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SUMMARY

The development of ultrawide and wide bandgap semiconductors enables a variety
of applications in power and RF electronics, including energy infrastructure, wireless
communication, self-driving cars, and radar systems for defense. With the increasing
power and frequency of these applications, Joule-heating induced hot-spots in the device
channel degrade the device performance and reliability. Thermal management of these
devices plays a very important role in achieving stable device operation and long lifetime,
and correspondingly improving energy efficiency and reducing cost. The basic component,
GaN HEMTS, is usually integrated with high thermal conductivity substrates such as SiC
and CVD diamond to extract the generated heat. For instance, GaN is grown on SiC with
an AIN transition layer. CVD diamond is grown on GaN with an interfacial dielectric layer.
The AIN layer and the low quality of the GaN layer near the interface induces additional
thermal resistance. The nanocrystalline nature of the CVVD diamond near the GaN-diamond
interface results in significantly reduced thermal conductivity and large thermal stress due
to the high growth temperature and large thermal expansion coefficient mismatch.
Additionally, great attention has been focused on p-Ga20s recently due to the potential of
affordable large-area wafers for homo-epitaxial growth, large breakdown voltages, and its
ultrawide bandgap. However, its thermal conductivity is more than one order of magnitude
lower than the other wide bandgap semiconductors. A disproportionally small amount of
work has been done to address the thermal issues compared to analogous demonstrations
of related devices. The understanding of heat transport mechanisms in nanostructures and

interfaces, solution to address the thermal management challenges are in demand.
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The grand challenge of thermal management of power and RF electronics lies in
placing the hot-spot area of GaN/AlGaN and Ga.O3 devices close to heat sinks or heat
spreaders with small thermal resistance and low stress. Thermal boundary resistance
accounts for a large or even dominant part of the total thermal resistance in these devices.
This thesis studied the TBC of five technologically important interfaces: GaN-SiC, GaN-
diamond, diamond-Si, (Alo.1Gao9)203-Ga,03, Ga20s-diamond. (1) Instead of including a
defective AIN transition layer between GaN and SiC in direct growth method, a room-
temperature surface-activated bonding technique is used to integrate GaN with SiC which
brings high-quality GaN directly to the GaN-SiC interface. The measured GaN thermal
conductivity is higher than the MBE-grown GaN on SiC substrates. Moreover, a very high
GaN-SiC TBC is observed for the bonded GaN-SiC interface, especially for the annealed
interface whose TBC (~230 MWm2K™) is close to the highest reported value of GaN-SiC
interfaces in the literature. (2) Unlike the growth of CVD diamond on GaN which has a
nucleation layer with low thermal conductivity, GaN is heterogeneously integrated with
single crystalline diamond substrates with two modified room-temperature surface-
activated bonding techniques for thermal management of GaN-on-diamond applications.
The measured TBC of the bonded GaN-diamond interfaces is among the highest values
reported in the literatures and is affected by the thickness of the interfacial bonding layer.
Device modeling shows a relatively large GaN-diamond TBC value (>50 MW/m?2-K)
achieved in this work could enable device designers to take full advantage of the high
thermal conductivity of single crystalline diamond. (3) To improve the low TBC of
diamond related interfaces because of the large phonon density of states mismatch of

diamond and other semiconductors, the TBC at semiconductor-dielectric interfaces is
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increased by nanoscale graphoepitaxy. By growing CVD diamond on nanopatterned
silicon wafers, a general strategy is provided to significantly reduce the thermal resistance
of both a diamond layer and diamond-substrate interface simultaneously. The diamond-
silicon TBC could increase by 65% comparing with that of a flat diamond-silicon interface.
(4) To understand the phonon transport mechanisms across f-(Alo.1Gao.e)203-Ga203
interfaces, temperature-dependent measurement on thermal conductivity of /-
(Alo.1Gan.9)203/Ga203 superlattices is reported from 80 K to 480 K. Significantly reduced
thermal conductivity is observed (5.7 times reduction) at room temperature comparing with
bulk Ga203, which highlights the importance of thermal management of related devices.
The estimated minimum TBC of f-(Alo.1Gao.9).03/Ga20s3 interfaces is found to be larger
than the Ga,O3 maximum TBC, which shows that some phonons could transmit through
several interfaces before scattering with other phonons or structural imperfections, as
possible evidence of phonon coherence. (5) To develop cooling strategies of Ga,Os-related
devices, Ga.0s is integrated with single crystal diamond with exfoliation-transferring and
ALD-growth. The Van der Waals Ga>0Os-diamond TBC was measured to be 17 -1.7/4+2.0
MW/m?2-K while the TBC calculated with a Landauer approach and DMM is 312 MW/m?-
K, which sheds light on the possible TBC which can be achieved. The measured TBC of
the grown ultra-clean interface is 179 MW/m?-K, about 10 times higher than TBC of a Van
der Waals bonded Ga»Os-diamond interface, suggesting that covalent bonding facilitates
interfacial heat transport better than Van der Waals interfacial bonding. Integration of

Ga203 and single crystal diamond could be a solution to cool Ga>Oz-related devices.
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CHAPTER 1. INTRODUCTION

1.1 Background and Motivation

Compared to conventional semiconductors such as silicon, wide bandgap (WBG)
semiconductors are semiconductor materials which have a large bandgap (2-4 eV) such as
GaN and SiC.! Ultrawide bandgap (UWBG) semiconductors are semiconductor materials
with bandgaps significantly wider than GaN (3.4 eV), for instance, AIN, AlGaN, Gaz0s,
and diamond.® Wider bandgap semiconductors could result in smaller switching loss,
lower specific on-resistance, and larger breakdown voltage.*® As a result, related devices
could achieve higher energy efficiency, smaller device size, and better reliability. Table
1.1 summarizes the basic material properties of several WBG and UWBG

semiconductors™® and Si is also included as a reference.

Table 1.1. Material properties of several semiconductors.'®

WBG | WBG | UWBG UWBG UWBG
Materials Si GaN | 4H-SiC | AlGaN/AIN | B-Ga2,03 | diamond
Bandgap (eV) 1.1 3.4 3.3 Up t06.0 4.9 55
k (W/m-K) 149 | 200 | 370 Up to 320 11-27 >2000
Breakdown field | 0.3 3.3 2.5 Upto 15 8 10
(MV/cm)

By considering the dissipated heat energy in power electronics accounts for 5-10%
of the world’s electricity,® energy efficiency improvement and lifetime improvement
resulted from reliability improvement could impact from the power electronics research
and industry to the whole society significantly. Power electronics have wide applications,

including modernized energy infrastructure, supercomputers and personal computers,



power converters and wireless charging, self-driving cars, renewable energy, cell phones,
5G base station and satellite communications, radar systems in defense, and so on.* These
will facilitate the development of Internet of Things (IoT), big data collection, and smart
cities. Wide bandgap power devices are more size-compact, more energy efficient and
faster. To isolate a certain voltage, the amount of GaN is about ten times less than that of
Si. The fast switching speed enables high-frequency applications with low delay time. The

fast switching and low on-resistance improve the energy efficient of related devices.

One of the basic components of these power and RF electronics applications are
GaN high electron mobility transistors (HEMTSs). The development of HEMTs has much
promise for creating advanced communication technologies.>*’ However, as shown in
Figure 1.1(a), localized power densities near the gate in GaN HEMTs can exceed 90
kW/cm?, resulting in high channel temperatures that degrade device performance and
reliability.®° The localized Joule-heating results from the large voltage drop near the
channel. The lifetime of GaN devices is strongly related to its channel temperature. Some
simulation results of GaN-on-SiC devices showed that the lifetime of GaN devices could
increase about ten times if the channel temperature decreases by 25 K.1° This highlights
the importance of thermal management of GaN devices. Figure 1.1(b) compares the power
density of hot plate, rocket nozzle, sun surface and GaN/AlGaN HEMTs. The localized
power density of GaN/AlIGaN HEMTs could be more than ten times larger than that of sun
surface.® The integration of high thermal conductivity substrates such as SiC and diamond
into GaN HEMTSs allows for effective heat spreading and the ability to keep these devices

cool 1119
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Figure 1.1. (a) Schematic diagram of HEMT structure and hotspot. (b) power density of

hot plate, rocket nozzle, sun surface, and GaN/AlGaN HEMTSs.®

GaN devices can be grown hetero-epitaxially on sapphire, SiC, Si or homo-
epitaxially on GaN. Sapphire has very low thermal conductivity (33 W/m-K) so GaN-on-
sapphire is not suitable for power electronics. GaN-on-Si devices have been developed
because the low cost of the Silicon wafers. GaN wafers have higher thermal conductivity
(~200 W/m-K) than Si (149 W/m-K) but are much more expensive. Due to the
commercially available SiC wafers and high thermal conductivity of SiC, GaN is grown
hetero-epitaxially on SiC substrates with a transition AIN layer. To cool GaN devices,
hetero-epitaxy is used to bring in high thermal conductivity substrate, but it also brings in
thermal boundary resistance (TBR, inverse of TBC) between GaN and substrates. This
makes interfacial thermal resistance an inevitable obstacle for heat dissipation from the
hot-spots to high thermal conductivity substrates. TBC is defined by a finite temperature
drop (47) across an interface for a given heat flux (Q): TBC=Q/AT. For heterogeneous
GaN interfaces, there always exists a temperature drop across GaN and substrates if the

generated heat dissipates through substrates.



In terms of GaN-on-SiC devices, the AIN layer and the grown GaN near the
interface have large numbers of defects and dislocations.?® Even though the additional AIN
layer, and the defects and dislocations reduce the TBC and the thermal conductivity of the
GaN layer near the interface, the majority of the current GaN-on-SiC devices uses this
structure.?t2® While integrating diamond with GaN HEMTS is through the growth of the
chemical vapor deposition (CVD) diamond onto the backside of the GaN buffer layer, an
interfacial dielectric layer (e.g., SiNy) is still required. The nanocrystalline nature of the
CVD diamond near the GaN-diamond interface induces additional phonon scattering
sources, resulting in significantly reduced and anisotropic thermal conductivity.}”?428 The
high growth temperature (700-800 °C) leaves the devices with high stress level (~1GPa)
after cooling down because of the large thermal expansion coefficient mismatch.?®=2 The
stress limits the GaN quality by inducing cracking and wafer bow and affects the electrical
performance of the devices, for instance, the formation of 2DEG.33-% Therefore, new
heterogeneous integration techniques need to be developed to integrate GaN with high

thermal conductivity substrates with high TBC and low stress.

When integrating diamond with other semiconductors, because of the unique
physical structure of diamond, the thermal boundary resistance is very large due to the
large mismatch in phonon density of states (DOS) across the interfaces. For instance, when
integrating diamond on silicon, the TBR between diamond and silicon accounts for a large
portion of the overall thermal resistance.®®*” Reducing TBR, especially at diamond-
substrate interface, is significantly important for a wide range of heterogeneous interfaces

in semiconductors. For instance, if integrating GaN-on-diamond devices with silicon



substrates, the TBC of diamond-Si interfaces are very important for thermal dissipation of

GaN devices. Here, diamond is used as a heat spreader.

Additionally, recent development of f-Ga.Oz growth technique (grown from the
melt) makes it possible for large-scale commercially-available wafers.>3® It has emerged
as a promising candidate for electronic applications similar to GaN due to its ultrawide
bandgap and high breakdown voltage.>**° However, its thermal conductivity is at least one
order of magnitude lower than other wide bandgap semiconductors, as shown in Table 1.1.
The thermal conductivity of related nanostructures has not been studied before even though
a significantly reduced thermal conductivity is expected.*® The corresponding technical
challenges of real-world applications lies in addressing this sensitive issue, including
measuring and understanding heat transport mechanisms and looking for thermal
management solutions. However, a disproportionally small amount of thermal studies have

been reported compared to the effort to demonstrate Ga,Os devices.*

1.2 Research Objectives

Based on the information outlined above, significant effort is still required in
interface integration, measuring, understanding, and improving interfacial thermal
transport across ultrawide and wide bandgap semiconductor interfaces for the thermal
management of related power and RF devices to achieve size-compact, fast, and high-
efficient devices with stable performance. The grand challenge of thermal management of
power and RF electronics lies in reducing the thermal resistance between hot-spot area and
heat sinks or heat spreaders with low stress. This thesis will discuss five technologically

important interfaces: GaN-SiC, GaN-diamond, diamond-Si, (Alo.1Gag.9).03-Ga>03, Ga,0sz-



diamond. New heterogeneous integration techniques are used to integrate GaN devices
with high thermal conductivity substrates such as SiC and single crystal diamond and new
techniques are developed to improve TBC of diamond-related interfaces. Additionally,
fundamental thermal transport mechanisms in Ga.Oz-based nanostructures and interfaces
are studied and solutions to solve the great challenges of thermal management for Ga>O3

power electronics are explored.

1.3 Dissertation Outline

Chapter 2 introduces the thermal characterization technique: time-domain
thermoreflectance (TDTR), which is used to characterize the thermal properties of the
materials and all interfaces studied in this dissertation. A historical review of TBC

measurements are also included.

Chapter 3 discusses a method to achieve high TBC through surface-activated
bonding of GaN-SiC interfaces. (Reproduced with permission from reference below:
Fengwen Mu*, Zhe Cheng*, Jingjing Shi, Seongbin Shin, Bin Xu, Junichiro Shiomi,
Samuel Graham, Tadatomo Suga. High Thermal Boundary Conductance across Bonded
Heterogeneous GaN-SiC Interfaces, ACS Appl. Mater. Interfaces, 11, 36 (2019): 33428-

33434. Copyright (2019) American Chemical Society.)

Chapter 4 provides a study of the excellent cooling performance for surface-
activated bonded GaN-diamond interfaces. (Reproduced with permission from
reference below: Zhe Cheng*, Fengwen Mu*, Luke Yates, Tadatomo Suga, Samuel

Graham, High Interfacial Thermal Conductance across Room-Temperature Bonded GaN-



Diamond Interfaces for GaN-on-Diamond Devices, ACS Appl. Mater. Interfaces, 2019, in

review, arXiv: 1909.01556 Copyright (2019) American Chemical Society.)

Chapter 5 provides a new method (nanoscale graphoepitaxy) to improve diamond-
Si TBC significantly. (Reproduced with permission from reference below: Zhe Cheng,
Tingyu Bal, Jingjing Shi, Tianli Feng, Yekan Wang, Matthew Mecklenburg, Chao Li, Karl
D Hobart, Tatyana Feygelson, Marko J Tadjer, Bradford B Pate, Brian Foley, Luke Yates,
Sokrates T Pantelides, Baratunde A Cola, Mark S Goorsky, Samuel Graham, Tunable
Thermal Energy Transport across Diamond Membranes and Diamond-Si Interfaces by
Nanoscale Graphoepitaxy, ACS Appl. Mater. Interfaces, 11, 20 (2019): 18517-18527

Copyright (2019) American Chemical Society.)

Chapter 6 provides an exploration of the phonon transport mechanisms in Ga,Oz-
related nanostructures and interfaces. (Reproduced with permission from reference
below: Zhe Cheng, Nicholas Tanen, Celesta Chang, Jingjing Shi, Jonathan McCandless,
David Muller, Debdeep Jena, Huili Grace Xing, Samuel Graham, Significantly Reduced
Thermal Conductivity in B-(Alo.1Gaog)203/Ga>03 Superlattices, Appl. Phys. Lett. 115, 9,

(2019): 092105 Copyright (2019) American Institute of Physics.)

Chapter 7 integrates Ga>O3 with single crystal diamond for thermal dissipation
challenges of Ga,Os power and RF devices. (Reproduced with permission from
references below: Zhe Cheng, Luke Yates, Jingjing Shi, Marko J Tadjer, Karl D Hobart,
Samuel Graham, Thermal conductance across B-Ga203-diamond van der Waals
heterogeneous interfaces, APL Materials, 7, 3, (2019): 031118 Copyright (2019) authors.

Zhe Cheng, Virginia D Wheeler, Tingyu Bai, Jingjing Shi, Marko J Tadjer, Tatyana



Feygelson, Karl D Hobart, Mark S Goorsky, Samuel Graham, Integration of
Polycrystalline Ga2O3 on Diamond for Thermal Management Appl. Phys. Lett. In review

(2019) Copyright (2019) American Institute of Physics.)

Chapter 8 concludes the work and provides an outlook.



CHAPTER 2. METROLOGY

2.1 TDTR System at Georgia Tech

TDTR is a pump-probe technique to measure the thermal properties of interfaces,
nanostructured and bulk materials.?®4! A picosecond laser is split into two beams (a pump
beam and a probe beam). The pump beam chopped by an electro-optical modulator heats
the sample surface periodically while a probe beam delayed by a mechanical moving stage
detects the temperature variation of the sample surface via thermoreflectance.*? The change
in reflectance is related to the change in temperature of the sample surface: AR = AT *
dR/0T. Here, AR /0T is the thermoreflectance coefficient (unit:°Ct). The probe beam acts
as a thermometer to measure the temperature variation induced by the pump beam. The
sample surface is usually coated with a layer of Al (~ 80 nm) as transducer. The signal
picked up by a photodetector and a lock-in amplifier is fit with an analytical heat transfer
solution of the multi-layer sample structure to infer the unknown parameters. Here, the
analytical heat transfer solution used to fit TDTR data is based on Fourier’s law, similar to
other thermal characterization techniques. By changing the modulation frequencies, the
part of a sample probed by TDTR can be varied and provide good sensitivity to different
unknown parameters. By measuring one spot on the sample with different frequencies,
multiple thermophysical properties can be measured.**#* The TDTR system in Georgia
Tech is a two-color system which uses a BiBo crystal to double the laser frequency from

800 nm to 400 nm.
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Figure 2.1. Schematic diagram of TDTR system at Georgia Tech.

Figure 2.1 shows the schematic diagram of a two-color TDTR system at Georgia
Tech. PBS is polarizing beam splitter; EOM is electro-optical modulator; M is mirror; DM
is dichroic mirror; BD is beam dump; A/2 is half wave plate; /4 is quarter wave plate; BPF
is band pass filter; PD1 is photodetector 1 (used to check waveform after EOM); PD2 is
photodetector 2 (used to collect data); T is telescope or pair mirror; L is plano-convex
lenses. 5X, 10X, 20X objective lenses are usually used. A list of the parts used in the system
is as below: Ti: sapphire laser (Spectra Physics Mai Tai HP), optical isolator (ConOptics
Model 714), EOM (ConOptics Model 160), function generator (Stanford Research Systems
SSR850), photodetector (high-speed PIN diode, Thorlabs DET10A), high-speed low-noise
electronic amplifier (Stanford Research Systems SR445a), lock-in amplifier (Stanford

Research Systems SR844).
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2.2 TDTR Measurements

In TDTR measurements, the Al thickness is usually determined by the picosecond
acoustic technique. When the laser hits the sample surface, a strain-wave is generated and
travels through the films along the cross-plane direction. A part of the wave is reflected
back to the sample surface if hitting an interface and generates an echo in the TDTR signal.
Figure 2.2 shows the echoes of an Al + GaN + SiC sample. The Al and GaN thicknesses
are measured according to these echoes. The echoes indicate the time of strain waves travel
from sample surface to a certain interface and bounce back. The film thickness can be
obtained if the longitudinal acoustic phonon group velocity is known. This technique has
been widely used in almost all the TDTR labs for decades. Excellent agreements have been
achieved with thicknesses measured by other techniques such as atomic force microscopy

(AFM) and TEM in the literature and this work.
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Figure 2.2. (a) Echoes from the picosecond acoustic technique and (b) what these echoes
represent.

To perform accurate measurements, good TDTR sensitivity needs to be obtained.

The definition of TDTR sensitivity is

_ n(=Vin/Vout)
Si= " npy (2.1)
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where, Si is the sensitivity to parameter i, -Vin/Vou is the TDTR signal, pi is the value of
parameter i. For normal single-frequency TDTR measurements on a two-layer sample (Al
layer and sample layer), two free parameters are fitted (Al-sample TBC and sample thermal
conductivity). But for three layer samples (Al layer, thin film, and substrate), there are three
free or four parameters (Al-film TBC, film thermal conductivity, and film-substrate
TBC/substrate thermal conductivity). One single frequency measurement is sometimes not
enough to fit for three free parameters and multi-frequency measurements are needed.

(@) .
ngh f o f

Al —*

film

ubstrate

Figure 2.3. (a) high modulation frequency results in small thermal penetration depth; (b)

low modulation frequency results in large thermal penetration depth.

The TDTR modulation frequency determines the thermal penetration depth into the
samples, as shown in Figure 2.3. Low frequency TDTR measurements penetrate deeply
into the samples, resulting in large sensitivity of the buried interface TBC (film-substrate
TBC) or substrate thermal conductivity. High frequency TDTR measurements penetrate
less deeply, resulting in large sensitivity of parameters close to the sample surface (large
sensitivity of film thermal conductivity and small sensitivity of the film-substrate TBC and

substrate thermal conductivity). Both frequencies have large sensitivity to Al-film TBC.
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By using multi-frequency measurements on the same spot to fit for both film thermal
conductivity and substrate thermal conductivity, accurate measurements on both
parameters can be obtained. Figure 2.4 is an example of TDTR sensitivity on film thermal
conductivity and substrate thermal conductivity with different modulation frequency (3.6
MHz and 8.8 MHz). Multi-frequency measurements enable accurate measurements on both

film thermal conductivity and substrate thermal conductivity.
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Figure 2.4. (a) sensitivity with modulation frequency of 3.6 MHz. (b) sensitivity with

modulation frequency of 8.8 MHz. The sample structure is the superlattice on Ga2O3

substrate in Chapter 6.

The TDTR experimental data is fitted with an analytical solution to obtain unknown
parameters. The step-by-step derivation of this analytical solution can be found in
references.*42% In the analytical solution, each layer involves three parameters (thermal
conductivity, volumetric heat capacity, thickness). The TBC of the interfaces are unknown.
Most of the parameters can be found in literature such as heat capacity. The thickness of

the substrate is not important because the substrate is thermally thick for TDTR
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measurements. The volumetric heat capacity of Al is from literature and the thickness is
measured by picosecond acoustic method during TDTR measurements.?® A typical
example of parameters used in the TDTR data fitting is shown in Table 2.1. The sample is

the superlattice grown on a Ga>Oz3 substrate.

Table 2.1. Parameters used in the TDTR data fitting at room temperature.

Th Cond | Volum Sp Heat | Thickness TBC
(W/m-K) (J/ m3K) (pm) (MW/m=K)
Ga203 Fit 2.852e6 1000 Fit
superlattice Fit 2.852¢e6 0.114 Fit
Al 150 2.43e6 0.085 0

Some error bars in this thesis are calculated by a Monte Carlo method.*® This
method accounts for all possible error sources in data fitting. The error of pump and probe
beam spot sizes (10X objective) are + 0.5 um. The errors of heat capacity are + 2%. The
error bar of Al thermal conductivity is £10% and that of Al thickness is 3 nm. 1000 times
are fitted for single frequency TDTR measurements and 500 times are fitted for multi-
frequency TDTR measurements. An example is shown in Figure 2.5. 1000 times is fitted
to calculate the error bar of parameter A. The 90% percentile confidence interval of A is

322-36/+41.
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Figure 2.5. Monte Carlo error bar calculation with 1000 times of data fitting of parameter

A. The 90% percentile confidence interval of A is 322-36/+41.

2.3 Historical Review of Experimentally Measured TBC

Figure 2.6 shows a historical review of experimentally measured TBC at room
temperature. Kapitza observed a finite temperature drop across copper and liquid helium
at extremely low temperatures in 1941.4%® Thermal boundary resistance across a
heterogeneous interface is then named after Kapitza as Kapitza resistance. However,
experimental measurements of TBC were not reported at higher temperature until 1980s
and 1990s with the development of a transient hot-strip technique and a picosecond
transient thermoreflectance (PTTR).*->2 As shown in Figure 2.6, the database of measured
TBC started to grow quickly when TDTR was developed. The red diamonds are TBC
values of nonmetal-nonmetal interfaces while the blue square are TBC values of relatively

clean metal-nonmetal interfaces including epitaxy-grown or cleaning steps were taken
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before metal deposition such as an in situ high-temperature bake. The other TBC data of
metal-nonmetal interfaces are shown as black circles. Additionally, the TBC of two metal-
metal interfaces are shown in the inset. Most of these TBC data were measured by TDTR
and a few were measured by frequency-domain thermoreflectance (FDTR), a modified

version of TDTR, in Figure 2.6.

A summary of experimental techniques to measure TBC is discussed in a previous
review paper by Monachon, et al.>® The 1D reference bar technique and photoacoustic
technique are usually used for characterizing very small TBC, for instance, thermal
interface materials.>**® The 1D reference bar technique is a steady-state method which
sandwiches the to-be-measured sample by two bars. By applying a temperature difference
across the two bars and measuring the temperature gradients on the two bars, the
temperature drop across the sample can be measured. Because the thermal conductivity of
the two bars are known, the heat flux through the two bars are obtained and the thermal
resistance can be obtained accordingly. The measured thermal resistance is an effective
value of bar-sample contact thermal resistances and the thermal resistance of the sample
itself. This method is suitable for samples whose thermal resistance is much larger than the
bar-sample contact thermal resistance. Additionally, electro-thermal methods such as 3-
Omega technique are sometimes sensitive to the TBC between the heating line and the
substrates but primarily applied to measure thermal conductivity.>*>>"° Generally
speaking, 3-Omega technique is suitable for thermal conductivity measurements for
relatively low thermal conductivity such as bulk polymer. The sensitivity of the metal-

sample TBR is usually low. Therefore, the majority of the published TBC data were
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measured by TDTR and the following discussions will focus on the main experimental

technique: TDTR.
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Figure 2.6. Literature review of experimentally measured TBC at room temperature. The
red diamond are TBC values of nonmetal-nonmetal interfaces while the blue square are
TBC values of relatively clean metal-nonmetal interfaces including epitaxy-grown or
cleaning steps were taken before metal deposition such as an in situ high-temperature bake.
The other TBC data of metal-nonmetal interfaces are shown as black circles. Additionally,
the TBC of two metal-metal interfaces are shown in the inset. TBC data (red diamond) are

from  Si/diamond®,  SiOa/graphene®, AIN/GaN®, GaSh/GaAs®?, organic/clay

superlattice®®, STO/SRO®, GaN/SiC%®, Si/Si van der Waals interface®®, SiO2/Al,O3

superlattice®”, ZnO/HQ/ZnO superlattice®®, PS/sapphire with self-assembled monolayer

(SAM)®®, GaN/Si*, SiO/Si”®, ZnO/GaN’*, SiC:H/SiOC:H superlattice’?, bonded
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GaN/SiC™, Si/diamond*, Ga,Os/diamond van der Waals interface’. TBC data (blue
square) are from Au/AlOs!, TiN/ALOs™, TiN/MgO™, Au/Si’®, Al/Ge’, Al/Si",
NiSi2/Si’®, Al/Mg0O®, Al/diamond”®, Pb/diamond”, Pt/diamond’®, Au/diamond’,
NiSi/Si®, CoSi,/Si®, TiSi/Si®. TBC data (black circle) are from Rh/AI03*,
Ti/diamond®, Al/AI205°!, Pb/diamond®!, AI/AIN®, Pt/Si®2, H,O/Al with SAM®, Au/GaAs
with SAM®, Bi/diamond®, Cr/Si®, Pt/Al,0s*", Bi/Si®®, Ti/graphite®, Al/diamond®,
Al/SiC®,  Al/Si®2, Allgraphene®, Au/quartz with SAM®, Cu/silica with SAM®,
Al/O/diamond®,  Au/Ti/Si®,  metal  carbides/diamond®®,  Au/hexadecane®,
AuCu/sapphire!®, AI/Si*, SiO,/Pt™, Au/Cu/Al,03%2. The metal-metal TBC are from

Al/Cul® and Pd/Irt0,

2.4 Limitations of TDTR for TBC Measurements

TDTR and FDTR techniques are well-reviewed in references.*>1® Here, the
discussion is limited in the limitation of TDTR for TBC measurements. For TDTR
measurements, a metal transducer is deposited on the sample surface. Therefore, TBC data
of metal-nonmetal interfaces are much more than that of nonmetal-nonmetal interfaces, as
shown in Figure 2.6. Al and Au are usually deposited by sputtering or e-beam deposition
as transducer in TDTR or FDTR measurements so a large number of TBC values of the
related interfaces were reported. Other metals are limited by the low absorption coefficient
at the pump laser wavelength or low thermoreflectance coefficient at the probe laser
wavelength. Metals sometimes react with samples and are affected by contamination,
disordering, alloying, mixing, etching, and oxidation. These factors make most of the
measured TBC values inconsistent and make it difficult to compare with modeling results.

Moreover, this additional metal layer complicates the heat transfer problem in the thermal
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measurements by introducing an additional unknown parameter (metal-sample TBC). So
transducer-less TDTR methods are being developed to remove this metal layer. However,
only the GaN top surface has been demonstrated as an example for now due to the

complicated laser-materials interaction physics.%®

For all the TBC data of nonmetal-nonmetal interfaces in Figure 2.6, the sample
structures are at least three layers: metal transducer, nonmetal-1, and nonmetal-2. It is very
challenging to measure these buried interfaces due to the limited thermal penetration depth
(tens of nanometers to hundreds of nanometers, very few beyond pum, depending on
material thermal properties). The measurements are affected by all the thermal properties
of the upper layers. The metal/nonmetal-1 TBC and nonmetal-2 thermal conductivity need
to be high, and the thermal resistance of the nonmetal-1 needs to be low, which facilitates
heat penetrate across the nonmetal-1/nonmetal-2 interfaces and obtain good sensitivity of
the TBC of this interface. This limits the sample structure that nonmetal-1 has to be thin
and nonmetal-2 has high thermal conductivity so TBC values of nonmetal-nonmetal
interfaces are disproportionally less reported than other interfaces. Even with good sample
structure and material-pairs, the error bars of buried interfaces are much larger than non-
buried interfaces, especially for high TBC interfaces.”* Thermal penetration depth shows
how far the periodical heating penetrates into the sample and usually calculated by
\/T/‘Uo- Here, D is thermal diffusivity and w, is the modulation frequency of the pump
heating beam. However, a recent calculation shows that the real thermal penetration depth
is much smaller than the values estimated by this formula, especially for low modulation
frequencies.’®” The heating is difficult to penetrate across the buried interfaces and thus

limits the ability to accurately measure some interfaces in a multilayered structure.%’
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For a thin nonmetal-1 layer, the phonon transport in this thin film is impacted by
the upper and lower boundaries of the layer. The effective thermal conductivity of thin
nonmetal-1 layer and TBC of metal/nonmetal-1 and nonmetal-1/nonmetal-2 are coupled
and affected mutually.1%81% All these mentioned above affect the TBC measurements of
buried nonmetal-nonmetal interfaces which are based on classic diffusive heat transport
assumptions. This problem also exists in the TBC extraction from superlattice effective
thermal conductivity.*®%172 Coherent phonons across interfaces overestimate the TBC
values. For future works, more measurements need to be performed on clean interfaces to
enrich the TBC database, especially epitaxially grown interfaces for both metal-nonmetal
and nonmetal-nonmetal interfaces. Experimental tools are also on demand to be developed

to perform fast and accurate thermal characterization of buried interfaces.
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CHAPTER 3. HIGH THERMAL BOUNDARY CONDUCTANCE

ACROSS BONDED HETEROGENEOUS GAN-SIC INTERFACES

3.1 Introduction

GaN is an excellent wide bandgap semiconductor for power and RF electronics.?
GaN-based HEMTs have the potential to be widely used in high-power and high-frequency
electronics while their maximum output powers are limited by high channel temperature
induced by near-junction Joule-heating, which degrades device performance and
reliability.>® Proper thermal management are the key to these devices for stable
performance and long lifetime. Due to the high thermal conductivity and relatively small
lattice mismatch with GaN, SiC is usually used as the substrates for high-power
applications. However, the TBC between GaN and SiC limits the effectiveness for heat
dissipation from GaN to SiC.* For this technically important interface, a number of
experimental and simulation studies have been reported to understand thermal transport
across the GaN-SiC interfaces.**? The calculated TBC of GaN-SiC interface is close to
500 MWm=2K™ by molecular dynamics (MD) simulations, twice as the experimentally
measured GaN-SiC TBC.*®° Only a first-principle calculation matches with experimental
values,? but acoustic mismatch model (AMM) and diffusive mismatch model (DMM) are
used to calculate transmission in their work, which did not include the contribution of
inelastic scatterings and cannot address the problem of local non-equilibrium phonon
transport near the interface.’® Therefore, a unified understanding of thermal transport
across GaN-SiC interface is still lacking because of the complicated nature of interfacial

heat transport. The complications arise due to interfacial layers such as AIN that are used

22



in between the GaN and SiC and the resulting quality of the GaN (e.qg., dislocation density)
that exists when GaN is grown onto the AIN. Both of these will add to the thermal
resistance of the device structure near the interface. In general, what impact TBC are not
only common factors such as temperature and phonon dispersion relations of the involved
materials, but also interfacial bonding and local chemistry near the interfaces.**1°

The GaN-SiC interfaces reported in the literature are generally grown by MBE or
metalorganic chemical vapor deposition (MOCVD) with an AIN nucleation layer, which
IS necessary to grow high-quality GaN due to the lattice mismatch between GaN and SiC.
This AIN layer could serve as a phonon bridge to enhance TBC between GaN and SiC with
a proper thickness because of the large phonon density of states mismatch of GaN and SiC
but it has not been verified for the GaN-SiC interface.’® Besides growing GaN on SiC,
room-temperature surface activated bonding (SAB) is an important technique which has
the potential to be widely used in the heterogeneous integration of semiconductor materials
and in microelectronics packaging.'’'® Compared with MBE, SAB is insensitive to lattice
mismatch and can be performed at room temperature and at wafer-scale which results in
small thermal stress. The bonded interfaces can have different interfacial bonds and local
chemistry from directly-grown interfaces, and provide novel interfaces which cannot be
grown through other techniques. This will enable and stimulate future studies of interfacial
thermal transport mechanisms with such high degree of control over heterogeneous
interfaces. Additionally, from an applied point of view, the thermal transport properties
across these bonded interfaces are of great significance for real-world applications of
electronics integration and packaging in which heat dissipation is always an important

issue.’
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In this work, template GaN is bonded with a 4H-SiC substrate followed by thinning
it to several hundred nanometers for interfacial thermal transport characterization. TDTR
is used to measure the thermal properties of GaN layer and GaN-SiC TBC for samples with
and without post-annealing. The thermal conductivity of the GaN layer is compared with
that of MBE-grown GaN. To understand the structure-thermal property relation, high-
resolution scanning transmission electron microscopy (HR-STEM) and electron energy
loss spectroscopy (EELS) are used to study the interface structure and local chemistry

distribution.

3.2 Experimental Section

3.2.1 Sample Preparation

A Ga-face 2-um GaN layer grown on a sapphire substrate was bonded to a Si-face,
3-inch, 4° off, 4H-SiC wafer by a SAB machine at room temperature. The root-mean-
square (RMS) surface roughness of the GaN and SiC surface is ~0.4 nm and ~0.3 nm,
respectively. The employed SAB machine consists of a load-lock chamber and a
processing-bonding chamber. The background vacuum of the processing-bonding chamber
is kept as 5%10°® Pa. Two kinds of Ar ion beam sources (Ar ion beam and Si-containing Ar
ion beam) were setting in the processing-bonding chamber for surface activation. The Ar
ion beam is for GaN surface and the Si-containing Ar ion beam is intentionally designed
for SiC to suppress its Si preferential sputtering during surface activation.!!” Both of them
have a power of 1.0 kV and 100 mA. After the surface activation for both GaN and SiC,
two wafers were bonded at room temperature by contact with a pressure of 5 MPa for 300

s. The sapphire substrate of GaN template was removed from the bonded wafer by laser-
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lift-off method using a laser with a wavelength of 248 nm, followed by a dicing process

for multiple analyses.

To obtain good TDTR sensitivity for the buried GaN-SiC interface, the GaN layer
was thinned to 300~600 nm thick by polishing. To study the effect of thermal annealing on
TBC, one chip was annealed at 1273 K for 10 min in a flowing N2 gas. After that, a ~70
nm Al layer was deposited on the samples by sputtering as TDTR transducer. Figure 3.1
shows the schematic diagram of the whole process. An additional bare SiC substrate with
~70 nm Al layer was also prepared for the thermal conductivity measurement of the SiC

substrate.

/ Ultra-high vacuum: ~SE-6Pa; Room ;:\l/lng)er;ggre\ 248nm laser
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Figure 3.1. Schematic diagram of the whole experimental process.

3.2.2 Characterization Methods
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Another bonded wafer obtained at the same condition was used for the evaluation
of bonding energy by the “crack-opening” method.'!! The bonding energy (y), which is the
fracture energy of bonding interface, was evaluated by the “crack-opening” method and

calculated by the following equation.t*

_ 3%E i, Bty
16L*(E 5, +E,t3)

Y (3.2)

where E; and E> are the Young's moduli of SiC (530 GPa) and sapphire (345 GPa),
tw1=0.355 mm and tw2=0.432 mm are the thickness of two wafers, t,=0.1 mm is the
thickness of the blade, and L is the crack length. In this evaluation, the bonded wafer is
simplified to be a bonding between sapphire and SiC, since the thickness of GaN layer is
neglected compared to that of sapphire substrate. This measurement was carried out at

room temperature in air at a relative humidity (RH) of ~39.6%.

The measured thermal conductivity of the SiC substrate is used as input in the data
fitting. The GaN thermal conductivity and GaN-SiC TBC are extracted from both of the
as-bonded and annealed samples by TDTR with a 10X objective and a modulation
frequency of 3.6 MHz. The picosecond acoustic technique is used to measure the local Al
and GaN thicknesses. The measured thicknesses are confirmed with TEM and the results
show excellent agreements. Cross-section TEM samples were prepared with a FEI Helios
dual beam focused ion beam (FIB) system. The interface structures were characterized by
an high-resolution STEM (Probe-corrected FEI Titan) and the interface composition was

measured by EELS (Gatan Enfinium) with a step size of 0.2 nm. Since the Si-face of SiC
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has 4° off-axis towards <11-20>, to avoid interface overlap, the observation in this study

is along <1-100> axis for both of SiC and GaN.
3.3 Results and Discussion

Figure 3.2(a) shows an image of the bonded wafer. Most area of the two wafers was
well bonded except a few bonding voids resulting from particles and some edge parts. After
a laser-lift-off process, the sapphire substrate can be removed and the GaN layer was
transferred onto a SiC substrate, as shown in Figure 3.2(b). The bonding energy of ~1.340.3

Jm is achieved. The bonding interface can withstand both of cutting and thinning process.

"

2” GaN template

Unbonded area

\

b -
3” SiC wafer

Figure 3.2. (a) Wafer bonded at room temperature by SAB method and (b) Bonded wafer

after a laser lift-off process.
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Figure 3.3. (a) TDTR sensitivity of each fitting parameter: Al-GaN TBC, GaN thermal
conductivity and GaN-SiC TBC. (b) TDTR data fitting. The red circles are experimental
data while the blue line is the analytical fitting curve.

The sensitivity of TDTR to each unknown parameter is shown in Figure 3.3(a). The
definition of TDTR sensitivity is

S' _ a ln(—Vin/Vout)

L™ din(py) (32)

Where Si is the sensitivity to parameter i, -Vin/Vout is the TDTR signal, pi is the value of
parameter i. The sensitivity of GaN-SiC TBC is very high, which is good for accurate
measurements.?! The thermal conductivity, density, and heat capacity of Al is 150 Wm*K"
12700 kgm=3, and 900 Jkg'K™.22 The thermal conductivity of Al is calculated from
electrical conductivity measurements and applying Wiedemann-Franz law. The density
and heat capacity of GaN is 6150 kgm= and 430 Jkg'K™.2® The thermal conductivity,
density, and heat capacity of SiC is 331 Wm™K™, 3210 kgm=3, and 660 Jkg'K™.2® The
thermal conductivity of the SiC substrate is measured from the bare SiC substrate by TDTR
in this work, close to literature value.* The fitting of the experimental data and the

analytical curve is excellent, as shown in Figure 3.3(b). Very good agreement between the
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experimental data and the theoretical curve is achieved. The errors of GaN thermal
conductivity and GaN-SiC TBC are calculated according to a Monte Carlo method which
accounts for all possible parameters. The errors of the laser spot sizes are +0.5 um. The
error of SiC thermal conductivity is #5% while that of the heat capacity of Al, GaN, and
SiC is #22%. The thickness of Al is determined by both picosecond acoustic and TEM. The
consistent results show a small error bar of £1 nm. The error of GaN layer is =3 nm based
on the accuracy of picosecond acoustic technique. The error of Al thermal conductivity is
+10%. Due to the small sensitivity of Al thermal conductivity, the effect on the TDTR
measurements is very small.

Multiple spots are measured on the two bonded samples. Since the GaN thickness
is not uniform after thinning, thickness dependence of GaN thermal conductivity and GaN-
SiC TBC are obtained as shown in Figure 3.4. As shown in Figure 3.4(a), the measured
GaN thermal conductivity is slightly larger than that of the MBE-grown GaN. The MBE-
grown GaN is directly grown on SiC so the lattice mismatch leads to a relatively large
amount of dislocations and defects in the thin GaN film near the interface. Phonons
scattering with these structural imperfections lead to reduced mean free paths and
correspondingly reduced thermal conductivity. In this work, commercially available
template GaN is used in our bonding which has less structural imperfections in the top
layer. Here, SAB provides a solution to avoid the integration of low-quality GaN into
sample structures which cannot be avoided when direct growth with MOCVD is used. The
SAB bonding method eliminates the growth of the AIN nucleartion layer and buffer GaN
near the growth interface where high concentrations of defects and relatively low thermal

conductivity are expected. Also, the GaN thermal conductivity increases with GaN film

29



thickness due to the phonon-boundary scattering. 80% of the thermal conductivity of bulk
GaN is contributed by phonons with mean free paths from 100 nm to 3 um.?* Phonons with
mean free path longer than the film thickness scatter with the film boundary. The film
thickness limits the phonon mean free path and limits the thermal conductivity. For the
~600 nm and ~300 nm thick GaN films, their thermal conductivity are reduced to half and

one third of the bulk value, respectively.
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Figure 3.4. (a) Thickness-dependent thermal conductivity of the GaN thin films. The

thermal conductivity of MBE-grown GaN is from literature.?® The thermal conductivity of

bulk GaN is from literature.?® (b) thickness dependence of GaN-SiC TBC for annealed and
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as-bonded samples. The TBC of MBE-grown GaN on SiC with and without a AIN layer

are from literature.*®

Figure 3.4(b) shows the measured TBC of both the as-bonded and annealed GaN-
SiC interfaces. The measured TBC values do not change with GaN thickness as expected.
The TBC of the as-bonded GaN-SiC interface is slightly lower than that of the GaN grown
on SiC with an AIN layer. But after annealing at 1273 K for 10 mins, the TBC increases to
about 230 MWm2K?, one of the highest reported GaN-SiC TBC values measured by

experiments* as summarized in Table 3.1.

Table 3.1. Summary of experimentally measured GaN-SiC TBC in the literature and this

work
Literature AIN layer Integration method GaN-SiC TBC Methods
[MWm2K-1]
Ref. 4 No MBE 230 23,5 FDTR
Ref. 9 Yes MBE 189 TDTR
Ref. 26 Yes MOCVD 200 +29.4/-22.7 TDTR
Ref. 11 Yes MOCVD 20-67 Raman
Ref. 10 Yes MOCVD 30 #4.5 Raman
This work No SAB 169 #7 TDTR
This work No SAB with annealing 229 451 TDTR

It is notable that no large variation for the TBC values in the cm-scale samples is
observed. 15 spots on the as-bonded and annealed samples were measured randomly. The
variation of the measured TBC is within 10%. Since the small original thermal stress of the
sample bonded at room temperature as well as the small thermal expansion mismatch
between GaN and SiC, the TBC of the sample still shows uniform high values after

experiencing high temperature annealing up to 1273 K. This facilitates real-world
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applications, for example, homoepitaxy-growth of GaN on GaN-SiC bonded structure or
device fabrications because epitaxy-growth and electrode formation are high temperature
processes. Thus, these data show that very high TBC values along with higher thermal

conductivity GaN in the vicinity of the interface can be obtained.

(a)—BF-STEM (b) HAADF-STEM

= (d) HAADF-STEM

Figure 3.5. Cross-section HR-STEM images of GaN-SiC interface bonded at room
temperature and after annealing at 1273 K: (a)(c) bright-field (BF) images and (b)(d) high-

angle annular dark-field (HAADF) images.
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To further understand the thermal property-structure relation, HR-STEM and EELS
are used to study the GaN-SiC interfaces. The structure of the as-bonded GaN-SiC
interfaces are shown in Figure 3.5(a). There exists a ~3 nm thick amorphous layer at the
as-bonded interface, resulting from the ion beam bombardment during surface activation
in the bonding process. The amorphous layer is mainly amorphous SiC, where amorphous
GaN is hardly recognized. According to the blurred interface between amorphous GaN and
amorphous SiC in the HAADF image of the as-bonded interface, as shown in Figure 3.5(b),
the interfacial diffusion seems to happen even at room temperature. As confirmed by the
high resolution EELS analysis in Figure 3.6(a), the amorphous SiC contains a Si-enriched
layer, which is formed by the intentionally-designed Si-containing Ar ion beam. The Si-
enrichment of the amorphous SiC is assumed to be helpful for the interfacial diffusion at
room temperature, which is consistent with previous bonded interfaces of GaN-Si and
GaN-SiC.?"%8 Both of the interfacial amorphous layer and interfacial mixing caused by
diffusion may contribute the high TBC of the as-bonded interface.?® Besides, a small
amount of Ar (a couple of percent in atom composition) is only observed in the amorphous
SiC layer, which derives from the Ar ion beam in the bonding process.?” Some simulations
show that the implanted Ar in the GaN side is possible to be ejected out.® Similar
phenomena are also observed in bonded GaN-Si interface.?® It is still an open question that
how these trapped Ar atoms affect thermal transport across interface, especially with an
amorphous interface layer where phonon gas model does not hold. Recent MD modeling
results show that there exists an interface mode at heterogeneous Si-Ge interfaces.?"* The
interface mode interacts with phonons in both sides of the interface, redistributes phonon

modes and boosts the contribution of inelastic transport to TBC.%*
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Ga-Si-Ar

Ga-Si-Ar

.

Figure 3.6. EELS mapping of GaN-SiC bonded interfaces: (a) at room temperature and (b)
after annealing at 1273 K. The N, Ga, C, Si, and Ar maps are highlighted in red, purple,

blue, pink, and white, respectively.

As a comparison, the TEM structure and EELS images of the annealed interface
are shown in Figure 3.5(c-d) and Figure 3.6(b), respectively. The amorphous layer

crystallizes during annealing and almost disappears in the TEM images. But some local
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inhomogeneous structure and dislocations show up near the interface. This is possibly due
to the non-uniform interfacial diffusion during annealing, as shown in Figure 3.5(d) and
Figure 3.6(b). The trapped Ar atoms also redistribute and form islands at the interface but
still in SiC side, as shown in the EELS images. An amorphous layer usually has very low
thermal conductivity. After annealing, the measured TBC increases by 36%, to almost the
same value as the TBC of directly-grown GaN on SiC. Here, this increase in TBC is
attributed to the disappearance of the amorphous layer and the redistribution of the Ar
atoms even though some modeling results show that amorphous interface increases
TBC.22% The GaN-SiC TBC by a Landauer approach with DMM is calculated as about
260 MWm=2K1, close to the literature value.'? If assuming the phonon transmission is unity
(all the phonons in the GaN side transmit across the interface to the SiC), the radiation limit
is determined as 367 MW/m?2K. This gives us an estimate of the upper limit of GaN-SiC

TBC if inelastic scattering at the interface is not significant.

3.4 Conclusions

In this work, a GaN layer is bonded with a SiC substrate by a room temperature
bonding method which brings high-quality GaN directly to the GaN-SiC interface, which
facilitates thermal dissipation for devices. Moreover, a high GaN-SiC TBC is observed for
the bonded GaN-SiC interface, especially for the annealed interface whose TBC (~230
MWm2K™) is close to the highest reported values in the literature. STEM and EELS results
show that, for the as-bonded sample, there exists an interfacial amorphous layer and a small
amount of trapped Ar atoms at the interface while the amorphous layer disappears and the
Ar atoms redistribute after post-annealing. The TBC increase after annealing is attributed

to the disappearance of the amorphous layer and the redistribution of the trapped Ar atoms.
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Our work not only paves the way for thermal transport across bonded interfaces where
bonding and local chemistry are tunable, which will enable the study of interfacial thermal
transport mechanisms, but also impact real-world applications of semiconductor

integration and packaging in which thermal dissipation always plays an important role.
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CHAPTER 4. INTERFACIAL THERMAL CONDUCTANCE
ACROSS ROOM-TEMPERATURE BONDED GAN-DIAMOND

INTERFACES FOR GAN-ON-DIAMOND DEVICES

4.1 Introduction

With wide bandgap, high-breakdown electric field, and high carrier mobility, GaN
has been used for high-power and high-frequency electronics applications such as wireless
communication, satellite communication, and radar systems.* The maximum output power
of GaN-based HEMTs is limited by the high channel temperature induced by localized
Joule-heating, which degrades device performance and reliability.>!*? Diamond has the
highest thermal conductivity among natural materials and is of interest for integration with
GaN to help dissipate the generated heat from the channel of GaN-based HEMTs.12113-115
Current techniques involve two ways to integrate GaN with diamond. One is direct growth
of CVD diamond on GaN with a transition layer of dielectric material.*'® The
nanocrystalline diamond near the nucleation interface has reduced thermal conductivity
(tens of W/m-K) which could contribute to an additional thermal resistance of 10
m2K/GW." Combining with the GaN-diamond thermal boundary resistance, these near-
hotspot thermal resistances have been shown to have a large impact on impeding the flow
of heat from the device channels, especially for high frequency applications in which the
thermal penetration depth is small.}*1>2843 The high growth temperature of the diamond
also induces large residual stress in the GaN because of the mismatch of the coefficients of
thermal expansion.?®% Stresses generated during the direct growth of diamond on GaN

have been shown to vary, dependent upon GaN thickness, diamond growth temperature,
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and the sacrificial carrier wafer3:®2, Residual stresses greater than 1 GPa at the free surface
of the GaN have been reported.!*® The elevated stress conditions in the GaN ultimately
limit the total thickness and material quality of the GaN by inducing layer cracking and
wafer bow, and impact the electrical performance of the device.®33>1° The aforementioned
effects of elevated stress cause a significant reliability concern when considering the
function and lifetime of a GaN device. Another method is high temperature bonding of
GaN with diamond.?2! The GaN device is firstly grown on silicon substrates. Then the
GaN device is transferred and bonded with a CVVD diamond with an adhesion layer. The
transfer and bonding processes are performed at elevated temperatures exceeding 700
°C.'2l The adhesion layer increases the thermal resistance of GaN-diamond interface,
which offsets the effect of the high thermal conductivity of diamond substrates. The stress
due to the different coefficients of thermal expansion results in wafer bow and warp, even
fractures.!?! Even though some attempts have been made to bond GaN with diamond at
lower temperatures'®122 additional techniques to integrate GaN with diamond substrates
are in demand to be developed to take full advantage of the high thermal conductivity of

diamond without inducing additional stress resulting from high temperature processes.

In this work, two modified SAB techniques (one with Si nanolayer sputtering
deposition and the other with Si-containing Ar ion beam) are used to bond GaN with
diamond substrates with different interlayers at room temperature. TDTR is used to
measure the thermal properties. Materials characterization such as HR-STEM and EELS
are used to study the interface structure and chemistry to help elucidate the measured
thermal properties. An analytical modeling for devices is performed to estimate the device

cooling performance of these bonded interfaces.
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4.2 Methods

4.2.1 Sample Preparation

Two single crystalline diamond (CVD diamond and HPHT diamond with size of
10 mm>10 mm and 3 mm>3 mm) are bonded to templated GaN films at room temperature.
The GaN films are Ga-face ~2-um GaN layer grown on sapphire substrates (~430 um
thick). The root-mean-square (RMS) surface roughness of the GaN and diamond surface
is ~0.4 nm and ~0.3 nm, respectively. A modified SAB method with a sputtering-deposited
Si nano-layer is used to bond the CVVD diamond (Samp1) and a modified SAB method with
Si-containing Ar ion beam is used to bond the HPHT diamond (Samp2). The detailed
bonding process are similar to literature!%2®, After bonding, the sapphire substrate was
removed by a laser lift-off process. The GaN layer was polished to be thinner to obtain
good TDTR sensitivity of the buried GaN-diamond interface. The GaN layer of Sampl is
thinned to ~700 nm, while the GaN layer of Samp2 is thinned to ~1.8 um. After that, a ~70

nm Al layer was deposited on the samples by sputtering as TDTR transducer.

4.2.2 TDTR Measurements

The measured thermal conductivity of the diamond substrates are used as input in
the data fitting of TDTR measurements on GaN-diamond interfaces. A 10X objective
(pump radius: 9.7 um; probe radius: 5.8 um) is used with a modulation frequency of 2.2
MHz (Samp2) or 3.6 MHz (Sampl). The GaN layer of Samp2 is thicker than that of Sampl
so large thermal penetration depth is needed to penetrate through the GaN layer to obtain
large TDTR sensitivity of the GaN-diamond TBC. Therefore, lower modulation frequency

(2.2 MHz) is used for Samp2 to get larger thermal penetration depth. The heat capacity of
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GaN is from literature.!?* Because of the thin thickness of the GaN layer of Samp1, the
GaN thermal conductivity is not sensitive so the GaN thermal conductivity is fixed in the
data fitting using literature values of similar GaN layer bonded on SiC.?! The thermal
conductivity and heat capacity of the Al transducer is from literature with similar Al
films.2! The picosecond acoustic technique is used to measure the local Al and GaN

thicknesses.?11%°

4.2.3 Materials Characterization

Cross-section TEM samples were prepared with a FEI Helios dual beam focused
ion beam (FIB) system. The interface structures were characterized by a HR-STEM (Probe-
corrected FEI Titan) and the interface composition was measured by EELS (Gatan
Enfinium) with a step size of 0.2 nm. The observation in this study is along <11-20> axis

of GaN.

4.3 Results and Discussion

In this work, GaN was bonded to diamond using a Si interlayer to aid in the
chemical adhesion at the interface. The first sample, Sampl, is comprised of a thin layer of
GaN (~700 nm) bonded on a commercial single crystal diamond substrate (grown by CVD
and purchased from EDP Corporation) with ~10-nm-thick Si interlayer. The Si interlayer
can lower TBC, so a different bonding method is applied to Samp2 which has a ~1.88-um-
thick GaN bonded onto a commercial single crystal diamond substrate grown by a high-
pressure high-temperature (HPHT) method and purchased from Sumitomo Electric

Industries, Ltd. In this sample, the Si-containing Ar ion beam is employed to introduce a
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~4-nm-thick interlayer to enhance the interfacial chemical interaction between GaN and

diamond. More details about the bonding process can be found in references?:123,

To create the sample for measuring the TBC between the GaN and diamond by
TDTR as shown in Figure 4.1(a), a layer of Al was deposited on the sample surface as a
TDTR transducer. With this sample structure, the thermal conductivity of the single crystal
diamond substrates were measured first on the area without GaN. Then TDTR
measurements were performed on the area with the GaN layer to measure the GaN-
diamond TBC. The measured thermal conductivity of the diamond substrates was used as
a known parameter in the TDTR data fitting to extract the TBC when measuring over the
GaN layer. Overall, there are three unknown parameters: Al-GaN TBC, GaN thermal
conductivity, and GaN-diamond TBC. As shown in Figure 4.1(b), the TDTR sensitivity of
these three unknown parameters are large which is good for accurate thermal
measurements. TDTR is a pump-probe technique which can measure thermal properties of
both nanostructured and bulk materials.?2841437174 An example of the agreement between
experimental data (Exp) and the analytical heat transfer solution (Theo) in TDTR data

fitting is shown in Figure 4.1 (c).
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Figure 4.1. (a) TDTR measurements on the diamond and bonded GaN-diamond samples.
(b) TDTR sensitivity of the three unknown parameters of Samp2. (c) TDTR data fitting of
Samp2 with modulation frequency of 2.2 MHz at room temperature.

Figure 4.2(a-b) show the temperature dependence of the measured thermal
conductivity of the diamond and the GaN layer and are compared with literature values.
Our measured diamond and GaN thermal conductivity match with literature values.'?4126-
129 The light yellow color of HPHT sample shows relatively high concentration of
impurities while the CVD diamond sample used in this work is transparent. The CVD
diamond sample has a higher thermal conductivity than the HPHT sample as expected and
matches well with literature values of high-purity diamonds. 12627 The measured thermal
conductivity of the GaN layer (~1.88 um) in Samp? is close to experimentally measured

bulk values and lower than density-function-theory calculated (DFT) values because of
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impurities in these samples. The slightly larger thermal conductivity difference between
experimental values and DFT values at high temperatures is due to higher order of phonon
scatterings such as four phonon scattering.*?* Phonon-phonon scattering dominates in
thermal transport at high temperatures. Because of the large phonon bandgap of GaN (the
optical phonons have much larger energy than the acoustic phonons), the three-phonon
scattering process among acoustic and optical phonons are limited (energy conservation
during phonon scattering process). Four-phonon scattering process which is not included
in the DFT calculation in the reference!?® becomes relatively important, leading to an
overestimated thermal conductivity. The thermal conductivity of the GaN thin film (~700
nm) in Sampl does not have good TDTR sensitivity so literature values are used in the

TDTR data fitting.?13°
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Figure 4.2. (a) temperature dependence of the measured thermal conductivity of two
diamond substrates: Sampl1 (CVD) and Samp2 (HPHT). The DFT values and the measured
thermal conductivity of Ref. CVD1, CVD2, and natural are from literature.?6127 (b)
temperature dependence of the measured thermal conductivity of GaN layer. “DFT”, “Exp-
1”7, and “Exp-2” are DFT-calculated thermal conductivity and two experimentally
measured thermal conductivity of bulk GaN from literature.t2412812% (¢) temperature
dependence of the measured TBC of bonded GaN-diamond interfaces. (d) phonon density
of state of GaN, Si, and diamond.*313

The temperature dependence of the measured TBC of room-temperature bonded
GaN-diamond interfaces are shown in Figure 4.2(c). Samp2 has a much higher TBC (92

MW/m?-K) than Sampl (53 MW/m?-K) at room temperature because of the thinner
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interlayer. For the data fitting of the TDTR measurements in this work, the Si interlayer is
very thin, so its thermal resistance is added to the total thermal resistance of the interface.
The measured TBC is the effective TBC of the GaN-Si-diamond architecture at the
interface (GaN-Si interface + Si layer + Si-diamond interface). The measured TBC of both
samples show weak temperature dependence in the measured temperature range (295 K to
480 K). The Debye temperatures of GaN, Si, and diamond are higher than 480 K.*3132 For
perfect GaN-Si-diamond interfaces, effective TBC should increase with temperature in the
range of 295 K to 480 K because an increasing number of phonons are involved in the
thermal transport across the GaN-diamond interfaces as temperature increases. However,
for the bonded GaN-Si-diamond interfaces in this work, the disorder at the interface and
Ar atoms trapped at the interface increases phonon scattering, which possibly explains the
weak temperature dependence of the measured TBC. More details about the interfacial
structure-thermal property relationship will be discussed later. Figure 4.2(d) shows the
phonon DOS of GaN, Si, and diamond.**3 Generally speaking, large phonon DOS
overlap leads to large TBC. A thin interlayer with a max phonon frequency between two
adjacent materials has been reported to cause an increase in TBC.%%13 As shown in Figure
4.2(d), the max phonon frequency of Si is lower than those of both GaN and diamond. The
Si interlayer would reduce the TBC of GaN-diamond interfaces. Therefore, the TBC of
bonded GaN-diamond interfaces still have the potential to be improved by using other
interfacial layers such as SiC, AIN, or SiNx, even though our measured TBC for Samp2 is

already among the high TBC for GaN-diamond interfaces.1>134
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Figure 4.3. (a-b) Cross-section bright-field (BF) and high-angle annular dark-field
(HAADF) HR-STEM images of GaN-diamond interfaces of Samp1l. (c-d) Cross-section
bright-field (BF) and high-angle annular dark-field (HAADF) HR-STEM images of GaN-

diamond interfaces of Samp2.

To help elucidate the measured TBC and its relationship to the sample architecture,
HR-STEM and EELS are used to study the structure of the GaN-diamond interfaces. As
shown in Figure 4.3(a-b), the GaN-diamond interfaces of Sampl are composed as two
layers of amorphous deposited silicon and one amorphous diamond layer. Similar to a

previous study in the literature!?, no amorphous GaN is observed. The bonding interface
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is the Si-Si interface, marked by two triangles in Figure 4.3(a-b). The thicknesses of the Si
interlayer and the amorphous diamond induced by the surface activation with an Ar ion
beam are ~10 nm and ~3.0 nm, respectively. Figure 4.3(c-d) shows the BF and HAADF
HR-STEM images of the GaN-diamond interface of Samp2. Only a ~4-nm-thick overall
amorphous layer is observed. The bonded interface is not sharp and the thickness of
amorphous diamond is approximately 2 nm. The 2-nm-thick amorphous layer between
GaN and diamond is supposed to be amorphous silicon deposited by the Si-containing Ar

ion beam during surface activation.
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Figure 4.4. STEM images of the GaN-diamond interface of Sampl (a) and Samp2 (b),
followed by their high-resolution EELS mappings: Ga map in purple, N map in red, Si map

in pink, C map in blue, O map in Cyan, Fe map in green, and Ar map in white.

Additionally, high-resolution EELS analysis is used to study the chemical
composition at the interfaces. As shown in Figure 4.4(a), the EELS element mapping of
the interface confirms the interlayer thicknesses in the TEM images. Si atoms are implanted
into diamond and GaN, and Ar atoms are also implanted into diamond. Some ion elements
also show up at the interfaces, originating from the ion beam source which is made of

stainless steel. The three-layer distribution of Fe corresponds to the activated GaN surface,
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the activated diamond surface, and the bonding interface. The bonding interface has the
highest atomic composition of Fe (~6%). Please note these Fe contamination could be
removed after further improvement of the bonding environment. The O maps in Figure
4.4(a) is oxygen-contaminated after sample preparation, which is supposed to be no oxygen
at the interface. Different from the interface bonded by modified SAB with sputtering-
deposited Si nanolayer, Si-containing Ar ion beam does not cause much implantation of Si
at the interface. As shown in Figure 4.4(b), the EELS element mapping of the interface of
Samp2 indicates that the interface layer is composed of Si, Ar, O, and Fe. No implantation
of Si is observed near the interface. The disorder at the interface confirms our discussion
above about the weak temperature dependence of GaN-diamond TBC. Due to the
complicated nature of interfacial thermal transport, it is still unclear that how these
imperfections such as Ar, O, and Fe defects, and amorphous Si, affect the TBC of the
bonded interfaces. Further processing refinements are necessary to change or control the
distribution of defects, impurities, and the amorphous layers to further improve TBC and

elucidate their effects.
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Figure 4.5. (a) A 800-nm GaN device with 10 fingers seated on a substrate is modeled
with a power density of 10 W/mm.'® (b) the max temperature of the device is calculated
with different GaN-substrate TBC and substrates. (c) the effect of gate-gate spacing (10-
50 um) on the max temperature with different GaN-diamond TBC. (d) the effect of gate
width (50-1000 pm) on the max temperature with different GaN-diamond TBC.

To estimate the potential effect of room-temperature bonded GaN-Diamond
interfaces on the thermal response of GaN HEMTSs, a 800-nm GaN device with 10 fingers
seated on different substrates is modeled under fully open channel condition with a power
density of 10 W/mm.**® The thermal model of this device is based on an analytical solution

of steady-state heat transfer in multilayer structure with discrete heat sources. The
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boundary condition of the top of the device are constant heat flux at the heating area and
insulation at the non-heating area. The bottom of the device includes a die-attach layer and
convection in the sink plane. The thickness of SiC or diamond is 200 um and that of the
SnAg die attach is 50 um with a thermal conductivity of 33 W/m-K. The convection heat
transfer coefficient of the bottom boundary condition is 6.5 x 10° W/m?2-K at the sink and
ambient temperature is 20 °C. In the calculation, a quarter-model was used to reduce the
computational expense because of the symmetric structure of the device. The thermal
conductivity of 800 nm layer GaN is 150 W/m-K.2%130 Figure 4.5(b) shows the max
temperature of the device with a heating source width of 4 pm, a heating source length of
500 pum, and gate-gate spacing of 50 um. The thermal conductivity of SiC and diamond
used in the modeling are 380 W/m-K and 2000 W/m-K, respectively.?!?* The max
temperature of GaN devices on a diamond substrate is much lower than that on a SiC
substrate, indicating the advantage of using diamond substrates. Max temperature
decreases sharply with increasing GaN-substrate TBC when GaN-substrate TBC is small
but saturates for large GaN-substrate TBC. Figure 4.5(c) shows the effect of gate-gate
spacing on the max temperature with different GaN-diamond TBC. The power density,
heating source width, gate width of the device are 10 W/mm, 4 um, and 500 um,
respectively. The gate-gate spacing ranges from 10 um to 50 um. The max temperature of
devices increases with decreasing gate-gate spacing. When the GaN-diamond TBC is small
(<50 MW/m?2-K), the max temperature increases more sharply with decreasing GaN-
diamond TBC for small gate-gate spacing. Increasing GaN-diamond TBC is very important
for devices with reduced gate-gate spacing. Figure 4.5(d) shows the effect of gate width on

the max temperature with different GaN-diamond TBC. The power density, heating source
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width, gate-gate spacing of the device are 10 W/mm, 4 um, and 20 pum, respectively. The
gate width ranges from 50 um to 1000 pm. The max temperature increases with gate width
while keeping power density constant. The GaN-substrate TBC shows similar trend with
Figure 4.5(b). For all cases modelled in Figure 4.5(b-d), GaN-diamond TBC is the key to
minimize the max temperature especially for small GaN-diamond TBC values.
Additionally, the measured TBC of the GaN-diamond interfaces in this work are about 50
and 90 MW/m?2-K. The max temperatures of GaN-on-diamond devices with these TBC
values are shown as solid gray dots in Figure 4.5(b). The max temperature does not
decrease significantly with TBC if the TBC is larger than 50 MW/m?2-K. The max
temperature of GaN devices bonded on diamond substrates is much lower than that on SiC
substrates, showing the great potential of cooling GaN devices bonded with single crystal
diamond substrates. To compare the cooling performance of GaN devices with state-of-
the-art GaN-diamond/SiC/Si TBC, the max temperature of 800 nm GaN devices is modeled
with heating source width of 4 um, gate-gate spacing of 20 um, and gate width of 500 pm.
Even if the highest GaN-SiC TBC (230 MW/m?-K) and GaN-Si TBC (143 MW/m?-K) in
the literature are used,?>!3® the power density of GaN-on-diamond can reach 20.3 W/mm,
~2.5 times as that of GaN-on-SiC (8.2 W/mm), and ~5.4 times as that of GaN-on-Si (3.78
W/mm) with a max temperature of 250 °C of the devices. It is notable that all the discussion
above are steady-state heat transfer conditions. For high frequency and high power
applications of GaN HEMTSs, the working frequency ranges from 1 GHz to 100 GHz,
which results in a thermal penetration depth less than 100 nm. The localized transient
heating area will not reach the interface between GaN and high thermal conductivity

substrates. Therefore, the generated heat will dissipate through the GaN-substrate interface
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but the transient heat transfer will not reach the interface. TBC is expected to affect the
device performance by steady-state heat transfer.

Table 4.1. Summary of GaN-diamond TBC in the literature and this work.

Method Conditions | Interlayer | Method TBC
(MW/m?*-K)
Ref!! CVD growth of ~25 nm Raman ~37
diamond on GaN dielectric
Ref!! CVD growth of ~50 nm Raman ~28
diamond on GaN dielectric
Ref.!¥’ CVD growth of >600 °C ~50 nm Raman 56
diamond on GaN dielectric
Ref.!®8 CVD growth of ~30 nm TDTR ~35
diamond on GaN SiNx
Ref.!% CVD growth of 28 nm TTR 83
diamond on GaN SiNx
Ref.'? | High temperature >700 °C Adhesion TDTR 21-28
bonding layer
Ref.1* | High temperature >700 °C 22 nm TDTR ~58
bonding SiNx
Ref.! CVD growth of ~5nm TDTR ~100
diamond on GaN SiNx
Ref.!3* CVD growth of ~5nm TTR ~150
diamond on GaN SiNx
This SAB bonding Room ~10nm Si | TDTR 53
work Temp.
This SAB bonding Room ~2 nm Si TDTR 92
work Temp.

Table 4.1 summarizes the GaN-diamond TBC measured in the literature and this
work. “TTR” is transient thermoreflectance. Our measured GaN-diamond TBC for Samp?2
is among the high TBC values reported ever. An advantage of the bonding technique in
this work is the room-temperature processing temperature so no additional stress remains
due to different coefficient of thermal expansion after bonding.'?! It is notable that the
diamond used in this work is single crystal diamond with ultra-high thermal conductivity.
However, for CVD growth of diamond on GaN with a dielectric layer, the nanoscrystalline

diamond near the GaN-diamond interfaces has significantly reduced thermal conductivity
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(tens of W/m-K).13152843 Moreover, the thermal conductivity of nanoscrystalline CVD
diamond is anisotropic and nonhomogeneous which offsets the high thermal conductivity
of diamond for cooling GaN devices. The single crystal diamond substrates used in this
work do not have these disadvantages and will pave the way for thermal management of

GaN-on-diamond devices.

4.4 Conclusions

This work reported the heterogeneously integration of GaN with single crystalline
diamond substrates with two modified room-temperature surface-activated bonding
techniques for thermal management of GaN-on-diamond applications. The measured TBC
of the bonded GaN-diamond interfaces is among the high values reported in the literatures
and is affected by the thickness of the interlayer. Due to the disorder and defects at the
interfaces, a weak temperature dependence of GaN-diamond TBC was observed. HR-
STEM and EELS results show the presence of interfacial amorphous layers and their
compositions at the bonded interfaces. The thermal conductivity of two single crystal
diamond substrates and the GaN film were also measured and matches reasonably with
literature values. Device modeling shows a relatively large GaN-diamond TBC value (>50
MW/m?2-K) achieved by surface activated bonding for GaN-on-diamond devices could
enable to take full advantage of the high thermal conductivity of single crystalline diamond.
This work paves the way for room-temperature heterogeneous integration of GaN with
diamond and will impact applications such as electronics cooling especially for GaN-on-

diamond devices.
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CHAPTER 5. TUNABLE THERMAL ENERGY TRANSPORT
ACROSS DIAMOND MEMBRANES AND DIAMOND-SI

INTERFACES BY NANOSCALE GRAPHOEPITAXY

5.1 Introduction

The ongoing miniaturization of microelectronic devices, as well as their
heterogeneous integration to create advanced functionalities, have led to high local power
densities and circumstances where thermal effects limit the overall device performance.'#!-
143 Keeping these devices cool has become a design challenge aiming to avoid the
degradation of device performance and reliability.1*21*3 Due to the architecture of these
electronic systems, heat dissipation can be significantly influenced or even dominated by
the thermal boundary resistance found at heterointerfaces.”>® Previous efforts to reduce
thermal boundary resistance between solids include bridging phonon spectra mismatch and
enhancing interfacial bonding.69.90:949599.134144 | addition, several theoretical studies show
that incorporating nanostructures at the interface enlarges the interface contact area and
increases TBC, but experimental results are inconsistent.®145-148 Tyning thermal transport

across interfaces or even in the adjacent materials remains largely an open issue.

Graphoepitaxy is a technique that uses artificial surface relief structures to induce
crystallographic orientation in thin films grown on a surface.*%1°2 This technique was
invented to grow Si, Ge, and KCI on amorphous SiO2 substrates about four decades ago. 4%
152 After that, it was extensively used to grow block copolymers and carbon nanotubes to

control orientation or alignment.*®*%° By introducing nanoscale graphoepitaxy into
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thermal transport across interfaces, the solid-solid interface contact area increases due to
the artificial surface structures, which may contribute to increasing TBC. The
crystallographic orientation of grains in the adjacent membranes may affect their thermal
conductivity as well. These two synergistic effects provide a possible solution to tune

thermal transport across interfaces and in the adjacent membranes.

In this work, diamond membranes are grown on silicon substrates by nanoscale
graphoepitaxy. TDTR is used to measure the thermal conductivity of the diamond layer
and the diamond-silicon TBC. The diamond thermal conductivity and diamond-silicon
TBC are tuned with different surface pattern sizes. STEM and X-ray diffraction (XRD) are
used to study the grain size distribution and orientation. NEMD simulation and a Landauer
approach are used to understand the diamond-silicon TBC. Our work is notably the first
effort to tune diamond growth on silicon substrates, and subsequently thermal transport
across diamond-silicon interfaces and diamond membranes by graphoepitaxy. It is
expected that graphoepitaxy can be applied to polycrystalline diamond grown on other

substrates as well.

5.2 Samples and Methodologies

5.2.1 Samples

In this work, six silicon wafers are prepared (Samples Al, B1, refl, and A2, B2,
ref2). Samples Al, A2, B1, and B2 are patterned silicon wafers with nanoscale trenches
while Samples refl and ref2 are flat silicon wafers without nanoscale trenches. The
dimensions of the interface patterns are summarized in Table 5.1. Nanocrystalline diamond

(NCD) films were fabricated with the same growth conditions on both nanopatterned and
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flat silicon substrates acquired from LightSmyth Technologies. NCD was grown on a flat
(100) oriented polished silicon substrate by a microwave plasma-assisted chemical vapor
deposition (MPCVD) method in IPLAS 5.0 KW CVD reactor with hydrogen and methane
as reactant gases. The growth conditions were consistent throughout the entire deposition
process as follows: 750 °C substrate temperature, 7.0 Torr chamber pressure, 1400 W
microwave power, and 0.5% methane to hydrogen ratio. The flat Si substrate enables in-
situ NCD film thickness measurement using laser reflectometry, and also serve as a
reference for the future comparison with the patterned silicon. Prior to diamond growth, all
the silicon substrates were seeded by ultrasonic treatment in ethanol-based nanodiamond
suspension prepared from detonation nanodiamond powder (International Technology
Center, North Carolina, USA (ITC)). According to the manufacturer specifications the
material grade used here has a high degree of grain size homogeneity with an average
particle size of 4 nm, and a chemical purity in excess of 98%. The SEM analysis of the
backside of a typical NCD film deposited with implementation of the abovementioned
seeding method shows a uniform seed density greater than 102 nuclei/cm?. With this type
of diamond nucleation, the NCD films were formed through grain coalescence and
subsequent growth competition of initially random-oriented nanodiamond seeds. Only the
crystals with the fastest growth speed along the thickness direction extend to the surface.
This process ultimately leads to a formation of a well-pronounced columnar grain structure
in the film as well as an increase in lateral grain size with film thickness. The use of carbon-
lean growth conditions as above is intended to suppress secondary renucleation and

increases film quality by reducing grain boundaries.
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Table 5.1. Dimensions of Si patterns for Samples A, B, and ref.

Sample Height | Top width | Bottom width
nm nm nm
A 47 60 77
B 105 205 215
ref 0 0 0

Samples Al, B1 and refl were used for material characterization with 1-um-thick
diamond films. Samples A2, B2 and ref2 were used for TDTR measurements with 2-um-
thick diamond films to improve TDTR sensitivity. To study the effect of nanoscale
graphoepitaxy on both diamond thermal conductivity and diamond-silicon TBC on the
samples, the 2-um-thick samples are chosen for thermal measurements, where TDTR is
sensitive to both diamond thermal conductivity and diamond-silicon TBC.. All the

diamond layers were grown under the same conditions.

5.2.2 Thermal Characterization

The thermal properties in this work are measured by multi-frequency
TDTR.4446:140.1%6 Ag shown in Figure 5.1, a pump beam which is chopped by a modulator
heats a sample periodically and a delayed probe beam measures the temperature decay of
the sample surface through a change in thermoreflectance. The probe beam delay time is
controlled by a mechanical stage, which is used to create a temperature decay curve from
0.1 to 5 ns. By fitting the experimental signal picked up by a lock-in amplifier with an

analytical solution of heat flow in the layered structure, one or more thermal properties of

the sample can be extracted.?8414446.140.15 |n TDTR measurements, the distance that the
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heat penetrates into the surface depends on the modulation frequency and the thermal
diffusivity of the sample. By tuning the modulation frequency, the thermal properties of
the sample with different penetration depths are inferred, leading to different sensitivity to

different unknown parameters.
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Figure 5.1. Schematic diagram of TDTR and sample structure grown by graphoepitaxy
with nanoscale patterns. The TEM image shows the patterned diamond-silicon interface

(CVD diamond grown on patterned silicon substrates by graphoepitaxy).

To perform TDTR measurements, a layer of Al is deposited on the sample surface
as a transducer. The Al thicknesses are determined by the picosecond acoustic

method*?>%. In this case, the thickness of the Al transducer layers are determined to be
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103 nm, 80 nm, and 74 nm for samples A2, B2, and ref2, respectively. The thermal
conductivity of the Al layer is determined by measuring its electrical conductivity and
applying the Wiedemann-Franz law. The thermal conductivity of the silicon substrate is
taken from the literature (142 W/m-K).8 The thickness of the diamond layers in Samples
A2, B2, and ref2 are measured to be 2.3 pm by a SEM. The density and specific heat of
CVD diamond and Al used for the analysis of the data are from the literature. The pump
and probe beam size (radius) are 8.1 um and 6.4 m for Samples A2, B2. Those of Sample
ref2 are 7.7 pm and 7.5 pm, measured with a DataRay scanning slit beam profiler. A
standard silicon calibration sample is checked every time before measuring the diamond
samples. Three-frequency TDTR measurements are used to measure the Al-diamond TBC,

diamond cross-plane thermal conductivity, and diamond-silicon TBC.

5.2.3 Materials Characterization

Plan-view and cross-section TEM samples were prepared using Focused lon Beam
(Nova 600 SEM/FIB). The near-interface plan-view samples were made at the Si patterned
region so that both silicon and diamond can be seen. STEM images were then generated
using a Titan STEM (FEI) system under 200 kV. The STEM mode with a high-angle
annular dark-field (HAADF) detector provides images with contrast due to differences in
the adjacent grain orientation. The cross-section STEM images were used to study the grain
growth near the nucleation region. The plan-view images were used to measure average
grain size and its distribution within an area. Dark-field images were also taken to show
grains with either (111) or (110) plane parallel to the sample surface. These images were
used to calculate the grain growth ratio for (111) and (110) oriented grains (more details

can be found later). In order to analysis the chemical information at the interface, electron
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energy loss spectroscopy (EELS) was then taken at the diamond-Si interface using JEOL
JEM-2100F. X-ray diffraction (XRD) was used to analyze cross-plane preferred grain
orientation. The XRD 260:® scan was performed on a Jordan Valley D1 diffractometer with
Cu Ko radiation and a parallel beam source. In these measurements, o was offset by a few
degrees from the surface orientation of the Si substrate to avoid the strong (004) Si
reflection. This offset was the same for all samples so it would not affect the measurement

of the preferred orientation.

5.2.4 NEMD Simulations

The MD simulations were performed using the LAMMPS®® code and Tersoff
potentials.'®® The simulation domain contains a 23-nm-long diamond (28,080 atoms) and
a 33-nm-long Si (11,712 atoms) with the same cross-section area of 3.28*2.16 nm?. The
temperature difference is applied along the x direction, and periodic boundary conditions
are applied along y and z directions. In the NEMD simulations, the domains were first
stabilized at 300 K by NPT simulations (constant pressure and temperature) with 2,000,000
steps and then converted to NVE (constant volume and energy) ensemble, with the
temperatures of 350 K and 250 K applied at the ends of diamond and Si, respectively.
3,000,000 steps of NVE simulations were used to stabilize the temperature gradient and
heat current through the whole system. The time for each step is 0.5 fs. After that, another
2,000,000 NVE steps simulations were performed to extract the stabilized temperature
gradient and heat flux. The amorphous layer was constructed before the NEMD simulations
by melting the 2-nm-long region of diamond at the interface at 3000 K with fixed volume
(20% larger than crystalline diamond to allow atoms to move), followed by an annealing

process to 300 K at a rate of 0.54 K/ps (10,000,000 steps) as well as a NPT relaxation.
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5.2.,5 Landauer Approach

The Landauer approach is a widely used method to predict TBC (G)°0°185:161-163
and it has been applied here to calculate the TBC at the diamond-silicon interface. The

general form of the Landauer formula calculating G at a 3D/3D interface is:

G =+ = —( 2,2 ] D1(@)fps(T) heovy (@)71,(6, ) cos O sin 6 dBdw —

%y 5 IJ D2() f55(T5) how, ()75 (8, @) cos 0 sin 6 dfdw), (5.1)

where q is the net heat flow rate, A is the cross-sectional area of the interface, D is the
phonon density of states (DOS), fzr is the Bose-Einstein distribution function, # is the
reduced Planck constant, w is the phonon angular frequency, v is the phonon group
velocity, t,, is the transmission coefficient from material 1 to 2 (here it is from silicon to
diamond), 6 is the angle of incidence, and the sum is over all phonon modes. With the

restriction of detailed balance, the formula can be simplified as:

q _ Zp% JI D1(0)(fBE(T1)~fBE(T2) ) hawvy () T12(6,w) cos O sin BdOdw
AAT AT '

(5.2)

Without considering the local non-equilibrium near the interface, the formula can be further

simplified as:

G=Y, % If Dy (w) d;gE hawv,(w)T1,(0, w) cos B sin 8 dOdw. (5.3)

Here, the DMM is used to calculate the transmission coefficient,50162.163

Zp My (w)
Yp M1 (0)+Xp Ma(w)’

T12(w) = (5.4)
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where M is the number of modes, which is proportional to the square of the wave vector
for a 3D isotropic material. The DMM assumes all the incident phonons are diffusely

scattered at the interface and lose their memory.

5.3 Results and Discussion

5.3.1 Enhanced Thermal Transport across Interfaces

To dissipate the localized Joule heating in power electronics, CVD diamond is an
excellent candidate for thermal management because of its high thermal
conductivity.89121415164 However, when integrating diamond with other materials, the
TBC is very small due to the large mismatch in phonon DOS between diamond and other
materials. Generally speaking, phonons with a certain frequency have a high likelihood to
transmit through an interface only when phonons with this frequency exist on the other
side of the interface or when specific modes that are local to the interface help the
transmission of those phonons.’.:72165168 Therefore, the degree of DOS overlap between
two adjacent materials has a significant effect on the TBC across an interface. Due to the
small mass of carbon atoms and strong bonds among these carbon atoms in diamond,
diamond has a very high cutoff frequency (the Debye temperature of diamond is 2230
K).1® When integrating diamond with other materials, poor DOS overlap and a
correspondingly small TBC are expected. Figure 5.2(a) shows a comparison of the DOS of
diamond and several typical materials (Pt, MgO, SiC, and Si). The DOS overlaps between

diamond and these materials are small, leading to small TBC.7®17°
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Figure 5.2. (a) Phonon DOS of diamond and a few other materials, highlighting the sizable
differences in the vibrational spectra of different crystalline materials.”*1"%17% (b)
Comparison of the cross-plane thermal conductivity of diamond layers and diamond-

silicon TBC for the flat sample (ref2) and the patterned samples (A2 and B2).

By using multi-frequency TDTR measurements,*#4:46.14015 the diamond cross-
plane thermal conductivity and the diamond-silicon TBC at room temperature were
measured and the results are shown in Figure 5.2(b). Here, the TBC of flat diamond-silicon
interfaces will be discussed first. The TBC of the flat interface in this work is measured to
be 63.7 MW/m?2-K, which is very close to the value measured by Joule-heating method in
the work done by Goodson et al. ( about 66.7 MW/m?-K)*"12  larger than the value
measured by 3-Omega method by Mohr et al. (50 MW/m?-K)!", These measured TBC of
flat diamond-silicon interfaces from literature and this work are close to 60 MW/m?-K and

generally agree with each other.

In terms of theoretical calculations and simulations for diamond-silicon TBC,
Khosravian et al. calculated the diamond-silicon TBC using NEMD. The TBC is

determined as 335.6 MW/m?-K, which is 5 times larger than our measured value.*’* NEMD

65



was used to calculate the diamond-silicon TBC as well. The TBC is found to be 381
MW/m?-K. The difference between these NEMD results derives from the difference of the
used atomic potentials and size effects of finite simulation domains. The calculated TBC
from the Landauer formula with transmission from DMM is 316.9 MW/m?K. These
theoretical values calculated by NEMD and the Landauer approach with DMM are close
to 350 MW/m?-K and generally agree with each other while they are much larger than the
experimental values. Our future work will discuss more about the fundamental
understanding of diamond-silicon TBC, especially for the large difference between

experimental and theoretical results.

Now we turn to our measured TBC of the nanopatterned interfaces. The measured
diamond-silicon TBC for the sample grown by graphoepitaxy (sample A2) is 105 MW/m?-
K, which is the highest diamond-silicon TBC measured to date. This high measured TBC
is attributed to enlarged contact area between diamond and silicon. When comparing with
the flat diamond-silicon interface, the diamond-silicon TBC of A2 increases by 65% for
the nanopatterned interface. The patterned interface enlarges the diamond-silicon contact
area, which behaves like fins in convective heat transfer. Because the fin length is very
short, the relation between the ratio of the TBC and the ratio of contact area should be as

below:

) (5.5)

Gref Sref

Here, G, and G,.f, S, and S, are the TBC and contact areas of the patterned and
reference samples. S, = L, + L, + 2h and S, = L, + L;,. Here, L;, L, h are the top

width, bottom width, and height of the pattern. The contact area of the patterned interface
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(Samples Al and A2) increases by 69% (S,/Sy.; — 1) compared with that of the flat
diamond-silicon interface (Samples refl and ref2). This consistency between TBC
enhancement (65%) and contact area enlargement (69%) confirms that the increased TBC
is due to the larger contact area. Here we experimentally confirm the effect of increased
contact area on TBC predicted by the theoretical calculations and simulation works in the
literature.1*>14" For Sample B2, the TBC is also enhanced by 26%, but it is smaller than
the contact area enhancement (50%). This difference may be due to the grain impingement
which will be discussed later, which facilitates good contact between the diamond and the
side walls of the silicon patterns. For CVD diamond near the nucleation interface, the grain
size is very small. The size of the diamond seeds is only about 4 nm. Diffusive thermal
transport at the diamond side is expected even if the amorphous layer is not considered. So
contact area enlargement should increases TBC. For the silicon side, the nanoscale patterns
decrease the silicon thermal conductivity near the interface due to size effect but the
dominant thermal resistance is still the diamond-silicon TBR. It is acknowledged that
ballistic thermal transport near the interface plays some role but the dominant reason for
the increased TBC is due to contact area enhancement. This is consistent with previous

experimental and theoretical works.36:145-147

To explore the mechanism behind the enhanced thermal conductance across the
interface, STEM and XRD are used to characterize the structure of the diamond-silicon
interfaces. The STEM images in Figure 5.3(a-b) were taken using the HAADF detector to
show the contrast from different grains. They show that the grains nucleating from the
silicon surface tend to impinge upon one another, coalescing together in the area located

above the trenches. Figure 5.3(a) shows a plan-view STEM image that includes the
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diamond-silicon interface and Figure 5.3(b) shows a cross-section STEM image of the
diamond-silicon interface. It can be clearly seen that the patterned silicon ridges in Figure
5.3(a). The diamond grains grow on the Si trench and eventually impinge at the middle of
the trench region, as indicated by the yellow dashed lines in Figure 5.3(a-b). This grain
impingement affects the preferred crystal orientation and corresponding thermal properties.
First, the grain impingement forces the grown diamond to have very good contact with the
silicon nanoscale trenches. No voids are observed near the interface. This good contact
facilitates thermal transport across the interface and enhances the TBC. This may be the
reason that the TBC enhancement of Sample A2 matches well with contact area
enhancement. Second, the grain impingement induces preferred grain orientation

(texturing) in the continually grown diamond layer.
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Figure 5.3. Grains impinge over the patterned trenches (Sample Al) and amorphous layer
at the diamond-silicon interface. (a) Plan-view STEM image near the diamond-silicon
interface. (b) Cross-section STEM image of diamond-silicon interface. (c-d) Cross-section
HRTEM images to show the amorphous carbon region at the diamond-silicon interfaces of

the patterned and flat samples.

Figure 5.3(c-d) includes HR-TEM images taken at the diamond-silicon interfaces

showing lattice fringes for the silicon substrate and diamond grains. As shown in Figure
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5.3(c-d), no SiC is observed at or near the interfaces for either the patterned or the flat Si-
diamond interfaces. However, an amorphous layer is present (about 2 nm thick) for both
interfaces. EELS is performed on the flat interface and the results are shown in Figure 5.4.
The measurements were performed in four regions including the pure diamond region, the
diamond-silicon interface region and the silicon substrate region. The EELS results show
the existence of < 4 nm (measurement resolution) sp? C at the interface. The EELS
measurement combined with the HRTEM image supports the conclusion that a 2-nm
amorphous layer observed in the HRTEM is sp? C, which is formed during the diamond

deposition process for both patterned and flat samples.
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Figure 5.4. EELS data of diamond-silicon interface. The measurements were performed
in four regions including the pure diamond region (1-2), the diamond-Si interface region
(3), and the Si substrate region (4). The results show the existence of < 4 nm (length of 1
pixel) sp? C at the interface.

To study the effect of amorphous carbon at the diamond-silicon interface on
thermal transport, NEMD simulations are performed. As shown in Figure 5.5, a
temperature difference is applied across the diamond-silicon interface. It is found that the
interface between amorphous diamond and silicon presents larger thermal conductance
than that between crystalline diamond and silicon, i.e., the temperature jump at the interface

(x=2.2 nm) becomes smaller after the amorphous diamond layer is introduced. This is
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consistent with Si-Ge interfaces in the literature.!”> However, for our work, the amorphous
carbon layer itself has thermal resistance that has an effect to lower the effective TBC value.
Therefore, the overall interfacial thermal conductance does not change much. The overall
TBC is determined as 381 MW/m?-K without amorphous carbon and 378 MW/m?-K with
amorphous carbon for the systems, close to the previous TBC value calculated by
NEMD.!7 The effect of the amorphous layer on the diamond-silicon TBC is negligible
(smaller than 1%), so the intrinsic diamond-silicon thermal boundary resistance is the
dominant thermal resistance at the interfaces. Moreover, this amorphous carbon layer exists
for both the flat and patterned samples. Therefore, the existence of the amorphous layer
does not affect our conclusion that the enhanced thermal transport across the diamond-

silicon interface grown by graphoepitaxy is due to the enlarged contact area.
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Figure 5.5. NEMD simulation of thermal transport across the diamond-silicon interfaces

with and without amorphous carbon layer. The effect of the amorphous layer on diamond-

silicon TBC is negligible (<1%).

To understand more about the phonon mode transport across the interface, a
Landauer approach is used to study the diamond-silicon TBC as well. The Landauer

approach is a method in frequency space, which facilitates understanding modal phonon
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transport across the interface compared with NEMD. NEMD simulations include inelastic
scatterings naturally from the anharmonic interatomic potentials and could model
complicated interface structures, such as an amorphous layer at the interface, while the
Landauer approach only considers elastic scatterings and predicts the TBC between bulk
materials with perfect interfaces. The two methods provide different insights in the thermal

transport across diamond-silicon interfaces so both methods were included here.
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Figure 5.6. (a) The phonon dispersion relations of silicon and diamond from first-principles
calculations. (b) The spectral conductance accumulation and the transmission coefficients
from DMM at the interface between diamond and silicon. The left vertical axis is the
spectral conductance accumulation while the right vertical axis is the transmission

coefficient. The black dotted line is the cutoff frequency of silicon.

The phonon properties of silicon and diamond are calculated from first-principles
calculations. The phonon dispersion relation curves, shown in Figure 5.6(a), are used as
inputs to calculate transmission coefficients. Along the I'-to-X direction in the reciprocal

lattice, there are 6 phonon branches: 2 transverse acoustic (TA) branches, 1 longitudinal
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acoustic (LA) branch, 2 transverse optical (TO) branches, and 1 longitudinal optical (LO)
branch. The phonon group velocity (the slope of the dispersion curve) of diamond is much
larger than that of silicon, especially for the acoustic branches. The calculated transmission
coefficients from DMM are shown in Figure 5.6(b). In the low frequency range (below 4.5
THz), the number of modes in silicon is much larger than that of diamond. DMM assumes
that phonons lose their memory of original directions after reaching the interface. The
probability of phonons propagating to the side with larger number of modes is much higher
than that to the other side. As a result, the transmission coefficient at low frequency from
diamond to silicon is quite high (~0.9). 4.5 THz is the cutoff frequency of the silicon TA
branch. Above this frequency, the number of modes on the silicon side decreases sharply
so the transmission coefficient drops above this frequency. Here, each turning point in the

transmission curve indicates the starting or cutoff frequency of a phonon branch.

The spectral conductance accumulation curve is shown in Figure 5.6(b). For
phonons with frequencies lower than 4 THz, the contribution to TBC is very small because
of the small phonon DOS and small phonon energy even though the transmission
coefficient is very high. For phonons with higher frequencies, the high spectral contribution
to TBC results from the large phonon DOS. The contribution from TA and LA branches to
TBC are calculated as well. The contribution from TA branches is twice as that from LA
because TA has two branches so the DOS is almost twice as that of LA. The TBC from
Landauer is smaller than that from NEMD. This difference is mainly attributed to
anharmonic contribution to TBC, which is especially true for diamond-silicon interfaces
because the energy diamond phonons could have is much higher than those of silicon

phonons. It is possible that multiple silicon phonons scatter at the interface and become
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one diamond phonon, which contributes to transport energy across the interface (inelastic

scatterings).

According to the MD simulation, the amorphous layer has negligible effect on the
diamond-silicon TBC. This amorphous layer makes phonon scatterings near the interface
more diffusive (closer to the assumption of DMM). However, some recent modeling results
show that there exists a localized interface mode at the interface which affects thermal
transport across the interface significantly.1®817617" The assumption of Landauer formula
with a transmission coefficient deriving from DMM may not hold with the existence of
interface mode. The diamond-silicon interface with and without an amorphous layer
possibly have different interface modes, which will be discussed more in the future work.
As an estimate of upper limit of diamond-silicon TBC, the radiation limit is calculated as

569 MW/m?-K.

5.3.2 Enhanced Thermal Conduction in Diamond Membranes

As shown in Figure 5.2(b), very surprisingly, we find the diamond cross-plane
thermal conductivity of the patterned samples grown by graphoepitaxy (Samples A2 and
B2) increases by 28% and 10% comparing with that of the flat sample (Sample ref2). To
figure out the structure-property relation, we used TEM to study the grain sizes of the
diamond layer. In polycrystalline dielectric materials, phonons dominate thermal
conduction. Phonons scatter with defects, grain boundaries and phonons, which determine
phonon mean free path and correspondingly thermal conductivity. Large grains (less
boundaries) scatter phonons less extensively, leading to a long phonon mean free path and

correspondingly high thermal conductivity.?>?1® In order to measure the grain growth
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ratio for grains with different orientations, dark field (DF) images were generated over
several um length of the TEM samples. An aperture was used to select the reciprocal lattice
points in selected area diffraction patterns that correspond to grains with (111) or (110)
planes parallel to the sample surface. The resulting images show the selected grains in
bright contrast. As an example, a diamond grain with (110) orientation is shown in the
insert of Figure 5.7(a). The grain width (indicate with red arrows) was measured every 100
nm (as shown with blue arrows) from the depth at which the grain is first observed. We
define the “grain growth ratio” as the ratio of the grain size measured at different distances
over the grain size measured at 100 nm in order to quantify if grains with certain
orientations grow at the expense of others. Figure 5.7 (a) and (c) show how the grain growth
ratios of several diamond crystals with (111) orientation and (110) orientation parallel to
the surface change with different distance from the nucleation interface. As depicted in
Figure 5.7, for diamond layers grown on both patterned and flat silicon substrates (Samples
Al and refl), grains with (111) orientation typically shrink or are blocked by other grains,
while grains with (110) orientation tend to expand horizontally while growing. As a result,
grains with (110) orientation are longer (wider) in the film-thickness (cross-plane) direction
than grains with (111) orientation. Similarly, it has been reported that the (110) grain
orientation is a preferred grain orientation for CVD diamond growth under certain
conditions.r’®8 As discussed above, these long (wide) grains scatter phonons less
extensively in the cross-plane direction, resulting in longer phonon mean free path and

correspondingly higher thermal conductivity.
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Figure 5.7. (a) The grain growth ratios of diamond crystals with (110) orientation. The
inset (Dark field TEM image to select grains with (110) plane parallel to surface) shows
how the grain grown ratio was measured. (b) XRD scan for sample Al. (c¢) The grain

growth ratios of diamond crystals with (111) orientation. (d) XRD scan for sample refl.

To assess the cross-plane preferred grain orientation, Samples Al, B1, and refl
were measured using XRD 20:m scans. The XRD peak intensities are from the grains that
have that specific plane parallel to the surface and the integrated intensity ratio provides
information about preferred orientation. The XRD patterns of Samples Al and refl are

shown in Figure 5.7 (b) and (d) as comparison. The integrated intensity ratio lgiamond (111)
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peak/ ldiamond (220) peak Of Samples Al, B1, and refl are 0.88, 1.13, and 1.46, respectively.
Samples Al and B1 have smaller integrated intensity ratio than Sample refl (all of them
are smaller than a ratio of 2.50, which would be the ratio for random grain orientations).
This feature indicates that all three samples have (110) preferred orientation while the
patterned sample (A1, B1) shows stronger (110) preferred orientation than the flat sample.
As discussed above, crystals with (111) orientation typically shrink or are blocked while
crystals with (110) orientation are not. When comparing with grains with (111) orientation,
the long (wide) crystals with (110) orientation facilitate thermal conduction along the
cross-plane direction because of reduced phonon-grain boundary scattering.”® The higher
fraction of grains with (110) orientation in the diamond layer grown by graphoepitaxy leads
to long phonon mean free path. This result explains the high cross-plane thermal

conductivity measured in patterned samples.
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Figure 5.8. The plan-view STEM image near the diamond film surface for 2 um samples:
(a) the patterned sample (Sample A2) and (b) the flat sample (Sample ref2). (c) Grain
distribution of Samples A2 and ref2. The average grain size of Sample A2 is 247 nm while

that of Sample ref2 is 216 nm.

To further confirm our conclusions about the grain size impact, we also measured
the grain distributions of Samples A2 and ref2 with plan-view TEM samples as many more
grains could be measured than with cross section TEM. Figure 5.8(a-b) show the STEM
images of Samples A2 and ref2 near the surfaces of the diamond layers. The grain size is
measured within the yellow box in the images and the distribution information is
summarized in Figure 5.8(c). The average grain size of the patterned sample is 247 nm
which is larger than that of the flat sample (216 nm). Moreover, the patterned sample does
not have very small grains (0-100 nm) and has a distribution that is weighted toward larger
grain sizes (the patterned sample has 19 grains larger than 250 nm in this area while the
flat sample has only 13 within the 5.8 um? area). Grain boundaries scatter phonons and
limit phonon mean free paths, leading to a reduced thermal conductivity.?>"882 The larger
average grain size and lower concentration of very small grains (less grain boundaries)
scatter phonons less extensively, leading to long phonon mean free path and high thermal
conductivity, which helps explain the observation that the cross-plane thermal conductivity

of the diamond grown by graphoepitaxy is higher than that grown on the flat sample.
5.4 Conclusions
The thermal boundary resistance can be an important factor that limits the heat flow

out of high-power-density electronics and microelectronics that require the heterogeneous
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integration of materials. This is especially true for chemically deposited diamond
integrated with other semiconductors due to the large phonon DOS mismatch between
diamond and other materials. However, we show for the first time that it is possible to
increase the TBC at semiconductor-dielectric interfaces by graphoepitaxy. By growing
diamond on nanopatterned silicon wafers, the present work provides a general strategy to
significantly reduce the thermal resistance of both the diamond layer and diamond-
substrate interface simultaneously. The diamond-silicon TBC increases by 65% comparing
with that of a flat diamond-silicon interface, which is consistent with the contact area
enlargement (69%). Our results experimentally confirm the effect of contact area
enlargement on TBC predicted by previous theoretical works and achieve the highest
diamond-silicon TBC measured to date. The NEMD simulation results show that the
amorphous carbon layer at the interface has negligible effect on thermal transport across
the interface and the large intrinsic diamond-silicon thermal boundary resistance is the
dominant thermal resistance. A Landauer approach is used to calculate diamond-silicon
TBC and understand phonon transmissions across the interface. Furthermore, comparing
with that of the diamond layer grown on the flat silicon substrate, we observe a 28%
increase in thermal conductivity of the diamond layer grown on the patterned substrate
which is due to preferred grain orientation (texturing) measured by STEM and XRD. In
diamond layers grown on both patterned and flat silicon substrates, grains with (110)
orientation typically trend to expand while growing while grains with (111) orientation
shrink or are blocked by other grains. XRD results show the diamond layer grown on the
patterned substrate has stronger (110) texturing than that on the flat substrate. This finding

is confirmed by grain distribution analysis on diamond grain sizes near the grown side for
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Samples A2 and ref2. The average grain size of the patterned sample A2 (247 nm) is
slightly larger than that of the flat sample ref2 (216 nm). Moreover, the patterned sample
does not have very small grains (0-100 nm) and has a distribution that is weighted toward
larger grain sizes. Graphoepitaxy provides a general solution to significantly enhance
thermal transport across diamond layers and diamond-substrate interfaces when integrating

diamond to substrates for applications of electronics cooling.
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CHAPTER 6. SIGNIFICANTLY REDUCED THERMAL

CONDUCTIVITY IN B-(AL0.1GA0.9).03/GA203 SUPERLATTICE

6.1 Introduction

As an emerging ultra-wide bandgap semiconductor material, f-Ga;Os has shown
promising properties for electronic device applications, such as an ultra-wide bandgap (4.8
eV) and high critical electric field (8 MV/cm), which predicts a Baliga figure of merit that
is 3214 times that of Si.*® However, the thermal conductivity of bulk B-Ga203 (10-30 W/m-
K, depending on crystal orientation) is at least one order of magnitude lower than those of
other wide bandgap semiconductors such as GaN (230 W/m-K), 4H-SiC (490 W/m-K),
and diamond (>2000 W/m-K).218% Thermal dissipation will be the bottleneck for real-world
applications, especially for high power and high frequency devices. Currently, compared
to demonstrations of Ga>Oz devices, a disproportionately smaller number of thermal studies
have been performed.®® Similar to GaN/AlGaN interfaces, to demonstrate modulation-
doped field effect transistors (MODFETSs), p-(AlxGaix)203/Ga,03 heterogeneous
structures have been used to form a high mobility two-dimensional electron gas (2DEG)
where joule heating is localized.1®+18 The thermal properties of the f-(AlxGa1-x)203/Gaz03
structure are the key for heat dissipation in these devices, however they have not been

studied before.

In this work, the first measurement on temperature-dependent thermal conductivity
of 5-(Alo.1Gao.9)203/Ga203 superlattices epitaxial-grown on bulk (010) Ga»O3 substrates by

MBE is measured from 80 K to 480 K. Multi-frequency TDTR is used to measure the
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thermal properties of both the f-(Alo1Gaoe)203/Ga203 superlattices and the bulk Ga203
substrates simultaneously. The phonon scattering mechanism in these structures is
discussed in detail. Additionally, we estimate the TBC of S-(Alo.1Gao.g)203/Ga203
interfaces and compare it with maximum Ga:Os TBC. The mechanism of phonons

transmission through interfaces is discussed.

6.2 Samples and Structure

The p-(AlxGa1-x)203/Ga>03 superlattice used in this study was homoepitaxy-grown
on a Sn-doped (010) Ga,Os substrate, with an n-type doping concentration of 4x10%8 cm,
using a Veeco Gen930 MBE system. The aluminum and gallium were provided by standard
effusion cells. The oxygen plasma was produced using a Veeco RF plasma source. During
the growth, the gallium and aluminum beam equivalent pressures (BEP) measured by an
ion gauge were 1 <108 Torr and 1 <10 Torr, respectively. This led to an aluminum flux
that is 9.1% of the total metal flux. The oxygen was flown into the chamber at 0.7 sccm
and the RF plasma was struck using a load power of 289 W, which corresponded to a total
chamber pressure of 2.18 x 10° Torr. The substrate temperature, measured by a
thermocouple, was 500 °C for the entire growth. The substrate was mounted to a silicon
carrier wafer using indium bonding. The substrate was grown by edge-defined film-fed
growth (EFG) purchased from Novel Crystal Technology. The film has ten alternating

periods of a Gaz0z3 layer followed by a (Alo.1Gao.0)203 layer each grown for 30 minutes.

Cross-sectional TEM specimen was prepared using an FEI Strata 400 FIB with a
final milling step of 5keV to reduce surface damage. Atomic resolution high angle annular

dark field (HAADF) images were acquired on an aberration corrected 300keV Themis
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Titan. The superlattice film thickness was determined by a scanning transmission electron
microscopy (STEM) to be 114 nm, as shown in Figure 6.1. For each period, the Ga;Os
layer is 6.5 nm (0.2 nm) thick while the (Alo.1Gao.9)20z layer is 4.5 nm (20.1 nm) thick.
The interfaces in the superlattice structure are not very sharp. A layer of Al (~80 nm) was
deposited on the surface as the TDTR transducer as demonstrated in several previous
studies.?841:4274189 Here, we measure one spot on the sample with two modulation
frequencies, i.e., 3.6 MHz and 8.8 MHz, at room temperature. TDTR signal is sensitive to
the thermal conductivity of the bulk Ga,Os substrate with modulation frequency of 3.6
MHz while it is sensitive to the thermal conductivity of the superlattice with modulation
frequency of 8.8 MHz. More details about multi-frequency TDTR measurements can be
found in references. 284415619 |n the TDTR data fitting, volumetric heat capacity (the
product of specific heat Cp and density) is input as a fixed value. If we take the superlattice
as about 5% AlOs and about 95% Ga20s, the concentration of Al is quite small.
Furthermore, the volumetric heat capacity of Al>Os is almost the same as that of Ga20:s.
The mixture of these two components should have similar volumetric heat capacity. So we
used the volumetric heat capacity of Ga>Os as that of the superlattice in the data fitting.
What’s more, the TDTR sensitivity of superlattice heat capacity is very small, about one
ninth of that of the superlattice thermal conductivity. Even if there are some deviations by
assuming the superlattice heat capacity as the heat capacity of Ga>Os, the effect on thermal

conductivity measurements is negligible.
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Figure 6.1. HAADF-STEM images of the S -(Alo.1Gao.0)203/Ga203 superlattice structure.

6.3 Results and Discussion

The temperature-dependent thermal conductivity of the bulk (010) Ga>O3 substrate
and the p-(Alo1Gaos)203/Ga203 superlattice are shown in Figure 6.2(a). At room
temperature, the thermal conductivity of the superlattice is 5.7 times smaller than that of
the bulk (010) Ga>O3 substrate. This significantly reduced thermal conductivity further
impedes thermal dissipation, potentially creating additional challenges for gallium oxide
electronics devices. Aggressive thermal management techniques need to be applied for
reliable device performance, such as integrating high thermal conductivity materials close
to the regions where heat is being generated to aid in conducting and spreading the heat
away from the source location. For the bulk (010) Ga>Os substrate, its thermal conductivity
decreases with increasing temperature from 80 K to 450 K because of increased phonon-
phonon scattering. As temperature increases, the number of excited phonons increases,

resulting in increasingly extensive phonon-phonon scattering. For the superlattice, its
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thermal conductivity shows a peak at 380 K. Below 380 K, the thermal conductivity
decreases with decreasing temperature while it decreases with increasing temperature
above 380 K. For temperatures below 380 K, phonon-structural imperfection scattering,
such as alloy and boundary, dominates in impeding thermal transport. The thermal
conductivity of superlattices can be reduced to be lower than their amorphous counterparts
due to the large number of thermal boundary resistances, especially when the boundaries
are composed of two dissimilar materials which have very low TBC.!! For temperatures
above 380 K, phonon-phonon scattering dominates. More about the scattering mechanisms

will be discussed later.

The measured thermal conductivity of the bulk (010) Ga>Oz substrate is compared
with literature values as shown in Figure 6.2(b). Our measured values are consistent with
most of other experimentally measured values and first-principle calculated values in the
literature. This indicates that the Sn doping and unintentional doping do not affect the
thermal conductivity significantly. The other samples measured in the literature have
different levels of doping as well. It is still an open question as to how high doping

concentrations impact the thermal conductivity in f-Ga20a.
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Figure 6.2. (a) Temperature-dependent thermal conductivity of the bulk Ga,Os substrate
and f-(Alo.1Gao9)203/Ga203 superlattices. (b) Summary of temperature-dependent thermal

conductivity of bulk (010) 8-Ga»Os in this work and literature, 83192193

To better understand the phonon scattering mechanism in the superlattice and bulk
Gay0s3, we calculate the inverse thermal diffusivity of both the superlattice and bulk Ga;Os3,

as shown in Figure 6.3(a). The formula of inverse thermal diffusivity is shown as below:

2 = {Z i g @)k (22 oo™/ (eRaT — 1)? dw}/
n=1

hw

n 2 hw -1
: : h RUCH AW
{ waD g(w)kB (k:T) ekBT/(ekBT B 1)2 UQZ) (Tp%h + Tstlruc) dw} (61)
n=1

Here, Cy is the volumetric heat capacity, k is thermal conductivity, T is temperature, n is
the number of phonon branches, wp is Debye frequency, g(w) is phonon density of states,
ks is Boltzmann constant, h is reduced Planck constant, w is the phonon frequency, v, is

the phonon group velocity, 7, is the relaxation time for phonon-phonon scattering, and

Toeruc 1S the relaxation time for phonon-structural imperfection scattering. To the first-

89



order approximation, the inverse thermal diffusivity can be used to estimate the relative
contribution of scattering sources.!®*1% The temperature-dependent thermal conductivity
of the superlattice and bulk Ga.Oz have different trends with temperature. The strong
temperature dependence of heat capacity makes it difficult to compare the contribution of
phonon-phonon scattering and phonon-structural imperfection scattering according to the
thermal conductivity data. After removing the effect of heat capacity, the inverse thermal
diffusivity represents the relative contributions of phonon scattering sources qualitatively.
As shown in Figure 6.3(a), the inverse thermal diffusivity decreases with decreasing
temperature because of reduced scattering intensity of phonon-phonon scattering. As
temperature goes to zero, phonon-phonon scattering diminishes and only structural

imperfection scattering remains. Then Equation (6.1) can be simplified as:

Cy 3
(T > 0K) ~ ——=—— (6.2)

Vo Tstruc Volo

Here, vo is the average phonon group velocity and lo is the scattering length arising from
structural imperfections. For the bulk Ga>Og, the structural imperfection is negligible so
nearly zero residual value is observed at low temperatures. However, a large residual value
is observed at low temperatures for the superlattice, indicating strong structural
imperfection scattering, such as alloy scattering, boundary scattering, and point defect
scattering. We estimate the average acoustic phonon group velocity as 2420 m/s.1% Based
on the residual inverse thermal diffusivity (40 s/cm?), the structural scattering length lo can
be calculated as 3.1 nm, which is close to the layer thickness of the superlattice by

considering additional alloy scattering. The rough interfaces in the superlattice may reduce
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the effective thermal conductivity because the roughness at the interfaces may induce

additional phonon scattering.%
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Figure 6.3. (a) Temperature-dependent inverse thermal diffusivity of bulk (010) Gaz0s
and S-(Alo.1Gaoe)203/Ga,03 superlattices. (b) Temperature dependence of estimated
minimum TBC (lower bound) of £-(Alo.1Gao.9)203 and Gaz0s3 interfaces and maximum

TBC of Ga0s.

To understand the mechanism of phonons transmission through

(Alo.1Gane)203/Ga20s interfaces, we estimate the TBC as below:

n 114 nm
Ry + — = —""
TBC kmeasured

(6.3)

Here, Ro is the superlattice thermal resistance of (Alo.1Gao.9)203/Ga203 without considering
the TBR. n is the number of interfaces. TBC in this case refers to the TBC of the
(Alo.1Gap)203/Gaz0s interfaces. kpeqsurea 1S the measured effective thermal conductivity
of the superlattice. Ro is supposed to be higher than the thermal resistance of pure Ga>0s
with the same thickness because of the alloy scattering.?*?31%7, Here, we only consider the

size effect resulting from total superlattice thickness (114 nm), the thermal conductivity

91



reduces to 45% according to first-principle calculations.*® As a result, the minimum TBC
of the (Alo.1Gao.)203/Ga203 interface could be estimated by assuming Ro as the thermal
resistance of a 114-nm-thick pure Ga>Os layer. It is notable that the estimation of minimum
TBC is based on the assumption of incoherent phonon transport across interfaces. This
assumption will be checked later. To compare with this estimated TBC, we also calculate
the max TBC of any heterogeneous interfaces which involving Ga,Oz. This max TBC is
calculated by assuming the phonon transmission coefficient across the interface as unity
(all phonons from Ga.Oz could transmit through the interface). The definition of TBC can

be described as below.>%4
1
G = szfvwcwtwdwj (6.4)

Here, v,,, ¢, , and t,, are phonon group velocity, heat capacity per frequency, and
transmission probability on one side of the interface for polarization j.** Max TBC is the
value of G when t,, is unity. As shown in Figure 6.3(b), the estimated minimum TBC is
larger than the max TBC of Ga.Os interfaces, especially at high temperatures. At 450 K,
the minimum TBC is almost three times larger than the max Ga,O3 TBC. This means that
the incoherent phonon conduction assumption does not hold and some phonons transmit
through several interfaces before scattering with other phonons or structural imperfections.
The comparison of the estimated minimum TBC and the max TBC shows the evidence of
phonon coherence. Some phonons do not scatter with interfaces as expected by the
definition of TBC based on incoherent phonon transport. At low temperatures, the
minimum TBC should be much larger than the max TBC because phonon mean free paths

at low temperatures are much larger than that at room temperature. Phonons could transmit
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through more interfaces without scatterings. But we overestimate the thermal conductivity
of the superlattice at low temperatures significantly, resulting in a small minimum TBC.
Here, the estimated TBC is the thermal energy transmitted across the interface for a certain
temperature difference per unit area. Because the period of the superlattice is very small
comparing with some long mean free path phonons, some phonons could transmit across
several interfaces without scattering with other phonons and structural imperfections. The
energy of these phonons are accounted repeatedly for several times, resulting in a very
large effective TBC, even larger than the max TBC Ga>Os3 heterointerfaces could achieve.
This non-local and non-equilibrium phonon transport across interfaces is one of the
challenges to define local temperature and understand thermal transport across interfaces.
Similar phenomenon was observed in AIN-GaN superlattices before.®* Our work is
important since it may be necessary to design the superlattices not only for the creation of
the channel 2DEG, but also for more efficient thermal dissipation through the structure.
This electro-thermal co-design is truly an important feature for future wide bandgap

devices which require enhancements in heat dissipation within the devices.

6.4 Conclusions

This work reports the first temperature-dependent measurement on thermal
conductivity of -(Alo.1Gag.e)203/Ga203 superlattices from 80 K to 480 K. We observed
significantly reduced thermal conductivity (5.7 times reduction) at room temperature
comparing with bulk Ga>Os. The thermal conductivity of bulk (010) Ga>Os is measured
and found to be consistent with literature values. By calculating the inverse thermal
diffusivity of both the superlattice and bulk Ga>0s3, we qualitatively identify the relative

contribution of scattering intensity of phonon-phonon scattering and phonon-structural
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imperfection scattering. We estimated the scattering length as 3.1 nm, which is close to the
layer thickness of the superlattice by considering additional alloy scattering. The estimated
minimum TBC of f-(Alo.1Gao.9)203/Ga20z interfaces is found to be larger than the Ga203
maximum TBC. This result shows that some phonons could transmit through several
interfaces before scattering with other phonons or structural imperfections. This study is
not only important for Ga>Oz electronics applications especially for high power and high
frequency applications, but also for the fundamental thermal science of phonon transport

across interfaces and in superlattices.
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CHAPTER 7. THERMAL CONDUCTANCE ACROSS B-GA203-DIAMOND

INTERFACES

7.1 Introduction

As an emerging ultra-wide bandgap semiconductor material, p-Ga>Osz has shown
favorable properties for use in power electronics applications, such as an ultra-wide
bandgap (4.8 eV) and high critical electric field (8 MV/cm), which predict a Baliga figure
of merit that is 3214 times that of Si.*® However, the thermal conductivity of bulk p-Ga,O3
(10-30 W/m-K, depending on crystal orientation) is at least one order of magnitude lower
than those of other wide bandgap semiconductors, for instance, GaN (230 W/m-K), 4H-
SiC (490 W/m-K), and diamond (>2000 W/m-K).21% To utilize Ga20s in high frequency
and high power switching applications, proper thermal management is essential to avoid
device degradation due to poor thermal reliability. This will require the use of high thermal
conductivity pathways to pull the heat out of the Ga,Os devices efficiently through
interfacial contacts with low thermal boundary resistance. With its ultra-high thermal
conductivity, diamond, which has been extensively studied to dissipate localized self-
heating from electronics such as AlGaN/GaN HEMTS, is a possible solution for Ga,03

devices as well,12:28.189,199

Recently, mechanically exfoliated Ga>Os nano-membranes have been utilized to
fabricate high-current transistors.2°0-2% A record high drain current has been achieved in
an exfoliated Ga,Os field-effect transistor with diamond substrates.?”® This work
demonstrates good device performance but has not quantified the heat transport across the

Ga>03-diamond interface as the Ga,O3 nano-membranes were adhered to diamond via Van
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der Waals forces. The TBC of mechanically joined materials could be as low as 0.1
MW/m?2-K while the interfacial thermal conductance of transfer-printed metal films is in
the range of 10-40 MW/m?2-K 76207210 Thermal transport across Van der Waals interfaces
is limited by the real contact area and low phonon transmission due to weak adhesion
energy even if there exists the possibility to achieve a high TBC.%¢?11:212 Thermal transport
across these interfaces remains an open issue due to the limited amount of experimental
data available in the literature. Therefore, it is of great significance to study the thermal
conductance across GaxOs-diamond interfaces for both real-world power electronics
applications and fundamental thermal science of heat transport across Van der Waals

interfaces.

7.2 Transferred Ga20s on Single Crystal Diamond

In this work, we have mechanically exfoliated a (100) oriented Ga,O3z nano-
membrane from an EFG-grown commercial (-201) Ga»Os substrate (Novel Crystal
Technology, Japan) with medium-tack dicing saw tape and transferred it on a single crystal
(100) CVD diamond substrate (Element Six).?** TDTR was used to measure the Ga,Os-
diamond TBC and Ga;Os thermal conductivity. Moreover, by combining picosecond
acoustic technique and the membrane thickness measured by an Atomic Force Microscopy
(AFM), the phonon group velocity across the membrane thickness direction is obtained.
Moreover, we use a Landauer approach to calculate phonon transport across Ga»Os-
diamond interfaces. Additionally, the effects of Ga.Oz-substrate TBC and substrate thermal
conductivity on thermal performance of a power electronics are modelled by an analytical

solution.
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Figure 7.1(a) shows a part of the sample scanned by AFM. A blanket layer of Al
(~80 nm) was deposited to serve as the TDTR transducer. As the size of the Ga>O3 nano-
membrane was approximately 11 um x 70 um, a CCD camera integrated in the TDTR
system was used to help locate the sample. To obtain the thermal conductivity of the
diamond substrate, TDTR was performed on the area which was not covered by the Ga,Os
nano-membrane. The thermal conductivity of the single crystal diamond substrate was
determined to be 2169 +130 W/m-K, which is very close to other values reported in the
literature.?'* This value was used in the data analysis and parameter fittings from the TDTR
measurements on the Ga,O3 bonded to diamond. The Al-diamond TBC is also determined
in the measurement to be 34 MW/m?-K. Figure 7.1(b) shows the picosecond acoustic
echoes obtained during TDTR measurements. The observed echoes correspond to strain
waves that are reflected at interfaces.'?® Figure 7.1(c) shows the strain wave traveling
distance for each echo. For echo 1, a small valley shows up before a peak, indicating the
loose bonding of Van der Waals forces at the interface. In this scenario, we pick the middle
point of the valley and peak as the echo point (t;=25 ps).!?> The sound speed of Al is 6420
m/s'? so the Al thickness was determined to be 80 nm (d; = vy, * t;/2). For echo 2 (154
ps=25 pst129 ps), it relates to the Ga,Os-diamond interface. The travelling time in Ga;0s
is 129 ps. The thickness of the Ga,Os layer was determined as 42743 nm by an AFM. Then
the longitudinal phonon group velocity of Ga.Oz in the direction perpendicular to (100)
plane is determined as 6620 m/s, which matched very well with DFT-calculated value
(6809 m/s) we will discuss more later. Echo 3 is the strain wave bouncing back from the

Al-air interface after coming back from the Ga>Os-diamond interface. The strain wave
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travels across Al layer again and bounces back from the Al-Ga;Os interface. The traveling

time equals 179 ps (=25 ps+129 ps+25 ps).
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Figure. 7.1. (a) AFM image of the center of the Ga>O3 sample. (b) Picosecond acoustic
echoes obtained in the TDTR measurements. (c) Echoes which relate to strain wave

bouncing back at interfaces.

The surface roughness of the two surfaces affects the real contact area, and
correspondingly, the thermal conductance across this interface. To measure the surface
roughness, AFM was used to scan the diamond substrate surface and the top surface of the
Ga203 membrane. The bottom surface of the Ga;O3 membrane should be similar to or
smoother than the top surface.?!>2!® The surface images are shown in Figure 7.2(a-b). The

RMS roughness of diamond and Ga>Os3 surfaces are 3.39 +0.91 nm and 3.23+0.93 nm,
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respectively. The sensitivity of our TDTR measurements was determined by considering a
fractional change in the thermoreflectance signal due to a fractional change in the
independent parameters.?® Figure 7.2(c) shows the TDTR sensitivity of the TBC of the
Gax03-diamond interface, thermal conductivity of the Ga2O3 membrane, and the TBC of
the Al-Ga>Os3 interface with a modulation frequency of 2.2 MHz and a 20 X objective
(pump radius 4.9 pm and probe radius 3.0 um). The sensitivity of the TBC of the Ga>O3-
diamond interface is very large, resulting in accurate measurements of this parameter.
Figure 7.2(d) shows good agreement between the experimental data (red circles) and the

fitted curve (blue curve).
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Figure 7.2. (a) AFM scanned surface roughness of the diamond substrate. (b) AFM
scanned surface roughness of the top surface of the Ga;O3; nano-membrane. (¢) TDTR

sensitivity of TBC of the Ga,Os-diamond interface, thermal conductivity of Ga;O3, and the

99



TBC of Al- Ga;0s interface with a modulation frequency of 2.2 MHz and a 20 X objective.

(d) TDTR data fitting with modulation frequency of 2.2 MHz and 20 X objective.

The TBC of the Ga>Osz-diamond interface was measured to be 17 -1.7/42.0
MW/m?-K and is compared with the TBC of several other diamond interfaces and
transferred interfaces in Table 7.1. The error bars (low bar -1.7 MW/m?-K and up bar +2.0
MW/m?-K) of TDTR measurements is estimated by a Monte Carlo method.*¢ The Ga,Os-
diamond TBC is in the TBC range of the transferred metal films on silicon, SiO», and
sapphire substrates (Van der Waals force bonded) and is comparable to the TBC of several
physical-vapor-deposited metals on diamond (covalent force bonded). The Ga;03-diamond
TBC is mainly affected by three factors: the weak Van der Waals force between Ga,03 and
diamond (covalent bonding is much stronger), the small contact area at the interface, and
the large phonon density of states (DOS) mismatch between Ga>O3 and diamond. For the
Gay0s-diamond interface, the two materials are bonded by the Van der Waals force.
Interfacial bonding affects thermal conductance significantly.”* For instance, the TBC of
covalent bonded interfaces is much larger than that of the Van der Waals force bonded
interfaces because phonon transmission is very low due to the weak adhesion energy of
Van der Waals interfaces.”**'?2!” Moreover, diamond is non-polar, so no dipolar-dipolar
attraction exists at the interface. The Van der Waals force at the Ga>O3-diamond interface
should be weaker than those of other polar material interfaces. This further decreases the
TBC. In terms of the real contact area at the interface, there are no good methods to measure
it. Some calculations indicate that the fractional areal coverage of transferred metal films
on silicon or sapphire substrates could reach 25% because of plastic deformation and

capillary forces.?!! The transferred metal thin films (Au) are very soft so the contact area
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between the metals and substrates could be very large under pressure during the transfer
process. However, for the Ga;Os-diamond interface, diamond is known as one of the
hardest materials and Ga;O3 is much harder than Au. We can see very small pillars forming
surface roughness of both the Ga>O3 and diamond surfaces according to the AFM images.
We speculate these pillars may enlarge the contact area at the interface and enhances
thermal transport. Surface-roughness insensitive TBC was observed in Van der Waals
interfaces before.”® Our measured Ga,Os-diamond TBC is comparable to the TBC of
several physical-vapor-deposited metals on diamond and reaches more than one fourth of
the TBC of the chemical-vapor-deposited diamond on silicon even though the contact area
of these deposited interfaces are much larger than that of GaOs-diamond interface.
Diamond-Si TBC is higher than those of the other interfaces in Table 7.1 because of its

large contact area and relatively good phonon DOS match.

Here, we define “diamond interface” as any interface one side of which is diamond.
Diamond has ultra-high thermal conductivity due to the light carbon atom and strong
covalent bond among carbon atom, which leads to an ultra-high Debye frequency and
cutoff frequency. As a result, the phonon DOS match of diamond and other materials are
very poor and the TBC of diamond interfaces are very low. When integrating diamond with
other materials to take advantage of its high thermal conductivity, the low TBC of diamond
interfaces is usually the bottleneck. This highlights the motivation to study thermal
transport across diamond interfaces for both fundamental science and real-world
applications. By taking all these into consideration, we could conclude that the measured
Gaz03-diamond TBC is relatively quite high. On one hand, this relatively high TBC helps

to explain why a GaxOs field-effect transistor observed record-high drain current on

101



diamond.?®® On the other hand, it shows that thermal transport across Van der Waals

interfaces are relatively good from a fundamental viewpoint.

Table 7.1. TBC of several diamond interfaces and transferred interfaces.

Interfaces TBC Fabrication Conditions
(MW/m?-K)

Our work | GaxO3-diamond 17 Transferred van der Waals interfaces
Ref.’® Au-Si/SiO2/ALO; | 10-40 Transferred van der Waals interfaces
Ref.® Bi-H-diamond 8 Physical vapor deposition

Ref.® Pb-diamond 19 Physical vapor deposition

Ref.® Pb-H-diamond 15 Physical vapor deposition

Ref.!® Si-diamond 63 Chemical vapor deposition

The thermal conductivity of the Ga;0Os; nano-membrane was measured as 8.4
+1.0W/m-K, which is lower than the value of bulk Ga,Os in this direction (about 13 W/m-
K).!® The anisotropic crystal structure results in anisotropic properties.'*>?!® Here, TDTR
is more sensitive to cross-plane thermal conductivity instead of in-plane ones. The
thickness dependent thermal conductivity of Ga>Os thin films from literature and this work
are summarized in Figure 7.3. For a certain crystal orientation, the thermal conductivity of
Ga0; thin films decreases with film thickness. The phonon mean free path in bulk Ga>O3
ranges from several nm to several um.!”® Phonons with long mean free path scatter with
film boundaries. The additional film boundary scattering reduces phonon mean free path
and reduces thermal conductivity. For instance, the thickness of our Ga,O3; nano-membrane
is 427 nm. The phonons with mean free path larger than 427 nm have large possibility to

scatter with the film boundaries. The film boundary scattering limits the phonon mean free
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path in the cross-plane direction and correspondingly reduces cross-plane thermal
conductivity. Size effects in nanoscale Ga;Os electronics would result in further-reduced
thermal conductivity, leading to heat dissipation problems in these devices. This highlights

the demand of proper thermal management for Ga,0Os electronics.
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Figure 7.3. Thickness dependent thermal conductivity of Ga20s thin films. The data for
the unintentionally doped (UID) and Sn-doped (-201) orientated thin films is from
reference.’!” The blue and red lines are the bulk values in (-201) orientation and

perpendicular to (100) orientation.'*%21

The calculated phonon transmission coefficients based a Landauer approach are
shown in Figure 7.4 (a). The phonon properties of diamond are obtained from first
principles calculation with VASP, and the phonon properties of Ga;03 are from Materials
Project.??%?22 The low transmission coefficients at low frequency is derived from the

acoustic branches. The number of phonon modes of three dimensional material is
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proportional to the square of wavenumber, which equals to phonon angular frequency over
group velocity for acoustic branches at low frequency, as the phonon dispersion relation is
almost linear near the Gamma point. For the longitudinal acoustic (LA) polarization, the
phonon group velocity of diamond perpendicular to the (100) plane is 17553 m/s, while
the phonon group velocity of Ga;O3 perpendicular to the (100) plane is 6809 m/s, which
means that the group velocity of diamond is 2.58 times that of Ga,03, and the number of
modes of diamond LA at low frequencies is only 15% of that of Ga>O3. As a result of the
large difference between the acoustic group velocities, the phonon transmission coefficient
is very low at low frequencies. For most interfaces involving diamond, the transmission is
usually low because of the large phonon group velocity and high cutoff frequency of
diamond. At high frequencies, the wavenumber of Ga>Os at a certain frequency is relatively

close to that of diamond, and the transmission coefficient increases.

The calculated TBC from the Landauer approach is 312 MW/m?-K as shown in
Figure 7.4 (b) at the Ga,O3 cutoff frequency. Because of the complex crystalline structure
(large unit cell) of Ga20s3, there are a large number of optical phonon modes. As a result,
acoustic phonons of Ga>O3 only contribute to about 8% of the total TBC while optical
phonons contribute to about 92%. The calculated TBC is significantly larger than the
measured value. The difference between the theoretical TBC and the measured TBC is
attributed to the interfacial bonding and real contact area at the interface as discussed
above. The van der Waals bonding at Ga>Os-diamond interface is much weaker than
covalent bonds, which reduces TBC significantly.”®**?!1:217 We also calculated the
radiation limit of TBC of Ga,Os-diamond interface as 426 MW/m?-K.>**?* The radiation

limit assumes the phonon transmission coefficient as one from one side of the interface to
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the other side when phonons at a certain frequency from that side have lower number of
modes. Phonon density of states of Ga;O3 and diamond are from their phonon dispersion
relations. Both DMM-based Landauer and radiation limit cannot capture inelastic
scatterings, however, the calculated results shed light on the possible TBC with perfect

interface, which guide the material growth and device design.
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Figure 7.4. (a) The transmission coefficient from DMM at Ga>0Os-diamond interface. (b)

The spectral TBC accumulation at Ga;O3-diamond interface from Landauer approach.

To understand the impact of the Ga,Os—substrate TBC on the thermal performance
of a power device, we use an analytical solution for the temperature rise in multilayer
structures with discrete heat sources.'®® The modeled device consisted of a 500-nm (100)
Ga>03 layer atop a substrate consisting of either high quality diamond, SiC, or Si. The
Ga>03 layer was prescribed an anisotropic thermal conductivity with k; =12 W/m-K and
kr = 21 W/m-K in accordance with published values.’®®* The modeled device structure was
a 10 finger device with 50 m gate-to-gate spacing. The heat sources were each assumed
to be 4 x 150 pm and the total domain was 2000 x 2000 pm. A total power density of 10

W/mm was applied to the simulated device. The device structure and simulated heating
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can be seen in Figure 7.5 (a-b). Figure 7.5(a) shows the schematic diagram of the modeled
device demonstrating the cross section and heat source spacing. Figure 7.5(b) shows the
top view of the simulated device (a Ga20s-diamond TBC of 100 MW/m?K on a diamond
substrate with a thermal conductivity of 2000 W/m-K). As expected, the applied power

leads to an increase in peak temperature at each Ga,Os finger.
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Figure 7.5. (a) Schematic of the modeled device. (b) Top view temperature field of the
simulated device. (c) Heating profile of Ga,O3z on diamond devices with a TBC value of
17, 100, and 300 MW/m?2K, respectively. (d) The maximum temperature of the device for

adiamond, SiC, or Si substrate as a function of varying TBC between Ga>Oz and substrates.

The impact of the Ga>Os-substrate TBC was evaluated by adjusting its value in the

model from 10 to 300 MW/m?K for each substrate material. Figure 7.5(c) shows the device
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temperature distribution across the center of the fingers for a simulated Ga>O3 on diamond
device with a TBC value of 17, 100, and 300 MW/m?K, respectively. The decrease in TBC
would increase the temperature rise significantly, especially when the TBC is not large. As
shown in Figure 7.5(d), when the Ga>Oz-substrate TBC is small, TBC is the dominant
factor limiting heat dissipation. When TBC goes beyond 70 MW/m?2-K, substrate thermal
conductivity is the dominant factor which limits device thermal dissipation. Additionally,
as long as the TBC value is not too low, it is crucial to have a high thermal conductivity
substrate. For instance, a SiC substrate with a TBC of 300 MW/m?K shows a maximum
temperature of 283 <C, while using a diamond substrate with a TBC of 17 MW/m2K (much
lower than 300 MW/m?K), as measured in this work, results in a similar maximum
temperature rise. This result demonstrates the importance of implementing a high thermal
conductivity substrate such as diamond into Ga.O3z power devices. Because of the relatively
low thermal conductivity of Ga,Og, even a relatively low TBC value (but equal to or larger
than 17 MW/m?K) for a device on diamond will outperform a device on a SiC substrate
with an exceptional TBC. This will be useful in guiding device design when integrating

Ga>03 with high thermal conductivity substrates.

7.3 Atomic-Layer-Deposited Ga2.0Os on Single Crystal Diamond

ALD growth relies on the sequential self-limiting reactions between surface
adsorbed metal organic molecules and oxidizing molecules. Single crystalline (100)
diamond substrates were obtained commercially (Element Six, thermal grade) and cleaned
using a sequence of treatments intended to remove metal and non-diamond carbon
contamination: HNO3z:HCI, HNO3:H2SO4, ultrasonic clean in ethanol, and finally an HF

etch. The substrates were stored in ethanol and were dried in N2 immediately prior to
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transfer into the Ga>O3 growth reactor. Thin films (~30-115 nm) were deposited on single
crystal (100) diamond substrates in a Fiji 200 G2 reactor at 295 <C using alternating cycles
of trimethylgallium (TMG, STREM PURATREM) as the Ga precursor and a remote pure
oxygen plasma as the oxidizing source. All samples utilized a turbo pump to drop the
pressure in the chamber to 8 mTorr during plasma exposure. Under these conditions, the

growth rate was 0.65A/cycle. All the samples are undoped.

To measure the thermal conductivity of the Ga2Os film, a thick sample (about 120
nm Ga>0z) was grown on a single crystal diamond substrate (Samp1). Since this layer is
too thick for our thermal measurement system to be sensitive to the interface TBC, thinner
(~30nm) layers of Ga>O3z were grown onto other diamond substrates. In addition, the
diamond substrates were given different in-situ surface pretreatments prior to growth to
investigate the effect on TBC. The surface of Samp2 was pretreated with a Ga flashoff
process to emulate the one typically used to clean surfaces in MBE. This consists of dosing
with TMG to create a gallium sub-oxide at the surface that is subsequently exposed and
removed with a hydrogen plasma pulse. The surface of Samp3 was initiated by super
saturating with 10 consecutive Ga pulses prior to growth, while the surface of Samp4
received 10, 10s O plasma pulses in-situ treatment prior to growth. The details of each
sample is summarized in Table 7.2. A layer of Al (~84 nm) was deposited on the sample
surface as a transducer for TDTR measurements. The thickness of the Al layer was
determined by the picosecond acoustic technique during TDTR measurements. The

thickness of Ga»Os3 films are determined with TEM.

A modulated pump beam (400 nm) heats the sample surface while a delayed probe

beam (800 nm) detects the temperature variation of the sample surface. After being picked
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up by a photodetector and a lock-in amplifier, the signal is fitted with an analytical heat
transfer solution to infer the unknown parameters.’#10>19.224 Each of the four samples in
this work includes three layers: an Al layer, a Ga>Os layer, and a diamond substrate. The
thermal conductivity of a bare single crystal diamond substrate was measured as 2169
W/m-K first and then input as a known parameter in the data fitting of the Ga>Os-on-
diamond samples. There are three unknown parameters: the Ga>Oz-diamond TBC, the
Gaz03 thermal conductivity, the Al-Ga,Os TBC. The heat capacity of Al, Ga20s and
diamond used in the data fitting are from literature.?>"4?24 The values reported in this work
are average values of four different spots measured on each sample with modulation
frequencies of 3.6 MHz and 6.3 MHz. The standard derivations of the measured TBC of
each sample are smaller than 8% (eight measurements per sample). The pump and probe
diameters are 19.0 um and 13.3 pm. The experimental data is fitted with an analytical heat
transfer solution of the three-layer structure to infer the unknown parameters. The detailed

derivation of the analytical heat transfer solution can be found in references.*42

Table 7.2. Sample structures and thermal properties

Al Ga, 0, Diamond Ga,0,-C TBC Ga 0, k
surface
pretreatment
Sampl | 88 nm | 115 nm N/A N/A 1.76 W/m-K
Samp2 | 84 nm | 29 nm Ultra-clean 179 MW/m2-K | 1.50 W/m-K
Samp3 | 84 nm | 30 nm Ga-rich 136 MW/m2-K | 1.50 W/m-K
Samp4 | 84 nm | 28 nm O-rich 139 MW/m2-K | 1.52 W/m-K

As shown in Table 7.2, the measured thermal conductivity of Samp1l is 1.76 W/m-

K, which is much lower than that of bulk B-Ga,O3z (10-30 W/m-K).*® The Ga.0Os film is
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polycrystalline with grains on the order of 10-20nm. The measured TBC of the ultra-clean
(Samp?2) interface is 179 MW/m?2-K, about 10 times higher than TBC of a Van der Waals
bonded Ga,Os-diamond interface, suggesting that covalent bonding facilitates interfacial
heat transport better than Van der Waals interfacial bonding.”* While the other two thinner
samples have smaller TBC due to different in-situ pretreatments of the diamond surfaces,
they are still much larger than the Van der Waals bonded TBC. This confirms that the type
of interface bonding affects TBC significantly, similar to metal-quartz interfaces reported
before.®* Interface chemistry affects the local vibrational modes, resulting in different
phonon transport mechanisms at the interface and correspondingly different TBC. Like
epitaxy, room-temperature surface activated bonding (SAB) technique bonds
independently grown layers with covalent chemical bonding interfaces, resulting in high
TBC.2! Thus, from the results shown here, we expect SAB Ga.Os-related interfaces should
have high TBC, enabling another possible approach for integrating high-quality B-Ga>O3
with high thermal conductivity substrates such as SiC and diamond. Therefore, interface
chemistry and bonding are important factors which affects interfacial thermal transport,

similar to Al-diamond interfaces reported previously in the literature.®

7.4 Conclusions

A possible solution to cool Ga;Os electronics is to integrate thin Ga2Os membranes
with diamond to fabricate Ga,O3z-on-diamond devices by taking advantage of the ultra-high
thermal conductivity of diamond. A good understanding of the TBC between Ga>O3 and
diamond is still lacking. In this work, we measured the TBC of the interfaces of smooth
exfoliated Ga>O3z and polished single crystal diamond. The longitudinal phonon group

velocity in the direction perpendicular to the (100) plane of Ga>Os is 6620 m/s, which
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matched very well with DFT-calculated value (6809 m/s). Reduced thermal conductivity
of the Ga,Oz nano-membrane (8.4 £1.0W/m-K) was observed and attributed to size effects
(phonon-boundary scatterings). The Van der Waals Ga,Os-diamond TBC was measured to
be 17 -1.7/42.0 MW/m?-K, which is in the TBC range of transfer-printed metal films and
comparable to the TBC of several physical-vapor-deposited diamond interfaces. This value
is relatively quite high by taking the weak bonding strength and small contact area into
consideration. The TBC calculated with a Landauer approach and DMM is 312 MW/m?-
K, which sheds light on the possible TBC we can achieve. Additionally, we grow Ga;O3
on diamond by ALD. The measured TBC of the ultra-clean interface is 179 MW/m?-K,
about 10 times higher than TBC of a Van der Waals bonded Ga,O3-diamond interface,
suggesting that covalent bonding facilitates interfacial heat transport better than Van der

Waals interfacial bonding.
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CHAPTER 8. SUMMARY AND CONCLUSIONS

8.1 Summary of Contributions

This thesis shows a new method (room-temperature surface-activated bonding
technique) to integrate ultrawide and wide bandgap semiconductors with high thermal
boundary conductance. The bonding of GaN with SiC and single crystal diamond were
demonstrated to achieve high TBC to facilitate excellent heat dissipation of power and RF
electronics. This results will also push forward the development of 3D microchips packing
in which thermal management is one of the key challenges. Additionally, nanoscale
graphoepitaxy is used to enhance both the thermal conductivity of CVD diamond and Si-
diamond TBC significantly, which sheds light on enhancing the TBC of diamond related

interfaces.

The temperature-dependence of thermal conductivity of S-(Alo.1Gao.s)203/Ga203
superlattices were measured and significantly reduced thermal conductivity (5.7 times
reduction) at room temperature was observed comparing with bulk Ga>Os. The estimated
minimum TBC of f-(Alo.1Gao.9)203/Ga.0sz interfaces is found to be larger than the Ga203
maximum TBC, which shows that some phonons could transmit through several interfaces
as possible evidence of phonon coherence. To address the challenges of thermal
management of Ga»>Os-based devices, Ga,O3 was integrated with single crystal diamond
by exfoliation-transferring and ALD-growth. The Van der Waals Ga;Os-diamond TBC
was measured to be 17 -1.7/42.0 MW/m?-K while the TBC calculated with a Landauer
approach and DMM is 312 MW/m?2-K, which sheds light on the possible TBC achievable.

The measured TBC of the grown ultra-clean interface is 179 MW/m?2-K, about 10 times
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higher than TBC of a Van der Waals bonded Ga»Oz-diamond interface, suggesting that
covalent bonding facilitates interfacial heat transport better than VVan der Waals interfacial

bonding.

8.2 Future Work

This thesis shows excellent interfacial thermal conductance across new bonded
interfaces. This bonding methods can be applied to other interfaces as well and possibly
solve the thermal problems of semiconductor interfaces. The detailed understanding of
phonon transport across these bonded interfaces is still lacking. The bonding method opens
a door for creating heterogeneous interfaces which are impossible before by growth. The
local chemistry of the bonded interfaces can be tuned, making them an excellent platform
to stimulate the development of new theories of interfacial heat transfer. The Ar
distribution can be controlled by annealing and can be replaced by other ions. All these

will enable both theoretical and experimental studies of thermal physics in these interfaces.

Recording high TBC is expected for some interfaces such as diamond-silicon,
silicon and germanium. Si can be bonded to diamond and Ge easily with any oxide and
contamination, which is very difficult for any growth methods. Molecular dynamic
simulation has available potentials for Ge, diamond and Si. The combination of

measurements and modeling could advance the field significantly.

In terms of the applications, device fabrication needs to be demonstrated to show
the excellent performance. For integration of Ga>Os with high thermal conductivity
substrates, surface activated bonding can be used with the help of ion-implantation-based

smart-cut technique which exfoliates wafer-scale thin Ga,Os membrane. Furthermore,
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devices can be fabricated on these exfoliated thin GaxOs membranes which have been
bonded on high thermal conductivity substrates. GaN-on-diamond devices based on the
bonding technique should be fabricated to take the full advantage of the high thermal

conductivity of single crystal diamond.

Additionally, for thermal measurements, transducer-less TDTR or other
modifications need to be developed to gain better sensitivity of the TBC of buried
interfaces. High-throughput measurements and TBC mapping are in demand to build a
large TBC database which will stimulate the study of big data and machine learning about

thermal science and engineering applications.
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