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We study radiation damage accumulation in alpha polymorph of gallium oxide (a-Ga,0O;3) epitaxial layers under
irradiation with 40 keV monatomic P and 140 keV molecular PF4 ions. The distribution of stable structural damage
is bimodal in both cases. The growth rate of the surface disordered layer under PF, ion irradiation is significantly
higher than that under monatomic P ion bombardment. At the same time, monatomic ion irradiation is more
efficient in the bulk defect peak formation. Thus, the density of displacement cascades strongly affects the formation
of stable damage in @-gallium oxide. The doses required to create the same level of disorder in the metastable
a-polymorph are higher than that in the thermodynamically stable a-. Mechanisms of damage formation in these

polymorphs are different.
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1. Introduction

Semiconductors needed to construct high-power elec-
tronic next-generation optoelectronic devices have been
extensively searched for and examined in recent years [1].
Gallium oxide Ga, O3 is one of the most promising materials
in this context, since it offers such advantages as a wide
band gap (4.5—5.3 ¢V for different phases) and high values
of the breakdown voltage (~ 8 MV/cm), electron mobility,
and thermal conductivity [2-4]. It may form various
crystal phases (a-, B-, etc. [2]. The majority of studies
of gallium oxide published to date are focused on the
properties of $-Ga;O3, which is thermodynamically stable
under atmospheric temperature and allows one to grow
perfect bulk crystals using, e.g., the edge-defined film-fed
growth (EFG) method or zone melting [2,3,5]. At the same
time, @-Ga;0O; has a wider band gap than the S-phase
(53eV as compared to 4.85¢V) [3]. Therefore, a-Ga,0Os
may feature an even higher breakdown voltage. In addition,
a-Ga;03 has a corundum-type crystal structure, which
may simplify the fabrication of heterostructures with such
materials as AIN [6]. Although the a-phase is metastable
under atmospheric pressure, the temperature of its transition
to the stable S-phase exceeds 550°C. This may provide an
opportunity to construct power electronics devices based
on @-Ga,03 [3,6]. At the same time, the production of
a-Gay03; of a sound quality has been organized only a
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short time ago [6,7]. Therefore, its properties still remain
understudied.

Ion implantation is one of the key methods used for
selective adjustment of properties in the fabrication of
semiconductor devices (specifically, for introduction of
doping impurities, formation of insulating regions, etc.).
Irradiation with accelerated ions inevitably leads to the
accumulation of radiation damage in the target. The nature
and degree of radiation damage depend in a complex way
on a number parameters, such as the mass and energy of an
ion, the ion current density, the target temperature, etc. [8].
Ions decelerating in the target collide with lattice atoms,
this knocking them out of regular positions, and produce
so-called collision cascades of vacancies and interstitial
atoms. It was demonstrated experimentally that the density
of collision cascades exerts a considerable influence on
the resulting radiation damage in Si [9-11], SiC [12],
ZnO [13], GaN [14,15], metals [16], polymers [17], etc.
Specifically, the defect formation was found to be enhanced
in $-Ga,03 [18]. it is also known that a convenient way to
study the effects associated with the density of cascades is
by comparing the accumulation of damage under irradiation
with atomic or molecular ions [9,12-14,17,19]. In our
earlier research, we have compiled one of the first sets of
data on the accumulation of structural damage in @-Ga;O3
subjected to irradiation with accelerated atomic ions [20].
The aim of the present study is to reveal the influence
of the density of collision cascades on the efficiency of
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defect formation in epitaxial a-Ga,O3 layers subjected to
irradiation with atomic P ions and molecular PF, ions.

2. Experimental procedure

Epitaxial a-Ga,0O; layers with a corundum structure,
a thickness of ~ 2um, and orientation (0001) grown at
00O ,Sovershennye Krtistally“ by hydride vapor phase
epitaxy (HVPE) on the c-plane of a sapphire substrate [21]
were examined. Gallium chloride needed for the gas-
transport reaction was synthesized directly in the source
region of the reactor by flowing gaseous hydrogen chloride
(HC1 99.999%) above metallic gallium (Ga 99.9999%).
High-purity oxygen (99.998%) required for the production
of gallium oxide was fed into the reaction zone. Gallium ox-
ide layers were grown at substrate temperature T ~ 500°C
under excess oxygen flow. The ratio of VI/III elements fell
within the range from 2 to 10. High-purity argon (99.998%)
served as the carrier gas. The overall gas flow through the
reactor was 10 L/min. The deposition rate varied with the
flow of HCI through the gallium source and fell within the
range from 2 to 5Sum/h; the deposition time was chosen
so as to obtain the needed film thickness. With the growth
completed, the substrate was cooled to room temperature
in a flow of argon.

The crystal structure of samples was examined by
X-ray diffraction (XRD) at a D8 Advance Bruker ©-©
diffractometer with Bragg-Brentano focusing, U = 40kV,
and | = 40 mA. The diffraction pattern was recorded with a
high-speed LynxEye (Bruker) PSD detector with a capture
window of 3.2° in 20. The measurement was performed at
a pitch of 0.02° with accumulation for 0.7 s at each step. The
Ke line of copper was used; panoramic spectra in the range
of 15—120° and detailed spectra in the region of a-Ga,0O3
reflections were recorded. in addition, the degree of disorder
was measured by Rutherford backscattering spectrometry
with channeling (RBS/C) in the [0001] direction. He™* ions
with an energy of 0.7 MeV scattered by 103° with respect
to the direction of the incident beam were used in these
measurements.

The samples were irradiated with P* and PF; ions
at room temperature in a 500kV implanter produced
by HVEE. Irradiation was performed at an angle of 7°
with direction [0001] to minimize the channeling effects.
The irradiation parameters were chosen so as to preserve
an opportunity for meaningful comparison between the
results of irradiation with P and PF4; ions. As was noted
earlier [22,23], the following parameters should be kept
unchanged in order to achieve this: ion energy per unit
atomic mass; ion dose expressed in DPA (displacements
per atom), which is the average number of displacements
per target atom at the depth corresponding to the maximum
elastic energy loss of bombarding ions; and current density
expressed in DPA/s. With these conditions fulfilled, the
only difference between atomic and molecular irradiation
should consist in the density of collision cascades. The
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values of DPA were calculated as DPA = n, - ®/ny, where
n, is the average total density of vacancies generated by a
single ion in both sublattices at the depth corresponding to
the maximum elastic energy loss, @ is the irradiation dose
in cm™2, and ng = 1.03 - 10%3 cm™3 is the atomic density of
a-Ga,03. The TRIM code (version SRIM-2013) [24] was
used to calculate DPA. The threshold displacement energy
was set to Eq = 25eV for Ga and O sublattices. This choice
of Eq was motivated by the following considerations: (1) no
experimental data on Ey were found in literature; (2) a
specific value of the threshold displacement energy has an
effect on the number of vacancies obtained in calculations,
but does not alter the pattern of distribution of elastic
loss with depth within the target; (3) the same value of
Eg = 25eV was used in our earlier calculations of DPA for
B-Ga,03, and this allows one to compare the data obtained
for two polytypes. The calculated profiles of distribution
of vacancies, which naturally match the distribution of
elastic energy loss of decelerating ions, and the density of
implanted ions with depth within the target are shown in
arbitrary scale in Fig. 3.

All irradiation parameters used in our experiments are
listed in the table.

3. Experimental results

The virgin samples are epitaxial @-Ga;O3 films grown
on the surface of a sapphire substrate. Their high crystalline
quality is verified by the results of XRD analysis. Panoramic
spectra featured peaks (spaced somewhat apart) corre-
sponding to diffraction reflections from the @-Al,O3 sub-
strate and the @-Ga;Oj; film. Small-sized peaks (note that
the scale on the vertical axis is logarithmic) indicating the
presence of e-Ga,03 inclusions were also found. Figure 1
presents a part of the XRD pattern in the range of 20 angles
from 82 to 92°. The maximum near 91° in the spectrum
of the virgin sample (spectrum 7 in Fig. 1) corresponds
to reflection (0012) from the sapphire substrate, the
double maximum around 87° is reflection (0012) of the
a-phase — ICDD PDF2 01-085-0988 Ga,0s, R-3c, and
the peak around 83.5° is, presumably, reflection (008)
of the e-phase — ICDD PDF2 01-082-3196 (Gay03); 3,
P63mc. The observed doubling of peaks is attributable
to the presence of a doublet in the Cu-K, line. This
doublet is resolved in diffraction, which is indicative of a
high crystalline quality of the studied sample. Spectra 2
and 3 correspond to the samples irradiated to a dose of
2 DPA with P and PF, ions, respectively. It can be seen
that ion bombardment suppresses the a-phase peaks; this
effect is more pronounced in the case of irradiation with
PF4 ions. This provides qualitative evidence of destruction
of the crystal structure and faster accumulation of damage
under irradiation with molecular ions. The e-phase peaks
vanish completely in both cases. At the same time, no
broadening of lines is observed after irradiation; it is thus
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Irradiation parameters

Energy Dose per 1 DPA Flux density
Ion
keV keV/amu 10" cm™2 10" ecm™2 . s7! uA/em? 10™° DPA/c
Pt 40 1.3 6.28 151 0.242 241
PF; 140 13 1.97 474 0.076 241
fair to assume that the crystal does not accumulate any 1.0 T T T . T
significant elastic stress. " P2ODP4 |
The discovered difference in formation of structural 08| * PF,2.0DPA |
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Figure 1. XRD spectra of the virgin a-Ga,O3 sample () and
the samples irradiated with 40keV P ions (2) and 140keV PF4
ions (3) to a dose of 2 DPA.
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Figure 2. RBS/C spectra of a-Ga,Os samples in random

and channeled direction before (virgin) and after irradiation
with 40keV P ions (squares) and 140keV PF, ions (stars) to
a dose of 2.0 DPA (filled symbols) and 4.7 DPA (open symbols).
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Figure 3. Profiles of relative disorder of a-Ga,Os after irradiation
with 40keV P ions (squares) and 140keV PFy ions (stars) to a
dose of 2.0 DPA (filled symbols) and 4.7 DPA (open symbols),
distribution of implanted 40keV P ions (solid curve), and the
corresponding profile of elastic energy loss (dash-and-dot curve)
in arbitrary scale calculated in TRIM.

with P and PF, ions. It can be seen that the resulting
damage is bimodal for both types of ions. In other words, it
has two marked maxima: surface defect maximum (SDM),
which corresponds to the near-surface disordered layer, and
bulk defect maximum (BDM). The height of both peaks
increases with dose, reflecting the accumulation of damage
in the target. It is seen clearly that the differences in degree
and distribution of damage induced by atomic and molecular
ions are very significant. Conspicuous is the fact that
the irradiation doses needed to produce detectable damage
in the RBS/C spectra for the a-phase are appreciably
higher than the corresponding doses for the B-phase (see,
e.g., [18,20,25,26]).

All RBS/C spectra were processed using a standard
algorithm [27], and depth profiles of relative lattice disorder
were plotted. The obtained dependences are shown in
Fig. 3 together with the distributions of implanted ions and
generated displacements calculated using the TRIM code
in the binary collision approximation [22]. The emergence
of bimodal distributions of structural damage is seen even
more clearly in Fig. 3. Note also that the SDM width for
molecular ions is significantly higher than the corresponding
width in the case of irradiation with atomic ions to the
same dose. The difference becomes less noticeable as the
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dose increases to 4.65 DPA; apparently, this is attributable
to the saturation of growth occurring when the disorder
level becomes close to the level of complete amorphization.
However, just as in the case of ion implantation into the
B-phase of gallium oxide, complete amorphization is not
observed. At the same time, the BDM corresponding
to atomic ions is higher at both doses than the peak
representing molecular irradiation. In addition, the BDM is
positioned significantly deeper than the maximum of elastic
ion energy loss. This is another feature that differentiates the
results of our experiments from the data published earlier
for ,B—Ga203 [18,20,25]

4. Discussion of results

As was already noted, the energy of an ion penetrating
a solid body is transferred to electrons and atoms of the
target. The elastic energy loss is the primary channel
of such transfer, which induces the formation of crystal
structure defects, in semiconductors and metals: ions collide
with atoms and displace them from crystal lattice sites [8].
Displaced atoms acquire a certain energy and may, in
turn, collide with other atoms, knocking them out of their
positions, and so on. A collision cascade of vacancies
and interstitial atoms forms as a result. It was already
understood in early work [28-30] that volumetric density
fay is an important parameter of such cascades. We have
developed an algorithm for calculating f,, based on the
data obtained in TRIM [23,31]. This algorithm was used
in the present study to calculate the cascade density and
the fraction of ions producing at least one subcascade at
a given depth. The obtained results are shown in Fig. 4.
It can be seen that the density of an individual cascade
formed by a molecular PF, ion in the near-surface region is
higher than the density corresponding to an atomic P ion.
This is attributable to the fact that atoms constituting a
molecule enter the target as a tight group. Having traveled
for several angstroms deeper into the target, a molecule
decomposes into constituent atoms, which continue moving
independently [32]. Each of them produces its own collision
cascade. Since these cascades originate essentially from one
and the same point, they overlap near the surface, and
the density of the summary molecular cascade increases.
At greater depths, the trajectories of atoms originating
from a molecular ion diverge, and the cascades cease to
overlap. From a certain depth onward, the molecular
cascade density is defined solely by the density of individual
atomic cascades. Naturally, this depth for fluorine atoms
is shallower than the corresponding depth for phosphorus
atoms, since the mass of fluorine is lower. These features of
development of individual displacement cascades provide an
explanation both for the observed broadening of the near-
surface disordered layer under irradiation with molecular
ions and for the difference in patterns of BDM growth under
the same equivalent doses of irradiation with P and PF4
ions. Indeed, the increased density of individual cascades
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Figure 4. a — Average density of individual collision cascades
fav formed in the target. b — Fraction of ions 7 producing at least

one subcascade within 5nm of a given depth. Squares and stars
correspond to P and PF, ions, respectively.

of PF4 ions near the surface translates into faster SDM
growth (the mechanism of SDM thickening was discussed,
e.g., in [33]). The density of cascades of a molecular PF4 ion
in the bulk (outside of the near-surface region) is formed by
four F atoms and one P atom and turns out to be lower
than the cascade density for an atomic ion. Therefore, the
BDM after bombardment of a-Ga,O3 with molecular ions
is also smaller (see Fig. 3). As the ion dose increases, the
surface disordered layer gets thicker, and its inner boundary
shifts deeper into the sample. The region of cascade overlap
within an intact crystal becomes ever smaller. Thus, the
rates of SDM growth for two type of ions become almost
equal, and the relative difference in SDM thickness for them
decreases.

It should also be noted that the depth of BDM localiza-
tion in a-Gay0s3 is close to the position of the maximum
of the distribution of implanted ions; this distinguishes
a-Ga;O3 from the B-phase. It bears reminding that the
depth of BDM formation for it matches the maximum of
ballistic displacements [18,20,25]. The ion doses needed to
induce the same level of crystal structure damage also differ
appreciably: the dose for @-Ga;0O3 is almost an order of
magnitude higher than the one for 8-Ga;Os3. These facts
indicate that the physical mechanisms of buildup of stable
structural damage in different polytypes of gallium oxide are
significantly dissimilar.

5. Conclusion

The accumulation of radiation damage in a-Ga;O3 under
bombardment with atomic P* and molecular PFI ions was
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examined. The observed distributions of stable structural
damage have two peaks (surface and bulk defect maxima)
in both cases. The ion dose needed to induce a certain level
of disorder in metastable a-Ga,O3; is ~ 10 times higher
than the dose corresponding to roughly the same disorder
level in the stable B-phase. The bulk defect maximum
in @-GayO3 is positioned deeper than the maximum of
elastic ion energy loss and is close to the maximum of
the distribution of implanted particles. It was demonstrated
that molecular ions induce more damage in the near-surface
region, therefore, the thickness of the surface disordered
layer grows faster. At the same time, the magnitude of the
bulk defect maximum grows slower under irradiation with
molecular ions (within the considered dose range) than in
experiments with atomic ions. Compared to atomic ions,
the density of individual collision cascades of molecular
ions is higher near the surface and lower in the bulk of
a sample. Thus, the density of collision cascades exerts a
significant influence on the processes of radiation-induced
defect formation in @-Gay;O3 both in the bulk of a target
and near its surface.
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