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ABSTRACT
Films of β-Ga2O3 grown by halide vapor phase epitaxy on native substrates were subjected to Ar inductively coupled plasma treatment. As a
result, the built-in voltage of Ni Schottky diodes deposited on the plasma treated surfaces decreased from 1 V to −0.02 V due to the buildup
of deep trap concentration in the near surface region. Deep level spectra measurements indicate a strong increase in the top ∼200 nm of the
plasma treated layer of the concentration of E2∗ (Ec − 0.8 eV) and especially E3 (Ec − 1.05 eV) deep electron traps. Capacitance-voltage
profiling with monochromatic illumination also indicated a large increase in the upper ∼100 nm of the film in the concentration of deep
acceptors with optical threshold for an ionization of ∼2.3 eV and 3.1 eV. Such defects at the surface led to a significant increase in reverse
current, an increase in the ideality factor in forward current, and a dramatic decrease in the diffusion length of nonequilibrium charge carriers
from 450 nm to 150 nm.
© 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/10.1063/1.5109025

INTRODUCTION

The β-polytype of Ga2O3 is emerging as a potential candidate
for next generation high-power/high-temperature devices and solar-
blind UV photodetectors.1–11 The excellent intrinsic properties of
this material include a wide bandgap of ∼4.8 eV, a high electrical
breakdown field of ∼8 MV/cm, and a high electron saturation veloc-
ity of ∼107 cm/s.1–8 Combined with availability of excellent crys-
talline quality native substrates prepared by solution growth tech-
niques,1 high quality epitaxial films, and existence of wide-bandgap
ternaries of (AlxGa1−x)2O3 that can be used as barrier layers in mod-
ulation doped field effect transistors (MODFETs),1,12 there is clearly
a basis for optimism about the technological prospects. In addition,
efficient donor doping is available in bulk and epi growth methods,
and it is possible to grow semi-insulating buffer layers for lateral

transistors.1–6 It is difficult to wet etch high quality Ga2O3,13 and
for device patterning for isolation, it is usual to employ dry etch-
ing using chlorine-based chemistries, especially BCl3/Ar gas mix-
tures.14–19 Since Ga2O3 has a high bond strength, Ar provides an
enhanced physical component to the etching and is needed to help
break bonds and facilitate formation of volatile GaClx and O2 etch
products.19 A concern is that such plasma treatment regimes, pro-
viding practical and controlled etch rates and good selectivity, also
tend to introduce surface damage, leading to increased leakage,
lower breakdown voltages, and ideality factors in forward current
considerably higher than unity.14,15

Previous studies have shown that the Ga2O3 surface is sensitive
to damage during plasma exposure under high ion density condi-
tions, leading to the introduction of generation-recombination cen-
ters that degrade the Schottky characteristics.14,15,20 These are most
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likely related to Ga vacancies.21 This damage is partially recovered
by 500 ○C annealing.14,15 Moreover, there are also chemical effects
that may alter the surface properties,1,4,22–24 such as the presence of
hydrogen in O–H groups that dramatically alter the surface accumu-
lation or depletion of electrons.23 Thermal cleaning by high temper-
ature anneals in high vacuum at 800 ○C was able to shift the band-
bending by as much as 0.5 eV.23 Numerous groups have reported
significant changes in near-surface conductivity due to annealing
in N2 vs O2 ambients,1,4,22 which might be interpreted in terms of
their respective influence on Ga and O vacancy concentrations.21,25

In addition, Gao et al.24 employed depth-resolved cathodolumines-
cence spectroscopy and surface photovoltage spectroscopy to exam-
ine the effects of near-surface oxygen plasma processing and irradi-
ation damage on native point defects in β-Ga2O3 and they suggested
that at least one oxygen vacancy-related and two gallium vacancy-
related energy levels were involved, depending on sample processing
conditions.24

Clearly, additional work is needed to understand the nature of
processes underlying this behavior. A starting point is to isolate the
physical damage effect from any chemical reaction mechanisms by
exposing the Ga2O3 surface to Ar plasmas. In this paper, we present
the results of a study of deep trap spectra, persistent photocapaci-
tance, and minority carrier diffusion length in Ga2O3 films grown
by halide vapor phase epitaxy (HVPE) and exposed to Ar plasmas.
This results in an increase in the density of the E2∗ (Ec − 0.8 eV)
and E3 (Ec − 1.05 eV) electron traps as well as deep acceptors with
optical threshold for an ionization of ∼2.3 eV and 3.1 eV.

EXPERIMENTAL

The samples were Si doped n-type β-Ga2O3 films grown by
HVPE on heavily Sn-doped, n+ β-Ga2O3 substrates prepared by
edge-defined film-fed growth (EFG) by Tamura Corp. (Japan). Their
orientation was (001). The donor concentration in the epitaxial lay-
ers was (2–4) × 1016 cm−3, while the donor concentration in the
substrates was (3–4) × 1018 cm−3. The electron mobility in the epi-
taxial layers obtained from calibration samples grown on insulating
substrates was ∼300 cm2 V−1 sec−1. The thickness of the films was
10 µm; the substrates were 650-µm-thick. Figure 1 shows high reso-
lution transmission electron microscope images of the near-surface

region of the samples prior to plasma exposure (the left side shows
the near surface region, and the right side shows the bulk region
of the layer/substrate interface). There are no visible defects, and
detailed characterization26,27 has shown that these structures contain
stacking faults with a density of 1.5 × 1010 cm−2 as well as threading
screw dislocation densities of 30 cm−2 and basal dislocation densities
of 20 cm−2.

Full-area back Ohmic contacts were prepared by E-beam depo-
sition of Ti/Au. Schottky diodes on the film surface were prepared
by E-beam evaporation of Ni through a shadow mask.28 Since there
is no additional processing to this surface after plasma exposure,
the I-Vs provide a sensitive measure of changes induced by the
plasma process. The thickness of the Ni film was 20 nm, while the
diameter of the Schottky diodes was 1 mm. Reference samples were
not exposed to plasma treatment before Ni deposition. The other
samples were subjected to Ar plasma at 300 ○C for 2 min before
deposition of Ni Schottky diodes. The inductively coupled plasma
(ICP) reactor in which the plasma exposures occurred was operated
at 40 mTorr, 2 MHz ICP power 500 W, and 13.56 MHz RF power
of 140 W, corresponding to a self-bias of 330 V. The incident ion
energy is then this self-bias minus the plasma potential of ∼25 eV,
i.e., the Ar ions were incident with ∼305 eV energy. The incident
ion energy correlates with the density of point defects created by the
impinging ions. The O/Ga ratio in the plasma exposed region did
not change from that in the reference material, at least to the sen-
sitivity of Auger electron spectroscopy, but this does not exclude
formation of native defects accessible only to optical and electri-
cal characterization methods. Similarly, under these plasma expo-
sure conditions, we would not expect to see crystal damage using
TEM.14,15

Electrical characterization of the near-surface region of the
samples consisted of capacitance vs frequency (C-f) at frequencies
from 20 Hz to 1 MHz, capacitance-voltage (C-V) profiling at differ-
ent frequencies in the dark and under illumination with high-power
light emitting diodes with peak wavelengths ranging from 365 nm to
940 nm, current-voltage (I-V), microcathodoluminescence (MCL)
at 300 K, and deep level transient spectroscopy (DLTS).29 The
diffusion length (Ld) of nonequilibrium charge carriers at room
temperature was extracted from fitting the experimentally observed
dependence of the collection efficiency of the electron beam induced

FIG. 1. High resolution TEM cross-sectional images from
as-grown HVPE Ga2O3.
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current (EBIC) on the probing electron beam energy of the scanning
electron microscope (SEM).30 Detailed descriptions of experimental
setups can be found elsewhere.31,32

RESULTS AND DISCUSSION

The key outward differences between the reference samples and
the Ar plasma treated samples are illustrated in Figs. 2(a)–2(c). As
seen from Fig. 2(a), the capacitance at 0 V bias was considerably
higher for the plasma exposed diodes. In 1/C2 vs voltage plots, pre-
sented in Fig. 2(b), the slopes of the dependences were close for both
types of samples and corresponded to similar net donor concentra-
tions Nd of 3.2 × 1016 cm−3 for reference samples and 4 × 1016 cm−3

FIG. 2. (a) Room temperature C-f characteristics for reference (red line) and with
Ar plasma treatment (blue line); (b) 1/C2 vs voltage plots with and without plasma
treatment; (c) current-voltage characteristics.

for the Ar plasma samples. However, the voltage offset (Vbi) in the
1/C2 vs V plot was close to 1 V, corresponding to the usual Ni Schot-
tky barrier height in (001) Ni diodes,7,11 whereas for the Ar plasma
exposed samples, Vbi was slightly negative, −0.019 V, which is a clear
indication of the presence of a layer with high density of deep traps
near the surface.28 The barrier height determined from the temper-
ature dependence of the forward current was ∼0.9 eV (activation
energy determined from the Arrhenius plot of forward current den-
sity at V = 0.5 V was 0.35 eV which gives the Schottky barrier height
Φb of 0.85 eV when summed with qV, where q is the electronic
charge29). The reverse current of the Ar plasma samples was much
higher than for the reference samples, and the ideality factor in the
forward I-V was 1.6 in the Ar plasma sample vs 1.02 for the reference
sample [Fig. 2(c)].

The results in Fig. 2 are in qualitative agreement with observa-
tions reported for BCl3/Ar plasma treatment under conditions for
practical etch rates, although the changes in reverse current, volt-
age offset in C-V characteristics, and ideality factor increase were
milder for the BCl3/Ar plasma chemistry, as would be expected when
switching from straight physical etching in Ar plasma to combined
chemical plus physical etching in BCl3/Ar plasmas.14–17 This sug-
gests that the underlying processes causing the observed changes are
similar for both types of plasmas. The most important among them
is the formation of deep electron and hole traps in the near surface
region after the plasma treatment.

MCL spectra before and after Ar plasma treatment are shown in
Fig. 3 for probe beam energies of 3 kV (a) or 10 kV (b). These corre-
spond to approximate sampling depths of 0.3 and 2 µm, respectively.
Note that the Ar plasma exposure leads to reduced intensity, which
is more pronounced closer to the surface.

FIG. 3. MCL spectra at 300 K before and after Ar plasma treatment for (a) 3kV and
(b) 10 kV probe beam energies.
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To derive information on the deep acceptor states induced
by plasma ion bombardment, C-V profiling under monochromatic
illumination and photocapacitance spectra measurements were per-
formed.28,32 In the reference samples, no detectable signal could be
observed either in photocapacitance spectra or in light C-V pro-
files, indicating low concentrations of deep traps in the lower part of

FIG. 4. (a) The spectral dependence of photocapacitance ∆Cph [difference
between capacitance under illumination Cph and dark capacitance Cdark (open red
squares)], persistent photocapacitance PPC ∆Cph, and persistent photocapaci-
tance after application of forward bias 2 V, PPC + 2 V; (b) concentration profiles in
the dark, under illumination, and after additional application of forward bias of +2
V to quench the excess carriers; (c) concentration profiles in the dark and under
illumination with photons of different energies.

the bandgap. This in agreement with previously reported results for
similar HVPE films.28,32 By sharp contrast, the Ar plasma samples
showed measurable photocapacitance for photon energies above
2.3 eV [Fig. 4(a)]. For photon energies above 3.1 eV, the photoca-
pacitance was persistent, i.e., kept almost constant, for a long period
(>30 min) after illumination, even at room temperature.28,32 This
persistent signal could be strongly suppressed by application of for-
ward bias pulses, as shown in Fig. 4(b). This process floods the space
charge region (SCR) with electrons and eliminates the excess holes
created by illumination on very deep hole traps with levels above
∼Ev + 1.7 eV. Without this procedure, the traps can only be dis-
charged by thermal excitation, which is very slow even at room tem-
perature for these deep acceptors.28,32 The spatial location of these
traps could be determined by C-V profiling with monochromatic
illumination. The results of these measurements are illustrated in
Fig. 4(c). The signal in C-V profiles coming from deep acceptor cen-
ters is confined to the very near-surface part of the space charge
region (SCR) with thickness below ∼120 nm, although the pene-
tration depth of respective photons is very much higher. Thus, the
acceptors in question are created in the region of ∼120 nm from
the surface and are related to defects caused by Ar plasma dam-
age. The centers with an optical threshold of ∼2.3 eV are often
observed in β-Ga2O3

33,34 and have been attributed to deep acceptors
with optical ionization energy 2.1 eV. Their concentration increases
with proton irradiation,33,34 suggesting they involve native defects.
The acceptors with an optical threshold of 3.1 eV have been asso-
ciated with Ga vacancies.28,32 An order of magnitude concentra-
tion can be derived by subtracting the concentration in the dark
from the concentration on the plateau in the light C-V profiles in
Fig. 4(c).

DLTS spectra measurements performed on Ar plasma samples
at different applied voltages and different heights of injection pulse
provided information on the presence and distribution of deep elec-
tron traps. Figure 5(a) shows DLTS spectra measured with reverse
bias −5 V pulsed to −3 V, with reverse bias −5 V pulsed to −1 V,
and −1 V pulsed to 1 V. The y-axis of Fig. 5(a) gives the DLTS
signal, ∆C/C, multiplied by 2Nd and divided by the spectrometer
function F, 2Nd(∆C/C)/F, where ∆C is the difference in transient
capacitance values measured at time windows t1 and t2, C is the
steady-state capacitance, and F = exp(−t2/τ) − exp(−t1/τ), where
τ = (t2 − t1)/ln(t2/t1).29 For temperatures corresponding to DLTS
peaks, the spectra represented in these coordinates provide the con-
centrations of the respective deep traps without account for the so-
called λ-correction that considers the change in the actual volume of
SCR from which the DLTS signal is collected for different biases, trap
levels, and Schottky barrier heights28,29 [the convention in Fig. 5(a)
is that positive peaks correspond to electron traps].

Essentially, the spectra in Fig. 5(a) provide such uncorrected
information for probing different parts of the SCR, namely, at depth
near 0.35 µm for the −5 V → −3 V bias/pulse sequence, surface
region near 0.25 µm for −5 V → −1 V, and surface region near 0.1
µm for −1 V→ 1 V. The location here was taken as the middle point
between the SCR width corresponding to the applied steady-state
bias and the bias during the injection pulse, as in double-correlation
DLTS.28,29 Due to the magnitude of the bias pulse, the position to
which the concentration of deep traps is assigned is only approxi-
mate. However, qualitatively, it is obvious that their concentration
becomes much higher as one approaches the surface.
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FIG. 5. (a) DLTS spectra measured for the Ar plasma treated sample under differ-
ent bias/pulsing conditions (marked near each spectrum); the spectra are shown
for time windows t1/t2 = 1.75 s/17.5 s, the pulse length of 3 s; (b) concentrations of
deep traps after applying the λ-correction.

The “bulk” spectra obtained with the −5 V → −3 V sequence
were characterized by the presence of two dominant deep traps with
signatures similar to those of the E2∗ (Ec − 0.8 eV) and E3 (Ec
− 1.05 eV) traps,33–37 observed to also be effectively introduced by
proton irradiation and most likely associated with complexes of
native defects.28,33–37 One can also see in the “bulk” spectrum in
Fig. 5(a), a low energy shoulder corresponding to the deep trap with
a level near Ec − 0.7 eV, most likely similar to the well-known E1
center.33–35 This shoulder could not be resolved for the spectra taken
nearer to the surface because it was masked by the increasing ampli-
tude of the E2∗ peak. The two major E2∗ and E3 peak magnitudes

FIG. 6. EBIC collection efficiency vs beam energy Eb. The points are the experi-
mental data, with the line fitting with Ld = 150 nm; Ic is the collected EBIC current
and Ib is the probing beam current.

in Fig. 5(a) rapidly increased nearer to the surface, and the ratio of
magnitudes of the E3 to E2∗ peaks steadily decreased when mov-
ing away from the surface, suggesting the E3 traps become more
abundant toward the surface. Figure 5(b) shows the concentrations
of traps as a function of the distance from the surface when the
λ-correction is taken into account. The density of electron traps
strongly increases in the SCR region about 0.1 µm from the sur-
face. In both the charge center concentration profiles measured in
the dark and also the profiles under illumination in Fig. 4(b), there
is a very strong buildup of the charged center concentration in the
immediate vicinity of the surface. These centers do not produce any
discernible peaks in DLTS and are most likely due to creation of
conduction band tails by plasma damage induced defects at the sur-
face. The increase in the structureless signal in DLTS spectra at low
temperatures for the −1 V → 1 V bias/pulse sequence may be due
to the contribution of these band tail states. The results are com-
pared in Table I. Differences in the trap parameters for the two
types of samples are attributable to experimental spread in DLTS
measurements and net donor concentration and trap concentrations
between different samples.

TABLE I. Deep trap levels and their concentration in reference and Ar plasma treated Ga2O3.

Capture cross Near-surface Bulk Minority carrier
Trap level, section, concentration concentration diffusion length

Sample Ea (eV) σ (cm2) (cm−3) (cm−3) (nm)

Reference 0.65 4 ± 1.5 × 10−15 1013 1013 450
0.8 3 ± 1.3 × 10−14 3 × 1014 3 × 1014

1.05 3 ± 1.5 × 10−14 5 × 1013 5 × 1013

Ar plasma 0.7 1.3 ± 0.5 × 10−14 Not detected 5.4 × 1013 150
0.8 4 ± 1.5 × 10−14 5.2 × 1015 4.2 × 1014

1.05 3 ± 1.5 × 10−14 8.9 × 1015 3.2 × 1013

2.3a
∼2 × 1015b Not detected

3.1a
∼4 × 1016b Not detected

aOptical threshold in photocapacitance spectra.
bEstimated for the plateau in the light C-V profile with dark concentration subtracted.
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FIG. 7. Summary of energy levels and their concentration detected before and after
Ar plasma exposure. The length of the bars represents the relative concentrations.

The diffusion length Ld estimated from EBIC collection effi-
ciency dependence on SEM beam energy30 decreased dramatically
from 450 nm to 150 nm as a result of Ar plasma treatment, as shown
in Fig. 6, for the plasma exposed samples. This is a consequence of
formation of a damaged region with a high concentration of deep
traps at the surface and consequent increased recombination rate
within the space charge region. Figure 7 provides a summary of these
trap states and their concentrations in the reference and plasma
treated samples.

CONCLUSIONS

Exposure of HVPE β-Ga2O3 films to ICP Ar plasmas increases
the density of deep electron traps E2∗ (Ec − 0.8 eV) and E3
(Ec − 1.05 eV) in the top ∼100 nm of the films and creates in this
region a high concentration of deep acceptors with optical threshold
near 2.3 eV and 3.1 eV. These deep traps cause the apparent built-
in voltage in C-V characteristics to strongly decrease from 1 V to
−0.02 V and give rise to higher reverse leakage current and to an
increase in the ideality factor in forward current. The introduction of
these trap states also leads to a strong decrease in the diffusion length
of nonequilibrium charge carriers from 450 nm in reference sam-
ples to 150 nm with Ar plasma exposure. Thus, the purely physical
component of plasma exposure of β-(001) Ga2O3 degrades the near-
surface electrical and transport properties, and annealing or short
wet etch clean-up is needed to remove this surface damage. Some
preliminary results on removing the plasma dry etch damage by
500 ○C annealing have been reported elsewhere.14,5 As for wet etch-
ing, it should be beneficial if properly optimized, although detailed
studies have yet to be performed.
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