ABSTRACT
BLUMENSCHEIN, NICHOLAS ANTHONY. Development of Gallium Oxide for HigRower
Semiconductor Devic@pplications (Under the directiorof Dr. John. F Muth and Dr. Tania
Paskova

Pulsed laser deposition was used for groviiatgroepitaxial and homoepitaxial thin films
on cplane sapphire substrates and native sioglstalline GaOs substrates, respectiveli-type
doping was accomplished by implementing low concentrations of 8n@SiQ into the GaOs
ablation source matial, and a doping concentration ranging from %16 2x1¢° cm® was
realized inthe homoepitaxial thin films.

The 3% measur ement t e cahdektrqathe thesnaakcondEtwity t o e
along different crystallographic orientatiooSbulk Ga0Os. A maximum thermal conductivity of
29.5 W/mK was identified along [010] 8800 K, whereas the thermal conductivity ranged from
16.1 to 184 W/m-K along other crystallographic directions.

The hgh-frequency dielectric properties of g were investigated using tirdomain
terahertz spectroscopy. The dielectric spectra containedmonotonic temperature dependence
which was described using a dual harmonic oscillator model. The dependence was found to be an
effect of charge carrier talization caused by thermal activation of unintentional doE5@ K.

Ga0si based deep)V photodetectors, thishannel MOSFETs, and Schottky barrier
diodes were also studiedh@®odetectoperformance was evaluated by varyingadlggen partial
pressureduringGa0s thin film growth. The devices hexcellent responsivity anghbtdldark ratio
values of 30.45 A/W and 90X, respectively. Sedating effects of G&s thin-channel MOSFETs
were evaluated using pulse¥ land Raman nanothermographyacicterization techniqugshich
resulted in thermal resistance value¥8f°*Gmm/W and 60 °@nm/W, respectively.Schottky

barrier diodes were fabricated using undoped anddped GgOs drift layers grown on highly



doped Gg0s substrates. A maximum lakedown voltage 0186 volts was observed. Trapping
effects were evaluated using transient voltage measurements and fredepecgent equivalent

parallel conductance measurements, and a trap state was identified at an elBeig§.485 eV
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CHAPTER 17 Ga203 INTRODUCTION AND MATERIAL PROPERTIES

1.1  Motivation of Ga203 Development

Gallium oxide showspromise for future higipower and higHrequency device
applications because itd 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
transistorgor low power and integrated circuit applications, respectivdliie performance of
silicon deviceshas reached a ceiling because of its @uitical electrical field strengtfEc). For
power switching applications, a lov¢ lEmits operating voltage capility. The maximum power
capable of silicon RF devices is limited by the power frequency product because of its low bandgap
energy and breakdown voltag&hese property limitations cannot be overcome thrénaglitional
engineeringapproaches, and haypeovokedextensive research efforts other semiconductors
such as silicon carbide and gallium nitridteat resulted inmassive improvement® the high
power electronics market in terms of device capability and energy efficiency.

Semiconductor devicefficiency 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 amplitudpaoise®
temperature elevations within the device and any external cabling, and thettedonereased
energy efficiency reduces thermal dissipation and mitigates the need for high gauge wiring. This
is incredibly important in military and space applicas 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 insulagbminates pollution. Materials with a higher

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



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 helpsteiials
cost.

The relationship between grsistance (Bv) and oftstate breakdown voltage §N) in
transistorgrovidesa commorbasis foranalyzing thepotential merits of differergemiconductor
materials. Figure 1.1 shows the theoretical limit ain-resistance versus breakdown voltage for
silicon (Si), gallium arsenide (GaAs), silicon carbide (SiC), gallium nitride (GaN), beta gallium
0 X i d@a0), @luminum nitride (AIN), and diamond. The theoreticakRRan be calculated
usingEquation 1., wher e U i s t he (s the klecton mabitity, Eisathe sriticaln t |
electric field strength, \Wis drift region width, q is electron charge, anglibldrift region doping
concentratiorfl]. The Fon-Ver relationship can be used to identify transistor materials with low

theoretical power switching losses.
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Ga0s offers promiseparticularlyfor high-power applications due to a combination of its
material properties and the ability to grow higinality epitaxial material using lowost native
substrates. Iteelatively wide4.9 eV bandgap energy Jgand theoretical critical electrical field
strength (E) of 8 MV/cm are crucidy important for itsuse in devices operating at higbwer
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 apropriate feature dimension$]. These parameteras well as other key
material propertess uch as di el ectric const anyt(v),(abd) , mo b
t her mal c o nfdGad: arey sShawy inT@akde) 1.1and compared witthe previously

mentioned semiconductor materials.

Table 1.1Relevant material properties of Si, GaAs,-8H C, &aDk, Diafmond,
and AIN fordetermining higkpower device capability.

Materi al Si GaA 4HSi ( GaN b-GaO; Di amo Al

Bandgap, ‘
E,(eV) 1.1 1.4 3.3 3.¢ 4.9 5.5 6.

Di el ectr
U

CritiFc @l i ]
E.( MV/ ¢ m) 0.: 0.4 2.5 3.t 8.0 10. 015.

11. 12. 9.7 9.C 10. (¢ 5.5 8.

El ectron
e ( cs )

Sat . Vel
v, ( 170m/s)

140 800 100120 250 2000 85«

Ther mal

o ( WEK) 15C 50 370 23C 10630 2000 34«




Table 1.2 shows the most commonly used figuogamerit for determining material
suitability for highpower applications. The Baliga figuod-merit 6 "O0 0 - 'O is perhaps
the most important metric when considering hagiwer applications, as it describhe theoretical
specific onresistance (Rsy of the material within the vertical drift region of fieédfect
transistors whi ch d-&dteeconductinitg§os a givendreakdowrevoltage.l 6 s o
In 1982, Baliga showed that the power handliagability of FETs can be expected to increase
linearly with electron mobility and increase to the third power with energy ban@Jgajm 1989,
Baliga expanded on these findings when he introduced the Baligdramrency figureof-merit
6 "0"0"00 O O [3]. The BHFFOM is used as a measure of switching losses and determining
the efficiency of a material and its suitability for hiffequency applications. The Johnsigure-
of-merit 0 "O0 DO UL Ft“ was first proposed in 1965, and has sibeen used to provide a
measure of a semiconductors suitability in applications where botHreigirency and higipower
are of importanc§4]. The JFOM isnformative becausi defines a maximum bias voltage and
cutoff frequency for the material, and allows for crosaterial comparisonfor signal
amplification applications. In 1972, the Keyes figofemerit 0 "O0 0 I o fi“ - was
derived and has provided a useful metric that includes thermal conductivity to help better describe
a material sdé ther mal daswihng speed in FET fapplicatighd. Mne r  d e n
2004, Huang proposed three new figuoésnerit for unipolar switching power devices which
i ncluded Huan gobreeritnfadt @irdi pp 0 , f Hg & n gréasfigucedf-merit
06 0 00 -1 O and Hu a n g 6 sof-nterfit e ®"@d OIIF'O g[6]r Ehe
HMFOM specifies the total conduction and switch power losses of the material by considering
gate chargeTheHCAFOM is used focomparing the minimum required chip area dimensions of

various semiconductor matesalvhen designed to meet similar specificatioise HTFOM



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 useddéscribethe potential of GaOs for future
semiconductor device applications. According to BFOM, BHFFOM, JFOM, and HMFOM:Ga
has potential to otgcale some of the competing semiconductor materials such as SiC and GaN in
terms of performance in both higlower andhigh-frequercty applications. fie HCAFOM also
predicts that G#s is superior with regards to manufacturing because of its higthieh enables

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

Table 1.2 Figuresof-merit (relative to Si) calculated for Si, GaAs,&H C, G
Ga03, Diamond, and AIN used for determining higbwer device capability.

Fi gwHdkesr i Si GaA 4HSi ( GaN b-GagO; Di amoAl |
(rel ati ve

Bal i ga 1 15 340 87C 2870 2466591
E

Balig.@rldil 10 50 1014 127 158716(«(
HiFe

Johnson 1 2 17 28 29 33 10
F,:lvTZ

Keyes 1 0.3 3.8 278 0.2 19.5 3.
A Tzt

Huang Chil 5 48 85 255 619 147
J1=_H,8|f|=

Huang Mai 1 3 7 10 11 40 40
H® [

Huang The¢l 0.2 0.3¢1.8 0.01 0.860.
Aere




common parameter used for calculating each of these FOMs. (ig3&0s is likely its most
important material property and a driving factor for material development. At the present time,
the theoretical Eof 8 MV/cm is still unproven. i 2016, A.J. Green experimentally demonstrated
an k& of 3.8 MV/cm using a G®s MOSFET[7]. This was a huge breakthrough not only because
it surpassed that of SiC and GaN, but it was the highesvdiie ever reported for any
semiconductor material. This GaOs milestone was later confirmed Wgonishi et al., who
demonstrated a maximum electric field of 5.1 MW/cm was reached in a Schottky beder d
drift layer just before breakdown occurr®]. One dawback characteristiof Ga0Os is its low
thermal conductivity, which re#is in the relatively low KFOM and HTFOM values. &g has
a lowerthermal conductivity than any of the other semiconductor materials under discussion, and
this will certainly pose a challenge in designing future fpgtver devices.

The application spa&cfor a variety of materials is shownkigure 1.2[1]. The application
of each semiconductor cgenerallybe broken down into two distinct categories: Rigfguency
or highrpower. The application space of each semiconductor can be estimated in part using the
onesided abrupt junction approximation Bfjuation 1.2 as demonstrated by Chabetkal. [9].
Theapproximation was used for comparing the depletion width formed in S§i@HGaN, and
Ga&0s unipolar tweterminal devices with the assumption that each was dojgokento achieve
an identical breakdown voltage. As the approximation suggests, deplaibnscales inversely
with critical electric field strength, meaning that when usingGzdhe 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 waiilowers any resulting RC time constants in frequency

applications.
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Figure 1.2 Powerfrequency diagram showing the application space of various semiconductor
materials. Copyright (2017) Electrochemi&dciety[1] .

1.2  Gallium Oxide Properties
1.2.1 Crystalline Properties

Gallium oxide has five distinct poowp mor phs
uni que <crystal structur e, materi al properti es
polymorph is the most commonly studied because it remains thermally stable up to its melting
point of 1900°C, while the remaining polymorphs will transitionti €Ga0z when subject to
temperatures greater than 75q30], [11]. -Gakds is the main focus of this work, but the four
other polymorh s st i | | require discussion since they
phase. The r h-Galabeehitha $ecopdhmost studiét polymorph of gallium
oxide because of its ease in growing heteroepitaxial films on sapphire subsinétesstingly,
the banGg®dP5.003 UeV) is |l arger thantoUhatansithe
has been reported when subject to high pressure conditions of 9[3ZkPa a r dGas have
not generated nearly as much interest as the other three polymorphs despite having cubie and body
centered cubic lattices, respectivdli3], [14]. There have beGx@:foreport s
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fabricating quantum dots withsible bluegr e e n | i g hGaOswmas repsriedotmpossesd)
a unique internal polarization property that could be used irdimensional electron gas (2DEG)
applications by forming (AlGaps/Ga203 heterostructures in a similar fashion to what has be
demonstrated with AlGaN/GaNlLl0]. These four polymorphs all have unique processing
requirements but can generally be synthesized bytéonperature heteroepiial growth. Table

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

Table 1.3Five polymorphs of G#s and their crystal properties.

Polymorph Crystal Structure Lattice Parameters (A, °©) Ref.
U Rhombohedral a, b =5.04, c 43.56 [12]
b Monoclinic a=12.23,b=3.04, c =8 [15]
b = 8103.
o) Cubic a, b, c=8.22 [13]
u Body-centered cubic a,b,c=9.70 [14]
U Orthorhombic a=5.12,b=8.79,c=9.41 [16]

Currently, b-G&0Os has the most promise among all of the gallium oxide polymorphs
despite it havinghe most complicateshonoclinic crystal structur@sshown inFigure 1.3 The
[010] direction and ¢t p plane are shown here because these are the two most common
orientations of bulk and thin film growth. Thert p surface is the preferred heteroepitaxial
gr owt h p-Al#ns substmteswHile the GaOs [010] direction has the highest thermal
conductivity in the crystal (due to monoclinielated anisotropy) which makestlite preferred

orientationfor high-power devices. A detailed explanation for this will be given in the following



section.The unitcell is comprised of 12 gallium and 18 oxygen ions, hence the compound notation

of Ga0s.

(201)

Figure 1.3Uni t cGaO) of b

1.22 Electronic Properties

Similarly to other transparent conducting oxides such as ZnO afd, In t -Ba&0s3 b
electronicstruetr e i's compl ex and dependeGerOsstucdune mat er
contains both tetrahedral and octahedral coordinated metal ions, which are generated from a strong
interaction between thes metal and2p oxygen orbital§17]. Theb-Ga0Os bandgap, conduction
band energy dispersion, and resulting effective electron mass and mobility is produced from these
Ms-Opinteractions.Figure1.4s hows t he ener g-GaMvatntde valenceband ur e ¢
maxima aligned to zero enerfy8]. The conduction band minima and valence band maxima are
|l ocated at thhhes , 0 r@ams g e 01t ipwaeGayOs is an Bidirectdbaridgam i t i or
semiconductor with and=Ev of 4.89 eV. The material also contains a direct bandgap of 4.92 eV
|l ocated at t h e-Sciuseripbonzenhbf.hybrid TuhcdonaHmeogealing approach has

sh o w iGaB3to have an electron effective mass of 0.2718], while a similar vale of 0.28



was observed experimentally using higisolution angleesolved photoelectron spectroscopy
[19].

The ntype conductivity of gallium oxideanbe controlled over a very wide range {20
10° g *cm?). Unlike otherconducting oxide materials, oxygen vacancies are not responsible for
this behavior. Using density functional theory (DFT), Variyal. showed that the oxygen

vacancies create deep donors with ionization energies of greater thg@d].eVarleythen
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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 induded intentional Si, Sn, and Geype dopants. These group IV elements substitute onto
Ga sites, where Si and Ge prefer the tetrahedral coordination of the Ga(l) site while Sn prefers
subditution into the octahedral coordination of the Ga(ll) gt¥. Other atoms such as F and Cl
were shown to substitute onto O(lYes because of a preference for threefold coordination.
However, the donor coordination topic has been somewhat controversial. A more recent DFT
modelling reporby Lany et al. showed that while Si is a shallow donor, Sn and Ge are not, but
rather have elocalized impurity states near the conduction band minima but are close enough for
ionization at 300 K22]. Regardless, all three dopants function similarly as shallow donors in
Ga0s and have been shown capable of being precisely controlled for doping in the ranéfe of 10

i 10°° cm® using various growth metho@].

It appears that-fype conductivity is not possible in &2 because of small dispersion in the
valence band maxima. This resulisai large effective electron mass of 0.3and causes holes

to form localized polarons, or sdlfapped holes (STHs), rather than mobile free holes in the
valence band18]. The STHs are an intrinsic defect within the;Gastructure, where a hole
localizes on an O atom or two O atoms with an atomic displacement as shéigura1.5[18].

Figure 1.5 (a) (d), and(e) depict the relaxed atomic configurations possiblejU-, i a-8a0s, U
respectively.Figure 1.5 (b)and(c)s how t wo s iG&@s wheie the STH is focalized

on the O1 and O3 sites, respectively. When a hole becomes trapped on the O1 site, it is distributed
amongst two distinct O sites whichearelaxed by 0.25 and 0.27 A. 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 A. Gaketal.f ound tGm@ithe 8THs in dither situation had high seépping
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eergies of about O0.58 eV, me-&&0:; woglld hetexdrémelp bt ai n

difficult.

Figure 1.5Relaxed atomic configurations and isosurfaces of the squared wave functions for the
STHs on (a)-GaOpéb)teOdsitae@di 16 cY t RGON@@)the O siteini n b
U-GaOs, and (e) t-GaeOs. OFeensand red balls indidgate Ga and O atoms,
respectively. The isosurfaces correspond to 10% of the maximum value. Copyright (2019)
American Physical Socief$8].

Mg, Fe, N, and Zn deelevel compensating acceptors have been usepHigne doping,
but this has only served as an enhancement of insulating properties rathetyjpaggnduction.
Forming pn junctions in GgOs will not be possible unlesstype conduction is somehow realized.
This is one of the major limiting factoos the technology in its current stage of development. The
absence of ftype conduction in G&s means that all devices will be controlled by majority
carriers, effectively | i miti n-typetddvicesmat eri al 0s

The electronmm b i | i-Gay0s hasfbeeh studied thoroughly using different experimental

and theoretical approaches, and currently the upper limit for intrinsic material is estimated to be

12



250 cnf/V-s. Maetal.r eported on t he -Gal@itbydomparingtemperdiviel i t y
dependent Hall measurements with a model derived from fundankentaltheory[23]. As

expected, it was found that the electron mobility decreased as a power function with increased
carrier conc epT) relatiorisiproEquatidhi.8was obtaided, whered\cni®)

is the donor concentrationamd ( K) i s temper at ur eFiqure a.6shos f or 3
the electron mobility plotted as a function of donor concentration for temperangimg from

3007 500 K. It was found that the room temperature mobility was dominated by polar optica

(PO) phonon scattering at doping concentrations below 2.7¥6gf®® (denoted as the critical

doping density, i) as determined by tHe ‘ ‘ crossover coumdition
Hal | mo b ik mettral imgourity mability. The molility was significantly degraded once

Npb > Nor. Maet al. concluded that, whildifficult, it is possible that the PO scattering energy of

Ga0s could be altered bywpplying strain. If a higher mobility is required for a particular
application, one alteative approach could be using (Al&2y/Ga0s heterostructures to form a
two-dimensional electron gas (2DEG). As seen in aseeniconductors where forming a 2DEG

is possible, the electron mobility in a (AlG&yGa0s 2DEG should theoretically be higher than

that of the bulk material because of momentum conservation relaxation in the interface
perpendicular direction during eteani PO scattering processes, eliminating the neutral impurity

potential, and significant ionized impurity scattering reduction.

C 5 RY S — (1.3)
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The development of both ohmic and Schottky contacts is important for utilizing these
electrical properties in semiconductor device applications. eYah investigated Ti, In, Ag, Sn,
W, Mo, Sc, Zn, and Zr as eleical contacts onto G&3[24]. Similarlyto 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 dagiiermal anneal (RTA) in anldtmospher§25],
[26]. The Ti/Al/Ni/Au ohmic metal stack regslin a contact resistancedRhat ranges from 10
i 8 0 -mun for Sndoped films with carrier concentrations around 2R1¢h [25]. Using
photoelectron emission spectroscopy (PES), Matanal.reported the electron affinity.( )
and work functionlg ) of GaOsto be 4.00 eV and 4.11 eV, respecti@y]. The Aubarrier
height @3 was then estimated to be 1.23 eV using the Schofibdy rule, 54
B B O O [28],[29]. The most commonly used metals for forming a

Schottky contact are Ni and Pt, howevothers havalsobeen evaluated. Yaai al.reported on

the electrical behavior of five different &3 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 observe@0]. A plot of Schottky barrier height versus metal work function

is shown inFigure 1.7[30].
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Figure 1.7 Calculated Schottky barrier heights versus metal work function for Schottky barrier
diodes fabricated on¢1t p bulk and (010) epitaxiaba:Os. 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

b-Ga0s is expected to be used in a variety of hpgiwer semiconductor device
applications in the future. These devices will inherenthegae large amount of heat because of
the dissipated powerThe heat dissipationissuesn wide bandgap materials like SiC, GaN, and
AIN can be mitigated btheir high thermal conductivés (Table 1.1). This is not the case for
GaO0gs, which has a rooAemperature anisotropic thermal conductivity that varies betweé&n 10
30 W/mK depending on crystal directiof38], [39].

The crystal has a maximum thermal

conductivity in the [010] direction, but is significantly lower in all other crystallographic
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orientations. The other crystal directions where thermal conductivity has been analyzed in
GaOzare prmigU prmg ¢rip, U ¢rtp, mmpand p 1t T Temperaturelependent thermal
conductivity data is shown iRigure 1.8(a) where measurementere made using timdomain
thermoreflectanci8]. Thethermal conductivity values for 300 K and 500 K are showRigure

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. Get al. extracted the phonon growelocity in each crystal
direction experimentally and by firgrinciple calculations as shown figure 1.8(c)[38]. The
velocities shown are normalized to that in the [001] direction, which had an LA mode group
velocity of 7.1x18 cm/s. We havealso investigated the effect of doping on thermal conductivity
using undoped, Sdoped, and Fdoped Ga0O3 samplesand will discuss the methodology used

and obtained results in Chapter 4 of this work

(a) 1000 C T [b TGT TOT TrrIrr l TT lll'TTI"'T"HIUIHIII'"Y_ (b)
L bGa ]
L unit cell’ " O ?g; ] Crystal Thermal Conductivity (W/m-K)
7 5 ’E’ > 201 ] Direction | 7300 K T=500 K
I o 010 7
g . ] [001] 14.7 7.9
¢
< & o7 s ] [100] 10.9 5.9
£ I [010] 270 117
g 6
> 100 | . [-201] 13.3 6.9
R :
S \O R (c)
(_‘-; “\“‘? ‘“\‘(‘%"\‘? . Crystal | Phonon Velocity (x7.1x10° em/s)
E ' d(} ¢ 1 Direction | gxperimental Calculated
s N -
- ! ?\é i [001] 1.00 1.00
NN s
10 - RN 100 0.88 £ 0.20 0.91
i I .‘igé o] [100] +
i 0g ] [010] 1.32 £ 0.25 1.13
L (a ]
.( )L NPT FUTETITN PPN [-201] 0.94 + 026 0.93
100 200 300 400 500

Temperature (K)

Figure 1.8 (a) Temperaturedependentmi s ot ropi ¢ t her faOs: focfounduct i

unique crystal directions TDTR(b) Results for 300 K and 500 K are tabidd. (c) Crystal
direction dependent phonon velocity determined experimentally and througiprifivsple
calculations Copyright 017) AIP Publishing38].
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1.3 Challenges

The development ofadlium oxide is similar to other wide bandgap materials in its early
stages of development. There are some mathalengeghat will need to be investigated in
detail as the material mature§he two main challenges identified so far include low thermal
conductivity and the inability tabricatep-type material that exhibits hole conduction rather than
just higher insulatig properties.

It appears that the thermal conductivityGaOs reaches a maximum of 30 W/khalong
the [010]direction, but one cannot exclude the possibility of ottrgstallographic directions
having higher thermal conductivitwhich have yet to be sied The low thermal conductivity
will certainly pose challenges in the development of future -piglier electronics, but iis
possible that new ways of packaging and heat extraction can be developed to accommoedate. Top
side heat dissipation can bé&ea advantage of in (01@yiented GeDs crystals. Increased heat
dissipation might be achievable by using thinned substrates. e §kdbstrates currently being
manufactured have a thickness of @30. Reducing the thickness to 30 is achievable Yo
polishing techniques, and would likely incrediseheat dissipation. Baeside solutions such as
wafer bonding will need to be investigate agdl\f10]. Thinfilm transfer of GaOs drift layers to
compatible materials with higher thermal conductivities are likely to aid in heat dissipation in
vertical highpower devices. This was demonstrated by Chattetjagwhere a GgOs substrate
was thinned to 1@ m and bonded to an AIN/diamond carrier wafer using an epoxy underfill
material to fabricate a highower MOSFET[40]. The thermal resistance in the structure was
reduced by a factor ofixsin comparison to a similar device fabricated on a standalon®:Ga

substrate.
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P-type GaOz material has been achieved usiMyg, Fe, N, and Znas deeplevel
compensating acceptonsut so far enhancedtppe conductivity has not been realized. This is
common in oxidebased semiconductors, but none of the previously examined oxide materials
exhibit the same properties@s03 which make it viable for higipower electronics applitans.

The 8 MV/cm critical electric field strength provides a pathwaydafOs development in unipolar
device applications. PN junctions will not be attained without conductiypgomaterial, but this
is not problematic forunipolar devices such asittky barrier diodes, MOSFETs, and UV
photodetectors.

Some abstract device structures have been reported usithgp2dGa.03 in an effortto
obtain ptype conduction. Fengt al. grew ZndopedGaOsz nanowires on an undopedtype
Ga0s 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-V characteristic. Taet al. grew amorphous ZdopedGa0s layers
using atomic layer deposition (AL}M2]. The 26nm-thick film was grown by depositing ZnO
and GaOs layers in alternating cycles on a (100)ype Si wafer. Film composition was varied
by the ratio of ZnO an&a0s cycles. The films grown by different cycles (3, 5, and 7pafOs
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 contal@&@s, 7:1
G&03:Zn0, 5:1Ga0s:Zn0, 3:1Ga03:Zn0, and ZnO hae been reported i 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 w@k0s3;, 7:1 Ga03:Zn0O, 5:1
Ga0s:Zn0, 3:1G&03:Zn0, and ZnO had resistivitef 1.8040% 8.35x106, 3.54x16, 1.42x16

, and 1.25x18q -cm, respectively.
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Regardless of thegerateriallimitations, the interest irGa0O3 has continually increased since
t he e ar IFgure2l® 6hovis she number of publications on galliumdexper year since
1950. All indications point towards a continued effort in the developme@iag®s for high-power
applications. Thefollowing chapter will discuss the progress made ipQz&ulk crystal growth,
epitaxial thin film growth bymolecular beam epitaxyMBE), metalorganic vapor phase epitaxy
(MOVPE), andpulsed laser depositiafPLD) techniquesas well as thelevice performancef
Schottky barrier diodes, MOSFETSs, and sditind UV photodetectorshat have been reported

to-date
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Figure 1.9 Number of publications on gallium oxide per year since 1950.
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CHAPTER 27 MATERIAL GROWTH AND DEVICE ACCOMPLISHMENTS

2.1  Bulk Crystal Growth Capability

One motivating factor for developing gallium oxidased devices the availability of
high-quality native substrates that can be produced using traditionabassd crystal growth
methods such as Floating Zone (FE), [2], Czochralski (CZ]3], [4], and EdgeDefined Film
Fed Growth (EFG)5]. The primary benefit of using such techniqigethat bulk crystals can be
manufactured at lower costs than those associated with sublimation techniques like what is used
for growing SiC substratg$]. To date, EFG is the most commonly used technilguredustry
for manufacturing native G@s substrates. This is likely because EFG is so widely used for
growing bulk sapphire crystals, and there are many similarities betwg@sahld GaOs that have
made the transition relatively straightforward.

A schematic diagram of the EFG process is shoviigare 2.1(a)[5]. The EFG method
uses higkpurity GaOs powder which is melted in an Ir crucible under an atmospheric pressure
containing 98%N2/2%0and i ni t i s&Ga@:deacrystan dhe 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 @, the melt makes contact with the seed crystal which determines the orientation
of the resulting bulk crystal. Kuramagbtal.reported a growth rate of 15 mm/hour when producing
rectangulaishaped bulk crystals with dimensions of 2.4 x 60, 18 x 60, and 6 x 18@momn in
Figure 2.1(b)[5]. SIG: and SnQ powders can be added to thexGasource material tachieve
n-type doping of Si and Sn, respectively. Fe and Mg powders have been adde@imElato

create a more insulating material, btttype conductivity has yet to be achieved in@sa Prior
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Figure 2.11 mage s &&03brystalk prdilucedy EFG. Copyright (2016) The Japan
Society of Applied Physi¢s].
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Gazos melt %‘
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slit (100

to any additional processing, the bulk crystals were annealed at 1450 °C for 6 houwramiadxt
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) maehirThe fully processed substrates had a thickness
of 650 & m aongihregvdifferentrgstaltographic planescluding ¢m p, (010), and
(001) An | mage o0X3sabstratéis showa FRigute 2.1(c)[%.aTable 2.1shows
a list of the commercially available &2 substrates from Tamura Corporatipfj which are
procesed using the described method.

The reported EFG recipe results in bulk crystédth defect densities on the order of 1%10
cm? and without any detectable twin boundarias estimated using TEMImpurity element
concentrations were analyzed in the crystals using glow discharge mass spectroscopy (GDMS).
The major residual unintdohal impurity elements found in the ®loped GgOs 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 AIN or8k crystal growths.

Subgrate manufacturers are currently selling 10x15am d 2 0 g0 cyystdlsdor G a
approximately $740 ($4.93/nfinand $1,250 ($2.47/mi)) respectively. Making a direciost
comparison to Q4 single crystal wafers can lgfficult because of th@ast number of vendors
and wafer specifications, but some available (0@biEnted Sidoped single crystals sold by MSE
SuppliesLLC include 10x10 mrafor $419 ($4.19/mrf) , 2 égrade FoD$2,795 ($1.38/nfn
and 2 édiodegrade for $3,895 ($1.92/m Meanwhile, the samenanufacturer is charging
only $919 ($0.05/miA) fo r a -SBCowaférHThe comparativeost of GaOs single crystals is

to be somewhat expected given that i1itds a rel

Table 2.1Commerciallyavailable GaOs substrates from Tamura Corporatidid].

10x15 mn? Substrates

Orientations (001), (010), 201)
Dopant Sn UiD Fe
Conductivity n-type n-type (JQ;%IgtJE%)
Ng-Na (cn3) 1x10'87 2x10° < 9x10" -
Thickness (mm) 0.65
FWHM (sec) <150
2 Inch Substrates
Orientations (-201) (001)
Dopant Sn UiD Fe Sn
Conductivity n-type n-type (Jggl%lgt_'gr%) n-type
Ng-Na (cm) 1x10®7 9x10'8 < 9x10” - 1x10187 2x10°
Thickness (mm) 0.68 0.65
FWHM (sech) < 150 < 350
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Reeseetal.r ecent ly reported cost anGidinglsdrystaldat a
wafers and compared the finding to the total cost of manufacturing an individual SiC&yafer
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: ingotedin si ons of 1 meter i
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 da20-year building depreciation time. As shownHFigure
22, they estimate the t ot sgOswaferond be $2888, whichisledsact ur
than 31% of the SiC wafer cost found by the same model and is consistent with market pricing.
Theyclaim thatGaOs wafer production costs will likely be reduced further. The model predicts
that it is possible toaduce the price/wafer to $195 by doubling the crucible life to 20 growths,
doubling the ingot length to 2 meters, and optimizing wafershwlg processes. Additional
analysis estimates that the £Ba wafer cost savings compared to SiC will lead to Fpglwver
devices that are 50% less expen$8je

$1,000-  SIC

$916

$900 -

$800 —
. $700
2
@
2 %6004
3
o
] $500 -
2

$400 ~
g Ga,0;
I $283 -15%

$300 4 o

-3% 4% 9% GaZOl
$200 ~ $ 195
$100 -
$0 + T T T T
SiC Ga,05 Double Double 50% Double Ga,05

current initial crucible ingot higher epitaxy final cost
cost cost life length polish rate rate

Figure 2.2Modeled costs manufactue6 0 Gs@and SiC wafersPrice reduction avenues are
shown for Ga0s, reducing the price/wafer cost to $195. Copyright (2019) Elsé¢8jer
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2.2  Thin Film Growth

2.2.1 Overview

Ga0:z thin film growth isnot a new area of research. Because of its optical transparency,
polycrystalline/amorphous @@z has been used for decades as a charge dissipation layer in optical
applicationg9]. Singlecrystalline GaOs was first being reported in 2000, where it was grown
on c-plane sapphire using pulsed laser deposjiOh Since that time, a wide variety of substrates
have beerexplored for Ga0s thin film growth, such as AlOs, MgO, and Si, as well as native
Ga&0s substrates with various orientations and miscut angles. Currently, the four most commonly
used Gg0s thin film growth techniques are metatganic vapor phase epitaxy (MOER, 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 (Mis€VD). Figure 2.3shows a plot of caier concentration versus mobility
f or homo eGpOsffilmscgroan usifig MBE11]i [14], MOVPE [15]i [17], HVPE[18],
MOCVD [19], [20], Mist-CVD [21], and PLD[22], [23]. Additional details for each film can be
seen inTable 2.2 The dot t e d&Gab:iNmdepersdantmobilitytappeoxinbatiarf

Equation 1.3at 300 K[24].
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[22], [23]. The dotted line shows the mobility approximation at 300 K as sholauiation 1.3
[24]. Copyright (2019) IOP Publishin@5].
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Table 2.2Film dopants and substrate orientation of films showRigure 2.3
grown by varying growth techniques.

Growth Film Spbstra_lte Symbol Reference
Method Dopant Orientation
HVPE Si (010) [18]
uID (010) [18]
Sn (010) y [11]
Sn (010) 0 [12]
MBE Ge (010) Z [13]
Sn (010) < [13]
Sn (001) [14]
Ge (001) [14]
Mist CVD Sn (010) y [21]
MOCVD uID (010) y [19]
Si (010) y [16]
Sn (010) 0 [16]
MOVPE Sn (100) Z [15]
Si (100)-4° miscut < [17]
Si (100)-6° miscut [17]
Si (010) y [22]
Si (010) 0 [23]
PLD Sn (010) © This Work
Sn (001) © This Work
Si (010) O 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 exceethose of the other techniques. MBE technology has

demonstrated the ability tpreciselycontrol the carrier concentration of homoepitaxiab@za

29



across fouorder of magnitudg€10t® i 10?° cm®) using various dopants while still maintaining
high carrier nobility. In the first repoof homoepitaxial G#s thin films grown by MBE, Sasaki
et al.used Sn dopants to achieve carrier concentration and mobility ranges of-2i6xBx10°
cmi®and 101 32 cnf/V-s, respectivelyll].

Figure 2.4shows ga) schematic diagram of an MBE system used for growing&ed
Ga&0s and(b) the MBE interior where the substrate heater and ozone nozzle are [@sipleA
liquid-cooled turbomolecular pump is commonly used for MBE growth to help minimize chamber
pressure. The GaOs thin films aregrown using either ozone an oxygenRFplasma 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 bdfadgrovidingdopants
such as Si, Sn, and GAside from finetune control over effusion cell evaporation and gas flow
rates,MBE is beneficial because the system is equipped with a reflectiorehigyigy electron
diffraction (RHEED) gun that allows fan-situ monitoring of the substrate and thin film surfaces

during growth. Ozone MBE is capable of growi@gOs films at rates of up to 3m/hour, but

suffers withthickness uniformity in comparison to Rifasma MBE. On the contrary, Rifasma

Substrate
heater

RHEED
screen

RF-plasma

Ga,Og4 substrate ._.

‘-

Liquid nitrogen

2 cooled shroud Ozone nozzle

(@) (b)
Figure 2.4 (a) Schematic drawing of an MBE system used for growirgopad GaOs and (b)

an optical image from inside of an MBE growth chamber showing the substrate heater and ozone
nozzle. Copyright (2019) John Wiley and S@6§.

30



MBE is capable of growing filmwith a uniform thickness across an entire wabeit the growth
is reduced to about >m/hour. Effusion cell temperatures and flow rates can be adjusted to
manipulateGa/Sn/O flux ratios using both methods.

Reports have shown thiie MBE growth 0fG&03 has thre@istinctgrowth regimes when
using a constant oxygen flyR7]: (i) complete Ga incorporation in oxygech conditions; if)
growth rate saturation regardless of increased Ga flux;i@hdrowth rate decrease regardless of
increased Ga flux. Vogt and Bierwagen speculated thaMiBE growth kinetics of G#0s
involves the two chemical reactions shown below.

¢'Ow 0 O O Qi
"Owl ¢ © "OWo i € aQQ

In reaction(1) we see the formation of a gaseous@auboxide resulting from a Ga flux
and constant oxygen flow. In reacti®) the suboxide completes a desorption process from the
growth front, reacts with two additional oxygen atoargjthen forms the solid pha&e0Os. This
is interesting because normally the>QGasuboxide is volatile to growth, but here it plays a
governing role in forminghe GaO3 growth front.

To date, Sn and Si dopants have been stud@eé intensivelyhanthe Gedopant Using
MBE for S-doped Ga0s has proven to be an effective method when growing film with higher
carrier densities (e.g. n >¥@m?3). One area of active research where this is beneficial is in the
development of devices like MODFETs where modulation and delta dopmgdesired.
Achieving lower carrier concentrations with Si is difficult because pféactions with the Si
surface within the effusion cdR8]. For this reason Sn is often the dopant of choice for achieving
lower carrier densities in G@s when using MBE. In 2014, Okumuea al. showedmaterial with

carrier concentrations as low as10k’ cn® and mobilities up to 80 criV-s when using Sn
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dopantd12]. However, Higashiwalet al.later reported that Sn atoms tend to segregate from the

Ga0s atoms andnigrateto the surface of the film, causing dopimgn-uniformity issueg29].

2.2.3 Metal Organic Vapor Phase Epitaxy

Aside from material properties, one reason for choosin@§@ver GaN or SiC in future
high-power electronics is that it can be produced at a lower cost. From this standpei
optimization of highthroughput growth methods such as MOVPE is crucialOsthin films
have been grown by MOVPE using eittiemethylgallium (TMGa) triethylgallium (TEGa), or
gallium dipivaloylmethanate (Ga(DPM))as Ga precursors and eitlpemre Q or HO as oxygen
precursorg16], [30]. Sn dopants are incorporatadng tetraethyltin (TESn, §H20Sn) as the tin
precursof31]. Bubbler temperatures of & and-10 °C are typical for Ga and Sn precursors,
respectively. An Ar carrier gas with a 3@000 sccm flow rate is commonly employed as a carrier
when RO is used for the oxygen precursor

Contrary to theMBE (i.e. plasmaenhanced, ozon& a0z thin film growth ratetypically
limited to3 ¢ m/[3R]p[83t, theCVD-based growth methods are capable of growth rates up to
1 0 ¢ m[30].cShawn inFigure 25 is the (201)oriented GaOs 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
maxi mum gr owt h r at e swolisensedwhentusing a sulbstrate tempeature of w a
850 AC, chamber pressure of 40 Torr, and 75 ¢

(010} oriented Sidoped Gg0s thin films grown on Fedoped Ga0s substrates by MOVPE
had reported carrier concentration and mobilityrealranging from 1x20i 1x10?°cm® and 130

i 50 cnt/V-s[17]. In the same work, films grown on (1e®jiented GaOs had a maximum
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electron mobility of only 50 cAiV-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
wereparallel to the (100) plane and had a c/2 glide reflection. It was speculated that these crystal
domains with different orientations along thelane resulted in the formation of incoherent twin
boundaries with dangling bonds that lead to charge cami@pensation and reduced electron
mobility. The film quality was increased substantially (mobility of 116/ers for 1x132 cm3

carrier density) when using (106jiented substrates with a miscut angle6st Incorporating a
(100)6° miscut decreasdtie width of terraces on the substrate surface, allowing for the adatom
diffusion length to be long enough for the development offitsp growth. The films resulting

from the use of a substrate miscut had transport properties that were superioe @groos by

MBE, as shown irrigure 2.3
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One known issue with MOVRBrown GaQOs is the unintentional inclusion of carbon
impurities that originate from the metalorganic precur§®$ It has been reported that carbon
i mpurities f or rGa®jwaithicam vause mstabilitysn dopimg control aesiuit
in elevated doping levels that are higher than intefi@®@d This is an issue when growing drift
layers for Schottky barrier diode applications where a low carrier concentration is desired. This
could helpexplain the relativelhigh minimal doping concentration of 1X1@n observed in
MOVPE-grown films as shown iRigure 2.3 On the contrary, a benefit of MOVRfEowth sits
capability to grow films at increased temperatures since the chamber pressigsificantly
higher. Reports have shown thating growthtemperature greater than 800 °C bdné¢ t-s b
(AlxGawx)20s thin film growth by increasing its solubility limit and allowing fiims wherex >
40%, enabling the growth of abrupt super lattice interfaces Usi(A)xGai-x)203/b-GaOs

heterostructuref36].

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 Si%s, ZnTe, MoQ, and Ge[37]. Laser technology advancement has
resulted in the availability of lasers with higher energy densities, shorter wave|efagties
repetition rates, and shorter pulse times, which increased the capability of PLD by expanding the
materials that can be grown. During growth, a fpglwer laser is used to ablate the target
material, creating a plasma which is propelled away ttwrtarget and onto the substrate surface
as shown ifrigure 2.6 usingan (a) opticalimage[38] and(b) schematiarawing A large quantity

of parameters can be altered to finee 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 gar 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 higimperature furrae to increase density. In this
work, 5N GaOs powder was mixed with’8 SnO. or SIO. powders with molar concentrati®of
the dopant species ranging fromi0l 0 mo | %. Targets were pressed
at 5300 psi and sintered for 12 hewat 1600 °C. Targets fabricated in industry are commonly

processed using a O0hot pr eesland siriteeed simuitageously. wh e r e

laser
guiding
system

vacuum chamber

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 gtbwechnique.

One supposed benefit of PLD is that the target compositinrbedirectly translated into
the film composition, assuming equilibrium throughout the target. However, as depi€igalran
2.7, reports on PLBgrown Stdoped GgOs have showrthat this isnot alwaysthe case. The
dashed line represents the theoretical concentration of Si atoms present in the film as calculated
by Equation 2.1, where” cazosis the density of G&s (6.44 g/cni), M is molecular massis the

fractional mass of the target, aNdi s Avogadr o6 s Zratomshnel}39].(Zhang 2 2 x 1 0
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et al. grew a multilayer Stdoped GgDOs structure using different targets for each layer with
increasing Si@Qweight percentaggg0]. The structure was evaluated using secondary ion mass
spectroscopy (SIMS), and it was found that the Si concentration in the layers increased linearly
from 7x10%7 4x1C° cm® when varyinghe target Si@content from 0.01 0.7 wt.%, respectively.
Leedyet al. published a similar report where a series of thin films were grown using commercial
targets with Si@ content varying from 0.01 1 wt.% [23]. The Si profile of each film was
measured by SIMS, and despite the target, Si@mposition varyingover three orders of
magnitude a small Si concentratiovariation in therange of 9.25x1¥ i 4.15x1G° cm® was
observed. This discrepancy was attributed to the target composition containing mottea8iO

advertised at lower concentratidi2s].
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Figure 2.7 Si concentration of Si:G®3 homoepitaxial thin films as a funeti of SIQ wt.% in
PLD targets. Films were evaluated by SI[2S], [40].

0 o (2.1)

PLD has shown to be a great method for producingOgthin films when a carrier
concentration of more than 1X¥@m? is desired as shown Ifigure 2.8. Interestingly, among

all of the analyzed growth methods, PLD has also shown capable of growing the most conductive
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GaOs f i | ms . I n this wor ki¢m! was achievedwsirtgiSvdoping. o f
Additional discussion on this achievement wit 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 bgn increased defect densitytiefilms. As mentioned, the source
material used dimg growth is made of 5N G@s and SiQ/SnCG powders, but its possible that
additional impurities are incorporated into the targets during fabrication. Whereas in other growth
methods the source material remains in the original packaging amat suseptible to the
incorporation of unwanted impurities.
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Figure 2.8 Carrier concentration, mobility, and conductivity values of homoepitaxiaDgthin
films grown by different growth methods.
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2.3  Ga203 Device Types

2.3.1 Overview

Ga&0s has a wide vaety of attributes that making it useful in many possible applications.
Its optical transparency and wide bandgap alignment give rise to devices likeJdeep
photodetectors, while its critical electric field strength gives promise forgogrer devices sin

as Schottky barrier diodes and a variety of fieffiect transistors.

2.3.2 Ultraviolet Photodetectors

Solarblind deepultraviolet photodetectors (PDs) are useful for applications including
ozone monitoring, missile tracking, combustion process monitoring, flame detection, and
chemical/biological analysi$41]. The UV spectrum (10 400 nm) can be brakhn into
subdivisions of UVA (3157 400 nm), UVB (28071 315 nm), UMC (1007 280 nm), and WV
(107 200 nm). Solar radiation occupies the \@spectrum, but is absorbed by diatomic oxygen
(2007 200 nm) or triatomic oxygen (2002 8 0 n m) i ratmospher¢dH.aThis $péctsal
rangeof200280 nm i s refer-bedndd® bhescheseogofdsobhias
important because signal within this wavelength range can be efficiently detetttedt noise
from solargenerated UV light The GaOs direct bandgap of 4.9 eV corresponds to a wavelength
of 250 nm, making it a promising material for dddy detection. GgOs-based UV PDs have
been demonstrated using a wide variety of structurdsdimg GaOs thin films [41], [43],
nanostructureg$44], [45], and heterojunction§46], [47]. One of the most common device
structures used for fabricating LRDs is the metademiconductemetal (MSM) type. As shown
in Figure 29, the MSM PD has a series of interdigitated fingers extending from two Schottky

contacts on th face of the semiconductor into the center of the device where UV radiation is
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absorbed and creates electtmie paird41]. 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/XDAB/Au
on a sapphire substrate. Inset shows an optical image of the device surface. Copyright (2019)
John Wiley and Sorj41].

While theMSM PD structure is relatively simple from a fabrication standpoint, there are
instances of G&®3 PDs that involved additional attributes to enhance their performangare
2.10(a) shows responsivity and response time data forRIDg fabricated usingk or thin film
Ga03[41], [48]i [62]. Qinet al.was able to obtain a recehigh GaOs PD responsivity of 3000
A/W using the enhancementode metabxide-semiconductor fielgffect phototransistor shown
in Figure 2.10(b) [51]. The phototransistor had an incredibly low dark current of 0.7 pA when
using a fixed \bs of 20 V. When under 254 nm illumination the dramurce current gk)
increased by over six oetdlachiefventhagnilt ader &oepi
t h e -@GaObranowire array shown iRigure 2.10(c), which is the highest reported response
time for GaOs PDs[57]. Given the nature of the utilized Schottky junction, the device was

operable witlbut 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 thesalfered option is not ideal. Under a
30 V reverse bias, the photocurrent had a linear relationship witteimdight intensity from 0.1
i 2.0 mWi/cn3, suggesting that the device could function as a 4dilad UV light amplitude
photodetector. Leet al.fabricated a flexibl€80s PD using apolyimide substrateas shown in
Figure 2.10(d) [60]. The added functionality of a flexible PD could prove to be useful for a variety
of sensing pplications. It is more likely that the merit of this work is in the high UV detection
performance obtained from a PD with an amorphougé&alm. The PD had a fast 2.9¥s
response time and high responsivity of 45 A/W. This indicates th&:@&Ds could likely be
fabricated on any surface and still have more than capable detection performance.

The GaOs PDs discussed hehavebetterperformance than what is currently available on
the market.Figure 2.10(a)also shows the performance of thremGa0z-based PDs available
from Thor Labs. These detectors were made using GaP (model# FGAP71), Si (model# FDS101),
and U\tenhanced Si (model# SM1PD2A). These detectors were chosen because they are
advertised as being capable of detection in theddbn. The GaPand Sibased PDs are capable
of faster response times, but lack severely in responsivity. Only a single response time was
reportedor each detector and it is unlikely that it was measured under UV incidence, which could
increase the regpse time. Responsivity values shown here are for wavelengths of 250 nm. None
of the shown PDs are solhlind, which limits their potential even further when compared to

Ga0Os3 PDs.
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2.3.3 Schottky Barrier Diodes

Gallium oxide is expcted tocontrol a significant portion othe highpower Schottky
barrier diode (SBD) application space because ofdis\Rsr metric as determined yquation
1.1 These two parameters are key for determining¢weceperformance. Avalanche breakdown
voltage for SBDs determined from the critical electric field strength of the material. Given that
the & of GaOz is 8 MV/cm, the only semiconductors that could challenge this application space
are AIN (15.4 MV/cm) and diamond (10.0 MV/cm). There are challenges associated with each
material. GaOs and AIN cannot be dopedtgpe, while the potentialf diamondmateral suffers
from availability of substrates with sufficient size and quality. AIN substrates are currently being
manufactured by multiple commercial suppliers (HexaTech and Crystal IS), but are very expensive
and somewhat limited in availability when coaned to what is commercially available for:Ga
[63]. This is partially due to the difficulty in producing AIN from a melt, which as previously
discussed is a major upside foroGa High-quality single crystals are the basis of producing
deviceready epitaxial layers, and hence, it is currently more favorable to stu@¢ @dhe area
of SBDs because of the device structure requiring a quality drift layer.

Sasakiet al. reported the first SBD fabricated usingGain 2013[64]. The device
structure was fabricated from an undoped (01Q0zaubstrate with a topside Pt/Ti/Au Schottky
metal layer andackside Ti/Au ohmic metal layer. As shownhigure 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.

Yanget al.showed that SBD performance @be enhanced by incorporating a lolped
GaOz drift layer[65]. The vertical device was fabricated onto an (@f¥ignted Srdoped GaOs

substrate with a carrier concentration of 3.6810n3. A 20-¢ mhick lightly Si-doped (2x16
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cm®) GaOs drift layer was grown using HVPE. Chemical mechanical polisi@igP) was
performed to remove any tepi de pi t s, resul ting i n Tapsiflei nal e
Schottky and bottom side ohmic metal layers of Ni/20 (m/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 R of 6.7 ng-cn?, resulting in a ¥r?/Ron figure-of-merit of 154 MW/cm. The device
schematic and resulting revers¥ tharacteristic can be seenFigure 2.11(b).

Konishi et al. was able to obtain similar SBD performance when {f#ting the device
[66]. A 10-€ mthick Si-doped (2x1& cm®) GaOs drift layer was growron a (001) Swloped
Ga&0s substrataising HYPE CMP was used to remove pits that can result from HVPE growth,
giving a final epilayer thickness ofe7 m A 300nm-thick SiO; layer was deposited onto the top
patterned surface to form a fighdated 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 hag ahdRL ny -
cn? and reverse breakdown voltageldf76 V. The device schematic and resulting revekse |
characteristic can be seenFigure 2.11(9. The twadimensional electric field distribution was
simulated for the measuretl076 V breakdown condition. These simulations indicated that the
maximumelectric field reached 5.1 MV/cm in the £&» drift layer underneath the anode foot
edge, which is much larger than what is capable in GaN and SiC SBDs.

The GaO3 SBD performancgvas further improvewdith the realization of drift layers with
even lover carrier densities. Yaref al. were able to grow a 2€ nthick Si-doped Gg0s drift
layer with low carrier concentration of 2xf0cm® by HVPE to achieve excellent device
characteristicf67]. 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/érat a 3 V bias.
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Figure 2.11 Stateof-the-art Schottky barrier diodes. (a) Copyright (2013) IEE&4]. (b)
Copyright (2017) AIP Publishin[65]. (c) Copyright (2017) AIP Publishir{§6]. (d) Copyright
(2018) Electrochemical Soci€y7].

2.3.4 Field-EffectTransistors

In 2012, Higashiwaket al. reported on the first fuljyunctional singlecrystal MESFET
using Sndoped Gg03 grown on a (010) seninsulating Mgdoped GaOs using MBE[68]. The
devicecould be pinched off using a gageurce voltage (¥s) of <-20 V and had an offtate VBR

of over 250 V. The device had a relatively low leakage current of jo#, 3esulting in an
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ON/OFF drain current ratio of over 40While this performancevas noti mpr essi ve by
standards, the wonlepresented a breakthroughGaOs device developmentit showed that a
pathway for functional G®s devices was available, and presented a baseline for comparison in
future GaOs transistoradvancements Since this time, the G@s FET research area has been
mostly dominated by the Air Force Research Laborat@gnsors 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 G®s FET research endeavor. NICT has focused on the dewelat of depletion
mode FETs, AFRL has published on a wide variety ofpigfiormance transistors with different
applications and operating modes, and OSU has reported orddpéid and modulatiedoped
FETs with high current amplitudes. Their resulil$ e discussed in the remainder of this section.

In 2013, Higashiwaket al.reported on the first depletienode GaOz; MOSFET[69]. He
then expanded on that work using a Stimplantation process to greatly reduce the source/drain
ohmic metal contact resistance to just 8kt@cn? [70]. This allowed for anpk of 65 mA/mm
while applying \bs and \& biases of 30 V and 6 V, respectively, resulting in an ON/OFF current
ratio that was greatdhan ten orders of magnitude. The device had an<dtE \4r of 415 V
while applying a \és of -30 V. As shown irFigure 2.12 Wonget al. was able to increase the
Ver to 755 V by fieldplating the MOSFET, which remains to be the highest reported breakdown
voltage to date for depletiemode operating lateral FETs that were measured in ambient (i.e. no
fluorinert or vacuum)71]. The MOSFET transfer curve showed a max transconductan)ef(g
about 3.4 mS/mm, and theVlcharacteristic remained as expected while operating the device up
to 300°C. The increasing temperature did result in a loweAN/OFF ratio, which dropped

from 1@ to 1@ for temperatures of 25 °C to 300 °C, respectively.
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Until 2016, reports on G&z3 transistors were mostly limited to depletiorode devices for
high-powe applications. Chabadt al.then reported on an enhancemertde GaO3z wrap-gate
FINFET[72]. A device schematic is shownhiigure 2.13(a) The device was fabricated by first
growing a 300 nm Sdoped Gg0s channel (N = 2.3x16’ cm®) on an Mgdoped (100) G#Ds
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 layezstivem etched using a BCI
inductively coupled plasma process, resulting in triaisglgped fins. Ti/Al/Ni/Au (20/100/50/50
nm) ohmic metal was deposited, followed by a 20 naOAbate dielectric and Ni/Au (20/480
nm) gate metal layers. A faleeloredSEM image of the device is shownHigure 2.13(b) The
device showed excellent performance, with@yQON/OFF ratio of over 10 A Vsr0f 612 V was
achieved, which is still the highest reported value fofdz@&nhancementode transistors and

could likely be improved with the addition of fiefalating.
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Figure 2.13(a) Deice sﬁematig and (b) falselored SEM image of enhancememide FiNFET
device. (c)dsVbscharacteristic showingakof 612 V. Copyright (2016) AIP Publishifig?].

Around the same time, Green al. reported on depletiemode MOSFETSs with record
breaking electric field strength of more th&.8 MV/cm[73]. At the time of publication, this was
the highest reporteddHor Ga0s, experimentally surpassing GaN and SiC for the first time. In
2017, Greeret al. also reported findings on @z MOSFETSs for RF applications with a recerd
high gn of 21 mS/mm and current density of 150 mA/ifid]. A submicron gate recess process
was used to implement a highdipped ohmic cap layer during fabrication that enabled the device
to reach extrinsic cutoff {fj and maximum operatingn{fy) frequencies of 3.3 and 12.9 GHz,
respectively.

Xia et al. demonstratedh two-dimensional electron gas (2DEG) in Ga by Si delta
doping with MBE[75]. The thin film was grown on a (010) Heped Ga0s substrate using Ga
and Si effusion cells and an oxygen plasma source. ephtaxial structure shown iRigure
2.14(a)contained a 100 nm undoped Ga buffer layer, a Si deltdoped layer, and a 20 nm
undoped G#0s barrier layer. The Si dekdoped layer wasbtainedby opening the Si effusion

cell shutter for 4 seconds, whichrresponds to a 0.2 nm thickness. The energy band diagram and
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corresponding charge profile shown Figure 2.14(b) were calculated through Schrodinger
Poisson simulations, and resulted in a sheet concentration of 2 2xiiin the deltadoped layer.
MESFET fabrication began by first patterning the surface and using ICEIRIE process to eth
trenches into the G@s epilayer. Heavily Sdoped Gg0s was regrown over the trenches to
create source/drain regions with doping concentrations of?2xh®. 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-mm. A Ni/Au/Ni (30/100/30 nm) metal stack was used to form a Schottky
gate barrier. The fabricated device has d&npeéll-V characteristics, with a pealssl of 140
mA/mm and g of 34 mS/mm, as shown Figure 2.14(c) The device was fully pincheaff at
Ves=-5V. A densitydependent field electric mobility that varied from 595 cnt/V-s was
obtained from the émsfer characteristic. The breakdown voltage of the device was estimated to

be 170 V, but was not determined experimentally.
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Figure 2.14(a) Schematic drawing of deldoped GaOs MOSFET with corresponding (b) energy
band diagram and 2DEG charge profile. (c) Transfer characteristic showing high peakd
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2.3.5 Challenges to Explore

Many promising results have been published-@pa0O3 thatappear promisinpr the future
device applicationsbut the material is still maring and much work is required. Developing
Ga0O:s for its intended role in higpower electronics requires better growth optimization and
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understanding of fundamental material properties. In particular, thermal properties need to be
further explored ad heat dissipation solutions should be optimized in order to fully realize the
theoretical capability ob-Ga0Os. The researclof this work is focused on four topics with
particular objectives listed for each:

(1) Growth optimization ohigh-quality singlecrystalline GaOs layers using PLD.
1 Optimize heteroepitaxial growth conditions on sapphire substrates.
1 Develop an epitaxial growth recipe using native@aubstrates.
1 Evaluate structural properties by XRD, AFM, and TEM.

(i) Development of doping mechanisms to achiewamollable Atype conductivity.
1 Investigate Siand Shdoping to achieve a wide range of conductivity and carrier
concentration control.
1 Evaluate electrical properties by Hall, SIMS, and tdoenain terahertz
spectroscopy characterization methods.

(i)  Investigation ofinisotropic thermal properties and scattering mechanis@as.
1 Investigate bulkGaOs anisotropy to evaluate thermal properties in unexplored
crystallographic directions.
1 Explore the effects of dapg on thermal properties and identify the associated
scattering mechanisms.
1 Develop methodology for analyzing fundamental thermal properties of epitaxial
material.

(iv)  Device optimization of differerfschottkydiode structures
1 Develop Schottky barrier diedstructures for enhanced heat dissipation purposes.
1 Evaluate the effects of substrate orientation and thickness using chemical
mechanicapolishing wafer thinning methods.
Optimize drift layer thickness and doping for high performance.
Characterize elédcal performance using-V¥, C-V, EBIC, and breakdown
voltage measurement techniques.
1 Analyze thermal dissipation effects of wafer thinning by optical thermography.
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CHAPTER 317 GROWTH

3.1  Gallium Oxide Crystal Structure

The gallium oxide beta polymorph has a monoclinic crystal structure with lattice
parameters, b, ¢, U, b, ando equal to 12.214, 3.037A, 5.798A, 90.00, 103.83, and 90.06)
respectively[1]. b-Ga&Os belongsto the C2/m space group and has eight unique symmetry
operators.The unit cell has a cell volume of 208 88andcontains 12 gallium atoms, located on
two crystallographically different gallium am arrangementfGg; and Gaj)), and 18 oxygen
atoms, located on three differemtygen atomarrangement§Oqy, Ouy, and Quy). As shown in
Figure 3.1, the Q) and Quy atoms are located on the {010} planes while thg &oms are aligned
along the baxis[2]. Each unit cell ob-G&0Os contains six Gg atoms, six G@) atoms, six @)
atomssix Oqiy atoms, and six @ atoms. The Gg, Gany, and O atoms are located in tetrahedral,

octahedral, and distorted octahedral arranged sites, respectively.

(001)

Figure 3.1b-Ga0s unit cell with(010), (001), and ¢t p 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 werdormed usingGaOs powder (Alfa Aesaii 99.999% purity and
either SiQ (Sigma Aldrichi 99.5% purity) or Sne(Cerad 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 pouderemn

When preparing the ablation target mixture, the amount of dopant powder needed was
calculated by satisfyingquations 3.1and3.2, wheremyr is the total mass (grams) of the mixture,
Mx is the molar mass of elemenfgrams/mol) nx is the number of moles in elemeqandCgopant
is the molar concentration (%) of the dopant in the mixture. Additionally, one can solve for the
impurity concentration (N) in the target usiggjuation 3.3 where’ gopantiS the density of the
dopant powedr (g/cn?) and °\i S Avogadr o6 s 2 atamsitnd. rThe(n®lardnads 1 0

and density of G®3, SnQ, and SiQ are shown in Table 1.

a 0 € 0 € o
€
o) - o8
PTIT € £
C'x n
U r V] od
a 0

After preparing the powder, it 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 powdermdttizca
and pestle, the target was baked at°®0f@r 3 hours to ensure solvents were evaporated. Next

thematerial wasormed into a cylinder usga hydraulic press at 5500 psi and sintetetib00°C
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for 12 hours. A commercially available undope8a0Os targetwas purchased (Plasmaterials) to
compare the quality with what was fabricated in this workra) diffraction measurements were
performed to evaluate the crystalline quality ofttia films grown by thalifferenttargets. Fms
grown by usinghomemadedargets showed no noticeable differences to those grown using the

commercial target.

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

targets.
Compound Ga0Os3 SnG Sioz
Molar Mass My 187.44 150.71 60.08
(g/mol)
Density, “ x (g/cn?) 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 stlitfacabstrates were placed in
the plasma chamber for 2 minutes using am&3cum process which used a 600 mT chamber

pressure, 80 sccmx@as flow, and RF forward power of 250 W.

3.2.2 Heteroepitaxial Growth

The mosttcommorty usedsubstrate for heteroepitaxial growth of gallium oxide thin films
is c-plane sapphire, or (000b)r i e RAI,@3d Th&Joxygen atoms located in the.Ga ¢1t p
family of planes have a similar arrangement to the oxygen atoms in i0e (AD01) pland3].
The lattice mismatch between &g (010) planes and ADs Tt prt planes is only 1.69%4].

While the lattice mismatch between &8 ¢t p planes and ADs ¢pprt planes is 3.13%4].
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Figure 3.2 shows a schematicralving of the two possible kplane epitaxial arrangements
between ¢t p-orientedGaOs and eplane sapphirgs]. In this image, a top slice of the sapphire
crystal is shown with oxygen atoradations denoted using red circles. Likewise, a slice of the
¢t p plane through th&a03 unit cell is shown using black line$he unit cell of ¢t p-oriented
Ga0s3 contains lateral #plane order along the [102] and [010] directions, which are sepanated b

a 90° rotation.The first possible arrangement showrigure 3.2 (a)occurswhen p 1 ¢

p |m andmpmt ¢ P . This arrangement leads to an offset of 1.8° between

P OC and pprt m . Thesecondpossiblearrangement shown iRigure 3.2 () occurs

when poc¢ =~ ppmTt , Which results in a 1.8° offset betweep 11 ¢ and

p |m and also betweent p T and ¢ pTt . The |l attice mismat

these thre®-Ga0s andU-Al .03 crystallographic directions can be calculated once the interplanar
spacing @nw) of each direction is knownThe dna is calculated for hexagonal and monoclinic
crystal systems usingquations 3.4and3.5, respectively, wherh, k, andl arethe Miller indices
[6]. The lattice mismatch can be calculated udtiggiation 3.6, wherem and p are integers
representing the number oftiae units occurring to satisfiy-di & de[F]. The lattice mismatch
calculated for each epitaxial relationFafure 3.2is shown inTable 3.2

In this work thec-plane sapphire was used as a temgtatbeteroepitaxial growth df-
Ga0:s thin films. Heteroepitaxial growtexperiments were beneficial because they provided a
way to analyzeGa0Os thin film growth kinetics while using substrates which were relatively
inexpensive in comparison to the currently available ®20s single crystals. Fortunately,
previous reporten Ga0Oz thin film growth provided a rough estimate of initial growth parameters
that could be used to grow films with fair quality pulsed laser depositidB]i [10]. Substrate

temperaturavas the first growth parameter optimized for our specific growth system. Growths
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were performed while varying the substrate temperature from B00°C,andther e sul-t i ng
2 X-ray diffractiondata can bseen inFigures 3.3a). The films shown here were growising

the growth conditions listed ihable 3.3and allhad a thickness of about 200 nm. It was found
that the crystalline quality of tHe GaO3z grown d 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 de@snthi@a

film growth on eplanesapphire using pulsed laser deposifibi], molecular beam epitaxi 2],

and metalrganic chemical vapor depositi¢h3]. It is possible that when growing at lower
temperatures the material does not have enough energy to relax into the despeatientation,

but instead the ions remain in a more randomly ogbidistribution. Figure 3.3(b) showsd-2 d

XRD datafor a series ob-Ga0s films which were grown at temperatures ranging fromi8000

°C. Thed-2 dcan for each of the films shown contained bath p and 111 ¢ diffraction peaks,

but the undesired (110kpk was present for each temperature.

(b) 1.8 o2,
~., [102],// [10-10], [10-10]

(@

[132],// [1-100],
o

«««««

[010], /7 [21-30],

[21-30],

Figure 3.2 Schematic diagram showirtge two possible iplane epitaxial relationshig which
can occur for ¢t p-orientedb-Ga:Os on cplane AbOs. Sapphire oxygen atom locations are
shown using red circles.¢m p plane of theGa:0s lattice is shown using black line€opyright
(2015) Elseviefb].
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Table 3.2 Interplanar spacing and lattice mismatch between the epite
crystallographic directions of¢t p-orientedGaOz grown on eplane sapphire.

Cry[s)'gallotgraphlc dhit (A) o L attice
reeton m-ck a p-ds Mismatch
Ga0Os Al203 Ga0Os3 Al203
PTG p AT 2.603  4.124 3da d2 5.482%
TP T (¢ O 3.037  1.559 1dra d2 2.615%
pog pprtm| 0943  4.124 o9dka d2 2.906%

Table 33 Growth conditions for films dfigure 3.3

Growth Parameter Value
Substrate Temperature 50071 900°C
Base Chamber Pressure 17 5x107 Torr
Oxygen Pressure oP 5x102 Torr
Oxygen Flow Rate 5sccm
Laser Energy 248 mJ/pulse
LaserRepetition Rate 10 Hz

Laser Pulses 25ki 45k
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Figure3.3d-2 dRDX dat a g aGalOshindilchs white varying growth temperature from
(a) 5007 900 T and (b) ®0i 900 T.

The crystalline plane associated with e@zhO3 and AbOs reflection was determined by
first calculatingdna for all -2 ¢gpeaks. Onceh is known,t h e 2 dan dencgldulated using

Braggb6s L awEgaaton 3hwherem isiamositive notzero integer representing the
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order of diffraction an@ris the wavelength of incident radiation. The XRD measurements in this

work wereperformed bya Rigaku SmartLab Xay diffractometer using copper#pha (Cu K)

radiation with a wavelength of 1.546 The observed-Ga0s a n dAl.O; reflections were

attributed to the¢mt pand mt t tfamilyofp | ane s,

respect i vGaDythe

reflections occurring at 30 degrees were attributed to the (110) plsammarizeth Table 3.4

Table 3.4XRD reflection planes calculated fakAl,Os and b-Ga0s. Calculated

a_

¢Q OE+

and measured values of reflection angles are shown for comparison.

abc@A) U, @®, hkl dw(d) |Calc.2 d°) Meas.2 q°)
] 4.762, 90, 003  4.332 20.487 20.350
UAI2Os3 4.762, 90, 006  2.166 41.669 41.500
12.995 120 009 1.444 64.484 64.350
-201  4.680 18.949 18.750
12.214, 90, 110 2.942 30.355 30.150
b-Ga0O3 3.037, 103.83,
5.798 90 -402 2.340 38.443 38.200
-603  1.560 59.185 58.950

o

Addi

The undesired (110) G@s reflection was further evaluated by analyzing its intensity as a

function of substrate temperatuféigure 3.4 (a)and(b) show the intensity of the measuredt p

and (110) reflections, respectively, for a series of growths which varied in substrateatenepe
from 700 to 900°C. The intensity of each¢mt p and (110) reflection was normalized to its
respective (0006) sapphire peak intensity. While the intensity of ¢itep increases with

temperature, so does the (110) reflection intensity.

CTp

Ippm

As showrrigare 3.4(c) the
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ratio can be used to determine the temperature at which the thin film



exhibits its most oriented composition with the sapphibstsate. The XRD analysis shows that

the optimalgrowth temperaturér growing ¢1t p-orientedb-Ga03 on ¢plane sapphire is 887

°C, which is significantly higher than what has been reported previouslyopkimeized growth
temperature typically reportad in the range of 650 850°C [11]i[13]. One negative effect of

the higher gowth temperature is a reduced growth faf. 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 higgeowth temperature were not as thick as those
grown at the reported optimal temperatures, the resultingdiloid be morestrained and its
crystalline quality wouldikely be degraded. There have been other reports where a sdries of
Ga0sfilms wereannealed under various temperatures and ambients after growth. Changes to the
annealing ambient (ON, and vacuum) had no effect, but it was shown that the film quality could

be enhanced by fireining the annealing temperatytet]. This could explain the benefit of
growing the films at a highéemperature, 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 GaOs. Similarly to otherxygenbased semiconductor materials such as ZnO, the
stoichiometry of the G&x crystal will be incorrect if grown in an improper ambigl]. There
are three subclasses ofBathat can be produced depending on chamber anibeetgenrich,
stoichiometric, and galliumich [16]. Deviance from the stoichiometric Ga:O ratio of 2:3 will
cause intrinsic defects such as oxygen and gallium vacancies and hydrogen inteviitials
deteriorate thdilm quality. As shown inFigure 3.5 Varley et al. reported on théormation of
these defects using density function thdd]. It was shown that the defects present in the film

were strongly influencedy whether the G&®s was grown under @ich or Garich conditions.
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Defect in G&0s thin films can bamitigatedby maintaining stoichiometric chamber conditions
during growth. One way of achieving this is by controlling the oxygen partial pressuyr&lEs.

The optimized B findings from previous reports using puldader deposition have shown

0.040 r T i
L (20”0;.10.‘ / (OOOG)AI:O‘ L4
0.030 - ® ]
@ :
0.020 - ]
® o :
0.0104 * y ® ]
o
@ @
0.000 r ns T . '
= 0.006 T T i
8 ® (110)g, . /(0006), . e
= - - °
Z 0,004 - )
o
o b
E (b) ) @
o]
g 00024 e ’
: g
E [ ]
[ ]
2 0.000 - ° ' ¢ '.
150 T . i T |
©  (201)gy,0,/ (110)g,,0, 8
100- / o @ |
© 887°C| o 8
50 1
Q@ 5] Q
° o0
700 800 900

Temperature (°C)
Figure 3.4 Normalizedd-2 dntensity of (a) ¢t p and (b)(110) reflections measured byRD.
Data was normalized to (0006) sapphire reflection. (c) Ratiocat p/(110) reflections as a
function of substrate temperature.

significant variance, whereoPvalues ranged from 1x¥@o 2x10* Torr [10], [11], [18] [20]. In

this work the Bz was varied over threerders of magnitudigom 1x10*to 1x10? Torr, which was
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controlled by the oxygen gas flow rang from 1 to 8 sccm. The G@sz thin films were grown
using a substrate temperature of 887 base chamber pressure of IxIWrr, laser repetition

rate of 10 Hz, and laser energy density of 3 3/cm

/ O-—poor

Formation energy (eV)

R R R R R R R R R
Fermi level (eV) Fermi level (eV)
Figure 3.5Formation energy fermi level relatimship of (a) oxygen vacancies and (b)

hydr ogen i 1G6p0:r Copyriget £010) AIP Bublishingl7].

Figure 3.6 shows he resultingXRD (a) d-2 d(b) ¥, and(c) « spectra During the
measurement each sample was aligned using the (0006) sapphire reflection prior to performing the
full-rangedd-2 ccan. Thegm p, Tt ¢, and @n o GaOz diffractions were observed in each
d-2 dcan. TheX10) reflection was also preseft ¢ 30.2) for Poz ranging fromlx10°to 1x10
2 indicating the presence of a domain with (110) surface orientaktoe (110) reflection intensity
was reduced by loweringoR, indicating that lower oxygen pressures can be used to mitigate the
formation of unwanted domaindt should be noted that the broad feature occurring from 21 to
23° was due t@ reflection off of the (0006) ADsz diffraction which is why it was located at half
of the (0006) peak positionThe rocking curve measurements showrFigure 3.6(b) were

performed by scanning acrosst p for the samples grown usingRaz of 1x10% 1x103, and

66



1x102Torr, and the resulting FWHM values were found to be°l B&6, and 2.49, respectively.
The broadening of¢rt p was reduced with a lowdtoz, indicatinga greatercrystalline quality
These results are consistent with previously reported FWHM values of heteroepitaxiad
oriented GaOs grown onU-Al20s [21], [22]. Figure 3.6(c)shows« scans of thé\l;0s T pg
andGa0s 1t ¢ TheAl,O3 1 pg¢ scan was measured by aligning2tafF 25.560 andy =
57.597, while the GaOz 1 1T scan was measured by alignin@2tef 31.692 andy = 50.152.
Threefold symmetry was observed for td.Oz 11 pg reflection. TheGa&Os Tt 1T ¢Scan
resulted in six sharp peaks separate@@®yfor the samplegrown using &0 of 1x10* and1x10
3, indicating an epitaxial relationship with twofold symmetry. Tha$gOs; 1 pc¢ and GaOs
TTU TT G« Scan results are consistent with previous rep@8f The « scan for the film grown using
Poz = 1x10? also contained the six (002) reflections af @ftervals, but their intensity was
significantly less. Additionally present was a series of reflections witli em&0dval, which were

attributed to the (1)0domain observed in the2 dcan.

(b) [P @D o1 1T 10 ] (¢) —/=—/==(002) Ga,0,
FWHM (%) | 1.84 1.86 2.49 20° — (0112) ALO,

(201) Reflection

10 mT

10 mT (x10)

Intensity (a.u.)

3>

lnten51ty (a.u.)
%I
>

Intensity (a.u.)

o ks Bbb Enbis Bkl Bubbi Bube IAbis Bubii Iibie Bbbis Bubbes |
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Figure 36 (a)d-2 d(b) ¥,and(c) « XRD dat a g aGalOethirefitns vittovaryiry Poo.

Copyright (2019) John Wiley and Sorj24].
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Surface morphology waalso investigatedin orderto better understand the effects of
oxygen pressure on the thin film composition and growth kineficgire 3.7shows SEM images
of the samples grown at five representative oxygen pressuresmages were taken at 100kX
magnification. Itcanbe seen that the surface becomes more granular with incréaesprgssure,
and appears to be more uniform ag B decreased. Atomic force microscopy was used to
guantitatively analyze the evolution gfains. Figure 3.8 (ae) shows AFM images of five
samples, anthesurface morphology statistics are showikigure 3.8 (f. The RMS roughness,
peakto-valley distance (PVD), and average grain size (AGS) wst@natedfor each sample.
Interestingly, # 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,
realting 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-gloivn GaOs thin films [20].

(@01mT

- 100kX 200 nm

Figure 3.7 SEM images taken at 100 kX for samples wighd?(a) 0.1 mT,(b) 0.5 mT,(c) 1 mT,
(d) 5 mT, ande) 10 mT.
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Figure 3.8 AFM images samples withoRof (a) 0.1 mT,(b) 0.5 mT,(c) 1 mT,(d) 5 mT, and(e)
10 mT. Copyright (2019) John Wiley and Sorj24].

The five thin film samples analyzed here were grown on desitiled e p eAl:0ss hed U
substrates, allowing for the optical transmission spectra to be recoFiguare 3.9 shows the
transmission spectra for samples grown wiga & 0.1 mT, 1 mT, and0 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 3.8and3.9were used to calculate the optical bandgap of the samples.
Heree U i s t he abs phripst iPolnanckodesf fciodfiegtsjasristtheghdtonl 3 6 X
frequencyEyis the bandgap energyis film thicknessAis absorbance, aglis a proportionaty
constan{25]. The value of is determined based oretlelectronic transition. For direct allowed
transitions, direct forbidden transitions, indirect allowed transitions, and indirect forbidden
transitionsy is equal to 1/2, 3/2, 2, and 3, respectivaBonsideringh-Ga0s as a direcbandgap

semiconductor with allowed transitionsijs set equal to 1/2, resulting in a linear region of the
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| G (X curve just above the optical absorption edge. Extrapolating this linear curve to the
photon energy axis provides the optical bandgapeséemiconductor, which is showrtlre inset

of Figure 3.9 The optical bandgap of each sample was found to be 5 eV, which is consistent with
previous reportgl?], [20]. The trends identified in crystalline structure, surface morphology, and
optical transmission properties show that the films havhigrest quality grown using an oxygen
partial pressure between 0.1 and 1 mT. The optimized growth recipe shoabier8.5was used

for the remaining growthelated analysis.

100 F
2.0E+11-

_80r » 01mT
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Figure 3.9 Transmission spectra of @@z thin films. Inset shows an esation of bandgap energy
for the three sample€opyright (2019) John Wiley and Sorjg4].
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Sn dopants were used to increase the film conductiVie. doping was varied by changing
the Sn content in the ablation targets from 1 to 10 mol%. A series of thin fiesgrown by

using the optinzed recipesummarized imMable 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 measurementigesferened

on the resulting samples by depositing Ni/Au (50 nm/100 nm) contacts using relbeam
deposition. The conductivity of the samples can be sedrigare 3.10(a) A thickness
dependence was observed for the samples grown using an undoped, 1 rddpednand 10

mol% Sndoped ablation target. It is likely that this dependence affested bythe films
becoming less strained with increased thickneAs. expected, the 10 mol% Sioped target
produced the most conductive films, with the film of 1200 nm thickness having a conductivity of
0.029 ¢ -cm)*. Figure 3.10(b)shows the Hall cacentration plotted as a function of ablation
target Sn content, where a content of zero is just referring to an unintentionally defetb@get.

One disadvantage of PLD when growing doped films is that the amount of dopant in the source
material needs$o be physically verified. This can lead to a substantial amount of error in the
resulting thin film carri eshown atracketarget Snicanten , as
amount. The highest carrier concentration achieved here'(2xt®) is three orders of magnitude

lower than in homoepitaxial thin films, where the maximaghievable carrier concentration is on

the order of 2x1% cnm® [26].

Table 3.50ptimizedPLD growth recipe forr -GaOs.

Growth Parameter Value
Substrate Temperature 887°C
Base ChambePressure 1x107 Torr
Oxygen Pressure oP 1x10° 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 Silopedb-Ga:0s thin films with varying thicknesses grown on
c-plane AbOs. (b) Carrier concentration of Sdoped thin films as a function of ablation target Sn
content.

To further investigate this, two Stoped Gg0s thin films were sent to EAG Laboratories
for secondry ion mass spectroscopy (SIMS) analy&igiure 3.11 (a)and(b) shows the resulting
SIMS data for a 1 mol% Saoped GgOsz thin film and 10 mol% Swmloped GgOs thin film,
respectively. The compositional data showed that both samples contained 4@hSarat 60%
O atoms, as is expected for stoichiometrig@a 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
calcul ated by mul ti pl yi ngmbkermh Eor both sappbes, thé nurobers by
of Ga atoms (Na) and number of O atoms gNwere found to be 5xdcm® and 8x16? cm®,
respectively. The number of Sn atoms{Nvas found to be 1x#®cm® and 1x16° cm® 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 threerders of magnitud®wer than theSn concentration estimated from SIMS.
The difference observed here is likely due to carrier trapping, which can be expected in

heteroepitaxial G#s.
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Figure 3.11SIMS profileof Srdoped GaOs thin films grown using ablation targets containing
(8) 1 md% Snand(b) 10 mol% Sn.

3.2.3 Homoepitaxial Growth

Ho mo e p i iGaQsigrawth wascarried outusing Fedoped GgOs substrates with
(001) and (010) orientationgigure 3.12shows XRDd-2 d p r o f¢it p-,€04.0),farad (001)
orientedd-Ga03, which are also shown schematically in the unit cafligéire 3.1 The Fedoped
Ga0Os3 substrates are an insulating material, making them useful for gathering mobility and carrier
concentration data through Hall measuremeiiis. and silicon dopants were investigatethe
material properties wer@nalyzed using a combination of XRD and Hall measurements. Unless
otherwise stated, the films were grown using the recipe depicleabie 3.5

A series of Srdopedb-Ga0s thin films were grown on (010)and (001)oriented Fe
doped Gg0s 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 fabrichtatséusing the
procedure descrda inSection 3.2.-and one was purchased from Kurt J. Lesker. The crystalline

guality of the resulting thin films was analyzed by recoradiftyd a n d spectrXRghre
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Figure _3.12 d-2 d RIX profiles for single r y st a®GaOp Bubstrates with different
orientations.
3.13showsthed-2 d a n d scandot R[b) (001)oriented SrdopedGaO3 and(c, d) (010}
oriented Srdoped Ga0Os homoepitaxial thin films. Additionally, four Slopedb-GaOs thin
films were grown or(010)-orientedFe-doped Gg0s substrates. The Sioped 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. TheresiRiff and carss XRD s
are shown irFigure 3.13(e) and(f), respectively. Films grown using targets fabricated in this
work are | abeled ONCSUO6, while the films grow
| abel ed O0KJLO.

The d-2 dXRD profile of the (001Joriented thn films contains three reflections: (110),
(002) from the thin film, and (002) from the substraiglabeled in the figure. Thé2 dcanof
the (010joriented samples contain two reflections: (002) from the film and (002) from the
substrate. A PANalytical Empyrean Alpfiahighresolution xray diffractometer (HRXRD)

equipped with a PIXcel3D detector was used to differentiate betweendl{6Q2) reflections.
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h

o0 mo@ag; thim filmsa IFilm$ of each

orientation and dopant were grown usingyiag ablation target impurity content.
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After completing thed-2 dscan, the2 caxis was aligned to the film (002) peak aheé omega
spectra was recorded for each sample. A similar procedure was used for gathering the omega scan
of (010)oriented Srdopal Ga0s and (010joriented Sidoped GgOs thin films. The resulting
FWHM data for each series of thin films can be sedtigare 3.14 The ablation target impurity
content (mol%) is shown above each data point in the figure. The FWHM of theoi@@i¢d
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 NCSuhdKJL-fabricated ablation targets. The
(010)oriented Srdoped Gg0s 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 GaOs is excellent in comparison to other semiconductor materials that are more matured.
For instance, Irwinsk&t al.r e por t ed X R Ddoped GaiNadhim dilmsand a$siaN seed
crystal used for bulk crystal growf@7]. The resulting FWHM of the seed crystal and thin film
were 28 and 32 arcseconds, respectively. The (00tpped GgOs films and (010) Sdoped
Ga&0s 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 Sioped and Sdoped GgOs thin films were evaluated by
Hall measurements. Ohmic contacts were formed on the filfacguby first depositing a
Ti/Al/Ni/Au (20/100/50/50 nm) metal stack usingldeam deposition and then rapid thermal
annealing the metals for 60 seconds at 470 °C in saambient. The mobility and carrier
concentration data gathered for each sample wshoFigure 3.15 The mobility approximation
is shown using a dashed line, and the governing equation is shown inset on {@8]pldthe

carrier concentration of the Sloped Gg0s 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.

(2.4x107 71 4.1x10° cm®) while maintaining mobility value the range ol4.1i 28.5 cn?/V-s.
The carrier concentration of the-&ped Gg0s films wasvariedslightly morein the range of
8.9x10% 71 2.0x1G° cmi3, but the mobility was exceedingly higher, reaching a maximatuevof
56.7 cni/V-s at a carrier concentration of 1.1x46m,

Interestingly, the mobility of the films shown here did not trend with carrier concentration
as described by the &2 mobility approximation. Half of the Sloped films exceeded the
theaetical mobility for their given carrier concentration. Furthermore, to the best of my
knowledge, the data point for the@®iped filmappears to bhe most conductive G@s thin film
reportedted at e, wi t h a c¢ ondemdtiThis anguctivitaib singlar mthat1 5 9 2
of indium tin oxide, which is a commonly used material for transparent conductor applications,
and has a conductivity that varies from 1X1® 1x1¢ g *cm* depending on the Sn@ontent
[29]i [31]. Temperaturelependent Hall data was gathered for the highly conductid®i&id

Ga0s film while varying the temperature from 14 to 320 K. The resulting u(8§, M) , and 0 ( -
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profiles are shown ifFigure 3.16 The carrier concentration varied slightly from 1.93X10
1.96x1G°cm over the studied temperature range. At 14 K, the nityhihd conductivity reached
maximum values of 68.59 &WV-s and 2'Ens' Jesge@ively. The temperatedependent

trends observed here aimilar to those reportegrevioudy for Si- and SrdopedGa0s [28].
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Figure 3.15 Mobility and carrier concentration data of homoepitaxial@ped and Sdoped
Ga&03 thin films gathered by Hall measurements. Thedsanobility approximation is shown
using a dashed line and the representative equation is[2g&t
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Figure 3.16 Mobility, carrier concentration, and conductivity of-&ped GaOs thin film as a
function of temperature.

3.3 Conclusions

Undoped, Srdoped, and Sidoped GgOs ablation targets were fabricated forGathin
film growth on eplane sapphire and native bulk substrates. The crystalline quality of the resulting
thin films was characterize by XRD. g&&-Al>O3 lattice matching analysis was performed to
develop a beer understanding about the evoluatiof undesired XRD reflectiongresent in the
heteroepitaxial thin films. Temperature and2Rf@®wth conditions were optimized #nhane
crystalline, morphological, and optical properties of the undoped thin films and found to be 887
°C and 1x16 Torr, respectively. Srand Sidoped GaOs homoepitaxial thin films were grown
on (001}, (010}, and ¢t p-oriented nativeGaOs substrates.The homoepitaxial films were

evaluated using XRD and Hall measurements. A wide conductivity rangdxa0% to 1.6x10°
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q*cm?! was accomplished by varying the doping content in the films from2xh®® to 2x16°
cmi® using Sn and Si dopants. The tfilms possessed mobilities of up to 56.7%6vhs.

Low doping levels are desired for applications such as Schottky barrier diode drift layers
since the depletion region widftb) scalesy p¥ 0 , and increasing théhb will reduce reverse
leakage currdrthat results from Schottky barrier tunnelingighly-dopedGa0s films could be
used for transparent conducting ox{@€O) applicationssuch 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 417 THERMAL CONDUCTIVITY

41 3 Technique

One f undament &GkOsisitsmoot thetmal@onductivity (030 W/mK),
which can lead to many issues considering its intended role irplbiglkr electronics. Aetter
under st an dGaOganisofropic theemal fronductivityould be potentially helpful in
developing hig-power device alon@ preferredcrystallographic directionhat maymitigate a
poor thermal dissipation. lias alreadybeen shown h a t -G&Os #ernbal 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 therima ¢ o n d u c-®GaiOywag pyediced frdm first principle
calculations and estimated to be 11 \WKmM21.5 W/mK, and 21 W/rmAK along the [100], [010],
and [001] crystal directions, respectivg¢ll]. There have also been experimental reportss b
Ga&0s thermal conductivity using several different experimental techniques. The laser flash
method was used to measure a thermal conductivity of 21-KValong the [010] direction in
Czochr al s@®aOz[g.r Tanvedomain thermorefictance (TDTR) was used to study the
thermal conductivity in diffeent crystal directions of Stt 0 p eGhOH]3]. It was found that the
thermal conductivity varied from 10.9 WfKi in the [100] direction to 27 W/AK in the [010]
direction. The 3y t e c themalconductivity of undaped@dndtvg me a s
dopedb-GaOz along the [100] directiomwith a room temperature value of 13 WHKnfound for
both sample§4]. Furthermore hte temperature dependenéasurements down to 25r&vealed
amaximumthermal conductivity of 530 W/iK. The2y t e c has begnwsed to measure the

thermal conductivity in Mglopedb-Ga0Os at room temperaturgs]. The thermal conductivity
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measured in the [100], [010], and [001] directions was found to be 11RyVA28 W/mK, and 21
W/m-K, respectively.

The metlod used to measure the thermal conductivity in this work is theeéhnique
which was first introduced by Cahill and Pohl in 198]. One benefit of the8tedhnique 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 methodse 3¢ technique requires a heat source and
thermometer, whicls implementedby depositing a thin metal strip on the sample surface as
shown inFigure 4.1

To understand how thesr3echnique works, it is important to first discuss three aspects of
the masurement from a physics standpoint: the introduction of thermal waves into the medium,

detection of temperature change, and thermal conductivity extraction.

«— W ___

Metal

Heat Flow

< X >
Figure4.1Sidevi ew representation on the basisofof t he
thermal waves through the material from the metal heat source.
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4.1.1 Heat Source

The thermal diffusion in the 3 technique can be described as a radial flow of thermal
waves from a dimensional source as shownFigure 4.1 It was shown by Carslaw and Jaeger
that the temperature oscillations resulting from this thermal diffusion process are a function of
distancq(r) from the heater center as showrkEiguation 4.1[7]. Here, P is the generated power
in the line source, | is the length of the lieas the thermal conductivity of the materiak is the

Bessel function of the zeroth order, atid the thermpenetration depth. The thermal penetration

depth can be described Bguation 4.2 where” is density and Cp is the specific heat.

YYi o —-0 - (4.1)
_ (4.2)

A thin metal strip with a resistance of R deposited onto the sample surface to serve as a
heat source as shown kigure 4.2 A time-dependent AC current is driven through the outer
electrodes at an angular frequencyrds depicted icquation 4.3 If the heat source metal has
a resistancef Ry, we can consider the tirdependent power componentiEduation 4.4as the

energy source that is dissipating into the material.

" OAT100 (4.3)

~

00 0Oo0Y ©OAT OoY —p AT o (4.4)

If we consider only the firghower component, P(t) -Re?- |, then the heat flux per unit

area is just @x€*- ' = (P / 2b)ae?- !, where Pis 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 duetbehter can be

disregarded and the heater only serves as a heat ¢8kri®. Thus, the sinusoidal heat flux

I|=1mm .

. | .
I t F

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,zZx€*" ' which was proven to be a solutionEquation 4.5[10], [11].
YY "@&"Y m (45)

There are other possible solutions Eguation 4.5 that vary depending on spatial
considerations, thermal conductivity of the materiahgteation 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. Becausebmfuations 4.1and4.2, we also know that the amplitude of these
temperature oscillains will decrease with distance from the source. For the case of a heat source

with a halfwidth b, Cahill showed that the complex temperature oscillations can be described by

Equation 4.6[9].

YY — Yoo mQw® . — (4.6)

For the case whel#<<< 1,Equation 4.6becomes:

yYY ¥YY Y — -1 71— mcgloig - (4.7
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This solution allows us to separate out the reglhase tempeat ur e o sigfiomhthat i ons
imaginary owof-phase oscillationsp bu. ExaminingEquation 4.7, we can indsee t ha
proportional to the angular frequency, inversely proportional to the thermal conductivity, and
approximately equal to the solutichown inEquation 4.8

Y % (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-g&inite dielectric medium in vacuum. As
previously shown by Cabhill, we can then assume that any radiation losses will be negligible over
a large temperature range when using thée8hniqug6], [8]. The temperature fluctuations that
arise from Joule heating result in thermal waves that propagate through the material at a frequency
and phase shift of2and‘ as shown irEquation 4.9,

YY YYAT @ 0 — (4.9

Since we are introducing temperature fluctuations we must also account for any change in
the resistance of the metal. Al'l metad)s have
causing its resistance to change accordingdoation 4.10 Forexample, gold is a commonly
used metal for making w=rOCOO3MNK.asur ements and h

Y Yp | YY (4.10)

Let us consider the voltage across the met

Equations 4.3and4.10

wo 00Y OAT100Y p | YYAI O o — (4.11)

<

wAT100
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Equation4.1lpr oves t he existence of a third har moni

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 oscillfréquency, we can
measure the third harmonic voltage and extract thermal conductivity information from the material
as shown irEquation 4.12

®w -o| YYAI® o — (4.12)
By combiningEquations 4.8and4.12 we can see that the-phase temperature oscillations are

directly related to the thermal conductivity as showkdguation 4.13
YY 0— 0 ——— (4.13)

Mathematically, the thermal conductivity can be extracted by taking the derivgdnofvith
respect toln(¥), as shown inEquation 4.14 However, in experimental practice, this is
accomplished by simply taking the slopeaap To i In(¥) dataset.

Yy

(4.14)

A few assumptions were made during the derivatioregfiation 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 hickness

A finite sample thickness imposes a boundary onto the thermal waves such thatitd >

is known that the penetration depth must be five times smaller than the sample thickness
to obtain a measurement error of less than[12h For examplewe consider a G#D3

sample with thermal conductivity of ~ 23 W4y density of 5950 kg/f specific heat

capacity of 490 J/kgK, and thickness of 658m. The penetration depth is plotted as a
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b)

function of frequency irFigure 4.3 The penetration depth must be less than>80
limiting the minimum frequency to 233 Hz.

Line Source Heater

The slope method derivati@assumes a penetration depth which is muchtgreéhan the
heater widti{a=  w)>allowingfor the heater to be treated as a line sourcaapiproaches
w/2, then the slope method is invalidatdeljuation 4.15provides a parametez) (which
considers the relationship betwegne; and sample thermal conductivity anisotropy)
[12]. This equation can be simplified wg2a-for an isotropic sample. In the derivation
provided by Borcarasciuc, it was reported than an error of less than 1% can be achieved
whenz < 0.2, or when the penetration depth is five times larger than the heateidthlf

A typical heater width is 16m, corresponding to a penetration depth of@&band upper

frequency limit of 6.3 kHz.

L
"
10004 g 3
~ \-\
§ g =
T N
= __7\_,,121}__—__1_3_(1_@_11_:_\_.
5 100 - - i
a N
B
g Apin =25 pm i N
1 S e i ' e o 1 e 8 ek e e u
s i i m
5 104 | H e ;
5 : ! o
= i i e 31
] 1 TN
1 Wy = 233 Hz | {000 = 6311 Hz
3 i i w3
1 1
10° 10! 102 103 10* 10° 10°

Frequency (Hz)
Figure 4.3Penetration depth as a function of frequency. The dottesl sinewfrequency
limitations for commercially available G&s with thickness of 650>m to achieve
measurement errors of less than.1%
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a — (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. Hbwever, 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 elsewh¢i?].

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 CleaningCleanliness of the sample surface is extremely important, especially

prior to 3 ¥device fabrication. Any particles on the surface can lead to poor adhesion
between the sample atitk metal contacts. Furthermore, since the dimensions & the

device ae 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) uksanication process followed by an @lasma cleaning

process.

2. SiO Deposition:A thin 100 nm SiQisolation layer was deposited onto the sample surface

using plasmanhanced chemical vapor deposition (PECVD). The,S&er is

particularly beneficial when measuring samples that are highly conductive to eliminate any
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added errors resulting from noise. It has been experimentally shown that the incorporation
of this SiQ film has no impact on the experimental results wheingthe3 ¥ t her mal

conductivity measurement technigg.

. Sample CleaningThe previously described cleaning procedwas repeated

. Photolithography/PatterningFor the next step, theasples were placed onto a 115°C

hotplate for 5 minutesNegative photoresist (AB214E)was coateanto surface at 3000
RPM for 20 secondsThe amples were then heatemh a 90°C hotplate for 2 minuteand
exposed to 20 mW UV radiation for 3 seconds while uisdedevice photomask. ®
additional bake ora 115°C hotplatevas performedor 90 secondsfollowed by aflood
exposure for 90 seconds under 20 mW UV radiation withbatomask.The amplewas
then placed into developer solution (MB19) for 40 secondsginsed in DI H2O for 1

minute and dried usingl2 gas.

. Sample CleaninghAn Oz plasma cleaning processs used. Ngolventswere involved

. Metal Deposition:Metal contacts were then deposited usingegm 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.SiDhe chamber was typically pumped

down b ~ 5 x 1 Torr prior to deposition.
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7. Lift-Off: The samples werdippedinto acetone directly following the metal deposition
andleft to soak in the acetone for a couple hours before any agitation was applied to assist

with metal lift-off.

8. Sample Cleamig: The prewously described cleaning proceduvas repeated

9. Analysis: Visual inspections werperformedto ensure that the device were ready for
testing. Any lithography!/lifoff errors could result in electrical discontinuities since the
metal heater/sensor line wasry thin. For this reason, the devices always underwent a
visual inspection after theftioff 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  SingleCrystal Ga20s3

Measurements were performed by first driving an AC current with frequendirough
the deviceandthen measuring the third harmonic voltage §Vat the deposited voltage taps.
Temperature dependeneasurements wewrdsoperformed while heating the samples from 295
to 400 K. The Infr / 2V3)linear dependence can be usedvalidae the 3¢ slope method
measurement integrityfFigure 4.4 shows example ¥ymeasurements at four temperatures on a
representative undoped (Oi@jented GaOs sample while driving the AC current with input
frequencies that ranged from BAL100 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 ExampleVs ymeasurements as a function of input frequencyi(3@00 Hz) for
val i dat i slope method Data siBown was gathdoedh representativendoped 010}

orientedGa0s sample.

In nonanisotropic materials, h e teéhmique results in a thermal cluctivity value

which is of the same amplitude regardless of crystallographic direction. This thermal conductivity

extraction relies on a twdimensional cylindrical heat flow which radiates from the heater/sensor

device according tBquation 4.16wheread

S

t

he

me as ur edisthelaterama |

component, andy is the transverse component. This equation was presen2®d 2nby Ramu

and Bowers, where they demonstrated that the measured averagplarferand crosplane

thermal conductity can be separated into lateral and transverse compdi&htsBy carefully

choosing GgO3 samples with unique crystallographic orientations and knowing the

crystallographic directions perpendicular to those planes we can U3esthet e cthavalugte e

anisotropic thermal conductivity.

(4.16)
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- — (4.17)

For example, shown iRigure 4.5is a (010joriented Ga0O3 sample with the heater/sensor
device aligned alongitherthe (a) U[102] or along thgb) [102] directions. When aligned along
the U[102] direction, lateral and transverse heat flow wikn be in the [102]{¢ = {[z02)) and
[010] ([y = {[0107) 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 ([x = {up102) While maintaining the same direction of transverse heat f[9w ([ o10)).
Using this methodology, undoped,-8aped, and Feoped singlerystal GaOz samples with
(010) and ¢t p orientations grown by EFG were evaluated. Thepasnwere carefully chosen
such that the carrier concentration of each dopant type was nearly identical regardless of growth
orientation.Table 4.1shows the samples measured in this work and the particular crystallographic

directions in which transversand lateral heat flow was extracted from each.

@ 4 —102) ® s oz
K, = [010]
J_[IOZ]V Ky = [010] KX=¢[10§]

Figure 4.5Example of 3 heat source and sensor configuration.
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Table 4.1Sample set used for analyzing anisotropic thermal conductivity as a funct
Ga03 orientation and doping.

Dopant Growth  Transverse Hea Device Lateral Heat )
(Np-Na [cm™®])  Orientation Flow Direction Orientation Flow Direction Equation

Undoped npm PTG I
(3.0x10) G P Y cmp P TC TP T I
Undoped Upmg pTg I
(2.7x10") e men PTG Upmg I
Sn npmn pTc [
(3.5x109) G P Y cmp P TC TP T I
Sn Upmg PTG I
(3.2x10°) men men PTG Upmcg I
Fe Upmg pTCq Il
(Insulating) mem mpm p TG Uprg I

It can be seen that there exists four unique heat flow directions for the undoped and Sn
doped samples: [010], [102), p 11 ¢ Uhcmt A TTHe system of equations used to solve for the
four unknown directional heat flow values within the undoped anddpedsamples are shown
below inEquations 4.18i 4.25 Commercially available Fdoped GgOs is only grown in the
(010) orientation, resulting in three unknown heat flow values: [010], [102]Uang 1t This 8
requires an alternative approach to solve fothihee unknowns using just two equations. Solving
for the Fedoped 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
negligibleon the GaOs thermal conductivity. For example, it was foundh a+ @y &2 for
the undoped and Sttoped samples was 1.59 and 1.60, respectively. This small variation gave
confidence in the approach and allowed for reduction of thboped samlp system of equations

to only two equations and two unknown variables.
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M — p — (4.18)

- — (4.19)

mr — p — (4.20)

- (4.21)

I I — p — (4.22)

- (4.23)

(. —p — (4.24)

- — (4.25)

Table 4.2shows the extracted room temperature thermal conductivity values for undoped,
Sndoped, and Fedoped samigs. 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 WithTR measurements performed
elsewhere onndoped G#0s samplesgrown byTamura Corporatiofii4]. The room temperature
thermal conductivity findings shown here clearly demonstrate the anisotropic natureQaf Ga
wherea varied by ~ 50% from the [010] direction to the minimum of ~ 15 Wim the U[102]
direction. It is commoly 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 &%, 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]. Santiaet al. showed that because of a lack in optical phonon gap in the
dispersion for modes propagatingrd [010], the optical phonons only contribute to ~ 44% of the

room temperature thermal conductivity in the [010] direction.

Table 4.2Room temperature anisotropic thermal conductivity of undoped, £
doped, and FelopedGa>Os samples.

Dopant Il Il Il Il
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

Thethemal 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 duringhe measurement. He thermal conductivity measurements took placelavh
varying the temperature from 295405 K. The experimental procedure used for gathering
temperature dependence was the same as when room temperature data wasigttaeded
technique was used for data acquisition and then the lateral and transverse solutions were solved.
Figure 4.6shows the resulting temperattdependent thermal conductivity data for (a) undoped,
(b) Sndoped, and (c) Fdoped GaOs samples.The anisotrqpy was evident in all G&3 samples
measured for all orientations and dopants. A redtitermal conductivity waalsoobserved
with increasing temperature for all dopants and crystallographic directions. This behavior is
common in semiconductor matdsaand is attributed to the Umklapp phoramonon 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 Bfjuation 4.26 whereUis the slope of the power laviJcan be
used to compare thermal conductivity temperature dependence as well as evaluating crystal purity.
The thermal conductivity data &igure 4.6 was fit using the power lawThe values ofUwere
extracted and are siva in Table 4.3 It was found thatl wasdependent upon crystal direction

and doping.
[ — (4.26)

On averagelJ was highest in the undoped samples for all crystallographic directions
besides [010]. In semiconductor materials, Umklapp phgimmon scattering is the dominant
scattering mechanism at temperatures near the Debye temperature, where thé Nsiexpebed
to be near unity. The Debye temperature of@3as still largely unknown, but it has been
speculated to be somewhere from TG00 K. Values of 738 K and 872 K have been estimated
from heat capacity measurements4] and density functional theory calculatiof$5],
respectively. As expected, thb/alues 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 pointdefectphonon scattering and fre@arrierphonon scattering mechanisms. Similar
behavior has been reported inddiped GaN, wheré) decreased with an increased doping
concentratioj16].

Figure 4.7 shows the effect of doping on the Bathermal conductivity for (a) [010], (b)
[102], (c) Y[102], and (d)U(-201) crystallographic directions. It can be seen that the effect of
doping was minimal in comparison the effect ofcrystal direction. The aximum amplitude

deviation was less than 5% in any direction when considering different dopants. Aside from the
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Table 43Val ues of the power sl ope ¢
dependent thermal conductivity Ba.O3 samples with different dopants ai
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 temperatigpendent thermal conductivity of
Ga0s along the (a) [010], (b) [201], (c}f201], and (d) (f-201) crystallographialirections.
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