
ABSTRACT 

BLUMENSCHEIN, NICHOLAS ANTHONY. Development of Gallium Oxide for High-Power 

Semiconductor Device Applications. (Under the direction of Dr. John. F Muth and Dr. Tania 

Paskova). 

 

Pulsed laser deposition was used for growing heteroepitaxial and homoepitaxial thin films 

on c-plane sapphire substrates and native single-crystalline Ga2O3 substrates, respectively.  N-type 

doping was accomplished by implementing low concentrations of SnO2 and SiO2 into the Ga2O3 

ablation source material, and a doping concentration ranging from 7x1016 to 2x1020 cm-3 was 

realized in the homoepitaxial thin films. 

The 3ɤ measurement technique was used to evaluate and extract the thermal conductivity 

along different crystallographic orientations of bulk Ga2O3.  A maximum thermal conductivity of 

29.5 W/m-K was identified along [010] at 300 K, whereas the thermal conductivity ranged from 

16.1 to 18.4 W/m-K along other crystallographic directions. 

The high-frequency dielectric properties of Ga2O3 were investigated using time-domain 

terahertz spectroscopy.  The dielectric spectra contained a non-monotonic temperature dependence 

which was described using a dual harmonic oscillator model.  The dependence was found to be an 

effect of charge carrier localization caused by thermal activation of unintentional dopants at 50 K.    

Ga2O3ïbased deep-UV photodetectors, thin-channel MOSFETs, and Schottky barrier 

diodes were also studied.  Photodetector performance was evaluated by varying the oxygen partial 

pressure during Ga2O3 thin film growth.  The devices had excellent responsivity and Iphoto/Idark ratio 

values of 30.45 A/W and 90X, respectively.  Self-heating effects of Ga2O3 thin-channel MOSFETs 

were evaluated using pulsed I-V and Raman nanothermography characterization techniques, which 

resulted in thermal resistance values of 73 °C-mm/W and 60 °C-mm/W, respectively.  Schottky 

barrier diodes were fabricated using undoped and Sn-doped Ga2O3 drift layers grown on highly-



doped Ga2O3 substrates.  A maximum breakdown voltage of -186 volts was observed.  Trapping 

effects were evaluated using transient voltage measurements and frequency-dependent equivalent 

parallel conductance measurements, and a trap state was identified at an energy of EC ï 0.485 eV.  
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CHAPTER 1 ï Ga2O3 INTRODUCTION  AND MATERIAL  PROPERTIES 

 

1.1 Motivation of Ga2O3 Development 

Gallium oxide shows promise for future high-power and high-frequency device 

applications because of its high critical electric field strength, reasonable mobility, and bulk growth 

capability.  Silicon is the most commonly used material for fabricating devices such as diodes and 

transistors for low power and integrated circuit applications, respectively.  The performance of 

silicon devices has reached a ceiling because of its low critical electrical field strength (EC).  For 

power switching applications, a low EC limits operating voltage capability.  The maximum power 

capable of silicon RF devices is limited by the power frequency product because of its low bandgap 

energy and breakdown voltage.  These property limitations cannot be overcome through traditional 

engineering approaches, and have provoked extensive research efforts on other semiconductors 

such as silicon carbide and gallium nitride that resulted in massive improvements to the high-

power electronics market in terms of device capability and energy efficiency.   

Semiconductor device efficiency is incredibly important when considering economic and 

environmental impacts.  Increasing energy efficiency results in devices that are able to deliver the 

power needed for a particular application by using less current.  Current amplitude corresponds to 

temperature elevations within the device and any external cabling, and therefore, the increased 

energy efficiency reduces thermal dissipation and mitigates the need for high gauge wiring.  This 

is incredibly important in military and space applications where the system performance is 

dependent upon its mass.  It is also beneficial for the environment since reducing the amount of 

poly-based materials needed for cable insulation eliminates pollution.  Materials with a higher 

critical electric field strength can also be used in RF devices for operating at higher frequencies.  



   

2 

 

High frequency operation results in size reduction of passive components like capacitors and 

inductors.  This leads to electrical systems with less volume and mass and helps with materials 

cost.   

The relationship between on-resistance (RON) and off-state breakdown voltage (VBR) in 

transistors provides a common basis for analyzing the potential merits of different semiconductor 

materials.  Figure 1.1 shows the theoretical limit of on-resistance versus breakdown voltage for 

silicon (Si), gallium arsenide (GaAs), silicon carbide (SiC), gallium nitride (GaN), beta gallium 

oxide (ɓ-Ga2O3), aluminum nitride (AlN), and diamond.  The theoretical RON can be calculated 

using Equation 1.1, where Ů is the dielectric constant, ɛn is the electron mobility, EC is the critical 

electric field strength, WD is drift region width, q is electron charge, and ND is drift region doping 

concentration [1].  The RON-VBR relationship can be used to identify transistor materials with low 

theoretical power switching losses.  

 
Figure 1.1 Theoretical on-resistance versus breakdown voltage for various semiconductor 

materials. 
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Ὑ ὭὨὩὥὰ    άɱϽὧά   (1.1) 

Ga2O3 offers promise particularly for high-power applications due to a combination of its 

material properties and the ability to grow high-quality epitaxial material using low-cost native 

substrates.  Its relatively wide 4.9 eV bandgap energy (Eg) and theoretical critical electrical field 

strength (Ec) of 8 MV/cm are crucially important for its use in devices operating at high-power 

conditions.  A wide bandgap is required for operating at high temperatures to reduce leakage 

current and a large critical electric field strength is needed for operating devices at a high voltage 

while maintaining appropriate feature dimensions [1].  These parameters, as well as other key 

material properties, such as dielectric constant (Ů), mobility (ɛ), saturation velocity (vs), and 

thermal conductivity (ə) of ɓ-Ga2O3 are shown in Table 1.1 and compared with the previously 

mentioned semiconductor materials.   

 

Table 1.1 Relevant material properties of Si, GaAs, 4H-SiC, GaN, ɓ-Ga2O3, Diamond, 

and AlN for determining high-power device capability. 

Material Property Si GaAs 4H-SiC GaN ɓ-Ga2O3 Diamond AlN 

Bandgap, 

E
g
 (eV) 1.1 1.4 3.3 3.4 4.9 5.5 6.2 

Dielectric Const., 

Ů 
11.8 12.9 9.7 9.0 10.0 5.5 8.5 

Critical E-Field, 

E
C
 (MV/cm) 0.3 0.4 2.5 3.3 8.0 10.0 15.4 

Electron Mobility, 

ɛ (cm
2
/V-s) 

1400 8000 1000 1200 250 2000 850 

Sat. Velocity, 

v
s
 (10

7
 cm/s) 

1.0 1.2 2.0 2.5 1.1 1.0 2.0 

Thermal Cond., 

ə (W/m-K) 
150 50 370 230 10 ï 30 2000 340 
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Table 1.2 shows the most commonly used figures-of-merit for determining material 

suitability for high-power applications.  The Baliga figure-of-merit ὄὊὕὓ‐‘Ὁ  is perhaps 

the most important metric when considering high-power applications, as it describes the theoretical 

specific on-resistance (Ron,sp) of the material within the vertical drift region of field-effect 

transistors which determines the materialôs on-state conductivity for a given breakdown voltage.  

In 1982, Baliga showed that the power handling capability of FETs can be expected to increase 

linearly with electron mobility and increase to the third power with energy band gap [2].  In 1989, 

Baliga expanded on these findings when he introduced the Baliga high-frequency figure-of-merit 

ὄὌὊὊὕὓ‘Ὁ  [3].  The BHFFOM is used as a measure of switching losses and determining 

the efficiency of a material and its suitability for high-frequency applications.  The Johnson figure- 

of-merit ὐὊὕὓὉὺȾτ“  was first proposed in 1965, and has since been used to provide a 

measure of a semiconductors suitability in applications where both high-frequency and high-power 

are of importance [4].  The JFOM is informative because it defines a maximum bias voltage and 

cut-off frequency for the material, and allows for cross-material comparison for signal 

amplification applications.  In 1972, the Keyes figure-of-merit ὑὊὕὓ‖ ὧὺȾτ“‐ was 

derived and has provided a useful metric that includes thermal conductivity to help better describe 

a materialsô thermal capability for power density and switching speed in FET applications [5].  In 

2004, Huang proposed three new figures-of-merit for unipolar switching power devices which 

included Huangôs material figure-of-merit ὌὓὊὕὓЍ‘Ὁ , Huangôs chip-area figure-of-merit 

ὌὅὃὊὕὓ‐Ѝ‘Ὁ , and Huangôs thermal figure-of-merit ὌὝὊὕὓ‖Ⱦ‐Ὁ  [6]. The 

HMFOM specifies the total conduction and switch power losses of the material by considering 

gate charge. The HCAFOM is used for comparing the minimum required chip area dimensions of 

various semiconductor materials when designed to meet similar specifications. The HTFOM 



   

5 

 

describes the expected temperature rise of a particular material given optimal chip area dimensions 

and minimal power dissipation conditions are used. 

These seven FOMs have been used to describe the potential of Ga2O3 for future 

semiconductor device applications.  According to BFOM, BHFFOM, JFOM, and HMFOM, Ga2O3 

has potential to out-scale some of the competing semiconductor materials such as SiC and GaN in 

terms of performance in both high-power and high-frequency applications.  The HCAFOM also 

predicts that Ga2O3 is superior with regards to manufacturing because of its high Ec which enables 

high energy density within the unipolar switching devices.  Critical electric field strength is a 

 

Table 1.2 Figures-of-merit (relative to Si) calculated for Si, GaAs, 4H-SiC, GaN, ɓ-

Ga2O3, Diamond, and AlN used for determining high-power device capability. 

Figures-of-Merit 

(relative to Si) 

Si GaAs 4H-SiC GaN ɓ-Ga2O3 Diamond AlN 

 Baliga 

 ⱠⱧ╔╒  

1 15 340 870 2870 24661 59160 

 Baliga High-Freq. 

 Ⱨ╔╒  

1 10 50 104 127 1587 1600 

 Johnson 

 ╔╒Ἶ▼ȾⱫ  

1 2 17 28 29 33 103 

 Keyes 

 ⱥ ╬Ἶ▼Ⱦ ⱫⱠ 

1 0.3 3.8 27.8 0.2 19.5 3.8 

 Huang Chip Area 

 ⱠⱧȢ╔╒  

1 5 48 85 255 619 1479 

 Huang Material 

 ⱧȢ╔╒  

1 3 7 10 11 40 40 

 Huang Thermal 

 ⱥȾⱠ╔╒  

1 0.23 0.36 1.83 0.01 0.86 0.06 
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common parameter used for calculating each of these FOMs.  The Ec of Ga2O3 is likely its most 

important material property and a driving factor for material development.  At the present time, 

the theoretical Ec of 8 MV/cm is still unproven.  In 2016, A.J. Green experimentally demonstrated 

an Ec of 3.8 MV/cm using a Ga2O3 MOSFET [7].  This was a huge breakthrough not only because 

it surpassed that of SiC and GaN, but it was the highest Ec value ever reported for any 

semiconductor material.  This Ga2O3 milestone was later confirmed by Konishi et al., who 

demonstrated a maximum electric field of 5.1 MW/cm was reached in a Schottky barrier diode 

drift layer just before breakdown occurred [8].  One drawback characteristic of Ga2O3 is its low 

thermal conductivity, which results in the relatively low KFOM and HTFOM values.  Ga2O3 has 

a lower thermal conductivity than any of the other semiconductor materials under discussion, and 

this will certainly pose a challenge in designing future high-power devices.   

The application space for a variety of materials is shown in Figure 1.2 [1].  The application 

of each semiconductor can generally be broken down into two distinct categories: high-frequency 

or high-power.  The application space of each semiconductor can be estimated in part using the 

one-sided abrupt junction approximation of Equation 1.2, as demonstrated by Chabak et al. [9].  

The approximation was used for comparing the depletion width formed in Si, 4H-SiC, GaN, and 

Ga2O3 unipolar two-terminal devices with the assumption that each was doped n-type to achieve 

an identical breakdown voltage.  As the approximation suggests, depletion width scales inversely 

with critical electric field strength, meaning that when using Ga2O3 the metal contacts can be 

placed much closer together than with the other materials.  This is beneficial because it removes a 

large portion of device resistance which lowers any resulting RC time constants in frequency 

applications. 

ὡ     ὧά                  (1.2) 
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Figure 1.2 Power-frequency diagram showing the application space of various semiconductor 

materials.  Copyright (2017) Electrochemical Society [1] . 

 

1.2 Gallium Oxide Properties 

1.2.1 Crystalline Properties 

Gallium oxide has five distinct polymorphs (Ŭ, ɓ, ɔ, ŭ, and Ů) that each have their own 

unique crystal structure, material properties, and processing requirements.  The monoclinic ɓ 

polymorph is the most commonly studied because it remains thermally stable up to its melting 

point of 1900°C, while the remaining polymorphs will transition into ɓ-Ga2O3 when subject to 

temperatures greater than 750°C [10], [11].  ɓ-Ga2O3 is the main focus of this work, but the four 

other polymorphs still require discussion since they possess properties which vary from the ɓ 

phase.  The rhombohedral phase Ŭ-Ga2O3 has been the second most studied polymorph of gallium 

oxide because of its ease in growing heteroepitaxial films on sapphire substrates.  Interestingly, 

the bandgap of Ŭ-Ga2O3 (5.03 eV) is larger than that of the beta phase (4.9 eV).  A ɓ-to-Ŭ transition 

has been reported when subject to high pressure conditions of 9.5 GPa [12].  ɔ- and ŭ-Ga2O3 have 

not generated nearly as much interest as the other three polymorphs despite having cubic and body-

centered cubic lattices, respectively [13], [14].  There have been reports of using ɔ-Ga2O3 for 



   

8 

 

fabricating quantum dots with visible blue-green light emission.  Ů-Ga2O3 was reported to possess 

a unique internal polarization property that could be used in two-dimensional electron gas (2DEG) 

applications by forming (AlGa)2O3/Ga2O3 heterostructures in a similar fashion to what has been 

demonstrated with AlGaN/GaN [10].  These four polymorphs all have unique processing 

requirements but can generally be synthesized by low-temperature heteroepitaxial growth.  Table 

1.3 outlines the crystal structure and lattice parameters of each polymorph. 

 

Table 1.3 Five polymorphs of Ga2O3 and their crystal properties. 

Polymorph Crystal Structure Lattice Parameters (Å, °) Ref. 

Ŭ Rhombohedral a, b = 5.04, c = 13.56 

 

[12] 

ɓ Monoclinic a = 12.23, b = 3.04, c = 5.80 

ɓ = 103.87 

[15] 

ɔ Cubic a, b, c = 8.22 

 

[13] 

ŭ Body-centered cubic a, b, c = 9.70 

 

[14] 

Ů Orthorhombic a = 5.12, b = 8.79, c = 9.41 

 

[16] 

 

Currently, ɓ-Ga2O3 has the most promise among all of the gallium oxide polymorphs 

despite it having the most complicated monoclinic crystal structure, as shown in Figure 1.3.  The 

[010] direction and ςπρ plane are shown here because these are the two most common 

orientations of bulk and thin film growth.  The ςπρ surface is the preferred heteroepitaxial 

growth plane on Ŭ-Al 2O3 substrates, while the Ga2O3 [010] direction has the highest thermal 

conductivity in the crystal (due to monoclinic-related anisotropy) which makes it the preferred 

orientation for high-power devices.  A detailed explanation for this will be given in the following 
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section.  The unit cell is comprised of 12 gallium and 18 oxygen ions, hence the compound notation 

of Ga2O3. 

 
Figure 1.3 Unit cell of ɓ-Ga2O3.  

 

1.2.2 Electronic Properties 

Similarly to other transparent conducting oxides such as ZnO and In2O3, the ɓ-Ga2O3 

electronic structure is complex and dependent upon material composition.  The ɓ-Ga2O3 structure 

contains both tetrahedral and octahedral coordinated metal ions, which are generated from a strong 

interaction between the ns metal and 2p oxygen orbitals [17].  The ɓ-Ga2O3 bandgap, conduction 

band energy dispersion, and resulting effective electron mass and mobility is produced from these 

Ms-Op interactions.  Figure 1.4 shows the energy band structure of ɓ-Ga2O3 with the valence band 

maxima aligned to zero energy [18].  The conduction band minima and valence band maxima are 

located at the ũ and M points, respectively.  By definition, ɓ-Ga2O3 is an indirect bandgap 

semiconductor with an EC-EV of 4.89 eV.  The material also contains a direct bandgap of 4.92 eV 

located at the ũ point.  The Heyd-Scuseria-Ernzerhof hybrid functional modeling approach has 

shown ɓ-Ga2O3 to have an electron effective mass of  0.27m0 [18], while a similar value of 0.28 
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was observed experimentally using high-resolution angle-resolved photoelectron spectroscopy 

[19]. 

The n-type conductivity of gallium oxide can be controlled over a very wide range (10-12 ï 

103 ɋ-1cm-1).  Unlike other conducting oxide materials, oxygen vacancies are not responsible for 

this behavior.  Using density functional theory (DFT), Varley et al. showed that the oxygen 

vacancies create deep donors with ionization energies of greater than 1 eV [20].  Varley then 

 

 
Figure 1.4 (a) Band structure of ɓ-Ga2O3 with valence band maxima aligned to zero energy and 

(b) high-resolution view of ũ point.  Copyright (2019) American Physical Society [18] .  
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then proposed that this conductive behavior was due to unintentional shallow donors, such as 

hydrogen, forming by occupying either interstitial or substitutional sites.  The scope of the work 

also included intentional Si, Sn, and Ge n-type dopants.  These group IV elements substitute onto 

Ga sites, where Si and Ge prefer the tetrahedral coordination of the Ga(I) site while Sn prefers 

substitution into the octahedral coordination of the Ga(II) site [21].  Other atoms such as F and Cl 

were shown to substitute onto O(I) sites because of a preference for threefold coordination.  

However, the donor coordination topic has been somewhat controversial.  A more recent DFT 

modelling report by Lany et al. showed that while Si is a shallow donor, Sn and Ge are not, but 

rather have delocalized impurity states near the conduction band minima but are close enough for 

ionization at 300 K [22].  Regardless, all three dopants function similarly as shallow donors in 

Ga2O3 and have been shown capable of being precisely controlled for doping in the range of 1016 

ï 1020 cm-3 using various growth methods [9]. 

It appears that p-type conductivity is not possible in Ga2O3 because of small dispersion in the 

valence band maxima.  This results in a large effective electron mass of 0.27m0 and causes holes 

to form localized polarons, or self-trapped holes (STHs), rather than mobile free holes in the 

valence band [18].  The STHs are an intrinsic defect within the Ga2O3 structure, where a hole 

localizes on an O atom or two O atoms with an atomic displacement as shown in Figure 1.5 [18].  

Figure 1.5 (a), (d), and (e) depict the relaxed atomic configurations possible in Ŭ-, ŭ-, and Ů-Ga2O3, 

respectively.  Figure 1.5 (b) and (c) show two situations in ɓ-Ga2O3 where the STH is localized 

on the O1 and O3 sites, respectively.  When a hole becomes trapped on the O1 site, it is distributed 

amongst two distinct O sites which are relaxed by 0.25 and 0.27 Å.  On the O3 site the hole is 

trapped on an oxygen atom and experiences an outward relaxation from the neighboring Ga atoms 

of ~ 0.16 Å.  Gake et al. found that for ɓ-Ga2O3 the STHs in either situation had high self-trapping 
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energies of about 0.58 eV, meaning that obtaining hole mobility in ɓ-Ga2O3 would be extremely 

difficult. 

 
Figure 1.5 Relaxed atomic configurations and isosurfaces of the squared wave functions for the 

STHs on (a) the O site in Ŭ-Ga2O3, (b) the O1 site and (c) the O3 site in ɓ-Ga2O3, (d) the O site in 

ŭ-Ga2O3, and (e) the O5 site in Ů-Ga2O3.  Green and red balls indicate Ga and O atoms, 

respectively.  The isosurfaces correspond to 10% of the maximum value.  Copyright (2019) 

American Physical Society [18] . 

 

Mg, Fe, N, and Zn deep-level compensating acceptors have been used for p-type doping, 

but this has only served as an enhancement of insulating properties rather than p-type conduction.  

Forming p-n junctions in Ga2O3 will not be possible unless p-type conduction is somehow realized.  

This is one of the major limiting factors of the technology in its current stage of development.  The 

absence of p-type conduction in Ga2O3 means that all devices will be controlled by majority 

carriers, effectively limiting the materialôs application space to unipolar-type devices. 

The electron mobility of ɓ-Ga2O3 has been studied thoroughly using different experimental 

and theoretical approaches, and currently the upper limit for intrinsic material is estimated to be 
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250 cm2/V-s.  Ma et al. reported on the intrinsic mobility of ɓ-Ga2O3 by comparing temperature-

dependent Hall measurements with a model derived from fundamental k · p theory [23].  As 

expected, it was found that the electron mobility decreased as a power function with increased 

carrier concentration.  The ɛ (ND, T) relationship of Equation 1.3 was obtained, where ND (cm-3) 

is the donor concentration and T (K) is temperature (valid for 300 Ò T Ò 500 K).  Figure 1.6 shows 

the electron mobility plotted as a function of donor concentration for temperature ranging from 

300 ï 500 K.  It was found that the room temperature mobility was dominated by polar optical 

(PO) phonon scattering at doping concentrations below 2.76x1018 cm-3 (denoted as the critical 

doping density, Ncr) as determined by the ‘ ‘  ‘  crossover condition where ɛH is 

Hall mobility and ɛNI is neutral impurity mobility.  The mobility was significantly degraded once 

ND > Ncr.  Ma et al. concluded that, while difficult, it is possible that the PO scattering energy of 

Ga2O3 could be altered by applying strain.  If a higher mobility is required for a particular 

application, one alternative approach could be using (AlGa)2O3/Ga2O3 heterostructures to form a 

two-dimensional electron gas (2DEG).  As seen in other semiconductors where forming a 2DEG 

is possible, the electron mobility in a (AlGa)2O3/Ga2O3 2DEG should theoretically be higher than 

that of the bulk material because of momentum conservation relaxation in the interface 

perpendicular direction during electronïPO scattering processes, eliminating the neutral impurity 

potential, and significant ionized impurity scattering reduction. 

‘ὔȟὝ
Ȣ

Ȣ         
    (1.3) 
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Figure 1.6 Electron mobility of ɓ-Ga2O3 versus donor concentration for varying temperatures. 

 

The development of both ohmic and Schottky contacts is important for utilizing these 

electrical properties in semiconductor device applications.  Yao et al. investigated Ti, In, Ag, Sn, 

W, Mo, Sc, Zn, and Zr as electrical contacts onto Ga2O3 [24].   Similarly to GaN, it was found that 

the best performing ohmic contact was achieved when using a Ti contact with an Au capping layer.  

More advanced metal stacks (Ti/Ni/Al/Au) have also been reported, and their deposition is 

commonly followed by a 60 second 470 °C rapid thermal anneal (RTA) in an N2 atmosphere [25], 

[26].  The Ti/Al/Ni/Au ohmic metal stack results in a contact resistance (RC) that ranges from 10 

ï 80 ɋ-mm for Sn-doped films with carrier concentrations around 1x1018 cm-3 [25].  Using 

photoelectron emission spectroscopy (PES), Mohamed et al. reported the electron affinity (… ) 

and work function (ɮ ) of Ga2O3 to be 4.00 eV and 4.11 eV, respectively [27].  The Au barrier 

height (ɮ  was then estimated to be 1.23 eV using the Schottky-Mott rule, ɮ ɮ

… ɮ ɮ Ὁ Ὁ  [28], [29].  The most commonly used metals for forming a 

Schottky contact are Ni and Pt, however, others have also been evaluated.  Yao et al. reported on 

the electrical behavior of five different Ga2O3 Schottky barrier diodes when using different 
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Schottky metals (W, Cu, Ni, Ir, Pt), and a small dependence of Schottky barrier height on the metal 

work function was observed [30].  A plot of  Schottky barrier height versus metal work function 

is shown in Figure 1.7 [30].   

 
Figure 1.7 Calculated Schottky barrier heights versus metal work function for Schottky barrier 

diodes fabricated on ςπρ bulk and (010) epitaxial Ga2O3.  The referenced values on the plot are 

from 22 [31] , 23 [32] , 25 [33] , 26 [34] , 27 [35] , 28 [36] , and 29 [37] .  Copyright (2017) AIP 

Publishing. 

 

1.2.3 Thermal Properties 

ɓ-Ga2O3 is expected to be used in a variety of high-power semiconductor device 

applications in the future.  These devices will inherently generate large amount of heat because of 

the dissipated power.  The heat dissipation issues in wide bandgap materials like SiC, GaN, and 

AlN can be mitigated by their high thermal conductivities (Table 1.1).  This is not the case for 

Ga2O3, which has a room-temperature anisotropic thermal conductivity that varies between 10 ï 

30 W/m-K depending on crystal direction [38], [39].  The crystal has a maximum thermal 

conductivity in the [010] direction, but it is significantly lower in all other crystallographic 
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orientations.  The other crystal directions where thermal conductivity has been analyzed in ɓ-

Ga2O3 are ρπς, Ṷρπς, ςπρ, Ṷ ςπρ, ππρ, and ρππ.  Temperature-dependent thermal 

conductivity data is shown in Figure 1.8(a), where measurements were made using time-domain 

thermoreflectance [38].  The thermal conductivity values for 300 K and 500 K are shown in Figure 

1.8(b) for the four crystallographic directions that were measured.  The thermal conductivity in 

each crystal direction followed a linear 1/T relationship, which is an indication of phonon-

dominated thermal transport.  Guo et al. extracted the phonon group velocity in each crystal 

direction experimentally and by first-principle calculations as shown in Figure 1.8(c) [38].  The 

velocities shown are normalized to that in the [001] direction, which had an LA mode group 

velocity of 7.1x105 cm/s.  We have also investigated the effect of doping on thermal conductivity 

using undoped, Sn-doped, and Fe-doped Ga2O3 samples and will discuss the methodology used 

and obtained results in Chapter 4 of this work.   

 
Figure 1.8 (a) Temperature-dependent anisotropic thermal conductivity of ɓ-Ga2O3 for four 

unique crystal directions TDTR.  (b) Results for 300 K and 500 K are tabulated. (c) Crystal 

direction dependent phonon velocity determined experimentally and through first-principle 

calculations.  Copyright (2017) AIP Publishing [38] . 
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1.3 Challenges 

The development of gallium oxide is similar to other wide bandgap materials in its early 

stages of development.  There are some material challenges that will need to be investigated in 

detail as the material matures.  The two main challenges identified so far include low thermal 

conductivity and the inability to fabricate p-type material that exhibits hole conduction rather than 

just higher insulating properties. 

It appears that the thermal conductivity in Ga2O3 reaches a maximum of 30 W/m-K along 

the [010] direction, but one cannot exclude the possibility of other crystallographic directions 

having higher thermal conductivity which have yet to be studied.   The low thermal conductivity 

will certainly pose challenges in the development of future high-power electronics, but it is 

possible that new ways of packaging and heat extraction can be developed to accommodate.  Top-

side heat dissipation can be taken advantage of in (010)-oriented Ga2O3 crystals.  Increased heat 

dissipation might be achievable by using thinned substrates.  The Ga2O3 substrates currently being 

manufactured have a thickness of 650 ɛm.  Reducing the thickness to 300 ɛm is achievable by 

polishing techniques, and would likely increase the heat dissipation.   Back-side solutions such as 

wafer bonding will need to be investigate as well [10].  Thin film transfer of Ga2O3 drift layers to 

compatible materials with higher thermal conductivities are likely to aid in heat dissipation in 

vertical high-power devices.  This was demonstrated by Chatterjee et al, where a Ga2O3 substrate 

was thinned to 10 ɛm and bonded to an AlN/diamond carrier wafer using an epoxy underfill 

material to fabricate a high-power MOSFET [40].  The thermal resistance in the structure was 

reduced by a factor of six in comparison to a similar device fabricated on a standalone Ga2O3 

substrate. 
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P-type Ga2O3 material has been achieved using Mg, Fe, N, and Zn as deep-level 

compensating acceptors, but so far enhanced p-type conductivity has not been realized.  This is 

common in oxide-based semiconductors, but none of the previously examined oxide materials 

exhibit the same properties as Ga2O3 which make it viable for high-power electronics applications.  

The 8 MV/cm critical electric field strength provides a pathway for Ga2O3 development in unipolar 

device applications.  PN junctions will not be attained without conductive p-type material, but this 

is not problematic for unipolar devices such as Schottky barrier diodes, MOSFETs, and UV 

photodetectors.   

Some abstract device structures have been reported using Zn-doped Ga2O3 in an effort to 

obtain p-type conduction.  Feng et al. grew Zn-doped Ga2O3 nanowires on an undoped n-type 

Ga2O3 thin film [41].  A PN homojunction was fabricated by depositing Ti/Au contacts on the film 

and clamping ITO glass onto the top of the nanowire mesh.  Electrical measurements showed the 

device had a rectifying I-V characteristic.  Tao et al. grew amorphous Zn-doped Ga2O3 layers 

using atomic layer deposition (ALD) [42].  The 20-nm-thick film was grown by depositing ZnO 

and Ga2O3 layers in alternating cycles on a (100) p-type Si wafer.  Film composition was varied 

by the ratio of ZnO and Ga2O3 cycles. The films grown by different cycles (3, 5, and 7) of Ga2O3 

and 1 cycle of ZnO were investigated using optical transmittance measurements.  The Tauc method 

was utilized to determine the optical bandgap of the films.  Films containing Ga2O3, 7:1 

Ga2O3:ZnO, 5:1 Ga2O3:ZnO, 3:1 Ga2O3:ZnO, and ZnO have been reported with bandgaps of 4.65, 

4.9, 5.2, 5.25 eV, and 3.25, respectively. Hall measurements confirmed an increased film electrical 

conductivity when increasing ZnO content, where films with Ga2O3, 7:1 Ga2O3:ZnO, 5:1 

Ga2O3:ZnO, 3:1 Ga2O3:ZnO, and ZnO had resistivities of 1.80x104, 8.35x103, 3.54x103 , 1.42x103 

, and 1.25x10-2 ɋ-cm, respectively.   
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Regardless of these material limitations, the interest in Ga2O3 has continually increased since 

the early 2000ôs.  Figure 1.9 shows the number of publications on gallium oxide per year since 

1950.  All indications point towards a continued effort in the development of Ga2O3 for high-power 

applications.   The following chapter will discuss the progress made in Ga2O3 bulk crystal growth, 

epitaxial thin film growth by molecular beam epitaxy (MBE), metalorganic vapor phase epitaxy 

(MOVPE), and pulsed laser deposition (PLD) techniques, as well as the device performance of 

Schottky barrier diodes, MOSFETs, and solar-blind UV photodetectors that have been reported 

to-date.   

 
Figure 1.9 Number of publications on gallium oxide per year since 1950.   
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CHAPTER 2 ï MATERIAL  GROWTH  AND DEVICE  ACCOMPLISHMENTS  

 

2.1 Bulk Crystal Growth Capability  

One motivating factor for developing gallium oxide based devices is the availability of 

high-quality native substrates that can be produced using traditional melt-based crystal growth 

methods such as Floating Zone (FZ) [1], [2], Czochralski (CZ) [3], [4], and Edge-Defined Film-

Fed Growth (EFG) [5].  The primary benefit of using such techniques is that bulk crystals can be 

manufactured at lower costs than those associated with sublimation techniques like what is used 

for growing SiC substrates [6].  To date, EFG is the most commonly used technique in industry 

for manufacturing native Ga2O3 substrates.  This is likely because EFG is so widely used for 

growing bulk sapphire crystals, and there are many similarities between Al2O3 and Ga2O3 that have 

made the transition relatively straightforward.   

A schematic diagram of the EFG process is shown in Figure 2.1(a) [5].  The EFG method 

uses high-purity Ga2O3 powder which is melted in an Ir crucible under an atmospheric pressure 

containing 98%-N2 /2%-O2 and initiated using a ɓ-Ga2O3 seed crystal.  The melting temperature 

of 1900 °C is achieved using an RF induction coil.  Once the melt reaches temperature, capillary 

force causes it to rise upward through a slit in an Ir die that is placed in the crucible.  After reaching 

the top of the die, the melt makes contact with the seed crystal which determines the orientation 

of the resulting bulk crystal.  Kuramata et al. reported a growth rate of 15 mm/hour when producing 

rectangular-shaped bulk crystals with dimensions of 2.4 x 60, 18 x 60, and 6 x 100 mm2 shown in 

Figure 2.1(b) [5].  SiO2 and SnO2 powders can be added to the Ga2O3 source material to achieve 

n-type doping of Si and Sn, respectively.  Fe and Mg powders have been added to Ga2O3 melt to 

create a more insulating material, but p-type conductivity has yet to be achieved in Ga2O3.  Prior  
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Figure 2.1 Images of bulk ɓ-Ga2O3 crystals produced by EFG.  Copyright (2016) The Japan 

Society of Applied Physics [5].  

 

to any additional processing, the bulk crystals were annealed at 1450 °C for 6 hours in a N2 ambient 

to reduce stress and fully activate donors.  The crystals were processed into substrates using various 

saws (blade saw, multiple wire saw, and an electrical discharge wire saw), grinders, polishers, and 

a chemical mechanical polishing (CMP) machine.  The fully processed substrates had a thickness 

of 650 ɛm and were cut along three different crystallographic planes, including ςπρ, (010), and 

(001).  An image of a 4ò diameter Ga2O3 substrate is shown in Figure 2.1(c) [5].  Table 2.1 shows 

a list of the commercially available Ga2O3 substrates from Tamura Corporation [7] which are 

processed using the described method. 

The reported EFG recipe results in bulk crystals with defect densities on the order of 1x103 

cm-2 and without any detectable twin boundaries, as estimated using TEM.  Impurity element 

concentrations were analyzed in the crystals using glow discharge mass spectroscopy (GDMS).  

The major residual unintentional impurity elements found in the Sn-doped Ga2O3 crystals 

containing 36 wt. ppm of Sn impurities were Al (0.9 wt. ppm), Si (1.6 wt. ppm), and Ir (2.9 wt. 

ppm).  It was speculated that the Ir impurities originated from the growth crucible while the Si 

impurities were from the melt powder which contained 1.7 wt. ppm of Si impurities itself.  No 
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explanation was provided on the origin of Al impurities.  It is possible that the EFG equipment 

contained contaminates from prior AlN or Al2O3 crystal growths. 

Substrate manufacturers are currently selling 10x15 mm2 and 2ò crystal Ga2O3 crystals for 

approximately $740 ($4.93/mm2) and $1,250 ($2.47/mm2), respectively.  Making a direct cost 

comparison to GaN single crystal wafers can be difficult because of the vast number of vendors 

and wafer specifications, but some available (0001)-oriented Si-doped single crystals sold by MSE 

Supplies LLC include 10x10 mm2 for $419 ($4.19/mm2), 2ò LED-grade for $2,795 ($1.38/mm2), 

and 2ò Laser-diode grade for $3,895 ($1.92/mm2).  Meanwhile, the same manufacturer is charging 

only $919 ($0.05/mm2) for a 6ò 4H-SiC wafer.  The comparative cost of Ga2O3 single crystals is 

to be somewhat expected given that itôs a relatively new material.   

 

Table 2.1 Commercially-available Ga2O3 substrates from Tamura Corporation [7]. 

10x15 mm2 Substrates  

Orientations (001), (010), (-201) 

 

Dopant Sn UID Fe 

Conductivity n-type n-type 
Insulating  

(>1010 ɋ-cm) 

Nd-Na (cm-3) 1x1018 ï 2x1019 < 9x1017 - 

Thickness (mm) 0.65 

FWHM (sec-1) < 150 

  

2 Inch Substrates  

Orientations (-201) (001) 

Dopant Sn UID Fe Sn 

Conductivity n-type n-type 
Insulating 

(>1010 ɋ-cm) 
n-type 

Nd-Na (cm-3) 1x1018 ï 9x1018 < 9x1017 - 1x1018 ï 2x1019 

Thickness (mm) 0.68 0.65 

FWHM (sec-1) < 150 < 350 
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Reese et al. recently reported cost analysis data for manufacturing 6ò Ga2O3 single crystal 

wafers and compared the finding to the total cost of manufacturing an individual SiC wafer [8].  

The model used in their study included the costs associated with materials, energy, utilities, 

facilities, equipment, maintenance, and labor.  Product yield was considered in all cost variables.  

The model also included the following assumptions:  ingot dimensions of 1 meter in length and 6ò 

diameter (similar to commercial SiC), manufacturing throughput of 5,000 wafers/month 

(determined by full equipment utilization), the Ir crucibles for growth could be used 10 times, 7-

year equipment depreciation time, and 20-year building depreciation time.  As shown in Figure 

2.2, they estimate the total cost of manufacturing each 6ò Ga2O3 wafer will be $283, which is less 

than 31% of the SiC wafer cost found by the same model and is consistent with market pricing.  

They claim that Ga2O3 wafer production costs will likely be reduced further.  The model predicts 

that it is possible to reduce the price/wafer to $195 by doubling the crucible life to 20 growths, 

doubling the ingot length to 2 meters, and optimizing wafer polishing processes.  Additional 

analysis estimates that the Ga2O3 wafer cost savings compared to SiC will lead to high-power 

devices that are 50% less expensive [8].   

 
Figure 2.2 Modeled costs to manufacture 6ò Ga2O3 and SiC wafers.  Price reduction avenues are 

shown for Ga2O3, reducing the price/wafer cost to $195.  Copyright (2019) Elsevier [8]. 
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2.2 Thin Film Growth  

2.2.1 Overview 

Ga2O3 thin film growth is not a new area of research.  Because of its optical transparency, 

polycrystalline/amorphous Ga2O3 has been used for decades as a charge dissipation layer in optical 

applications [9].  Single-crystalline Ga2O3 was first being reported in 2000, where it was grown 

on c-plane sapphire using pulsed laser deposition [10].   Since that time, a wide variety of substrates 

have been explored for Ga2O3 thin film growth, such as Al2O3, MgO, and Si, as well as native 

Ga2O3 substrates with various orientations and miscut angles.  Currently, the four most commonly 

used Ga2O3 thin film growth techniques are metal-organic vapor phase epitaxy (MOVPE), halide 

vapor phase epitaxy (HVPE), pulsed laser deposition (PLD), and molecular beam epitaxy (MBE), 

but there have also been a fair number of reports on films grown by MOCVD and mist chemical 

vapor deposition (Mist-CVD).  Figure 2.3 shows a plot of carrier concentration versus mobility 

for homoepitaxial ɓ-Ga2O3 films grown using MBE [11]ï[14], MOVPE [15]ï[17], HVPE [18], 

MOCVD [19], [20], Mist-CVD [21], and PLD [22], [23].  Additional details for each film can be 

seen in Table 2.2.  The dotted line shows the ɓ-Ga2O3 ND-dependent mobility approximation of 

Equation 1.3 at 300 K [24]. 
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Figure 2.3 Mobility versus carrier concentration of homoepitaxial ɓ-Ga2O3 thin films grown by 

MBE [11]ï[14], MOVPE [15]ï[17], HVPE [18], MOCVD [19], [20], Mist-CVD [21], and PLD 

[22], [23].  The dotted line shows the mobility approximation at 300 K as shown in Equation 1.3 

[24].  Copyright (2019) IOP Publishing [25]. 
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Table 2.2 Film dopants and substrate orientation of films shown in Figure 2.3 

grown by varying growth techniques. 

Growth 

Method 

Film 

Dopant 

Substrate 

Orientation 
Symbol Reference 

HVPE 
Si (010) ƴ [18] 

UID (010) ǒ [18] 

MBE 

Sn (010) ƴ [11] 

Sn (010) ǒ [12] 

Ge (010) ƶ [13] 

Sn (010) Ƹ [13] 

Sn (001)  [14] 

Ge (001)  [14] 

Mist CVD Sn (010) ƴ [21] 

MOCVD UID (010) ƴ [19] 

MOVPE 

Si (010) ƴ [16] 

Sn (010) ǒ [16] 

Sn (100) ƶ [15] 

Si (100) -4° miscut Ƹ [17] 

Si (100) -6° miscut  [17] 

PLD 

Si (010) ƴ [22] 

Si (010) ǒ [23] 

Sn (010) ƶ This Work 

Sn (001) Ƹ This Work 

Si (010)  This Work 

 

 

2.2.2 Molecular Beam Epitaxy 

Similarly to the growth of other semiconductor materials, MBE is capable of providing 

thin films with qualities that exceed those of the other techniques.  MBE technology has 

demonstrated the ability to precisely control the carrier concentration of homoepitaxial Ga2O3 
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across four order of magnitude (1016 ï 1020 cm-3) using various dopants while still maintaining 

high carrier mobility.  In the first reports of homoepitaxial Ga2O3 thin films grown by MBE, Sasaki 

et al. used Sn dopants to achieve carrier concentration and mobility ranges of 2.6x1016 ï 1.3x1019 

cm-3 and 101 ï 32 cm2/V-s, respectively [11].   

Figure 2.4 shows a (a) schematic diagram of an MBE system used for growing Sn-doped 

Ga2O3 and (b) the MBE interior where the substrate heater and ozone nozzle are visible [26].  A 

liquid-cooled turbomolecular pump is commonly used for MBE growth to help minimize chamber 

pressure.  The Ga2O3 thin films are grown using either ozone or an oxygen RF-plasma as the 

oxygen source.  A Knudsen effusion cell is used for supplying the Ga flux by evaporating high-

purity Ga onto the heated substrate.  Additional effusion cells can be added for providing dopants 

such as Si, Sn, and Ge.  Aside from fine-tune control over effusion cell evaporation and gas flow 

rates, MBE is beneficial because the system is equipped with a reflection high-energy electron 

diffraction (RHEED) gun that allows for in-situ monitoring of the substrate and thin film surfaces 

during growth.  Ozone MBE is capable of growing Ga2O3 films at rates of up to 3 ˃m/hour, but 

suffers with thickness uniformity in comparison to RF-plasma MBE.  On the contrary, RF-plasma 

 
Figure 2.4 (a) Schematic drawing of an MBE system used for growing Sn-doped Ga2O3 and (b) 

an optical image from inside of an MBE growth chamber showing the substrate heater and ozone 

nozzle.  Copyright (2019) John Wiley and Sons [26].   
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MBE is capable of growing films with a uniform thickness across an entire wafer, but the growth 

is reduced to about 1 m˃/hour.  Effusion cell temperatures and O2 flow rates can be adjusted to 

manipulate Ga/Sn/O flux ratios using both methods. 

Reports have shown that the MBE growth of Ga2O3 has three distinct growth regimes when 

using a constant oxygen flux [27]: (i) complete Ga incorporation in oxygen-rich conditions; (ii ) 

growth rate saturation regardless of increased Ga flux; and (iii ) growth rate decrease regardless of 

increased Ga flux.  Vogt and Bierwagen speculated that the MBE growth kinetics of Ga2O3 

involves the two chemical reactions shown below.   

       ςὋὥ       ὕ      O    Ὃὥὕ     Ὣὥί  

    Ὃὥὕ          ςὕ    O   Ὃὥὕ     ίέὰὭὨ  

In reaction (1) we see the formation of a gaseous Ga2O suboxide resulting from a Ga flux 

and constant oxygen flow.  In reaction (2) the suboxide completes a desorption process from the 

growth front, reacts with two additional oxygen atoms, and then forms the solid phase Ga2O3.  This 

is interesting because normally the Ga2O suboxide is volatile to growth, but here it plays a 

governing role in forming the Ga2O3 growth front.   

To date, Sn and Si dopants have been studied more intensively than the Ge dopant.  Using 

MBE for Si-doped Ga2O3 has proven to be an effective method when growing film with higher 

carrier densities (e.g. n > 1018 cm-3).  One area of active research where this is beneficial is in the 

development of devices like MODFETs where modulation and delta doping are desired.  

Achieving lower carrier concentrations with Si is difficult because of O2 reactions with the Si 

surface within the effusion cell [28].  For this reason Sn is often the dopant of choice for achieving 

lower carrier densities in Ga2O3 when using MBE.  In 2014, Okumura et al. showed material with 

carrier concentrations as low as 1x1017 cm-3 and mobilities up to 80 cm2/V-s when using Sn 
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dopants [12].  However, Higashiwaki et al. later reported that Sn atoms tend to segregate from the 

Ga2O3 atoms and migrate to the surface of the film, causing doping non-uniformity issues [29]. 

 

2.2.3 Metal Organic Vapor Phase Epitaxy 

Aside from material properties, one reason for choosing Ga2O3 over GaN or SiC in future 

high-power electronics is that it can be produced at a lower cost.  From this standpoint, the 

optimization of high-throughput growth methods such as MOVPE is crucial.  Ga2O3 thin films 

have been grown by MOVPE using either trimethylgallium (TMGa), triethylgallium (TEGa), or 

gallium dipivaloylmethanate (Ga(DPM)3) as Ga precursors and either pure O2 or H2O as oxygen 

precursors [16], [30].  Sn dopants are incorporated using tetraethyltin (TESn, C8H20Sn) as the tin 

precursor [31].  Bubbler temperatures of 5 °C and -10 °C are typical for Ga and Sn precursors, 

respectively.  An Ar carrier gas with a 300-1000 sccm flow rate is commonly employed as a carrier 

when H2O is used for the oxygen precursor.   

Contrary to the MBE (i.e. plasma-enhanced, ozone) Ga2O3 thin film growth rate typically 

limited to 3 ɛm/hour [32], [33], the CVD-based growth methods are capable of growth rates up to 

10 ɛm/hour [30].  Shown in Figure 2.5 is the (-201)-oriented Ga2O3 growth rate as a function of 

substrate temperature using TEGa and pure oxygen as Ga and O sources, respectively.  It was 

found that the growth increased with TEGa flow rate and decreased with temperature, and a 

maximum growth rate of about 6.45 ɛm/hour was observed when using a substrate temperature of 

850 ÁC, chamber pressure of 40 Torr, and 75 ɛmol/min TEGa flow rate.   

(010)-oriented Si-doped Ga2O3 thin films grown on Fe-doped Ga2O3 substrates by MOVPE 

had reported carrier concentration and mobility values ranging from 1x1017 ï 1x1020 cm-3 and 130 

ï 50 cm2/V-s [17].  In the same work, films grown on (100)-oriented Ga2O3 had a maximum 
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Figure 2.5 Growth rate dependence on substrate temperature for Ga2O3 films grown from TEGa 

precursor at the chamber pressure and TEGa molar flow rate of: 40 Torr and 50 ɛmol/min (ǒ), 

60 Torr and 50 ɛmol/min (ƶ), and 40 Torr and 75 ɛmol/min (ƴ).  The oxygen flow rate was 300 

sccm.  Copyright (2017) Elsevier [30]. 

 

electron mobility of only 50 cm2/V-s.  The decreased film quality was attributed to a high 

concentration of planar defects which were thought to be twin lamella stacking faults since they 

were parallel to the (100) plane and had a c/2 glide reflection.  It was speculated that these crystal 

domains with different orientations along the c-plane resulted in the formation of incoherent twin 

boundaries with dangling bonds that lead to charge carrier compensation and reduced electron 

mobility.  The film quality was increased substantially (mobility of 110 cm2/V-s for 1x1018 cm-3 

carrier density) when using (100)-oriented substrates with a miscut angle of -6°.  Incorporating a 

(100)-6° miscut decreased the width of terraces on the substrate surface, allowing for the adatom 

diffusion length to be long enough for the development of step-flow growth.  The films resulting 

from the use of a substrate miscut had transport properties that were superior to those grown by 

MBE, as shown in Figure 2.3. 
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One known issue with MOVPE-grown Ga2O3 is the unintentional inclusion of carbon 

impurities that originate from the metalorganic precursors [34].  It has been reported that carbon 

impurities form shallow donors in ɓ-Ga2O3 which can cause instability in doping control and result 

in elevated doping levels that are higher than intended [35].  This is an issue when growing drift 

layers for Schottky barrier diode applications where a low carrier concentration is desired.  This 

could help explain the relatively-high minimal doping concentration of 1x1017 cm-3 observed in 

MOVPE-grown films as shown in Figure 2.3.  On the contrary, a benefit of MOVPE growth is its 

capability to grow films at increased temperatures since the chamber pressure is significantly 

higher.  Reports have shown that using growth temperatures greater than 800 °C benefits ɓ-

(Al xGa1-x)2O3 thin film growth by increasing its solubility limit and allowing for films where x > 

40%, enabling the growth of abrupt super lattice interfaces using ɓ-(Al xGa1-x)2O3/ɓ-Ga2O3 

heterostructures [36]. 

 

2.2.4 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a physical vapor deposition method that was first 

demonstrated in 1965 by Smith and Turner where they used a ruby laser to ablate a wide variety 

of materials including Sb2S3, ZnTe, MoO3, and Ge [37].  Laser technology advancement has 

resulted in the availability of lasers with higher energy densities, shorter wavelengths, faster 

repetition rates, and shorter pulse times, which increased the capability of PLD by expanding the 

materials that can be grown.  During growth, a high-power laser is used to ablate the target 

material, creating a plasma which is propelled away from the target and onto the substrate surface 

as shown in Figure 2.6 using an (a) optical image [38] and (b) schematic drawing.  A large quantity 

of parameters can be altered to fine-tune the growth, including the laser (energy density, repetition 
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rate, number of pulses), chamber ambient (pressure, ambient gas flow rates), mechanical (target 

and substrate rotation velocities, target rastering velocity), thermal (substrate temperature), and the 

composition of the target species. 

Targets are fabricated by mixing predefined molar concentrations of powders, pressing the 

powder into a cylinder, and sintering in a high-temperature furnace to increase density.  In this 

work, 5N Ga2O3 powder was mixed with 3N SnO2 or SiO2 powders with molar concentrations of 

the dopant species ranging from 0.l ï 10 mol%.  Targets were pressed into a 1ò diameter cylinder 

at 5300 psi and sintered for 12 hours at 1600 °C.  Targets fabricated in industry are commonly 

processed using a óhot pressô technique where the target is pressed and sintered simultaneously. 

 
Figure 2.6 (a) Optical image showing the inside of the PLD chamber used in this work during 

growth [38] and (b) schematic drawing of the PLD growth technique.  

 

One supposed benefit of PLD is that the target composition can be directly translated into 

the film composition, assuming equilibrium throughout the target.  However, as depicted in Figure 

2.7, reports on PLD-grown Si-doped Ga2O3 have shown that this is not always the case.  The 

dashed line represents the theoretical concentration of Si atoms present in the film as calculated 

by Equation 2.1, where ”Ga2O3 is the density of Ga2O3 (6.44 g/cm3), M is molecular mass, x is the 

fractional mass of the target, and NA is Avogadroôs number (6.022x1023 atoms/mol) [39].  Zhang 
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et al. grew a multi-layer Si-doped Ga2O3 structure using different targets for each layer with 

increasing SiO2 weight percentages [40].  The structure was evaluated using secondary ion mass 

spectroscopy (SIMS), and it was found that the Si concentration in the layers increased linearly 

from 7x1018 ï 4x1020 cm-3 when varying the target SiO2 content from 0.01 ï 0.7 wt.%, respectively.  

Leedy et al. published a similar report where a series of thin films were grown using commercial 

targets with SiO2 content varying from 0.01 ï 1 wt.% [23].  The Si profile of each film was 

measured by SIMS, and despite the target SiO2 composition varying over three orders of 

magnitude, a small Si concentration variation in the range of 9.25x1019 ï 4.15x1020 cm-3 was 

observed.  This discrepancy was attributed to the target composition containing more SiO2 than 

advertised at lower concentrations [23]. 

 
Figure 2.7 Si concentration of Si:Ga2O3 homoepitaxial thin films as a function of SiO2 wt.% in 

PLD targets.  Films were evaluated by SIMS [23], [40].  

 

  

ὔ        ὧά      (2.1) 

 PLD has shown to be a great method for producing Ga2O3 thin films when a carrier 

concentration of more than 1x1017 cm-3 is desired as shown in Figure 2.8.  Interestingly, among 

all of the analyzed growth methods, PLD has also shown capable of growing the most conductive 
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Ga2O3 films.  In this work, a conductivity of 1591 ɋ
-1cm-1 was achieved using Si doping.  

Additional discussion on this achievement will be provided in the following chapters.  One 

downside of PLD is the relatively low mobility of the films grown in comparison to other growths 

methods, most likely caused by an increased defect density in the films.  As mentioned, the source 

material used during growth is made of 5N Ga2O3 and SiO2/SnO2 powders, but it is possible that 

additional impurities are incorporated into the targets during fabrication.  Whereas in other growth 

methods the source material remains in the original packaging and is not susceptible to the 

incorporation of unwanted impurities. 

 
Figure 2.8 Carrier concentration, mobility, and conductivity values of homoepitaxial Ga2O3 thin 

films grown by different growth methods. 
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2.3 Ga2O3 Device Types 

2.3.1 Overview 

Ga2O3 has a wide variety of attributes that making it useful in many possible applications.  

Its optical transparency and wide bandgap alignment give rise to devices like deep-UV 

photodetectors, while its critical electric field strength gives promise for high-power devices such 

as Schottky barrier diodes and a variety of field-effect transistors. 

 

2.3.2 Ultraviolet Photodetectors 

Solar-blind deep-ultraviolet photodetectors (PDs) are useful for applications including 

ozone monitoring, missile tracking, combustion process monitoring, flame detection, and 

chemical/biological analysis [41].  The UV spectrum (10 ï 400 nm) can be broken into 

subdivisions of UV-A (315 ï 400 nm), UV-B (280 ï 315 nm), UV-C (100 ï 280 nm), and V-UV 

(10 ï 200 nm).  Solar radiation occupies the UV-C spectrum, but is absorbed by diatomic oxygen 

(100 ï 200 nm) or triatomic oxygen (200 ï 280 nm) in the Earthôs atmosphere [42].  This spectral 

range of 200 ï 280 nm is referred to as being ósolar-blindô because of this phenomenon, and it is 

important because signal within this wavelength range can be efficiently detected without noise 

from solar-generated UV light.  The Ga2O3 direct bandgap of 4.9 eV corresponds to a wavelength 

of 250 nm, making it a promising material for deep-UV detection.  Ga2O3-based UV PDs have 

been demonstrated using a wide variety of structures including Ga2O3 thin films [41], [43], 

nanostructures [44], [45], and heterojunctions [46], [47].  One of the most common device 

structures used for fabricating UV-PDs is the metal-semiconductor-metal (MSM) type.  As shown 

in Figure 2.9, the MSM PD has a series of interdigitated fingers extending from two Schottky 

contacts on the face of the semiconductor into the center of the device where UV radiation is 
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absorbed and creates electron-hole pairs [41].  The carriers are swept to the electrodes by applying 

a constant DC bias across the two contacts. 

 

Figure 2.9 Schematic diagram of a MSM UV Photodetector fabricated using Au/Ni/Ga2O3/Ni/Au 

on a sapphire substrate.  Inset shows an optical image of the device surface.  Copyright (2019) 

John Wiley and Sons [41]. 

 

While the MSM PD structure is relatively simple from a fabrication standpoint, there are 

instances of Ga2O3 PDs that involved additional attributes to enhance their performance.  Figure 

2.10(a) shows responsivity and response time data for UV PDs fabricated using bulk or thin film 

Ga2O3 [41], [48]ï[62].  Qin et al. was able to obtain a record-high Ga2O3 PD responsivity of 3000 

A/W using the enhancement-mode metal-oxide-semiconductor field-effect phototransistor shown 

in Figure 2.10(b) [51].  The phototransistor had an incredibly low dark current of 0.7 pA when 

using a fixed VDS of 20 V.  When under 254 nm illumination the drain-source current (IDS) 

increased by over six orders of magnitude to 1 ɛA.  Chen et al. achieved a 1 ɛs response time using 

the Au/ɓ-Ga2O3 nanowire array shown in Figure 2.10(c), which is the highest reported response 

time for Ga2O3 PDs [57].  Given the nature of the utilized Schottky junction, the device was 

operable without an externally applied bias at the cost of two decades of responsivity.  The device 
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already had a low responsivity of just 2.9 mA/W, so the self-powered option is not ideal.  Under a 

30 V reverse bias, the photocurrent had a linear relationship with incident light intensity from 0.1 

ï 2.0 mW/cm2, suggesting that the device could function as a solar-blind UV light amplitude 

photodetector.  Lee et al. fabricated a flexible Ga2O3 PD using a polyimide substrate, as shown in 

Figure 2.10(d) [60].  The added functionality of a flexible PD could prove to be useful for a variety 

of sensing applications.  It is more likely that the merit of this work is in the high UV detection 

performance obtained from a PD with an amorphous Ga2O3 film.  The PD had a fast 2.97 ˃s 

response time and high responsivity of 45 A/W.  This indicates that Ga2O3 PDs could likely be 

fabricated on any surface and still have more than capable detection performance.  

The Ga2O3 PDs discussed here have better performance than what is currently available on 

the market.  Figure 2.10(a) also shows the performance of three non-Ga2O3-based PDs available 

from Thor Labs.  These detectors were made using GaP (model# FGAP71), Si (model# FDS101), 

and UV-enhanced Si (model# SM1PD2A).  These detectors were chosen because they are 

advertised as being capable of detection in the UV region.  The GaP- and Si-based PDs are capable 

of faster response times, but lack severely in responsivity.  Only a single response time was 

reported for each detector and it is unlikely that it was measured under UV incidence, which could 

increase the response time.  Responsivity values shown here are for wavelengths of 250 nm.  None 

of the shown PDs are solar-blind, which limits their potential even further when compared to 

Ga2O3 PDs. 
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Figure 2.10 (a) Responsivity and response time of UV PDs fabricated using bulk and thin film 

Ga2O3 [41], [48]ï[62].  Three non-Ga2O3-based PDs from industry are also shown.  (b) Schematic 

diagram of enhancement-mode MOSFEPT. Copyright (2019) IEEE [51].  (c) Schematic diagram 

of Au/ɓ-Ga2O3 nanowire array.  Copyright (2016) American Chemical Society [57].  (d) Ga2O3 

PD fabricated on flexible polyimide substrate.  Copyright (2017) American Chemical Society [60]. 
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2.3.3 Schottky Barrier Diodes 

Gallium oxide is expected to control a significant portion of the high-power Schottky 

barrier diode (SBD) application space because of its RON-VBR metric as determined by Equation 

1.1.  These two parameters are key for determining the device performance.  Avalanche breakdown 

voltage for SBDs determined from the critical electric field strength of the material.  Given that 

the EC of Ga2O3 is 8 MV/cm, the only semiconductors that could challenge this application space 

are AlN (15.4 MV/cm) and diamond (10.0 MV/cm).  There are challenges associated with each 

material.  Ga2O3 and AlN cannot be doped p-type, while the potential of diamond material suffers 

from availability of substrates with sufficient size and quality.  AlN substrates are currently being 

manufactured by multiple commercial suppliers (HexaTech and Crystal IS), but are very expensive 

and somewhat limited in availability when compared to what is commercially available for Ga2O3 

[63].  This is partially due to the difficulty in producing AlN from a melt, which as previously 

discussed is a major upside for Ga2O3.  High-quality single crystals are the basis of producing 

device-ready epitaxial layers, and hence, it is currently more favorable to study Ga2O3 in the area 

of SBDs because of the device structure requiring a quality drift layer. 

 Sasaki et al. reported the first SBD fabricated using Ga2O3 in 2013 [64].   The device 

structure was fabricated from an undoped (010) Ga2O3 substrate with a topside Pt/Ti/Au Schottky 

metal layer and backside Ti/Au ohmic metal layer.  As shown in Figure 2.11(a), the device 

exhibited an impressive 150 V reverse breakdown voltage, regardless of no drift layer, passivation 

layer, or edge termination being used. 

 Yang et al. showed that SBD performance could be enhanced by incorporating a low-doped 

Ga2O3 drift layer [65].  The vertical device was fabricated onto an (001)-oriented Sn-doped Ga2O3 

substrate with a carrier concentration of 3.6x1018 cm-3.  A 20-ɛm-thick lightly Si-doped (2x1016 
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cm-3) Ga2O3 drift layer was grown using HVPE.  Chemical mechanical polishing (CMP) was 

performed to remove any top-side pits, resulting in a final epilayer thickness of 10 ɛm.  Topside 

Schottky and bottom side ohmic metal layers of Ni/Au (20 nm/80 nm) and Ti/Au (20 nm/80 nm) 

were used, respectively.  The analyzed SBDs exhibited a reverse breakdown voltage of over 1 KV 

and RON of 6.7 mɋ-cm2, resulting in a VBR
2/RON figure-of-merit of 154 MW/cm2.  The device 

schematic and resulting reverse I-V characteristic can be seen in Figure 2.11(b).   

Konishi et al. was able to obtain similar SBD performance when field-plating the device 

[66].  A 10-ɛm-thick Si-doped (2x1016 cm-3) Ga2O3 drift layer was grown on a (001) Sn-doped 

Ga2O3 substrate using HVPE.  CMP was used to remove pits that can result from HVPE growth, 

giving a final epilayer thickness of 7 ɛm.  A 300-nm-thick SiO2 layer was deposited onto the top 

patterned surface to form a field-plated Schottky contact with Pt/Ti/Au (15 nm/5 nm/500 nm).  

Ti/Au (20 nm/230 nm) was used for the backside ohmic contact.  The SBD had an RON of 5.1 mɋ-

cm2 and reverse breakdown voltage of 1076 V.  The device schematic and resulting reverse I-V 

characteristic can be seen in Figure 2.11(c).  The two-dimensional electric field distribution was 

simulated for the measured -1076 V breakdown condition.  These simulations indicated that the 

maximum electric field reached 5.1 MV/cm in the Ga2O3 drift layer underneath the anode foot 

edge, which is much larger than what is capable in GaN and SiC SBDs.    

  The Ga2O3 SBD performance was further improved with the realization of drift layers with 

even lower carrier densities.  Yang et al. were able to grow a 20-ɛm-thick Si-doped Ga2O3 drift 

layer with low carrier concentration of 2x1015 cm-3 by HVPE to achieve excellent device 

characteristics [67].  Edge termination and metal layer details can be seen in the schematic diagram 

of Figure 2.11(d).  A reverse breakdown voltage of 2300 V was observed, with forward current 

densities of more than 1 A/cm2 at a 3 V bias. 



   

44 

 

 
Figure 2.11 State-of-the-art Schottky barrier diodes. (a) Copyright (2013) IEEE [64]. (b) 

Copyright (2017) AIP Publishing [65].  (c) Copyright (2017) AIP Publishing [66].  (d) Copyright 

(2018) Electrochemical Society [67]. 

 

2.3.4 Field-Effect Transistors 

In 2012, Higashiwaki et al. reported on the first fully-functional single-crystal MESFET 

using Sn-doped Ga2O3 grown on a (010) semi-insulating Mg-doped Ga2O3 using MBE [68].  The 

device could be pinched off using a gate-source voltage (VGS) of < -20 V and had an off-state VBR 

of over 250 V.  The device had a relatively low leakage current of just 3 A˃, resulting in an 
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ON/OFF drain current ratio of over 104.  While this performance was not impressive by todayôs 

standards, the work represented a breakthrough in Ga2O3 device development.  It showed that a 

pathway for functional Ga2O3 devices was available, and presented a baseline for comparison in 

future Ga2O3 transistor advancements.  Since this time, the Ga2O3 FET research area has been 

mostly dominated by the Air Force Research Laboratory ï Sensors Directorate (AFRL, USA) and 

the National Institute of Information and Communications Technology (NICT, Japan).  Over the 

last eight years, these two groups, along with a group from Ohio State University (OSU, USA), 

have led the Ga2O3 FET research endeavor.  NICT has focused on the development of depletion-

mode FETs, AFRL has published on a wide variety of high-performance transistors with different 

applications and operating modes, and OSU has reported on delta-doped and modulation-doped 

FETs with high current amplitudes.  Their results will be discussed in the remainder of this section. 

 In 2013, Higashiwaki et al. reported on the first depletion-mode Ga2O3 MOSFET [69].  He 

then expanded on that work using a Si ion-implantation process to greatly reduce the source/drain 

ohmic metal contact resistance to just 8x10-6 ɋ-cm2 [70].  This allowed for an IDS of 65 mA/mm 

while applying VDS and VG biases of 30 V and 6 V, respectively, resulting in an ON/OFF current 

ratio that was greater than ten orders of magnitude.  The device had an OFF-state VBR of 415 V 

while applying a VGS of -30 V.  As shown in Figure 2.12, Wong et al. was able to increase the 

VBR to 755 V by field-plating the MOSFET, which remains to be the highest reported breakdown 

voltage to date for depletion-mode operating lateral FETs that were measured in ambient (i.e. no 

fluorinert or vacuum) [71].  The MOSFET transfer curve showed a max transconductance (gm) of 

about 3.4 mS/mm, and the I-V characteristic remained as expected while operating the device up 

to 300 °C.  The increasing temperature did result in a lower IDS ON/OFF ratio, which dropped 

from 109 to 103 for temperatures of 25 °C to 300 °C, respectively.   
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Until 2016, reports on Ga2O3 transistors were mostly limited to depletion-mode devices for 

high-power applications.  Chabak et al. then reported on an enhancement-mode Ga2O3 wrap-gate 

FinFET [72].  A device schematic is shown in Figure 2.13(a).  The device was fabricated by first 

growing a 300 nm Sn-doped Ga2O3 channel (ND = 2.3x1017 cm-3) on an Mg-doped (100) Ga2O3 

substrate using MOVPE.  Electron beam lithography was used for forming the fin channels of 300 

nm widths and 900 nm pitch.  Two Cr masks were evaporated over top of the device to create bulk 

mesa contacts for source and drain electrodes.  The Cr layers were then etched using a BCl3 

inductively coupled plasma process, resulting in triangle-shaped fins.  Ti/Al/Ni/Au (20/100/50/50 

nm) ohmic metal was deposited, followed by a 20 nm Al2O3 gate dielectric and Ni/Au (20/480 

nm) gate metal layers.  A false-colored SEM image of the device is shown in Figure 2.13(b).  The 

device showed excellent performance, with an IDS ON/OFF ratio of over 105.  A VBR of 612 V was 

achieved, which is still the highest reported value for Ga2O3 enhancement-mode transistors and 

could likely be improved with the addition of field-plating.   

 

 
Figure 2.12 Device schematics and I-V characteristics for field-plated depletion-mode Ga2O3 

MOSFETs with a 750 V breakdown voltage.  Copyright (2016) IEEE [71]. 
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Figure 2.13 (a) Device schematic and (b) false-colored SEM image of enhancement-mode FinFET 

device.  (c) IDS-VDS characteristic showing VBR of 612 V.  Copyright (2016) AIP Publishing [72]. 

 

 Around the same time, Green et al. reported on depletion-mode MOSFETs with record-

breaking electric field strength of more than 3.8 MV/cm [73].  At the time of publication, this was 

the highest reported EC for Ga2O3, experimentally surpassing GaN and SiC for the first time.  In 

2017, Green et al. also reported findings on Ga2O3 MOSFETs for RF applications with a record-

high gm of 21 mS/mm and current density of 150 mA/mm [74].  A sub-micron gate recess process 

was used to implement a highly-doped ohmic cap layer during fabrication that enabled the device 

to reach extrinsic cutoff (fT) and maximum operating (fmax) frequencies of 3.3 and 12.9 GHz, 

respectively.   

 Xia et al. demonstrated a two-dimensional electron gas (2DEG) in Ga2O3 by Si delta-

doping with MBE [75].  The thin film was grown on a (010) Fe-doped Ga2O3 substrate using Ga 

and Si effusion cells and an oxygen plasma source.  The epitaxial structure shown in Figure 

2.14(a) contained a 100 nm undoped Ga2O3 buffer layer, a Si delta-doped layer, and a 20 nm 

undoped Ga2O3 barrier layer.  The Si delta-doped layer was obtained by opening the Si effusion 

cell shutter for 4 seconds, which corresponds to a 0.2 nm thickness.  The energy band diagram and 
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corresponding charge profile shown in Figure 2.14(b) were calculated through Schrodinger-

Poisson simulations, and resulted in a sheet concentration of 1.2x1013 cm-2 in the delta-doped layer.  

MESFET fabrication began by first patterning the surface and using a CF4 ICP-RIE process to eth 

trenches into the Ga2O3 epilayer.  Heavily Si-doped Ga2O3 was re-grown over the trenches to 

create source/drain regions with doping concentrations of 2x1020 cm-3.  A Ti/Au/Ni (30/100/30 

nm) ohmic metal stack was deposited for source/drain contacts, and resulted in a low contact 

resistance of 1.5 ɋ-mm.  A Ni/Au/Ni (30/100/30 nm) metal stack was used to form a Schottky 

gate barrier.  The fabricated device has excellent I-V characteristics, with a peak IDS of 140 

mA/mm and gm of 34 mS/mm, as shown in Figure 2.14(c).   The device was fully pinched-off at 

VGS = - 5 V.  A density-dependent field electric mobility that varied from 55 ï 95 cm2/V-s was 

obtained from the transfer characteristic.  The breakdown voltage of the device was estimated to 

be 170 V, but was not determined experimentally. 

 
Figure 2.14 (a) Schematic drawing of delta-doped Ga2O3 MOSFET with corresponding (b) energy 

band diagram and 2DEG charge profile.  (c) Transfer characteristic showing high peak IDS and 

gm values with pinch-off at VGS = -5 V.  Copyright (2018) IEEE [75]. 

 

2.3.5 Challenges to Explore 

Many promising results have been published on ɓ-Ga2O3 that appear promising for the future 

device applications, but the material is still maturing and much work is required.  Developing ɓ-

Ga2O3 for its intended role in high-power electronics requires better growth optimization and 
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understanding of fundamental material properties.  In particular, thermal properties need to be 

further explored and heat dissipation solutions should be optimized in order to fully realize the 

theoretical capability of ɓ-Ga2O3.  The research of this work is focused on four topics with 

particular objectives listed for each:  

(i) Growth optimization of high-quality single-crystalline Ga2O3 layers using PLD. 

¶ Optimize heteroepitaxial growth conditions on sapphire substrates. 

¶ Develop an epitaxial growth recipe using native Ga2O3 substrates. 

¶ Evaluate structural properties by XRD, AFM, and TEM. 

 

(ii)  Development of doping mechanisms to achieve controllable n-type conductivity. 

¶ Investigate Si- and Sn-doping to achieve a wide range of conductivity and carrier 

concentration control. 

¶ Evaluate electrical properties by Hall, SIMS, and time-domain terahertz 

spectroscopy characterization methods. 

 

(iii)  Investigation of anisotropic thermal properties and scattering mechanisms in Ga2O3. 

¶ Investigate bulk Ga2O3 anisotropy to evaluate thermal properties in unexplored 

crystallographic directions. 

¶ Explore the effects of doping on thermal properties and identify the associated 

scattering mechanisms.  

¶ Develop methodology for analyzing fundamental thermal properties of epitaxial 

material. 

 

(iv) Device optimization of different Schottky diode structures. 

¶ Develop Schottky barrier diode structures for enhanced heat dissipation purposes. 

¶ Evaluate the effects of substrate orientation and thickness using chemical-

mechanical-polishing wafer thinning methods. 

¶ Optimize drift layer thickness and doping for high performance.   

¶ Characterize electrical performance using I-V, C-V, EBIC, and breakdown 

voltage measurement techniques. 

¶ Analyze thermal dissipation effects of wafer thinning by optical thermography. 
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CHAPTER 3 ï GROWTH  

 

3.1 Gallium Oxide Crystal Structure 

The gallium oxide beta polymorph has a monoclinic crystal structure with lattice 

parameters a, b, c, Ŭ, ɓ, and ɔ equal to 12.214 Å, 3.037 Å, 5.798 Å, 90.00°, 103.83°, and 90.00°, 

respectively [1].  ɓ-Ga2O3 belongs to the C2/m space group and has eight unique symmetry 

operators.  The unit cell has a cell volume of 208.85 Å3 and contains 12 gallium atoms, located on 

two crystallographically different gallium atom arrangements (Ga(I) and Ga(II)), and 18 oxygen 

atoms, located on three different oxygen atom arrangements (O(I), O(II), and O(III) ).  As shown in 

Figure 3.1, the O(I) and O(III)  atoms are located on the {010} planes while the O(II) atoms are aligned 

along the b-axis [2].  Each unit cell of ɓ-Ga2O3 contains six Ga(I) atoms, six Ga(II) atoms, six O(I) 

atoms, six O(II) atoms, and six O(III) atoms.  The Ga(I), Ga(II), and O atoms are located in tetrahedral, 

octahedral, and distorted octahedral arranged sites, respectively. 

 
Figure 3.1 ɓ-Ga2O3 unit cell with (010), (001), and ςπρ crystallographic planes shown with 

green, blue, and red planes, respectively. 
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3.2 Gallium Oxide Thin Film Growth  

3.2.1 Target Fabrication and Substrate Preparation 

Ablation targets were formed using Ga2O3 powder (Alfa Aesar ï 99.999% purity) and 

either SiO2 (Sigma Aldrich ï 99.5% purity) or SnO2 (Cerac ï 99.9% purity) powders for intentional 

doping with Si or Sn.  The fabricated cylindrical targets had a diameter and thickness of 2.5 cm 

and 5 mm, respectively, and were comprised of 4.5 grams of the powder mixture.     

When preparing the ablation target mixture, the amount of dopant powder needed was 

calculated by satisfying Equations 3.1 and 3.2, where mT is the total mass (grams) of the mixture, 

Mx is the molar mass of element x (grams/mol), nx is the number of moles in element x, and Cdopant 

is the molar concentration (%) of the dopant in the mixture.  Additionally, one can solve for the 

impurity concentration (N) in the target using Equation 3.3, where ́ dopant is the density of the 

dopant powder (g/cm3) and NA is Avogadroôs number (6.02Ĭ1023 atoms/cm3).  The molar mass 

and density of Ga2O3, SnO2, and SiO2 are shown in Table 1.   
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 After preparing the powder, it is inserted into a beaker with 10 mL of ethanol per gram of 

powder and placed onto an orbital shaker until dry.  After grinding the dried powder with a mortar 

and pestle, the target was baked at 500°C for 3 hours to ensure solvents were evaporated.  Next 

the material was formed into a cylinder using a hydraulic press at 5500 psi and sintered at 1600°C 
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for 12 hours.  A commercially available undoped Ga2O3 target was purchased (Plasmaterials) to 

compare the quality with what was fabricated in this work.  X-ray diffraction measurements were 

performed to evaluate the crystalline quality of the thin films grown by the different targets.  Films 

grown by using homemade targets showed no noticeable differences to those grown using the 

commercial target.  

 

Table 3.1 Molar mass and density of powders used for fabricating PLD 

targets. 

Compound Ga2O3 SnO2 SiO2 

Molar Mass, Mx 

(g/mol) 
187.44 150.71 60.08 

Density, ́ x (g/cm3) 6.44 6.95 2.60 

 

 An ultrasonic bath was used to clean substrates prior to thin film deposition.  Substrates 

were placed in acetone and methanol for 5 minutes each then dried using nitrogen.  An RF 

plasma batch asher was used to further clean the substrate surface.  The substrates were placed in 

the plasma chamber for 2 minutes using an O2 descum process which used a 600 mT chamber 

pressure, 80 sccm O2 gas flow, and RF forward power of 250 W. 

 

3.2.2 Heteroepitaxial Growth 

The most commonly used substrate for heteroepitaxial growth of gallium oxide thin films 

is c-plane sapphire, or (0001)-oriented Ŭ-Al 2O3.  The oxygen atoms located in the Ga2O3 ςπρ 

family of planes have a similar arrangement to the oxygen atoms in the Al2O3 (0001) plane [3].  

The lattice mismatch between Ga2O3 (010) planes and Al2O3 πρρπ planes is only 1.6% [4].  

While the lattice mismatch between Ga2O3 ςπρ planes and Al2O3 ςρρπ planes is 3.13% [4].  
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Figure 3.2 shows a schematic drawing of the two possible in-plane epitaxial arrangements 

between ςπρ-oriented Ga2O3 and c-plane sapphire [5].  In this image, a top slice of the sapphire 

crystal is shown with oxygen atom locations denoted using red circles.  Likewise, a slice of the 

ςπρ plane through the Ga2O3 unit cell is shown using black lines.  The unit cell of ςπρ-oriented 

Ga2O3 contains lateral in-plane order along the [102] and [010] directions, which are separated by 

a 90° rotation.  The first possible arrangement shown in Figure 3.2 (a) occurs when ρπς ᷆

ρπρπ  and πρπ ᷆ςρσπ .  This arrangement leads to an offset of 1.8° between 

ρσς  and ρρππ .  The second possible arrangement shown in Figure 3.2 (b) occurs 

when ρσς ᷆ρρππ , which results in a 1.8° offset between ρπς  and 

ρπρπ  and also between πρπ  and ςρσπ .  The lattice mismatch (ŭ) between 

these three ɓ-Ga2O3 and Ŭ-Al 2O3 crystallographic directions can be calculated once the interplanar 

spacing (dhkl) of each direction is known.  The dhkl is calculated for hexagonal and monoclinic 

crystal systems using Equations 3.4 and 3.5, respectively, where h, k, and l are the Miller indices 

[6].  The lattice mismatch can be calculated using Equation 3.6, where m and p are integers 

representing the number of lattice units occurring to satisfy m·df  å pĿds [7].  The lattice mismatch 

calculated for each epitaxial relation of Figure 3.2 is shown in Table 3.2.   

In this work, the c-plane sapphire was used as a template for heteroepitaxial growth of ɓ-

Ga2O3 thin films.  Heteroepitaxial growth experiments were beneficial because they provided a 

way to analyze Ga2O3 thin film growth kinetics while using substrates which were relatively 

inexpensive in comparison to the currently available the Ga2O3 single crystals.  Fortunately, 

previous reports on Ga2O3 thin film growth provided a rough estimate of initial growth parameters 

that could be used to grow films with fair quality by pulsed laser deposition [8]ï[10].  Substrate 

temperature was the first growth parameter optimized for our specific growth system.  Growths 
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were performed while varying the substrate temperature from 500 ï 900 °C, and the resulting ɗ-

2ɗ X-ray diffraction data can be seen in Figures 3.3(a).  The films shown here were grown using 

the growth conditions listed in Table 3.3 and all had a thickness of about 200 nm.  It was found 

that the crystalline quality of the ɓ-Ga2O3 grown at 500 °C was of very poor quality, but the film 

quality became significantly improved when a higher growth temperature was used.  Similar 

findings were reported previously, where substrate temperature was evaluated during Ga2O3 thin 

film growth on c-plane sapphire using pulsed laser deposition [11], molecular beam epitaxy [12], 

and metal-organic chemical vapor deposition [13]. It is possible that when growing at lower 

temperatures the material does not have enough energy to relax into the desired ςπρ orientation, 

but instead the ions remain in a more randomly oriented distribution.  Figure 3.3(b) shows ɗ-2ɗ 

XRD data for a series of ɓ-Ga2O3 films which were grown at temperatures ranging from 800 ï 900 

°C.  The ɗ-2ɗ scan for each of the films shown contained both ςπρ and τπς diffraction peaks, 

but the undesired (110) peak was present for each temperature. 

 
Figure 3.2 Schematic diagram showing the two possible in-plane epitaxial relationships which 

can occur for ςπρ-oriented ɓ-Ga2O3 on c-plane Al2O3.  Sapphire oxygen atom locations are 

shown using red circles.  ςπρ plane of the Ga2O3 lattice is shown using black lines.  Copyright 

(2015) Elsevier [5]. 
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Table 3.2 Interplanar spacing and lattice mismatch between the epitaxial 

crystallographic directions of ςπρ-oriented Ga2O3 grown on c-plane sapphire. 

Crystallographic 

Direction 
dhkl (Å) 

m·df  å p·ds 
Lattice 

Mismatch 
Ga2O3 Al 2O3 Ga2O3 Al 2O3 

ρπς ρπρπ 2.603 4.124 3df å 2ds 5.482% 

πρπ ςρσπ 3.037 1.559 1df å 2ds 2.615% 

ρσς ρρππ 0.943 4.124 9df å 2ds 2.906% 

 

 

Table 3.3 Growth conditions for films of Figure 3.3. 

Growth Parameter Value 

Substrate Temperature 500 ï 900 °C 

Base Chamber Pressure 1 ï 5x10-7 Torr 

Oxygen Pressure, PO2 5x10-3 Torr 

Oxygen Flow Rate 5 sccm 

Laser Energy 248 mJ/pulse 

Laser Repetition Rate 10 Hz 

Laser Pulses 25k ï 45k 
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Figure 3.3 ɗ-2ɗ XRD data gathered for ɓ-Ga2O3 thin films while varying growth temperature from 

(a) 500 ï 900 °C and (b) 800 ï 900 °C. 

 

The crystalline plane associated with each Ga2O3 and Al2O3 reflection was determined by 

first calculating dhkl for all ɗ-2ɗ peaks.  Once dhkl is known, the 2ɗ angle can be calculated using 

Braggôs Law as shown in Equation 3.7, where m is a positive non-zero integer representing the 



   

63 

 

order of diffraction and ɚ is the wavelength of incident radiation.  The XRD measurements in this 

work were performed by a Rigaku SmartLab X-ray diffractometer using copper K-alpha (Cu KŬ) 

radiation with a wavelength of 1.5406 Å.  The observed ɓ-Ga2O3 and Ŭ-Al 2O3 reflections were 

attributed to the ςπρ and πππσ family of planes, respectively.  Additionally, for ɓ-Ga2O3, the 

reflections occurring at 30 degrees were attributed to the (110) plane, as summarized in Table 3.4.   

ά‗ ςὨ ÓÉÎ—                                                 σȢχ 

 

Table 3.4 XRD reflection planes calculated for Ŭ-Al 2O3 and ɓ-Ga2O3.  Calculated 

and measured values of reflection angles are shown for comparison.   

 a, b, c (Å) Ŭ, ɓ, ɔ (°) hkl dhkl (Å) Calc. 2ɗ (°) Meas. 2ɗ (°) 

Ŭ-Al 2O3 

4.762, 

4.762, 

12.995 

90, 

90, 

120 

003 4.332 20.487 20.350 

006 2.166 41.669 41.500 

009 1.444 64.484 64.350 

ɓ-Ga2O3 

12.214, 

3.037, 

5.798 

90, 

103.83, 

90 

-201 4.680 18.949 18.750 

110 2.942 30.355 30.150 

-402 2.340 38.443 38.200 

-603 1.560 59.185 58.950 

 

 

The undesired (110) Ga2O3 reflection was further evaluated by analyzing its intensity as a 

function of substrate temperature.  Figure 3.4 (a) and (b) show the intensity of the measured ςπρ 

and (110) reflections, respectively, for a series of growths which varied in substrate temperature 

from 700 to 900 °C.  The intensity of each ςπρ and (110) reflection was normalized to its 

respective (0006) sapphire peak intensity.  While the intensity of the ςπρ increases with 

temperature, so does the (110) reflection intensity.  As shown in Figure 3.4(c), the 

ςπρ / ρρπ  ratio can be used to determine the temperature at which the thin film 
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exhibits its most oriented composition with the sapphire substrate.  The XRD analysis shows that 

the optimal growth temperature for growing ςπρ-oriented ɓ-Ga2O3 on c-plane sapphire is 887 

°C, which is significantly higher than what has been reported previously.  The optimized growth 

temperature typically reported is in the range of 650 ï 850 °C [11]ï[13].  One negative effect of 

the higher growth temperature is a reduced growth rate [10].  One possible explanation is that the 

reduced growth rate was not compensated for by increasing the number of laser pulses in the 

previous reports.  If the films grown using a higher growth temperature were not as thick as those 

grown at the reported optimal temperatures, the resulting film could be more strained and its 

crystalline quality would likely be degraded.  There have been other reports where a series of ɓ-

Ga2O3 films were annealed under various temperatures and ambients after growth.  Changes to the 

annealing ambient (O2, N2, and vacuum) had no effect, but it was shown that the film quality could 

be enhanced by fine-tuning the annealing temperature [14].  This could explain the benefit of 

growing the films at a higher temperature, since the reported annealing temperatures are similar to 

the growth temperature used in this work. 

Achieving the optimal chamber ambient is one of the most important details when growing 

high quality Ga2O3.  Similarly to other oxygen-based semiconductor materials such as ZnO, the 

stoichiometry of the Ga2O3 crystal will be incorrect if grown in an improper ambient [15].  There 

are three subclasses of Ga2O3 that can be produced depending on chamber ambient ï oxygen-rich, 

stoichiometric, and gallium-rich [16].  Deviance from the stoichiometric Ga:O ratio of 2:3 will 

cause intrinsic defects such as oxygen and gallium vacancies and hydrogen interstitials which 

deteriorate the film quality.  As shown in Figure 3.5, Varley et al. reported on the formation of 

these defects using density function theory [17].   It was shown that the defects present in the film 

were strongly influenced by whether the Ga2O3 was grown under O-rich or Ga-rich conditions.  
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Defects in Ga2O3 thin films can be mitigated by maintaining stoichiometric chamber conditions 

during growth.  One way of achieving this is by controlling the oxygen partial pressure (PO2) [12].  

The optimized PO2 findings from previous reports using pulsed laser deposition have shown 

 
Figure 3.4 Normalized ɗ-2ɗ intensity of (a) ςπρ and (b) (110) reflections measured by XRD.  

Data was normalized to (0006) sapphire reflection.  (c) Ratio of ςπρ/(110) reflections as a 

function of substrate temperature.   

 

significant variance, where PO2 values ranged from 1x10-4 to 2x10-1 Torr [10], [11], [18]ï[20].  In 

this work the PO2 was varied over three orders of magnitude from 1x10-4 to 1x10-2 Torr, which was 
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controlled by the oxygen gas flow ranging from 1 to 8 sccm.  The Ga2O3 thin films were grown 

using a substrate temperature of  887 °C, base chamber pressure of 1x10-7 Torr,  laser repetition 

rate of 10 Hz, and laser energy density of 3 J/cm2.   

 

 
Figure 3.5 Formation energy ï fermi level relationship of (a) oxygen vacancies and (b) 

hydrogen impurities in ɓ-Ga2O3.  Copyright (2010) AIP Publishing [17].  

 

Figure 3.6 shows the resulting XRD (a) ɗ-2ɗ, (b) ɤ, and (c) ◖ spectra.  During the 

measurement each sample was aligned using the (0006) sapphire reflection prior to performing the 

full -ranged ɗ-2ɗ scan.  The ςπρ, τπς , and φπσ Ga2O3 diffractions were observed in each 

ɗ-2ɗ scan.  The (110) reflection was also present (2ɗ = 30.2°) for PO2 ranging from 1x10-3 to 1x10-

2, indicating the presence of a domain with (110) surface orientation.  The (110) reflection intensity 

was reduced by lowering PO2, indicating that lower oxygen pressures can be used to mitigate the 

formation of unwanted domains.  It should be noted that the broad feature occurring from 21 to 

23° was due to a reflection off of the (0006) Al2O3 diffraction which is why it was located at half 

of the (0006) peak position.  The rocking curve measurements shown in Figure 3.6(b) were 

performed by scanning across ςπρ for the samples grown using a PO2 of 1x10-4, 1x10-3, and 
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1x10-2 Torr, and the resulting FWHM values were found to be 1.84°, 1.86°, and 2.49°, respectively.  

The broadening of ςπρ was reduced with a lower PO2, indicating a greater crystalline quality.   

These results are consistent with previously reported FWHM values of heteroepitaxial ςπρ-

oriented Ga2O3 grown on Ŭ-Al 2O3 [21], [22].  Figure 3.6(c) shows ◖ scans of the Al 2O3 πρρς 

and Ga2O3 ππς.  The Al 2O3 πρρς scan was measured by aligning to 2ɗ = 25.560° and ɣ = 

57.597°, while the Ga2O3 ππς scan was measured by aligning to 2ɗ = 31.692° and ɣ = 50.152°.  

Three-fold symmetry was observed for the Al 2O3 πρρς reflection.  The Ga2O3 ππς scan 

resulted in six sharp peaks separated by 60° for the samples grown using a PO2 of 1x10-4 and 1x10-

3, indicating an epitaxial relationship with twofold symmetry.  These Al 2O3 πρρς and Ga2O3 

ππς ◖ scan results are consistent with previous reports [23].  The ◖ scan for the film grown using 

PO2 = 1x10-2 also contained the six (002) reflections at 60° intervals, but their intensity was 

significantly less.  Additionally present was a series of reflections with a 60° interval, which were 

attributed to the (110) domain observed in the ɗ-2ɗ scan.   

 

 
Figure 3.6 (a) ɗ-2ɗ, (b) ɤ, and (c) ◖ XRD data gathered for ɓ-Ga2O3 thin films with varying PO2.  

Copyright (2019) John Wiley and Sons [24]. 
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Surface morphology was also investigated in order to better understand the effects of 

oxygen pressure on the thin film composition and growth kinetics.  Figure 3.7 shows SEM images 

of the samples grown at five representative oxygen pressures.  The images were taken at 100kX 

magnification.  It can be seen that the surface becomes more granular with increasing the pressure, 

and appears to be more uniform as PO2 is decreased.  Atomic force microscopy was used to 

quantitatively analyze the evolution of grains.  Figure 3.8 (a-e) shows AFM images of five 

samples, and the surface morphology statistics are shown in Figure 3.8 (f).  The RMS roughness, 

peak-to-valley distance (PVD), and average grain size (AGS) were estimated for each sample.  

Interestingly, all three parameters were highest for the sample grown using a 5 mT oxygen 

pressure.  The maximum RMS roughness, PVD, and AGS were found to be 5.1 nm, 35.7 nm, and 

66.5 nm, respectively.  The most uniform morphology was observed for the 0.1 mT pressure, 

resulting in an RMS roughness, PVD, and AGS of 1.9 nm, 11.8 nm, and 33.9 nm, respectively.  

These results are consistent with previous findings on PLD-grown Ga2O3 thin films [20]. 

 

 
Figure 3.7 SEM images taken at 100 kX for samples with PO2 of (a) 0.1 mT, (b) 0.5 mT, (c) 1 mT, 

(d) 5 mT, and (e) 10 mT.  
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Figure 3.8 AFM images samples with PO2 of (a) 0.1 mT, (b) 0.5 mT, (c) 1 mT, (d) 5 mT, and (e) 

10 mT.  Copyright (2019) John Wiley and Sons [24]. 

 

 The five thin film samples analyzed here were grown on double-side polished Ŭ-Al 2O3 

substrates, allowing for the optical transmission spectra to be recorded.  Figure 3.9 shows the 

transmission spectra for samples grown with PO2 of 0.1 mT, 1 mT, and 10 mT.  The incident 

radiation was varied from 200 to 800 nm.  The transmittance was higher than 90% for all samples 

when the incident radiation was greater than 300 nm.  A cutoff wavelength of 255 nm was observed 

for all samples.  Equations 3.8 and 3.9 were used to calculate the optical bandgap of the samples.  

Here, Ŭ is the absorption coefficient, h is Plankôs constant (4.136 x 10-15 eV-s), ɜ is the photon 

frequency, Eg is the bandgap energy, d is film thickness, A is absorbance, and B is a proportionality 

constant [25].  The value of r is determined based on the electronic transition.  For direct allowed 

transitions, direct forbidden transitions, indirect allowed transitions, and indirect forbidden 

transitions, r is equal to 1/2, 3/2, 2, and 3, respectively.  Considering ɓ-Ga2O3 as a direct bandgap 

semiconductor with allowed transitions, r is set equal to 1/2, resulting in a linear region of the 
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‌Ὤ‡ Ὤ‡ curve just above the optical absorption edge.  Extrapolating this linear curve to the 

photon energy axis provides the optical bandgap of the semiconductor, which is shown in the inset 

of Figure 3.9.  The optical bandgap of each sample was found to be 5 eV, which is consistent with 

previous reports [12], [20].  The trends identified in crystalline structure, surface morphology, and 

optical transmission properties show that the films have the highest quality grown using an oxygen 

partial pressure between 0.1 and 1 mT.  The optimized growth recipe shown in Table 3.5 was used 

for the remaining growth-related analysis.     

 
Figure 3.9 Transmission spectra of Ga2O3 thin films.  Inset shows an estimation of bandgap energy 

for the three samples. Copyright (2019) John Wiley and Sons [24]. 
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Sn dopants were used to increase the film conductivity.  The doping was varied by changing 

the Sn content in the ablation targets from 1 to 10 mol%.  A series of thin films was grown by 

using the optimized recipe summarized in Table 3.5, aside from of an increasing number of laser 
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pulses to vary the film thickness from 100 nm to 1200 nm.   Hall measurements were performed 

on the resulting samples by depositing Ni/Au (50 nm/100 nm) contacts using electron beam 

deposition.  The conductivity of the samples can be seen in Figure 3.10(a).  A thickness 

dependence was observed for the samples grown using an undoped, 1 mol% Sn-doped, and 10 

mol% Sn-doped ablation target.  It is likely that this dependence was affected by the films 

becoming less strained with increased thickness.  As expected, the 10 mol% Sn-doped target 

produced the most conductive films, with the film of 1200 nm thickness having a conductivity of 

0.029 (ɋ-cm)-1.  Figure 3.10(b) shows the Hall concentration plotted as a function of ablation 

target Sn content, where a content of zero is just referring to an unintentionally doped Ga2O3 target.  

One disadvantage of PLD when growing doped films is that the amount of dopant in the source 

material needs to be physically verified.  This can lead to a substantial amount of error in the 

resulting thin film carrier concentration, as evident by the ȹND shown at each target Sn content 

amount.  The highest carrier concentration achieved here (2x1017 cm-3) is three orders of magnitude 

lower than in homoepitaxial thin films, where the maximum achievable carrier concentration is on 

the order of 2x1020 cm-3 [26].   

Table 3.5 Optimized PLD growth recipe for ɼ-Ga2O3. 

Growth Parameter Value 

Substrate Temperature 887 °C 

Base Chamber Pressure 1x10-7 Torr 

Oxygen Pressure, PO2 1x10-3 Torr 

Oxygen Flow Rate 16 sccm 

Laser Energy 248 mJ/pulse 

Laser Repetition Rate 10 Hz 

Laser Pulses 45k 
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Figure 3.10 (a) Conductivity of Sn-doped ɓ-Ga2O3 thin films with varying thicknesses grown on 

c-plane Al2O3. (b) Carrier concentration of Sn-doped thin films as a function of ablation target Sn 

content.  

 

To further investigate this, two Sn-doped Ga2O3 thin films were sent to EAG Laboratories 

for secondary ion mass spectroscopy (SIMS) analysis.  Figure 3.11 (a) and (b) shows the resulting 

SIMS data for a 1 mol% Sn-doped Ga2O3 thin film and 10 mol% Sn-doped Ga2O3 thin film, 

respectively.  The compositional data showed that both samples contained 40% Ga atoms and 60% 

O atoms, as is expected for stoichiometric Ga2O3.  The 1 mol% Sn and 10 mol% Sn films contained 

~ 0.001% Sn and 0.1% Sn, respectively.  The estimated number of atoms per unit volume was 

calculated by multiplying the compositions by Avogadroôs Number.  For both samples, the number 

of Ga atoms (NGA) and number of O atoms (NO) were found to be 5x1022 cm-3 and 8x1022 cm-3, 

respectively.  The number of Sn atoms (NSn) was found to be 1x1018 cm-3 and 1x1020 cm-3 for the 

1 mol% Sn and 10 mol% Sn films, respectively.  Interestingly, these concentrations are more 

closely aligned to the values expected.  The carrier density observed from the Hall measurements 

is approximately three orders of magnitude lower than the Sn concentration estimated from SIMS.  

The difference observed here is likely due to carrier trapping, which can be expected in 

heteroepitaxial Ga2O3. 
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Figure 3.11 SIMS profiles of Sn-doped Ga2O3 thin films grown using ablation targets containing 

(a) 1 mol% Sn and (b) 10 mol% Sn. 

 

 

3.2.3 Homoepitaxial Growth 

Homoepitaxial ɓ-Ga2O3 growth was carried out using Fe-doped Ga2O3 substrates with 

(001) and (010) orientations.  Figure 3.12 shows XRD ɗ-2ɗ profiles for ςπρ-, (010)-, and (001)-

oriented ɓ-Ga2O3, which are also shown schematically in the unit cell of Figure 3.1.  The Fe-doped 

Ga2O3 substrates are an insulating material, making them useful for gathering mobility and carrier 

concentration data through Hall measurements.  Tin and silicon dopants were investigated.  The 

material properties were analyzed using a combination of XRD and Hall measurements.   Unless 

otherwise stated, the films were grown using the recipe depicted in Table 3.5.   

A series of Sn-doped ɓ-Ga2O3 thin films were grown on (010)- and (001)-oriented Fe-

doped Ga2O3 substrates using 0.1 mol% Sn and 1 mol% Sn ablation targets.  Two ablation targets 

were used for each amount of target Sn content, one of which was fabricated in-house using the 

procedure described in Section 3.2.1 and one was purchased from Kurt J. Lesker.  The crystalline 

quality of the resulting thin films was analyzed by recording ɗ-2ɗ and ɤ XRD spectra.  Figure  
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Figure 3.12 ɗ-2ɗ XRD profiles for single-crystalline ɓ-Ga2O3 substrates with different 

orientations. 

 

3.13 shows the ɗ-2ɗ and ɤ XRD scans for (a, b) (001)-oriented Sn-doped Ga2O3 and (c, d) (010)-

oriented Sn-doped Ga2O3 homoepitaxial thin films.  Additionally, four Si-doped ɓ-Ga2O3 thin 

films were grown on (010)-oriented Fe-doped Ga2O3 substrates.  The Si-doped films were grown 

using three ablation targets fabricated here with 0.001 mol% Si, 0.01 mol% Si, and 1 mol% Si, as 

well as one 1 mol% Si target purchased from Kurt J. Lesker.  The resulting ɗ-2ɗ and ɤ XRD scans 

are shown in Figure 3.13 (e) and (f), respectively.  Films grown using targets fabricated in this 

work are labeled óNCSUô, while the films grown using targets purchased from Kurt J. Lesker are 

labeled óKJLô. 

The ɗ-2ɗ XRD profile of the (001)-oriented thin films contains three reflections: (110), 

(002) from the thin film, and (002) from the substrate, as labeled in the figure.  The ɗ-2ɗ scan of 

the (010)-oriented samples contain two reflections: (002) from the film and (002) from the 

substrate.  A PANalytical Empyrean Alpha-1 high-resolution X-ray diffractometer (HRXRD) 

equipped with a PIXcel3D detector was used to differentiate between the two (002) reflections.   
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Figure 3.13 ɗ-2ɗ and ɤ XRD profiles for (a, b) (001)-oriented Sn-doped, (c, d) (010)-oriented Sn-

doped, and (e, f) (010)-oriented Si-doped homoepitaxial ɓ-Ga2O3 thin films.  Films of each 

orientation and dopant were grown using varying ablation target impurity content. 
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After completing the ɗ-2ɗ scan, the 2ɗ axis was aligned to the film (002) peak and the omega 

spectra was recorded for each sample.  A similar procedure was used for gathering the omega scan 

of (010)-oriented Sn-doped Ga2O3 and (010)-oriented Si-doped Ga2O3 thin films.  The resulting 

FWHM data for each series of thin films can be seen in Figure 3.14.  The ablation target impurity 

content (mol%) is shown above each data point in the figure.  The FWHM of the (001)-oriented 

films were the highest measured.  This is likely due to the (001) substrates being of lesser 

crystalline quality than that of the (010) substrates.  No significant differences were observed in 

the crystalline quality for the films grown using NCSU- and KJL-fabricated ablation targets.  The 

(010)-oriented Sn-doped Ga2O3 films had the best crystalline quality, where the FWHM ranged 

from 21.6 to 30.2 arcseconds.  These FWHM values prove that the crystalline quality of PLD-

grown Ga2O3 is excellent in comparison to other semiconductor materials that are more matured.  

For instance, Irwinska et al. reported XRD ɤ scans on Si-doped GaN thin films and a GaN seed 

crystal used for bulk crystal growth [27].  The resulting FWHM of the seed crystal and thin film 

were 28 and 32 arcseconds, respectively.  The (001) Sn-doped Ga2O3 films and (010) Si-doped 

Ga2O3 films had FWHM values that ranged from 70.9 to 103.0 arcseconds and 35.3 to 67.8 

arcseconds, respectively.   

Transport properties of the Sn-doped and Si-doped Ga2O3 thin films were evaluated by 

Hall measurements.  Ohmic contacts were formed on the film surface by first depositing a 

Ti/Al/Ni/Au (20/100/50/50 nm) metal stack using E-beam deposition and then rapid thermal 

annealing the metals for 60 seconds at 470 °C in an N2 ambient.  The mobility and carrier 

concentration data gathered for each sample is shown in Figure 3.15.  The mobility approximation 

is shown using a dashed line, and the governing equation is shown inset on the plot [28].  The 

carrier concentration of the Sn-doped Ga2O3 films was varied over two orders of magnitude 
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Figure 3.14 FWHM values obtained by XRD rocking curve measurement.  Films grown using 

NCSU- and KJL-fabricated ablation targets are shown using red and blue bars, respectively.  The 

molar percentage of the impurity contained in the target is shown above each bar. 

 

(2.4x1017 ï 4.1x1019 cm-3) while maintaining mobility values in the range of 14.1 ï 28.5 cm2/V-s.  

The carrier concentration of the Si-doped Ga2O3 films was varied slightly more in the range of 

8.9x1018 ï 2.0x1020 cm-3, but the mobility was exceedingly higher, reaching a maximum value of 

56.7 cm2/V-s at a carrier concentration of 1.1x1020 cm-3.   

Interestingly, the mobility of the films shown here did not trend with carrier concentration 

as described by the Ga2O3 mobility approximation.  Half of the Si-doped films exceeded the 

theoretical mobility for their given carrier concentration.  Furthermore, to the best of my 

knowledge, the data point for the Si-doped film appears to be the most conductive Ga2O3 thin film 

reported to-date, with a conductivity value of 1592 (ɋ-cm)-1.  This conductivity is similar to that 

of indium tin oxide, which is a commonly used material for transparent conductor applications, 

and has a conductivity that varies from 1x103 to 1x104 ɋ-1cm-1 depending on the SnO2 content 

[29]ï[31].  Temperature-dependent Hall data was gathered for the highly conductive Si-doped 

Ga2O3 film while varying the temperature from 14 to 320 K.  The resulting µ(T), ND(T), and ů(T) 
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profiles are shown in Figure 3.16.  The carrier concentration varied slightly from 1.93x1020 ï 

1.96x1020 cm-3 over the studied temperature range.  At 14 K, the mobility and conductivity reached 

maximum values of 68.59 cm2/V-s and 2159.90 ɋ-1cm-1, respectively.  The temperature-dependent 

trends observed here are similar to those reported previously for Si- and Sn-doped Ga2O3 [28]. 

 

 
Figure 3.15 Mobility and carrier concentration data of homoepitaxial Sn-doped and Si-doped 

Ga2O3 thin films gathered by Hall measurements.  The Ga2O3 mobility approximation is shown 

using a dashed line and the representative equation is inset [28].  
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Figure 3.16 Mobility, carrier concentration, and conductivity of Si-doped Ga2O3 thin film as a 

function of temperature. 

 

3.3 Conclusions 

Undoped, Sn-doped, and Si-doped Ga2O3 ablation targets were fabricated for Ga2O3 thin 

film growth on c-plane sapphire and native bulk substrates.  The crystalline quality of the resulting 

thin films was characterize by XRD.  Ga2O3-Al 2O3 lattice matching analysis was performed to 

develop a better understanding about the evolution of undesired XRD reflections present in the 

heteroepitaxial thin films.  Temperature and PO2 growth conditions were optimized to enhance 

crystalline, morphological, and optical properties of the undoped thin films and found to be 887 

°C and 1x10-3 Torr, respectively.  Sn- and Si-doped Ga2O3  homoepitaxial thin films were grown 

on (001)-, (010)-, and ςπρ-oriented native Ga2O3  substrates.  The homoepitaxial films were 

evaluated using XRD and Hall measurements.  A wide conductivity range of 1.4x10-2 to 1.6x103 
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ɋ-1cm-1 was accomplished by varying the doping content in the films from 2x1017 cm-3 to 2x1020 

cm-3 using Sn and Si dopants.  The thin films possessed mobilities of up to 56.7 cm2/V-s.   

Low doping levels are desired for applications such as Schottky barrier diode drift layers 

since the depletion region width (WD) scales by ρȾὔ , and increasing the WD will reduce reverse 

leakage current that results from Schottky barrier tunneling.  Highly-doped Ga2O3 films could be 

used for transparent conducting oxide (TCO) applications such as liquid crystal displays and solar 

cells.  The current market for these applications is dominated primarily by indium tin oxide, which 

can be relatively expensive in comparison to other TCOs.   
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CHAPTER 4 ï THERMAL CONDUCTIVITY  

 

4.1 3ɤ Technique 

One fundamental limitation of ɓ-Ga2O3 is its poor thermal conductivity (10 ï 30 W/m-K), 

which can lead to many issues considering its intended role in high-power electronics.  A better 

understanding of the ɓ-Ga2O3 anisotropic thermal conductivity could be potentially helpful in 

developing high-power device along a preferred crystallographic direction that may mitigate a 

poor thermal dissipation.  It has already been shown that the ɓ-Ga2O3 thermal conductivity varies 

with crystal direction, but the number of analyzed directions have been limited and requires further 

attention.  Additionally, effects from doping and crystal quality have been relatively unexplored. 

The room temperature thermal conductivity of ɓ-Ga2O3 was predicted from first principle 

calculations and estimated to be 11 W/m-K, 21.5 W/m-K, and 21 W/m-K along the [100], [010], 

and [001] crystal directions, respectively [1].  There have also been experimental reports of ɓ-

Ga2O3 thermal conductivity using several different experimental techniques.  The laser flash 

method was used to measure a thermal conductivity of 21 W/m-K along the [010] direction in 

Czochralski grown ɓ-Ga2O3 [2].  Time-domain thermoreflectance (TDTR) was used to study the 

thermal conductivity in different crystal directions of Sn-doped ɓ-Ga2O3 [3].  It was found that the 

thermal conductivity varied from 10.9 W/m-K in the [100] direction to 27 W/m-K in the [010] 

direction.  The 3ɤ technique was used to measure the thermal conductivity of undoped and Mg-

doped ɓ-Ga2O3 along the [100] direction with a room temperature value of 13 W/m-K found for 

both samples [4].  Furthermore, the temperature dependent measurements down to 25 K revealed 

a maximum thermal conductivity of 530 W/m-K.   The 2ɤ technique has been used to measure the 

thermal conductivity in Mg-doped ɓ-Ga2O3 at room temperature [5].  The thermal conductivity 
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measured in the [100], [010], and [001] directions was found to be 11 W/m-K, 29 W/m-K, and 21 

W/m-K, respectively. 

 The method used to measure the thermal conductivity in this work is the 3ɤ technique 

which was first introduced by Cahill and Pohl in 1987 [6].  One benefit of the 3ɤ technique over 

some other commonly used thermal conductivity characterization methods is that it results in a 

direct measurement of the material thermal conductivity rather than its diffusivity.  Like all other 

thermal conductivity characterization methods, the 3ɤ technique requires a heat source and 

thermometer, which is implemented by depositing a thin metal strip on the sample surface as 

shown in Figure 4.1.   

To understand how the 3ɤ technique works, it is important to first discuss three aspects of 

the measurement from a physics standpoint: the introduction of thermal waves into the medium, 

detection of temperature change, and thermal conductivity extraction. 

 

 
Figure 4.1 Side-view representation on the basis of the 3ɤ technique depicting radial diffusion of 

thermal waves through the material from the metal heat source. 
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4.1.1 Heat Source 

The thermal diffusion in the 3ɤ technique can be described as a radial flow of thermal 

waves from a 1-dimensional source as shown in Figure 4.1.  It was shown by Carslaw and Jaeger 

that the temperature oscillations resulting from this thermal diffusion process are a function of 

distance (r) from the heater center as shown in Equation 4.1 [7].  Here, P is the generated power 

in the line source, l is the length of the line, ə is the thermal conductivity of the material, K0 is the 

Bessel function of the zeroth order, and  ˂is the thermal penetration depth.  The thermal penetration 

depth can be described by Equation 4.2, where ́  is density and Cp is the specific heat.  

ЎὝὶ ὑ      (4.1) 

‗       (4.2) 

A thin metal strip with a resistance of R0 is deposited onto the sample surface to serve as a 

heat source as shown in Figure 4.2.  A time-dependent AC current is driven through the outer 

electrodes at an angular frequency of ɤ as depicted in Equation 4.3.  If the heat source metal has 

a resistance of R0, we can consider the time-dependent power component of Equation 4.4 as the 

energy source that is dissipating into the material. 

 

Ὅὸ ὍÃÏÓ‫ὸ     (4.3) 

ὖὸ ὍὸὙ ὍÃÏÓ‫ὸὙ ρ ÃÏÓς‫ὸ   (4.4) 

 

If we consider only the first power component, P(t) = P0 Å e
2i t̟, then the heat flux per unit 

area is just QA Å e2i t̟ = (Pl / 2b) Å e
2i t̟, where Pl is the power per unit length and b is the metal line 
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half-width.  Using this simplified analysis, thermal and electrical effects due to the heater can be 

disregarded and the heater only serves as a heat carrier [8], [9].  Thus, the sinusoidal heat flux  

 
Figure 4.2 Schematic of metal heat source/thermometer layout on sample surface. 

 

would result in complex temperature oscillations in the material beneath the heat source that take 

the form of T(x,y,z) Å e2i t̟ which was proven to be a solution to Equation 4.5 [10], [11]. 

ЎὝ Ὥ Ὕ π     (4.5) 

There are other possible solutions to Equation 4.5 that vary depending on spatial 

considerations, thermal conductivity of the material, penetration depth, and any applied boundary 

conditions.  We know that the heat flux amplitude will be zero on the surface everywhere except 

for the heat source.  Because of Equations 4.1 and 4.2, we also know that the amplitude of these 

temperature oscillations will decrease with distance from the source.  For the case of a heat source 

with a half-width b, Cahill showed that the complex temperature oscillations can be described by 

Equation 4.6 [9].  

ЎὝ ᷿ Ὕὼȟώ πὨὼ ᷿    (4.6) 

For the case where b/˂  << 1, Equation 4.6 becomes: 

ЎὝ ЎὝ ὭЎὝ ÌÎ πȢωςσÌÎς‫    (4.7) 
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This solution allows us to separate out the real in-phase temperature oscillations ȹTin from the 

imaginary out-of-phase oscillations iȹTout.  Examining Equation 4.7, we can see that ȹTin is 

proportional to the angular frequency, inversely proportional to the thermal conductivity, and 

approximately equal to the solution shown in Equation 4.8.   

Ў
ὅ     (4.8) 

4.1.2 Heat Sensor 

Joule heating causes a finite heat flux within the metal strip that then dissipates into the 

material.  Let us assume that the material is a semi-infinite dielectric medium in vacuum.  As 

previously shown by Cahill, we can then assume that any radiation losses will be negligible over 

a large temperature range when using the 3ɤ technique [6], [8].  The temperature fluctuations that 

arise from Joule heating result in thermal waves that propagate through the material at a frequency 

and phase shift of 2ɤ and ̒  as shown in Equation 4.9. 

ЎὝ ЎὝÃÏÓς‫ὸ —     (4.9) 

Since we are introducing temperature fluctuations we must also account for any change in 

the resistance of the metal.  All metals have a finite temperature coefficient of resistance (ŬTCR) 

causing its resistance to change according to Equation 4.10.  For example, gold is a commonly 

used metal for making such measurements and has a ŬTCR of 0.0031 K-1.  

Ὑ Ὑ ρ ‌ ЎὝ      (4.10) 

Let us consider the voltage across the metal wire by starting with Ohmôs Law and using 

Equations 4.3 and 4.10.   

ὠὸ ὍὸὙ ὍÃÏÓ‫ὸὙ ρ ‌ ЎὝÃÏÓς‫ὸ —   (4.11) 

ὠÃÏÓ‫ὸ ὠ
Ў
ÃÏÓσ‫ὸ —      
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Equation 4.11 proves the existence of a third harmonic voltage for 3ɤt + ɗ Í nˊ/2.  It can be seen 

that the third harmonic voltage scales with the induced temperature oscillations.  Thus, at a 

frequency which is three times larger than that of the AC current oscillation frequency, we can 

measure the third harmonic voltage and extract thermal conductivity information from the material 

as shown in Equation 4.12.  

ὠ ὠ ‌ ЎὝÃÏÓσ‫ὸ —     (4.12) 

By combining Equations 4.8 and 4.12, we can see that the in-phase temperature oscillations are 

directly related to the thermal conductivity as shown in Equation 4.13. 

ЎὝ ὖ ὅ     (4.13) 

Mathematically, the thermal conductivity can be extracted by taking the derivate of ȹTin with 

respect to ln(ɤ), as shown in Equation 4.14.  However, in experimental practice, this is 

accomplished by simply taking the slope of a ȹTin ï ln(ɤ) dataset. 

‖
 Ў

      (4.14) 

A few assumptions were made during the derivation of Equation 4.13 which cannot be 

forgotten during experimentation and data interpretation.  The following assumptions must be 

considered in order for the slope method to be valid:  

a) Infinite Sample Thickness 

A finite sample thickness imposes a boundary onto the thermal waves such that d > .˂  It 

is known that the penetration depth must be five times smaller than the sample thickness 

to obtain a measurement error of less than 1% [12].  For example, we consider a Ga2O3 

sample with thermal conductivity of ~ 23 W/m-K, density of 5950 kg/m3, specific heat 

capacity of 490 J/kg-K, and thickness of 650 ˃m.  The penetration depth is plotted as a 
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function of frequency in Figure 4.3.  The penetration depth must be less than 130 m˃, 

limiting the minimum frequency to 233 Hz. 

b) Line Source Heater 

The slope method derivation assumes a penetration depth which is much greater than the 

heater width (ɚ >> w), allowing for the heater to be treated as a line source.  If ɚ approaches 

w/2, then the slope method is invalidated.  Equation 4.15 provides a parameter (z) which 

considers the relationship between w, ɚ, and sample thermal conductivity anisotropy (əxy) 

[12].  This equation can be simplified to w/2ɚ for an isotropic sample.  In the derivation 

provided by Borca-Tasciuc, it was reported than an error of less than 1% can be achieved 

when z < 0.2, or when the penetration depth is five times larger than the heater half-width.  

A typical heater width is 10 ˃m, corresponding to a penetration depth of 25 m˃ and upper 

frequency limit of 6.3 kHz.   

 
Figure 4.3 Penetration depth as a function of frequency.  The dotted lines show frequency 

limitations for commercially available Ga2O3 with thickness of 650 ˃m to achieve 

measurement errors of less than 1%. 
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ᾀ       (4.15) 

c) Heater is Infinitely Thin and Has Zero Heat Capacity 

The final assumption is that the heater is infinitely thin and has a specific heat capacity of 

zero.  However, this is not physically possible.  Typical heater width and thickness values 

are 10 ˃m and 275 nm, respectively.  Heater source with such dimensions will have a non-

zero heat capacity, which can introduce error at higher frequencies.  These errors have been 

previously discussed elsewhere [12]. 

 

4.1.3 Device Fabrication 

Considering the discussed boundary conditions and derivation assumptions, the device 

fabrication steps details used in this work are shown below.    

 

1. Sample Cleaning: Cleanliness of the sample surface is extremely important, especially 

prior to 3ɤ device fabrication.  Any particles on the surface can lead to poor adhesion 

between the sample and the metal contacts.  Furthermore, since the dimensions of the 3ɤ 

device are on the order of microns, any surface particulates can affect the thermal diffusion 

processes that are being measured.  For these reasons, the samples were cleaned by a 

solvent (acetone/methanol) ultra-sonication process followed by an O2 plasma cleaning 

process. 

 

2. SiO2 Deposition: A thin 100 nm SiO2 isolation layer was deposited onto the sample surface 

using plasma-enhanced chemical vapor deposition (PECVD).  The SiO2 layer is 

particularly beneficial when measuring samples that are highly conductive to eliminate any 



   

92 

 

added errors resulting from noise.  It has been experimentally shown that the incorporation 

of this SiO2 film has no impact on the experimental results when using the 3ɤ thermal 

conductivity measurement technique [9]. 

 

3. Sample Cleaning: The previously described cleaning procedure was repeated. 

 

4. Photolithography/Patterning: For the next step, the samples were placed onto a 115°C 

hotplate for 5 minutes.  Negative photoresist (AZ-5214E) was coated onto surface at 3000 

RPM for 20 seconds.  The samples were then heated on a 90°C hotplate for 2 minutes and 

exposed to 20 mW UV radiation for 3 seconds while under 3ɤ device photomask.  An 

additional bake on a 115°C hotplate was performed for 90 seconds, followed by a flood 

exposure for 90 seconds under 20 mW UV radiation without photomask.  The sample was 

then placed into developer solution (MF-319) for 40 seconds, rinsed in DI H2O for 1 

minute, and dried using N2 gas.   

 

5. Sample Cleaning: An O2 plasma cleaning process was used.  No solvents were involved. 

 

6. Metal Deposition: Metal contacts were then deposited using E-beam deposition.  In this 

work we have chosen to use a Nickel (5 nm) / Gold (270 nm) stack.  The nickel was used 

to help promote adhesion between gold and SiO2.  The chamber was typically pumped 

down to ~ 5 x 10-5 Torr prior to deposition. 



   

93 

 

7. Lift-Off:  The samples were dipped into acetone directly following the metal deposition 

and left to soak in the acetone for a couple hours before any agitation was applied to assist 

with metal lift-off. 

 

8. Sample Cleaning: The previously described cleaning procedure was repeated. 

 

9. Analysis:  Visual inspections were performed to ensure that the device were ready for 

testing.  Any lithography/lift-off errors could result in electrical discontinuities since the 

metal heater/sensor line was very thin.  For this reason, the devices always underwent a 

visual inspection after the lift-off and final cleaning process.  If the devices passed the 

visual check, the exact metal line dimensions were then measured using a Dektak 

profilometer. 

 

4.2 Single-Crystal Ga2O3 

Measurements were performed by first driving an AC current with frequency (ɤ) through 

the device and then measuring the third harmonic voltage (V3ɤ) at the deposited voltage taps.  

Temperature dependent measurements were also performed while heating the samples from 295 

to 400 K.  The ln(ɤ/2ˊ)ïV3ɤ linear dependence can be used to validate the 3ɤ slope method 

measurement integrity.  Figure 4.4 shows example V3ɤ measurements at four temperatures on a 

representative undoped (010)-oriented Ga2O3 sample while driving the AC current with input 

frequencies that ranged from 30 ï 1100 Hz.  The observed linear relationship confirms thermal 

wave containment such that the previously defined boundary conditions are satisfied and minimal 

measurement error of less than 1% is achieved at each temperature.   
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Figure 4.4 Example V3ɤ measurements as a function of input frequency (30 ï 1100 Hz) for 

validation of the 3ɤ slope method.  Data shown was gathered for a representative undoped (010)-

oriented Ga2O3 sample. 

 

In non-anisotropic materials, the 3ɤ technique results in a thermal conductivity value 

which is of the same amplitude regardless of crystallographic direction.  This thermal conductivity 

extraction relies on a two-dimensional cylindrical heat flow which radiates from the heater/sensor 

device according to Equation 4.16 where əô is the measured thermal conductivity, əx is the lateral 

component, and əy is the transverse component.  This equation was presented in 2012 by Ramu 

and Bowers, where they demonstrated that the measured average of in-plane and cross-plane 

thermal conductivity can be separated into lateral and transverse components [13].  By carefully 

choosing Ga2O3 samples with unique crystallographic orientations and knowing the 

crystallographic directions perpendicular to those planes we can use the 3ɤ technique to evaluate 

anisotropic thermal conductivity.   

‖ ‖ ρ     (4.16) 
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–         (4.17) 

For example, shown in Figure 4.5 is a (010)-oriented Ga2O3 sample with the heater/sensor 

device aligned along either the (a) Ṷ[102] or along the (b) [102] directions.  When aligned along 

the Ṷ[102] direction, lateral and transverse heat flow will then be in the [102] (ʆx = ʆ[102]) and 

[010] (ʆy = ʆ[010]) directions, respectively.  By rotating the heater/sensor metals by 90 degrees such 

that they are aligned along the [102] direction, we can measure heat flow in an additional crystal 

direction (ʆx = ʆṶ[102]) while maintaining the same direction of transverse heat flow (ʆy = ʆ[010]).  

Using this methodology, undoped, Sn-doped, and Fe-doped single-crystal Ga2O3 samples with 

(010) and ςπρ orientations grown by EFG were evaluated.  The samples were carefully chosen 

such that the carrier concentration of each dopant type was nearly identical regardless of growth 

orientation.  Table 4.1 shows the samples measured in this work and the particular crystallographic 

directions in which transverse and lateral heat flow was extracted from each.   

 
Figure 4.5 Example of 3ʖ heat source and sensor configuration. 
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Table 4.1 Sample set used for analyzing anisotropic thermal conductivity as a function of 

Ga2O3 orientation and doping. 

Dopant 

(ND-NA [cm-3] ) 

Growth 

Orientation 

Transverse Heat 

Flow Direction 

Device 

Orientation 

Lateral Heat 

Flow Direction 
ʆͻ 

Equation 

Undoped 

(3.0x1017) 
ςπρ Ṷ ςπρ 

πρπ ρπς ‖ 

ρπς πρπ ‖ 

Undoped 

(2.7x1017) 
πρπ πρπ 

Ṷρπς ρπς ‖ 

ρπς Ṷρπς ‖ 

Sn 

(3.5x1018) 
ςπρ Ṷ ςπρ 

πρπ ρπς ‖ 

ρπς πρπ ‖ 

Sn 

(3.2x1018) πρπ πρπ 
Ṷρπς ρπς ‖ 

ρπς Ṷρπς ‖ 

Fe 

(Insulating) 
πρπ πρπ 

Ṷρπς ρπς ‖ 

ρπς Ṷρπς ‖ 

 

It can be seen that there exists four unique heat flow directions for the undoped and Sn-

doped samples: [010], [102], Ṷ ρπς ȟ ÁÎÄ Ṷςπρ.  The system of equations used to solve for the 

four unknown directional heat flow values within the undoped and Sn-doped samples are shown 

below in Equations 4.18 ï 4.25.  Commercially available Fe-doped Ga2O3 is only grown in the 

(010) orientation, resulting in three unknown heat flow values: [010], [102], and Ṷ ρπς Ȣ  This 

requires an alternative approach to solve for the three unknowns using just two equations.  Solving 

for the Fe-doped sample thermal anisotropy required substitution of the values obtained from the 

undoped samples to be used.  This substitution was justified given that the effect of doping was 

negligible on the Ga2O3 thermal conductivity.  For example, it was found that ɖ3 = ə[010]/ə[102] for 

the undoped and Sn-doped samples was 1.59 and 1.60, respectively.  This small variation gave 

confidence in the approach and allowed for reduction of the Fe-doped sample system of equations 

to only two equations and two unknown variables. 
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‖ ‖ ρ     (4.18) 

–          (4.19) 

‖ ‖ ρ     (4.20) 

–          (4.21) 

‖ ‖ ρ     (4.22) 

–          (4.23) 

‖ ‖ ρ     (4.24) 

–          (4.25) 

 

 Table 4.2 shows the extracted room temperature thermal conductivity values for undoped, 

Sn-doped, and Fe-doped samples.  It can be seen that the samples were highly anisotropic, where 

the highest thermal conductivity values measured for each dopant type were in the [010] 

crystallographic direction.  The highest thermal conductivity measured here was found to be 29.21 

W/m-K in the undoped sample, which is consistent with TDTR measurements performed 

elsewhere on undoped Ga2O3 samples grown by Tamura Corporation [14].  The room temperature 

thermal conductivity findings shown here clearly demonstrate the anisotropic nature of Ga2O3, 

where ə varied by ~ 50% from the [010] direction to the minimum of ~ 15 W/m-K in the Ṷ[102] 

direction.  It is commonly assumed that acoustic phonons will dominate thermal transport and the 

variation of thermal conductivity implies a difference in acoustic phonon velocity in different 
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crystallographic directions.  However, in Ga2O3, it has been reported that the relatively high 

thermal conductivity in the [010] direction is a result of both optical and acoustic phonon 

contributions [2].  Santia et al. showed that because of a lack in optical phonon gap in the 

dispersion for modes propagating along [010], the optical phonons only contribute to ~ 44% of the 

room temperature thermal conductivity in the [010] direction. 

Table 4.2 Room temperature anisotropic thermal conductivity of undoped, Sn-

doped, and Fe-doped Ga2O3 samples. 

Dopant ‖  ‖  ‖  ‖  

Undoped 29.21 18.39 16.12 17.02 

Sn 29.13 18.21 15.67 16.32 

Fe 29.06 18.30 15.30 --- 

 

 The thermal conductivity of each sample was also analyzed as a function of temperature 

using a heated baseplate while carefully monitoring the temperature conditions within the 

enclosure during the measurement.  The thermal conductivity measurements took place while 

varying the temperature from 295 ï 405 K.  The experimental procedure used for gathering 

temperature dependence was the same as when room temperature data was gathered ï the 3ɤ 

technique was used for data acquisition and then the lateral and transverse solutions were solved.  

Figure 4.6 shows the resulting temperature-dependent thermal conductivity data for (a) undoped, 

(b) Sn-doped, and (c) Fe-doped Ga2O3 samples.  The anisotropy was evident in all Ga2O3 samples 

measured for all orientations and dopants.   A reduced thermal conductivity was also observed 

with increasing temperature for all dopants and crystallographic directions.  This behavior is 

common in semiconductor materials, and is attributed to the Umklapp phonon-phonon scattering 

mechanism dominating at elevated temperatures.   
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 The temperature dependence of thermal conductivity is often described for semiconductor 

materials using the power law of Equation 4.26, where Ŭ is the slope of the power law.  Ŭ can be 

used to compare thermal conductivity temperature dependence as well as evaluating crystal purity.  

The thermal conductivity data of Figure 4.6 was fit using the power law.  The values of Ŭ were 

extracted and are shown in Table 4.3.  It was found that Ŭ was dependent upon crystal direction 

and doping.   

‖Ὕ ‖        (4.26) 

On average, Ŭ was highest in the undoped samples for all crystallographic directions 

besides [010].  In semiconductor materials, Umklapp phonon-phonon scattering is the dominant 

scattering mechanism at temperatures near the Debye temperature, where the value of Ŭ is expected 

to be near unity.  The Debye temperature of Ga2O3 is still largely unknown, but it has been 

speculated to be somewhere from 700 ï 900 K.  Values of 738 K and 872 K have been estimated 

from heat capacity measurements [14] and density functional theory calculations [15], 

respectively.  As expected, the Ŭ values obtained in this work are all significantly lower than that 

extracted near the Debye temperature.  This finding can be attributed to a large contribution of 

both point-defect-phonon scattering and free-carrier-phonon scattering mechanisms.  Similar 

behavior has been reported in Si-doped GaN, where Ŭ decreased with an increased doping 

concentration [16]. 

Figure 4.7 shows the effect of doping on the Ga2O3 thermal conductivity for (a) [010], (b) 

[102], (c) Ṷ[102], and (d) Ṷ(-201) crystallographic directions.  It can be seen that the effect of 

doping was minimal in comparison to the effect of crystal direction.  The maximum amplitude 

deviation was less than 5% in any direction when considering different dopants.  Aside from the  

 



   

100 

 

 
Figure 4.6 Temperature-dependent thermal conductivity along various crystallographic 

directions in (a) undoped, (b) Sn-doped, and (c) Fe-doped Ga2O3. 
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Table 4.3 Values of the power slope (Ŭ) found by fitting the temperature-

dependent thermal conductivity in Ga2O3 samples with different dopants and 

crystal orientations. 

Dopant ‌  ‌  ‌  ‌  

Undoped 0.611 0.697 0.506 0.471 

Sn 0.679 0.523 0.316 0.366 

Fe 0.579 0.665 0.408 --- 

 

 

Figure 4.7 Effect of Sn and Fe doping on the temperature-dependent thermal conductivity of 

Ga2O3 along the (a) [010], (b) [201], (c) Ṷ[201], and (d) Ṷ(-201)  crystallographic directions. 

 


































































































































































































































