

probably due to a poor diffusion barrier between the metal and semiconductor film.
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Figure 4.5: Transient Seebeck voltages under ~100 mA excitation at different ambient
temperatures, from room temperature to 550 K with 50 K temperature steps. (a) Peltier
component of the Seebeck voltage. (b) Joule component of the Seebeck voltage. The insets
show the amplitudes of the respective voltage transients plotted versus ambient
temperature.
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Figure 4.6: (a) Peltier and Joule thermoreflectance images of the device at varying ambient
temperatures: 300 K, 400 K, and 500 K. Color bar represents absolute temperature
difference from ambient. (b) Peltier and Joule temperature signals plotted versus ambient
temperature; these values are averaged over the mesa. The large error bars at > 500 K are
due to sample surface degradation affecting the assumed thermoreflectance coefficient of
the device at the higher temperature.
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The cross-plane Seebeck coefficient of the thermoelectric device can be calculated by
dividing the two values depicted in Figures 4.5 and 4.6 at each measurement temperature,
which matches very well with independent in-plane measurements. The experimental cross-
plane Seebeck coefficient is plotted in Figure 4.8 alongside in-plane results for a 2 um thick
0.2 % ErAs:InGaAs thin film measured using a temperature differential technique at UC
Santa Barbara. The total error in the measurement was calculated by accounting for the
dominant error sources: error in fitting the amplitude of the transient voltage, standard
deviation of the average temperature distribution across the sample as depicted in the
thermal images, as well as error in the assumed value of the coefficient of
thermoreflectance. Additional smaller sources of error were considered, including applied
voltage fluctuations and variations in temperature readings. The large error bars at 500 K

and 550 K come from the change in the appearance of the sample surface and its impact on

the assumed value of Cyp.

Figure 4.7: Optical images of the device depicting surface degradation effects after
experiencing 550K and 600 K ambient temperature.
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Figure 4.8: Comparison of the measured Seebeck coefficient calculated in the cross-plane
direction using the transient Harman technique in conjunction with thermoreflectance
imaging on a 25 um thick 0.2 % ErAs:InGaAs film (red, closed circles) to that of a 2 um thin-
film measured in the in-plane direction (blue, open squares).

4.4 Finite Element Modelling

For these particular devices, the directly measured ZT was unexpectedly low in comparison
to the ZT of 2 um thick 0.2 % ErAs:InGaAs thin film acquired from three separate in-plane
(and cross-plane 3w) measurements. Since the values of the Seebeck voltages were
reasonable, the main discrepancy is in the measured resistive voltages of the device, which
were 5 to 10 times higher than anticipated and varied with the location of ground on the
device. Furthermore, we observed an abnormally high degree of non-uniformity in the

thermoreflectance images of the larger mesa areas (Figure 3.5). These images display

114



current crowding along the contact pad edges, corresponding to a high electrical resistance
‘seen’ from the perspective of the electrical current in the contact pad, in agreement with

the resistive voltage measurement.

My collaborator, Amirkoushyar Ziabari used the 3D finite element modeling software,
ANSYS, to study the electrical and thermal paths in order to explain this aberrant behavior.
The simulation utilizes the coupled heat and electric field equations in a thermoelectric

material:*

q=S8ST-]—k-VT

J=0-(F=S-VT) (4.4.1)

where g is the heat flux inside the medium, J is the electric current density through the
device, and T is the absolute temperature. These equations couple the two equations

governing the rate of heat flow and electric current continuity in the material, given as:

oT
ChE + V' q = Psource
0cF
V- (] + %) = 0. (4.4.2)

€ is the permittivity of a thermoelectric material and F is the electric field. The volumetric
power density, Psource , is comprised of a term representing the generated Joule heating, J*/o,
and a second term characterizing the rate of heating/cooling from the Seebeck effect, per

unit volume: J - (SVT). The substitution of the thermoelectric field equations into the
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second set gives a coupled system of equations that is solved iteratively until convergence

of the voltage and temperature distributions at steady state is achieved.

From the simulation results, we found that the 5 um gold backside ground layer should only
contribute a small factor, on the order of a mQ, to the total resistive voltage measurement.
This would certainly not be apparent when moving the location of the ground probe. The
only scenario that reproduced the measured high resistive voltages and thermal profiles was
in which the backside ground contact was removed from the analysis; that is, the current
flows in the in-plane direction through the semiconductor film to a top-side grounding
probe rather than the backside ground contact. This result suggests a significant interfacial
contact resistance between the film and the backside ground pad likely caused by issues
during processing of the devices. Both electrical resistance measurements as well as thermal
images on devices of various mesa sizes are consistent with the assumption that current
flows in the thermoelectric film only. The intended current path through the device is
illustrated in Figure 4.9a, alongside the actual path taken by the current (Figure 4.9b)

resulting in high electrical resistance.

(a) Correct Path (b) Actual Path

Ground Probe Ground Probe

Mesa Mesa

Backside Au Backside Au
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Figure 4.9 (a) Schematic depicting the correct current path, and the actual current path in
the device (b) as determined by FEM analysis.

With the new understanding of the electrical and thermal paths through the device, the
accurate material properties of the device at room temperature can be extracted. First, we
ran the ANSYS simulation iteratively for different electrical conductivity values using the
measured Seebeck as input, and adjusted the thermal conductivity of the film to achieve the
best fit of the Peltier signal with the experimental results. The difference between the
simulated Joule heating and the measured Joule data was used to extract the specific
contact resistivity of the contact pad on the mesa, yielding the actual electrical resistivity of
the nanostructured semiconductor material: which are 2.0 x 10° Q-cm? and 11.5 x 10 Q-
cm, respectively. The (topside) electrical ground pad is sufficiently large such that its contact
resistance can be neglected. These values were consistent for the different mesa areas
measured. The simulated and measured thermoreflectance images in forward bias are
presented side by side for a 50 um x 50 um device in Figure 4.10. In order to determine the
high temperature thermal conductivity, we kept both the electrical conductivity and
electrical contact resistivity constant throughout the temperature range. This is a
reasonable assumption as the electrical conductivity of the film is expected to vary by ~3 %
over the temperature range, based on in-plane van der Pauw measurements of the 2 um
film. Then, the measured Seebeck values at elevated temperature were input into ANSYS
and the thermal conductivity was iteratively varied to achieve the best fit for both the
Peltier and Joule (forward and reverse) profiles simultaneously. The simulated thermal

profiles are plotted with the experimental data up to 450 K in Figure 4.11. The values
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obtained for material parameters of 0.2 % ErAs:InGaAs film at 300 K and 450 K are
summarized in Table 4.1. The simulation results for different device sizes are in good

agreement.

-O 25 +0.3

.

-2 -017 +16 +34 +6.1

Figure 4.10: Direct comparison of the measured thermoreflectance images (a) and the finite
element modeling results (b) for a 50 um x 50 um device under 90 mA bias in cooling mode.
The top figures display a zoomed-in view of the mesa only, while the bottom set shows the
device with leads. Color bars represent change in temperature (K) relative to ambient.

Using the material parameters which reflect the actual current path in the devices, the room
temperature ZT is calculated as 0.114 and is 0.345 at 450 K, which are respectively 14 % and
about 9 % lower than that determined by three separate measurements of the individual
properties on 2 um 0.2 % ErAs:InGaAs thin film. This is primarily due to the larger thermal
conductivity determined in this work for these devices than that measured using the 3w
technique on the 2 um film. This discrepancy may a result of variations in sample growth

conditions during the long-time growth of the 25 um film (2 um per hour). In addition, a 25
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pum film may very well have different material properties than that of a 2 um film due to the

possible additional contribution of long mean-free-path phonons.

Heating

0 20 40 60 80 100
Distance (um)

(c) T=450K
B s Heating

0 20 20 60 80 100
Distance (um)
Figure 4.11: Comparison of the thermal profiles between simulation (dashed lines) and
thermoreflectance experiment (open squares) in forward and reverse bias (cooling and
heating modes). (a) Optical image of the 50 um x 50 um experimental device modeled by
ANSYS 3D finite element simulation. Thermal profiles and simulation results at room
temperature (b) and 450 K (c). The thermal profiles displayed are the measured AT averaged
over a box that sweeps the cross-section from A (0 um) to A’ (100 um) (squares with error
bars). Solid lines are the raw data over the 100 um cross-section.
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Table 4.1. Summary of the 25 um 0.2 % ErAs:InGaAs material parameters in the cross-plane
direction determined by either direct measurement or through FEM simulation compared
alongside the reported in-plane and 3w values of a 2 um thin-film of the same composition.

Seebeck Electrical Thermal
Data Source Coefficient Conductivity Conductivity
(LV/K) (Q-cm)? (W/m-K)° z7

300 K 450K 300 K 450K 300K 450K 300K 450K

Independent 143 <171 872 842 40 29 013 0.38
measurement data ®
Transient ZT/FEM -148  -168 870 870 50 32 011 035

extraction ©

®data taken on 2 um 0.2 % ErAs:InGaAs thin film

® data from cross-plane thermal conductivity measurements on 2 um sample using 3w
technique

“Seebeck data directly from transient ZT cross-plane measurements
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Chapter 5 High magnification imaging of vanadium dioxide

nanobeams

The spatial resolution of thermoreflectance microscopy is governed by the optics used to
detect the reflected signal; however, it is fundamentally constrained by the diffraction limit
to around 200 nm with visible light. We apply the technique at the edge of this limit to
capture thermal images of the M-I heterostructures in single-crystalline VO, nanobeams
(NBs). Thus far, electrical measurements of the thermoelectric properties of VO, NBs have
been conducted over the length of the device,*"** determining effective material properties
with indirect information about the domain interface. With thermal imaging, we directly
observe highly localized Peltier cooling/heating and Joule heating at the M-I boundary,
which acts as a thermal point source. In addition, an observed change in polarity of
thermoreflectance coefficient can differentiate between the two available insulating phases.
These experiments provide insight into the native M-I heterostructures of VO, NBs and

elucidate the underlying impact of stress.

5.1 VO: material background information

VO, is an extensively studied correlated material; it undergoes a highly stable high-
temperature metal to low-temperature insulator transition (MIT) at Tyr.gu ~ 340 K. 8 The
electronic phase transition is accompanied by a structural transition in which a metallic
rutile phase (Mg) converts to a semiconducting monoclinic phase (Iy),%* resulting in~ 1 %

85,86

expansion of the lattice along the tetragonal c-axis (Cg). The metallic and insulating

phases of VO, can be readily distinguished visually; they exhibit quite different reflective
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intensities and coloring . See Figure 5.1a. However, multiple monoclinic lattice structures
(Im1, Im2) are available for the insulating phase, which are almost optically identical and have
very similar free energies,®” adding to the complexity of the material system. The more
resistive |y, phase has a lattice constant ~ 0.6 % Ionger85 along Cg than ly; and can act as an
intermediate state between ly; and Mg. It is generally associated with higher tensile

88,89,90,91,92

strains. Raman spectrographic analysis can be used to determine the state of the

physical domains, as shown in Figure 5.1b.°>***

Though it is generally believed that the MIT
is induced by the symmetric splitting of the t,; band comprised of 3d vanadium states™

(Figure 5.1c), the physical nature of the M-I wall is still poorly understood despite its

promising electrical and thermal applications.
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Figure 5.1: Metal-insulator heterostructures along an individual VO, nanobeam. a) Optical
images of a typical VO, NB upon heating from room temperature (ly;) through coexisting
domains (Mg and ly,) to a fully metal Mg, state. Scale bar represents 10 um. b) The physical
domains are identified by Raman spectroscopy. c) Band diagram for M and Iy, phases. d)
Heating and cooling electrical resistance as a function of temperature for NByype;.

One-dimensionally aligned metal-insulator (M-I) domain configurations, as displayed in the

%979 o transitional metal

figure, can be attained either by substrate-induced uniaxial strain
doping in a single-crystalline VO, nanobeam (NB).” In the former case, M domains appear
gradually upon heating, shifting Ty,r in a manner dependent upon the nature of external
stress. Tensile strain along C; would drive the material system toward the Iy, phase,
increasing the temperature where the insulating domains subsist. Likewise, compressive
strain would drive the NBs toward a metallic state, which decreases the temperature where
metallic domains are formed. Given a strong adhesive interaction with the substrate, Iy,
phase (with longer lattice constant along Cz) becomes thermodynamically stable and the
alternating M-I heterostructures are spontaneously organized (Figure 5.1a). This substrate-

mediated MIT leads to a gradual decrease in electrical resistance until VO, NB becomes fully

metallic around ~ 390 K (Figure 5.1d).

5.2 Measurement Specifics

We investigate the electro-thermal activities at M-I walls by utilizing 8-bucket
thermoreflectance to create thermal maps of VO, NBs grown on SiO,/Si substrates in the M-
| coexisting regime.'® These VO, NBs are naturally bonded to the substrate and experience
uniaxial tensile strain along Cy (oriented as the NB long axis) as a result of high temperature

growth and thermal expansion mismatch between the NB and the substrate upon cooling.
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The NB substrate was mounted with a thin layer of thermal paste onto a Peltier heater for
ambient temperature control. A narrowband green LED (A ~ 530 nm) was used to illuminate
the VO, NBs through a microscope objective with 250x magnification. We selected green
illumination since the Cr for the contact material (Au) is well known at this wavelength. The

thermal images produced during this experiment assume a uniform Crz of =2 x 10 K™.

We utilized the 8-bucket approach due to the inherent difficulty in stabilizing and lack of
repeatability of the domain wall configurations; these measurements are susceptible to
variation inflicted by tiny fluctuations of the experimental conditions in the M-I coexisting
state. Bias current amplitudes were limited to ~15 pA such that the NB domains would not
be displaced by electro-thermal effects'®* during measurement averaging, the excitation
period of which is approximately 5 orders of magnitude longer than the typical thermal
response times for devices this size. We employed the minimum possible current bias that
induced a measureable signal while remaining in the linear regime of the I-V curve for the
NB. The optical images were continuously monitored during the measurement to ensure the
stable configuration of M-I heterostructures along the NBs. We confirmed that the resultant
reflectivity signals represent actual thermal fluctuations and not movement at the domain
boundaries by inspection of the phase images. The thermal signals at the interfaces are
uniform over a larger width than expected for edge effects from movement not observed
optically and exhibit point source-like behavior with continuous activity into the nearby

substrate.
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5.3 Measurement results: periodic domain organization

Several NB devices were examined in this manner, and it became apparent that each NB
could be categorized into one of two observed trends, which depended on the strength of
the attachment to the substrate (hence built-in strain): the first type exhibited periodic
domain configuration and had a smooth decrease in resistance with temperature, as
described in Figure 5.1. The second type of NB displayed few and irregular domain
formation, accompanied by a distinct jump in electrical resistance around Ty,r. For clarity,
representative examples of each category, designated NBy,.; and NBy.s, respectively, are

presented for analysis.

We first discuss results for a VO, NB (type 1) which exhibited the typical periodic domain
configuration; Raman spectra of this device is displayed in Figure 5.1b and established this
that device was in the Mg-l\;, phase coexisting state. Thermal images of the NB taken at 355
K under an applied 10 pA sinusoidal current are presented in Figure 5.2. These images were
averaged for ~ 500 cycles. As discussed, periodic domains are indicative of homogenous
substrate adhesion and are clearly observed in the optical image depicted in Figure 5.2a,b
(greyscale image); this domain configuration remained stationary for the duration of the
thermoreflectance measurement. Figures 5.2c,e display the temperature magnitudes of the
Peltier and Joule signals, respectively. Both signals originate in the interface regions
between metal and insulator domains which behave as thermal point sources. In these
optical experiments, the exact location and width of the signal may not be fully resolvable
due to the diffraction limit. We expect to see Peltier heating or cooling at the M-I junction

102,81

given the presence of an energy barrier. On the other hand, Joule heating is also
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concentrated at the M-I junction indicative of a significant resistance of the domain wall
(Row) between the metallic and insulating domains. For the specific current amplitude
depicted in these figures, Joule heating is stronger than the magnitude of Peltier and is
consequently better resolved; the average ratio of the Joule magnitude to that of Peltier
(J/P)is ~ 1.75. It is interesting to note that while Ry, plays a minor role from an electrical
standpoint (relative to the overall NB resistance), it dominates the local thermal behavior of
the NB. Thermal imaging reveals that the associated resistance is also comprised in a very
small region, leading to power densities at the M-I junction that are much higher than that
along the length of the NB. Highly localized Joule heating may also be attributed to the band
offset between M and | domains through the possible introduction of an associated
depletion region. The formation of a Schottky barrier or another similar energy filter at the
junction could explain both thermal signatures; the depletion width is estimated to extend ~
20 nm into the insulating domain. However, the exact nature of the junction is still

unknown.

a OPTICAL IMAGE

f Joule phase
180 s M TR TMIM TN TV S
% a

VO, nanobeam
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SiO5 substrate

Au contact
Au contact

Figure 5.2 Thermoreflectance thermal images of NBy,.itaken at 355K with 10pA applied
current, after 500 cycles averaging. a),b) Optical images of the nanobeam and ‘map’
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(greyscale). c), d) Peltier temperature magnitude and phase images, respectively. e), f) Joule
temperature magnitude and phase images. While both Peltier and Joule signals are localized
at the interfaces, phase images show very different dynamics of how alternating Peltier
cooling and heating in nearby interfaces exchange energy mainly through the nanobeam.
Conversely, there is no cancellation in the Joule activity and Joule heating propagates into
the substrate.

The information garnered from the thermal phase signatures can be much more revealing as
thermal phase is quite sensitive to small variations in the thermal distribution across the
sample. Since the NBs are probed in the quasi-steady state, the thermal phases are uniform.
Thus, the deviations in the phase image are due to bipolar behavior (cooling instead of
heating) or sign changes in the Crz and expose the underlying physical properties. The Peltier
phase image (Figure 5.2d) depicts both heating and cooling localized at the M-I interfaces:
when one interface is heating (under forward bias), the neighboring interface is clearly
cooling (under reverse bias) denoted by the 180° phase shift. As expected, the Joule signal
(Figure 5.2f) does not exhibit this phase shift and is always heating. Cross-sections of the
optical response, averaged over the width of the NB, are displayed in Figure 5.3. Asymmetry
in the adjacent peaks corresponding to neighboring M-I interfaces may expose a slight
asymmetry in signal magnitude between forward and reverse bias, conceivably signifying

diode-like behavior.
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Figure 5.3: The Peltier a) and Joule b) thermal signals plotted with respect to location along
NBt,pe1. The magnitude of the temperature response is shown in red and the thermal phase
in blue; the visual image (baseline reflectance) is depicted in green. These signals are
averaged across the width of the NB.

While the Peltier signal is seemingly concentrated inside the insulating region, we expect the
actual thermal activity to present equally in the metal region (neglecting the small effect of
a depletion region). We attribute the apparent lack of thermal signal over the metallic state
to a small thermoreflectance coefficient, as the images are based on a uniform C
calibrated for Au only. Phase-shifted Joule activity is evident in the metal regions of the NB
and into the substrate due to its stronger signal, but is not visible in the magnitude images.
To explain this result, the Cr of the metal phase must be of opposite sign and significantly
smaller in magnitude than that of the insulating state. It is evident in Figure 5.2f that the
supporting substrate of the sample also functions as a heat sink for Joule heating. The signal
spreads outward uniformly from its peak at the domain walls, demonstrating good thermal
contact between the NB and the substrate. The lack of Peltier substrate activity is not simply

because of its lesser signal magnitude. Heating and cooling signals at nearby domain walls
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are mainly coupled through the nanobeam with little leakage into the substrate; this

interaction diminishes the overall Peltier magnitude in this device.

5.4 Measurement results: irregular domain configuration

The apparent total strain (and thus domain pattern) differed between samples due to non-
uniform substrate adhesion, variations in growth temperature (~50° C,) and stress induced
by the end-to-end clamping by the contacts. In this context, NBs with non-periodic M-I
domain pattern would display quite different temperature-dependent behavior, as is shown
in Figure 5.4 for a sample (NB,e,) held at 348 K. Current was applied across the two
consecutive segments of the NB depicted in Figure 5.4a,f; referred to from this point on as
the right hand side (RHS) segment and the left hand side (LHS) segment. Irregular domain
patterns nucleated from the side contacts beginning at 328 K, a much lower ambient
temperature relative to NBy,.; and considering Tyr.su- The domain walls in both segments
were initially at a ~50° angle relative to the NB long axis. The configuration and angled walls
of the domains in this NB may indicate non-uniform stress distribution along the length and
width of the NB,***”*® suggesting weak substrate interaction and/or clamping strain from

the Au contacts.

The experimental conditions were similar to those of the previously described NB; the
applied current ranged from 5 pA to 10 pA, as this was the minimum necessary to resolve
the Peltier signal. After one measurement run at 8 YA bias, the domain configuration on the
RHS changed from M-I-M with angled domain walls (Figure5.4a-e) to M-I with a single
vertical wall (Figure 5.4f-j), most likely due to excessive Joule heating at the interface. The

new domain configuration was stable for all subsequent measurements.
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The magnitude of Peltier temperature in the RHS segment was very similar to that of
uniformly clamped NB (Figure 5.2c), however, Joule heating was substantially greater: J/Pgus
~7 and J/Pys ~ 5 for the same current bias applied for NBye1 (10 pA). Such significant Joule
heating, especially apparent on the RHS, could drive the insulating domain to another state
(from Iy to Iyo). It is also clear in the images that this device does not dissipate Joule
heating into the substrate as well as NBy,.1, suggesting weaker adhesion. This highly
localized electro-thermal activity at the junction is responsible for M-I domain wall
propagation along the VO, NBs at high currents (well above those used during the

measurement), as demonstrated in suspended W,V;,0, NBs.**

The resultant domain
oscillation could be controlled and sustained with the addition of a parallel capacitor by

repeating the charging and discharging process.
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MEASUREMENT 1 MEASUREMENT 2
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Figure 5.4: Thermal images of non-periodic nanobeam (NByy,e,) at 348K with 8uA current
excitation, averaged for 500 cycles. Two NB segments and the adjoining electrode region
are active. a-e) Initial thermoreflectance measurement images of NBy,., before the RHS
segment changed from M-I-M to M-I domain configuration. f-j) Thermal images for the
same current bias taken after the RHS segment stabilized. Both Joule and Peltier phase
images show heat is exchanged non-uniformly with the substrate. Also note the change in
thermal phase in the RHS segment in the Joule images, which is an indication of a drastically
altered thermoreflectance coefficient for the two insulating states.
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The phase images of both Peltier (Figure 5.4c,h) and Joule (Figure 5.4e,j) confirm the
premise that the signals occur at the domain junction, displaying the spreading pattern
characteristic of a thermal point source along the NB and into the substrate. The relative
signal strengths along the NB length show heat diffuses preferentially in the metal region of
the RHS segment, possibly owing to its higher thermal conductivity.'® Joule activity along
the Au-covered-NB region acts as a reference for Cr; this is known to be negative for Au at
this illumination wavelength. Given this reference Cr; and the expected uniformity of Joule
phase activity, we gain valuable insight about Cr of the other regions. Cr of the metal
domains is always positive while the Cr; of the insulator domain on the RHS segment of
measurement 2 is negative (Figure 5.4j RHS), similar to the scenario presented for NByyes in
Figure 5.2. However, the insulating state in the LHS segment during the same measurement
run is roughly 180° out-of-phase from the aforementioned insulator domains, implying a
positive Crz (Figure 5.4j LHS). We postulate that this difference in sign of Crz between the
two insulating states distinguishes the two monoclinic phases of VO,; that is, the reflectivity
dependencies on a temperature variation of the two monoclinic states display opposing
behaviors. Thus, the RHS segment was initially in the same state as the LHS segment; the
insulator domain on the RHS during measurement 1 (Figure 5.4e) is roughly 180° phase
shifted from the I, domain in the RHS during measurement 2 (Figure 5.4j) for the same
excitation bias. For clarity, the average phase values of the NB regions associated with this
analysis are presented below the phase images in Figure 5.4e, j. The significant change in

the thermoreflectance properties between the two insulating phases could be related to the
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difference in reflective signatures of the two monoclinic phases under polarized light.?*°*1%*

Further thermoreflectance measurements using a polarized light source could illuminate the

underlying mechanism of the Cr; polarity change.

5.5 Discussion

Examination of the electrical resistance trends with respect to ambient temperature of the
two NBs further supports this conclusion. Refer to Figure 5.5. The total resistances were
obtained using a two-probe measurement of the voltage drop across the device contacts;
the contact resistance was determined to be negligible by comparing four-probe and two-
probe measurement results. NBy,.; sShows the expected steady decrease in resistance
before becoming fully metallic. In contrast, NBy,,., exhibits a large jump in resistance at 335
K, coinciding with the appearance of the first metal domain. This implies that either Rpyy is
quite large, ~300 kQ, or that ly;; converted to the more resistive |y, insulating state, similar
to the behavior observed by Kasirga et al. (91). Both NBs display the expected Arrhenius

behavior for a non-degenerately doped semiconductor before the metal domains emerge,

Eq
R;(T) = R e /"BT. However, NBy,e, has a markedly lower overall resistance despite
similar sample geometries, and presumably equivalent electrical resistivities. Thus, the two
NBs have quite dissimilar activation energy: E; (NByye1) = 0.30 eV, Eo(NByye2) = 0.11 eV. Both

102,104,105,106

values are within the range reported in literature: 0.08 to 0.36 eV. The lower

activation energy suggests NByy,e> to be more highly doped. When the domains coexist, the

total resistance Ry of the NB is comprised of four factors:

R (T) = x(T)Ry,,(T) + [1 = x(T)]IRm(T) + Rc+Rpw
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where x(T) is the length fraction of the NB in the I, state at a given ambient temperature,
R and Ry, are the expected insulating and metal resistances, respectively. The contact

resistance, R, can be ignored in this analysis. We used this equation and the extrapolated
Arrhenius fitting at multiple ambient temperatures to determine Ry, of the more uniform

NB (NByype1), which we found to be 39 £ 7 kQ. This value is in agreement with the figure put
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Figure 5.5: Resistance as a function of ambient temperature comparison of the two NBs.
NBype> exhibits a jump in resistance coincident with the emergence of metallic domains due
to the conversion from Iy, to Iy, and the additional resistance of the domain walls.

As a result of this analysis, collaborators at UCBerkeley and Pennsylvania State University
assessed the likelihood that domain wall orientation could correspond to the adjacent
monoclininc domain type. They calculated the most favorable domain wall orientations
through analysis of the elastic energy of the Mg/ly; and Mg/lyw, junctions, based on

107

Khachaturyan’s microelasticity theory.”" They show that the preferred angle of the domain

134



wall is the one that would minimize the total elastic energy of the interface'®; accordingly,
Mg/Im1 will favor an acute angle of 56° with the NB top surface while Mg/ly, may display an
89° or 33° acute angle (Figure 5.6). These analytic results are consistent with the
experimentally identified monoclinic states: the Mg/ly; domain wall exhibits an angle of 48-
52° and Mg/ly, presents as a 90° interface (Figures 5.2 and 5.4). More details on the applied

model and calculations of domain wall configurations can be found in references 100 and

108.
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Figure 5.6: 3-D plots of preferred domain wall orientations: 6=56° for Mg/l (green) and
0=89° for Mg/l (blue). These domain walls exhibit reduced area, minimizing total elastic
energy for the interface and are thus considered favorable.

The jump in resistance, sign change of the Cr, and transformation of the interface angle of
NBype> denote the change in monoclinic crystal structure in the M-I coexisting state. Tyr-type2
is a lower temperature than Tyr.sui, indicating compressive strain driving the NB to the
phases with smaller lattice constants (Mg, Iy1). The irregular domain patterns in addition to

strong Joule activity at the M-I interface suggest poor substrate bonding, which would
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reduce tensile stress felt by the NB upon cooling from the high growth temperature (~ 1000
°C). Thus, NBy,e> was initially in the Iy, state. At elevated temperatures, the appearance of
metal domains alleviates compressive strain while inducing tensile strain in the adjacent
insulating domain. The induced strain, accompanied by intense Joule heating in the RHS
segment generated by the current applied during the measurement, stimulated the

conversion from ly; phase to ly;.

VO, NBs with good substrate adhesion would experience tensile strain at the temperatures
used in this experiment. Homogenous periodicity and uniform thermal signal in the
substrate demonstrate uniaxial tensile strain in NBye; along the NB long axis, fixing the
insulating domain to the I, phase with a longer lattice constant. The higher overall
resistance and the persistence of |y, domains with vertical interfaces to 390 K, well above
Twmir-suik, further support this assertion. The polarity of the Cr; of the Iy phase in NByypeiis

negative and is therefore Iy, a conclusion confirmed by Raman spectroscopy.

There are several caveats worth calling attention to in this measurement, some of which
have been already mentioned. Careful observation of the NBs during data accumulation was
required because any variation in the optical signal negates the benefits introduced by
averaging; the configurations of the NBs are quite sensitive to temperature fluctuations. As
is seen in the thermal images, Joule heating, and to a lesser extent the Peltier thermal
signals dissipate into the device substrate inducing background heating of the device. The
impact of this heating would be exacerbated with additional bias cycles. In these
measurements, we have indeed observed a baseline temperature increase, the most

prominent shift occurred during measurements of NBy,. at the highest applied bias. This
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effect is attributed to the significant Joule heating, but only increased the stage temperature
by < 4° C over the course of 6500 averaging cycles (2 hours). Even so, the domain
configuration in NBy,e, did change after 4700 imaging cycles. Even with considerable
background heating, the differential nature of the thermoreflectance measurement would
negate this effect in regard to reflectivity acquisition and processing. Substrate heating
would introduce a relatively slow temperature drift with a time constant much larger than
the bias period, and would present as a DC offset which cancels out during image
processing. The main issue created by background heating is the potential for domain wall

movement or sudden phase changes, as seen in NByype..

The main challenges in measuring these very small devices are dictated by the optics. Image
acquisition at 250x magnification results in a very shallow depth of field. At very long
averaging times, the image blurs and the thermal signals start to drift. This effect is
worsened with higher applied bias primarily due to slight movements of the device itself in
response to the localized heating and thermal expansion in the experimental apparatus. We
selected 500 cycles for the target averaging times since the data are virtually stable over the
averaging window and offers a good compromise between sufficient thermal signal-to-noise
ratio and minimal optical distortion. The thermal signals versus averaging time are plotted in

Figure 5.7 for NByypeo.
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Figure 5.7: The variation in the magnitudes of temperature for NBy,., with 8 pA applied at
348 K. NByypes represented the worst case scenario as it displayed the greatest heating,
especially in the RHS peak. The averaged maximum deviation from the average temperature
value spanning 100 to 1000 cycles is 10%; the data deviates by 20% over the two hour
window.

138



Chapter 6 Design and fabrication of high temperature vacuum

thermostat

Careful consideration is required when performing electro-thermal measurements at high
temperatures. Potential detrimental effects can range from the presence of additional
parasitic heat flow paths to the loss of sample integrity due to oxidation, contamination, or
annealing effects. Implementation of the measurements in a vacuum environment removes
convection in the experiment while eliminating the potential of sample oxidation. However,
thermal conductance through the probes and probe leads extending out of a vacuum
chamber can still be a source of significant error in high temperature thermoelectric
characterization, as can the effect of Seebeck voltages inherent in the wiring junctions due
to significant temperature gradients. All this must be addressed in the design of a high
temperature characterization apparatus. In this chapter, the development of two high
temperature thermostats used for this work is described. A third was initially employed for

thin film measurements; more information about this thermostat is found in reference 31.

6.1 General Considerations

Vacuum insulation is essential for thermal management of any high temperature system.
Convective heat loss is minimized, which has the additional benefit of reducing the power
draw necessary to sustain high temperature in the measurement region. This work was
executed in a high vacuum of ~10® mbar at temperatures up to 900 K, though the chambers
have the potential to achieve higher temperatures. The vacuum thermostats were

fabricated using high quality 316 L and 304 stainless steel. High vacuum components were
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vacuum-welded to the chamber to create access flanges and feed-throughs for electrical
leads and chamber evacuation. Ambient temperature control is accomplished using two
high power density heater cartridges (up to 170 W/inch?) installed in a copper heat
sink/sample stage. Stainless steel radiation shielding consisting of several discrete layers of
shim stock is utilized to help maintain temperature uniformity in the test region and thus
deter parasitic Seebeck voltages that may appear in the measurements. The copper sample
stage is further isolated from the surrounding environment by limiting its contact with the
chamber to an isolated standoff with low thermal conductivity. The chamber assemblies and
sample stages were initially baked to reduce volatiles from component outgassing. These

components are displayed in Figure 6.1 in pictures of the bulk measurement chamber.

We employ refractory and inert (Pt) high temperature metals for probe tips and leads
whenever direct sample contact is made. These materials have high melting points, low
coefficients of thermal expansion, and are extremely stable to thermal cycling in the
temperature range of the vacuum thermostat. Tungsten probe tips are primarily used for
electrical measurements, while we utilize type R (Pt/13 % Rh-Pt) thermocouples for device
temperature determination. A type K thermocouple (Ni-Al/Ni-Cr) is mounted in the stage
and read by a PID controller governing the ambient heaters for each thermostat. We utilize
type K thermocouples for ambient temperature sensing for their high measurement
sensitivity over a wide temperature range (0 K to 1500 K). In addition, the materials that
comprise the couple are robust and chemically inert and are significantly less costly than
platinum. All heaters and general probe leads are made of copper insulated with a high

temperature braided ceramic.
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For thermoelectric measurements, thermocouple materials are selected for the small
Seebeck voltages of the wires, 3-10 uV/K relative to other available materials in the
measurement temperature range; their Seebeck voltage calibration data is well-known. The
bare wire is run through alumina rods for electrical insulation and to construct a rigid probe.
All probe leads are long and kept as thin as is practical to increase thermal resistance (Ry)
and thus minimize the heat flux (Q) through the lead: ATc.q=Q*R:. Any
inhomogeneity/junction in the electrical leads will induce additional Seebeck voltages and
invalidate the thermocouple calibration. Hence, the single thermocouple wire is continued
from the measurement region for a length that gives an acceptable Q to the chamber feed-
through (type R or K, accordingly). Outside the chamber, extension grade wiring is used and
the thermocouple leads are run through an isothermal block to guarantee the temperature
equivalence of all leads before entering the nanovolt meter/temperature sensor. We
allowed thermal equilibrium to be reached in the chamber before beginning any
measurements; to reduce thermal gradients across the contact between the samples and

the probe tips and thermalize the leads for improved measurement accuracy.

6.2 Bulk measurement stage

We designed and fabricated a measurement stage for simultaneous measurement of both
electrical conductivity and Seebeck coefficient of bulk materials (see Figure 6.1 for a
schematic). In addition to the copper heat sink/ambient heater configuration that comprise
the measurement stage, two boron nitride blocks each with an internal resistive heater are
used to suspend the sample across a gap. The temperatures of the individual boron nitride

blocks can be independently controlled to generate a temperature differential across the
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sample and thus induce Seebeck voltage. Boron nitride is a machinable ceramic and is
exploited in these experiments for its high thermal conductivity and highly insulating
electrical properties. Each block has a recessed area in which the sample fits snuggly for
heat sinking and a channel where a type R thermocouple can contact the sample along the
minor edge. This design enables one-dimensional heat flow across the sample and utilizes
the thermocouple wires for both temperature and voltage measurement probes during
measurement of the Seebeck coefficient. Thermally conductive silver or platinum paint is
applied at the thermocouple tip to secure thermal contact with the sample during thermal
expansion of the chamber components with temperature ramping. Similarly, we apply high
temperature thermal paste between the sample and the stage. Four tungsten probes are
angled through a molybdenum probe mount with three degrees of freedom to set on the
sample surface edge; these probes create an electrical pressure contact for measurement of
electrical resistivity via the van der Pauw technique. Tungsten wiring is also used as probe

leads.
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Figure 6.1: The bulk measurements chamber, viewed with vacuum lid off. Upper left depicts
a diagram of the bulk measurement stage during the design phase, realized in the photo in
the bottom left. The right hand photo illustrates thermal isolation of the measurement
region.

Calibration measurements were performed on a lightly doped Mg,Si bulk sample
synthesized and previously measured at JPL. The results for electrical resistivity and the

Seebeck coefficient are shown in Figure 6.2.
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Figure 6.2: Calibration data of the bulk measurement stage for 0.15 % Bi doped Mg,Si
pellets, in comparison with measurements of the same sample performed at JPL. (a) van der
Pauw electrical conductivity and (b) In-plane Seebeck measurement calibration results.

6.3 Chamber for optical measurement

Each chamber is built with the ability to interchange the sample measurement stages and
implement the electrical measurements mentioned in the previous sections. However, the
optical thermostat is designed specifically for high temperature thermoreflectance imaging.
An optical viewport made of high quality sapphire with anti-reflectance coating is
incorporated into the chamber lid. The lid itself is recessed to achieve the close working
distance required for high magnification imaging. Four probe arms feed-through the
chamber wall within a mechanical bellows to externally accessed x, y, z, ©
micromanipulators. Consequently, multiple areas of the device under test can be probed
during a measurement run without breaking vacuum. In addition, there are extra feed-

throughs in the chamber body for supplementary electrical or thermocouple probe leads,
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depending on the specific measurement requirements. A picture of the chamber during
thermoreflectance measurement and schematic of the internal design are shown in Figure

6.3.

A. Micromanipulator arms

B. Vacuum sealed bellows

C. High speed probes

D. Interchangable probe tips

E. Ambient heater/sample stage
F. Type Kthermocouple leads

G. Cartridge heater leads

Figure 6.3: Optical thermostat during high temperature thermal imaging and internal
schematic of chamber components.

The fast thermoelectric transients requisite of the transient Harman technique are resolved

.3 with the exception that

with the sample stage and circuitry as described in Singh et. a
the stage for high temperature measurements was expanded to form a heat-sink
encompassing two cartridge heaters for ambient temperature control. The thermoelectric
device is mounted using thermally conductive silver or platinum paste onto alumina-on-gold
packaging. This packaging serves to electrically isolate two impedance-matched
transmission lines from the package backside-ground. The sample is wire bonded to these

transmission lines, which directly connect to the Cu signal pin of a high speed coaxial cable,

specially designed to withstand high temperatures and maintain circuit impedance.
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Galinstan, a liquid eutectic alloy, is applied to the tips of the signal pin to maintain good
electrical connection for the duration of the measurement. The cable ground (the outer
sheath) is isolated from the center pin by a SiO, dielectric layer and positioned in intimate
contact with the package ground. An impedance of 50 Q was maintained throughout the

circuit to minimize reflections at device turnoff.
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Chapter 7 Conclusions

Recent innovations in material science have enabled material engineering at the nanoscale
and stimulated renewed interest in thermoelectric generation as a viable technology.
Accordingly, novel materials have demonstrated improved efficiency through experimental
characterization. But perhaps more importantly, these measurements inform the theoretical
understanding of device behavior at the nanometer level. Research into the development of
high ZT materials has steadily evolved over the past decade; the figures of merit exhibited

by many different material systems have steadily improved, achieving ZT = 2 in recent years.

Nevertheless, it is the potential for application that essentially opens the door to funding for
research and implementation of a new technology. The most likely area thermoelectric
devices will have the greatest impact is through incorporation into the automotive industry.
The internal combustion engine constitutes well over 90 % of energy supplied for
transportation, and is anticipated to continue to do so over the next thirty years.109
However, vehicle exhaust is the largest source of environmentally harmful air emissions and
the rising fuel demand is increasing the cost of petroleum. Even modest reductions in

wasted heat energy will result in billions of dollars of fuel savings in the United States.

It is estimated that a device ZT > 2 at the temperatures of either the vehicle exhaust or

110

cooling system will translate into 10 % decrease in fuel consumption.”™ Unfortunately, the

most promising and widely studied material systems for efficient energy conversion are also

111

the most scarce and/or exhibit high supply risk,”“which translate to high consumer cost.

This includes any material family that contain the elements bismuth (Bi), antimony (Sb),
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tellurium (Te), and any of the rare earth and platinum group metals.'*! Mg,Si and possibly
some half-Heusler alloys are the most likely candidates for widespread deployment into
thermoelectric generators for waste heat recovery in automobiles. Figure 7.1 illustrates the
periodic table color coded in terms of elemental scarcity and production and reserve supply

risk (Herfindahl-Hirschman Index or HHI values).

HHI HHI
Production Reserve

Abundance
(Scarcity, C)

HHI 0 2000 4000 6000 8000 10000
Abundance (ppm) 100 000 1000 10 0.1 0.001
Scarcity, £ (ppm™) 10 0.001 0.1 10 1000

Figure 7.1: The periodic table of elements with color indicators of elemental abundance
(scarcity) and the Herfindahl-Hirschman Index values (HHI) signifying market concentration
(reserves) and geopolitical data (elemental production) which comprise supply risk. (Figure
from reference 111)

It is important to note that is it not simply a material specific goal, overall generator
performance must achieve efficient and cost-effective energy conversion. This may be
accomplished through minimization of interfacial losses from parasitic resistances and/or

thermal expansion coefficient mismatch, innovative module design such as with segmented
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couples, the optimization of heat flow geometry with device thermal resistance, and, of
course, utilization of cheap and abundant materials. The demand for higher fuel efficiency
will encourage not only thermoelectric material research but also creative module design

and thus drive the proliferation of thermoelectric energy generation technology.

Extensive physical testing of both the materials and the completed module is imperative to
identify desired material attributes and eventually predict high temperature behavior. Once
the fundamental physical mechanics are well-established, focus can then be shifted toward
more inexpensive materials or employing alternative synthesis methods for scale-up to
make thermoelectric energy generation economically feasible. The experimental
methodology and apparatus presented in this thesis facilitate the advancement of
thermoelectric technology by enabling more accurate characterization at high
temperatures, similar to operational environment. Only slight modification to the

measurement stage will be necessary to additionally characterize thermoelectric modules.

In this work, we successfully apply the transient Harman technique to thin film energy
conversion devices with optimized design. We report the first CCD-based thermoreflectance
temperature maps performed on thermoelectric devices at high ambient temperatures.
These accomplishments facilitate the determination of the individual thermoelectric
material properties and figure of merit of a device in a single high temperature
measurement run. Accuracy in thermal imaging is achieved through careful calibration of
the thermoreflectance coefficient using a novel technique ideally suited for the high vacuum
environment of the high temperature measurement apparatus. The key experimental

results and potential directions of research are summarized in the following sections.
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High temperature thermoreflectance imaging and transient Harman

characterization of thermoelectric energy conversion devices

This work’® validates the use of the transient Harman technique to obtain the Seebeck
voltages and thus the cross-plane ZT of thin-film thermoelectric materials at high
temperatures, provided an optimized device design with a good ground electrode. When
utilized in conjunction with thermoreflectance thermal imaging, it is a feasible approach that
not only determines cross-plane Seebeck coefficient and the electrical and thermal
conductivities, but also exposes device flaws and potential failure points during a single
measurement run to high temperature. Hence, we avoid discrepancies and error

accumulated over multiple measurements by applying these combined techniques.

We demonstrate these claims by using the collated data from the transient Harman and
thermoreflectance measurements on multiple device sizes: we were able to determine the
nature of the device defect and simulate the three dimensional electrical and thermal paths
with finite element modeling. In this way, the thermoelectric properties of the thin film are
extracted in spite of substantial processing faults. The poor device quality, i.e. atypical
peeling/flaking of the upper device layers from the Au-bonded substrate, made the direct
measurement of ZT impractical. Moreover, apparent metal diffusion or surface degradation
limited the highest temperature for data acquisition. This is unfortunate as 0.2 %
ErAs:InGaAs possesses a ZT > 1 at temperatures above 600 K; direct transient Harman
characterization of high ZT values has yet to be realized on thin films. These high
temperature results suggest the need to further develop the device design in order to

address high temperature parasitic effects and improve diffusion barriers before full
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confidence in this technique is achieved. As in-depth analyses optimizing thin film devices
for transient measurements have only been carried out at room temperature, additional
simulations that take into account temperature dependent material properties performed

with thermoreflectance imaging could be the subject of future work.

Characterization of the temperature dependence of the

thermoreflectance coefficient for conductive thin films

The change in the thermoreflectance coefficients as a function of temperature is presented
for common metals used in device electronics® in order to establish their expected variation
for high temperature thermal imaging. While the absolute values of the coefficient may vary
with experimental optical system (lens coatings, numerical aperture, etc.), their
temperature dependence is an intrinsic material property and therefore is directly
applicable to various thermoreflectance investigations. The average rate of change in the
thermoreflectance coefficient (Cyg) is in general quite small, though aluminum and gold
(under 470 nm illumination) exhibited the highest variation in C;z over the measurement
temperature range: approximately 0.22 x 10*and 0.30x 10™ per 100 K temperature change,
respectively. For aluminum, this is quite substantial considering the small values of Crz; we
ascribe this result to its large thermal expansion coefficient. The transparent SiN, passivation
layer has a non-monotonic effect on the thermoreflectance coefficient, determined by the
optical interference of the Fabry-Perot etalon formed in the layer. While this may be
detrimental to the strength of the reflectivity signal, it can also be selectively adjusted to
enhance the signal with careful fine-tuning of the illumination wavelength and dielectric

layer thickness.
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Ideally, these measurements should have spanned the entire temperature range of the
vacuum thermostat; however, severe device degradation restricted the upper temperature
limit. The results reported here have established the validity of the technique and further
measurements of improved samples, including copper at wavelengths near 600 nm
illumination, will provide a more complete reference table. Additionally, more data points
with different passivation layer thicknesses can help refine the analytical model presented
to explain the effect of passivation and determine optimal layer thicknesses for the specific
sample metallization. Curiously, platinum displayed opposing behavior with temperature as
compared to the other metals in this study: the coefficient of thermoreflectance increases
with temperature. This would imply that the dielectric spectrum of platinum shifts to higher
energies near this particular transition, if the data extracted from Wilson et al. is correct.
This is certainly a possible outcome and may be attributed to changes in the electronic
transitions and thus absorption dominating the temperature response given the smaller
thermal expansion coefficient of platinum. It would be interesting to understand more
clearly the temperature dependency of the thermoreflectance coefficient for the various

metals on the microscopic level.

Direct observation of nanoscale Peltier and Joule effects at metal-

insulator domain walls in vanadium dioxide nanobeams

These results directly reveal the extremely local Peltier and Joule effects across the M-I

. 1
domain walls.*®

Thermal images show that while alternating Peltier heating and cooling at
neighboring domain interfaces exchange energy through the nanobeam, Joule heating

dissipates in the substrate and can be an indicator of the quality of substrate adhesion. This
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insight and the ability to distinguish between insulating phases determine the underlying
impact of stress on the nanobeam and led to the revelation of the favored wall

configurations for each monoclinic phase from microelasticity theory.

Furthermore, we conclude that electrical resistance comprised at the domain wall generates
concentrated and significant Joule heating at the M-I interface. This heating dominates the
thermal behavior of the nanobeam and is responsible for converting the phase of adjacent
domains. However, from the electrical perspective, the domain wall resistance is much
smaller than the total effective resistance across the nanobeam. Thus, subtle electronic
behavior is masked from observation in measurements of the total electric resistance. Many
authors speculate that a Schottky junction forms at the interface between the metal and
insulating domains, and indeed preliminary analysis of the individual image ‘buckets’ at
alternating current polarity taken during thermoreflectance exhibit an asymmetry not
shown in typical (ohmic) thermoelectric devices. Figure 7.2 displays a comparison of the

change in reflectivity (AR) of the nanobeam to that of a thermoelectric microcooler.

The presence of a Schottky barrier at the M-I junction is the explanation most consistent
with experimental results, where the diode resistance is overwhelmed by the series
resistance of the nanobeam resulting in a roughly linear IV curve. Consequently, the
additional harmonics associated with diode behavior could affect the Peltier temperature
magnitude, specifically; the signal may be distorted given a large anomalous contribution at
higher applied currents, but most likely presents here as a large signal offset. The next step
would be to analytically examine the individual image buckets with a diode model that

accounts for not only the diode resistance but also the large series resistances of the
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nanobeam and includes the slight influence of the diode effect on the calculation of the
Peltier signal. Alternatively, additional bipolar measurements utilizing a square pulse
excitation would remove harmonic considerations from the measurement and may facilitate
the extraction of the Schottky diode signature. Quantizing the local Peltier/Seebeck
coefficients is another important next step. This requires the detailed modeling of heat flow
in the nanobeam and characterization of the thermoreflectance coefficient at the
metal/insulator junctions. Due to the large and possibly nonlinear change in sample
reflectivity near the M-I transition, accurate temperature measurement may require the
deposition of a thin layer of electrically insulating and thermally conductive material with
known thermoreflectance coefficient; though this action may fundamentally affect the

domain organization in the nanobeam.
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Figure 7.2: Comparison of the raw image buckets relative to the baseline reflectance (AR) of
a VO, nanobeam (a) and a thermoelectric cooler (b) taken with the 8-bucket thermal
imaging method. The typical thermoelectric cooler response shows a symmetric distribution
while the nanobeam has an asymmetric reflectivity response to sinusoidal excitation. The y-
axis is relative reflectivity strength in arbitrary units.
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