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Proton Damage Effects in Double Polymorph y/6-Ga,0s; Diodes

Alexander Y. Polyakov?, Anton A. Vasilev?, Anastasiia |. Kochkova?, Ivan V. Shchemerov?,
Eugene B. Yakimov®®, Andrej V. Miakonkikh®, Alexei V. Chernykh?, Petr B. Lagov®¢, Yrii S. Paviov?,
A.S. Doroshkevich®, R.Sh.Isaev®, Andrei A. Romanov?, Luiza A. Alexanyan?, Nikolai Matros?,
Alexander Azarovf, Andrej Kuznetsov™™ and Stephen Peartons”

Double polymorph y/68-Ga;0s structures remain crystalline upon unprecedentedly high crystal disorder levels where other
semiconductors lose their long-range symmetry and, eventually, become amorphous. However, it is unclear if this radiation
tolerance translates to device-like operation, where much lower levels of damage degrade the performance. In this work,
we fabricated conducting double polymorph y/6-Ga0s structures using ion implantation and subsequent hydrogenation of
the top y-Ga:0s layer, instead of conventional impurity doping which is limited by y-Ga,0s stability tradeoffs. While not a
direct comparison, these structures exhibited much higher radiation tolerance compared to conventional Schottky diodes
made of 8-Gaz0s. Specifically, using 1.1 MeV proton irradiation at fluences of 10'4-10%°> cm, conventional 8-Ga;0s diodes
became unfunctional, while double polymorph y/8-Ga,0s diodes remained operational. The centers supplying electrons in
y-Ga,0s were characterized by prominent DX-like persistent photocapacitance. For samples implanted with Ga* and Si* to
produce the 8->y transition, annealed at 600 °C and plasma hydrogenated, the net donor concentration was ~10'? cm, with
dominant electron traps near Ec-0.65-0.7 eV and photocapacitance and photocurrent spectra determined by deep acceptors
with optical ionization thresholds 1.3 eV, 2 eV, 2.3 eV and 2.8 eV. Irradiation with 1 MeV protons increased the net donor
density of these conducting y/6-Ga,0s structures, with carrier creation rates of (1.5-4.4)x10"2 cm?, in sharp contrast to the
carrier removal rates of 150-200 cm under identical conditions in the original 8-Ga20s films.

Introduction

Ga,03 is an ultra-wide bandgap semiconductor attracting
attention because of its promising applications in power
electronics and deep-UV photonics.1-3 Up to date, most studies
have focused on its thermodynamically stable monoclinic
polymorph, 8-Ga;0s. There is increasing interest in studies of
the metastable polymorphs, specifically, corundum a-Ga;Os,
orthorhombic k-Ga,03, and cubic y-Ga,0s3 phases.*11 Recently,
it was found that double polymorph y/6-Ga,0s structures can
be fabricated via disorder induced ordering in ion-irradiated 8-
Ga,03, upon reaching a certain disorder threshold, resulting in
a continuous y-Ga,0s film on top of the 8-Ga,03 substrate.12-14
Such structures exhibit remarkably high radiation tolerance
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upon further ion irradiation.1> Specifically, it was demonstrated
that the top y-Ga,03 film remains crystalline for
unprecedentedly high disorder levels, at which all other known
semiconductors lose their long-range symmetry and,
eventually, become amorphous.!® Thus, double polymorph y/6-
Gay0s structures constitute a new class of materials of intertest
for electronics, if in addition to their ability to withstand the
amorphization, the devices made of these materials
demonstrate the radiation tolerance in terms of the electronic
properties.

The double polymorph y/6-Ga,0s structures formed via
irradiation exhibit rather high electrical resistivity in their
“as-fabricated” state. Indeed, the reason for y-Ga,0Os to be
capable to maintain its crystalline lattice under irradiation was
explained by a high density of native defects leading to “self-
healing” of the radiation-induced defects assisted by the
interactions with native defects.’> In conventional
semiconductors, defect-related electrical compensation upon
irradiation is usually removed by anneals and/or extrinsic
doping followed by anneals. However, applying similar strategy
for the double polymorph y/8-Ga,0s structures is difficult
because of their limited thermal stability. Indeed, y-Ga.Os is
naturally metastable, converting to 8-Ga,0s upon anneals, so
that anneals at temperatures above 600 °C are sufficient for
igniting this process.’® In this context, recent attempts to
activate ion-implanted Si donors by such relatively low
temperature anneals in y-Ga;03 (< 600 °C), have not resulted in
achieving sufficient conductivity control,'’ consistent with the
fact that much higher temperatures (>900°C) were reported to
activate ion implanted Si donors in 8-Ga;05.18
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However, simultaneously, it was shown that hydrogenation of
the y-Ga;0s film on the top of the 8-Ga,03 may be used as a method
to achieve the n-type conductivity.l” Indeed, hydrogen and/or
hydrogen-related complexes are known to act as electrically active
defects in semiconductors and frequently as donors in oxides.'®
The increase of the net donor concentration after the H plasma
treatment has been shown recently to be a common feature of all
polytypes of Ga,0s3 under certain treatment conditions and can be
attributed to the processes common for all of them and possibly
ascribable to the formation of Ga vacancy complexes with 4 H
atoms.20 The effect of Ga,0s interactions with various plasmas is in
general an interesting and fruitful area of research in which intriguing
and potentially useful phenomena, such as a giant increasing of the
photosensitivity of Schottky diodes after the treatment in Ar
plasma?! or a marked increase of the N solubility and the formation
of GaNO after the treatment in N plasma2? have been recently
reported.

Thus, the prime aim of this work was to demonstrate that
the 8-Ga,03; samples converted to y-Ga,Os at the surface by
implantation of Ga or Ga and Si and subsequent H plasma
treatment can be processed into useful Schottky diodes with
reasonably good leakage current, rectification, photosensitivity
in the UV spectral region, to subject these samples to high
energy particles irradiation, and to compare the changes
induced in electrical properties by such irradiation with those
occurring in more established semiconductor materials in order
to check whether the high radiation tolerance of y/8-Ga,0s3
structures in terms of the lack of amorphization will also be
accompanied by the slower changes of electrical and
photoelectrical properties. As a benchmark against which such
comparison is done we have chosen Schottky diodes prepared
on commercial B6-Ga;0s structures. And the high energy
particles irradiation with 1.1 MeV protons was selected as a
representative irradiation source. The radiation effects in 8-
Ga,03 have been extensively studied and have been reviewed
in several papers.?23.24 The main bulk of these studies relates to
the high energy particles predominant in the radiation belts
surrounding Earth and consisting of electrons of energies in
some MeV range and protons in the same energy range, with
some work also done for fast neutron irradiation, alpha-
particles irradiation, y-irradiation.®2324 Such data are of most
importance for low-orbit space military and commercial
applications and for ground military and civil applications.?.23.24
In these categories of high energy particles it has been
demonstrated that the radiation tolerance of 6-Ga,Os-based
devices is among the highest.%23.24 Of course, for open space
applications, much higher energies of particles and a much
higher range of particles of interest is of interest. Such studies
are being carried out for different semiconductors, the
radiation tolerance of B8-Ga,0Os; devices to protons in the
100 MeV — 1 GeV range,?526 and to irradiation with high energy
heavy ions have been published?’-2° and also demonstrate a
high radiation tolerance of 8-Ga,03 devices. Thus, comparing
the radiation tolerance of y/6-Ga,0s3 test devices to that of 8-
Ga,03 devices looks as a justified measure of the radiation-
tolerance worthiness of the y/8-Ga,03; samples in electronic
sense. We have chosen for such comparisons the proton energy
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of 1.1 MeV for the proton fluences range of 1014-10%> p/cm? as
this is a well characterized proton energy range for which the
measurable changes in the properties of 8-Ga,0s can be easily
detected.17:30 These comparative studies have enabled us, for
the first time, to demonstrate that the radiation tolerance of the
y/6-Ga,03 samples is not only very high in terms of crystalline
quality, but also high in terms of electronic properties. We also
present for the first time the deep trap spectroscopic data for
y-Ga,0s3, as affected by proton irradiation.

Experimental

Double polymorph y/B-Ga,0s structures were fabricated by
ion implantation into (010)-oriented Fe doped semi-insulating
B8-Ga,03 single crystals purchased from Tamura Corporation.
Two types of implants were used: either room temperature
single 1.7 MeV Ga* implants with a fluence of 6x101> Ga/cm? or
the same Ga implants followed by an elevated temperature
box-profile Si implants using energies (and fluences) of 300 keV
(10%5 Si/cm?) and 36 keV (2x10% Si/cm?2). The rationale behind
these combinations was to fabricate y-Ga,O3 on the top of the
B8-Ga,0s3 substrate by the Ga implants,314 and try to activate Si
donors via elevated temperature implants.3! For clarity, the
samples were labelled as y-GaO1 for implantation with only Ga*
and y-Ga02 and y-GaO3 for those additionally implanted with
Si* ions at 200 °C and 400 °C, respectively. Notably, sample y-
Ga02 was also subjected to 600 °C post-irradiation rapid
thermal annealing. Further, because Si donor activation was
low, all these samples were subjected to a hydrogen plasma
treatment for 0.5 h at 330 °C.1718 Structural characterizations of
implanted, annealed and H plasma treated identical samples
were reported previously.?>7 These measurements confirmed
that the selected sample fabrication conditions result in the
double polymorph y/6-Ga,0s3 structures with the top y-Ga,03
layer thickness of ~¥950 nm in the as-fabricated state, slightly
decreasing upon anneals.1517

A brief summary of structural characterization of these
reported
formation of heterojunction of y/6-Ga,03 with sharp interface
and the changes of electronic properties after implantation and
annealing is presented for the readers benefit in the
Supplementary Material together with the Fig. S1 of the
Supplementary Material. For comparison, we used Sn-doped
(010)-oriented 8-Ga,0s single crystals purchased from Tamura
Corporation, labeled as 8-GaO1l and 8-Ga02, and having net
donor density of 4.6x1016 cm-3 and 3.8x107 cm-3, respectively.

Electrical characterization, including deep trap spectra,

samples as in detaill31>17 and confirming the

photocurrent and photocapacitance spectra, were performed
on Schottky diodes fabricated on all the samples described
above, having semi-transparent Ni rectifying and Ti/Au Ohmic
contacts, both deposited on the top surface of the samples
subjected to implantation and H plasma treatments. The
measurements were performed in dark and under
monochromatic illumination of Light Emitting Diodes (LEDs),
with peak wavelengths between 950 nm and 277 nm.32

We performed such dark/illumination combinations for
capacitance versus frequency (C-f), capacitance-voltage (C-V),

This journal is © The Royal Society of Chemistry 20xx
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current-voltage (I-V) and current versus temperature (I-T)
measurements. Further, we performed Thermally Stimulated
Current (TSC), Admittance Spectroscopy (AS), Current Deep
Level Transient Spectroscopy (CDLTS), Photoinduced Current
Transient Spectroscopy (PICTS), as well as Deep Level Transient
Spectroscopy with electric (DLTS) and optical (ODLTS) injection.
All these measurements were performed on the as-fabricated
diodes, followed up by repeating the measurements after
1.1 MeV protons irradiations with fluences of 2x101* p/cm?2 and
2x10%5 p/cm? for y-Ga02 and y-GaO3 samples, respectively.

The necessity of using a variety of electrical characterization
techniques above is dictated by the fact that the samples are
not well suited for straightforward DLTS/ODLTS
characterization because of the rather high series resistance of
the samples, and the energy depth and concentration of deep
electron and hole traps compared to the density of shallow
donors. And this is particularly true for analysis of the properties
of the 8-Ga,03 samples after proton irradiation. This required
doing preliminary TSC and low-frequency AS measurements to
determine the position of the major traps pinning the Fermi
level that could change their occupation upon illumination.
DLTS measurements of the spectra of deep electron traps in the
upper ~Ec-1.2 eV portion of the bandgap in DLTS and of hole
traps with depths ~Ey+1.2 eV from the valence band edge in
ODLTS using the custom designed DLTS system capable of
operation at low frequencies starting from 1 kHz, thus
alleviating problems with high series resistance, was
necessary.33 One also has to perform C-V measurements under
monochromatic illumination to detect

and characterize very deep donors and acceptors
throughout the width of the bandgap, and to complement
DLTS/ODLTS measurements with their current CDLTS/PICTS
counterparts. 32:34-36

For comparison, diodes fabricated on the 8-GaO1 and 8-
Ga02 samples were also irradiated with 1.1 MeV protons, with
fluences 2x10% p/cm? and 2x10%5 p/cm?, respectively. Table 1
summarizes all studied samples, treatments, and resulting
carrier densities. For extraction of carrier traps parameters from
the data measured in y-Ga,03, the effective mass of electrons
was assumed to be the same as in 8-Ga,0s. Importantly, y-GaO1
was not subjected to the irradiation tests because of its too high
carrier concentration and, consequently, lower reliability of the
Schottky diodes. Detailed descriptions of the electrical
measurements setups and proton irradiation setup can be
found elsewhere.33-37

This journal is © The Royal Society of Chemistry 20xx
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Results

Firstly, in “as-fabricated” states, all double polymorph
y/6-Ga,03 structures, independently whether they were
produced via single Ga or dual Ga + Si implants, exhibited high
electrical resistivity. Consistent with literature data,l7.18 it
confirmed that even elevated temperature Si ion implants
followed by anneals at temperatures not exceeding y-Ga,0Os3
stability limits were insufficient for efficient donor activation in
y-Ga,0s. Secondly, the hydrogenation affected samples y-GaO1
and y-Ga02 or y-GaO3 in two different ways. Specifically, Fig. S2
in the Supplementary Material summarizes electrical
characterization of y-GaOl1 upon hydrogenation. Fig. S2(b)
depicts the carrier concentration profile, reaching 10° cm-3
range in the vicinity of the surface. Thus, this diode was not used
in further irradiation tests, even though some interesting
capacitance data were collected from y-GaO1 as summarized in
Fig. S2. Accordingly, in the rest of the paper we will mainly
discuss the behavior of y-Ga0O2 and y-Ga0O3 samples since, upon
the hydrogenation, they exhibited carrier concentrations
enabling the radiation tests and spectroscopic studies.

While not a direct comparison of radiation stability, Fig. 1
shows the minimal effect of proton irradiation at a fluence of
2x10%5 p/cm?2 on the |-V characteristics of the double polymorph
y/B-Ga,03 diodes. By sharp contrast, the same fluence renders
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the 8-Ga,03 diodes insulating down to the depth corresponding
to the range of 1.1 MeV protons in 8-Ga,0s. Table | summarizes
the net donor concentration changes in the two studied 8-
Ga,03 samples with different starting donor concentrations of
4.6x1016 cm3 (6-Ga01) and 3.8x10Y7 cm3 (8-Ga02) (respective
starting 1/C2 versus V plots are presented in Fig. S3(a) of the
Supplementary Material, the starting C-f characteristics are
shown in Fig. S3(b) of the Supplementary Material. Irradiation
of the more lightly doped y-GaO1 sample with 2x10%4 p/cm?
fluence of 1.1 MeV protons led to the upper ~9 um portion of
the sample being totally depleted of electrons which was
manifested in the strong decrease of capacitance in Fig. S3(b),
with the capacitance corresponding to the "geometric"
capacitance of the 8.6 um-thick dielectric 8-Ga,03 layer. Thus,
all the starting shallow donors in the top portion of the film have
been compensated giving the effective carrier removal rate of
230 cm™. For the more heavily doped sample 8-GaO2 the
irradiation with the fluence of 2x10%* p/cm? 1.1 MeV protons
resulted in the decrease of the net donor density to
3.4x10%7 cm3, corresponding to the carrier removal rate of
200 cm. Further irradiation of this sample to 2x10!®> p/cm?
fluence completely compensated all shallow donors in the top
~9 um-thick layer, resulting in the capacitance of the structure
becoming as low as for the irradiated sample 8-GaO1 (Fig. S3(b)
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o o o
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o
T
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Fig. 3 (a) Room temperature C-f dependencies measured for sample y-GO2 after H plasma treatment (blue line) and after additional
irradiation with 2x1014 p/cm?2 1.1 MeV protons (red line); (b) room temperature C-V characteristics measured at 10 kHz after H plasma
treatment (blue line) and after irradiation with 2x101* p/cm? protons (red line) (the numbers near the curves indicate the calculated
concentrations); (c) photocapacitance spectra measured after H plasma treatment (blue line) and after additional irradiation with

2x10%* p/cm? protons.
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of the Supplementary Material). The width of the 8-Ga,0Os3
region fully depleted of electrons is in close agreement with the
estimated range of 1.1 MeV protons in 8-Ga,0s (Fig. S4(a) of the
Supplementary Material). This happens for even a quite
moderate number of diplacements per atom (Fig. S4(b)) and
results in the samples completely loosing rectification because
of the very high resistance of the irradiated region., as shown in
Fig. 1. The photosensitivity of the Schottky diodes also
decreased dramatically because of the very high series
resistance of the damaged layer. The spectra of deep traps in
this layer could be measured by PICTS and showed the presence
of high densities of deep traps with energy levels at E.-0.65 eV,
E--0.82 eV, and Ec1.2eV (Fig. S5 of the Supplementary
Material). The observed carrier removal rates and the types of
defects predominant in irradiated 6-Ga,Os; are in general
agreement with published data.?®30 The story is totally different
for the y/68-Ga,03 polymorph structures where the carriers were
actually created at a low rate of 0.025-0.04 cm™ (see below).
Fig. 2 summarizes the reported carrier removal rates from the
literature during proton irradiation at different energies in the
different polymorphs of Ga,0s. Current results obtained for the
y/B-Ga,03 samples studied in this paper are also shown. Note
that in the other three polymorphs, carriers are removed by
creation of trap states, at rates that depend somewhat on the
polymorph, with the g/k polymorph having lower rates than 8-
or a-Ga,03. Remarkably, the y-polymorph does not lose carriers
at all during high fluence proton irradiation, but rather picks
them up at a low rate. The actual physical nature of the process
needs yet to be understood.

Fig. 3 summarizes the results of the C-f and C-V
measurements of the y-Ga0O2 diodes before and after proton
irradiation (the actual C-f spectra measured in the dark and
under monochromatic illumination are presented in Fig. S6(a, b)
of the Supplementary Material). Before the H plasma treatment
the sample showed no measurable capacitance because of the
very high resistance of the layer.’7 After the H plasma
treatment, as shown in Fig. 3(a), there appeared a measurable
capacitance at low frequencies. C-V measurements performed
at frequencies corresponding to the plateau in the C-f
dependence on Fig. 3(a), when plotted in the usual 1/C2 versus
V form, yielded the net shallow donors concentration of
3x1012 cm-3 at 300 K. The proton irradiation changed the carrier
density slightly increasing it to 5.2x1012 cm3 near the surface
and to 1014 cm-3 deeper inside the sample (see red-color lines in
Fig. 3(b)). However, the y-GaO2 diode remained fully
operational in contrast to the 8-GaO1 diodes exposed to the
same irradiation that became non-functional due to electrical
compensation, (see Fig. S3 of the Supplementary Material). In
general, y-Ga02 diodes showed good rectification (see Fig. S7
of the Supplementary Material) as well as measurable
photocapacitance (Fig. 3(c)) and photocurrent (Fig. 4, the actual
I-V  characteristics measured in the dark and wunder
monochromatic illumination are shown in Fig. S7(a, b) of the
Supplementary Material), proving that y-Ga,O3 thus prepared
has potential for device applications Furthermore, Fig. 3(c) that
illustrates the changes in the spectral dependence of the
photocapacitance ACpn normalized by the dark capacitance Cgark

This journal is © The Royal Society of Chemistry 20xx
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as measured at 10 kHz (the blue line) before and after proton
irradiation proves that photocapacitance changes with
irradiation are quite low. Overall, the photocapacitance spectra
were not radically changed by the proton irradiation, displaying
optical ionization thresholds at 1.3 eV, 2 eV, 2.8 eV, and 3.1 eV.
Interestingly, the spectral dependence of photocapacitance is
not all that different from the spectral dependence in 8-
Gay03.%:323436 Mind also that the peak photocurrent value at
-3V after irradiation decreased only by about 2 times (Fig. 4).
The series resistance of the diodes is high explaining the
photosensitivity in both bias directions. This is also manifested
in the C-f characteristics under illumination, with the roll-off
frequency determined by the series resistance increasing with
illumination (see Fig. S3 of the Supplementary Material).

102} y-Ga02, H plasma (a)
~ 1% WV _
o [ |
é 104} 7 e
= /-/
10} .../“ -3V
10-6 L

1.0 15 20 25 3.0 35 40 45
Photon energy (eV)

102 =
DD/ (b)
+3V
3L O
10 -
g DfD/ l/./.\.
< 10% o
z]g ./-3V
10°¢ S
/ y-GaO2
10%L "/' H plasma + 2x10"* p/cm?
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Photon energy (eV)

Fig. 4 Spectral dependencies of photocurrent at -3V and 3V for y-
Ga02 sample after H plasma treatment; (b) the same for additional
irradiation with 2x104 p/cm? 1.1 MeV protons.

The spectra of deep traps in this sample before proton
irradiation was characterized by the predominance of electron
traps with levels near E.-0.7 eV and electron capture cross
section 0,=1.3x1016 cm?2. Fig. 5 presents the CDLTS spectra (the
temperature dependence of CDLTS signal Al=I(t2)-I(t1)
normalized by the steady state current, Al/l) taken with the bias
on the sample of -2V and forward bias pulse of 1V applied for
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1s (t; and t; here are as usual the time windows, their values
are specified in the figure caption). These traps were also
detected in DLTS spectra measured at the low probing
frequency of 10 kHz, and in high temperature admittance
spectra (the actual spectra not shown here). Upon the proton
irradiation the peak corresponding to the Ec-0.7 eV trap has
vanished and instead a weaker peak corresponding to a trap
with level near Ec-1 eV has emerged, thus indicating a serious
transformation of defect states due to interaction with
radiation defects.

The y-Ga03 diodes behaved qualitatively similar to y-Ga02
diodes in terms of the electrical performance and radiation
tolerance, as shown in Figs.6-8. For example, room temperature
capacitance versus frequency dependences in Fig. 6(a) showed
the existence of measurable capacitance for frequencies up to
100 kHz after the H plasma treatment of the sample. The net
donor concentration determined from the 1/C2 versus voltage
plot in Fig. 6(b) gave the value of 3.5x102cm3 before
irradiation. After proton irradiation with the fluence of
2x10%5 p/cm2 the net donor concentration again increased (to
8.7x1013 cm3) as for sample y-Ga0O2, confirming that protons
were not compensating donor conductivity, but rather
supplying additional donors. (Admittance spectra measured
after irradiation showed that the donors in question had the
ionization energy of 0.3 eV (Fig. S8(a,b) of the Supplementary
Material). Similarly, the photocapacitance measurements data
were qualitatively the same for y-GaO2 and y-GaO3, as
illustrated by comparison of Figs. 3(c) and 6 (c). As in Fig. 3(c),
the optical ionization thresholds in sample y-GaO3 before
irradiation are close to 1.3 eV, 2.3 eV, and 3.1 eV.

0.0
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oEl \ 1eV
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S .15}
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O .
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Fig. 5 CDLTS spectra Al/l measured at the bias of -2V and forward bias
pulse 1V (1 s long) for sample y-Ga02 after H plasma treatment, the
relaxation curves are presented for time windows of 150 ms/750 ms,
300 ms/1500 ms, 450 ms/2250 ms, 750 ms/3750 ms, 1200 ms/6000
ms (blue lines); the red spectra were obtained after additional
irradiation with 2x104 p/cm2 1.1 MeV protons.
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Fig. 6 Room temperature (a) C-f, (b) C-V and (c) LCV characteristics
for sample y-GaO3 after treatment in H plasma and after additional
irradiation with 2x10% p/cm2 1.1 MeV protons.

Measurements of capacitance after switching the light off
showed that considerable part of photocapacitance was
persistent and could not be quenched even by application of the
forward bias of 2V (see the curve formed by open triangles for
the sample after irradiation in Fig. 6(c) labeled as "PPC+2V")
suggesting that respective centers have a barrier for capture of

This journal is © The Royal Society of Chemistry 20xx
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electrons.?32 Similar centers are observed in other Ga,0;
polymorphs.:30:34-36 The optical threshold for these persistent
transitions is around 2 eV. After 2.3 eV the contribution of
persistent capacitance centers becomes less pronounced.
Irradiation enhances the cof such centers with optical threshold
near 2.3 eV at the expense of the centers with optical threshold
near 3.1 eV in samples before irradiation (compare the lines
with blue squares and solid triangles in Fig. 6(c)). The nature of
these changes needs to be better understood.
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Fig. 7 (a) Photocurrent spectra for sample y-GaO3 after H plasma
treatment; (b) after additional irradiation with 2x10%%> p/cm2 1.1 MeV
protons.

Photocurrent spectra before and after irradiation with the
proton fluence of 2x10%5 p/cm2 measured at -3V and +3V are
compared in Fig. 7(a, b). As for the previous sample measurable
photocurrent could be observed for both reverse and forward
biases of -3V and 3V, the peak photocurrent values are
substantially (about an order of magnitude) higher than for
sample y-Ga02, but the amount of photocurrent decrease
induced by irradiation is also much higher which is
understandable given an order of magnitude higher proton
fluence.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 DLTS spectra for sample y-GaO3 after H plasma treatment
(blue) and after additional irradiation with 2x1015 p/cm? 1.1 MeV
protons (red)

Fig. 8 shows the results of the DLTS measurements of the
y-Ga03 diodes using the low probing frequency of 10 kHz.33 The
data collected before proton irradiation reveal a trap at
Ec-0.65 eV  with electron capture cross section of
0,=5%10"17 cm?, consistent with the CDLTS data for y-GaO2 in
Fig. 5. Similar to what was observed for the y-GaO2 diode, upon
proton irradiation of y-GaO3 diodes, we observe a strong
suppression of the dominant Ec-0.65 eV trap in favor of the
Ec-1 eV trap as well as an additional level at Ec-0.3 eV. The latter
is the same center detected in AS spectra in Fig. S8(a, b) of the
Supplementary Material.

Discussion

Our systematic analysis of electrical and photoelectrical
properties of the double polymorph y/6-Ga,0s; diodes in
Figs. 3-8 confirms that these diodes exhibit reasonably good
rectification, withstanding proton irradiation with very high
doses, in contrast to what we observe in conventional 8-Ga,03
diodes. Importantly the proton fluence range of 1014-10%5 p/cm?
investigated in this work is rather high and the radiation
tolerance of the double polymorph y/8-Ga,0s diodes is indeed
remarkable. For comparison, for Si and SiC diodes having
similarly low carrier concentrations in the active diode region,
degradation was already present for ~5x101! and ~7x1012 cm~2
1 MeV proton respectively.3* The present
demonstration of the radiation tolerance of y/6-Ga,03 samples
paves the way for further detailed studies of double polymorph
y/6-Ga,03 diodes, which are certainly necessary to shed the
light on the mechanisms of the donor activation upon the
hydrogenation in y-Ga,0s as well as to explain the evolution and
interplay between shallow and deep levels upon the irradiation.

There are many open questions starting from the
differences between the impact of hydrogenation on the
y-GaO1 samples compared to the y-Ga02 and y-GaO3 samples.
These might be attributed to the effect of additional Si implants
in samples y-Ga02 and y-Ga0O3. Assuming similarities in the

fluences,
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formation of hydrogen related complexes in y- and
B6-Ga,03, one may speculate on potential analogies for the
impact of Si in these samples. For example, in 8-Ga,0s, in our
earlier work, we observed a deep donor formation at Ec-0.6 eV,
so called E1 centers, as a result of the interaction of Si donors
and Hi- acceptors;38 also theoretically predicted.3® As such, the
deep level dominating y-Ga,0s; CDLTS and DLTS spectra before
irradiation may be potentially attributed to Si-H complexes,
because of its similar bandgap position and the availability of
both Si and H. The nature of defects interaction causing the
suppression of the Ec-0.65 eV trap and the emergence of the
Ec-0.3 eV and Ec-1 eV levels is not clear at the moment and
remains to be identified.

In contrast, in y-GaOl exhibiting much higher carrier
concentrations, H obviously occurs in shallow donor
configuration(s), also responsible for strong persistent
photoconductivity and photocapacitance (see Fig.S1), indicating
that the centers have a sizable barrier for capture of electrons,
similar to so-called DX-like defects.1® Notably, similar behavior
was recently reported for hydrogenated 6-Ga,0s4° and
k-Ga,03 41 films as well. In that context, it seems that H behaves
similarly in Ga,03 polymorphs even though the symmetry of the
8-, k-, and y-polymorphs and consequently the energetics of the
different H configurations are different. This may indicate that
the centers of interest should involve simple defects to be found
in all the polymorphs in which they've been detected.

Table 1 Samples studied , changes in concentration

Detailed theory of defect states has been developed for
B8-Gay03,19:30.39,42 with some preliminary work also reported for
a-Gay03.434 |In B-Ga;0s, possible candidates to be considered
are isolated interstitial hydrogen donors H;*, hydrogen
complexes with oxygen vacancies HO*, and four- hydrogen ions
complexes with Ga vacancies or split Ga vacancies (Vga-4H)* or
(Veal-4H)*.30:3942 The behavior of hydrogen interstitials Hi* or
HO* complexes will probably not differ much between the
different polymorphs, although, in 8-Ga,03 the complexes with
oxygen vacancies yield shallow donors only for O vacancies in
01 and O3 positions, whereas, in 02 position the complex is
expected to be a negative-U acceptor with the charge transition
level near Ec-0.7 eV.3° However, if judged by the results
obtained for 8-Ga,0s, all these defects are highly mobile and
not very likely to be encountered in isolated form.3%3% On the
other hand, gallium vacancies (Vga) are expected to be stable,
whether they occur in unrelaxed or split configurations,3%3° and
the formation of such complexes was used to explain a strong
increase in shallow donor concentration in hydrogenated 8-
Gay03.4942 Thus, accepting Vga to be the dominant acceptor
defects in other Ga,03 polymorphs,*3 it is tempting to assume
that the shallow defects supplying electrons in y-GaO1 samples
are related to Vg, in either unrelaxed or split configurations
forming complexes with 4 hydrogen interstitials.

Sample Description Treatments n (cm3)
y-GaO1 EFG B6-Ga,0s3 (010), semi-insulating (Fe doped), H plasma, 330°C 1010
Ga implanted at 300 K, 1.7 MeV, 6x101> cm™
y-Ga02 EFG 8-Ga;05 (010), semi-insulating (Fe doped) H plasma, 330°C 3x1012
Ga implanted at 300 K, 1.7 MeV, 6x105 cm
& Si implanted* at 200 °C and annealed to 600 °C 1.1 MeV protons, 2x10 p/cm? 5.3x1012
y-GaO03 EFG B8-Ga,0s3 (010), semi-insulating (Fe doped), H plasma, 330°C 3.5x1012
Ga implanted at 300 K, 1.7 MeV, 6x101> cm™
& Siimplanted* at 400 °C 1.1 MeV protons, 2x10%5 p/cm? 8.7x1013
6-GaO1 EFG 8-Ga;05 (010), Sn doped As-grown 4.3x10%6
1.1 MeV protons, 2x10%4 p/cm? High resistivity
6-Ga02 EFG 6-Ga;0s3 (010), Sn doped As-grown 3.8x1017
1.1 MeV protons, 2x10%4 p/cm? 3.4x1017

1.1 MeV protons, 2x105 p/cm? High resistivity

* Si implantation parameters are 300 keV with 1015 cm 2+ 36 keV with 2x10%4 cm2

8| J. Name., 2012, 00, 1-3
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Conclusions

In this work, we fabricated double polymorph y/6-Ga,03
diodes using hydrogenation of the top y-Ga,0s layer formed by
heavy ion implantation. The electronic properties of such
structures as affected by proton implantation have been
studied in some detail for the first time, which is of considerable
interest, the crystalline
properties of y-Ga,Os films obtained by growth at low
temperatures makes such studies extremely unreliable. It has
been shown that Schottky diodes fabricated on y/6-Ga,Os3
structures prepared by implantation and hydrogenation show
reasonably good rectification and photosensitivity and thus
possess some device potential. Although the attained
performance is not exceptionally good some means of
improving by changing the type and fluence of implanted
species, the temperature of implantation, the regimes of
hydrogenation seem to be open to optimization.

These studies could be of potential practical importance
because the y/68-Ga203 structures demonstrate a much higher
proton radiation tolerance compared to conventional diodes
made of 8-Ga,0s. Specifically, upon 1.1 MeV proton irradiation
with fluences in the range 10%4-10%5 p/cm?2, for which
conventional 8-Ga,03 diodes became unfunctional, the double
polymorph y/68-Ga,03 based diodes remained operational. As
the radiation tolerance of 8-Ga,03 devices has been shown to
be exceptionally high, pursuing this area of research could
hopefully pave the way to developing power devices and solar-
blind photodetectors with truly outstanding radiation
tolerance.

fundamental because inferior

In contrast to other polymorphs of Ga,0s in which radiation
generally results in carrier removal due to compensation by
radiation defects, in y-Ga,03 proton irradiation in fact leads to
a slight increase in carrier density, which is an interesting and
physical The
removal rate is in a large part determined by the difference
between the position of electrical neutrality level and the level
of compensation defects. Hence the lower the electron
concentration the lower in general will be the removal rate. For
B6-, a- and k-material, the films have starting carrier
concentrations in the range of interest for devices. With the y-
layers, the apparent concentrations are very low, so that

unusual phenomenon needing explanation.

quantitative comparisons of radiation stability are difficult, but
qualitatively, our results strongly suggest the latter is much
more stable to proton fluences than the other three
polymorphs. We observed deep donor formation at Ec-0.65 eV
upon hydrogenation of y-Ga,0s, attributed to Si-H complexes,
in the context of literature and assuming similarities with the
behavior observed in 8-Ga,0s. The evolution of the deep trap
signatures in these samples upon irradiation featured the
suppression of the Ec-0.65eV trap and emergence of the
Ec-0.3 eV and Ec-1eV levels, both of which remain to be
identified.

By contrast, without intentional introduction of silicon into
y-Ga;0s3, upon hydrogenation we measured high electron
concentrations, tentatively ascribed to the creation of Vg,-4H
complexes. The present work paves the way for further detailed

This journal is © The Royal Society of Chemistry 20xx
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studies of the double polymorph y/8-Ga,03 diodes, motivated
both by interesting fundamental science and potential
applications of such diodes in radiation harsh environments.
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