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We present a study of the modifications of the electronic properties of B-gallium oxide
crystals by 2.5-MeV electron irradiation. This type of irradiation produces exclusively
local point defects in Ga;Os;, predominantly gallium vacancies which act as acceptor
centers. Starting with a highly n-doped sample, we establish a quantitative linear relation
between the irradiation dose and the concentration of generated acceptor centers. This
gives the possibility to tune the Fermi level position within the band gap by choosing an
appropriate irradiation dose. At high doses, with a very deep position of the Fermi level,
the n-type sample becomes compensated, reaching a semi-insulating state. The downward
shift of the Fermi level with irradiation allows us to reveal the presence of latent
impurities of transition metals (like Cr and Fe) which are inactive in electron
paramagnetic resonance and luminescence spectra of pristine samples. This study
confirms the potential of electron irradiation as a tool for tailoring the electronic

properties of gallium oxide.



. INTRODUCTION

Gallium oxide is an emerging ultra-wide band gap (UWBG) semiconductor, with
E;~ 4.8 eV, which has the potential to revolutionize high-power electronics due to its
unusually large Baliga figure of merit'. Ground-breaking applications to solar-blind UV
detection can be expected as well. Major international efforts are presently underway to
master the material properties, a challenge remaining obtaining a p-type material that
would open the way to bipolar structures. However, gallium oxide still remains an
exploratory material on which several review papers and books have been published in
recent years>S.

In the present article, we introduce high-energy electron (HEE) irradiation as a
valuable tool to investigate this new-material physics. Unlike irradiation with heavy
particles, e.g. protons, neutrons or ions, which generate complex defects and extended
disorder’, this type of irradiation produces exclusively point-like defects. The impinging
high-energy electrons, in the MeV range, transfer to the lattice atom quite small amount
of energy, just sufficient to eject an atom from its lattice site, creating Frenkel vacancy—
interstitial pairs®1°, Having quite low energy barrier for migration, the interstitials
migrate and annihilate on warming up the sample to room temperature, leaving behind
much more stable vacancies'! (annealing at rather high temperature, well above ambient
temperature, is needed to remove this vacancy-type disorder). The concentration of
produced vacancies essentially depends on the irradiation dose and, in this way, can be
precisely controlled. The HEE-irradiation technique is non-destructive and the samples

can be reset to their initial state after appropriate thermal treatment.



Transport measurements, e.g., Hall effect, as well as contactless techniques like
photoluminescence (PL) and electron paramagnetic resonance (EPR) are used in the
present study to monitor the evolution of material parameters versus irradiation dose. The
lattice defects in semiconductors act as dopants (donors or acceptors). We demonstrate
that irradiation by 2.5-MeV electrons of n-type p-Ga>0O3 produces a reduction of the free-
carrier concentration that is indicative of the preferential introduction of acceptor-type
gallium vacancies. Thus, HEE irradiation makes it possible to tune the free-carrier
concentration in the sample, in particular to compensate electrically-active impurities
initially present in the non-irradiated sample!2. Starting from a n-type heavily-doped
semiconductor, we obtained controlled compensation and reach an insulating state.

The introduction of acceptor-like centers produces a downward shift of the Fermi
level and, in this way, helps to reveal latent impurities. Gradual modification of electronic
properties, ending with an insulating state, induces important changes in EPR and optical
spectra due to the modification of the charge state of latent impurities in irradiated
samples.

A striking feature is that the physics observed in this UWBG semiconductor at
room temperature has strong analogies with usual physics of smaller gap semiconductors,

e.g., silicon, at very low temperatures.

Il. EXPERIMENTAL

A. Samples and Irradiation

In our experiments, we used commercially available 3-Ga>Os3 crystalline substrates

from Novel Crystal Technology Inc'®. We deal with two types of 650-pum-thick substrates



(i) n-type Sn-doped with electron concentration in the range 2-3x10'® cm™ and (ii)
unintentionally doped (UID) with (Np - Na) ~ 3x10'7 cm.

Irradiation with 2.5-MeV electrons was performed at the SIRIUS Pelletron NEC
electrostatic accelerator operated by the Laboratoire des Solides Irradiés (LSI) at the
Ecole Polytechnique, Palaiseau, France!4. In order to avoid excessive heating and
migration of the defects created during irradiation, the sample was cooled down to ~ 20 K
by immersion in liquid hydrogen. Uniformity of irradiation was obtained by vertical and
horizontal scanning of the beam. The penetration depth of 2.5-MeV electrons into Ga>O3
is of the order of 1cm. It largely exceeds the 650-pum thickness of our samples thus
granting a uniform distribution of the induced defects. The irradiation dose was
monitored after integrating the current collected on a Faraday cup placed behind the

sample.

Warming up of irradiated samples to room temperature before transfer to other
experimental platforms results in partial annealing of damage: collapse of close Frenkel
pairs and annihilation of interstitials via migration to the surface and to other sinks. The
migration energy of the vacancies is much higher than that of interstitials; in
consequence, the damage remaining at room temperature is exclusively of vacancy type.
It is quite stable: we do not observe any evolution of the properties of irradiated samples

stored at room temperature over several months.

The concentration of created vacancies Ny can be evaluated through the following
relation:

Nyvi= o Nu @ (1)



where o; is the cross section for HEE interaction with the lattice ions, Nj; is the
concentration of the corresponding lattice ions, and @ is the irradiation fluence, i.e., the
number of high-energy electrons impinging on a unit area of the sample. The index i
refers to the chemical sublattice (gallium or oxygen) relevant to the selected parameter. In
our experiments, we characterize the HEE fluence through the irradiation dose: the
amount of electronic charge (measured in milli-Coulombs) received per unity area on the

sample surface (measured in cm?).
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FIG. 1. Calculated cross sections ¢ for Frenkel-pair production in the gallium (red
triangles) and oxygen (blue squares) sublattices of Ga>Os3 as a function of the electron
energy E.: simulation with the SECTE program (Ref. 16) with a displacement-energy
parameter taken as: (a) 10 eV; (b) 30 eV.



The cross section o; for the creation of a Frenkel pair depends on the chemical
origin of the lattice ion and on the energy of the incoming electrons E.. Energy transfer
from an impinging swift electron with 2.5-MeV energy to the crystal lattice is mainly of
Rutherford-collision type. The alternative channel of energy transfer by electronic
excitations is negligible as evaluated by NIST ESTAR simulator'>. With the SECTE

1'%, we estimated the cross-sections o for formation of Frenkel

software developed at LS
pairs in gallium and oxygen sublattices as a function of incident electrons energy E.. The
unknown parameter in these calculations is the displacement threshold £y, the minimal
amount of energy transferred to an atom in a Rutherford collision that is needed to break
the chemical bonds!'”.

Figure 1 shows the o; (£:) relations for Ga and O sublattices, the £y energies being
taken as 10 and 30 eV. The general shape of the o; (£:) curves is similar for different
energies Eg, only the exact numerical values varying. The calculated values of o; (2.5
MeV) for several Ey parameters are represented in Fig. 2.

The oxygen vacancies Vo in Ga>Os3 are predicted to be (deep) donor-type
dopants'®!°, On the contrary, the gallium vacancies Vg, are expected to give acceptor-
like levels in the forbidden gap!®-2!. On the basis of the o7 (£.) variations presented in
Fig. 1, we can expect that HEE irradiation with electron energy less than 0.5-MeV would
exclusively produce donor-type doping by oxygen vacancies. In our case of a 2.5-MeV
beam energy, irradiation simultaneously produces gallium and oxygen vacancies.
However, the rate of creation of Vg, is about twice that of Vo. Thus, we would expect

that 2.5-MeV irradiation overall produces an acceptor-type doping.
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FIG. 2. Variation of cross sections o; (2.5 MeV) versus displacement energy for gallium
(red triangles) and oxygen (blue squares) sublattices.

A rough estimate of the concentration of induced defects can be obtained from Eq.
1. Assuming a threshold energy Eq = 25 eV for displacement of Ga atoms under 2.5-
MeV electron impact, and a related o value of 90 barn, we estimate that irradiation at 1.0
mC/cm? dose would create gallium vacancies with a concentration of 1.2x10'® ¢cm 3. This
corresponds to a brief 70-sec irradiation under standard conditions with 3-pA beam
current, on an area limited to 0.2 cm? through a 5 mm diameter diaphragm.

B. Characterization methods

We essentially used three techniques to characterize the modifications of electronic
properties of the material induced by HEE irradiation: electrical measurements, which
relate to the concentration of free charge carriers, their mobility and its temperature

dependence; PL spectroscopy, which gives the spectrum of electron levels in the



forbidden gap, and EPR spectroscopy, which provides information on paramagnetic
impurity centers in the crystal.
Electrical characterizations mostly refer to conductivity and Hall measurements by

van der Pauw method using a Linear Research LR700 AC Resistance Bridge.

The PL studies at room temperature were performed with a Fluorolog-5 (HORIBA
JOBIN YVON) spectrofluorimeter. In some experiments, we used an optical excitation
with a 266-nm pulsed laser (INDI-40-10 HG, Spectra-Physics) or a 4-mW blue
semiconductor laser diode emitting at 450 nm.

The EPR spectra were measured with a JEOL-JES310 spectrometer at ambient

and 100-K temperatures.

lll. RESULTS AND DISCUSSION

A. Electronic transport

Electrical transport measurements were realized on highly doped n-type samples (~
2x10'"® ¢cm™) in which we were able to monitor the variation of electrical properties after
sequential irradiation with increasing doses.

In the first step of sample preparation required for electrical measurements, 2x2-
mm? square samples were cut with a diamond coated wire saw from the 0.65-mm-thick
substrates. Additional cut parallel to the surface reduced the sample thickness to about
200 pm. Electrical point contacts were deposited by evaporation of Ti:Au layers through
a shadow mask. The ohmic character of the contacts was established after annealing in air
at 325°C. The contacts produced according to this procedure remained ohmic upon

cooling from room temperature down to 100 K. However, below this temperature the



ohmic characteristics of contacts were strongly affected, jeopardizing reliable
conductivity measurements below 100 K.

The main sample surface corresponded to the (010) crystallographic plane
containing the two [100] and [001] crystallographic directions. In the van der Pauw
geometry, the electrical point contacts deposited on the corners were aligned along these
two directions. In all measurements, we did not find any indication of conductivity
anisotropy, the van der Pauw factor always remaining very close to unity as expected for
an electrically-isotropic square sample. This conclusion agrees with previously reported

observations of electronic transport in Ga>03?.
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FIG. 3. Hall resistance R, versus magnetic field for a sample irradiated with increasing

doses.

In the van der Pauw geometry, the Hall effect in a magnetic field B perpendicular to
the sample surface is extracted from the diagonal resistances measured with a current

flowing between contacts along a diagonal of the square, the voltage being measured on



contacts located along the other diagonal. The Hall resistance R., corresponds to the
difference between the two diagonal resistances measured after permutation of current-
and voltage-measuring contacts. By calculating this difference, the R.. contributions
cancel so that the result exclusively represents the R,, Hall contribution.

As shown in Fig. 3, the R,(B) variation measured at room temperature is perfectly
linear, with a slope corresponding to the Hall coefficient. The rise of the Hall coefficient
after irradiation is clearly seen as an increase of the slope of the Ry,(B) line and reflects

the depletion in free-carrier concentration.
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FIG. 4. Conduction-electron density of a Sn-doped -Ga>Os crystal sample (blue squares)
as a function of HEE irradiation dose and calculated Fermi-level position (red triangles)

below the bottom of conduction band (see Sec. I1I-D).

Figure 4 shows the variation of the free-carrier concentration determined from the
Hall measurements in samples with increasing dose of irradiation. In the first stages of

irradiation, the decrease of the carrier concentration is perfectly linear with the dose,
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which allows us to quantify the effect of irradiation: a dose of 1 mC/cm? reduces the
concentration of conduction electrons by 1.24x10'%cm™. The irradiation at high doses,
exceeding 175 mC/cm?, turns the highly-conductive initial sample with a resistivity of
0.05 Q.cm into a nonconductive - insulating - state so that further measurements of

conductivity and Hall coefficient are no longer possible on our platform.
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FIG. 5. Conduction-electron mobility in a Sn-doped B-Ga20s crystal sample versus HEE-

irradiation dose.

A similar linear decrease of the free-carrier concentration with irradiation dose was
observed on a second sample cut from the same Sn-doped substrate. Within the error in
the determination of sample thickness, the rate of depletion of the free-carrier
concentration and the critical dose required to convert a sample into an insulating state
were the same in both of them.

The reduction of carrier concentration in irradiated samples is accompanied by a

decrease of the carrier mobility (Fig. 5) which drops from 75 cm?/(V.s) in pristine

11



samples down to 28 cm?/(V.s) after irradiation at a 160-mC/cm? dose, as measured at

room temperature.
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FIG. 6. Electron-density Arrhenius plots for the pristine sample (blue triangles) and for

samples irradiated at 160-mC/cm? dose (red circles).

The temperature dependences of the carrier concentration reveal a thermally
activated regime for electrons excited from donor states to the conduction band. Figure 6
presents Arrhenius plots for a Sn-doped sample before and after irradiation at 160
mC/cm?. From the fitting parameters of these plots, we obtain activation energies of E; =

17 meV for the pristine sample and £, =37 meV for the same sample after irradiation.

B. Electron paramagnetic resonance
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FIG. 7. EPR spectra measured at room temperature for UID B-Ga>O3 samples: (a) pristine
sample, (b) irradiated at 20-mC/cm? dose; (¢) irradiated at 60-mC/cm? dose.

The observations on irradiated samples tend to confirm the conclusion made on the
basis of electrical measurements. In non-irradiated UID samples, we observe a well-
known very-intense and very-narrow EPR line with an electron g-factor g = 1.97 as
shown in Fig. 7a. This line is usually assigned to free electrons or electrons localized on
shallow donors?*2326, A weak dose of irradiation, namely 20 mC/cm?, leads to a
significant reduction of the line intensity (Fig. 7b). At an irradiation dose of 40 mC/cm?,
the line is no longer detectable in the EPR spectrum and, at higher irradiation doses, this
EPR line is replaced by a new one showing a well-resolved hyperfine structure (Fig. 7c).
This type of EPR signal was already observed in Ga,Os crystals irradiated by neutrons?’,
protons?®, or annealed at high temperature (> 1400°C) under oxygen atmosphere?®. This
structure is always attributed to gallium vacancies or their complexes with other defects

and strong hyperfine interaction with neighboring gallium nuclei.
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It is worth to note that large-scale EPR spectra of irradiated samples (Fig. 8) also
contain a number of intense lines which we attribute to transition metals ions (TMI) like
Cr** and/or Fe*'. Their precise interpretation needs a detailed analysis which will be
presented elsewhere. According to the manufacturer’s specifications, the initial UID
samples indeed contain such impurities at a level of 10'®-107cm™, as checked by SIMS
analysis'3. However, the TMI lines are clearly seen in the spectra obtained from
irradiated samples (Fig. 8b) but are hardly detectable (if even not seen at all) in pristine
non-irradiated ones (Fig. 8a). This supposes that the TMIs can change their electronic
configuration and capture or release extra electrons depending on the availability of free
electrons in the conduction band. Only ions with the charge 3+ (like Cr** and Fe*") are

detected in EPR spectra.

(a) shallow donor

EPR signal (a.u.)

200 300
Magnetic field (mT)

FIG. 8. Large-scale EPR spectra for UID samples at 100 K: (a) pristine sample; (b) same
sample irradiated with the 60-mC/cm? dose. Peaks related to Transition Metal Ions (TMI)

are evidenced.
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We also observe that the irradiated samples completely recover the EPR spectra in
their initial forms, characteristics of non-irradiated samples, after 30 min annealing in air
at a relatively low temperature of 680°C, by far inferior to the fusion temperature of
gallium oxide (~ 1800°C). This result confirms that the observed effects are due to point
defects introduced by HEE irradiation and that they can be easily eliminated after
appropriate thermal treatment, perfectly resetting the sample properties to their initial

values.

C. Photoluminescence spectroscopy

The essential features of the PL spectra of B-Ga>O3z have been reported almost 50
years ago, in the early 1970°s%-32, The spectra of a n-type Ga,Os crystal are rather poor
and consist of quite broad overlapping bands, often labeled “UV-", “blue” or “green”
bands. The UV-band is generally attributed to the emission of self-trapped excitons and
the blue band, hereafter referred to as B-band, to the recombination at donor-acceptor
pairs?#*3-37. These bands are excited by the 266-nm UV light (4.67 V) very close to the
steep increase in the absorption corresponding to the transition from the valence to the
conduction band?*23-*1:3738 The more recent publications report the observation of the
same bands and include more careful investigation of their temperature dependence?*-®,

2425 electrical

decay times?4, light polarization®’, as well as comparison with EPR spectra
transport data®, and theoretical calculations®**3>, However, definitive interpretations have

still remained pending.
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FIG. 9. Time-resolved spectra for a non-irradiated UID sample at room
temperature excited by 266-nm pulsed laser: 0.1- ps delay (black, 1); 3 ps-delay (red, 2);
10 ps-delay (blue, 3). The spectra taken with different delay times were normalized to
their maximum values;

Our non-irradiated samples exhibit a typical 380-nm (3.3 eV) broad band which is
usually observed in UID and n-doped samples. This band is the superposition of two
strongly overlapping and rather broad bands, the UV-band at 365 nm and B-band at 480
nm (3.4 eV and 2.6 eV respectively). We were able to identify them in time-resolved
spectra due to the difference of their decay times.

Figure 9 shows the spectra excited by a 266-nm pulsed laser with different delay
times after excitation pulse. Besides the 270-nm peak corresponding to the near band-to-
band transition, the B-band is also excited by absorption well below the band gap at

around 375 nm (3.30 eV). The excitation and emission bands (Fig. 10) are symmetrically
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located around presumed zero-phonon transitions at 3.03 eV with a Stokes shift equal to

0.52 eV.

Intensity (a.u.)

= Emission Excitation
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FIG. 10: Excitation-emission symmetry of the B-band spectra: the blue circles visualize
the symmetric reconstruction of the excitation spectrum superimposed on the emission
spectrum. The high-energy part of emission spectrum is distorted by the 420-nm edge

filter introduced in order to block 375-nm excitation light.

Figure 11a presents the evolution of the emission spectra of UID samples with
increasing irradiation dose at room temperature and under excitation at 270 nm in our
fluorimeter. The irradiation does not change very much the spectrum components near
the band gap. We observe the same UV- and B-bands. However, their intensity
significantly drops with the increase of the irradiation dose. At the same time, we observe
the emergence and progressive growth of new rather-narrow lines labeled R; and R; in
the red spectral region around 690 nm. In strongly irradiated samples, these red R-lines

dominate the spectrum.
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FIG. 11. (a) Room-temperature photoluminescence spectra of UID samples with different
irradiation doses, detected in a fluorimeter with 270-nm excitation; (b) The R-line spectra

at low temperature (100 K) of the same samples, excited with 450-nm laser diode.

Figure 12 shows the excitation spectra of the R-lines at room temperature. As can
be seen, the band-to-band transition at 270 nm and absorption into self-trapped excitons,
corresponding to the UV emission band contribute to the excitation of these centers.
However, the most efficient process is the excitation into a very broad band peaked at
445 nm (2.8 eV) which apparently corresponds to the proper absorption of the center. The
intensity of the R-lines significantly grows up when lowering the temperature and it is for
this reason that we present in Fig. 11b the evolution of their intensity versus increasing
irradiation dose measured at low temperature (100 K) under intra-center 450-nm

excitation.
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FIG. 12. Excitation spectrum of R-lines at room temperature for UID samples irradiated

at 60-mC/cm? dose.

The striking feature in Fig. 11a is the very strong drop of the total luminescence
intensity with increasing irradiation dose in the case of excitation through band-to-band
absorption at 270 nm. In order to present spectra of the same size for all samples in Fig.
11a, we needed to enhance the spectra of strongly-irradiated samples by a factor up to ~
400. This clearly shows that irradiation introduces or activates local defects which play
the role of very efficient centers for non-radiative recombination of free carriers in the
conduction and valence bands. Thus, carriers excited in the conduction and valence bands
by 270-nm excitation have several channels for recombination: radiative processes
related to different luminescence bands and non-radiative ones introduced by irradiation.
The general form of the spectra and relative intensities of different emission bands in
great part result from a competition between these different recombination channels and

are dependent on the excitation intensity. The spectra in Fig. 11a correspond to a very
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weak excitation in the fluorimeter (narrow spectral band of a Xe lamp, filtered by a
monochromator). At higher excitation level produced by a pulsed laser, the UV-band in
irradiated samples becomes more intense than other bands and dominates the spectrum.
Apparently, the recombination through the B- and R-bands with quite long decay times
tends to saturate at high excitation levels. In these conditions of excitation through band-
to-band absorption, the intensities of different emission bands are not reliable parameters
to assess the concentration of corresponding local centers.

In order to monitor the concentration variation of local centers with irradiation
dose, we do prefer measuring the emission intensities of the B-band and R-lines being
excited through their intra-center absorption at 375 nm and 450 nm, respectively. In this
case the photo-excited electrons (holes) do not transit by the conduction (valence) band:
the excitation and emission processes occur at a same local center and do not a priori
suffer from competition with other recombination channels.

The case of the R-lines is presented in Fig. 11b. In contrast to the band-to-band
excitation, where the total intensity of luminescence decreases with irradiation, the R-
lines excited through their intra-center absorption increase in intensity by more than 20
times. This is also the case for the B-band, but the increase in intensity is much more

modest (a factor of 2, or so).

Figure 13 summarizes the intensity variations of characteristic emission bands as a
function of the irradiation dose. Note that the scale in the graph is logarithmic and the
intensities of the different bands are normalized to their intensities in the non-irradiated

sample. Figure 13 clearly shows the essential features of intensity variations: jump up in
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intensity for intra-center excitation and drop in intensity for band-to band excitation
within a rather narrow window of irradiation doses, 0-40 mC/cm?. For higher doses the
variations become saturated and the emission intensities of all bands do not change any

more.
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FIG.13. Intensity variation of luminescence bands as a function of the irradiation dose:
the UV-band excited with a 270-nm light at room temperature (black triangles); B- band
excited with a 375-nm light at room temperature (blue circles); R-lines excited by a 455-

nm laser at 100 K (red squares).

As mentioned above, HEE irradiation essentially introduces lattice defects which
are known to be healed by thermal annealing. In our case, regarding PL spectra and
similarly EPR spectra, as reported in Sec. III-B, we observe that a 30-min annealing at
650°C in air completely eliminates all spectral changes introduced by irradiation: the UV-
and B-bands recover their previous intensities and the R-lines completely disappear from

the room temperature spectra.

D. Discussion
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All the above-reported results clearly show that HEE irradiation strongly affects
electronic properties of B-GaxO3 semiconductor crystals, reducing their electrical
conductivity, altering PL and EPR spectra. These major changes are apparently related to
the generation of a large concentration of local defects, like gallium vacancies. The
situation is completely reversible since these point defects can be healed by thermal
annealing at proper temperature, after which the sample recovers its pristine electronic
properties.

The observed reduction in the concentration of conduction electrons in irradiated
samples attests that the gallium vacancies predominately introduced by HEE irradiation
produce acceptor-like levels in the forbidden band gap of the crystal. The Hall
measurements presented in Sec. III-A (Fig. 4) provide quantitative evaluations of this
effect: an irradiation at a 1.0-mC/cm? dose introduces 1.24x10'® cm™ of active acceptor-
like centers into a gallium oxide sample. This value is very close to the rate of Ga-
vacancy creation estimated from the effective cross section (Sec. II-A).

Following irradiation, the acceptor-like gallium vacancies capture electrons from
Sn donors initially present in the pristine sample, thus increasing the concentration of
charged defects acting as scattering centers which leads to a significant reduction of the
carrier mobility observed in irradiated samples.

The modifications of the electron transport properties with irradiation can be
described in terms of displacement of the Fermi level in the crystal. In initially n-type Sn-
doped samples, the Fermi level is located near the bottom of conduction band. The
introduction of acceptor-like gallium vacancies by HEE irradiation reduces the

concentration of free electrons in the conduction band and provokes a downward shift of
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the Fermi level. In Fig. 4a, we indicate the Fermi level position below the bottom of
conduction band, calculated from data on the concentration of conduction electrons in the
framework of the effective mass approximation, the effective mass of electrons being
taken as me. = 0.28 mp (Ref. 19). A smooth downward shift of the Fermi level at small
doses is followed by a sharp drop of its position when approaching complete
compensation of the existing donors by acceptor-like centers introduced by irradiation. At
doses exceeding 175 mC/cm?, the Fermi level is moved very deep inside the forbidden
band gap and no free carriers can be excited into the conduction and valence bands of the
crystal. With further irradiation, the sample remains insulating which supposes that the
Fermi level probably stays pinned near mid-gap.

The difference in the observed thermal activation energies in pristine and irradiated
samples is apparently related to the Fermi level position. In the pristine sample, it is
located between the donor level (Es) and the bottom of conduction band and the
Arrhenius plot can be approximated by the so called “half slope” regime®® E; = E4/2. The
sample irradiated at 160 mC/cm? is strongly compensated; the Fermi level is located well
below the donor level and the Arrhenius plot is more likely approximated by the “full
slope” regime with E> = E4. This situation, which occurs for smaller gap semiconductors,
e.g., silicon, at low temperatures, can be realized for large gap semiconductors already at
room temperature. As measured in the compensated Ga;O3; sample, the activation energy
E> = 37 meV is very close to the value 36.6 meV estimated for the shallow-donor
ionization energy within the hydrogenic model with m. = 0.28 my and taking the

dielectric constant as £ = 10.2 (Ref. 40).
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The values reported in the literature for the donor activation energies in -GayOs,
obtained from electrical?>*!*?> and EPR measurements'®, vary over a wide range.
Globally, they are found to lie around 20 meV in highly-conducting material and 40 meV
in less-conductive samples. Our observations on the same sample where the conductivity
is modified by HEE irradiation, suggest to relate this tendency to the degree of donor
compensation rather than to conductivity.

In UID samples which have a low initial concentration of conduction electrons, the
compensation of donors and the shift of the Fermi level to mid-gap would occur at much
lower irradiation doses compared to the highly-doped samples. The changes in the PL
spectra of UID samples illustrated in Fig. 13 looks very much like the variation of the
free-electron concentration with irradiation (Fig. 4): an almost linear variation at low
doses with subsequent saturation above a critical dose. The value of the critical dose, of
the order 40 mC/cm?, is in fair agreement with the expected downward shift of the Fermi
level to mid-gap in such lightly-doped crystals.

The EPR and optical spectra of the UID samples show that the Fermi level
downwards shift reveals latent impurity states which were previously screened by the
large number of electrons available in the conduction band. It is the case of the EPR lines
of TMIs which are very weak in pristine samples but clearly seen in irradiated ones. It is
definitively the case of the R-lines in the PL spectrum of irradiated samples. The R-lines
luminescence has been reported in numerous publications on chromium doped B-Ga;Os

and attributed to intra-center transitions in Cr®" ions**7

. This interpretation was
definitely established in a recent magneto-optical study where the Zeeman splitting of the

Ri-line under magnetic field was rigorously correlated to the Cr** EPR spectrum*. In our
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experiments, we observe that the intensity of the Cr’" R-lines is very weak in non-
irradiated samples and shows a significant growth with increasing irradiation dose (see
Figs. 11b and 13). Quite obviously, irradiation does not change the concentration of
chromium impurities in the host lattice but it can change the charge state of the impurity
ions. Cr’* is an isoelectronic impurity replacing a Ga** ion in the host lattice. Apparently,
in the presence of a high concentration of free electrons in the conduction band of a n-
type semiconductor, a Cr’* ion can capture an extra electron in its unfilled d-shell. This
turns the ion into a state inactive in the PL and EPR spectra of non-irradiated samples.
The Cr** (or even Cr'") ion with a charge less than 3+ would form a negatively charged
center in gallium oxide similar to negative -U center in some large band gap
semiconductors*>*?, The energy involved in the charge transfer process can be identified
as a donor-like level in the forbidden gap of the semiconductor, besides usual shallow
donors related to Sn doping impurities or oxygen vacancies. The formation of negative -
U centers on some residual donors in UID Ga;O; was identified by quantitative analyses
of the temperature variation of EPR-signal intensity?®.

A possible effect of the variation of the Fermi level on the charge states of

28,51

impurities was already mentioned based on theoretical considerations**~', its tuning

being out of reach; related out-of-equilibrium situations could however be created under
optical excitation, leading to experimental data in support of these ideas®>->.

The luminescent B-band shows the same behavior as the chromium R-lines,
however on a more modest scale. These local centers are already present in the pristine

samples and their concentration does not increase very much with irradiation. For the

moment we cannot propose a reliable model accounting for the relevant center. We
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presume that it also changes its charge state, but the corresponding energy level in the
band gap is practically empty in the initial sample so that its population does not change
very much with the downward shift of the Fermi level with irradiation.

The introduction of gallium vacancies produces significant changes in the
emission spectra but we did not identify any band in the optical spectra which can be
directly assigned to these lattice defects. The strong reduction of the total emission
intensity with the band-to band excitation in irradiated crystals attests that, with

irradiation, we introduce or activate highly-efficient non-radiative recombination centers.

IV.CONCLUSIONS

Irradiation with high-energy electrons induces significant changes in electrical,
optical and EPR properties of -Ga;Os crystals. All these changes are related to the
introduction of gallium vacancies, which act as acceptors thus resulting in a large
downwards shift of the Fermi level. In this context HEE irradiation has a potential for
converting n-type conductivity due to electrons in the conduction band of the initial
sample into p-type conductivity related to the holes in the valence band. However, up to
now we did not yet observe the conductivity type conversion, the sample staying non-
conductive up to doses of 250 mC/cm?.

The complex problem of the conductivity conversion from #z- to p-type in gallium
oxide is largely discussed in the literature>>°. Fundamental obstacles for this conversion
are: 1) very deep level location of all potential acceptors (including Vga), thus preventing
the excitation of holes into the valence band at room temperature; ii) self-trapping of
holes in crystals with high ionicity: the self-trapped free carriers stay localized and cannot

contribute to the electrical conductivity.
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