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Abstract

A review is given of the future device processing needs for Ga,03; power electronics. The two main devices employed in power converters and
wireless charging systems will be vertical rectifiers and metal oxide semiconductor field effect transistors (MOSFETS). The rectifiers involve
thick epitaxial layers on conducting substrates and require stable Schottky contacts, edge termination methods to reduce electric field crowd-
ing, dry etch patterning in the case of trench structures, and low resistance Ohmic contacts in which ion implantation or low bandgap inter-
facial oxides are used to minimize the specific contact resistance. The MOSFETSs also require spatially localized doping enhancement for low
source/drain contact resistance, stable gate insulators with acceptable band offsets relative to the Ga,05 to ensure adequate carrier confine-
ment, and enhancement mode capability. Attempts are being made to mitigate the absence of p-type doping capability for Ga,03 by developing
p-type oxide heterojunctions with n-type Ga,0s. Success in this area would lead to minority carrier devices with better on-state performance

and a much-improved range of functionality, such as p-i-n diodes, Insulated Gate Bipolar Transistors, and thyristors.

Introduction

Wide-Bandgap (WBG) semiconductor devices are promising
candidates for next-generation power electronic converters.[' ™)
Power electronic applications range from on-chip power con-
verters to very high voltage rectifiers for electric power trans-
mission lines.”>*7~") The potential application space includes
power generation (solar and wind), power distribution and con-
version in electricity grids, electric vehicles, server farms, and
charging infrastructure.’~"! High-voltage switching transis-
tors used in these applications are required to have small ON
resistance while providing very high blocking voltages in the
OFF state. There are already kV-range power switches today,
based on SiC and GaN."™"! These include a 1200 V direct-
driven SiC Junction Field Effect Transistor power switch®]
and reliable GaN Metal Oxide—Semiconductor (MOS)
Heterostructure Field Effect Transistors (HFETs).!!

The S-polymorph of Ga,O; has an even larger power
figure-of-merit than these two materials and is available in
large area bulk and epitaxial layer form.!' %! The potential tar-
get for the Ga,O3 devices, if the material quality continues to
improve and appropriate device processing techniques are
developed, will be in the 100s of kV-MV range.””! However,
the prohibitive cost and limited variety of device types cur-
rently possible are still the main constraints before Ga,0;
will be widely used in power electronics applications. One pos-
sible solution to mitigate these issues is hybrid switches: a com-
bination of Si metal oxide semiconductor field effect transistors
(MOSFETs) and WBG devices such as Ga,O; rectifiers or GaN

High Electron Mobility Transistors (HEMTs). In the latter case,
400 V/80A full bridge prototypes have been developed that
show the ability to continuously turn off 400 V/80A@100
kHz and 400 V/40A@300 kHz with only one GaN device par-
alleled to two commercial Si MOSFETs."?) Ga,0; would have
an even larger voltage capability.

High-power (~50 kW) is also required for fast wireless
charging systems (WCS) in transportation applications.!>"]
In this application, the operating frequency of the WCS deter-
mines the size and configuration of the pad, the range of charg-
ing distance, and the quality factor of the resonant tank. Low
power systems in the range 3.7-11.0 kW have been standard-
ized to operate at 85 kHz. However, higher-power systems at
10-22 kHz reduce the switching loss in the inverter as well
as conductive and magnetic losses in the power pad. At these
frequencies, higher current is required to transfer the same
power levels. Moreover, the mutual inductance is lower in
case of dynamic wireless charging. SiC-based inverters are
being developed for wireless vehicular charging applications
and Ga,Os is a possible candidate due to the promising rectifier
results reported to date.?+!

Relevant properties and limitations of

Ga203

While there are a number of polymorphs of Ga,05, the most
stable and widely studied is monoclinic ﬁ-Ga203.[1’10’13] The
corundum structure a-Ga,O; has a wider bandgap but is
more difficult to stabilize. Figure 1 shows that the
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Figure 1. (top) Qualitative representation of the technology development status of the different polymorphs of Ga,05 and (bottom left) unit cell along (010)

direction and (bottom right) normal to the (100) surface of -Ga,0s.

B-polymorph is the most developed in terms of devices, sub-
strate, and epi layer availability.”! Cross-sections of the
B-polymorph crystal structure are shown at the bottom of the
figure. For power switching applications, there are several
drawbacks of 5-Ga,03, including its low thermal conductivity
and the absence of p-type doping capability.l' %' The use of
minority carrier assisted turn-on mechanisms are an intrinsic
part of current power electronics. Ga,Oz-based power devices
would benefit from the availability of minority carrier so that
PIN type diodes and IGBT (insulated gate bipolar transistor)
type transistors can be fabricated. These devices preserve the
high voltage blocking capacity while lowering the on-state
resistance. Such devices exceed the theoretical limits of unipo-
lar devices. As a consequence of its doping limitations, all
Ga,05 devices are majority carrier type.!' " The two-terminal
devices reported include rectifiers, UV solar-blind photocon-
ductors, and photodetectors.l' ®'*"'5] Three-terminal devices
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reported include MESFETs and MOSFETs, mostly operating
in depletion mode. At this stage, the theoretical critical field
of Ga,05; of~8 MV/c (extrapolated from other materials), has
not been achieved experimentally, with values in the range
1.5-44 MV.em™'.l"%!

The absence of a p-type doping capability is due to the flat-
ness of the valence band, which leads holes to effectively self-
trap, giving rise to localize polarons.!'%'*'%I There have been
reports of p-type conductivity from ionized Ga vacancies at ele-
vated temperature,*”) but extrinsic acceptors are not electrically
active at room temperature.*'! Electronic devices are broadly
classified as bipolar (minority carrier) or unipolar (majority car-
rier). Majority carrier devices usually switch faster and include
Schottky diode rectifiers and MOSFETs. Minority carrier
devices usually have better on-state performance and include
p-i-n diode rectifiers, bipolar junction transistors (BJTs),
IGBTS, and thyristors.”*] These latter two play a large role
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in Si power electronics but will be challenging to achieve in
Ga,05 because of the lack of p-type doping. The current
approach is to employ p-type semiconductors such as SiC,
NiO, Cu,0, Cul, or diamond to make vertical p-n heterojunc-
tions.["*'"1 Figure 2 shows the evolution of Si power electron-
ics and where SiC and GaN have begun to have an impact.

It is not clear that multiple junction devices in Ga,O3 can be
made successfully using these other p-type materials, since
even single junction demonstrations have shown significant
limitations.!">! The quality of the junctions must be very high
in order to achieve acceptable performance in devices such as
IGBTs and thyristors. These are three terminal devices with a
controlling “gate” terminal but utilize different principles of
operation. The thyristor has four alternating semiconductor lay-
ers (e.g., p-n-p-n), i.e., three p-n junctions and is basically a
coupled pair of pnp and npn transistors. The outermost P-
and N-type layers are the anode and cathode respectively,
with the inner P-type layer acting as the “gate”. It has three
modes of operation, namely reverse blocking mode, forward
blocking mode, and forward conducting mode. Once the gate
is triggered, the thyristor is in forward conducting mode and
keeps conducting until the forward current becomes less than
the threshold holding current. Thyristors are mainly used in
control of alternating currents. The IGBT has three terminals
(emitter, collector, and gate). It can handle high powers at
fast switching speed and has the combined features of both
MOSFET and BJT. It is gate driven, like a MOSFET, and
has current-voltage characteristics like BJTs. Therefore, it has
the advantages of both high current handling capability and

ease of control. Si IGBT modules can handle kilowatts of
power, with much larger capabilities for the wider gap materials
if they have appropriate carrier lifetime and junction capability.
Currently, the single p-n heterojunctions involving Ga,0O5 do
not generally indicate minority carrier injection at low bias,
indicating that a true p-n junction is not formed.

An important parameter in bipolar power devices is the
minority carrier lifetime. Indirect semiconductors have a longer
minority carrier lifetime compared to direct bandgap semicon-
ductors. Lifetimes of 215 ps were reported for nonequilibrium
holes created by e-beam excitation of n-type Ga,05.['

One limitation to Ga,O; material for power electronics is its
low thermal conductivity at 11-27 W/mK, particularly when
contrasted to the thermal conductivity of Si (130 W/mK), SiC
(360-490 W/mK), and GaN (150-200 W/mK).l'!  This
means that thermal management approaches will be critical in
power applications and these include top and bottom heat
sinks and microfluidic channel to bring cooling fluid to the
active region of the device. One approach for mitigating the
low thermal conductivity of Ga,Oj3 is by integrating diamond,
AIN, or Cu as a high thermal conductivity heat spreader.** 4
Integration of Ga,O3; with diamond, which has nearly an order
of magnitude higher thermal conductivity than Cu, is the most
attractive option for high power Ga,O; devices.?*24
However, diamond and Ga,0; are incompatible from a growth
standpoint, as the growth atmosphere of one is detrimental to
the other (H-plasma for Ga,0;, O-plasma for diamond).
Development of approaches for the growth of Ga,O; on single-
crystal diamond, as well as CVD nanocrystalline diamond on
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Figure 2. Evolution of Si power electronics based on both majority and minority carrier devices and the beginning of the availability of SiC and GaN devices to

provide higher performance.
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both Ga,O; substrates and devices is an area of need. The exist-
ing embedded thermal management approaches developed for
GaN, where cooling is built into the chip, substrate, and/or
package to directly cool the heat generation sites using high-
thermal-conductivity synthetic diamond material either to line
microfluidic channels or to form the substrate of the RF
chips,”®! is something that could be quickly applied to
Ga,05. Groups at the Naval Research Laboratories have dem-
onstrated the integration of nanocrystalline diamond on both
the front-side and backside of GaN HEMTs to effectively
remove the heat from its source (drain edge of the gate) to
heat sinks.?>* A schematic is shown in Fig. 3. These devices
have achieved 20% (25-50 °C) reductions in device operating
temperature while enhancing DC and RF performance.[** %]

Given the basic properties of Ga,0Os, where is it likely to
have an impact? The status of p-n heterojunctions is too
crude for practical applications. For rf applications, it is hard
to see where Ga,0; brings advantages, although gate-all-
around FinFETs can operate in accumulation mode in the on
state. Additionally, for lateral devices, the (Al;Ga;_4),05/
Ga,0; heterostructure has been recently demonstrated using
modulation doping of the barrier layer,*°>! as 5-Ga,05 is
nonpolar. There needs to be a major breakthrough, such as a
>5 kV transistor or Ga,O3 on diamond HFETSs. The future of
Ga,05 depends on its ability to find a profitable, sustainable
commercial application. Solar-blind, ultra-violet photodetec-
tors are a niche application (the 4.7-4.9 ¢V bandgap of
Ga,05 renders it naturally solar-blind). The vertical Schottky
barrier diodes matching the recovery characteristics of SiC
SBDs have been demonstrated but offer no performance
advantage at this time.”*'** However, continued performance
improvements would be a useful addition to the power electron-
ics market as a fast, cheap, robust, low-loss switch.

Processing needs

Vertical devices need field termination to avoid electric field
crowding. For SiC and GaN, p-type termination regions such
as guard rings and junction termination extensions, patterned
selectively using either regrowth or implantation, have been
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Figure 3. Schematic cross-section of GaN power transistor with integrated
nanocrystalline diamond coatings for improved heat dissipation.

vital. Again, this is very difficult to implement in Ga,O3 and
simpler field termination must be employed.

Let us examine the process sequence for a typical vertical
geometry rectifier, shown in Fig. 4. This is relatively straight-
forward, involving a full area backside Ohmic contact, top
Schottky contact, and overlap of this contact onto a dielectric
layer. For a three terminal device, such as the MOSFET
shown in Fig. 5, a simplified sequence involves the following
steps:

(1) Device Isolation—the active region is defined by mesa
etching using low damage Cl,/BCls-based inductively
coupled plasma etching or by ion implantation to create
highly resistive regions.

(i1) Ohmic contact formation—a typical Ohmic on n-Ga,Os is
a Ti/Pt/Au metal stack deposited by e-beam evaporated
and annealed in O,

(iii) Gate recess etching—threshold voltage control by recess
dry etching

(iv) Gate oxide deposition—Al,O5 or SiO, gate oxide depos-
ited by ALD

(v) Gate electrode metallization—typically Ni/Au metal stack
e-beam evaporated for the gate formation

(vi) O, ambient post-metallization annealing—post-metalliza-
tion annealing in O, ambient to improve the interface qual-
ity of the Al,05/Ga,0; or Si0,/Ga,0;.

Most of these same steps are generic to any two or three
terminal Ga,O; device. In addition, while we show a Ga,0;
channel MOSFET in Fig. 5, the use of (Al,Ga;_4),03 two-
dimensional electron gas (2DEG) channels allows high carrier
density and mobility (high on-state driving current) and fast
switching speed.!?¢—"

All of the devices benefit from the addition of field plates to
tailor the electric field profile, although multiple field plates
have yet to be implemented and this might improve the
dynamic on-resistance in FETs. Current collapse phenomena
have been observed in MOSFETSs but not studied to the extent
they have in AlGaN/GaN HEMTs. This can be caused by
reversible trapping into surface defects, AlGaO barrier bulk
traps, interfacial traps at the AlIGaO/GaO interface, and buffer
traps. In recessed gate MOS configurations, there can be addi-
tional fixed/interface charges and plasma-induced recess dam-
age. Again, the addition of field plates can reduce the current
collapse and increase breakdown voltage by suppressed electric
field reduce the probability of electron injection from the gate.

Contacts

Ohmic contacts

It is always challenging to make low resistance Ohmic contacts
to wide bandgap semiconductors and generally some form of
local doping enhancement by ion implantation,!'***-** plasma
exposure,!'?! or the addition of a low bandgap interlayer (AZO,
ITO, InN)>-%) is used. Ton implantation s still relatively unex-
plored in Ga,O; in terms of choice of species, doses, and
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1: Starting material

5: Schottky contact deposition using
standard lift-off process by E-beam
evaporation

e

2: Backside ohmic metal deposition
using E-beam evaporation

SiN, Ni/Au
n

3: Field-plate dielectric layers
deposition using PECVD

SiN,

4: Schottky contact opening etch with BOE

Figure 4. Schematic of processing sequence for Ga,03 power rectifier, showing edge termination, thermally stable Schottky, and low resistance Ohmic.

annealing conditions.!'***! It is necessary to achieve highly
conductive surface layers for Ohmic contacts formation. In
this case of ion implantation, this means carrier concentrations
of 10"-10*°/cm>. Activation annealing has typically been
carried out at 900—-1000 °C for 30 min, with activation percent-
ages approaching 60%.['***] When annealed in N, there was
no change in surface morphology at temperatures below

FP

Si*-implanted
n-Ga,0, channel (0.3 um)

UID Ga,0, buffer (0.9 um)

Fe-doped semi-insulating
B-Ga,0, (010) substrate

Figure 5. Schematic of trench MOS Schottky diode. Reprinted with
permission from ref. 5 (IEEE, 2018).

1150 °C, however, the addition of hydrogen to the annealing
ambient lowered the temperature at which degradation was
evident.*’>* Thermodynamic analysis showed that the domi-
nant reactions are Ga,Os(s)=Ga,O(g)+ O, (g) in N, and
Ga,05(s) + 2H,(g) = Ga,O(g) + 2H,0 (g) in a mixed flow of
H, and N,. A simple expedient is to perform the implant acti-
vation anneals in O, ambient.?’ 7!

One surprising feature of the few implantation studies to
date has been the high diffusivities of some of the implanted
species.** Secondary Ton Mass Spectrometry (SIMS) depth
profiles of Mg and N are shown in Fig. 6.°% Significant Mg
diffusion occurred at 7,>900 °C, with the as-implanted
Gaussian Mg profile transformed into box-like with a sharp cut-
off tail and a plateau concentration stabilized at the background
donor (Sn) concentration.**! This diffusion was independent of
the impurity concentrations or the specific donor species
involved. By contrast, implanted N profiles showed limited
redistribution at 1200 °C and also stabilized at the background
donor (Si) concentration of 2 x 10'7/cm?.

Sasaki et al. reported Ohmic contacts to Ga,O; using
implanted Si to form n* regions under the contact metal.l'*]
The implants were activated by 950 °C rapid-thermal anneal-
ing. Ohmic contacts made to these Si-implanted layers using
Ti/Au metallization showed a specific contact resistivity of
4.6 x 107%/Q.cm?, using a three-step contact process (BCly/
Ar etch, Ti/Au metal liftoff, 1 min. 450 °C RTA), Other varia-
tions employ additional metal layers such as Al, Ni, and Pt in
the stack. It is not clear the insertion of these additional metal
layers has had a positive impact on the Ohmic contact
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Figure 6. SIMS profiles of Mg or N implants into Ga,03 before and after
annealing at different temperatures. In (a), Mg profiles in heavily Sn-doped
substrates before and annealing at 8001000 °C, (b) Mg profiles in lightly
Sn-doped substrates before and after annealing at 800-1000 °C and (c) N
and Si profiles in undoped substrates before and after annealing at 1100-
1200 °C. [Reprinted with permission from ref. 34 (American Institute of
Physics, 2018)].

performance.!'>! Carey et al. reported Al-doped ZnO (AZO)
interlayers and compared to the Ohmic characteristics to Ti/
Au.P® For the AZO process, the Ga,0O3; was implanted with
Si, followed by a 10/20/80 nm thick AZO/Ti/Au stack. The
AZO contact exhibited nearly linear I-V characteristics
even as-deposited. By comparison, the Ti/Au reference contact
did not exhibit linear current-voltage characteristics even
after annealing up to 600 °C. The contact resistance of
0.42 Q'mm (2.8 x 107> ©Q/cm?) was reported for annealing at
400-600 °C, demonstrating the AZO/Ga,0O; heterojunction

=]
64 © 5
P o
o
>
o
0.79 1.25 3.35
4 -
=
2
=
% 5. E, Ga,0, = 4.6eV
=
L
0.61 0.25
O —

Contact enhancement material

Figure 7. Band alignments for contact interlayer materials on Ga,0s.

has great potential for Ohmic contacts in Ga,0; devices. In a
separate study, ITO/Ga,O; contacts were fabricated as
well,*>! with the lowest value for the specific contact resistance
of 0.60 Q@mm (6.3 x 107> Q/cm?) achieved after 600 °C
annealing. Figure 7 shows the band alignments for some poten-
tial interfacial layers for reducing contact resistance on Ga,Os.

What is needed to further improve contact resistance? The
versatility of ion implantation needs to be exploited. For most
semiconductors, the implant activation temperature generally
follows a two-thirds rule with respect to the melting point.[**!
The melting temperature of Ga,0s is 1793—1820 °C,!-3%40]
so the 2/3 rule for implant activation annealing suggests
temperatures in the range 1150-1250 °C. This is higher than
generally employed to date. Annealing conditions consisting
of a high temperature for a short duration are desirable for mate-
rials containing volatile elements, like oxides. These annealing
conditions can give improved electrical properties and restrict
surface degradation, dopant redistribution, and mobility degra-
dation. The temperatures required for many wide bandgap
semiconductors are beyond the capability of most rapid thermal
annealing systems. Ga,O; decomposes into volatile lower
oxides when heated under oxygen deficient atmospheres. The
following decomposition reactions take place!>¢%:

Gay03(1, s) — 2GaO(g) + 1/20,(g), 2GaO(g)
— Ga,0(g) + 1/20,(g), Ga,O(g)
— 2Ga(g) + 1/20,(g).
Thermal decomposition of 5-Ga,O; becomes noticeable at
temperatures above 1200 °C. Experiments on annealing at dif-

ferent temperatures and atmospheres showed stability of the
(100) surface in O, to ~1300 °C, in N, or Ar to ~ 1200 °C,
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and in the presence of H, (5% H; +95% Ar) to ~600 °C for an
annealing time of 10 h.****) RTA conditions can extend these
stability limits.

Schottky contacts

High barrier height, thermally stable (W, WNx, WCx) have yet
to be explored for Ga,05. Currently, high work function metals
are typically used as Schottky contacts, with Ni and Pt the most
common.!">*!75% Prior to deposition, the surface is generally
cleaned with organic solvents (acetone-methanol/isopropyl
alcohol) usually with ultrasonic agitation and followed with
various wet chemical treatments. Yao et al.l*'l reported
HCl+H,0, produced the highest Schottky barrier heights
and lowest series resistances. The effect of the choice of
metal on the Schottky behavior is still unclear. Scattered barrier
heights with weak correlation to metal work function, as shown
in Fig. 8, may indicate that there is at most only a partial Fermi
level pinning due to defects and/or surface states, particularly
on the (201) surface. Behavior closer to that predicted by the
Schottky-Mott model is observed for (010) orientation.>'>*
Most of the reported Schottky barrier heights on 5-Ga,0; are
between ~1.0 and 1.5 eV. Electron-beam evaporation yields
higher quality (near unity ideality factor) Schottky diodes in
comparison to sputter-deposited contacts.!*!)

Gate dielectrics for MOS gates

As shown in Fig. 9, there are a limited number of dielectrics
with sufficient bandgaps to provide adequate conduction and
valence band offsets on Ga,0Os3. There is definitely room to
explore new options with bandgaps above 7 eV and with
dielectric constants above 25. There are few choices with suffi-
ciently high bandgap to get the desired >1 eV conduction and
valence band offsets. Materials with a high dielectric constant
(high-K) are desirable in Ga,O; FETs, since the higher
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Figure 8. Barrier height metals on Ga,03 as a function of metal work
function, showing only a weak correlation with the values expected from the
Schottky—Mott relationship.

capacitance can reduce the effect of interface traps and there-
fore reduce the device operating voltage. Currently, the two
most common dielectrics used are SiO, and Al,Os. It has
been found that the deposition method can have a very signifi-
cant effect on the band alignment.>>°"! There are often varia-
tions in reported valence band offsets for dielectrics on
semiconductors and some of the reasons documented include
metal or carbon contamination, interfacial disorder, variations
in dielectric composition, thermal conditions, strain, and sur-
face termination effects.°%! Figure 10 shows there are differ-
ences of up to 1eV in band alignments for SiO, and Al,O5
on Ga,03 and (Alg 14Gag g6)203, depending on whether they
are deposited by sputtering or Atomic Layer Deposition. In
the case of Al,Oj3, this changed the band alignment from nested
(type 1) to staggered gap (type II). The valence band offset at
each heterointerface was measured using x-ray Photoelectron
Spectroscopy and was determined to be —0.85 eV for sputtered
A1203 and 0.23 eV for ALD A1203 on ﬁ-(A10_14GaO'36)2O3,
while for SiO, it was 0.6 eV for sputtered and 1.6 eV for
ALD. These results are consistent with recent results showing
that the surface of Ga,0O; and related alloys are susceptible to
severe changes during exposure to energetic ion environments.

More work needs to be done to understand the band offsets
of p-type oxide heterojunctions (Cul, Ir,03, SnO,) on Ga,0;.
From Anderson’s rule,”*! the conduction-band and the
valence-band offsets are assumed to equal the differences of
the electron affinities and the ionization energies, respectively,
of the semiconductors forming the heterostructure and basically
is the analog of the Schottky—Mott rule for metal-semiconduc-
tor or Schottky contacts. Monch®*! has proposed an alternative
approach, in which the band-structure alignment at oxide heter-
ostructures can be explained by interface-induced gap states
directly related to the electronegativities of the semiconductors
involved.
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Figure 9. Dielectric constants and bandgaps for different dielectrics and
potential contact materials on Ga,03.
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Field plates, impact ionization
coefficients, and role of defects

To date, only a limited number of dielectrics have been used a
gate overlap field plates and the optimization of material and
geometry is largely unexplored.[*' 3 To understand the break-
down characteristics of a power device, it is also important to
know the impact ionization coefficients of electrons and holes
as a function of the electric field in the semiconductor.[®!]
There are, as yet, no experimental measurements of these quan-
tities for Ga,O;. The phenomenon of reverse breakdown is
explained by avalanche multiplication, which involves impact
ionization between host atoms and high-energy carriers.
When a high-energy hole or electron under high electric field
impacts an electron in the valence band, it will produce a
new electron—hole pair (EHP). This newly generated EHP
will cause other collisions and rapidly multiply carriers.
Avalanche breakdown is defined to occur when.[®¢7°!

Wp y
j a, exp J(an —ap)dx [dx > 1
0

(%)
a; = o eXp T

where W), is the depletion width, a, and a,, are the ionization
rates of electrons and holes. The electron ionization rate has
been calculated for Ga,O; from a Boltzmann Transport
Equation approach as a,=0.79 x 10° exp (—2.92x107)/
E (cm™ ). Using Chynoweth’s equation (a=a ¢~ *F),187
measurements for Ga,0; epitaxial layers grown on bulk
Ga,0; substrates should produce values for @ and b for the
impact ionization coefficient of electrons in Ga,O5; at room
temperature. Defects such as threading dislocations in the
drift region of rectifiers lead to premature breakdownl’'~7®]
and it will be important to measure the changes in effective

impact ionization coefficients in material with known defect
densities.

In the case of punch-through junction diode, the breakdown
voltage is given by

aNs Wiy

BVpr = E-Wpr — 26

While the relevant relations are still being refined for Ga,0s3,
initial calculations of the same type can produce a plot of the
theoretical breakdown voltage of Ga,O; punch-through diodes
as a function of doping concentration and drift region thickness.
Figure 11 is a plot of the theoretical breakdown voltage of
Ga,0; punchthrough diodes as a function of doping concentra-
tion and drift region thickness, along with experimental values
generated by us and others. A 3 um epi layer with doping con-
centration of 10'%cm? theoretically has ~1800 V breakdown
voltage. The actual experimental value of breakdown voltage
is far from these theoretical predictions and continued improve-
ments in both materials and processing are needed to reduce
this gap.[627%4

Trench etching (plasma), digital wet
etch for damage cleanup

The dry etching studies to date on Ga,Oj3 indicate that the etch-
ing mechanism is ion-driven, so there will be residual damage
due to the ion bombardment. Optimization of the plasma con-
ditions can minimize the amount of damage, but post-
processing annealing or wet etch clean-up must be employed.
In addition, -Ga,05; wafers are usually chemically mechani-
cally polished and care must be taken to avoid residual damage
layers. For subsequent growth or processing on these surfaces,
etching and annealing to remove the damaged layer and create a
step structure on the wafer surface are needed. Ohira and
Arai”®! examined different etching reagents and temperatures
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Figure 11. Breakdown voltage versus drift layer thickness for vertical Ga,03
rectifiers, with experimentally reported values.
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for f-Ga,05. Only 47% HF at RT and 60.5% HNO; at 120 °C
were found produce etching. S-Ga,Oj is resistant to other acid
and basic solutions at room temperature. With the use of HF,
the dissolution of Ga from Ga,Oj linearly increased with etch-
ing time and with HF concentration. The etching rate of the
(100) plane was found to be almost twice higher as compared
to the (001) plane.

Photoelectrochemical etching has yet to be explored for
Ga,0;. The dissolution rate of semiconductors may be altered
in acid or base solutions by illumination with above bandgap
light. The mechanism for photo-enhanced etching involves
the creation of e—h pairs, the subsequent oxidative dissociation
of the semiconductor into its component elements (a reaction
that consumes the photo-generated holes) and the reduction
of the oxidizing agent in the solution by reaction with the
photo-generated electrons. Generally, n-type material is readily
etched under these conditions, while p-type material is not due
to the requirements for confining photo-generated holes at the
semiconductor—electrolyte interface (i.e., the p-surface is
depleted of holes because of the band-bending).

Plasma processing and annealing can
affect background n-type conductivity
Plasma exposure generally increases the n-type conductivity of
the near-surface, while annealing in O, ambients tends to
decrease this conductivity.!'>! There are at least two sources
for electrical conductivity in f-Ga,O3, namely residual impuri-
ties, such as the common hydrogenic donor impurities (ioniza-
tion energy~30 meV) Si, Sn, Ge located on Ga sites, which
provide the electron concentration at the level of about
10'7/cm?, as well as hydrogen. The n-type conductivity can
be reduced by adding the acceptors Mg, Be, and by annealing
in O,.There are always native defects present prior to process-
ing, such as the deep acceptors due to native defects Vg, at tet-
rahedral (Gal) and octahedral (Ga2) sites. Their concentration
increases with the partial pressure of oxygen during growth or
annealing and leads to compensation of the n-type conductiv-
ity. There are also oxygen vacancies Vg at threefold coordi-
nated sites (O1 and O2) and fourfold coordinated sites (O3).
Theory indicates that all of these oxygen vacancy configura-
tions are deep donors and have minimal effect on the conduc-
tivity. Shallow donors may include isolated H;, as well as
VGa-H complexes that reduce the compensation effect of Ga
vacancies. Hydrogen can occupy either interstitial (Hi) or sub-
stitutional sites (Hp) and in both configurations can act as shal-
low donors. The theory also suggests that F and Cl on the O site
are shallow donors and can contribute to conductivity. Fe—dop-
ing is used to create resistive material for buffers on FETs. Hall
measurements of Fe doped p-Ga,O; indicate the material
remains weakly n-type even with the Fe doping, with an accep-
tor energy of 860 meV relative to the conduction band for the
Fe deep acceptor.

Currently, the range of carrier concentrations available in
bulk B-Ga,O5 are 10'°~10"%/cm?, while in epitaxial layers it
is from 10'® to 10?°/cm>, with maximum electron mobilities

of 150-170 in bulk samples and 120—130/cm?/V/sec in epitax-
ial layers.

Conclusions

Although high breakdown voltage devices can be fabricated
using only majority carrier semiconductors,®®” low on-
resistance is difficult to achieve without minority carriers.
The absence of p-Ga,05 is a major limitation. The low thermal
conductivity is another major limitation. Process developments
in Ohmic and rectifying contacts, gate dielectrics, and ion
implantation continue to help improve device performance.

A challenge to the commercial viability of Ga,0s5 is the lack
of a diverse supply chain for wafers and epi films.[*') Only one
company provides Ga,0; substrates commercially, Tamura
Corporation. Its spinoff, Novel Crystal Technology has
commercialized Ga,0O; epilayers by molecular beam epitaxy
and halide vapor phase epitaxy. The one commercial (albeit
limited availability) Ga,O; device is a rectifier fabricated
using a-Ga,05 grown by mist-CVD by Flosfia, Inc. Northrop
Grumman Synoptics has demonstrated Czochralski grown
2-inch boules of f-Ga, 03, but these are not commercially avail-
able.®" Agnitron has commercialized an MOCVD system.®!]
Kyma Technologies and Structured Materials Industries have
demonstrated a high-quality material. It will take a continued
investment to allow maturity of Ga,O; device technology.
Ga, 05 will not displace SiC and GaN devices but possibly sup-
plement them at high voltages.
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