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ABSTRACT

Defects created in lightly doped (2x10™ cm™) (010)-oriented bulk B-Ga,0s implanted with
1.2 MeV, 3x10% cm™ % Au* ions before and after treatment in hydrogen plasmas at 330°C were
studied by x-ray measurements, Rutherford backscattering spectra, capacitance-voltage, current-
voltage, admittance spectra and deep level transient spectroscopy. Au implantation creates
defects that produce total depletion of carriers in the top 1.5 um and introduces electron traps
with energy levels at E.-0.7 eV, E.-1.05 eV, E¢-0.45 eV, and deep acceptors with optical
ionization thresholds near 1.3 eV, 2.3 eV and 3.1 eV, similar to the centers dominating the
spectra of deep traps in B-Ga,O3. Hydrogen plasma treatment greatly enhances the photocurrent
and photo-capacitance and decreases the width of the insulating layer produced by Au
implantation. The results can be explained by hydrogen passivation of the triply charged Ga
vacancies and doubly charged split Ga vacancies acceptors in the implanted region, returning

part of this region to n-type conductivity.
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I.INTRODUCTION

Studies of the effects of swift heavy ions on the structural and electronic properties of -
Ga,03 semiconductor are of interest because this material is under development for next
generation power electronic devices and solar-blind far-UV photodetectors [1-3]. One of the
important considerations for new materials system for use in practical devices is their radiation
tolerance, an indication of their lifetime when subjected to irradiation with high energy particles.
Such studies have been carried out for p -Ga,Oj3 crystals, films, heterojunctions and devices for
electrons, protons, a-particles, neutrons and y-rays to assess suitability for systems employed in
military applications, nuclear power production, avionics and space applications [4-6]. The
radiation tolerance of B-Ga,O3 appears to be on a par with GaN or SiC. Given the projected
superior performance of Ga,0O3 devices due to higher electric breakdown field and bandgap, this
is another positive aspect of the technology. However, in applications in avionics and
particularly deep space, the damage produced by high energy heavy particles present in the
cosmic ray flux becomes a concern [6]. For GaN and SiC, much is already known [6].

For B-Ga,03 these studies are at an early stage, and have focused on changes in electrical
performance of B-Ga,O3; Schottky diodes and solar-blind photodetectors and on monitoring
structural changes occurring upon irradiation with heavy particles, such as 5-10 MeV **Ta or
8Kr[71, 16 MeV Ta [8], 2096 MeV *#Ta [9], 100 MeV Ag’* [10], 120 MeV Au®* [11] and 946
MeV Au [12]. These results point to increases in ideality factor and leakage current of Schottky
diodes [7-12], changes in effective donor concentrations with high carrier removal rates > 10°
cm™ [9], decrease of photosensitivity and increase of photocurrent decay time [10]. Structural
studies using Transmission Electron Microscopy (TEM) point to a prominent role of amorphous
tracks along the ion paths explained by local melting and re-solidification of material [12],
described by an inelastic thermal spike model [13]. The parameters degradation by high energy
heavy particles are more pronounced than for SiC and GaN, in part due to the larger diameter of
the spikes occasioned by the low thermal conductance of Ga,O3 and its higher bandgap resulting
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in lower losses going into the electronic system and thus a decreased efficiency of dynamic

annealing [6,10, 11], [10].

For B-Ga,O3 implanted with high fluences of ions (Si, Sn, Ni, Ga, Au, Ar), an additional
concern is that, instead of amorphization that is common for many semiconductors, p-Ga,Os
undergoes a structural transformation in the implanted region upon such high-dose
implantations. There remains debate on the nature of this structural transition. Anber et al. [14]
assigned the modified structure in implanted B-Ga,O3 to the formation of orthorhombic k-Ga,03
polymorph that is metastable and turns into stable monoclinic B-Ga,O3 upon heating to 700-
800°C [1, 2]. This attribution is supported by Azarov et al. [15] on the strength of their analysis
of XRD, STEM, RBS studies of B-Ga,O3 implanted with high doses of Ni, Ga, Au. This phase
change was attributed to the high strain accumulated in heavily irradiated p-Ga,Oj3 driving the
formation energy of implanted x-Ga,O3 below that of B-Ga,O3. On the other hand, Garcia-
Fernandes et al [16] interpreted the STEM patterns in the implanted region of p-Ga,0O3 to the
formation of another metastable polymorph of Ga oxide, y-Ga,O3 with the structure of defect
spinel. Yoo et al. [17] studying the STEM images of heavily Sn implanted p-Ga,O3 came to the
same conclusions. They observed the structure in the implanted layer to revert to 3-Ga,O3 after
annealing to 1100°C, but the thin layer on top still staying in the form of y-Ga,0s. It was
suggested [18] that the interplay between strain and disorder gives rise to an additional degree of
freedom and regulates formation of the predominant polymorph. Finally, Petkov et al. [19] were
able to interpret the structure forming in p-Ga,O3 upon in-situ Ar irradiation as arising from
severely deformed B-Ga,0s.

Resolving this is important because the k-Ga,O3 phase is reported to possess very high
spontaneous polarization and prominent ferroelectric properties [20-22], which could be
employed in field effect transistors with polarization doping [21] by ion implantation if the
implanted B-Ga,Oj3 could be rendered conducting without destroying the k-Ga,O3 polymorph

[15].
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Previously we attempted to achieve that by implanting semi-insulating p-Ga,O3(Fe) with

Ga and Si [23]. The films in the as-implanted state were highly resistive, and implantation with
Si with subsequent annealing to temperatures compatible with preserving the potential k-Ga,O3
polymorph intact (up to 600°C) failed to activate n-type conductivity. However, treating the
samples in a hydrogen plasma at 330°C rendered the implanted layer n-type, albeit with a low net
donor concentration of 10'2-10* cm™. The higher end of this range was achieved with lower
implantation temperatures for the Si. This was attributed to formation of shallow donor
complexes with hydrogen by radiation defects, presumably Ga vacancies which occur in -
Ga,03 annealed in molecular hydrogen [24] or treated in hydrogen plasmas at moderate
temperatures [25]. The same mechanism has been invoked to explain changes of electrical
properties of B-Ga,O3 implanted with oxygen ions and treated in hydrogen plasmas [26].

In this paper, we describe electrical characterization of lightly n-type doped bulk p-
Ga,03 implanted with 1.2 MeV **’Au” ions before and after the treatment in H plasma and
compare these results with previous observations for implanted and H plasma treated B-Ga,O3
crystals.
I.LEXPERIMENTAL

The samples used for Au implantation studies were (010)-oriented bulk p-Ga,O3

unintentionally doped n-type crystal having net donor density below 10*" cm™ [27]. These were
implanted with 1.2 MeV *’Au* ions to fluence of 3x10*° cm™. Structural characterization
involved x-ray measurements in 6—260 mode and Rutherford Backscattering Spectrometry in
channeling mode (RBS/C) [15]. For electrical characterization, Ti/Au Ohmic (20 nm/80 nm)
contacts were deposited on the back surface of the samples and circular semi-transparent Ni
Schottky diodes of 1 mm diameter and 20 nm thickness deposited on the front surface after
implantation. Contact preparations were done after implantation using e-beam sputtered.

Schottky diodes deposited via a shadow mask.
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Electrical characterization involved current-voltage (I-V) measurements in the dark and

under illumination with high-power Light Emitting Diodes (LEDs) with peak photon energies
ranging from 1.3 eV to 4.8 eV, capacitance versus frequency (C-f) and capacitance versus
voltage (C-V) measurements in the dark and under monochromatic illumination with the same
set of LEDs as used in 1-V measurements. The output optical power density used in these
experiments was 250 mW/cm? for LEDs with photon energies from 1.3 eV to 3.4 eV, 15
mW/cm? for the LED with peak photon energy 4.5 eV, and 1.2 mW/cm? for the LED with peak
photon energy 4.8 eV. The results of C-f and C-V measurements under illumination were used to
characterize the optical ionization energies and concentrations of deep traps below the Fermi
level using Light Capacitance Voltage (LCV) [28]. In addition, the samples were characterized
by current versus temperature (I-T) measurements performed upon cooling down in the dark and
after illumination. These allowed determination of the Fermi level pinning position in the dark
and to characterize the deep centers capable of trapping electrons or holes and giving rise to
features in Thermally Stimulated Current (TSC) spectra [29]. These were complemented by
Admittance Spectra (AS) [30], Deep Level Transient Spectroscopy with electron injection
(DLTS) and with optical injection (ODLTS) [30], and by Photoinduced Current Transient
Spectroscopy (PICTS) [31]. Experimental setups were described previously [32-34]. The
implanted samples were also exposed to a hydrogen plasma at 330°C for 0.5 hours [23, 25, 26].
I11. RESULTS AND DISCUSSION

We begin with XRD and RBS/C measurements before and after implantation with Au.
Fig. 1(a) displays the 6—26 XRD patterns in the vicinity of the p-Ga,O3 (020) reflection.
Implantation gives rise to an additional broad peak located between the Bragg angles of 63.5°
and 63.8° and strong broadening of the B-Ga,O3 (020) peak towards higher Bragg angles. In
RBS/C spectra (Fig. 1(b)) one observes a box-like increase of the yield for the near surface

region with the damage peaked near the depth of 350 nm (red line). The yield near the peak is
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~80% of the signal calculated for random scattering expected for a fully disordered amorphous

sample [15] (olive line).

Fig 2(a) presents the Au implantation profile and the defect (represented by vacancies)
profile calculated by using the Stopping and Range lons in Matter (SRIM) package [35]. As
discussed in Ref. [36], for heavy ions, such as Au, particularly for the propagation in the targets
containing light atoms, such as Ga,0s3, the full cascade version of the model has to be employed
in order to obtain realistic relations between the nuclear and electronic losses and to produce
realistic distributions of damage as represented by generated vacancies. Otherwise, the
contribution of electronic losses is considerably overestimated and the peak of distribution of
implantation damage is shifted towards the surface and in general tends to be located near to the
calculated range of ions. Fig. 2(b) presents the dependence of calculated electronic and nuclear
losses as a function of Au ions energy and shows that, for the Au energy of 1.2 MeV, the nuclear
losses far exceed the electronic losses. The range of Au ions is thus predicted to be close to 300
nm with the peak of distribution lying at 200 nm. The defect concentration distribution shows
another peak near 400 nm and a long tail extending far inside the sample (Fig. 2(a)). This
correlates with the RBS/C spectrum in Fig. 1(b). There will also be defects extending deeper
into the sample , resulting from enhanced diffusion under ionization.

The electrical measurements indicate the lattice damage extends deeper than estimated by
RBS/C data in Fig. 1(b) and even deeper than predicted by SRIM modeling in Fig. 2(a). Fig. 3(a)
shows the room temperature C-f dependence for the implanted sample measured at OV. The
capacitance on the frequency plateau is 45 pF. This means the implanted sample is depleted of
mobile charge carriers to 1.5 um, which suggests the presence of a highly resistive region of that
thickness. The structure behaves as Metal-Insulator-Semiconductor (MIS) [30], with the heavily
damaged region playing the role of insulator. The C-V profiling gives the charge distribution for
three different temperatures in Fig. 4(a). At large distances from the boundary with the implanted

region, the charge concentration shows a plateau corresponding to the net donor density in the
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substrate. Closer to the interface, the charge concentration displays a depletion due to the

existence of a barrier between the highly resistive damaged region and the bulk of the sample not
affected by Au implantation.

The changes in C-f characteristics produced by illumination are illustrated by Figure S1(a)
of the Supplementary Material. The photo-capacitance normalized by the dark capacitance is
presented in Fig. 3(b). This shows optical thresholds near 1.3 eV, 2 eV, 3 eV. Measurements of
charge concentration profile occurring under illumination (Fig. 4(b)) indicate the main changes
induced by illumination occur near the boundary with the undamaged layer where the density of
radiation defects is the lowest. Closer to the surface where the density of defects is high, the
photogenerated carriers are rapidly re-trapped and do not contribute to photo-capacitance.

The dark current was very low at reverse bias and at forward bias for forward voltage below 1.5
V when it strongly increased showing the current growing with voltage as V2, likely related to
Trap Limited Current (TLC) mode [37] coming into play when efficient electrons injection from
the Schottky metal and from the undamaged n-region of the sample became dominant, although
the details of the process still need to be understood. The dependence of current on photon
energy is shown in Fig. S3(a) of the Supplementary Material, while the actual reverse
photocurrent spectrum is presented in Fig. 5(a). The optical thresholds observed in photocurrent
are similar to those seen in photocapacitance.

Admittance spectra showed a prominent step in capacitance (Fig. S2(a)) Supplementary
Material) [30] and an activation energy of the dominant center of 0.71 eV with electron capture
cross section of 8.5x10™° cm? (see Fig. 6(a)).

In DLTS measurements, the application of the forward bias pulse fills the traps near the
interface between the damaged implanted region and the undamaged region with electrons and
detects emission from these traps in subsequent capacitance relaxations monitored by DLTS.
When the applied reverse bias is high so that the space charge region boundary is located in the

undamaged region and remains there with applied filling pulse of low negative value, one can
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detect the deep electron traps coming from the undamaged substrate. The spectrum is shown in

Fig. 7, corresponding to the reverse bias -2V and forward bias pulse of 1V probing the edge of
the damaged region. The centers seen have ionization energy 0.45 eV (electron capture cross
section 6,=3x10™ cm?), 0.73 eV (o,=1.1x10"** cm?), and 1.05 eV (o,=1.3x10"*3 cm?). These
three traps are like the well-known centers in -Ga,03, E2* (E-0.73-0.75 eV), E3 (E.-1.05 eV).
These are known to be prominent radiation defects related to native defects or their complexes
[5] and centers E(-0.45 eV observed in B-Ga,O3 [25] related to the E1 centers [25]. This is
supported by the DLTS spectra in the “bulk” undamaged portion probed with reverse bias of -5V
and forward bias pulse of -2V. The spectra of the damaged and undamaged portions of the
sample are compared in Fig. S4 of the Supplementary Material) that indicates the density of E2*
is greatly enhanced in the damaged region.

In ODLTS with optical excitation (Fig. 8(a)) taken with 4.5 eV(277 nm wavelength) LED
excitation at reverse bias of -1V, the peaks coming from the electron traps are superimposed on a
wide hole-trap-like structureless band (the convention in all DLTS figures in this work is that the
peaks caused by electron traps (i.e. traps that cause the capacitance after the injection pulse
increase with time [30]) are positive, and the peaks due to hole trapping are negative).

Hydrogen plasma treatment at 330°C gave rise to several changes. The capacitance at 0V
became higher, 55 pF as compared to 45 pF in Fig. 3(a) meaning the fully depleted damaged
region became thinner, 1.1 um instead of 1.5 um. This is illustrated by the results of C-V
profiling in Fig. 4(c)). The photocapacitance signal became stronger (the C-f characteristics
measured at OV with illumination with different photon energies are shown in Fig. S2(b) of the
complementary material, while the photo-capacitance spectrum is presented in Fig. 3(b)). From
comparing the photo-capacitance spectra before and after H plasma treatment, the major optical
thresholds in the spectra are not changed, but the magnitude of the steps in photo-capacitance

due to centers with optical ionization threshold 2 eV and 3.1 eV are increased.
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In admittance spectra (Fig. 6(b) and Fig. S2(b) in the Supplementary Material), both the

amplitude of capacitance steps and the magnitude of the high temperature peak in dC/dT
spectrum have increased and an additional step in capacitance and peak in dC/dT that correspond
to the trap with activation energy 0.45 eV (,=6.7x10™ cm?) appeared. The photocurrent
became much higher, implying strong suppression of recombination of charge carriers in the
damaged region (the I-V characteristics measured under illumination are shown in Fig. S3(b) of
the Supplementary Material, while the photocurrent spectra before and after H plasma treatment
are compared in Fig. 5).

However, in DLTS spectra of the damaged region taken with applied bias -2V and forward
bias pulse of 1V, one observes an increase of the E2*, E3 electron traps and the E-0.45 eV
center (E1-like trap [25]). The ODLTS spectra after H plasma treatment were dominated by the
E.-0.45 eV (El-like), Ec-0.7 eV (E2*), E.-1.05 eV (E3) traps, with the hole-trap-like signal
suppressed (Fig. 7).

The deep traps detected before and after H plasma treatment are similar to the centers

detected in proton irradiated 3-Ga,O3 [5] and in O implanted and H plasma treated p-Ga,O3 [26].

This suggests that the damaged region, at least in its peripheral portion adjacent to the unaffected
part of the crystal, is still 3-Ga,O3, but having a high density of radiation defects. If this is the
case, a possible scenario explaining the results after the Au implantation and subsequent H
plasma treatment would be that the portion of the sample adjacent to the boundary of the
damaged region consists of triply charged Ga vacancies V.~ responsible for the 3.1 eV band in
photo-capacitance [5] and of doubly charged split Ga vacancies V.2 believed to be associated
with the 2 eV photo-capacitance band [38]. In addition, deep electron traps E2*, E3*, E1 due to
native defects [5] are present. H plasma treatment partly passivates the V> and the Ve, -
compensating acceptors, rendering the periphery of the damaged crystal conducting and

effectively decreasing the width of the fully depleted region. The DLTS, ODLTS, AS, photo-
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capacitance and photocurrent measurements in such samples are probing the part of the Au

implanted crystal closer to the surface than before the hydrogen plasma treatment. The density of
all defects in this region is higher, which is manifested in the enhanced DLTS/ODLTS features
due to electron traps, and in photo-capacitance spectra showing enhanced Ve, and Vg, features.
Very roughly the concentrations of defects in the peripheral region probed by DLTS and Steady-
State Photocapacitance (SSPC) can be estimated for electron traps from the height of DC/C
peaks in DLTS as 2N4AC/C (see Fig. 7) if one does not account for the A-correction [30] and
assumes the donors concentration to be the one calculated in C-V profiling in Fig. 4, for hole
traps in SSPC spectra the concentrations can be estimated from 2Ny4ACpn/Cgark in Fig. 3. The
results are presented in Table I.
Hydrogen passivates the deep centers in the Au implanted layer that are lifetime Killers. In the
simplest case, they could be due to Au acceptors in B-Ga,Os.
CONCLUSIONS

Implantation of lightly n-type bulk B-Ga,O3; with Au ions of the energy of 1.2 MeV and the
fluence of 3x10™ cm™ renders the top 1.5 um highly resistive. The thickness of this layer is
higher than the estimated projected range of Au, which could be related to diffusion of primary
defects. The region adjacent to the boundary of this high resistivity layer and the undamaged
crystal is characterized by an increased density of deep electron traps at E.-0.73 eV, E.-1.05 eV,
and E¢-0.45 eV, like the radiation defects E2*, E3, E1 commonly observed in f-Ga,Os. This
suggests that the damaged region, at least in its peripheral portion adjacent to the unaffected part
of the crystal, is still B-Ga,Os, albeit with a high density of defects. Recent work of Azarov et al
[39] who have shown that the combination of y-Ga,03/3-Ga,0Os3 is the reason for the exceptional
radiation tolerance of -Ga,O3 that does not become amorphous even when subjected to
extremely high doses of implantation seems to support such an explanation. Treatment of the Au
implanted samples in hydrogen plasma at 330°C decreased the width of the high resistivity layer,

increased the density of the E2*, E3, E1 electron traps, increased the overall photo-capacitance
10
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and photocurrent and increased the contribution of the traps with optical ionization thresholds 2

eV and 3.1 eV. It also increased the photosensitivity in the near band edge region.

The results can be qualitatively explained by assuming that the hydrogen passivates the
triply charged Ga vacancies and doubly charged split Ga vacancies acceptors in the peripheral
region, returning part of this region to n-type conductivity. It also partly passivates the major
lifetime killer in the implanted film, thus increasing the photosensitivity.
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Table 1. Concentrations of defects detected in peripheral part of the damaged region of the 1.2

MeV ¥’ Au* implanted sample (fluence 3x1015 cm™ ) before and after hydrogen plasma

treatment at 330°C as measured by DLTS or Steady-State Photocapacitance (SSPC)

Defect level Method of Concentration (cm™) Possible origin
detection Before H plasma | After H plasma

E.-0.45 eV DLTS 2.8x10% 5.8x10%° Common center
in (010) bulk,
radiation defect
[4, 5, 40]

Ec-0.73 eV DLTS 1.4x10"7 2x10" E2* center,
radiation defect
[4, 5, 40]

Ec-1.05 eV DLTS 1.2x10" 2.9x10™ E3 center,
radiation defect
[4, 5, 40]

Ec-2 eV SSPC 7.2x10"7 5.3x10™° Split Ga vacancy
[4, 5, 40]

E.-3.1eV SSPC 2.7x107 1.4x10" Possibly Ga

vacancy [4, 5]
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Figure Captions

Fig. 1 (Color online) (a) X-ray pattern of as-grown B-Ga,O3 sample (blue line) and of *’Au* 1.2
MeV 3x10" cm™ implanted sample (red line); (b)RBS/C spectra of Au implanted sample (red
line); also shown are the spectrum for the virgin sample (blue line) and the random scattering
spectrum characteristic for the amorphous sample (olive line).

Fig. 2 (color online) (a) the depth distribution of implanted Au and of vacancies in Au implanted
at 1.2 MeV energy, 3x10" cm™ fluence p-Ga,03(010) sample; (b) the energy dependence of
electronic and nuclear losses in -Ga,O3 for Au implantation.

Fig. 3 (Color online) (a) Room temperature photo-capacitance at OV bias for the Au implanted
sample before H plasma treatment (blue line) and after such treatment (red line); (b) the photo-
capacitance normalized by the dark capacitance spectra (the color coding same as in (a)).

Fig. 4. (Color online) (a) Concentration profiles after Au implantation for 3 measurement
temperatures; (b) 140K concentration profiles measured in the dark and under illumination with
two photon energies; (c) 300K concentration profiles before and after H plasma treatment.

Fig. 5 (Color online) Photocurrent density measured at 140K at -2V after Au implantation (blue
line) and subsequent H plasma treatment (red line).

Fig. 6 (Color online) (a) dC/dT spectra for several measurement frequencies (20 Hz, 30 Hz, 50
Hz, 100 Hz, 200 Hz) with bias -0.2V before Au irradiation; (b) same after H plasma treatment.
Fig.7. (Color online) DLTS spectra measured at 10 kHz, -2V, forward bias pulse +1V (50 ms
long), with time windows 350 ms/3500 ms (solid lines) and 3.5 s/ 35 s (dashed lines) after Au
implantation (blue lines) and after subsequent H, plasma exposure at 330°C for 0.5 h (red line).
Fig.8 (Color online) (a) ODLTS spectra measured for Au implanted sample with 4.5 eV photons
excitation, bias pulse 1 s long, reverse bias of -1V with time windows of 350 ms/ 3500 ms (solid
line) and 2.45 s/24.5 s (dashed line); (b) ODLTS spectra measured for Au implanted sample after
subsequent hydrogen plasma treatment; excitation conditions, applied bias and time windows are

the same as in (a); for comparison the spectra of a Au implanted sample is also displaye
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