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ABSTRACT
The impact of electron injection, using 10 keV beam of a Scanning Electron Microscope, on minority carrier transport in Si-
doped β-Ga2O3 was studied for temperatures ranging from room to 120◦C. In-situ Electron Beam-Induced Current technique
was employed to determine the diffusion length of minority holes as a function of temperature and duration of electron injection.
The experiments revealed a pronounced elongation of hole diffusion length with increasing duration of injection. The activa-
tion energy, associated with the electron injection-induced elongation of the diffusion length, was determined at ∼ 74 meV and
matches the previous independent studies. It was additionally discovered that an increase of the diffusion length in the regions
affected by electron injection is accompanied by a simultaneous decrease of cathodoluminescence intensity. Both effects were
attributed to increasing non-equilibrium hole lifetime in the valence band of β-Ga2O3 semiconductor.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079730

I. INTRODUCTION

Wide bandgap semiconductors such as GaN and ZnO are
important for a number of applications ranging from flame
detection and high temperature electronics to solar-blind
ultraviolet detectors and sensors for use in extreme envi-
ronmental conditions.1–3 An emerging semiconductor with a
direct bandgap of 4.69 eV (ultra-wide bandgap), Ga2O3 has
become an attractive candidate for radiation applications in
terms of its superior stability over GaN and ZnO.1,4–9

So far, the main limiting factor in Ga2O3 technology is
related to difficulties of p-type conductivity realization.7,9–11
Previous studies indicate that holes in β-Ga2O3 have charac-
teristics of low dispersion, high effective mass and high den-
sity of states. This results in formation of weak polarons (or
localized holes), trapped by lattice distortions in the vicin-
ity.12–16 Contradicting these claims, Refs. 6 and 10 has recently
experimentally shown a possibility of p-type conductivity in

Ga2O3. It is additionally reported that the self-trapping nature
of holes is destroyed at temperatures above 90-120 K.11 Given
the current state-of-the-art and ever mounting interest in p-
type Ga2O3, one can reasonably claim that a robust p-type
Ga2O3 electrical conductivity, if not yet fully feasible, will be
possible in the foreseeable future.

In Ga2O3, if bipolar devices become available, minor-
ity carrier transport (diffusion length) will be of primary
importance. Minority carrier diffusion length defines the per-
formance of bipolar devices such as p-n junction diodes,
bipolar transistors and p-i-n detectors.6,9,17 One of the major
issues in the current ZnO and GaN device technology, is
the low diffusion length of minority carriers, partially due
to dislocation scattering.18,19 It has been previous shown
that in p-type GaN and ZnO, electron injection either with
an electron beam or forward bias, results in significant
increase in minority carrier diffusion length.18,20–23 Such an
increase in the diffusion length translates into changes in the
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material’s optical properties and improved photovoltaic
detector performance.

Recent studies on diffusion length of minority holes in
n-type β-Ga2O3 report the value ∼ 400 nm at room temper-
ature.24,25 Hence, like in the case of ZnO and GaN, the issue
of short diffusion length for minority carriers also exists in
β-Ga2O3 and limits its possible applications in bipolar devices.
This paper demonstrates the impact of electron injection on
minority carrier transport in Si-doped β-Ga2O3. This study
testifies that: 1) one can engineer minority carrier diffusion
length with electron injection (increase it several times); 2)
the non-equilibrium holes, generated due to electron beam,
are not self-trapped and contribute profoundly to the Electron
Beam-Induced Current.

II. EXPERIMENTAL
Electron Beam-Induced Current (EBIC) and Cathodolu-

minescence (CL) techniques3,18,20–23 were employed in-situ
in Philips XL30 Scanning Electron Microscope (SEM) to study
the effect of electron injection on minority carrier transport,
namely, diffusion length (L) and lifetime (τ) in β-Ga2O3. The
samples involved in the study consisted of epitaxial Si-doped
β-Ga2O3 grown on Sn-doped β-Ga2O3 substrate. The epi-
taxial layer growth was carried out by Halide Vapor-Phase
Epitaxy (HVPE), courtesy Novel Crystal Technology, and the
Sn-doped β-Ga2O3 substrate with [001] orientation was
grown by edge-defined film-fed method (Tamura Corporation,
Japan). Hall measurements on the n+- doped substrate showed
a carrier concentration of ∼ 2.2×1018 cm-3. The initial thickness
of epitaxially grown Si-doped (with electron concentration
∼ 3.6×1016 cm-324) β-Ga2O3 layer was 20 µm, which was
subsequently reduced to 10 µm after chemical-mechanical
polishing. Schottky rectifiers were obtained by making Schot-
tky contacts (Ni – 20 nm/Au – 80 nm) on the epitaxial
Si-doped β-Ga2O3 layer with photolithography/liftoff tech-
nique, and Ohmic contact on the Sn-doped β-Ga2O3 substrate
(Ti – 20 nm/Au – 80nm) by blanket evaporation over the entire
back side of the substrate. The diameter of the top contacts,
used for measurements, was 210 µm.

The diffusion length of minority carriers was deter-
mined using line-scan EBIC technique in the planar config-
uration24,26–30 with electron beam energy of 10 keV (corre-
sponding to the electron range of ∼ 0.4 µm and the absorbed
current of ∼ 0.4 nA in the material) in the temperature range
of 23-120 ◦C (hot-stage of Gatan MonoCL2 system, integrated
with Philips SEM, was used for varying temperature). A single
line-scan, carried out from the edge of the Schottky barrier
outwards (cf. Fig. 1, top-right inset), takes about 6 seconds.
While L values can be extracted from this single line-scan,
in this work, a scanning of the region of interest was not
interrupted and was continued for a total duration of elec-
tron injection up to 720 seconds with periodic L measure-
ments. Since this material was very sensitive to electron
injection, the measurements for various temperatures were
done at different locations, to exclude any possibility of uncal-
ibrated electron injection. Line-scans were recorded using
a home-made software interfaced with Stanford Research

FIG. 1. A sample EBIC line-scan (I vs. distance) taken at room temperature. The
distance is measured from the edge of the Schottky barrier and the fit is deter-
mined according to the equation (1). Inset (top-right): Schematic diagram of the
measurement setup, (bottom-left): Linear fit according to the equation (2).

Systems Low-Noise Current Amplifier (SR570) and Keithley
DMM 2000 digital multimeter.

Variable-temperature CL measurements were carried out
using Gatan MonoCL2 attachment to the SEM and an inte-
grated temperature controller with an accuracy of 0.5 ◦C.
The CL spectra were recorded with a single grating (1200
lines/mm blazed at 500 nm) monochromator and a Hama-
matsu photomultiplier tube, sensitive in the 150-850 nm range.
SEM electron beam with energy of 10 keV was used for exci-
tation of 1 µm x 1 µm area, located at 10 µm distance from
the Schottky contact, for a total electron injection duration
of 3000 seconds.

III. RESULTS
The material was first analyzed at “zero” electron injec-

tion dose before studying the impact of electron injection. A
single line-scan of 6 seconds was used, which had virtually
no impact on L. A typical EBIC line-scan taken at room tem-
perature is shown in Fig. 1, where the current is shown as
a function of beam position measured from the edge of the
Schottky contact.

L was extracted from the experimental data in Fig. 1 using
the following equation:27,29,31–33

I(x) = I0xα exp
(
−
x
L

)
, (1)

where, x is the beam-to-junction distance, I0 is a scaling con-
stant, L is the diffusion length of minority carriers (holes, in
this case), and α represents a surface recombination veloc-
ity and takes values between -1/2 and -3/2. Equation (1) is
true for x>>d, where d is the depletion region width. Width of
the depletion region is calculated as d = [2εεr(Vbi-V)/(qNB) ]0.5,
where εr is the relative permittivity, V is the applied voltage,
Vbi is the Schottky barrier built-in potential, q is the electron
charge, and NB is the bulk doping level in β-Ga2O3. In this case,
εr=10.5,1 Vbi=1.025 V,34 V=0 V, and NB=3.6×1016 cm-3, resulting
in d ≈ 179 nm, which is at least 8 times less than x.
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In equation (1), I0, α, and L are fit parameters, and the fit
was performed at the knee region of the curve in Fig. 1, which
ensures the accuracy of the extracted parameters according
to the constraint x > 2L.31,35 Moreover, a modified form of
equation (1), given below, reduces the three-parameter non-
linear fit to a linear one, as shown in the bottom-left inset of
Fig. 1:

ln(I(x) × xα) = −
x
L

+ ln(I0) (2)

L was calculated as the inverse slope of the linear fit according
to equation (2). The best linear fit was obtained for α = -3/2,
which is, therefore, used throughout the article.

Temperature dependence of the L is given by:32

L(T) = L0 exp
(
∆EA,T

2kT

)
, (3)

where k is the Boltzmann constant, L0 is the asymptotic dif-
fusion length, and T is the temperature in Kelvin. ∆EA,T is
the activation energy associated with a charge trap in the
forbidden gap.32 Temperature dependence of L is shown in
Fig. 2. Similar to the previously reported results,25 L exhibits a
decrease from ∼ 430 nm at room temperature to ∼ 320 nm at
120 ◦C.

The decrease in L with temperature is not commonly
observed in other semiconductors. In GaAs, ZnO and GaN,
for example, L increases with temperature.3,18,31 The activa-
tion energy, estimated from the Arrhenius plot (Fig. 2, inset)
using equation (2), is ∼ 53 meV. This energy is most likely
associated with Si-donors, which form fairly shallow 50 meV
levels.36,37 A likely cause for L reduction with growing temper-
ature could be related to thermalization of carriers.38 Carrier-
carrier interaction significantly contributes to thermalization
only for high carrier concentrations (> 1x1018 cm-3). For ele-
vated temperatures and relatively low doping levels, such as in
this case, carrier-phonon interaction becomes a dominating
factor,39,40 which leads to L decrease.

Continuous exposure of the sample to electron beam
resulted in a significant x4.5 increase in L as shown in Fig. 3.

FIG. 2. Dependence of hole diffusion length on temperature for a single EBIC
line-scan. Inset: The slope of the linear fit using equation (3) gives the thermal
activation energy ∆EA,T for the temperature dependence of diffusion length.

FIG. 3. Linear increase in the diffusion length due to continuous electron beam
irradiation. Inset (top): Electron Beam Induced-Current vs. distance line-scans at
various durations of electron injection. Inset (bottom): EBIC signal amplitude as
a function of electron injection duration.

A similar effect was also observed in p-type ZnO and GaN
as reported previously.18,21 Fig. 3 (top inset) shows the EBIC
line-scans for repeated exposures up to 720 seconds. A clear
elongation (tail) is observed in the EBIC signal decay (compare
a line-scan after 120 and 720 seconds of continuous electron
beam excitation). As can be seen from equation (1), a longer
tail in the EBIC signal dependence on distance, manifests in
longer minority carrier diffusion length. A marked increase in
the amplitude of the EBIC signal is also observed at the same
time (cf. top and bottom insets of Fig. 3). The increase in the
EBIC signal amplitude is attributed to the rise of the collec-
tion efficiency of minority carriers: longer L results in larger
number of non-equilibrium minority electrons swept by built-
in field of the Schottky barrier used in the measurements. The
EBIC collection efficiency increases up to a certain value of L,
after which any increase in L (which slows down with elec-
tron injection duration; cf. Fig.3, top inset) has no effect on
the EBIC signal amplitude.41–43 The diffusion length in Fig. 3
exhibits a saturation (not shown on the plot), following a satu-
ration of Imax (cf. Fig. 3, bottom inset). It should be noted that
the increased values of L, achieved due to electron beam injec-
tion, persist for at least one day at room temperature following
injection.

Fig. 4 shows the effect of moderate electron injection
duration on minority carrier diffusion length. This study was
carried out at variable temperature to understand its impact
on the rate of L increase (µm/sec) due to electron injection.
The plot for room temperature in Fig. 4 can be correlated with
the 0-100 second segment of L versus electron injection dura-
tion in Fig. 3, with a slight mismatch in slope attributed to
different locations for two experiments.

The effect of temperature on the rate, R, of L increase
with electron injection duration can be described as:18

R(T) = R0 exp
(
∆EA,T

2kT

)
exp

(
∆EA,I

kT

)
, (4)
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FIG. 4. Temperature dependence for minority hole diffusion length increase due
to electron injection. The rate, R, of diffusion length elongation decreases with
temperature. Inset: The slope of the linear fit with equation (4) giving the activation
energy ∆EA,I for the electron injection-induced increase of L.

where R0 is a constant, ∆EA,T is thermal activation energy for
diffusion length (from equation (3)), and ∆EA,I is the activation
energy due to electron injection effect.

As R implicitly contains the injection information in the
form of L versus electron injection duration, t (R=dL/dt), use
of equation (4) to calculate ∆EA,I is justified. In equation (4),
the first exponent represents L dependence on temperature
(cf. equation (3), in which a ½ factor in the exponent is due to
equation (5) (see below)); the second exponent is a Boltzmann
factor, which is used to model the temperature dependence
of electron injection effect. One can see from Fig. 4 that R
decreases with increasing temperature. Fig. 4 (inset) shows the
Arrhenius plot with a linear fit of R vs. 1/kT, according to equa-
tion (4), yielding ∆EA,I to be ∼ 74 meV. Similar activation energy,
attributed to yet unknown recombination center, was recently
observed in an independent study.44

The diffusion length of minority carriers is an integral
quantity, which is related to the lifetime of non-equilibrium
carriers in the band by the relation:19

L =
√
Dτ, (5)

where D is the diffusion coefficient and τ is the minority car-
rier lifetime. A larger lifetime of non-equilibrium carriers in
the band indicates lower number of radiative recombination
events.45 If L increase is due to an increase in τ, the CL inten-
sity from the radiative recombination process should decrease
with duration of electron injection. Indeed, from the CL exper-
iment performed at room temperature (Fig. 5), a decrease in
the CL intensity I, was observed with the duration of electron
injection.

Earlier studies have shown that I−1 ∝ τ.45 Moreover, L
depends linearly on electron injection duration (Figs. 3, 4) and
on
√
τ (equation (5)). Hence, it is concluded that the depen-

dence of CL intensity on electron injection duration, t, should
be given by I−1/2 ∝ t.45 This relation was verified by the lin-
ear fit in Fig. 5, inset, which is also in agreement with the

FIG. 5. CL spectra from the region affected by electron injection as a function of
its duration. Inset: Dependence of the square root for normalized (relative to the
maximum intensity I0) inversed intensity on duration of electron injection, and the
linear fit.

assumption that the linear increase of L with injection dura-
tion is due to an increased lifetime for minority carriers.

IV. DISCUSSION AND CONCLUSIONS
The proposed model for the observed electron injection-

induced effects in β-Ga2O3 is as follows:

• Non-equilibrium electron-hole pairs are generated in
β-Ga2O3 due to electron beam irradiation. The total
charge, injected into the region under investigation
due to this irradiation, is up to 1.2 µC.

• We expect that the unknown traps with activation
energy of 74 meV (see above) can capture some non-
equilibrium electrons. A similar situation was observed
in Mg-doped GaN and Sb-doped ZnO.3,18,21–23

• As a portion of non-equilibrium electrons is captured,
these traps stop playing a role in the recombina-
tion process (mostly radiative, cf. Fig. 5) and the non-
equilibrium electrons and holes live longer life (τ) in the
conduction and valence bands, respectively. Increased
τ leads to longer minority carrier diffusion length L
(as measured by EBIC) and suppressed CL intensity
from the region subjected to electron irradiation (cf.
Fig. 5). As the electron injection continues, the num-
ber of traps, available to capture non-equilibrium elec-
trons, saturates. As a result, the EBIC signal amplitude
(cf. insets of Fig. 3) and the CL intensity (cf. Fig. 5) reach
their saturation levels.

• As the temperature increases, trapped electrons have
a higher chance to escape and recombine with holes
in the valence band. At the same time, the traps again
become available for recombination. This leads to a
reduced rate R (for L increase with electron irradiation
duration) at elevated temperatures (cf. Fig. 4).

In conclusion, this study demonstrates a significant
increase of minority hole diffusion length in n-type β-Ga2O3.
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Enhancement of minority carrier transport is accompanied
by the consistent changes in the material’s optical proper-
ties. Both effects are related to an increased lifetime for
non-equilibrium carriers in the conduction and valence bands
(non-equilibrium electrons and holes are generated in pairs).
Additionally, the experiments show that minority holes may
substantially contribute to current in β-Ga2O3 semiconduc-
tor, which is an argument against self-trapping at room and
elevated temperatures.
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