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ABSTRACT

Thermal and Electrical Transport in Thin-Film Materials for Energy Management

Boya Cui

With the rapidly growing global demand in energy nowadays, innovation and tech-

nology become critical for a transition to renewable energy, high energy efficiency or

low-carbon emission. Thin-film materials are especially favorable in energy management

due to the easy integration into devices. The transport properties for heat and electrical

conduction are critical not only to achieve a better fundamental understanding of under-

lying physics, but also to develop proper and efficient operation of devices. In order to

apply the Materials Genome paradigm to calculate the properties of possible new energy

materials, the performance of existing materials must be properly characterized, first.

This thesis studies three materials corresponding to three aspects of energy management:

storage, efficiency, and conversion.

For energy storage, metal organic frameworks (MOF) are a category of highly porous

materials with large surface area for natural gas adsorption and storage. Thermal con-

ductivity is a crucial parameter for managing the exothermal process of gas adsorption as

well as the endothermal process of gas desorption in MOFs, but experimental studies up
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to now have been limited. As a case study of MOFs, the cross-plane thermal conductivity

of a zeolitic imidazolate framework (ZIF)-8 was experimentally determined on thin films

using the 3ω technique at different partial pressures in perfluorohexane, nitrogen, air, or

vacuum ambients at room temperature. The observed thermal conductivity was observed

to be approximately independent of ambient gas species and pressure ranging from atmo-

spheric pressure down to vacuum. This approach of probing MOF thermal conductivity

with gas adsorption establishes a method for studying MOFs with different gas ambients

for effective thermal management for adsorbed natural gas applications.

In terms of energy efficiency, transparent conducting oxide InGaZnO (IGZO) is a

commercialized high-performance active channel material in transparent thin-film tran-

sistors. IGZO consumes less power due to its high carrier mobility, low leakage current

and good transparency. For effective thermal management of IGZO-based devices, a

comprehensive study measured the thermal conductivity of various different phases of

amorphous (a-IGZO), semicrystalline (semi-c-IGZO), and c-axis-aligned single-crystal-

like IGZO (c-IGZO) grown by various physical deposition and chemical synthesis ap-

proaches. The atomic structures of the amorphous and crystalline films were simulated

with ab initio molecular dynamics, and the film morphology was assessed by multiple

X-ray techniques. The temperature-dependent thermal conductivity showed pronounced

dependence on porosity, crystallinity, and shelf time. All samples are consistent with the

porosity-adapted CahillPohl (p-CP) model of minimum thermal conductivity.

Lastly for energy conversion, p×n-type transverse thermoelectric (TTE) is a new par-

adigm where the material shows n-type and p-type behavior in two orthogonal crystal

axes, respectively, leading to effective heat flow perpendicular to the current flow. Both
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thin-film and bulk materials will be relevant for energy harvesting and energy management

applications. To facilitate the rapid discovery of new p×n-type TTE by employing Ma-

terial Genome, we introduce the criteria to identify bulk p×n TTE’s from the calculated

three-dimensional Seebeck tensor. A thorough search is conducted in the past literature

for ambipolor compounds as p×n-type transverse thermoelectric candidates, for which

the figure of merit and critical angles are calculated to evaluate their potential perfor-

mance. To better understand the underlying mechanism of anisotropy, band structure

and thermopower calculation are also conducted on two representative compounds.

Besides the bulk ambipolar compounds, the type-II superlattice of InAs/GaSb is an-

other p×n-type TTE which can be prepared in thin-film form. For these novel materi-

als, the emphasis is currently on testing and developing the appropriate characterization

methods of their thermal and electrical conduction so that these advanced materials can

be researched and improved. Both the in-plane and cross-plane thermal conductivities

are characterized by 2-wire 3ω method. A measurement example of T2SL is also shown

from room temperature down to 15 K. To deconvolve the electrical characteristics of each

carrier species in this multi-carrier system, Fourier-domain mobility spectrum analysis

(FMSA) is developed in Matlab with an intuitively simple algorithm, fast convergence,

low computational cost, simplicity of implementation, and good fitting accuracy. The

temperature-dependent measurement examples of T2SL are shown for both thermal con-

ductivity and FMSA.
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CHAPTER 1

Introduction: Thin-Film Materials for Energy Management

Increasing energy demands require fast development of technology in sustainable en-

ergy. According to U.S. Energy Information Administration, total world energy con-

sumption projects a 48% increase from 2012 to 2040.[1] With this energy crisis, access

to modern low-carbon energy services, energy efficiency, and renewable energy are con-

sidered the three pillars of the required energy transition.[2] Novel materials have been

found to harvest the waste energy with thermoelectrics, utilize it effectively with high

energy-efficiency materials, and store renewable or low-carbon energy with highly porous

materials.

In these novel materials for energy management, heat and charge transport studies are

essential not only to achieve a better fundamental understanding of material properties,

but also to develop proper and efficient operation of thermal management devices to meet

future energy demands. This thesis illustrates thermal and electrical transport studies on

the following three material systems in different aspect of energy management: energy

storage, efficiency, and conversion.

1.1. Metal Organic Framework ZIF-8 for Fuel Gas Storage

Given the growing demand for greener sources energy as well as the concurrent abun-

dance of natural gas, vehicles fueled by natural gas (NG) in place of petroleum products

are an attractive intermediate step toward the realization of a ground transportation
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Figure 1.1. The single crytaline structure [3] of ZIF-8 in stick diagram
(top left) and tiling diagram (top right). Bottom diagram shows the largest
cage in yellow in ZIF-8 with ZnN4 tetrahedra in blue and H atoms omitted
for clarity.

fleet that is powered by renewable sources. Vehicles of this kind, however, require large,

heavy, and expensive high-pressure fuel tanks in addition to a refill-station infrastruc-

ture equipped with high-pressure equipment. To overcome these challenges, the use of

fuel tanks loaded with adsorbed natural gas (ANG), as opposed to liquefied or com-

pressed natural gas, has been proposed, as a strategy for storing large amounts of natural

gas in smaller tanks at lower pressure and ambient temperature.[4] However, during the

exothermic process of NG adsorption, fuel tanks and their contents undergo a significant

temperature rise; depending on the rate of filling and the details tank design, as well

as sorbent packing and composition temperatures can rise to over 60◦[5], a change that

could significantly lower a sorbents gas storage capacity.[6] Similar challenges arise with
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cryosorption-based storage of molecular hydrogen, the energy source for fuel-cell pow-

ered vehicles. Thermal management in these adsorbents is critical for rapid and efficient

storage and release of NG or H2.[7]

Metalorganic frameworks (MOFs), a class of highly tailorable crystalline materials

comprised of metal nodes and organic linkers.[8, 9] The high porosity and large surface

area of MOF make it a promising candidate for gas adsorbents. There have been commer-

cialized MOF-based products for gas adsorption applications in recent years.[10] Thin-film

coating of MOFs provides the maximum surface area for rapid adsorption and desorption

for each energy-storage cycle. It also allows for rapid heat transfer to and from the film

to an underlying heat-sink for each energy-storage cycle. Among various MOFs, zeolitic

imidazolate frameworks (ZIF)-8 (Figure 1.1) stands out due to its good thermal stabil-

ity, chemical talorability and permanently large porosity[3]. ZIF-8 is an effective storage

medium for fuel gases such as H2[11], CH4, alkanes[12]. It is critical to study the ther-

mal property of ZIF-8 or other MOFs during the exothermic gas adsorption for efficient

operation of fuel storage device. Chapter 2 shows our most recent research on ZIF-8 thin-

film thermal conductivity as a case study of MOFs with gas molecule adsorbed, which

to our knowledge is the first experimental measure of MOF thermal conductivity in-situ

measurement under gas adsorption.
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1.2. Indium Gallium Zinc Oxide for High Energy-Efficiency Thin-film

Transistors

Indium gallium zinc oxide (IGZO) thin film is a transparent conducting oxide with high

carrier mobility, low intrinsic carrier concentration, good optical transparency, and con-

sistent uniformity over large areas.[13, 14, 15, 16, 17] Both the crystalline and amorphous

IGZO have been proposed to be superior electronic materials: Single-crystalline IGZO

was first proposed to possess electron mobilities as high as µ ≈ 80 cm2/(V·s)[13]; Amor-

phous phase a-IGZO became well-known later for electron mobilities µ >10 cm2/(V·s)

far exceeding that of amorphous silicon[14] (a-Si:H) as well as the ability to process at

room-temperature[18], making a-IGZO a promising candidate for flexible electronics.

Among all the device applications[19, 20], IGZO is especially favorable as an active

channel material in transparent thin-film transistors (TFTs), as shown in Figure 1.2.

IGZO-based TFTs are more energy efficient compared with a-Si because of the superior

carrier density and low leakage current[21, 22]. The good transparency of IGZO also

reduced the power consumption in backlighting illumination[23].

A study of IGZO thermal conductivity is useful for effective thermal management in

IGZO-based devices. Knowledge of the thermal conductivity helps to model heat gen-

eration within that active layer and the thermal distribution throughout the device[24].

Additionally, IGZO has been proposed as a thermoelectric candidate, in a similar fashion

to other transparent oxides such as[25] InZnO. IGZO may have a competitive thermoelec-

tric figure of merit [26] compared with other oxide materials, suggesting the intriguing

possibility of “invisible thermoelectric device” made with transparent oxides [27, 28].

Furthermore, the large-area capabilities might allow for integration into solar panels for
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Figure 1.2. An example structure of a-IGZO based TFT (left), and a
picture of TFT sheet with good transparency and flexibility (right).[15]

photovoltaic/thermal hybrid systems[29] to generate power from unavoidable waste heat.

Moreover, an understanding of thermal transport in a-IGZO may yield clues to differenti-

ate various fabrication methods, linking the thermal properties to the film structure and

fabrication technique and eventually identifying strategies for improving electron mobility.

Chapter 3 discussed about a comprehensive study on the transparent conducting oxide

IGZO, where the thin-film morphology and temperature-dependent thermal conductivity

are measured and discussed for films fabricated by diverse growth methods.

1.3. p×n-Type Transverse Thermoelectrics for Energy Conversion

Thermoelectrics, which convert thermal energy into electrical energy and vice versa,

can harvest waste heat and convert it to useful work. Specifically the Seebeck effect, in

which a temperature difference can create a voltage difference, form the basis of power

generators for energy harvesting. Efficient collection of waste heat is essential to reduce
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Figure 1.3. Microscopic electron-hole picture of a p×n-type transverse
thermoelectric material[30], where a net p-Seebeck coefficient along a axis
and a net n-Seebeck along b axis. A net charge current Jx to the right yields
a net particle or heat current Qy up.

greenhouse gas emissions and promote energy sustainability. Among thermoelectric mate-

rials, thin-film candidates not only provide flexibility and easy integration to micro-scale

as the ongoing miniaturization of electronics, but also show superior thermoelectric prop-

erties due to the thickness confinement.

A “p× n -type” transverse thermoelectric (p× n TTE) [30, 31, 32, 33, 34, 35, 36] was

proposed to induce heat flow perpendicular to the current direction, where materials show

n-type and p-type behavior in two orthogonal directions (Figure1.3). Unlike conventional

thermoelectrics where the current and heat flow are parallel or anti-parallel with each

other, TTE separates the two directions, enabling geometric engineering as another degree

of freedom for enhancing figure of merit. Its intrinsic ambipolar conduction may enable

cooling at cryogenic temperatures, whereas the extrinsically doped conventional thermo-

electrics fail due to carrier-freezeout. A p× n TTE requires no external magnetic field to

cause transverse heat flow, as do thermomagnetic materials using Nernst-Ettingshausen

effect[37]. Its thin-film form can be integrated into micro-scale single-leg devices bring-

ing simplicity of device implementation compared with double-leg longitudinal devices.
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Chapter 4 introduced the criteria for identifying a p×n TTE, followed by identifying and

evaluating promising ambipolar compound candidates.

Characterizing the thermal and electrical conductivity of p × n -type TTE is critical

to evaluate and further enhance their figure of merit. It requires the thermal conduc-

tivity study in both cross-plane and in-plane directions, which sometimes becomes more

difficult for thin film candidates. Also, the conductivity results need deconvolution since

electrons and holes contribute to the conduction simultaneously. Chapter 5 showed the

2-wire 3ω method and Fourier-domain mobility spectrum analysis for thermal and elec-

trical characterization of a thin-film p × n TTE candidate type-II superlattice (T2SL),

respectively.
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CHAPTER 2

Metal Organic Framework ZIF-8 Thermal Conductivity under

Gas Adsorption

This chapter examines the thermal conductivity of ZIF-8 thin films with gas adsorp-

tion. Previous studies on MOF thermal conductivity are first reviewed in Section 2.1.

Then Section 2.2 describes the film growth and morphology study. The 3ω method is

introduced in Section 2.3 for ZIF-8 thin film thermal conductivity measurement. Sec-

tion 2.4 shows the gas adsorption study of ZIF-8 in nitrogen N2 and perfluorohexane

C6F14. Thermal conductivity results measured in these two gas environments are com-

pared and discussed in Section 2.5.

2.1. Prior Research

To date there have been few studies on the thermal conductivity of MOFs. The ther-

mal conductivity for the prototypical MOF-5 has been obtained from simulations,[38] and

confirmed experimentally only on large MOF-5 single cubic crystals.[39] Making large sin-

gle crystals of MOFs can be synthetically challenging, and pelletization of MOF powders

for measurements can be fraught with errors due to the presence of large interparticle

spaces.[40] A zeolitic imidazolate MOF proposed for hydrogen storage,[11] ZIF-8 was pre-

dicted to have a low thermal conductivity by molecular dynamics simulation.[41] These

prior studies were only for empty lattices without adsorbed gases, which obstructs our un-

derstanding on how or whether the adsorbed gas affects heat transport within the lattice
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of the MOFs. Recently, two computational studies predicted opposite trends of the effect

of gas adsorption on the MOF thermal conductivity.[42, 43] The discrepancies in these

studies necessitate reliable experimental studies of thermal conductivity in the presence

of gas adsorbents at various pressures.

Herein, we demonstrate a thin-film based approach for measuring the thermal con-

ductivities of MOFs prepared as thin films, which could avoid the growth challenge of

large crystals and compressed pellets of MOF. As a case study, ZIF-8 was selected due

to its known chemical and thermal stability.[3] Thermal conductivity measurements were

conducted on solvothermally prepared ZIF-8 thin films at room temperature in air or

nitrogen, or in perfluorohexane (C6F14) vapor at variable pressures. Considering the

potential hazard of using flammable gases in the electrical circuit setup and in the air,

the inert vapor perfluorohexane was used as a substitute for fuel gases such as methane,

ethane and propane. The results offer experimental insights towards the possible effects

of adsorbed gas molecules on the thermal conductivity of the ZIF-8 host.

2.2. Film Growth and Morphology

ZIF-8 films were grown with good thickness control on oxide-terminated silicon with an

alumina adhesion layer (2 nm AlOx/300 nm SiOx/Si) by first quickly immersing the sub-

strate in a beaker containing a freshly prepared methanolic solution of 2-methylimidazole

(2-MeIm) and Zn(NO3)2·6H2O at room temperature, as has been described elsewhere.[44]

By replacing the fresh methanolic solution five times every 30 minutes, a final film of

ZIF-8 was obtained with a thickness of t = 300 nm. The ZIF-8 film is a smooth and
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Figure 2.1. Morphology of ZIF-8 film. (a) Cross-sectional SEM images of
as-grown ZIF-8 thin film.(b) X-ray diffraction patterns of ZIF-8 thin films
during the study cycle (black) compared with simulation result (grey).

uniform layer on a SiOx/Si substrate, as illustrated in the cross-sectional scanning elec-

tron microscope images Figure 2.1(a). Prior to imaging, activated MOF samples were

coated with either a film of Au/Pd or Os with a 10∼20 nm thickness). X-ray diffraction

(XRD, Cu Kα λ = 1.54 Å) patterns on the thin films confirm the crystallinity of ZIF-8

thin films throughout the measurement cycle. The results are shown in Figure 2.1(b).

Except for the peak of Au contacts (2θ = 38.2◦, from Au [111] contacts) all the peaks

are consistent with the simulation, and the highest-intensity peak occurs at 2θ = 7.4◦

indicating the dominant crystal orientation of ZIF-8 [110]. Given the possibility of slow

hydrothermal degradation[45, 46] of ZIF-8, XRD measurements were conducted multiple

times throughout this study over the course of several days (i.e., after synthesis, between

processing steps, and after measurements), and it was ascertained that the crystallinity

was maintained during the thermal conductivity study.
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2.3. Thermal Characterization: 3ω Method

Thermal conductivity describes the capability of materials to conduct heat, which is

defined by the Fourier’s law:

(2.1) Q = −κ · ∇T.

It states that the heat flux density Q is proportional to the negative temperature gradient

-∇T with the ratio κ as thermal conductivity.

The 3ω method is one of the most widely used methods for thermal conductivity

measurement[47]. Compared with other thermal conductivity measurements[48, 49, 50],

it greatly reduces the heat radiation loss, requires no sophisticated equipment setup (such

as lasers), and is relatively easy to be implemented under various environments (such as

changing temperature, pressure, and gas environments, etc.) for dependence study. A

gold filament is deposited onto the film of interest, with comparison to another identical

filament on bare substrate. An ac current in the form

Iω = I0 · eiωt

with the frequency of ω is applied through the filaments, generating a Joule heating

Q2ω = Q0 · e2iωt

in the frequency of 2ω, and consequently a temperature oscillation T2ω also in 2ω. Given

that the metal filament resistance is linear with temperature at most temperature range,
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there would be filament resistance oscillations

∆R2ω =
dR

R dT
T2ωR

also in the frequency of 2ω. The term α =
dR

R dT
is a constant considered as the temper-

ature coefficient of the metal, and can be determined during a slow temperature change.

As a result, there will be a third harmonic term in the voltage across the filament

V3ω = Iω ·∆R2ω ∼ e3iωt.

The gold filaments act as both heater for ac current heating, and thermometer for ac tem-

perature oscillation measurement. Standard lock-in techniques were employed to extract

the third harmonic term of the voltage across the filament relative to a dummy resistor

with identical nominal resistance as the filament. Depending on the width of the fila-

ment relative to the film thickness, using 3ω method is able to determine both cross-plane

and in-plane thermal conductivity. Given the isotropic structure and estimated short

mean-free-path of phonons in ZIF-8, cross-plane thermal conductivity is measured in the

project.

Cross-plane thermal conductivity is derived when the heat flow is predominantly in the

vertical cross-plane direction. This condition can be met when the heating filament width

is much larger than the thickness of the film. By using the differential 3ω method[47, 51],

the temperature oscillation across the film is compared between samples with and without

the film of interest.

Given the measurement 3ω voltage V3ω across the filament due to heating and the

originally applied 1ω voltage V1ω , the temperature oscillation T2ω at a frequency of 2ω
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can be deduced as:

(2.2) T2ω = 2
dT

dR

R

V1ω
V3ω

The temperature difference between the filaments with and without the underlying film

∆T2ω,f is the 2ω temperature difference across the IGZO film of interest, giving the film

thermal conductivity as follows[51]:

(2.3) κf =
Pt

2bl∆T2ω,f

where P is the ac heating power, t is the thickness of the film, l and b are the length and

half-width of the filament, respectively. 3ω voltage signal in our measurement is at least

four orders of magnitude lower than the heating voltage in 1ω. Although lock-in amplifier

is capable of exacting the minuscule V3ω from V3ω, the experimental noise sometimes

still a considerable factor in uncertainty. So optionally another circuit connection using

Wheatstone bridge is able to minimize the noise and help improve the error bar, which is

described in Appendix 1.

Gold filaments were processed onto ZIF-8 thin film was processed to facilitate the 3ω

measurement. After spinning photoresist and subsequent photolithography patterning,

a 10-nm thick chromium adhesion layer was deposited by thermal evaporation, followed

by a 100-nm thick gold layer. Twin filaments were patterned both on the ZIF-8 film

and atop a blank substrate. After photoresist lift-off, the ZIF-8 sample was then baked

in vacuum at 100◦ for 2 hours to evacuate the ZIF-8 pores of any solvent molecules

introduced during processing. Finally, gold wires were attached with indium onto the

contact pads for measurement [Figure 2.2(a)]. Multiple filaments were usually made on
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Figure 2.2. Pictures of processed sample, measurement device and setup.
(a) Optical profiler image of the processed sample showing the photolithog-
raphy pattern on ZIF-8 film with measurement contacts, where the filament
with the best microscopic morphology is picked for gold-wire contact and
final measurement. (b) Real measurement device compared with a quarter.
(c) Measurement chamber with N2 and C6F14 sources

each sample, in which sections with the best adhered filament were used for measurement.

The measurement device was made by putting the sample with ZIF-8 film alongside a bare

substrate sample with the identical filament pattern as shown in Figure 2.2(b)], where the

thermometer and resistive heater are used to determine temperature coefficient dR/RdT

of the filaments. By measuring the difference between the sample with film and that

of the bare reference substrate, the cross-plane thermal conductivity can be determined
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given the fact that the filament width (w = 30 µm) is much larger than the film thickness

(t = 300 nm), so that the heat flow through the film is primarily in the vertical direction.

ZIF-8 thin film samples were measured in a chamber with inlets connected to a N2

cylinder and a liquid perfluorohexane bottle, and an outlet connected to a mechanical

pump. The setup is shown in [Figure 2.2(c)]. The sample was first measured in air,

and then in vacuum after pumping for at least 20 min. To change the gas environment

in the chamber (to either N2 or C6F14), the desired gas was fed into the chamber using

the connecting valve, while the valves of the other gas supply and vacuum pump were

kept closed. For N2, the valve inlet was closed once the desired pressure in the chamber

was obtained. For C6F14, additional time was allowed for the vapor of C6F14 bottle

to equilibrate through the chamber at the specified pressure. After measurement, the

chamber was vented from vacuum to the highest partial pressure used in the measurement,

and then pumped carefully back to each chosen partial pressure before reaching vacuum,

and finally vented with N2 to air pressure.

2.4. Gas Adsorption in ZIF-8

The adsorption isotherm results of ZIF-8 in N2 and C6F14 are shown in Figure 2.3.

The so-called adsorption isotherm is to examine the gas loading at different pressures by

measuring the mass change of the sample in adsorption equilibrium under a certain gas

environment. The N2 sorption isotherms at 298 K and subsequently at 77 K were mea-

sured, and the results are shown in Figure 2.3(a). At room temperature N2 adsorption is

rather negligible, as seen in the 298 K curve at the bottom of Figure 2.3(a) (2.5 cm3/g;

∼ 0.6% total surface capacity). The observed shallow linear N2 adsorption [Figure 2.3(a)
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Figure 2.3. Isotherm results of ZIF-8 in (a) N2 environment and (b) C6F14

environment, where the grey area below P/P0 and P/P ′0 = 0.25 indicates
the pressure window where the thermal conductivity was measured. On the
left figure P0 is the saturation pressure of nitrogen, while on the right figure
P/P ′0 corresponds to the partial pressure (0-100)% of C6F14. Adsorption
and desorption processes are demonstrated by filled and open symbols, re-
spectively.

inset] is consistent with the sorbates minuscule molecular polarizability and, therefore,

weak van der Waals interaction with the framework. In contrast, at low temperature, sig-

nificant physisorption of N2 is possible. For a prepared bulk ZIF-8 sample, N2 adsorption

at T = 77 K culminates in pore saturation at 437 cm3/g around P/P0 = 0.05. Unlike N2,

C6F14 shows significant adsorption with a 30% weight adsorption even at room temper-

ature in Figure 2.3(b), which is equivalent to approximate 23 C6F14 molecules per unit

cell of ZIF-8. The adsorbed mass at a given relative pressure point was the difference of

mass gain at that point relative to the mass recorded in dry N2 flow.

For C6F14, a kinetic adsorption measurement was further conducted as shown in Fig-

ure 2.4. By 3 minutes the adsorption loading was stabilized at 10 µg/cm2, corresponds
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Figure 2.4. Time-dependent adsorption measurement of C6F14 in ZIF-8.

to approximately two C6F14 molecules per unit cell. So at each designated pressure, the

sample was allowed to stabilize in the chamber for at least 3 minutes prior to measurement

in order to ensure enough time for adsorption equilibrium.

2.5. Thermal Conductivity Under Ambient Gas Pressure

The measured thermal conductivity (κ) of ZIF-8 thin films are shown in Figure 2.5.

The in-air thermal conductivity is reproducible among three different thin film samples

(κsample1 = 0.33 W/(m · K), κsample2 = 0.29, and κsample3 = 0.23 W/(m · K)) and slightly

higher than the predicted ZIF-8 value (κ = 0.165 W/(m · K)), confirming the expected

order of magnitude.[41] The effect of adsorbed gas analytes was then studied with the

benefit of our controlled gas chamber set-up demonstrated in Figure 2.2(c). Thermal



31

Figure 2.5. The 3ω data of ZIF-8 thin film in air at room temperature.

conductivity of the ZIF-8 film was observed to change by less than a percent in the

presence and absence of different gas analytes. The thermal conductivity results of ZIF-8

films are shown in Figure 2.6(a) for C6F14 (blue) and N2 (grey) environments as compared

to ambient air (Pgauge = 1 atm) and house vacuum (Pgauge = 0.02 atm) measurements. As

shown for the C6F14 ambient pressure (Figure 2.6(a), blue) the lowest thermal conductivity

occurs in vacuum. As the gas pressure of C6F14 increases to its vapor pressure the thermal

conductivity of the ZIF-8 thin film only slightly increases by 1% despite appreciable

adsorption of C6F14 to the MOF surface at these relative pressures as indicated by a

C6F14 isotherm. Interestingly, when the thin films were re-exposed to nitrogen atmosphere

(grey) from vacuum, the thermal conductivities exhibited a similar trend to the films that
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Figure 2.6. (a) Measured thermal conductivity of ZIF-8 thin film during the
gas tests in N2 and C6F14. The error bars are derived from the statistical
standard deviation of 3ω voltage at various frequencies between f = 100
and 4,000 Hz. The measurements were taken at least three minutes after
stabilizing at each partial pressure to make sure that the adsorption amount
was steady (b) Comparison of the experimental pressure-dependent thermal
conductivity of this work (blue) with prior simulation[42, 43] (black), with
guides to the eye (grey) to illustrate trends.

were exposed to perfluorohexane vapor pressure (Pgauge = 0.28 atm, blue) although the

N2 adsorption is proved to be negligible at room temperature [Figure 2.3(a)].

The pressure study can be modeled equivalently in terms of number of molecules per

ZIF-8 unit cell. Figure 2.6(b) converts the pressure-dependent thermal conductivity result

in Figure 2.6(a) to the molecule density scale using the isotherm results in Section 2.4.

In our measurement results (blue), C6F14 has an approximate density of D = 2∼3 C6F14

molecules per unit cell of ZIF-8 as estimated from the corresponding isotherm data in

Figure 2.3(b). However, this saturated amount of C6F14 inside ZIF-8 seems to neither
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hinder heat transfer by phonon scattering with host lattice, nor enhance the thermal trans-

port through gas molecules in voids, unlike the predicted increasing[43] or decreasing[42]

trend in prior simulations on other MOFs with different adsorbed gases [black symbols

and grey shaded guides to the eye in Figure 2.6(b)]. While surprising, it is possible that

the proposed[43] enhancement in lattice thermal conductivity due to the additional heat

transfer channels provided from the adsorbed gas molecules, may be minimal for C6F14,

which has a very low thermal conductivity (κliquid = 0.056 W/(m ·K))[52] in comparison

to other fuel gases such as hydrogen[53] (κgas = 0.18 W/(m · K)). Note that even for

hydrogen, the thermal conductivity of MOF with adsorbed hydrogen[43] does not show

significant increase below a certain adsorption threshold (D = 4 molecules per unit cell).

On the other hand, in comparison to CH4, the heavier gas molecule C6F14 is more likely

to induce phonon scattering effects than CH4. However, contrary to predictions in the

Babei et als simulated work, any scattering effects from C6F14 did not seem to affect the

thermal conductivity of ZIF-8.

In conclusion, the thermal conductivity of ZIF-8 was measured experimentally for the

first time with thin film studies. Additionally, we demonstrated a way to conduct in-situ

measurements at room temperature under different gases and pressures. The results show

reproducibility among samples, and vacuum thermal conductivities compare favorably to

prior simulation studies on MOFs. From the series of gas adsorption tests investigated,

ZIF-8 thin-film thermal conductivity is slightly lower in vacuum than that in air by about

1%, but generally independent of the presence of gas molecules regardless of the quantity

adsorbed by the MOF up to atmospheric pressure. While the thermal conductivity in

ZIF-8 is relatively unaffected by adsorbed gases and vapors, it is possible that such an
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effect might be more pronounced at higher pressures and with more thermally conductive

sorbates. This technique demonstrates a viable pathway for obtaining MOF thermal

conductivities to probe these effects in future studies.

2.6. Future Work

Unlike simulation studies of adsorption-dependent thermal conductivity of MOF, the

real experiment is limited by the amount of adsorption molecule density in order to see

a pronounced trend of thermal conductivity change with gas adsorption. In the future it

may help to select a gas adsorbate that has a higher vapor pressure or higher saturation

pressure, which would lead to larger gas molecule density. Our chamber setup is robust

enough to hold positive pressures. Specifically, gases with a heavier molecuar weight may

have larger scattering effect on thermal conductivity, as long as the molecule is not too

big to prepvent it from entering the MOF lattice. On the other hand, gases with higher

thermal conductivity may induce more enhancement in MOF lattice for heat transport,

for example hydrogen and helium gases. Given the safety concern of having H2 in a

circuit setup, helium may be a more practical adsorbate. But helium adsorption in MOFs

is usually considered to be negligible at room temperature and ambient pressure, which

is the reason for using He as a carrier gas in adsorption measurements.[54, 55]

Another future study is the temperature dependence measurement of MOF thermal

conductivity. Prior simulation predicted that the temperature effect would be trivial on

MOF-5 thermal conductivity[38] between T = 200 and 400 K, which was further proved

experimentally between T = 200 and room temperature on MOF-5 single crystals[39].

But it would be advantageous to verify those predictions at higher temperatures or on
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other MOFs in our measurement chamber, where the sample temperature could be raised

above room temperature by employing the integrated Peltier cooler unit. Because the

molecular dynamics simulation is based on ideal assumptions that could be different in

real experiments and applications, and higher temperature condition would be of more

interest for studying the exothermic process of fuel gas adsorption.

Based on the 3ω method, a new approach called “buried 3ω” needs to be developed

in the future where the filaments are buried below the film. In this method, the filaments

are deposited prior to the film of interest, so it would be possible to measure a film with a

high porosity or a rough surface morphology. The method philosophy be similar to those

implemented on metal inverse opals[56] and nanowire arrays[57], but not just sensitive to

high-κ films. More theoretical derivation and Matlab simulation need to be developed to

prove the method feasibility before experimental implementation.
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CHAPTER 3

Indium Gallium Zinc Oxide Thermal Conductivity and

Morphology Comparison

This chapter comprehensively studies the thermal conductivity of IGZO thin films

fabricated with different techniques, given the prior research reviewed in Section 3.1.

Section 3.2 describes the diverse growth methods of thin-film IGZO, as well as the post-

growth sample processing for facilitating thermal conductivity measurement. Section 3.3

introduces the two theoretical approaches in this study: molecular dynamics simulations

and a minimal thermal conductivity model. Section 3.4 summarizes the results of film

morphology study using X-ray and temperature-dependent thermal conductivity mea-

surement using 3ω method. Section3.5 discusses the morphology-property correlation

and analyzed the thermal conductivity dependence of IGZO thin films on temperature,

crystallinity, porosity and shelf-time.

3.1. Prior Research

To our knowledge, there are only a few prior comparitive studies on crystalline, semi-

crystalline, and amorphous IGZO thermal conductivity κ, and those were conducted at

room temperature, only. Seo et al.[27] studied the thermoelectric performance of sput-

tered IGZO thin films and reported that, remarkably, the more ordered crystalline film

has a factor of 7 lower thermal conductivity than the less ordered semi-crystalline film.

This counter-intuitive variation of thermal conductivity on morphology begs confirmation,
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as well as motivating a more detailed temperature-dependent study to achieve a better

understanding of the underlying physics. Thermal conductivity for sputtered a-IGZO

thin films[58] was also reported, but again only at room temperature, thereby limiting

the utility in comparing with theory.

This work will examine the temperature-dependent thermal conductivity of IGZO thin

films fabricated with different techniques that are systematically analyzed and compared.

Growth methods for comparison include pulsed laser deposition (PLD), sputtering, and

spray-[59] and spin-combustion[18] solution processing. Among the PLD films, a series

was grown under different conditions to vary the crystallinity, from amorphous (a-), to

semi-crystalline (semi-c-), to single-crystal-like (c-) phases. Ab-initio molecular dynamics

is also employed to determine the local structure of amorphous IGZO and to compare

the room-temperature atomic displacements in a- and c-IGZO. X-ray studies, including

X-ray diffraction (XRD), grazing incidence wide angle scattering (GIWAXS) and X-ray

reflectivity (XRR), complement the thermal conductivity studies to assess the film density,

porosity, crystallinity, and crystal orientation of the films processed by various means.

Following the theoretical literature, we will adopt the term “vibrons”[60] to refer to the

generic vibrational modes responsible for thermal transport in amorphous materials, since,

strictly speaking, phonons represent relevant modes of heat propagation only in crystalline

materials. We note that in all morphologies, the heat is primarily conducted through

vibrons rather than electrons, because even for highly doped IGZO films with electrical

conductivity σ = 100 S/cm the electronic contribution to the thermal conductivity is only

σe = 7.3× 10−2 W/(m ·K) according to Wiedemann−Franz law — less than 10% of even

the poorest thermally conducting PLD film. The electrical conductivity σ of IGZO can be
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tuned in a wide range[19] (σ = 10−3 ∼ 102 S/cm) to target various applications, but all

the films under study were grown to have relatively low σ < 5× 10−1 S/cm to guarantee

negligible electron contribution to the thermal conductivity.

3.2. Film Preparation

3.2.1. Film Growth Techniques

Three different IGZO growth techniques were used: two physical deposition methods

(PLD and sputtering) and one chemical synthesis method (combustion-based solution pro-

cess). To facilitate thermal conductivity measurements, all films were grown on sapphire

substrates for their high thermal conductivity.

We first discuss the PLD films. Film growth was carried out with a λ =248 nm KrF ex-

cimer laser having a ∆t = 25 ns pulse duration and operated at f = 2 Hz. InGaO3(ZnO)1

films of d = 200 nm thickness were grown by PLD from dense, hot-pressed targets (25 mm

diameter). The E = 200 mJ/pulse beam was focused onto a 1.5 mm×2.5 mm spot size.

The target was rotated at 5 rpm to prevent localized heating, and fixed at 10 cm away

from the substrates. The deposition oxygen ambient pressure for all films was 25 mTorr.

For PLD films, X-ray diffraction revealed how different substrate growth tempera-

tures could induce morphologies from crystal-like to amorphous, as well as an intermedi-

ate morphology exhibiting both crystalline and amorphous features (semi-crystalline)[61].

Single-crystal-like InGaO3(ZnO)1 films (c-IGZO) were grown by first depositing a thin

(5 nm) ZnO film at 700 ◦C from a ZnO target prior to the 200 nm thick IGZO film at

600 ◦C from a InGaO3(ZnO)2 target. The relatively low deposition temperature for the

IGZO was used to prevent excessive loss of zinc. The film was then post-annealed at
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900 ◦C for 9 hours. Semi-crystalline InGaO3(ZnO)1 films (semi-c-IGZO) were grown by

depositing an IGZO film directly on sapphire at 600 ◦C from a InGaO3(ZnO)2 target,

followed by a post anneal at 600 ◦C for 6 hours. During the anneal of c- and semi-c-IGZO,

further loss of zinc is prevented by placing a blank sapphire substrate over the film, and

the stoichiometry of InGaO3(ZnO)1 for the finished films was confirmed by the energy

dispersive spectrum (EDS). The amorphous films were deposited by PLD at 25 ◦C , hence,

the loss of zinc was relatively minor; three targets were used to deposit the amorphous

InGaO3(ZnO)1 films: InGaO3(ZnO)2, ZnO, and Ga2O3 targets. They are deposited in a

cyclic fashion, 32 pulses InGaO3(ZnO)2, 4 pulses ZnO, 4 pulses Ga2O3; EDS confirms a

stoichiometry of InGaO3(ZnO)1. Note: To deposit a monolayer of InGaO3(ZnO)2 would

require an excess of 40 pulses, hence, the three constituents of the film described above

are not stratified but mixed on a sub unit-cell level. A computer controlled shuttle was

used to alternate ablation between targets. No post deposition anneal was required for

the amorphous films.

Sputtered a-IGZO films were grown by magnetron sputtering under an Ar and O2

mixture (Ar : O2= 20 sccm : 1 sccm, deposition pressure P = 3×10−3 Torr) using a

target with In:Ga:Zn ratio of 1:1:1, to match the PLD stoichiometry. The films were

annealed in air at 350 ◦C for 1 hour after deposition, resulting in 50-nm-thick films on

sapphire substrates.

For solution-processed a-IGZO, both spray combustion synthesis[59] and spin-coating

combustion synthesis[18] were used to deposit the films. Solutions were prepared with

In(NO3)3 · xH2O, Zn(NO3)2 · xH2O, and Ga(NO3)3 · xH2O in 2-methoxyethanol to yield

a 0.05 M metal concentration. Next, 55 µL NH4OH and 100 µL acetylacetone were
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added into 10 mL of the metal nitrate solutions and stirred overnight at 25 ◦C. Prior

to spray- or spin-coating, the precursor solutions were combined in the same molar ratio

In:Ga:Zn= 1 : 1 : 1, and stirred for 2 hours. For spray-coating, substrates were maintained

at 300 ◦C on a hot plate while 0.05 M precursor solutions were loaded into the spray

gun and sprayed intermittently (60 s cycles) onto sapphire substrates until the desired

thickness (50 nm) was obtained. The nozzle-substrate distance was 20 cm. For multilayer

50-nm thick spin-coated devices, 0.05 M precursor solutions were spun at 3500 rpm for

30 s, and then annealed for 10 min at 300 ◦C ; this was repeated 15 times to achieve

the desired thickness. For one-step 50 nm single-layer devices, precursor solutions with

concentrations of 0.5 M were spin-coated at 2000 rpm for 60 s, and then annealed for

30 min. All solution processed films were then post-annealed at 300 ◦C for 1 hour in

clean dry air.

3.2.2. Sample Processing

Several processing steps were conducted on the films to enable the 3ω measurements.

An 80-nm-thick SiNx layer was deposited by plasma enhanced chemical vapor deposition

(PECVD) at 300 ◦C on all the samples to electrically isolate the IGZO films,1 followed

by photolithographically patterned gold filaments deposited by thermal evaporation and

lift-off. The gold filaments are typically 120 to 150 nm thick with a 10-nm chromium

adhesion layer underneath. The width of the gold filament is 2b = 30 µm, designed to be

much larger than the thickness of the films (t = 200 nm for the PLD-grown films, and

1For all the samples the leakage resistance between the filament and substrate exceeded 1 GΩ, except for
the spray-combustion film (R ∼ 0.5 MΩ), whose behavior was consistent with other films of comparable
density. So we include this data for completeness but with larger error bars in Figure 3.5(b), arising from
the power dependence of the thermal conductivity.
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t = 50 nm for the sputtered and solution-processed films) so the heat flow is predominantly

in the vertical cross-plane direction. The completed devices were loaded into an Oxford

variable temperature insert (VTI) helium gas flow cryostat with coaxial shielded leads for

temperature dependence study ranging from T = 18 to 300 K.

3.3. Simulation and Modeling

3.3.1. Ab Initio Molecular Dynamics Simulation

Molecular dynamics simulations were carried out to determine the atomic structure

of a- and c-IGZO in order to better explain the thermal conductivity results. The

atomic structures of all the three phases are illustrated in Figure 3.1, whereby panel

(a) is a molecular dynamic simulation of the amorphous phase, panel (c) is the known

superlattice-like structure of the crystalline phase, and panel (b) is schematically drawn

to have intermediate order between these two extremes, representing the semi-crystalline

phase. Amorphous InGaZnO structure was generated using first-principles molecular

dynamics liquid-quench simulations as implemented in the Vienna Ab-initio Simulation

Package (VASP)[62, 63, 64, 65]. The calculations are based on density functional theory

within generalized gradient approximation (GGA) with the PBE (PerdewBurkeErnzer-

hof) functional[66]. The initial cell In18Ga18Zn18O72 with rhombohedral structure and a

density of ρ = 6.33 g/cm3 was melted at T = 3000 K for 6 ps to remove the crystalline

memory; the melt was then rapidly quenched to T = 100 K at the rate of 200 K/ps.

These simulated cooling rates are known from previous work[61] to effectively match the

coordination number of atoms in the simulated film to X-ray scattering data from exper-

imental amorphous films grown at the substrate temperatures investigated here. During
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Figure 3.1. (a) The atomic structure of amorphous IGZO calculated from
ab-initio molecular dynamics liquid-quench simulations (b) Schematic rep-
resentation of semi-c-IGZO, indicating more order than amorphous, but less
order than crystalline. (c) Crystal structure of rhombohedral InGaZnO4,
where the Ga and Zn atoms are distributed randomly within the double
layer. The small red spheres represent oxygen atoms, and cations are shown
as polyhedrals.

melting and quenching processes, a cut-off energy of E = 260 eV was used and the k-

point sampling was restricted to Γ-point only. Finally, the structure was equilibrated at

T = 300 K for 6 ps with a cut-off energy of E = 300 eV. All simulations were carried out

within NVT ensemble with Nose-Hoover thermostat using integration time step of 2 fs.

The resulting atomic structures were plotted using VESTA software[67]. For crystalline

InGaZnO4, the experimental crystal structure was employed and the atomic coordinates

were optimized using ab-initio density functional calculations[68].

3.3.2. Modeling: Porosity-adapted Cahill-Pohl (p-CP) Model

Because we anticipate particularly low thermal conductivity for our amorphous ma-

terials, we consider a simplified limit-case model proposed by Cahill and Pohl[69, 70]

which predicts a lower bound or minimal thermal conductivity κmin. In the model, heat
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is transmitted by the random walk of damped and localized Einstein oscillators having

different sizes and frequencies such that they follow the density of states of an acoustic

phonon mode. The generalized argument proposes that physically decoherent but coupled

atoms cannot have a lower thermal conductivity than κmin(T ), with a wealth of exper-

imental data on bulk materials and thin films cited therein to support this conclusion.

The minimum thermal conductivity of an amorphous material is expressed as [70],

(3.1) κCP
min(T ) =
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6

) 1
3
kBn

2
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∑
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where kB is Boltzmann constant, n is the atom density per unit volume, vi the speed of

sound for each polarization i, and Θi = vi(~/kB)(6π2n)1/3, the Debye cutoff frequency

expressed as a temperature. The sound velocity of two transverse modes (i.e. shear) vs

and one longitudinal mode (i.e. compression) vc can be determined as[71, 72]:
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(3.2)

where shear modulus G, bulk modulus K can be determined from Young’s modulus E

and Poisson’s ratio ν.

Considering that all the films under study have different levels of porosity (P = 4−40%

as shown in Table 3.1), the CP minimum thermal conductivity here has been adapted for

porosity (p-CP model):

(3.3) κmin(T ) = f(P ) · κCP
min(T ),
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where f(P ) is a porosity-adjusted factor that links the porous-film thermal conductivity

κ to the dense counterpart κ0. This factor will be discussed further with two models in

Section 3.5.2.

3.4. Results of Morphology and Thermal Conductivity

3.4.1. Film Morphology Results

Before the 3ω processing and measurement, the morphology of the three PLD sam-

ples with different crystallinities were examined both by XRD (Cu Kα λ = 1.54 Å) as

shown in Figure 3.2(a), and by GIWAXS at the synchrotron (20 keV, λ = 0.62 Å) with a

two-dimensional detector (MarCCD 165) as shown in Figure 3.2(c)-(e). Since data were

measured with different incident wavelengths, all figures were plotted as a function of

Q(= 4πsin(θ)/λ) for comparison. The simulated IGZO and Al2O3 powder diffraction

spectra were generated by CrystalMaker R© software based on crystal structural infor-

mation obtained from inorganic crystal structure database (ICSD 247980 for IGZO and

10425 for Al2O3) with Cu Kα wavelength as shown in (a) and (b) as dashed peaks, in or-

der to determine the Miller indices and separate the substrate and film diffraction peaks,

respectively. The amorphous film grown by PLD shows no crystalline diffraction peaks in

the XRD pattern in Figure 3.2(a), and presents an amorphous diffraction halo in the 2D

GIWAXS image Figure 3.2(c). For semi-c- and c-IGZO films, there are strong diffraction

peaks in Figure 3.2(a) and diffraction rings in Figure 3.2(d) and (e), respectively, which

indicates semi-crystalline structures and highly oriented features along the c-axis of the

IGZO crystals in both films. The Miller indices of each diffraction peak were identified by

matching with a simulated IGZO spectrum. Grain size analysis was performed by using
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Figure 3.2. (a) XRD patterns of PLD-grown a-, semi-c-, and c-IGZO
films. (b) GIWAXS study for sputtered and solution-processed a-IGZO.
(c-e) Two-dimensional GIWAXS patterns of PLD-grown a-, semi-c- and
c-IGZO films respectively, corresponding to those shown in (a).

the (009) diffraction peaks from the XRD data, and the grain size was determined to be

D = 6.9 nm for the semi-c film and D = 37.7 nm for the c-IGZO film by applying the

Scherrer equation[73]. This indicates that after annealing at 900 ◦C for 9 hours, c-IGZO

has much a larger coherence length along the c-axis. Note that the measured grain size
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D above is still much smaller than the thickness of the PLD films t =200 nm, therefore

in the limit of D � t vibrons are more likely to be scattered by grain boundaries rather

than film-substrate interface, so we anticipate that interface effects will be negligible.

For samples grown by other methods (sputtering and combustion), the GIWAXS data

(Cu Kα λ = 1.54 Å) shown in Figure 3.2(b) indicate broad amorphous diffraction peaks

(Q = 2.36 Å−1) which confirm that the as-deposited films are amorphous. The difference

between Figure 3.2(a) and (b) is: XRD patterns in (a) were taken under Bragg-Brentano

geometry, while GIWAXS in (b) under grazing incident geometry. In GIWAXS setup by

fixing incidence angle near the critical angle of IGZO thin film, the X-ray penetration

depth is much shallower than the XRD result in (a), which explains why no intense (006)

peak from the substrate near Q = 2.90 Å−1 was seen in (b). A few crystalline diffraction

peaks, for example peaks shown in Q = 3 − 4.2 Å−1 for spray-combustion IGZO film,

were observed in Figure 3.2(b). These peaks match well with the simulated Al2O3 powder

diffraction peaks shown as the grey trace at bottom of Figure 1(b). Therefore, they most

likely came from substrates when X-ray was projected on the edge of small sapphire

substrate.

The X-ray reflectivity technique was used to extract the film electron density and con-

vert it to mass density based on the known stoichiometry (In: Ga: Zn: O = 1:1:1:4).

The roughness root mean square is RMS ≈ 1 nm for samples grown by PLD, and

RMS = 0.6 nm for sputtered ones. All the solution-based combustion films have RMS <

0.7 nm[59]. We interpret the fraction of the reduced density as the porosity P , evaluated
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Table 3.1. X-ray reflectivity results on the density and porosity of films
fabricated by physical deposition (i.e. PLD[74] and sputter) and chemical
synthesis[59] (i.e. spray and spin combustion), in order from low to high
porosity.

Growth Method ρf (g/cm3) P (%)

PLD 6.12 4.4

Sputter 5.86 8.4

Spray 5.85 8.6

Multi-cycle Spin 5.09 20.5

Single-cycle Spin 3.82 40.0

by comparing the film density ρf with the bulk density ρb:

(3.4) P = 1− ρf
ρb
.

The reference single crystal bulk density ρb = 6.40 g/cm3 was calculated from the Inorganic

Crystal Structure Database (#247980).

The density and porosity values of all the films are summarized in Table 3.1. The three

PLD films with different morphologies are assumed to share the same high density and

low porosity. On the other hand, the films grown by combustion show large variations in

porosity, where the multi-cycle spin-combustion film is almost five times as porous as the

spray-combustion film, which itself has a density close to that of the physically deposited

films. (Table 3.1). Given the hot substrate throughout the spray-combustion process, one

can expect spray-combustion films to trap very little of the gaseous combustion products

(e.g. N2, CO2 and H2O) in the material, yielding dense films similar to those fabricated

by physical deposition[59]. With spin-combustion, on the other hand, the substrate is

cold upon deposition, and combustion takes place in a subsequent step. The single-cycle

film is observed to have about half the porosity of multi-cycle film (Table 3.1). This is
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reasonable given that, unlike the multi-cycle film which had an annealing process after

each spin cycle, the single-cycle film has only one chance to release the gaseous products

during the final annealing and consequently is prone to having a higher porosity, double

that of the multi-cycle film.

3.4.2. Thermal Conductivity Results

The temperature-dependent thermal conductivity of IGZO thin films is characterized

from 18 K to 300 K using the 3ω technique on all the IGZO films. An example of 3ω dataset

is shown in Figure3.3 with a picture of the measurement device as inset where a processed

film is put right next to a processed substrate. By comparing the signal difference between

the filament on film and bare substrate, the cross-plane thermal conductivity for each

film at each temperature can be deduced. The results on all the different IGZO samples

are summarized in Figure 3.4, where the different shades of the symbols in panel (a)

represent different morphologies and the different symbol themselves refer to different

growth methods across the panels (a), (b) and (c). In Figure 3.4, all the physically

deposited films [PLD-grown films in panel (a) and sputtered films in panel (b)] follow

an empirical power law with temperature κ ∼ T 0.6 from 18 K to room temperature, as

shown by the dashed guiding lines. For the three combustion processed a-IGZO samples in

Figure 3.4(c), the dense spray-combustion film exhibits the same temperature dependence

κ ∼ T 0.6 as the physically deposited IGZO films in Figure 3.4(a), while the two porous

spin-combustion a-IGZO films show deviations with reduced thermal conductivities at

both the low-end and high-end temperatures relative to this power law. It should be
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Figure 3.3. 3ω raw data of the sputtered a-IGZO film at T = 300 K and
94 K, with the measurement device picture as inset.

noted that these latter two porous samples differ by a constant factor throughout the

whole temperature range.

3.5. Discussion

3.5.1. High-density PLD Films: Role of Crystallinity

It is remarkable that all the three phases of PLD samples (a-, semi-c- and c-IGZO)

show the same power-law temperature dependence κ ∼ T 0.6 in Figure 3.4(a). Increasing

temperatures should excite a broader spectrum of vibrons with different mean-free-path

length scales. Although there is no obvious underlying cause for the similar temperature
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Figure 3.4. Temperature dependence of the thermal conductivity of all
IGZO films under study, including (a) PLD films in different phases, (b)
sputtered a-IGZO, and (c) combustion-processed a-IGZO. Comparison with
another amorphous oxide[75, 76] a-TiO2 is shown as open symbols, and the
dashed lines are a guide to the eyes showing the empirical power law of the
temperature dependence κ ∼ T 0.6 which holds over this temperature range.
The grey areas are “forbidden” — below the theoretical minimum thermal
conductivities based on the p-CP model (Eq. 3.3) where the porosity factor
is adopted from the percolation theory (Eq. 3.6). In (c), the three p-CP
curves correspond to the porosity of spray, multi-cycle, and single-cycle
spin-combustion films respectively from the top to the bottom.

dependence of all three phases, their common power-law behavior suggests that all three

phases have similar energy density of states and that they only differ by a common scaling

factor for the mean-free path at all energies.

For PLD-grown IGZO films in Figure 3.4(a), the a-IGZO almost perfectly overlaps the

c-IGZO, both of which have a much lower thermal conductivity than that of semi-c-IGZO

thin film. When the room-temperature behavior is plotted as a function of substrate tem-

perature during deposition in Figure 3.5(a), a striking non-monotonic behavior emerges

in the dependence of the thermal conductivity on crystalline order. A similar result was
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Figure 3.5. (a) Room-temperature thermal conductivity of a-, semi-c and
c-IGZO resulting from different substrate growth temperatures. The films
from this work are PLD grown, and those of Refs. 27, 58 are sputtered. The
dashed lines in (a) are merely guides to the eye. (b) Room-temperature
thermal conductivity of a-IGZO films as a function of density (bottom x)
or porosity (top x) caused by different growth methods. Best fits to the
experimental data are shown with black dashed and dotted lines by an
effective medium model by Gesele[77] et al. and a percolation model by
Kirkpatrick[78], respectively. For completeness, the lines in grey show two
other models used for porous silica[79], which do not appear to fit our data.
The representative error bars in both panels come from: 1) the variation
of ∆T2ω,f across the film in the frequency sweep (< 10 %), and 2) the
variation of measured thermal conductivity with heating power (< 15 % for
all samples [Footnote 1 on Page 40]. The temperature signal in 2ω across
the IGZO layer is estimated to be about 10−15% of the total temperature
drop through the sample (SiNx/IGZO/sapphire substrate)

seen previously in room temperature experiments of sputtered IGZO films[27, 58], also

plotted in Figure 3.5(a) for comparison.
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The intermediate-order semi-c IGZO exhibited the highest thermal conductivity [Fig-

ure 3.4(a), Figure 3.5(a)]. Crystalline and amorphous IGZO, on the other hand, show

a relatively low and equal thermal conductivity. This counter-intuitive result could be

explained by employing the structure of different phases of IGZO simulated by molecu-

lar dynamics simulations in Figure 3.1. The amorphous result is the easiest to explain,

consistent with the strong scattering of vibration modes that one would expect from the

minimal short-range order in an amorphous structure [80] [Figure 3.1(a)]. Crystalline

c-axis aligned IGZO, however, is the most ordered film, yet its thermal conductivity is

just as low as the amorphous film. This may be a result of the experiment measuring only

out-of-plane c-axis thermal conductivity, and its superlattice-like structure with alternate

stacking of In-O layers and Ga/Zn-O blocks [81] in Figure 3.1(c), creating regularly varying

acoustic impedances. This is analogous to the thermal transport in superlattices[82, 83]

and materials with planar defects perpendicular to c-axis[84], where the stacking inter-

faces effectively act like scatterers and significantly suppress the cross-plane c-axis thermal

conductivity.

Finally, the other unexpected behavior is the significant enhancement of thermal con-

ductivity for the semi-crystalline phase. One would naively think that semi-crystalline

behavior would be an average of crystalline and amorphous, but a qualitatively differ-

ent behavior is seen in the peak semi-c-IGZO conductance in Figure 3.5(a). This work

reproduces a similar result in Refs.27, 58 on sputtered IGZO films, also shown in Fig-

ure 3.5(a). One explanation might be that individual grains have a large a − b plane

conductivity[85, 86] which for half the grains is randomly oriented out-of-plane as illus-

trated in Figure 3.5(b). Another explanation may be that grain boundary scattering
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dominates the reduced thermal conductivity of the crystalline state, and the medium

range order of the semi-crystalline state blurs the grain boundaries and allows crystalline

regions to be continuously connected through an amorphous network.

3.5.2. Low-density Spin-combustion Films: Role of Porosity

Returning to Figure 3.4(c), the thermal conductivity of the combustion processed films

is examined to understand the role of porosity. To check the validity of these results,

they can be compared to similarly processed films in the literature. Spin-combustion

a-IGZO data are comparable to a-TiO2 prepared by a sol-gel process[76] with porosity

P = 30 %, since both are solution-processed and porous. The consistently low thermal

conductivity appears correlated with their similarly high porosity. Note that the poor

thermal conductivity of the porous a-IGZO films might seem attractive for thermoelectric

applications, but in practice such materials would not serve this purpose, because the

electrical conductivity would also decrease significantly given the large porosity.

The thermal conductivities of the two spin-combustion films follow the same convex

downwards temperature dependence in Figure 3.4(c), and exhibit lower thermal conduc-

tivity compared with physically deposited dense films in Figure 3.4(a)(b). These two

low-density films only differ by a constant factor throughout the entire temperature range

in Figure 3.4(c), and the proportionality factor can be explained by their different porosi-

ties.
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Gesele et al.[77] reported am effective medium model for porous Si and the following

correlation between porosity and thermal conductivity:

(3.5) f(P ) = (1− P )3,

where κ0 is the thermal conductivity of a dense bulk. In the limit of phonon mean free

path l much smaller than pore size a, the phonon hydrodynamics model[87] takes pore size

into consideration to arrive at this expression. Due to the amorphous nature of the thin

film, the phonon mean free path of a-IGZO film can be quite short of order several atomic

bonds, for example[58] l = 0.35 nm, which is much smaller than the typical pore size[59]

a = 2 − 3 nm determined by positron annihilation spectroscopy for solution-processed

porous films.

Alternatively to the effective medium model, percolation theory[88] can be adopted to

explain the thermal conduction dependence on porosity, by regarding the porous a-IGZO

film as a network of thermally conducting channels and insulating voids. Kirkpatrick[78]

proposed the following reduction factor for conductivity in the percolation picture, in the

low-porosity limit:2

(3.6) f(P ) = [(1− P )− 1.52P (1− P )].

Both the effective medium and percolation models fit the room-temperature experi-

mental results equally well, as is shown in Figure 3.5(b). For the model calculation,

κ0 = 1.23 W/(m · K) is assumed, which is the averaged dense-film thermal conductivity

calibrated by single-cycle spin and PLD a-IGZO films using Eq. 3.5. Unlike the effective

2This expression was shown to be valid for porosities up to 40 %.[78]
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medium model, the percolation model has a threshold porosity Pc = 65.8 % above which

κ becomes vanishingly small since beyond this point the material only consists of isolated

interpenetrating a-IGZO clusters with no covalently connected path for heat conduction.

There are other theories modeling the thermal conductivity in heterogeneous materi-

als, for example the differential effective medium (DEM) theory and coherent potential

approximation[89] [Figure 3.5(b)]. Compared with these theoretical predictions in grey,

the a-IGZO system exhibits a more dramatically decreased thermal conductivity with

increasing porosity. Although previous experimental results of thermal conductivity of

porous silica matched these models well[79], these other models are not able to capture

the sharper decrease of thermal conductivity with porosity observed in our combustion

processed films.

3.5.3. Comparison with p-CP model

There have been many theoretical modelings of amorphous thermal conductivity. In

the absence of a lattice, some theories describe generic thermal modes of vibration around

equilibrium lattice positions in terms of vibrons, including propagating modes (propagons)

and non-propagating modes (fractons)[60]. Although linear temperature dependence

κ ∼ T is commonly observed[90, 91] and explained with resonant scattering[92] or phonon-

assisted fracton hopping[93], a large amount of work shows deviations[94, 51, 95] from this

linear behavior, including the present study. Jagannathan et al.[96] proposed that the

strong anharmonic coupling of phonon and fracton can quench the fracton hopping rate

and lead to slower rise of κ with increasing T . Then several lattice-dynamics-based numer-

ical calculation were conducted[97, 98] including the contribution from non-propagating
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vibrational states. More recently a Green-Kubo mode analysis[99] was developed taking

anharmonic atomic interactions into consideration.

Given this diversity of theories, we therefore chose to compare the data to a porosity-

adjusted Cahill-Pohl model discussed in Section 3.3.2 due to the simplicity and universality

of this theory. The p-CP curves for different a-IGZO are plotted as an upper boundary

of the grey areas in Figure 3.4(a), (b), and (c). Note that in the low T limit, the integral

in Eq. 3.1 yields a constant, leading to the temperature dependence κ ∼ T 2, seen as an

asymptotic power-law slope on the left of the log-log plot. On the other hand, in the high

T limit, κ approaches a constant, as seen on the right of the p-CP curves. The porosity

factor f(P ) in the p-CP model (Eq. 3.3) is adopted from the percolation theory (Eq. 3.6)

due to its better fit with our experimental data [Figure 3.5(b)]. For calculating κCP
min(T ),

E = 130 Gpa is taken from a past report[58] on IGZO. Poisson’s ratio ν does not vary

much among thin films: For example, ν = 0.33 − 0.42 for a-Si:H films[100], 0.25 − 0.4

for a-C:H films[100], and ν = 0.3 for a-SiNx films[101], 0.27 for poly-c SiNx films[102].

So in the absence of direct Poisson’s ratio for IGZO, we use that of another transparent

conducting oxide ITO thin film[103] ν = 0.35.

Figure 3.4(a) and (b) show consistency with the p-CP model in that the measured

thermal conductivities remain at or above the model value. Below 30 K, the data exceed

the κmin value by half an order of magnitude. Whereas the CP model assumes that the

lifetime of all vibrational modes is half an oscillation period, the observed difference at

low T between the measured data and the CP model shows that the longer-wavelength

modes must be significantly longer-lived than half an oscillation period.
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For combustion processed films, the p-CP model fits the increasingly porous films

remarkably well [Figure 3.4(c)], correctly predicting the low- and high-temperature devi-

ations below the empirical κ ∼ T 0.6 fit, including the general downwards curvatur in the

temperature dependence. In this regard, it appears that porous films serve as exemplary

Cahill-Pohl minimal thermal conductors, provided that the correct porosity factor f(P )

is identified for scaling the CP model. The percolation model[78] for f(P ) gives the best

fit curves shown here.

3.5.4. Long-term Room Temperature Instability

After the temperature dependence study described above, thermal conductivity in-

stability was also observed within about 2 years of storage. The cross-plane thermal

conductivity measurement of PLD IGZO thin films are repeated at room temperature on

three occasions within 19 months, between which the samples have been kept in a desic-

cant with 1/6 atmosphere pressure. Following the first measurement (i.e. t = 0 month

in Figure 3.6), the samples were kept in a desiccant jar pumped down to 1/6 atmosphere

pressure, and taken out for repeating the 3ω measurements in air at room temperature

after several months (i.e. t = 9 and 19 months) and then returned to the same storage

environment.

Figure 3.6 summarizes the thermal conductivity κ of the three PLD films as a function

of storage time.The initial values of κ for post-annealed films at t = 0 are the same as

those in Figure 3.4)(a) at 300 K. Examining the time dependence, the thermal conduc-

tivities of semi-c-IGZO and c-IGZO thin films decreased, while that of a-IGZO does not

change significantly, as shown in Figure 3.6. Compared with c-IGZO where the thermal
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Figure 3.6. Room-temperature thermal conductivity as a function of over
one and a half years of storage time.

conductivity reduced only slightly with each measurement, the change in semi-c-IGZO

film is more significant: its thermal conductivity dropped to half of the original result af-

ter 9 months of storage, and proceeded to drop slightly further after 19 months of storage.

Two possible reasons for the decreasing thermal conductivity are discussed below.

Structural changes can be one possible reason for reducing the thermal conductivity

with longer storage time. In order to investigate the possible structure change in semi-

c-IGZO, XRD was conducted again on the semi-c-IGZO thin film after the 19-month

storage Figure 3.7. It shows that the film still maintains the diffraction signatures of

semi-crystalline phase, but there are minor shifts of the first three peaks (∆2θ < 1◦), and

most apparently near 2θ = 30◦. This may indicate some structural relaxation in crystal

orientation caused by residual strain in the film. The amorphous film, on the other hand,

cannot reorient with time under residual strain since there is no order, and the c-axis

aligned crystalline films are already aligned in their lowest energy orientation.
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Figure 3.7. XRD pattern of semi-c IGZO film shows peak shifts after
19-month storage, most apparently around 2θ = 30◦.

A remaining possible explanation for the reduced thermal conductivity is the diffusion

of oxygen vacancy defects. One widely accepted mechanism for electrical conduction in

TCOs is that oxygen vacancies act as donors contributing to free-carrier concentration

[19, 104]. Since the films under study were capped with SiNx insulation layer to facilitate

the 3ω measurement, new vacancies are not likely to be generated given that the film is

effectively sealed. But pre-existing vacancies may still play a role if they are able to diffuse

to regions of the sample where they may impede thermal conductivity. It is known both

experimentally and computationally that vacancies interrupt heat transport by scattering

vibrational modes and consequently reducing the thermal conductivity [105, 106, 107,

108, 109]. If in the present system oxygen vacancies were to diffuse from the bulk of the

grains to the grain boundaries, the vacancies at the grain boundaries may disrupt thermal
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conductivity from grain-to-grain. Since the grain size in semi-c-IGZO is only about 1/6 of

that in c-IGZO as shown in Section 3.4.1, the smaller grain size results in a greater volume

percentage of grain boundaries in semi-c-IGZO than c-IGZO film. This may explain why

the reduction in thermal conductivity is more drastic in semi-crystalline film. Given the

fact that there exist no grain boundaries in amorphous systems, vacancies cannot diffuse

to these low-energy boundaries to further suppress heat transport. This is consistent with

the observation that a-IGZO thin film maintains almost the same in thermal conductivity

over the full 19-month storage. Meanwhile, the grain size in c-IGZO is much larger than

that in semi-crystalline phase, leading to a significant reduction in volume fraction of

grain boundaries in c-IGZO. This may explain why the thermal conductivity decrease in

c-IGZO is not as dramatic as that in semi-c-IGZO.

A remark is warranted on the role of dryness for the long-term storage. Given that the

sample is effectively sealed from the environment by the silicon nitride cap layer, these

samples likely would have exhibited the same behavior in any room temperature ambient.

However, one can speculate that if the cap layer were instead air-permeable allowing IGZO

exposure to ambient moisture and oxygen present, the oxygen vacancy diffusion at grain

boundaries may be significantly affected by the different ambient condition. Although the

volume fraction of grain boundaries would not change, the pre-existing vacancies could

be filled with hydrogen and oxygen from the ambient [110] and increasing the thermal

conductivity, or at least making the reduction of thermal conductivity less drastic. And

the time scale of the change of such an exposed film may be different, since the moist air

acts as an activated oxidizing environment.
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3.6. Future Work

To further test the conjecture of phonon interface scattering in c-IGZO along c-axis, in

the future it would be helpful to measure in-plane vs. cross-plane thermal conductivity in

c-IGZO. If the conjecture is valid, the in-plane thermal conductivity would be considerably

larger than the cross-plane value already measured here. This require patterning narrow

filaments as illustrated in Section 5.1.

Additionally, the correlation between electron and phonon transport is worth a sys-

tematic study. In transparent conducting oxides such as InO[61] and ZITO[111], a highest

Hall mobility was observed at the onset of crystallinity, where the structural character-

istics were claimed to be responsible (e.g. bond distance, bond angle and connected

chains). In our study of thermal conductivity, or to some extent phonon mobility, the

intermediate semi-c phase similarly manifests the maximum in Figure 3.5. Similar to our

observation, one report after our publication demonstrated a high thermal conductivity of

semi-c-IGZO similar to our result, but another semi-c-IGZO phase with larger grain size

having a dramatically reduced κ which is even lower than c-IGZO.[112] So the structural

change from amorphous to crystalline phase may affect the phonon transport in trans-

parent conducting oxides. Linking the phonon and electron transport properties together

may help the community better understand the structure and finally tune the property

at will for various applications.

Finally as another potential future application, thermally insulating films could be

fabricated in large area using one-cycle spin-combustion process to compete with aerogel.

Aerogel is a synthetic material with extremely high porosity and low thermal conductivity
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Figure 3.8. Hall mobility of transparent conducting oxides InO[61] and
ZITO[111], both of which demonstrate a maximum mobility at the transi-
tion from amorphous to crystalline phase.

Figure 3.9. Latest results on high-porosity IGZO thin films (red) grown
by one-cycle spin-combustion process, compared with original results.
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(κ ≈ 0.02 W/(m · K))[113] comparable with air, and has been used for thermal insula-

tion in architectural purposes, vehicle and space launch applications[114, 115]. Inspired

by the porosity-dependent thermal conductivity in our study [Figure 3.5(b)] where the

percolation model shows a threshold porosity Pc = 65.8 %, it may be promising to fab-

ricate high-porosity oxides around or even above this porosity to explore the possibility

of ultra-low thermal conductivity. Further efforts have been made on the thermal con-

ductivity of high-porosity IGZO with the results shown in Figure 3.9, which is consistent

with the model prediction and previous measurement results in black. For the growth

side, it requires more progress in growing higher porosity P > 40 % by using one-cycle

spin-comsbustion. Then the buried 3ω method proposed in Section 2.6 can be adopted

to measure the thermal conductivity of these highly porous films.
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CHAPTER 4

Candidate p×n-Type Transverse Thermoelectrics

This chapter focuses on a type of energy-conversion materials: p×n-type transverse

thermoelectrics, specifically five candidate compounds and band structure calculations on

two representative candidates. Though the overall thesis focuses on thin film materials,

this chapter will examine the general paradigm of transverse thermoelectrics, and the sub-

sequent chapter will address the thin-film variety of p×n-type transverse thermoelectrics.

The criteria for identifying p×n TTE is derived in Section 4.1. Section 4.2 identifies five

different ambipolar compounds as p×n candidates, and evaluates their thermoelectrical

performance by calculating the transverse z⊥T and characteristic angles. Among these

compounds, two promising bulk crystalline candidates are picked to study their band

structure by using density functional theory calculation in Section 4.3, in order to develop

a better understanding of the underlying causes of p×n-type behavior.

4.1. Criteria for identifying p×n-Type Candidates from Calculated Seebeck

Tensors

The Materials Genome paradigm employs high-throughput computation tool to ac-

celerate the discovery and design of new materials[116]. Although the Seebeck tensor

can be directly calculated in such Materials Genome searches, the criteria to distinguish

p×n TTE from this Seebeck tensor has been missing. This section develops the necessary
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criteria to identify p×n TTE’s, thereby facilitating the discovery of new p×n TTE under

the Materials Genome project.

There are two possibilities for identifying whether the Seebeck tensor of a material

represents a p×n TTE. If the principle axes of the Seebeck tensor used in the calcula-

tion are aligned with the crystalline axes, then it is straightforward to identify the p×n

character, however, off-diagonal components of the Seebeck tensor can also occur in some

low symmetry materials whose principle axes are not aligned with the crystal axes of the

calculation. So here we propose the two equivalent criteria for identifying a p×n TTE,

below:

Criteria I: A material with a diagonalized Seebeck tensor is a p×n-type TTE if the

Seebeck coefficient along one principle axis has the opposite sign as the other two Seebeck

coefficients along the remaining principle axes.

Criteria II: A material with general Seebeck tensor is a p×n-type TTE if the tensor

has non-zero determinant but can be rotated to have a zero on at least one diagonal.

Since Criteria I is straightforward and represents the original criteria put forth in the

discovery of p×n-type TTE — namely that the Seebeck coefficient is p-type along one

axis and n-type along an orthogonal axis, the rest of this section focuses on the alter-

nate criterion II to derive the conditions for identifying a transverse thermoelectric even

when the Seebeck tensor includes off-diagonal terms. This latter formulation will be more

helpful in rapidly sorting candidate materials in a Materials Genome search, since it can

handle non-diagonalized Seebeck matrices. In the Seebeck effect, a thermoelectric field E

is generated from a temperature gradient ∇T , where the Seebeck tensor is defined in the
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relation E = −S∇T . If the Sii diagonal component of S is zero, then the thermoelec-

tric field E will be orthogonal to a temperature gradient ∇T applied in the i-direction,

resulting in Criteria II.

To convert Criteria II to a mathematical statement, we must first identify the linear

algebra operation equivalent to rotating a given Seebeck tensor to an arbitrary basis until

one of the diagonal terms is zero. The rotation matrix to transform a three-dimensional

tensor can be parameterized with three angles, φ, θ, and α, according to the Roe Con-

vention:

R =


cosφ − sinφ 0

sinφ cosφ 0

0 0 1




cos θ 0 sin θ

0 1 0

− sin θ 0 cos θ




cosα − sinα 0

sinα cosα 0

0 0 1

(4.1)

=


cosφ cos θ cosα− sinφ sinα − cosφ cos θ sinα− sinφ cosα cosφ sin θ

sinφ cos θ cosα + cosφ sinα − sinφ cos θ sinα + cosφ cosα sinφ sin θ

− sin θ cosα sinθ sinα cos θ

 ,

which is able to rotate any tensor from the original x, y, z unprimed basis, to any x′, y′, z′

prime basis.

For an arbitrary 3D Seebeck tensor with non-zero off-diagonal terms

S =


Sxx Sxy Sxz

Syx Syy Syz

Szx Szy Szz

 ,
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after a transformation to the primed basis S ′ = R S RT and division by cos2 θ, the last

diagonal term on the bottom right of the matrix would become

S′zz = [R S RT ]zz = Sxx cos2 φ tan2 θ + Syy sin2 φ tan2 θ + Szz

+ 2Sxy cosφ sinφ tan2 φ+ 2Sxz cosφ tan θ + 2Syz sinφ tan θ.

If this component is zero, then it is possible for the thermoelectric field E = −S∇T to

be made orthogonal to a temperature gradient ∇T applied along the z axis, satisfying

Criteria II. Setting this transformed S ′zz term to zero leads to a quadratic equation for

tan θ

(Sxx cos2 φ+ 2Sxy cosφ sinφ+ Syy sin2 φ) tan2 θ + (2Sxz cosφ+ 2Syz sinφ) tan θ + Szz = 0.

For a quadratic expression Ax2 + Bx+ C = 0, a real solution only exists when the term

B2 − 4AC is non-negative, or equivalently,

(Sxz cosφ+ Syz sinφ)2 − Szz(Sxx cos2 φ+ 2Sxy cosφ sinφ+ Syy sin2 φ) > 0.

Regrouping terms and dividing by sinφ gives another quadratic expression,

(S2
yz − SyySzz) tan2 φ+ 2(SxzSyz − SxySzz) tanφ+ (S2

xz − SxxSzz) > 0.

which is a parabola y = Ax2 +Bx+ C > 0 with x = tanφ. This parabola will only have

non-negative values when:

(a) it is an upward parabola meaning that A > 0, such that in the limit of large | tanφ|
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the first term dominates, namely

SyySzz − S2
yz < 0. or

(b) it intersects the y axis (φ = 0) at a positive value meaning C > 0, such that in the

limit of small tanφ the third term dominates, namely

SxxSzz − S2
xz < 0, or

(c) if it is a downward parabola with a negative intersection with y axis, the maxi-

mum of this parabola is positive, namely plugging into the inequality the solution x =

−B/2A describing the maximum value of the downwards parabola, or equivalently tanφ =

−(SxzSyz − SxySzz)/(S2
yz − SyySzz), then

(S2
xz − SxxSzz)(S2

yz − SyySzz)− (SxzSyz − SxySzz)2 < 0

Szz(SxxSyySzz + 2SxzSyzSxy − SzzS2
yz − SyyS2

xz) < 0

Szz det ‖ S ‖< 0.

In linear algebra, the minor of a matrix Mij is the determinant of the matrix after the ith

row and jth column have been removed. By this definition, we can rewrite the conditions

(a) and (b) above, where the left sides of (a) and (b) would become Mxx and Myy.

Empirically the first two conditions are redundant, as can be independently verified

from the definition of positive and negative definite matrices[117]. So it can be shown

that only one of (a)+(c) or (b)+(c) is sufficient to correctly identify all TTE’s. In the

language of linear algebra, it is equivalent to saying that the Seebeck tensor S is indefinite.
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This means the tensor is neither positive definite (all eigenvalues positive), nor negative

definite (all eigenvalues negative), nor semi-definite (contains zero eigenvalues)[117].

4.2. Candidate Materials in Ambipolar Bulk Compounds

4.2.1. Candidate Materials

This section focuses on ambipolar bulk compounds that manifest the anisotropic am-

bipolar conduction, namely dominated by p-type and n-type conduction in two orthogonal

crystal axes, respectively. Some artificial materials like superlattices[30, 118] can also be

tailored to be transverse thermoelectrics, as will be discussed in the subsequent chapter.

By going through the literature of ambipolar materials with thermoelectric characteri-

zation and evaluating their TTE characteristics as below, we were able to identify the

following 5 materials as p×n-type TTE candidates. Because a determination of the TTE

characteristics requires the Seebeck coefficient, electrical resistivity, and thermal conduc-

tivity in both the p-type and n-type orthogonal directions, it is rare that the published

literature contains enough information to definitively identify p×n-type TTE’s. But with

reasonable assumptions, such as assuming temperature-independent thermal conductivi-

ties, or using theoretical Seebeck tensors when the experimental Seebeck is missing, one

can arrive at a fair estimate of the performance of candidate TTE materials.

The five candidate compounds from our literature search are identified below. When

plotting these data, we will use solid symbols for data that is experimentally measured, and

open symbols for data that represents published theoretical values, or that is estimated

with assumptions.
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Figure 4.1. Crystal structure of (a) CsBi4Te6, (b) ReSi1.75, (c) PdCoO2

and (d) LiMo6O17.

(1) CsBi4Te6, which crystallizes in the monoclinic space group C2/m, has a lay-

ered structure composed of [Bi4Te6]
− alternative layers with intercalated Cs+ ions

[Figure 4.1(a)]. Due to its significant anisotropy in the carrier effective mass, the

anisotropic thermoelectric properties were examined[119] using steady-state technique

in three crystal orientations: a-axis which is parallel to the [Bi4Te6]
− layers, b axis or

needle direction along which needle-shaped samples are usually formed, and c-axis

which is perpendicular to Cs atom layer. With all this information, the transverse

figure of merit is calculated for as-prepared samples from T = 1.5 K to 300 K, shown

in Figure 4.1(a).
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Figure 4.2. Thermoelectric characteristics of the five compounds CsBi4Te6,
ReSi1.75, PdCoO2, NaxCoO2 and Li0.9Mo6O17: (a) Seebeck coefficient (top
panel for positive, bottom panel for negative), (b) electrical resistivity, and
(c) thermal conductivity. The circles and triangles represent the values
for in-plane (interchain for Li0.9Mo6O17) and out-of-plane (intrachain for
Li0.9Mo6O17), respectively. Solid symbols are experimental data from pre-
vious studies, while hollow ones represent those calculated theoretically or
assumed constant within the temperature range.

(2) ReSi1.75, which is another monoclinic crystal with Si vacancies [Figure 4.1(b)], is

also a promising candidate for superior thermoelectric performance, since it shows p-

type conduction in a axis [100] and n-type conduction in c axis [001]. Both its electrical

resistivity and Seebeck coefficient demonstrate anisotropy[120, 121, 122] in four-point
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measurements. The thermal conductivity data is lacking, so back-calculated from zT

and resistivity values for a and c axes respectively[123].

(3) There are some cobalt oxides exhibiting outstanding ambipolar characteristics,

which can be utilized as p×n-type thermoelectrics. PdCoO2 is a hexagonal delafossite

oxide with alternative triangular lattice layers as shown in Figure 4.1(c), exhibiting

metallic transport properties in-plane and meanwhile acting as poorer metal in the

out-of-plane direction. The exceptionally low resistivity of PdCoO2 helps to generate

a relatively high transverse thermoelectric figure of merit. In order to calculate the

figure of merit, we use the Seebeck coefficient calculated by Boltzman theory[124], re-

sistivity measured with four-probe method[125], and thermal conductivity determined

by steady-state technique and a finite element model[126].

(4) Besides PdCoO2, NaxCoO2 shows ambipolar properties in Seebeck coefficient with

x = 0.45 and 0.55, which was obtained theoretically by the Boltzmann transport

method[127]. But to our knowledge the resistivity and thermal conductivity for these

two materials have not been characterized in the literature. Meanwhile, NaCo2O4 (x

= 0.5 for NaxCoO2) has been extensively studied because of its potential to be an

outstanding thermoelectric material. So for this work, we assume that Na0.45CoO2

and Na0.55CoO2 have similar resistivity[128] as NaCo2O4. The thermal conductivities

of different stoichiometries were calculated within the GreenKubo theory, and were

assumed to be temperature-independent[129].

(5) It was recently found that a quasi-one-dimensional metal Li0.9Mo6O17, a low-

temperature conductor known is as “lithium purple bronze”, possesses a highly anisotropic
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thermopower. Its monoclinic unit cell is shown in Figure 4.1(d). Above room tem-

perature, it shows a p-type interchain Seebeck coefficient perpendicular to the chains

(c-axis) with an n-type metallic intrachain conduction along the chains (b-axis) be-

cause the weak electron-interchain transport at high temperatures is dominated by

the thermally activated carriers from the valence band[130]. Given the measured See-

beck coefficient and inter-chain resistivity above room temperature, the lack of thermal

conductivity and intra-chain resistivity data were extrapolated to higher temperatures

from previous studies[131, 132].

4.2.2. Thermoelectric Performance Analysis

In addition to z⊥T , there are three critical angles that differentiate the performance of

these ambipolar compounds as TTEs since the heat flow and electric field are in different

directions in p×n-type TTEs. These geometric “figures of merit” have no analog in

standard longitudinal thermoelectric materials. First, we will define the angle θzT as

the angle between the principle crystal axes and the electrical current J that results in

the maximum figure of merit. Second, we will define the angle between the current J

and thermal flow Q in TTE at maximum figure of merit as θJQ. Finally, the current

J and thermal flow Q can be perfectly orthogonal as per the definition of a transverse

thermoelectric. The angle where this occurs is not necessarily the same as the angle that

gives maximum z⊥T , so we define the angle θ⊥ as the angle between the principle crystal

axes and the electrical current J such that the thermal flow is orthogonal to this current,

θJQ = 90◦. The remainder of this section will calculate and discuss these three angles θzT ,

θJQ, and θ⊥ as well as the transverse figure of merit z⊥T .
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As an example, we will consider a p×n-type transverse thermoelectric with p-type

conduction dominating the a-axis, and n-type conduction along the c-axis.[30] When the

angle θzT between the principle axes (a, c axes for example) and the current J satisfies

(4.2) cos θzT =
1

1 +

√
κcc/κaa
ρcc/ρaa

,

the transverse figure of merit is maximized to be

(4.3) z⊥T =
(Sp,aa − Sn,cc)2T

(
√
ρaaκaa +

√
ρccκcc)2

,

where Sp,aa and Sn,cc are p-type and n-type Seebeck coefficient for the principle material

axes of anisotropy a (in-plane axis) and c (cross-plane axis) respectively at temperature

T , ρ is electrical resistivity and κ is thermal conductivity. Note that compared with the

conventional longitudinal figure of merit, the transverse z⊥T is enhanced by having a large

a positive Seebeck coefficient for the p-type conduction direction and a large negative one

for the n-type direction according to this equation.

With all the parameters including Seebeck coefficient, electrical resistivity and thermal

conductivity obtained from previous literature in Figure 4.2, the transverse figure of merit

z⊥T [Figure 4.3(a)] with the optimized angle θzT between current and principle axis

[Figure 4.3(b)] can be calculated by using Equation 4.3. z⊥T is plotted in the temperature

range from T = 20− 1100 K with a break in the T -axis between room temperature and

400 K accompanied by a change in scale. The values of z⊥T of the various materials

shown here span from 10−5 to 1 within this temperature range, most of which are below

z⊥T = 0.1 making them not as competitive as conventional thermoelectric materials
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Figure 4.3. (a) Optimized transverse figure of merit z⊥T at (b) the opti-
mized angle θzT between the current and principle axis shown in the inset,
both as a function of temperature. (c) The current-heat angle θJQ between
the current J and induced heat Q. (d) The angle between the current and
principle axis θ⊥ that leads to perpendicular heat and current flow.

at this stage of materials research. However, given that these characterizations were

made before the p×n TTE paradigm was even known, no attempt at optimizing TTE

materials performance has been attempted yet, and there should be room for significant

improvement with minimal effort using the now standard lexicon of methods developed

for improving standard thermoelectrics.
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Among all the ambipolar compounds, ReSi1.75 stands out as the most competitive

compound with the z⊥T orders of magnitude higher than the others, albeit at the highest

temperature range. As its anisotropy becomes more and more significant with increasing

temperature above T = 600 K, eventually the optimal z⊥T = 0.36 is achieved around

T ≈ 1060 K due to the large difference of Seebeck coefficient between two principle axes.

Note again, that improved thermoelectric characteristics are expected for this and other

materials in the future with standard thermoelectric engineering optimization tricks such

as doping. The band structure of ReSi1.75 will be calculated in Section 4.3 to obtain

fundamental insight of its ambipolar behavior. According to Equation 4.2, the angle θzT

corresponding to optimal z⊥T should be 45◦ under isotropic of thermal conductivity and

electrical resistivity, i.e. κcc/κaa = ρcc/ρaa. Thus a dashed line is plotted as a guide to the

eyes at θzT=45◦ in Figure 4.3(b), and ReSi1.75 has a θzT closest to this angle for all the

materials presented here..

The second important angle θJQ is the angle between current J and induced heat

flow Q as shown in Figure 4.3(c). In the transport basis rotated by an angle θ whereby

the current flows in the x-direction, the diagonal Seebeck tensor in the crystal basis is
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transformed as follows

S2D =

cos θ − sin θ

sin θ cos θ


Sp,aa 0

0 Sn,cc


 cos θ sin θ

− sin θ cos θ

(4.4)

=

Sp,aa cos2 θ + Sn,cc sin2 θ (Sp,aa − Sn,cc) sin θ cos θ

(Sp,aa − Sn,cc) sin θ cos θ Sp,aa sin2 θ + Sn,cc cos2 θ



=

Sxx Sxy

Syx Syy

 ,
leading to the off-diagonal term Sxy necessary for inducing transverse thermoelectric be-

havior. The total heat flux density Q is proportional to the current density J

(4.5) Q = Π · J = (TS) · J,

where Π is the Peltier tensor equal to the product of Seebeck tensor S and temperature

T according to the second Thomson relation. Therefore, the longitudinal and transverse

heat flow density are

Qx = (Sp,aa cos2 θ + Sn,cc sin2 θ)TJx,

Qy = (Sp,aa − Sn,cc) sin θ cos θ TJx.

(4.6)

Since the x axis will be defined parallel to the current density vector J, the angle between

J and its induced heat flow density Q satisfies tan θJQ = Qy/Qx, which yields the current-

heat angle

(4.7) θJQ = arctan
(Sp,aa − Sn,cc) sin θ cos θ

Sp,aa cos2 θ + Sn,cc sin2 θ
.
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as shown in Figure 4.3(c). With the dashed-line guide to the eye at 90◦ in Figure 4.3(c),

it can be easily seen that PdCoO2, Li0.9Mo6O17 and ReSi1.75 have almost perpendicular

heat flow Q relative to the current J when operating at the optimized performance angle

θzT .

Finally we define the angle θ⊥ between the principle axes (a, c axes for example) and

the current J such that a perfectly perpendicular heat flow results relative to the applied

current, i.e. θJQ = 90◦. Equivalently, for a current Jx in the x-direction, there is no

resulting x-component of heat flow Qx, i.e.

(4.8) (Sp,aa cos2 θ + Sn,cc sin2 θ)TJx = 0.

Therefore,

(4.9) θ⊥ = arctan
√
−Sp,aa/Sn,cc.

θ⊥ is shown in Figure 4.3(d) for candidate compounds. If the current direction x is

rotated by θ⊥ relative to the crystal axis a, the effective heat flow would be all along the

orthogonal direction.

4.3. Band Structure Calculation

To obtain an insightful understanding of the underlying causes of p×n-type TTE in

areal material, we calculate the band structure and Seebeck tensor of two promising TTE

compounds in collaboration with Prof. Jiong Yang’s Group at the Materials Genome

Institute in Shanghai University. Although the engineering approach of energy band
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Figure 4.4. The band diagram of ReSi1.75 without and with spin-orbit
coupling in (a) and (b), respectively.

calculation is already well known for optimizing the performance of conventional thermo-

electrics, for TTE the understanding of the structure-property-performance relationship

behind ambipolar behavior in these compounds is still limited.

The first-principle calculations here use Vienna ab initio Simulation Package (VASP)[133,

64], and a recently developed strongly constrained and appropriately normed (SCAN)

meta-generalized gradient approximation (meta-GGA)[134]. A plane-wave cut-off energy

of 520 eV and an energy convergence criterion of 10−4 eV for self-consistency are adopted

throughout the calculations. The transport property is determined by Boltzmann Trans-

port Properties (BoltzTraP) program with the output from VASP[135, 136]. Fermi sur-

faces are plotted with Xcrysden[137]. Transport and Fermi surface calculations require

very dense K-point samplings. Specifically, the K-point mesh is 42 × 42 × 56 for ReSi1.75,

and 89 × 89 × 39 for PdCoO2.

ReSi1.75 is chosen as a promising compound for p×n-type TTE given its highest z⊥T

among all candidates reviewed here and a θJQ closest to 90◦, as illustrated in Section 4.2.2.
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The standard DFT calculation usually disregards spin-orbit coupling (SOC), which how-

ever may break the energy band degeneracy (especially in heavy elements such as rhenium)

and lead to changes in band structure. To verify our calculation, the band structures are

calculated with and without spin-orbit coupling as shown in Figure 4.4. These two band

structure are similar enough that we adopt the calculation without SOC for the purpose

of simplicity and calculation efficiency. The electronic band structure of ReSi1.75 is shown

in Figure 4.5(a) with five different Fermi energy levels F1-F5 around the middle of the

band gap. As the Fermi energy shifts from the valence band to conduction band (i.e.

from F1 to F5), the transition of the Fermi surface in Figure 4.5(c) first shows a shrinking

Fermi surface area from panel F1 as the Fermi energy approaches the middle of the gap

in panel F3 indicating the minimum electrical conduction. Examining the shape of this

Fermi surface, when the Fermi energy is near the top of the conduction band as F1 and

F2 in Figure 4.5(c), the Fermi surface manifests a heavy effective mass along Γ-Z, and a

light effective mass along Γ-X and Y.

One can use this qualitative information about the relative effective masses to make

predictions about the directionality of the Seebeck tensor. Given the fact that the Seebeck

tensor of two parallel bands is weighted by the electrical conductivity tensor, the Seebeck

tensor component is expected to be small in Szz, and large in Sxx and Syy around F1

and F2. Similarly for F4 and F5 in Figure 4.5(c) when the chemical potential is near the

bottom of the conduction band, the Fermi pocket shows a heavy effective mass along Γ-X,

and a light effective mass along Γ-Y and Z. So near the F4 and F5 the Seebeck tensor

components are expected to be small in Sxx, and large in Syy and Szz.
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Figure 4.5. (a) Calculated band structure of ReSi1.75, with labeled Fermi
levels F1-F5. The Brillouin zone with the real-space lattice are plotted in
(b), with labeled high-symmetry points in reciprocal space. (c) The Fermi
surfaces at different fermi level as labeled in (a).

From the band structure of ReSi1.75, the full Seebeck tensor was calculated which

turned out to have non-zero off-diagonal terms Sxz and Szx, requiring the analysis of Sec-

tion 4.1 to confirm the transverse thermoelectric character. These two terms Sxz and Szx,

which by symmetry must be equal, were similar but not equal in the resulting calculation,
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Figure 4.6. Correcting for 90-degree phase slips in the calculated Seebeck
tensor. (a) As-calculated rotation angle θxz for Seebeck tensor diagonaliza-
tion according to Equation 4.10, where the pick trace highlights the angle
oscillation between 0 to 90◦. (b) As-calculated Seebeck components ac-
cording to Equation 4.11. After phase slips: (c) The three curves of θxz,
θxz − 90◦, and θxz − 90◦, among which the pink background highlights a
continuous trace of θxz with 90◦ phase slips. (d) Corrected Seebeck tensor
components considering the value slips corresponding to θxz phase slips in
(c), where the dashed lines are the same chemical potentials F1-F5 (from
left to right) as those in Figure 4.5(a).

due to errors inherent in the difficult task of calculating transport characteristics from

first principles. So for the purpose of estimating a value for Sxz = Szx, the average of

these two values is taken.
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The non-zero off-diagonal terms warrant a more thorough discussion, as they have

no analog in standard thermoelectrics. In low-symmetry crystals the principle axes of

the diagonalized Seebeck tensor may vary with temperature and chemical potential, and

they are not necessarily aligned with the principle axes of the crystalstructure, itself. The

chemical-potential dependence of the Sxz, Sxx, and Szz terms means that the principle

axes of the Seebeck tensor may rotate by a chemical-potential-dependent angle theta θxz

in the x− z plane as the chemical potential changes, where

(4.10) θxz =
1

2
arctan

2Sxz
Sxx − Szz

.

Note, for example, that if the off-diagonal component Sxz is zero, then the angle θxz is

likewise zero. With this rotation, the Seebeck elements in the diagonalized tensor become

S ′xx =
Sxx + Szz ±

√
(Sxx − Szz)2 + 4S2

xz

2
,

S ′yy = Syy,

S ′xx =
Sxx + Szz ∓

√
(Sxx − Szz)2 + 4S2

xz

2
.

(4.11)

To diagonalize the Seebeck tensor, Figure 4.6(a)(b) shows dependence of the as-

calculated rotation angle θxz and Seebeck components on the chemical potential according

to Equation 4.10 and 4.11, respectively, assuming the upper positive sign is taken for S ′xx

and the upper negative sign is taken for S ′zz. The angle θxz jumps abruptly as observed in

Figure 4.6(a), indicating 90-degree phase slips. Note that in Equation 4.11 the values S ′xx

and S ′zz are interchangeable given different signs in the definition, so there is no way to
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assign the definitive value for S ′xx and S ′zz. Therefore, the only way to determine consis-

tency is to try to find a solution whereby the angle θxz changes slowly and continuously,

and removes any false discontinuities since the equation is only correct modulo 90◦. To

identify phase slips in θxz, the curve is plotted together with θxz plus/minus multiples

of 90◦ in Figure 4.6(c). A continuous trace highlighted in pink identifies 90◦ phase slips

from the grey to the black curve and vice versa within certain chemical potential ranges.

Correspondingly the Seebeck components are corrected as shown in Figure 4.6(d).

After correcting for the Seebeck phase slips in Figure 4.6(d) where the Fermi levels are

labeled in F1-F5, the consistency between Seebeck calculations and the band diagram in

Figure 4.5(a) is interpreted. Near F2 and F3 (i.e. the top of the valence band), S ′zz reached

the minimum in negative while S ′xx and S ′yy are at their positive maximum values, where

the largest difference between the n-type and p-type occur near these Fermi levels leading

to the maximum thermopower for TTE. Consistent with our expectation described in the

previous paragraph according to the effective mass, around the minimum of conduction

band (i.e. F4 and F5), S ′zz is much larger than S ′xx although they both become negative

as an n-type behavior.

The other representative material picked for band structure calculation is PdCoO2

since the current-heat angle in this material is close to 90◦ as shown in Figure 4.3(c).

The band diagram result in Figure 4.7(a) is plotted from the Γ point along the three

crystal axes in reciprocal space, where for a charge neutral chemical potential at µ = 0

there is a metallic band in the in-plane direction between Γ-X and between Γ-Y, and a

semiconducting band in the cross-plane direction between Γ-Z. From the band structure

result, the Seebeck components are deduced as shown in Figure 4.7(b) with a 89×89×39
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Figure 4.7. (a) Band structure of PdCoO2 along X, Y, and Z axes. (b)
Seebeck coefficient S of PdCoO2 in three different crystal axes, where the
black dashed line indicates a positive in-plane S and a negative cross-plane
S with the largest difference in between. The upper right inset in (b)
demonstrates the corresponding Fermi surface of PdCoO2 at this chemical
potential µ = 0.05 eV. (c) The real-space atomic structure in the Brillouin
zone where the reciprocal axes X, Y, and Z are labeled.

MonkhorstPack K-point sampling used for the primitive unit cell. The two axes in the

in-plane direction have the same thermopower given the symmetry. The value of Seebeck

coefficient is low in the in-plane direction as one would expect for a metal. The chemical

potential µ = 0.05 eV at the dashed line gives a global minimum in the negative cross-

plane thermopower Szz as well as a p-type thermopower in the in-plane direction, which

corresponds to the Fermi surface drawn in Figure 4.7(b) upper right. Consistently, this
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Fermi surface is a symmetric hexagon within the X-Y plane [Figure 4.7(c)] as expected

from the isotropic band along Γ and X/Y axis.

4.4. Future Work

With the promising candidates identified in Section 4.2, future experimental work

needs to be done to fabricate the single crystals and measure the thermoelectric properties

to evaluate z⊥T and critical angles demonstrated in Section 4.2.2. Eventually, new p×n-

type TTE materials can also be rapidly searched using the criteria illustrated in Section 4.1

given the computational capacity of Material Genome community.
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CHAPTER 5

Towards Thermal and Electrical Characterization of Thin-Film

p×n-type Transverse Thermoelectrics

Besides the ambipolar compounds discussed in the previous chapter, the p×n-type

behavior can also be achieved by engineering the band structure of intrinsic semiconductor

superlattices[30, 32], such as InAs/GaSb type-II superlattice (T2SL). Its band gap can be

continuously tuned to zero by varying the thickness of electron/hole well width, which, in

principle, allows the T2SL to operate at any temperatures provided that the effective band

gap is on par with the thermal energy scale Eg ∼ kBT . To evaluate the figure of merit

for this material as TTE, electrical and thermal transport measurements are required.

This chapter demonstrates the electrical and thermal characterization of InAs/GaSb

type-II superlattice (T2SL) as a thin-film p×n-type TTE. In addition to the cross-plane

thermal conductivity measurement using a wide filament described in Section 2.3, this

Section 5.1 introduces the in-plane thermal conductivity characterization technique called

2-wire 3ω method, followed by a case study on a InAs/AlSb T2SL. For electrical charac-

terization, Section 5.2 discusses improvements in a data analysis technique called Fourier-

domain Mobility Spectrum Analysis (FMSA) to deconvolve the magnetotransport data

and deduce the characteristics of both electrons and holes in a multi-carrier system. Al-

though the thermal conductivity and electrical transport will be measured on a generic

T2SL, not one specifically designed to be a p×n TTE, the results here will establish a
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proof-of-concept of which methods of analysis work as planned, and which have uncovered

subtleties that will need more advanced consideration to attack the problem at hand.

5.1. Thermal Characterization: 2-wire 3ω Method

Compared with cross-plane thermal conductivity, in-plane thermal conductivity can

only be derived when the heat conduction from the filament on the film surface to the

substrate is two-dimensional, whereby the filament width should be smaller than or of

the same order as the film thickness so that the in-plane components of heat conduction

are of the same order as the out-of-plane components. As shown in Figure 5.1(a), the

measurement device for determining in-plane thermal conductivity has two filaments (1

wide 1 narrow) on both the film and substrate[138] where half the film is etched. Empir-

ically, the narrow filament width should be close to or smaller than the film thickness t,

and the wide filament width should be at lest one order of magnitude larger than the film

thickness t. Figure 5.1(b) gives a mask design example. The 4-µm-wide narrow filament

and 80-µm-wide narrow filament therein should be suitable for measuring a film with t

= 5 µm or below. For films in sub-micron thickness, e-beam lithography is needed to

pattern narrow filaments below a 1 µm linewidth.

The in-plane thermal conductivity is determined by an iterative fitting process using

the equations described below. The generalized heat conduction for a multi-layer system

is derived as [140]

(5.1) ∆T =
−P
πlκy1

∫ ∞
0

1

A1B1

sin2 (bλ)

b2λ2
dλ,



89

Figure 5.1. (a) A schematic diagram of 2-wire 3ω method.[139] (b) Mask
design of 2-wire 3ω method where all the labeled dimensions are in the unite
of µm.

where

Ai−1 =

Ai
κyiBi

κyi−1
Bi−1

tanh(ϕi−1)

1− Ai
κyiBi

κyi−1
Bi−1

tanh(ϕi−1)
, i = 2...n,

Bi = (κxyiλ
2 +

2ωi

αyi
)1/2,

ϕi = Biti, κxy = κx/κy.

Here the subscript i is the layer index starting from the top, and n is the total number

of layers (i.e. i = n for substrate). The subscript x and y correspond to the in-plane

and cross-plane directions, and αyi is the cross-plane thermal diffusivity of the ith layer.

Ai−1 is an iterative parameter, whose value is calculated from the layer below. Bi and

the integration variable λ both have the unit of wave number. Through the dependence

on the thermal conductivity anisotropy ratio κxy, the dimensionless variable ϕi is related

to the anisotropic heat flow within the film by the best fit.

Substrate thermal conductivity and the cross-plane thermal conductivity of the thin

film under study are first determined by the differential method comparing V s,wide
3ω and
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V f,wide
3ω from the wide filaments, as described in Section 2.3. By fitting to the temperature

oscillation converted from 3ω voltage from the narrow filament on the substrate (or sub-

strate plus dielectric layer, for conductive samples), namely V s,narrow
3ω , the filament width

2b (as well as top-layer dielectric film thickness and dielectric thermal conductivity if for

conductive samples) can be first calibrated. These parameters, as well as the cross-plane

thermal conductivity of the thin film of interest derived from the wide filaments, together

can be plugged into fitting the temperature oscillations obtained from V f,narrow
3ω from the

narrow filament on the film, after which the thin-film in-plane thermal conductivity can

be determined. The conversion between 3ω voltage and 2ω temperature oscillation is

performed by using Equation 2.2.

Due to lack of availability of an InAs/GaSb T2SL designed specifically as a p×n TTE,

a 2-wire 3ω measurement was conducted on a similar T2SL InAs/AlSb to examine the

temperature dependence of both cross-plane and in-plane conductivity.[86] This material is

widely used as the cladding layer in interband cascade lasers (ICL), where the continuous

wave performance degrades rapidly once the injection current becomes high enough to

heat the ridge. So measuring the thermal conductivity would provide useful information

for ICL simulations and guide optimization of device performance.

The cladding sample consisted of a 7-µm-thick (8 ML n-InAs/8 ML AlSb) SL layer and

a 500-nm GaSb buffer layer grown on the n-GaSb substrate. For the sample processing,

half of the cladding sample was left unetched, whereas the other half was etched to a depth

of 7 µm to the buffer layer. Then, a 70-nm-thick SiNx layer was deposited by plasma

enhanced chemical vapor deposition (PECVD) over the full area of sample surface. With
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Figure 5.2. Temperature-dependent in-plane and cross-plane thermal
conductivity of InAs/AlSb T2SL, where the grey datapoints are room-
temperture results from Reference [138].

photolithography, 300-nm-thick nickel filaments of widths W1 = 80 µm and W2 = 7 µm

patterned were deposited on the sample.

InAs/AlSb was measured in a cryogenic system from T = 15 K to 324 K, as the results

shown in Figure 5.2. First, the cross-plane thermal conductivity was deduced from the

differential 3ω voltage between the wide filaments on the etch and unetched sides, namely

the filaments on T2SL film and buffer layer respectively. Then the 3ω voltage from the

narrow filaments is used to fit the in-plane thermal conductivity. The characterization

indicates a slight increase of the thermal conductivities down to T ≈ 77 K, followed by

a more rapid drop at lower temperatures. The cross-plane thermal conductivities are

consistently about a factor of 2.5 ∼ 3.0 smaller than the in-plane thermal conductivities,

resulting from the interface scattering of phonons along the c-axis of superlattice. The
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cross-plane κ at room tempearture is consistent with previous study[138] only conducted

at room temperature.

Similar to InAs/AlSb T2SL measured here, InAs/GaSb as TTE candidate is expected

to have a higher in-plane κ than that in the cross-plane direction. Besides the room-

temperature measurement was performed elsewhere[138], the temperature-dependent study

needs to be done to enable the figure of merit estimate in a wide temperature range, given

the potential flexibility of p×n-type in operation temperature.

5.2. Electrical Characterization: Fourier-domain Mobility Spectrum Analysis

Parallel conduction, in which multiple carrier species contribute simultaneously to the

total electrical conduction, is common effect in many narrow-gap semiconductors, such as

the p×n-type transverse thermoelectrics where electrons and holes with different mobili-

ties and densities coexist. In the past few decades, a great deal of research has analyzed

magnetotransport data as a function of magnetic field to extract the electrical properties

of each carrier species in such samples with mixed conduction. Gold and Nelson [141]

conducted a multi-carrier fit to study the Hg vacancy in HgCdTe, a common narrow-gap

infrared detector material, but prior knowledge of the carrier type and number of species

is required a priori for this method. The concept of mobility spectrum analysis was first

proposed by Beck and Anderson [142], where their mathematical procedure deduced a

qualitative spectral envelope giving the maximum possible carrier conductivity for each

spectral mobility in HgCdTe and GaAs/AlGaAs heterostructures. Combining the two

above techniques together, Meyer et al.[143] presented a hybrid mixed conduction anal-

ysis. The first automated algorithm without subjective intervention called quantitative
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mobility spectrum analysis (QMSA) was developed by Antoszewski et al.[144] and Meyer

et al.[145], and later an improved version called improved QMSA (i-QMSA)[146] was in-

troduced. Kiatgamolchai et al.[147] employed a different approach using the maximum

entropy principle, and invented the maximum entropy mobility spectrum analysis (ME-

MSA), claiming that compared with i-QMSA their technique requires fewer data points

and is less sensitive to experimental noise. Most recently, the high resolution mobility

spectrum analysis (HRMSA)[148] was reported to have improved robustness and greater

resolution, but the underlying algorithm has not been published and it may be computa-

tionally slower than other methods.

We introduce a new method called Fourier-domain Mobility Spectrum Analysis (FMSA),

which has an intuitively simple algorithm, fast convergence, low computational cost, sim-

plicity of implementation, and good fitting accuracy. The algorithm is described in the

following section, followed by its demonstration on various synthetic datasets to verify

reliability.

5.2.1. Algorithm

The electrical conductivity tensor components for a multi-carrier system are based

on the Drude model in the classical physics regime. The longitudinal and transverse

conductivities are expressed as

σxx(Bj) =
M∑
i

nieµi
1 + µ2

iB
2
j

=
M∑
i

Aijxx[sp(µi) + sn(µi)]

σxy(Bj) =
M∑
i

αinieµ
2
iBj

1 + µ2
iB

2
j

=
M∑
i

Aijxy[sp(µi)− sn(µi)]

, where

Aijxx =
1

1 + µ2
iB

2
j

Aijxy =
µiBj

1 + µ2
iB

2
j

.(5.2)
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Here αi is a sign constant which is −1 for electrons and +1 for holes, and Aijxx and Aijxy

transform the conductivity spectra sn(µ) and sp(µ) into the conductivities σxx(B) and

σxy(B), respectively. The spectral carrier conductivities sn(µi) = nieµi and sp(µi) = pieµi

correspond to a number density of electrons ni or holes pi with mobility µi. The index

i and j refer to the indices of the mobility and the magnetic field, respectively. The

conductivity at the jth value of the magnetic field σ(Bj) is the sum over all M mobilities

with the index i, where M is the total number of the spectral mobilities. In order to

evaluate the fit, the error is calculated at each magnetic field, and the total average error

is defined as

(5.3) χ2 =
N∑
j

1

N

[σxx(Bj)− σexpxx (Bj)]
2 + [σxy(Bj)− σexpxy (Bj)]

2

[σexpxx (Bj)]2 + [σexpxy (Bj)]2
.

This represents the sum of the squared error fraction at all the magnetic fields divided by

the number of total number of data points N .

The novelty of the present method is to fit the spectral conductivities sn(µ) and sp(µ)

with an iterative “up/down” adjustment in both the mobility domain and its Fourier re-

ciprocal domain, in succession. Here we define “mobility domain” as the traditional space

for the spectral conductivity s(µ) where carrier mobility µ is the independent variable;

meanwhile its reciprocal space “Fourier domain” is the Fourier transform of the spectral

conductivity S̃(µ−1) where the reciprocal mobility µ−1 serves as the independent variable

with the units of magnetic field. The transformation between the mobility spectrum s(µ)

and its Fourier spectrum S̃(µ−1) is implemented using discrete Fourier transform (DFT)
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and inverse inverse discrete Fourier transform (iDFT) as shown below

(5.4)

S̃(µ−1i ) =
M∑
k=1

s(µk)e
−

2πi

M
(k−1)(l−1)

s(µk) =
1

M

M∑
l=1

S̃(µ−1i )e
−

2πi

M
(k−1)(l−1)

,

where l and k are the indices of the variable µ for mobility domain and µ−1 for Fourier

domain, respectively.

FMSA saves much computational effort compared with prior MSA methods. Unlike

prior methods[144, 145, 146] requiring separate computational algorithm for the envelope

from Beck and Anderson[142] as the initial guess, the iterative process begins with a

constant carrier conductivity for all the mobility points equally spaced on a log-scale axis,

for instance sn = sp = 1 S/m. The full FMSA follows the protocol in Figure 5.3(a)

mainly consisting of two subroutines: mobility-domain up/down in Figure 5.3(b) and

Fourier-domain up/down in Figure 5.3(c).

5.2.1.1. Mobility-domain up/down. In the mobility domain, the fitting procedure

is intuitively simple, with a flow chart shown in Figure 5.3(b). One first considers a

spectral conductivity at a certain mobility point with an index k. The carrier conductivity

sn(µk) or sp(µk) is tentatively increased by multiplying by a certain factor (1 + f) and a

comparison is made to see if the total error χ2 is reduced. If the total error is decreased,

the change is made; otherwise the conductivity is reduced by multiplying by the factor

(1 − f). The spectral point is modified only if the adjustment could decrease χ2. If

neither moving up nor down can enhance the fit, then the next mobility point with a

different index k is considered. The typical value used for f is 2 % from the beginning of
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Figure 5.3. Flow chart of (a) the full FMSA general procedure with (b)
mobility-domain up/down and (c) Fourier-domain up/down. Note that the
multiplicative adjustment factors f and F are reduced with each iteration
I, as described in the text.

each resolution step, and it is linearly decreased to 0.005 % at the end of that resolution

step. We refer to the mobility-domain as a local adjustment since at every iteration the

modification is made only at a single mobility point.

5.2.1.2. Fourier-domain up/down. A Fourier-domain adjustment is introduced here

to complement mobility-domain up/down just described. As the flow chart shows in
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Figure 5.3(c), the spectrum s(µ) is first Fourier transformed into its Fourier spectrum

S̃(µ−1). The modification is then made simultaneously on two symmetric Fourier spectral

points S̃(+µ−1i ) and S̃(−µ−1i ). The up/down adjustment for a given index l in Fourier-

space is made analogously to the mobility-domain method, and its adjustment factor

F = f uses the same percent values from 2 % to 0.05 % as used in the mobility-domain

up/down iteration immediately prior. Because modifications in the reciprocal space affect

all the points in the real space, we refer to this Fourier-domain up/down technique as

globally affecting the mobility spectrum.

In general, the local mobility-domain adjustment can suppress the extraneous spec-

tral features, while the global Fourier-domain up/down is able to reconstruct accurate

linewidths and generate smoother fittings. The success of the FMSA technique in al-

ternating between these two local and global domains is demonstrated with synthetic

datasets in the following section.

With the adjustments switching between the two domains described above, the FMSA

method is able to achieve rapid convergence to a rough spectrum as the initial guess, and

then progressively increases resolution as the convergence rate slows down. After fitting

the initial guess with a low resolution M0 = 20 where M0 is the number of spectral points,

then the resolution is increased to M1 = 40 and finally M2 = 80 during the three-step

resolution improvement. Meanwhile the number of fitted conductivity data points N

spanning the whole B range (0.01-15 T) is also increased from N0 = 75, N1 = 150 to

finally N2 = 300. Every time the spectral resolution is doubled, the first guess of the

fitting spectrum s(µ) at higher resolution is linearly interpolated in this log scale, while

the fitted data also has twice the resolution with the data points doubled at equal spacing
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along a logarithmic scale of the full B-field range of data from 0.01-15 T. The number

of data points in the Fourier-domain doubles as the mobility-domain resolution doubles

since the Fourier transform and its inverse both sum over the same number of points M .

5.2.2. Results of Pure FMSA

The fitting procedure is tested on various synthetic datasets below. In synthetic

datasets, each carrier distribution is a Gaussian-like peak

(5.5) s(µ) = A · e
−

(µ− µ0)
2

2w2 ,

where A, µ0 and w are constants defining the amplitude, central mobility and width

of the carrier peak in s(µ), respectively. Taking this assumed conductivity spectrum, a

conductivity tensor is calculated using the mapping matrices Axx and Axy in Eq. 5.5, and

then the resulting conductivities σxx(B) and σxy(B) are substituted for input experimental

data. The FMSA method then generates a fit, which is compared with the originally

assumed spectrum to test the effectiveness of this technique. Such synthetic datasets

have no measurement noise and assume perfect sample homogeneity, but are nonetheless

helpful as a means of controllably testing the algorithm[142, 146, 147, 148]. The mobility

range spans almost four orders of magnitude from µmin = 670 cm2/(V·s) (= 1/Bmax)

to µmax = 1,000,000 cm2/(V·s)(= 1/Bmin), where this lower limit on reliability is set by

the maximum magnetic field in the magnetotransport measurement Bmax = 15 T in this

simulation, and the higher limit is determined by the lowest magnetic field Bmin = 0.01 T

in this simulation. A convergence plot is introduced in Figure 5.6 to plot the total error

trend χ2 as a function of iteration index I throughout the fitting process.
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We begin by conducting an MSA fit in direct-domain only to illustrate the limitations

of such a simple approach. For the first synthetic dataset, a carrier system is assumed

where there coexist one electron species and one hole species with µc,1 = 40,000 cm2/(V·s),

w1 = 2236 cm2/(V·s), and µc,2 = 2,000 cm2/(V·s), w2 = 173 cm2/(V·s) respectively (Fig-

ure 5.4). The whole procedure is a three-step fitting with different spectral resolutions

(M0,1,2 = 20, 40 and finally 80), each of which has iterations I0 = I1 = I2 = 2,000. With

only mobility-domain adjustment, a fairly good fit can be obtained judging from the con-

ductivity fit in Figure 5.4(a), but the spectral fit needs improvement in Figure 5.4(b)). The

peaks are too broad, resulting in a large deviation in the peak amplitude and linewidth. As

the iterations continue, the local mobility-domain fit ceases to show improvement. From

a signal analysis perspective, comparison between the final fit and the synthetic dataset

clearly indicates that “high frequency” components in the signal are missing. Thus we

transform the data to the Fourier domain to fit the Fourier coefficients associated with

high frequencies thereby narrowing the peaks and lifting up the amplitude.

By implementing mobility-domain and Fourier-domain up/down alternately, a supe-

rior fit can be achieved with more accurate linewidth and amplitude. Figure 5.5 shows

the spectra examined throughout the process of FMSA. With the same iteration number

as in Figure 5.4, this full FMSA also implements two thousand iterations for each reso-

lution step, resulting in a total of I = 6,000. In the lowest resolution with M0 = 20 in

Figure 5.5(a) through (d), the constant conductivity initial condition is slowly raised to

a zigzag of the correct order in magnitude of conductivity after I0 = 200 iterations of

mobility-domain and Fourier-domain up/down coupled together in Figure 5.5(a). With

more iterations, the wings of the peaks are suppressed, leading to a rough peak shape with
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Figure 5.4. The conductivity and spectral fit after I = 6, 000 iterations
(I0 = I1 = I2 = 2, 000) of mobility-domain up/down technique alone (M0 =
20,M1 = 40,M2 = 80), resulting in the total error χ2 = 3.24 × 10−5. The
synthetic system has two species (one electron and one hole).

accurate amplitude halfway through the first resolution step with M0 = 20 and I0 = 1,000

in Figure 5.5(d). Each time the resolution is doubled, the fitting error reaches its next

convergence rapidly, because the peak shape barely changes after two hundred iterations

at M1 = 40 and M2 = 80 as shown in Figure 5.5(e) (h). So most of the feature recovery

happens in the lowest-resolution step M0 = 20 which also contains smallest number of fit-

ting data points N0 = 75, saving a significant amount of computational cost given the low

resolution of the calculation. The resultant spectrum in this first resolution step serves

as an envelope for the following fitting process, and is much more accurate than the Beck

and Anderson envelope in QMSA[148], which needs a separate algorithm to generate the

initial guess. In Figure 5.6 where the convergence trend of the full FMSA (Figure 5.5)

and the mobility-domain up/down only (Figure 5.4) are plotted alongside each other,



101

Figure 5.5. The spectral fit corresponding to the same synthetic dataset
as Figure 5.4 examined throughout the full FMSA process, i.e. mobility-
domain along with Fourier up/down techniques. Compared with Fig-
ure 5.4(b), it arrives at a mobility spectrum with an order of magnitude
higher accuracy χ2 = 1.92×10−6, given the same total number of iterations
I = 6, 000.

it can be seen that the full FMSA combination of both mobility- and Fourier-domains

converges more rapidly to lower errors than the mobility-domain adjustment alone when

given the same number of iterations I. In fact, the M0 = 20 initial round of full FMSA

iteration achieves better accuracy than the M2 = 80 final round of mobility-domain-only

convergence, and finally reaches a total error over one order of magnitude lower than the

that of mobility-domain adjustment alone. The large error spikes are due to the sudden

transition in the number of mobility points M, but note that the FMSA method causes

them to vanish quickly after only several iterations. FMSA is powerful in resolving wide

peaks as well. Since this is a technique based on Fourier spectrum adjustment, the high
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Figure 5.6. Convergence comparison of the squared-error χ2 for the full
FMSA (black) and for only the mobility-domain up/down technique (grey).
The FMSA achieves more than an order of magnitude lower error.

frequency noise in the spectrum can be nicely suppressed during the Fourier up/down

process, leading to smooth fitting features. As an example in Figure 5.7, a hole species

coexists with an electron species with a broad mobility distribution[146]. FMSA is able

to resolve the wide peak with good smoothness and accuracy in linewidth. Besides the

simple cases above where only two carrier species are present, more complex systems can

also be analyzed reliably with FMSA. Figure 5.8 illustrates an example where there are

two electrons and two holes with alternately increasing mobilities[146], leading to three

sign changes in σxy as a function of B as shown in Figure 5.8(a). All the four carriers are

deconvolved successfully here in Figure 5.8(b), with special clarity in the three peaks with

higher mobilities. The leftmost peak with the lowest mobility is not recovered as accu-

rately because one is approaching the physical limit µ ∼ 1/Bmax. Since the denominator
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Figure 5.7. Application of FMSA on a system with one narrow and one
wide carrier distribution (one electron and one hole species).

Figure 5.8. Application of FMSA on a system with four carrier species
(two electron and two hole species).
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of the conductivity definition (Eq. 5.2) approaches a constant value of 1 for the mobility

µ < 1/Bmax, any spectral adjustment would make little difference to the conductivity

spectral fit, hence the loss of accuracy. It can be better recovered if a larger Bmax could be

used in real experiments. For better resolve the low mobility carriers, an analysis method

is developed to push the mobility limit below 1/Bmax, which is introduced in the following

section.

5.2.3. Background Subtraction for Resolving Low-mobility Carriers in FMSA

Most MSA methods are based on the Drude model, such as the original quantitative

MSA (o-QMSA)[144, 145], improved quantitative MSA (i-QMSA)[146], and our Fourier-

domain MSA (FMSA) described in Section. 5.2. But the underlying Drude model also

constrains the analysis, and usually one cannot recover meaningful information for car-

rier species with mobilities much lower than a threshold µth = 1/Bmax defined as the

reciprocal of the maximum magnetic field Bmax in the magnetotransport measurement.

According to the Drude definition, the FWHM (full-width-at-half-maximum) of σxx and

the extremum of σxy occur at the same magnetic field B, whose reciprocal is the car-

rier mobility. Figure 5.9(a) shows the magneto conductivities for three different electron

mobilities µth/10, µth, and 10µth with the same spectral carrier conductivity sn = 7,000

(a.u.). Unlike the distinctly curved datasets for the high mobility µ = 10µth trace, the low

mobility data for µ = µth/10 are almost indistinguishable from straight lines throughout

the whole magnetic field range, and would require an unrealistically large magnetic field

B > 1/µ = 150 T to reach the FWHM in σxx. Of previous efforts to tackle the low-

mobility problem, one study was reported based on a multi-carrier fit, but required the
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Figure 5.9. (a) Longitudinal (black) and transverse (grey) conductivity
curves σxx and σxy for different mobilities µth/10 (solid), µth (dotted), and
10µth (dashed). (b) The same conductivities and after background subtrac-
tion (BGS) as defined in Eq. 5.6.

number of carriers and the carrier types to be known, defeating the purpose of the MSA

method[149]. We propose an analysis that we call the background subtraction (BGS)

method, which is executed prior to the standard FMSA. The BGS method serves to re-

move irrelevant spectral weight from the conductivity contribution of low mobility carriers

resulting in a more accurate fit. After introducing the method below, various test results

are shown in the subsequent sections to demonstrate the effectiveness of BGS particularly

in the low-mobility regimes.

5.2.3.1. Algorithm. For low mobility carriers µBmax � 1, the denominators of Axx(B)

and Axy(B) approach unity, meaning that low mobility species would result in a constant

σxx independent of B and a sloped σxy linear with B, as was seen for and in Figure 5.9(a).

The key idea of background subtraction is to subtract these linear contributions from the

conductivities before fitting with MSA, thereby reducing the irrelevant spectral weight of



106

these curves so that the features that distinguish σxx and σxy from straight lines are more

pronounced, as in Figure 5.9(b). The background subtracted conductivities are defined

as

(5.6)

σxx(Bj) = σxx(Bj)− σxx(Bmax) =
M∑
i

Aijxx[sp(µi) + sn(µi)]

σxy(Bj) = σxy(Bj)−
B

Bmax

σxy(Bmax) =
M∑
i

Aijxy[sp(µi)− sn(µi)]

,

where

Aijxx =
1

1 + µ2
iB

2
j

− 1

1 + µ2
iB

2
max

Aijxy = µiBj(
1

1 + µ2
iB

2
j

− 1

1 + µ2
iB

2
max

)

.

Note that the mobility spectra sp and sn generated from the background-subtracted fits

of Eq. 5.6 are the same as those from the standard method of Eq. 5.2. In MSA with BGS

the new error-to-be-minimized is then defined as

(5.7) χ2 =
N∑
j

1

N

[σxx(Bj)− σexpxx (Bj)]
2 + [σxy(Bj)− σexpxy (Bj)]

2

[σexpxx (Bj)]2 + [σexpxx (Bj)]2
.

With this subtraction step conducted first, the present paper applies the standard FMSA

procedure to fit the spectral carrier conductivity sn and sp using σxx,σxy,Axx and Axy

with the up-down adjustment in both direct mobility domain and the Fourier domain

alternately as described in Section. 5.2.1.1 and 5.2.1.2. Once the BGS mobility spectra are

deduced iteratively by minimizing χ2 from Eq. 5.7, the final fitting error χ2 from Eq. 5.3

is deduced for these BGS spectra and plotted in Figure 5.10 so that consistent comparison

with and without BGS can be made. Also note that the BGS method described below
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is not restricted to FMSA and should provide improvements for all Drude-model-based

MSA methods.

5.2.4. Results of FMSA with BGS

To verify the effectiveness of BGS method, tests were conducted for FMSA without and

with BGS for comparison. Synthetic datasets were employed with a single electron peak

following the standard Gaussian lineshape as defined previously in Eq. 5.5.The central

mobility value µ0 shifts by three orders of magnitude (µ0 = 40 to 40,000 cm2/(V·s)),

while all the datasets share the same peak linewidth in log scale (i.e. µ0/w ∼ 8 for

all cases) for consistent comparison. Taking this assumed conductivity spectrum, the

resulting conductivities σxx(B) and σxy(B) for B = 0 - 15 T (Bmax = 15 T) are used as

input experimental data for the method. The FMSA then generates a fit minimizing χ2,

and then calculates the error χ2 with Eq. 5.3 as a measure of the fit accuracy. Here the

lower threshold mobility is µth = 1/Bmax ∼ 670 cm2/(V·s).

A plot of total error χ2 for various µ0 is shown as Figure 5.10. From the behavior

observed therein, the mobility regime can be divided by two bounds µ0 = 2µth, and µth/5.

For systems with carrier species µ0 > 2µth, the mobilities are high enough that they make

little contribution to the linear offset σxx(Bmax) and σxy(Bmax). So whether conducting

BGS in FMSA makes no large difference in the resultant spectrum as well as the total

error in most cases.

As the carrier mobility goes below µ0 = 2µth, BGS begins to offer significant advan-

tages over standard FMSA. First, BGS is able to reduce the total error by as much as four

orders of magnitude (Figure 5.10) in the range [µth/5, 2µth]. Regarding the fit spectra,
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Figure 5.10. Comparison of FMSA total error χ2 without BGS (grey) and
with (black) BGS. The dots represent individual simulation fits, and the
shaded regions represent guides to the eye to show the trends. Without
BGS, the accuracy is slightly worse at low mobilities with increased χ2

error. With BGS, the accuracy increases by 3 orders of magnitude for
mobilities less than 2µth.

Figure 5.11 shows the advantage of BGS over standard FMSA for three different central

mobility values from µ0 = 800 cm2/(V·s) (Figure 5.11, top) to µ0 = 200 cm2/(V·s) (Fig-

ure 5.11, bottom), where the purple shaded area is the mobility regime below µth. At the

top µ0 = 800 cm2/(V·s), the spectrum can be well recovered in both cases regardless of

whether BGS is included with FMSA. As the peak moves to µ0 = 400 cm2/(V·s), regular
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Figure 5.11. Comparison of FMSA fitting spectra without BGS (left)
and with BGS (right) for a single electron peak centered at µ0 = 800, 400
and 200 cm2/(V·s), where the dashed line is the assumed synthetic data
and the solid line shows the fit. The purple shaded area is the mobility
regime below µth. Data shows that the BGS method (right) generates more
accurate spectra with better lineshapes than standard FMSA (left).
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Figure 5.12. The fit of resistivity ρxx and ρxy shows a larger deviation
for FMSA without BGS (left) than that with BGS (right), even though the
two fit spectra look equally accurate in the conductivity spectrum plot. The
inset figures are the zoomed-in version of the data around the intersection
ρxx = ρxy. The fit is plotted in solid lines is clearly closer to the synthetic
data in dashed lines in the right inset with BGS.

FMSA begins to show some widening in the lineshape fit, while BGS is able to perfectly

restore the peak. At µ0 = 200 cm2/(V·s), regular FMSA lost the shape of the fitting

spectrum entirely, while BGS correctly identifies the line-shape.

The remarkable increase in accuracy for the BGS method is easiest to see not in the

conductivity plots of Figure5.11 top, but rather in resistivity plots at high magnetic field

since low-mobility components play a more significant role at high fields. Figure5.12 plots

resistivity as a function of magnetic field. Without BGS (Figure5.12 left) the fit in solid

lines shows observable deviation from the synthetic data in dashed lines, while no error

whatsoever can be seen when BGS is used (Figure5.12).

For µ0 < µth/5, however, the BGS method starts to fail. Figure 5.10 shows a false

trend of even lower χ2 if both electrons and holes are allowed to fit the data. However,



111

Figure 5.13. Comparison of FMSA fitting spectra for an extremely low
central carrier mobility of µ0= µth/10 = 66 cm2/(V·s). It is clear that the
assumption of only one carrier type yields the best recovery of the lineshape.

in this case, the lower error results from the appearance of unphysical species of holes

(grey). Figure 5.13 gives an example in this regime. Pure FMSA (top) only yields

an inaccurately wide and noisy mobility range centered near the Gaussian peak. With
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BGS (middle), FMSA provides a fit with a much smaller total error, but also brings an

unphysical hole species at the low mobility limit. By intentionally suppressing holes and

only fitting electrons (bottom), the total error increases significantly (Figure 5.10), but

the BGS yields the proper lineshape with only about a factor of 2 error in µ0, which is

remarkably good for such a low mobility Thus, if the low-mobility carrier type is unipolar

(n- or p-) and known in advance, the BGS method may help determine spectra down to

even lower mobility values. At even lower mobilities µ0 < µth/10, the peak amplitude

starts to be significantly off. This sets the lower cutoff for reliability of the BGS method.

After the initial test on a single electron synthetic dataset, the code is tested on a

multi-carrier system where one high-mobility electron species (black) coexists with one

low-mobility hole species (grey) as shown in Figure 5.14. The electron has a fixed higher

mobility at µ0 = 80,000 cm2/(V·s), while the hole peak is centered at µ0 = 200 and

100 cm2/(V·s) far below the threshold mobility. In Figure 5.14 top row, pure FMSA is

only able to resolve the high-mobility electron peak (top left). The low-mobility hole peak

loses the line shape in the fit of pure FMSA, but was perfectly recovered with the help

of BGS prior to FMSA which also lowers the fitting error by over 4 orders of magnitude

(top right). When the hole peaks shifts further to µ0 = 100 cm2/(V·s) in the bottom row,

some nonphysical spectral feature of electron begins to appear at the low mobility limit

if the fit is conducted by pure FMSA (bottom left). Again in this case BGS helps put

less fitting power on the offset conductivity contributed from low mobility species, and

successfully recovers both peaks accurately (bottom right) with a much lower χ2.
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Figure 5.14. Comparison of FMSA fitting spectra without BGS (left) and
with BGS (right) for a system where one electron species coexists with
one hole species. The electron peaks is fixed at a higher mobility µ0 =
80,000 cm2/(V·s) while the electron peak is centered at µ0 = 200 and
100 cm2/(V·s) for top and bottom row respectively. The dashed line is
the assumed synthetic data, and the solid line shows the fit.

5.2.5. Temperature-dependent Results on T2SL

Given the satisfying results on synthetic datasets above, the FMSA codes was tested

by real experimental data on InAs/GaSb T2SL, which was measured in our cryogenic

system with a 15 T magnet in the temperature range of T = 10 to 303 K. The sample
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structure illustrated in Figure 5.15(a) was designed originally for optical applications

such as infrared detectors, but has a similar layer structure to eventual T2SL TTE’s. It is

worth testing to verify the robustness of FMSA with experimental noise. The alternating

single-crystal layers were observed in the transmission electron microscope (TEM) image

in Figure 5.15(b). The magnitotransport result showed the signature of mixed conduction,

for example at T = 303 K in Figure 5.15(c), with a pronounced curvature in both the

longitudinal and transverse resistances Rxx and Rxy.

To analyze the data with FMSA, the results were converted from resistance to con-

ductivity [Figure 5.15(d)] using the relation

σxx =
Rxx

t(R2
xx +R2

xy)
,

σxy =
−Rxy

t(R2
xx +R2

xy)

(5.8)

where t is the thickness of the sample. The pure FMSA code was implemented to fit the

conductivities σxx and σxy for the temperatures where no resistance oscillation occurs as

one would expect in classical regime.

The FMSA results are shown in Figure 5.16 at T = 303 K, 201 K, and 105 K. The

spectral results are not as clean as those from synthetic datasets, which is expected given

the experimental noise involved in data-taking process. The spectral transition from the

top to the bottom manifests a slight mobility shift of electrons to lower mobilities with

decreasing temperature. The electron density, which can be obtained by dividing the area

under the corresponding peak by the central mobility value, also decreases by a factor

of 2-3 every time from T = 303 K to 201 K, and finally to 105 K. The trends in both

mobility and density indicate that thermal activation may be the main cause of electron
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Figure 5.15. InAs/GaSb T2SL structure in (a) and TEM image in (b).
The magnetotransport transport data at T= 300 K is shown in solid black
lines in resistance (c) and conductivity (d), where the dashed grey lines are
the FMSA fits.

conduction. At lower temperatures, electrons have lower thermal energy and tend to

travel more slowly or fall back to the quantum well, leading to lower mobility and density.

What is concerning for these temperature-dependent results is that at every tempera-

ture there is always a hole species right next to the electron peak at µe ∼ 8,000 cm2/(V·s).

Some unphysical correlation between electrons and holes seems to be present, which is

highly possible in this complicated system. If, for example, the scattering process in the

T2SL is not fully explained by the classic Drude model, there would be artifacts in the
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Figure 5.16. Mobility spectral results at T = 303 K, 201 K, and 105 K,
where the red curve corresponds to electrons and green curve corresponds
to holes.
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data that try to force the wrong lineshape fit to the data. Nonetheless, the FMSA tech-

nique is able to deconvolve the data with mixed conduction. It is expected to be employed

in the future on other systems where the classic Drude model is valid, and can be modified

to employ a non-Drude spectral lineshape to fit non-Drude systems, if needed.

5.3. Future Work

The temperature dependence of InAs/GaSb T2SL thermal conductivity can be exam-

ined in the future using the 2-wire 3ω method discussed in Section 5.1 for determining

its z⊥T , in addition to its room temperature study previously[138]. The optimization in

FMSA may be achieved by using the built-in toolbox in Matlab, which would be much

faster. Although the mobility-domain optimization has been successfully implemented

with the toolbox, more future efforts are needed to integrate Matlab features to develop

Fourier-domain optimization as well. The two characterization techniques will help eval-

uate the figure of merit of transverse thermoelectrics other than T2SL, and shed light on

device design for effective thermal management, bringing new understanding to heat and

charge transport in novel materials.



118

References

[1] U EIA. International Energy Outlook 2016. US Energy Information Administration

(EIA), 2016.

[2] Dolf Gielen, Francisco Boshell, and Deger Saygin. Climate and Energy Challenges

for Materials Science. Nat. Mater., 15(2):117–120, 2016.

[3] Kyo Sung Park, Zheng Ni, Adrien P Côté, Jae Yong Choi, Rudan Huang, Fernando J
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APPENDIX

1. Wheatstone Configuration for 3ω Measurement

The circuit connection of a conventional 4-point measurement and a 2-point Wheat-

stone bridge measurement[150, 151] are illustrated in Figure .1. In a 4-point measurement

(Figure .1 left), one lock-in amplifiers measures the 3ω voltage across the sample filament,

while the other measures the 3ω voltage across a reference resistor Rref (usually a poten-

tiometer) in equal resistance. The 3ω voltage across Rref indicates the background 3ω

components from the lock-in power source Vsourse and input channels, as well as other

Figure .1. Circuit connection of 4-point (left) and 2-point (left) measurement.
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Figure .2. Comparison of 3ω raw datasets from a 150-nm thick SiNx thin
film on a silica substrate.

nonlinear signal in the circuit. So the final V3ω is the 3ω voltage difference between sample

filament and Rref . In a Wheatstone bridge setup (Figure .1 right), only one lock-in is

required to measure the 3ω voltage across the bridge when the bridge is balanced. The re-

sistors R1 and R2 have fixed resistances, while R3 is a potentiometer to zero the 1ω.voltage

across the bridge These resistors have negligible temperature coefficient compared with

the sample filament, which makes sure that no other harmonics are induced away from

Rsample. The resistance on the left arm of the bridge R1 and R3 are chosen to be much

larger than those on the right arm (R2 and Rsample) to maximize the power to the sample

heater filament.

A calibration measurement was performed on a 150-nm thick SiNx thin film grown by

PECVD on a silica substrate. Both 4-point and 2-point filaments are patterned on the

film and the bare substrate to facilitate the two configurations for comparison (Figure .2),

where κfilm and κsub are consistent in two cases. Compared with the conventional 4-

point result on the left of Figure .2, the Wheatstone configuration on the right obviously
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gives much less noise and a cleaner 3ω signal (in the circuit R1 = 2 kΩ, R2 = 100 Ω,

Rsample ∼ 50 Ω). Because the 2-point measurement is based on a balanced Wheatstone

bridge with V1ω measured in the lock-in almost zero (V1ω < 20 µV), while in the 4-point

measurement the lock-in V1ω channel measures signal 4 orders of magnitude higher (V1ω

= 400-900 mV). Error bar of κfilm is based on the standard deviation of V3ω across the

whole frequency range, and error bar of κsub is obtained from slope variations in different

sweeps performed. Given the improved noise level in Wheatstone setup, the error bar in

both κfilm and κsub are much smaller.
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