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Abstract

Films of a-Ga,0O3 (Sn) grown by halide vapor phase epitaxy on sapphire with donor densities in
the range 5 x 10'°-8.4 x 10" cm™—3 were irradiated at 25 °C with 1.1 MeV protons to fluences
from 10" to 10'® cm~2. For the lowest doped samples, the carrier removal rate was ~35 cm™!
at 10" cm~2 and ~1.3 cm™! for 10> cm~2 proton fluence. The observed removal rate could be
accounted for by introduction of deep acceptors with optical ionization energies of 2 eV, 2.8 eV
and 3.1 eV. For samples doped at 4 x 10'® cm™3, the initial electron removal rate was

5 x 103 ecm™! for 10" cm™2 fluence and ~300 cm ™" for 10'® cm~2 fluence. The same deep
acceptors were observed in photocapacitance spectra, but their introduction rate was orders of
magnitude lower than the carrier removal rate. For the heaviest doped samples, the electron
removal rate was close to that for the 4 x 10'® cm ™3 sample. The radiation tolerance of lightly
doped a-Ga, 03 is higher than for similarly doped 5-Ga,0Oj3 layers.

Supplementary material for this article is available online
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1. Introduction

The ultra-wide bandgap semiconductor Ga,Os is attracting
interest because of the potential for application in high-
power electronic devices and in deep UV efficient solar-
blind photodetectors [1-6]. The main thrust of the work has
concentrated on the thermodynamically stable monoclinic (-
Gay03 polymorph with its high electric breakdown field of
~8 MV cm™~!, exceeding by several times those of GaN and
SiC. Ga,0O; also has the largest bandgap of semiconductors
able to be grown in bulk form from melts and the capability for
excellent quality films grown on native 3-Ga, O3 substrates by
all standard versions of epitaxy [1, 2].

There is also interest in the metastable corundum a-Ga, O3
polymorph [1, 2, 4-6]. This has a higher bandgap of 5.1 eV
versus 4.8 eV for [-Ga,0;, higher symmetry (corundum
versus monoclinic), the existence of corundum structure metal
oxides showing p-type conductivity and available for fabrica-
tion of useful heterostructure devices, and finally, the possib-
ility to grow on sapphire (a-Al,O3) substrates [1, 4, 5, 7-20].
For a-Ga, 03, high quality films grown by halide vapor phase
epitaxy (HVPE) [8-10, 14, 18-20] or mist chemical vapor
deposition [11, 15] have been demonstrated, along with fab-
rication of power rectifiers with promising characteristics [8,
21]. Power rectifiers based on p-n heterojunctions have also
been reported [21]. Additional advances have included epi-
taxial lateral overgrowth [22], growth using strain relief layers
of graded composition a-(Al,Ga;_,),03 [23] and deposition
using a-Cr, O3 underlayers [24, 25] to relieve strain which nor-
mally causes a high dislocation density.

One of the expected benefits of devices based on wide-
bandgap materials is their high radiation tolerance related to
the tight bonding. For 5-Ga;0s, results have been described
previously [16, 26-28]. The general conclusion is the radiation
tolerance of 3-Ga, O3 exceeds that of Si or GaAs and is at least
comparable to GaN or SiC [16, 26, 27].

For the metastable a-Ga;O3, radiation studies have just
begun. Rutherford back-scattering experiments performed for
implantation of a-Ga,03 and 3-Ga, O3 with heavy ions sug-
gest their radiation tolerance could be higher than GaN [29].
We published the results of the effects of proton irradiation of
undoped semi-insulating films of a-Ga, O3 on their electrical
properties [30]. These results point to the important influence
of Ga vacancy and Ga—O divacancy defects and their segrega-
tion near the surface. In this paper we report studies of proton
irradiation effects on electrical properties of HVPE grown n-
type films as a function of Sn donor concentration.

2. Experimental

The samples were grown by HVPE on basal plane (0001) sap-
phire at 500 °C, with a fixed VI/III mole flow ratio of 4.2
and an average growth rate of 2.8 um h~!. The thickness
was ~5 pum. Sn doping was performed using a volatile salt of
Sn. The crystalline structure was characterized by x-ray dif-
fraction (XRD) -2 pattern measurements and magnitude of
the full width at half maximum (FWHM) of double-crystal

geometry high-resolution XRD rocking curves for symmet-
ric and skew-symmetric reflections of (0006)/(10-18). The
FWHM was 13 arcmin for the (0006) reflection and 14 arcmin
for the (10-18) reflections. The net donor doping was varied
by varying the Sn atom flow into the reactor. Three doping
levels were studied: sample S1 with net donor concentration
of ~5 x 10" cm™3, sample S2 with net donor concentration
of 3.5 x 10'"® cm—3, and sample S3 with net donor concen-
tration of 8 x 10'> cm™3. Only the upper ~1-1.5 pum of the
films was intentionally doped. The control of the doping level
depended on the density of defects and on Sn source depletion
during the growth [18, 24, 25].

For characterization, Ohmic Ti/Au contacts (20 nm/80 nm)
of ~2 mm-wide stripes going from one end to the other of
the film were deposited by e-beam evaporation with a shadow
mask and annealed at 300 °C in N,. Circular semi-transparent
Ni Schottky diodes 1 mm in diameter and 20 nm thick were
deposited by e-beam evaporation via a shadow mask. The
samples before and after irradiation with various fluences of
1.1 MeV protons were characterized by current—voltage (I—
V) between 100 K and 450 K, capacitance—voltage (C—V) and
capacitance versus frequency (C—f) measurements in the dark
and under monochromatic illumination with a set of light emit-
ting diodes (LEDs) with peak photon energies ranging from
1.35 eV to 4.5 eV. Admittance spectra (AS) [31] at frequen-
cies from 20 Hz to 2 MHz in the temperature range 100 K-
450 K, and by deep level transient spectroscopy (DLTS)
[20, 31]. Details of the experimental setups can be found
elsewhere [18, 20, 24, 25, 32-37].

Proton irradiations were carried out at room temperature
with energies 1.1 MeV, flux of 10''-10"> cm~2 s~! and flu-
ences 1013, 10, 10'3 or 10'® cm~—2. The linear accelerator [-2
serving as a proton injector of a cyclotron with proton energy
up to 10 GeV was used [32, 35-37]. The proton energy inside
the accelerator was 24.6 MeV, the proton beam exited through
a port into air, with the energy reduced to 22.5 MeV and fur-
ther attenuated to the required energy using a set of calibrated
metal foils (degraders) reducing the energy to 1.1 MeV. The
projected range of protons at this energy is 9.88 um, end-
ing in the sapphire substrate, with a longitudinal straggle of
0.56 um. However, the energy loss over most of the epithick-
ness is relatively uniform. The electronic or ionizing energy
loss under these conditions is ~130 MeV ¢cm? mg~!, and
4.8 x 1072 MeV c¢cm? mg~! for non-ionizing energy loss
[38]. The stopping powers are ~3 MeV mm~' for electronic
processes and ~10~> MeV mm~! for nuclear processes, so
the energy loss is dominated by the former. The defect states
we detect are mostly created by the non-ionizing energy-loss,
which create primary defects by both the initial atomic col-
lisions and by the cascade generation due to nucleus recoil,
and secondary defects caused by diffusion of primary point
defects. The carrier removal rate, Rc, was obtained from:

ns(i +1)

Rc (i) :(ns(i>_m

ey

where ®(7) is the proton fluence in the ith irradiation, n(i)
is the carrier concentration averaged over the width w(i) of
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the space charge region (SCR) corresponding to the fluence
®(7), ng(i + 1) is the average concentration in the same part of
the SCR w(i) after irradiation with the next fluence ®( + 1)
and i is the running index of consecutive irradiations. The
reason for the more complicated than usual definition of the
removal rate is that the concentration profiles deduced from
C-V measurements are not exactly flat and in many cases
irradiation with a higher dose leaves the part of the SCR
where the carriers were present before irradiation partly or
fully depleted after irradiation. This is a consequence of defect
formation varying with depth and increasing towards the
surface.

3. Results and discussion

We start with the lowest doped sample S1. Figure 1 presents
room temperature C—f characteristics before and after irra-
diation with different fluences of protons. Figure 2 displays
the evolution with proton dose of the charged centers con-
centration profiles calculated from 1/C% -V [31] measured
at 25 °C at 1 kHz. Figure 3 compares the /-V characterist-
ics before and after irradiation with 10" cm~2 fluence. From
figure 1, before irradiation the C—f characteristic shows two
steps corresponding to two types of donor centers with ioniza-
tion energy 0.25 eV (fast donors, the 1 kHz step) and 0.35 eV
(slow donors, the step in C—f near 200 Hz) [8]. The concentra-
tions of both types of species are similar, but the slow 0.35 eV
centers are predominant in the near-surface region whereas the
shallow 0.25 eV donors dominate deeper inside the sample
(determined by C-V profiling at 300 Hz and 1 kHz and illus-
trated by figure S1 of supplementary material). The concen-
tration of fast donors probed at 1 kHz was 4.6 x 10> cm™3
and decreased deeper into the sample. Irradiation with flu-
ence of 10'* cm~2 suppressed the contribution of slow donors
(figure 1) and led to depletion of the top ~1 pum of the film
(figure 2).

Further irradiation with 10'> cm~2 protons decreased the
concentration of fast 0.25 eV donors to 1.5 x 10'% cm™3
(figure 2). All the shallow donors in the top 1.2 um of
the film should have been compensated after irradiation
with 10'* cm™? fluence, which indicates the average carrier
removal rate for that fluence is ~35 cm™! (see equation (1)
and table 1).

Similarly, for the dose of 10" cm™2, all donors between
1.2 pm and 1.5 pym have been removed, with an average
removal rate of >1.3 cm™—!. Thus, the effective electron
removal rate for the bulk portion of the film decreased with
increasing fluence from ~40 to ~1 cm™'. This was accom-
panied by a strong increase of the series resistance in forward
I-V characteristics from ~200 €2 to 2.5 x 103 € after irradi-
ation with 10" cm~2 protons. Figures 4(a) and (b) compares
the photocapacitance spectra measured before irradiation and
after irradiation with 10'> cm~2 protons. The y-axis represents
the ACph/Cyark multiplied by 2Ny, where ACyy, is the differ-
ence between the photocapacitance induced by illumination

400
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Figure 1. Room temperature C—f characteristics of the lightly
doped C1 sample before irradiation (black line), after irradiation
with 10" em™2 (red line), 10" cm™? (blue line), and 10'° cm ™2
(olive line) of 1.1 MeV protons.
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Figure 2. Concentration profiles calculated for lightly doped
sample S1 from C-V profiling at room temperature and 1 kHz
before irradiation (black line), after irradiation with 10" cm™2
(red line), and 10" cm™? (blue line).

from LEDs with the chosen peak photon energy (i.e. capa-
citance under illumination minus dark capacitance), Cgark 1S
the dark capacitance, Nq4 is the net ‘bulk’ donor concentra-
tion derived from C-V profiling at 1 kHz [18]. This way
the photocapacitance signal can be approximately conver-
ted to the density of centers contributing to photocapacitance
[18, 38].

There are three major deep acceptors with optical
thresholds near 2 eV, 2.8 eV and 3.1 eV. The centers with
optical threshold of 2.8 eV were persistent at room temper-
ature and had a barrier for capture of electrons, as shown by
blue open triangles obtained after switching the light off and
applying the forward bias of +2 V for 10 s [18]: the photocon-
centration for these photons did not decrease after switching
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Figure 3. Room temperature /-V characteristics of lightly doped sample S1 before irradiation (black line), after irradiation with 10'* cm™

(red line), and 10" cm™2 (blue line) of 1.1 MeV protons.
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Table 1. Average concentrations measured at widths w of the SCR before and after proton irradiation.

Sample # i F(i) (cm™2) ns(i) (cm™3) w(i) (pm) ns(i + 1) (em™%) w(i + 1) (um) Re(i) (cm™")
S1 0 0 3.4 x 108 0.8 1.2 x 10 1.2 0
1 10" 0 1.2 10 1.8 35
2 10" 0 1.8 1.2
S2 0 0 5.2 x 10'® 0.022 3x 108 0.028 0
1 10" 0 0.028 3x 1018 0.035 5200
2 10'6 0 300
S3 0 0 8.7 x 10¥ 0.0052 8.8 x 10¥ 0.052 0
1 10'6 8.8 x 10" 0.0052 300

the light off and could not be quenched by the application of
forward bias [18]. The concentrations were 2.3 x 10'* cm ™3,
6.9 x 10" cm™3, and 4.9 x 10'* cm~3, respectively. These
increased after irradiation with 10'> cm~2 1.1 MeV protons
t0 6.6 x 10 cm™3,2 x 10 ¢cm~3, and 1.2 x 10" ¢cm™3
(figures 4(a) and (b)).

The results for the more heavily doped sample S2 are
summarized in figures 5-7. Figure 5 shows the changes in
room temperature C—f before and after irradiation. No low
frequency step due to the ‘slow’ donors was observed and
low-temperature AS were dominated by 0.15 eV and 0.25 eV
donors, the shallower donors mostly contributing to the meas-
ured net donor density at 25 °C. The capacitance decreased
after irradiation at 10'> cm~2. Figure 6(a) displays the room
temperature 1/C>-V plots obtained at 10 kHz frequency before
and after irradiation with 10'> cm~2 and 10'® cm™2. The slope
at lower voltages probing the region closer to the surface is
considerably steeper than deeper inside the sample, pointing
to nonuniform distribution of respective centers. The net donor
concentration profiles calculated from these plots are shown in
figure 6(b). After irradiation with 10'> cm~?2 dose, all shallow
donors between 0.018 and 0.025 pm have been compensated,
which implies the average concentration of shallow donors to

be compensated as ~5.5 x 10'® cm~3 and an average carrier
removal rate of 5.5 x 10? cm~"'. For the 10'® cm—2 fluence,
all donors between 0.027 and 0.033 mm have been removed,
indicating an average removal rate of ~300 cm™!.

‘We measured the concentration of all deep centers through-
out the entire bandgap by photocapacitance spectra measure-
ments, which yield the spectral dependence of electrons within
the SCR that can be excited from deep acceptors. The optical
thresholds corresponding to the excitation of the deep accept-
ors were calculated, along with their densities [8, 25]. Figure 7
presents photocapacitance spectra measured with bias of 0 V
at 10 kHz for the virgin sample and the sample irradiated
with fluence of 10'> cm~2. The y-axis, as in figures 4(a) and
(b), is the value of photogenerated electrons concentration
Nph = 2Ng x ACpp/Cgark. The net donor concentration in the
dark, Ny, was taken from the carrier concentration plots in
figure 6(b), with N4 corresponding to the 0 V bias at which the
photocapacitance spectra were obtained. Centers with optical
ionization thresholds of 2 eV, 2.8 eV and 3.1 eV are present,
with concentrations of 2.8 x 10'> cm™3,2.8 x 10'® cm—3 and
10'® cm~3, respectively (figure 6(b)).

For sample S3, a change in C—f characteristics could be
detected only after irradiation with the fluence of 10'® cm~2,
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Figure 4. Photocapacitance spectra measured for the lightly doped
sample S1 before irradiation (a) and after irradiation with 10" cm™
1.1 MeV protons (b); solid red squares are the values obtained under
irradiation, open blue triangles are the results obtained after
switching off light and applying forward bias of 42 V for 10 s.

2

as shown in figure 8(a). Figure 8(b) shows the resultant
changes induced in 1/C? versus V characteristics. The ini-
tial net donor concentration of 8.7 x 10" cm~3 decreased to
8.4 x 10" cm~3 after irradiation with 10'® cm~2. The effect-
ive carrier removal rate was 300 cm ™! similar to that of sample
S2. The concentration profiles are shown in figure S2 of the
supplementary material.

I-V’s for both types of lightly doped samples showed the
characteristics were not affected by irradiation to the fluence of
10" cm~2 (see figures S3 and S4 of supplementary material).

DLTS spectra measurements were not informative. In all
cases, the signal was dominated by an electron trap at E.-
1 eV and electron capture cross section ~10~!3 cm?. The con-
centrations of these centers did not change after irradiation
(figures S4-S6 of the supplementary material show respective
spectra for samples S1-S3). Figure 9 summarizes the defect
levels observed in our experiments and their possible assigna-
tions.

The electron removal rates by 1.1 MeV protons for donor
concentrations of 10'% or 3.5 x 10" cm™3 increase with

6000
M 0 cm™
‘54000
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©
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Figure 5. Room temperature C—f characteristics measured at 0 V
for sample S2 before irradiation (black line), after irradiation with
10° cm—2 (red line), and after irradiation with 10" cm=2 1.1 MeV
protons (blue line).

starting concentration from ~35 cm~'-5.5 x 10° cm™!
and decrease with fluence to respectively ~1.3 cm~! and
300 cm™~!. For the heavily doped sample, changes could be
detected only after fluence of 10'® cm~2. Figure 10 summar-
izes these findings.

The range of donor concentrations studied covers all
important possible applications of a-Ga,O3 devices, from
photodetectors to FETs. Then it is interesting to compare with
existing data for the beta polymorph, and to understand pos-
sible mechanisms of electron removal by protons. For samples
with starting concentration of 10'® cm~3 and protons with
energy 0.6—1.7 MeV, there have been reported initial removal
rates of ~2 x 103 cm™!, about half an order of magnitude
lower than the carrier removal rate estimated from modeling
if one assumes that no dynamic annealing of primary radi-
ation defects occurs [16, 39]. This indicates a higher radi-
ation tolerance of lightly doped a-Ga,0Os3 films compared to
B-Ga, 03 films. This could be due to a higher density of exten-
ded defects in a-Ga, O3 films. The total concentration of deep
acceptors introduced by protons in lightly doped a-Ga, O3 film
S1, as deduced from photocapacitance spectra measurements
after irradiation with 10*> cm—2 protons, is on the same order
as would be required to explain the observed carrier removal
rate. Recent theoretical modeling [40] suggests that the centers
responsible could be due to the triply charged Ga vacancies
V(3337 .

For the more heavily doped sample S2, the starting car-
rier removal rate is much higher, ~5 X 10° ecm~', and dif-
ferent from modeling assuming compensation by the primary
radiation defects, Vg, [16]. The types of deep acceptors vis-
ible in photocapacitance spectra is the same as for the lightly
doped sample S1, but their total number after irradiation with
10'° cm~2, about 4 x 10'® cm—3 falls far short of the carrier
removal rate at the 10'® cm 2 fluence (~300 cm ™). This sug-
gests that, rather than direct compensation of shallow donors
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Figure 7. Photocapacitance spectra of sample 2 measured at 0 V, solid black squares are for the virgin sample, solid red squares for the
sample irradiated with 10'® cm =2 protons, open triangles are for measurements after switching off light and application of +2 V for 10 's.

with Vg,-like acceptors that would be detectable in photo- more lightly doped samples, the changes in the carrier con-
capacitance spectra, there may be complexing of Vg, with centration profiles occur faster nearer to the surface, suggest-
shallow donors, removing their electrical effect. For the two ing the radiation defects migrate towards the surface where
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they either compensate the existing shallow donors or passiv-
ate them by forming complexes. In the latter case, Ga vacan-
cies are strongly suspected and the change of the complex-
ing efficiency with donor concentration could be the result of
competition between forming the complexes with donors and
dynamic recombination.

We observe the carrier removal rate increasing with start-
ing donor density and decreasing with increasing fluence
(figure 10). For the heavily doped sample S2, the removal rate
at lower fluence of 10" cm~2 is not too different from the
modeling result, while for the higher proton fluence, the exper-
imental removal rate is far less than predicted and cannot be
attributed to compensation by deep acceptor states visible in
photocapacitance spectra. It could be assumed that, for high
starting donor concentrations, the dominant process becomes
formation of neutral complexes of shallow donors and deep
native defects acceptors, likely Vg,, while, with higher flu-
ence, the dynamic recombination of primary defects becomes
more pronounced, thus decreasing the carrier removal rate.
This assumption could be checked by doing measurements
with high and low proton fluxes when accumulating the same
final proton fluence.

In lightly doped sample S1, the density of shallow donors
is too small to effectively bind the Ga vacancies and prevent
them from being lost in dynamic recombination processes or
being trapped by dislocations, while, whatever defects survive,
form deep compensating acceptors visible in photocapacitance
spectra and accounting for the observed removal rate.

The deep traps near E.-1 eV visible in DLTS are not
far in energy from deep donors due to Vg,—V divacancies
or O interstitials [40]. Their role in compensation is neg-
ligible because they are deep donors. One has to assume
from DLTS spectra measurements results their introduc-
tion rate is small. Under some conditions, one could even
expect the density of these deep donors could decrease with
irradiation due to interaction with primary native radiation
defects.

4. Conclusions

We measured carrier removal rates by 1.1 MeV proton irra-
diation of a-Ga, 03 having initial net donor concentrations
of 5 x 10 ecm=3, 4 x 10" ¢cm™3 and 84 x 10" cm™3.
For the lightly doped samples, the electron removal rate with
10'* cm~2 protons was 35 cm~! and decreased to 1.3 cm™!
for 105 cm~2. Deep acceptors were introduced in the lower
half of the bandgap with optical ionization thresholds of 2 eV,
2.8 eV and 3.1 eV and introduction rates compatible with
the observed experimental electron removal rate. The removal
rates in lightly doped a-Ga,0O3 are significantly lower than
for similarly doped (3-Ga,0;. This could be an advantage of
lightly doped a-Ga, 03 over 3-Ga, O3 in applications requir-
ing high radiation tolerance if the starting performance could
be made comparable.

In more heavily doped samples, the initial electron removal
rate was 5 x 10 cm~2, but decreased to 300 cm~! for flu-
ences of 10'® cm~2. The deep acceptors introduced were the
same as for lightly doped samples, but their introduction rates
were lower than the electron removal rates, suggesting car-
rier removal could be due to complexing of primary radiation-
produced native acceptors with shallow donors. For the most
heavily doped samples, electron removal could be detected
only after irradiation with the fluence of 10' cm~2 and the
removal rate was close to that for moderately doped samples,
~300 cm~!.
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