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Abstract: Vertically aligned nanowire arrays, with high
surface-to-volume ratio and efficient light-trapping absorption, have attracted much attention for photoelectric
devices. In this paper, vertical β-Ga2O3 nanowire arrays
with an average diameter/height of 110/450 nm have been
fabricated by the inductively coupled plasma etching
technique. Then a metal-semiconductor-metal structured
solar-blind photodetector (PD) has been fabricated by
depositing interdigital Ti/Au electrodes on the nanowire
arrays. The fabricated β-Ga2O3 nanowire PD exhibits ∼10
times higher photocurrent and responsivity than the corresponding ﬁlm PD. Moreover, it also possesses a high
photocurrent to dark current ratio (Ilight/Idark) of ∼104 and
a ultraviolet/visible rejection ratio (R260 nm/R400 nm) of
3.5 × 103 along with millisecond-level photoresponse times.
Keywords: inductively coupled plasma etching; solarblind photodetector; vertical β-Ga2O3 nanowire arrays.

1 Introduction
Solar-blind region refers to the ultraviolet (UV) radiation
with wavelengths of 200–280 nm from the sun, which is
strongly absorbed by ozone in the atmosphere and almost
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nonexistent at the Earth’s surface. Photodetectors (PDs)
operating in this region without interference from solar
radiation have a signiﬁcant application value in civil and
military areas [1–4]. Recently, Ga2O3 has gained added
interest as a promising candidate for solar-blind photodetection because of its wide bandgap of 4.5–4.9 eV, good
chemical and thermal stability [5–8]. Ga2O3-based solarblind PDs are mainly fabricated on β-Ga2O3 with different
forms, including single crystals [9, 10], thin ﬁlms [11, 12],
individual nanowire/nanowires [13, 14] and nanowire
arrays [15–17]. Among them, vertical nanowire arrays can
exhibit obvious advantages in optical absorption and
carrier generation due to high surface-to-volume ratio
and effective light-trapping absorption, which will enable
Ga2O3 PDs with higher performance. At present, Ga2O3
nanowire arrays are mostly obtained by the bottom-up
epitaxy method [15, 17, 18]. Wang et al. [17] have prepared
β-Ga2O3 nanowire arrays using hydrothermal and postannealing method, and the fabricated nanowire PD has a
responsivity of 10.80 × 10−3 A/W and a photoresponse
time of 0.38 s. Chen et al. [15] have grown β-Ga2O3 nanowire arrays by a simple partial thermal oxidation process
and fabricated the Schottky UV PD with a response time in
the order of microseconds. Latterly, Li et al. [18] have reported the self-catalyzed metal organic chemical vapor
deposition (MOCVD) growth of vertical Ga2O3 nanowire
arrays. Besides, He et al. [16] have investigated the realization of vertical β-Ga2O3 nanowire arrays by thermally
oxidizing GaN nanowires grown by molecular beam
epitaxy (MBE) and fabricated the PD based on graphene/
Ga2O3 nanowire arrays heterojunction with the response
time in the order of milliseconds. However, the top-down
etching approach for β-Ga2O3 nanowire arrays is little
reported. It is well known that the inductively coupled
plasma (ICP) etching is a simple and feasible top-down
way to obtain orderly aligned nanostructures, which is
widely used for semiconductor patterning. So far, there
are only a few reports on the etching properties of β-Ga2O3
[19–21].
This work is licensed under the Creative Commons Attribution 4.0
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In this work, the vertically aligned single-crystalline
β-Ga2O3 nanowire arrays have been realized by the ICP
etching technique, and the metal-semiconductor-metal
(MSM) solar-blind PD has been constructed with interdigital Ti/Au electrodes on β-Ga2O3 nanowires. The photoelectric properties of the fabricated β-Ga2O3 MSM PD
based on vertical nanowire arrays structure have been
studied and compared with the corresponding β-Ga2O3 ﬁlm
PD.

current–voltage (I–V) characteristics of PDs were evaluated
by a semiconductor device analyzer (Keithley 2636B). The
spectral-responsivity measurements were performed with a
photoelectric measurement system consisting of monochromator, Xe lamp source, phase-locked ampliﬁer, and lownoise current preampliﬁer. The transient response characteristics were measured using a 266 nm pulsed laser and a digital
oscilloscope (Tektronix TBS 1102).

3 Results and discussion
2 Experiments
The 1.25 μm β-Ga2O3 epitaxial ﬁlm was grown on (0001)
sapphire by halide vapor phase epitaxy (HVPE) at 950 °C
for 30 min [22]. High purity O2 gas and gallium chloride
(GaCl) were used as oxygen and gallium source, respectively. The experimental procedure for the fabrication of
β-Ga2O3 nanowire arrays and the corresponding MSM PD is
depicted in Figure 1. First, a 10 nm nickel (Ni) layer was
deposited on the β-Ga2O3 ﬁlm by e-beam evaporation and
then thermally annealed in N2 ambient at 850 °C for 3 min to
form the isolated Ni nanoparticles as the etching mask. The
etching process was conducted under a gas mixture of
BCl3/Ar with the RF/ICP power of 150/700 for 10 min. After
the ICP etching, a set of interdigital Ti/Au (20/80 nm)
electrodes were made on β-Ga2O3 nanowires to construct
the solar-blind ultraviolet PD. The electrodes were 3.9 mm
long and 3 mm wide with a ﬁnger spacing gap of 100 μm.
For comparison, a traditional ﬁlm-type PD with the same
electrodes was also fabricated on original HVPE-Ga2O3
ﬁlm.
The morphology and properties of the β-Ga2O3 nanowire
arrays were characterized by scanning electron microscope
(SEM; Gemini 500, Carl Zeiss, Germany), high-resolution X-ray
diffraction (XRD; Bruker D8 Advance, Bruker, Karlsruhe,
Germany), UV–visible spectrophotometer (UV-6100S) and
Ocean Optics UV–VIS spectrophotometer (DH-2000-BAL). The

Figure 2A and B show the tilted-view and cross-sectional
SEM images of high-density β-Ga2O3 nanowire arrays after
the ICP etching with Ni nanomask. The β-Ga2O3 nanowire
arrays are composed of vertical nanowire with a uniform
height of 450 nm. The average diameter and density of the
nanowires are about 110 nm and 1.6 × 108/cm2. It is evident
that Ni nanomask is a good mask to prevent the ICP etching
on the β-Ga2O3. Residual metal Ni grains can be clearly seen
on the top of nanowires (Figure 2B), which are conﬁrmed
by energy dispersive spectroscope analysis (not shown
here). Besides, it can be seen that 0.8 μm thick unetched
β-Ga2O3 ﬁlm remains under the nanowires.
Figure 2C depicts the XRD patterns of β-Ga2O3 nanowires and original ﬁlm. In addition to the (0006) diffraction
peak of sapphire substrate located at 41.7°, three diffraction
peaks are observed at 18.9°, 38.4° and 59.0°, which correspond well to (201), (402) and (603) crystal planes of
monoclinic β-Ga2O3 (JCPDS No. 41-1103). It implies that the
original ﬁlm is single crystal β-Ga2O3 with 2̄01 plane
orientation. After the ICP process, all diffraction peaks in
the patterns exhibit no change except for a slight decrease
of intensities. Figure 2D shows the absorbance spectra of
both samples and the inset is the corresponding (αhν)2
versus hν curves. The absorption onsets of both samples
are located at around 270 nm and the β-Ga2O3 nanowires
can exhibit signiﬁcantly higher absorbance and steeper

Figure 1: Schematic diagram of the fabrication of β-Ga2O3 nanowire arrays and the corresponding metal-semiconductor-metal photodetector
(MSM PD).
(A) Depositing Ni thin layer on β-Ga2O3/sapphire, (B) preparing Ni nanomask by rapid thermal annealing, (C) inductively coupled plasma (ICP)
etching β-Ga2O3 nanowire arrays, and (D) depositing the interdigital Ti/Au electrodes.
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Figure 2: Morphology and characterization of β-Ga2O3 nanowire arrays.
(A, B) Tilted-view and cross-sectional scanning electron microscope (SEM) images of vertical β-Ga2O3 nanowire arrays. (C–E) X-ray diffraction
(XRD) patterns, optical absorbance and reﬂection spectra of β-Ga2O3 nanowires and original ﬁlm. (Inset) (αhν)2 versus hν.

absorbed edge. In addition, the optical bandgap of the
nanowires is evaluated to be ∼4.75 eV by the equation:
(αhν)2 = A(E − Eg), which is slightly smaller than that of the
original ﬁlm (∼4.8 eV). The reﬂectivity of β-Ga2O3 nanowires and original ﬁlm are shown in Figure 2E. It is obvious
that the reﬂectivity of β-Ga2O3 nanowires is lower than that
of original ﬁlm, indicating that the nanowire arrays structure can effectively reduce the surface reﬂection and thus
increase the absorption.
To check the solar-blind photoresponse of the fabricated β-Ga2O3 nanowire and ﬁlm PDs, I–V and spectral
response characteristics have been measured. All the I–V
curves exhibit linear features in linear coordinates, indicating Ohmic contact of Ti/Au on the β-Ga2O3 nanowires
and original ﬁlm. For a better comparison, Figure 3A plots
the I–V curves for both PDs in exponential coordinates
measured in the dark and under illumination of 254 nm
light with an incident power density of 0.5 mW/cm2. At 5 V
applied bias, the dark currents are 2.4 × 10−9 and
4.8 × 10−9 A for β-Ga2O3 nanowire and ﬁlm PDs, respectively. The dark current of β-Ga2O3 nanowire PD is slightly
smaller than that of β-Ga2O3 ﬁlm PD, which means that the
nanowires may have a lower defects and oxygen vacancies

density. Under UV illumination (254 nm), the photocurrents of the β-Ga2O3 nanowire and ﬁlm PDs are 2.3 × 10−5
and 2.1 × 10−6 A, respectively. The photocurrent to dark
current ratios (Ilight/Idark) of the β-Ga2O3 nanowire and ﬁlm
PDs at the bias of 5 V are ∼9.4 × 103 and ∼4.6 × 102 A,
respectively.
Figure 3B shows the photoresponsivity spectra of the
β-Ga2O3 nanowire PD measured with different applied biases
from 1 to 5 V. It is obvious that the responsivity (R) increases
with increasing the bias voltage. The spectral response of the
β-Ga2O3 ﬁlm PD measured at an applied bias of 5 V is also
plotted for comparison. With an applied bias of 5 V, the peak
responsivities measured from the β-Ga2O3 nanowire and
β-Ga2O3 ﬁlm MSM PDs are 0.122 and 0.01 A/W at λ = 260 nm,
√
respectively. The cutoff ( 1/2 Rmax ) occurs at around 270 nm
for both β-Ga2O3 MSM PDs, which illustrates the good solarblind nature of the devices. The UV/visible rejection ratio,
deﬁned as the ratio of the R at 260 and 400 nm (R260 nm/
R400 nm) are 3.5 × 103 for the nanowire PD and 4.2 × 102 for the
ﬁlm PD, respectively. The inset of Figure 3B shows the peak
responsivity of the β-Ga2O3 nanowire PD as a function of the
bias voltage. The responsivity of the β-Ga2O3 nanowire PD
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Figure 3: Photoelectric properties of
β-Ga2O3 nanowire and ﬁlm photodetectors
(PDs).
(A) I–V characteristics of PDs measured in
dark and under 254 nm light illumination.
(B) Spectral responses of PDs measured at
different bias voltage.

increases approximately linearly with bias voltage, and the
value of external quantum efﬁciency (EQE), which is calculated by EQE = hcRλ/(eλ) [17] is about 58% at the bias of 5 V.
In addition, the detectivity (D∗) of the β-Ga2O3 nanowire PD
is estimated to be 4.4 × 1011 Jones by the expression:

D∗  Rλ / 2qI d /Seffective . These values are superior to lately
reported results for β-Ga2O3 MSM PD based on vertical
nanorod arrays [17].
The β-Ga2O3 nanowire PD has better characteristics
than the β-Ga2O3 ﬁlm PD because of the high surface-tovolume ratio of vertical nanowire arrays, which can increase the light absorption and facilitate carrier generation. Figure 4A schematically illustrates the respective
light-trapping mechanisms of both PDs. As the UV light
illuminates on the nanowire PD, the incident light is scattered between the gaps of the nanowires, which increases
the path length of incident light and thus its absorption. In
order to verify the enhanced light-trapping effect of the

nanowire arrays structure, the ﬁnite difference time
domain simulations have been adopted to illustrate the
light ﬁeld intensity distribution in β-Ga2O3 nanowire and
ﬁlm PDs. As clearly shown in Figure 4B, the light ﬁeld
intensity located in the nanowires is stronger than that in
the ﬁlm. Such a result is in good agreement with the
measured absorbance and reﬂection spectra, indicating
that the β-Ga2O3 nanowire PD can capture more light energy to generate more carriers, which consequently make
higher photocurrent compared to the ﬁlm PD.
Apart from the light-trapping, the carrier-trapping
mechanism mediated by oxygen adsorption and desorption at the β-Ga2O3 nanowire surface (Figure 5) is also
considered the reason for the enhanced photoresponse
[23–25]. In the dark, a large number of oxygen molecules are
adsorbed on the nanowire surface and capture free electrons
in the nanowire to form negatively charged oxygen ions
[O2 (gas) + e− ↔ O−2 (ad)], which reduces the carrier

Figure 4: (A) Schematic illustration of the
respective light-trapping mechanisms and
(B) the simulated light ﬁeld intensity distribution in β-Ga2O3 nanowire and ﬁlm
photodetectors (PDs).
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Figure 5: Schematic diagrams of the oxygen molecular sensitization
mechanism and energy band of the β-Ga2O3 nanowire in the dark
and under ultraviolet (UV) illumination.

concentration and creates a low-conductivity depletion layer
near the nanowire surface. Under UV illumination, the
nanowire absorbs the photons to generate electron-hole
pairs. The photogenerated holes migrate to the nanowire
surface along the potential slope caused by band bending
and oxidize the negatively charged oxygen ions adsorbed on
the surface [O−2 (ad) + h+ ↔ O2 (gas)], while the
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electrons are collected at the core of the nanowires and
transferred to the electrode through the ﬁlm. In this way, the
oxygen-related surface trap states at the nanowire surface
can reduce photocarrier recombination because of the quick
separation, which will give rise to an enhancement in the
nanowire photoresponse. The respective schematic energy
band diagrams of the β-Ga2O3 nanowire in the dark and
under UV illumination are also shown in Figure 5.
It should be noted that although the nanowire PD
contains both nanowires and film structures, the influence
of unetched Ga2O3 ﬁlm on the photoresponse variation is
far less than that of nanowires, which is consistent with the
simulation results (Figure 4B). Shen et al. [11] have reported
the effect of thickness on the performance of solar-blind PD
based on β-Ga2O3 ﬁlms. They have obtained the pretty high
Ilight/Idark ratio (6.7 × 104) after thickness optimization
(∼250 nm). But their results also indicate the change of the
thickness on the effect of PD performance is relatively
small while the thickness varies from 1.6 to ∼1 μm. In our
work, the Ilight/Idark ratio and wavelength responsivity of
nanowire PD increase by 10 times in a similar thickness
variation range (from 1.25 to 0.8 μm), which means that the
nanowire arrays structure should be the major reason for
the signiﬁcantly enhanced photoresponse. Besides, the
localized surface plasmon effect of the few residual tiny Ni
metal grains on the top of the β-Ga2O3 nanowire can also
enhance the light absorption of β-Ga2O3 nanowires and
facilitate photocarrier separation [26, 27].
To quantitatively assess the response rates of the PDs,
the time-dependent photocurrents under illumination of

Figure 6: Transient response of
photodetectors (PDs) to 266 nm
illumination at the bias of 5 V.
(A) Responses for multicycles and
(B) normalized response for β-Ga2O3
nanowire and ﬁlm PDs.

Table : Summary of performance parameters of the β-GaO ﬁlm and nanowire PDs prepared in this work.
Structure

Bias (V)

Film
Nanowire
PDs, photodetectors.




Idark (nA)

.
.

Ilight (μA)

.
.

R (A/W)

Rejection ratio
R nm/R nm

.
.



. × 
. × 

Response times (ms)
τr

τd, τd




, 
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Table : Comparison of critical parameters for the state-of-the-art solar-blind PDs based on β-GaO nanowire arrays.
Material and structure

β-GaO nanowires
β-GaO nanowires
β-GaO nanorods
β-GaO nanowires

Device

Schottky
Schottky
MSM
MSM

Bias (V)

R (A/W)

−
−



−

 × 
.
. × −
.

EQE (%)

–
–

. × −


Response times
(ms)
τr

τd

−

 × −


/







Ilight/
Idark

Rejection
ratio

Reference

–
–
.
∼

 × 
 × 
–
. × 

[]
[]
[]
This work

MSM, metal-semiconductor-metal; EQE, external quantum efficiency; PDs, photodetectors.

a 266-nm pulsed laser with a light density of 1.5 mW/cm2
have been also investigated. Figure 6A displays the
transient responses of β-Ga2O3 nanowire and ﬁlm PDs. It is
obvious that both devices exhibit a stable dynamic
response in the investigated timescale. Figure 6B shows
the response times for the β-Ga2O3 nanowire and ﬁlm PD
devices. The photocurrents rise steeply with τr of 34 ms for
nanowire PD and 152 ms for ﬁlm PD, respectively. The
decaying edges of the currents consist of two different
relaxation processes with a fast-response part (τd1) and a
slow-response part (τd2). For the nanowire PD, the
decaying time constants are τd1 = 12 ms and τd1 = 71 ms;
while for the ﬁlm PD, the decaying time constants are
τd1 = 6 ms and τd1 = 228 ms. The results of dark/photocurrent, responsivity, UV/visible rejection ratio, and rising/decaying response speed for the two devices are
summarized in Table 1. From Table 1, the β-Ga2O3 nanowire
PD exhibits better photoresponse performance than the
β-Ga2O3 ﬁlm PD.
For a comprehensive understanding, a comparison of
state-of-the-art β-Ga2O3 nanowire array-based PDs with
critical parameters is shown in Table 2. It can be seen that our
device can achieve comparable or even superior photoresponse to some other previously reported β-Ga2O3 nanowire PDs. In spite of this, the quality of the original β-Ga2O3
ﬁlm still needs to be further optimized to reduce the dark
current and improve the response time. It should be noted
that the nanowire arrays parameters, such as the density and
dimension, are not optimized. A larger responsivity and
faster response times should be obtained by optimizing the
fabrication parameters of the nanowire arrays.

4 Conclusion
In conclusion, a solar-blind PD based on vertically aligned
single-crystalline β-Ga2O3 nanowire arrays has been
demonstrated with good response. Vertically aligned
β-Ga2O3 nanowire arrays have been fabricated by ICP
etching using self-aggregated Ni nanomask as the mask on

HVPE-grown β-Ga2O3 ﬁlm. In this work, compared with
β-Ga2O3 ﬁlm PD, the fabricated nanowire PD can achieve
better characteristics including higher photocurrent and
higher responsivity. This phenomenon can be attributed to
the high surface-to-volume ratio of nanowire arrays, which
would increase light-trapping absorption and facilitate
oxygen adsorption and desorption at the β-Ga2O3 nanowire
surface. Under 260 nm illumination, the β-Ga2O3 nanowire
PD exhibits a responsivity of 0.122 A/W and UV/visible
rejection ratio (R260 nm/R400 nm) of 3.5 × 103 at 5 V.
Furthermore, the improved rising time (τr) and decaying
time (τd1/τd2) are 34 and 12/71 ms, respectively. These results indicate that ICP etching is a simple and feasible
method to realize vertically aligned single-crystalline
β-Ga2O3 nanowire arrays, and the devices based on nanowire arrays may be potentially used in the solar-blind UV
photodetection, UV-imaging and high-frequency communication, etc.
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