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ABSTRACT

Highly resistive undoped p-type gallium oxide samples were subjected to cumulative proton irradiation with energies ranging from 25 to
70 keV and doses in the 1.6 � 1014–3.6 � 1014 cm�2 range. Proton irradiation resulted in up to a factor of 2 reduction of minority electron
diffusion length in the samples for temperatures between � 300 and 400K. Electron injection into the samples under test using a scanning
electron microscope beam leads to pronounced elongation of diffusion length beyond the pre-irradiation values, thus demonstrating stable
(days after injection) recovery of adverse radiation impact on minority carrier transport. The activation energy of 91meV estimated from the
temperature dependent diffusion length vs electron injection duration experiments is likely related to the local potential barrier height for
native defects associated with the phenomenon of interest.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096950

The main limiting factor in Ga2O3 technology is related to diffi-
culties of p-type conductivity realization.1–4 Previous studies indicate
that holes in b-Ga2O3 have characteristics of low dispersion, high
effective mass, and high density of states. This results in formation
of weak polarons (or localized holes), which are trapped by lattice
distortions5–9 and hindered p-type conductivity. Contradicting these
claims, Ref. 10 has experimentally shown a possibility of low p-type
conductivity in Ga2O3. It is additionally reported that the self-trapping
nature of holes practically disappears at temperatures above
90–120K.3 Given the current state-of-the-art and ever mounting inter-
est in p-Ga2O3, one can reasonably claim that a robust p-type Ga2O3

electrical conductivity will be possible in the foreseeable future in addi-
tion to the use of p–n heterojunctions.11

In Ga2O3, once bipolar devices become available, minority carrier
transport (diffusion length) will be of primary importance. The minor-
ity carrier diffusion length defines performance of bipolar devices such
as p–n junction diodes, bipolar transistors, and p-i-n detectors.12 One
of the major issues in the current ZnO and GaN device technology is
the low diffusion length of minority carriers, which is partially due to

dislocation scattering.13,14 It has been previously shown that in p-type
GaN and ZnO, low energy electron injection, either with an electron
beam of a scanning electron microscope (SEM) or forward bias, results
in a significant increase in the minority carrier (electron) diffusion
length.13,15–18 Similar effects have been very recently observed in
n-type Ga2O3 subjected to low energy electron beam injection.19–21

This paper studies minority carrier transport (electron diffusion
length) in p-Ga2O3 highly resistive samples subjected to proton irradi-
ation following injection from a SEM electron beam. The below-
presented results demonstrate feasibility for a significant diffusion
length increase beyond the initial pre-irradiated values, thus paving
the road toward solid-state electron injection in the future Ga2O3 bipo-
lar devices.

Undoped b-Ga2O3 samples, analyzed in this study, were grown
in a RF-heated horizontal metalorganic chemical vapor deposition
(MOCVD) reactor. Trimethylgallium (TMGa) and 5.5N pure oxygen
were used as gallium and oxygen sources, respectively. Argon was
used as the carrier gas (cf. Ref. 4). The b-Ga2O3 layer was grown on a
c-oriented sapphire substrate using the Ga/O ratio and growth
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temperature as 1.4 � 10�4 and 775 �C, respectively. The total reactor
pressures of 30–38Torr and variable growth rates (gallium and oxygen
precursor fluxes) were used to have different native defect (VGa

and Vo) concentrations in the Ga2O3 films, leading to different values
of hole concentrations. The epitaxial layer thickness was � 450nm.
X-ray diffraction revealed highly textured films of gallium oxide in the
b-Ga2O3 phase with monoclinic space group (C2/m) symmetry.

Ohmic contacts for electrical characterization were prepared by
silver paint at the four corners of the sample. Hall effect measurements
were performed in a Van der Pauw configuration in the 500–850K
temperature range for magnetic fields perpendicular to the film plane
varying from �1.6 to 1.6T using a high impedance high temperature
custom-designed measurement setup. Resistivities at highest measured
T¼ 850K were found in the range from 1.2 � 103 to 1.3 � 104X cm.
Hall effect measurements demonstrated the positive sign for majority
carriers in both samples, thus confirming the p-type conductivity. The
free hole concentrations and mobilities at 850K were estimated in the
1013–5.6 � 1014 cm�3 range and the 8–16 cm2 V�1 s�1 range, respec-
tively. More details could be found elsewhere.22

Minority carrier diffusion length (L) measurements were carried
out using the electron beam-induced current (EBIC) technique in situ
in a Phillips XL-30 scanning electron microscope (SEM). Details on
EBIC techniques could be found in Refs. 13, 14, and 22. The measure-
ments were carried out in the temperature range of 294–404K using a
temperature-controlled stage integrated into the SEM. For EBIC mea-
surements, the electron beam energy was kept at 10 keV, correspond-
ing to � 0.1 nA absorbed current and � 350nm electron range
(penetration depth) in the material. The EBIC line-scans for diffusion
length extraction were carried out in a planar configuration using Ni/
Au (20nm/80nm) asymmetrical pseudo-Schottky contacts created on
the film with lithography/liftoff techniques. Single line-scan takes
approximately 12 s, which is sufficient for extraction of the minority
carrier diffusion length value. To perform electron injection in the
region of EBIC measurements, line-scans were not interrupted for the
total time of up to � 350 s (corresponding to the primary excitation
electron charge density of 42.8 pC/lm3). The values of diffusion length
were extracted intermittently. The EBIC signal was amplified with a
Stanford Research Systems SR 570 low-noise current amplifier, digi-
tized with Keithley DMM 2000, and controlled by a PC (personal
computer) using a home-made software.

It should be noted that the primary excitation SEM electron
beam serves for generation of non-equilibrium electron–hole pairs in
the material due to the band-to-band (the valence band to the conduc-
tion band) transition of excited electrons. The primary excitation elec-
trons do not accumulate in the material since the sample is grounded,
thus preserving the sample’s electroneutrality.

The experimentally reported value for radiation ionization
energy consumed per electron–hole pair creation is 15.6 eV for
b-Ga2O3.

23 Based on the injected charge density of 42.8 pC/lm3

and accounting for � 600 electron–hole pairs generated in this
volume (10 000 eV/15.6 eV), a non-equilibrium electron–hole pair
density of � 1023 cm�3 is obtained for the experimental conditions
of this work. Therefore, the minority carrier diffusion length,
reported here, pertains to the non-equilibrium electrons with con-
centrations significantly exceeding the Hall effect equilibrium
majority carrier (hole) concentration. It should be stressed,
however, that in the vicinity of the electron beam (during the

measurements), the amount of non-equilibrium majority and
minority carriers is equal (while both significantly exceed the equi-
librium Hall majority carrier concentration at given temperature),
thus avoiding a high injection level regime.

The values for minority carrier diffusion length obtained in the
samples under test and previously reported in Ref. 22 and in this work
exceed by a factor of 3 those presented in Ref. 24 for minority holes in
n-type Ga2O3 under the same temperatures. The diffusion length of
minority carriers is primarily dictated by the carrier mobility (larger
for electrons in p-type materials as compared to holes in n-type mate-
rials), which is, in turn, related to the diffusion coefficient.16 This fact
serves as an additional proof for p-type electrical conductivity of the
samples under test close to room temperature.

Cathodoluminescence (CL) measurements were carried out
under 10 kV accelerating voltage using Gatan MonoCL2 attached to
the SEM. Spectra were recorded with a Hamamatsu photomultiplier
tube sensitive in the 150–850nm range and a single grating mono-
chromator (blazed at 1200 lines/mm).

Ga2O3 samples were irradiated with protons having a dose/
energy sequence to create a near-uniform hydrogen concentration
around 1019 cm�3. This consisted of 25 keV/1.6 � 1014 cm�2, 50 keV/
1.7� 1014 cm�2, and 70 keV/3.6� 1014 cm�2. EBIC and CL measure-
ments were carried out before and after proton irradiation, and the
results were compared.

The temperature dependence of L before and after proton irradi-
ation is shown in Fig. 1. L decreased with increasing temperature with
room temperature values being at 1040 and 635nm. Relatively large
values of L are partially due to the very low majority carrier concentra-
tion. Within the current temperature range of measurements, it is
likely that the origin of L decrease is due to phonon scattering.22

The activation energy for temperature dependence of L is given
by13,22

L Tð Þ ¼ L0exp
DEA;T
2kT

� �
: (1)

FIG. 1. Temperature dependence of the diffusion length in the structure before and
after irradiation with high energy protons (25 keV 1.6 � 1014 cm�2 þ 50 keV, 1.7
� 1014 cm�2 þ 70 keV, 3.6 � 1014 cm�2).
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Here, L0 is a scaling constant, DEA,T is the thermal activation energy, k
is the Boltzmann constant, and T is the temperature. The activation
energy pertaining to the reduction of L with temperature is estimated
at 76meV after irradiation (113meV pre-irradiation). A detailed dis-
cussion regarding the origin of DEL,T is presented in Ref. 22.

Figure 2 presents results of the electron injection experiments
carried out at varying temperatures. The minority electron diffusion
length exhibits a linear increase with duration of electron injection
before saturation occurs (not shown in Fig. 2). The linear increase in L
with electron injection duration was previously observed in p-GaN,16

p-ZnO,13 unintentionally doped GaN,23 and n-Ga2O3.
20 The minority

carrier diffusion length increase in Fig. 2 is characterized by the rate R
(dL/dt, where t is the duration of electron injection), which drops from
1.6nm/s at room temperature to about 0.9nm/s at 120 �C.

The effect of temperature on rate R is described by23

R Tð Þ ¼ R0exp
DEA;T
2kT

� �
exp

DEA;I
kT

� �
: (2)

Here, R0 is a scaling constant and DEA,I is the electron injection effect
activation energy. Equation (2) can be used to find the activation
energy of an injection-induced component for the increase in L from
the Arrhenius plot in the inset of Fig. 3. The latter figure shows a
decrease in R with increasing temperature. The slope of the Arrhenius
plot is DEA,I þ 0.5 DEA,T, from which DEA,I � 91meV is obtained.
DEA,I is associated with the mechanism responsible for the elongation
of L with injected charges. The latter effect is likely associated with the
gallium vacancy (VGa), which is a pervasive point defect in undoped
Ga2O3.

A detailed mechanism for the electron injection-induced L
increase is presented in Ref. 25 for undoped GaN. This mechanism is
also applicable to p-Ga2O3, and its key points are outlined as follows:

• A non-equilibrium electron, generated by a primary scanning
electron microscope beam gets trapped by gallium vacancies,
which are deep acceptors in Ga2O3.

25 Because of its energetic
position in Ga2O3 forbidden gap and fairly large concentration in

the material (� 1018 cm�3), a pronounced number of VGa

remains in the neutral state, thus acting as a meta-stable electron
trap. Trapping non-equilibrium electrons on the VGa-levels pre-
vent recombination of the conduction band electrons through
these levels. This leads to an increase of lifetime, s, for a non-
equilibrium electron in the conduction band and, as a result, to
an increase of L [L ¼ (Ds)1/2, where D is the carrier diffusivity].

• The VGa-level containing a trapped electron becomes again avail-
able for recombination of a non-equilibrium conduction band
electron as this level captures a hole. Capturing a hole means a
transition of the trapped electron to the valence band. The rate of
this transition increases with increasing temperature, and one
notes the existence of the activation energy, preventing the
immediate hole capture by negatively charged gallium vacancy.
This activation energy is DEA,I, experimentally estimated at
91meV.

• As the rate of hole capture on the VGa-level increases, the con-
duction band electrons have more chance for recombination on
this level. This results in shorter non-equilibrium minority
electron lifetime and a slower rate for L increase at higher tem-
peratures as seen in Fig. 2.

• Trapping non-equilibrium electrons only occur on neutral
VGa-levels, which do not affect the electrical conductivity type in
the sample under test. P-type conductivity is dictated by nega-
tively ionized VGa acceptors, which are unable to trap additional
electrons.

The results in Fig. 2 demonstrate that the adverse impact of pro-
ton irradiation can be fully recovered due to electron injection, and the
diffusion length in the irradiated material can increase even beyond
the pre-irradiation values at respective temperatures. Stability of elec-
tron injection-induced increase in the diffusion length was studied at
room temperature after stopping the electron injection (up to � 350 s
total time at each temperature). It has been found that the increased
diffusion length stays unchanged for at least several days.

Figure 4 demonstrates normalized room temperature CL spectra
before and after proton irradiation. Detailed studies of p-Ga2O3 optical
properties prior to irradiation were recently presented in Ref. 22.
Narrowing of the CL spectrum after proton irradiation in Fig. 4 is

FIG. 2. The change in the diffusion length as a function of duration of electron
injection for temperatures in the 294–393 K range. Pre-irradiation diffusion length
values (zero injected charge) are shown in open circle, square, and triangle for
21, 75, and 120 �C, respectively. The activation energy DEA,I, obtained from L
dependence on electron injection duration at varying temperatures, is estimated
at 91 meV using Eq. (2).

FIG. 3. Temperature dependence of the rate (R) for L change with duration of elec-
tron injection. Inset: Arrhenius plot of Eq. (2) for calculation of activation energy for
the effect of electron injection.
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likely related to a variety of complexes, which is created between VGa

and implanted hydrogen. These complexes may reduce strain-induced
broadening of the CL peaks.26 CL measurements after electron injec-
tion into proton-irradiated Ga2O3 did not reveal any additional
changes in the spectrum (both in terms of shape and intensity), indi-
cating that the injection-induced increase in non-equilibrium carrier
lifetime is mostly non-radiative in nature.

In summary, electron injection from the SEM beam was
employed to “heal” the adverse impact of proton irradiation on minor-
ity carrier transport in p-type Ga2O3. The obtained results demon-
strate that reduction in the diffusion length due to irradiation could be
fully recovered, and L can even exceed the pre-irradiation values. The
effect was ascribed to non-equilibrium electron trapping on native
defects (VGa) and consequent increase in minority carrier (electron)
lifetime in the conduction band of Ga2O3.

Once Ga2O3 p–n junctions become available, a solid-state electron
injection due to forward-bias (injection of electrons from the n-side of
the p–n junction into the p-side due to applying a negative voltage to
the n-type material) will be attempted, thus paving the road toward
purely electrical (athermal) mitigation of radiation-induced defects in
bipolar devices. This type of defect mitigation does not require high
temperature annealing or changes in technological processes, which are
both costly. Additionally, based on the results obtained so far, the pro-
cess of electron injection requires only seconds, while the induced
improvements of minority carrier transport are stable for days.

The research at UCF was supported in part by NSF (Nos.
ECCS1802208 and ECCS2127916). Research at UCF and Tel Aviv
University was supported in part by the US-Israel BSF (Award No.
2018010) and NATO (Award No. G5748). The work at UF was
performed as part of the Interaction of Ionizing Radiation
with Matter University Research Alliance (IIRM-URA), sponsored
by the Department of Defense, Defense Threat Reduction Agency
under Award No. HDTRA1-20-2-0002, monitored by Jacob
Calkins and by NSF DMR via No. 1856662 (J. H. Edgar). The
present work is a part of the “GALLIA” International Research
Project, CNRS, France. GEMaC colleagues acknowledge the
financial support of French National Agency of Research (ANR),
project “GOPOWER,” No. CE-50 N0015-01.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Sushrut Modak: Formal analysis (lead); Methodology (lead);
Software (lead); Visualization (lead). Alfons Schulte:Writing – review
& editing (equal). Corinne Sartel: Methodology (equal); Writing –
review & editing (supporting). Vincent Sallet: Methodology (equal);
Writing – review & editing (supporting). Yves Dumont: Funding
acquisition (supporting); Methodology (equal); Writing – review &
editing (supporting). Ekaterine Chikoidze: Methodology (equal);
Writing – original draft (equal); Writing – review & editing (support-
ing). Xinyi Xia: Methodology (supporting). Fan Ren: Methodology
(supporting); Writing – review & editing (supporting). Stephen J.
Pearton: Funding acquisition (supporting); Methodology (equal);
Writing – review & editing (lead). Arie Ruzin: Writing – review &
editing (equal). Leonid Chernyak: Conceptualization (lead); Data
curation (equal); Investigation (equal); Methodology (equal);
Supervision (lead); Writing – original draft (lead); Writing – review &
editing (lead).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.

REFERENCES
1A. Mock, R. Korlacki, C. Briley, V. Darakchieva, B. Monemar, Y. Kumagai, K.
Goto, M. Higashiwaki, and M. Schubert, Phys. Rev. B 96, 245205 (2017).

2S. I. Stepanov, V. I. Nikolaev, V. E. Bougrov, and A. E. Romanov, Rev. Adv.
Mater. Sci. 44, 63–86 (2016).

3B. E. Kananen, N. C. Giles, L. E. Halliburton, G. K. Foundos, K. B. Chang, and
K. T. Stevens, J. Appl. Phys. 122, 215703 (2017).

4E. Chikoidze, C. Sartel, H. Mohamed, I. Madaci, T. Tchelidze, M. Modreanu,
P. Vales-Castro, C. Rubio, C. Arnold, V. Sallet, Y. Dumont, and A. Perez-
Tomas, J. Mater. Chem. C 7, 10231–10239 (2019).

5J. B. Varley, A. Janotti, C. Franchini, and C. G. Van de Walle, Phys. Rev. B 85,
081109 (2012).
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