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Abstract

®

CrossMark

An ideal solar-blind photodetector should possess high responsivity, low dark current, high
speed, high spectral selectivity, high stability and a facile fabrication method. In this work, a
high-quality single 3-Ga, O3 microbelt photodetector is fabricated through low-pressure
chemical vapor deposition and in situ atmospheric pressure annealing techniques. Due to the
high quality and low defect density, this device shows a peak responsivity of 9.47 A W~ at
256 nm, a dark current of 1 pA and an ultrashort fall time of 1.37 us under 20 V bias. Moreover,
an ultrahigh specific detectivity of ~10'* Jones and an extremely large solar-blind/ultraviolet A
rejection ratio of nearly 10° have also been achieved, suggesting the excellent sensitivity and
wavelength selectivity of our single 5-Ga; O3 microbelt photodetector. Besides that, the
B-Ga, O3 microbelt photodetector exhibits excellent mechanical and long-term stabilities. Our
findings provide a facile and promising route to develop high performance solar-blind UV

photodetectors.

Keywords: [3-Ga; O3 microbelt, solar-blind photodetector, high quality, high performance

(Some figures may appear in colour only in the online journal)

1. Introduction
Since the solar radiation at 200280 nm (solar-blind ultravi-
olet) is strongly absorbed by ozone in the atmosphere and can-

not reach the earth’s surface, the photodetectors working in
this waveband, widely known as solar-blind photodetectors,

* Authors to whom any correspondence should be addressed.

1361-6463/22/365107+8$33.00  Printed in the UK

have the advantages of low background interference and high
sensitivity, which have been widely used in military and civil
fields [1-7]. An ideal solar-blind UV detector should have
high responsivity, high spectral selectivity, low dark current
and high response speed [8]. Compared with conventional
photomultiplier tubes and Si-based ultraviolet photodetect-
ors, solar-blind ultraviolet photodetectors based on wide-band
gap semiconductors (Gap O3, AlGaN, ZnGa, 04, ZnMgO, dia-
mond, etc) offer special superiorities such as all solid state, low

© 2022 I0P Publishing Ltd
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power consumption and no filter required, which have become
a current research hotspot [9—19]. Among these wide band-gap
semiconductors, Ga, O3-related materials, especially -Gay O
have attracted the increasing attention due to their intrinsic
solar-blind band gap (4.7-5.1 eV), high radiation hardness and
excellent thermal and chemical stability [20, 21]. To date, vari-
ous device geometries including metal-semiconductor-metal
(MSM) photodetectors, heterojunction/Schottky barrier pho-
todiodes, and phototransistors have been demonstrated on
Ga;03 bulk, thin films or nanostructures [22-26]. Surpris-
ingly, high responsivity (>1 A W) has been widely achieved
in different types of Ga,Os-based photodetectors [27-29].
Nevertheless, present Ga,O3 solar-blind photodetectors com-
monly suffered from slow response speed, large dark current,
and low solar-blind/UV rejection ratio, which may be related
to high sub-band-gap response, strong trapping effect, and
high donor concentration caused by low crystalline quality
and extensive oxygen vacancies of Ga,O3. Although homoep-
itaxy and high temperature oxygen annealing have been com-
monly used to improve the crystal quality and reduce the
oxygen vacancy density, they still cannot meet the needs of
high-speed, low dark current and high rejection ratio UV
detection [30-32].

Compared to bulk and thin film counterparts, the mater-
ials that naturally grown into one-dimensional (1D) nano/
microstructures are more likely to achieve high crystal-
line perfection and reduced defects [33-35]. Moreover, 1D
nano/microstructured semiconductors also have the advant-
ages of large specific surface area, light weight, good flexibil-
ity, and low cost. Therefore, solar-blind UV detectors based on
1D -Ga, 03 have recently emerged as one of the most prom-
ising approaches to improve the photodetection performance
[29, 36-46]. In particular, 5-Ga,O3 nano/microbelts (sheets
or ribbons) photodetectors have been highlighted for their
high responsivity (w102—~104 A W1 [29, 34, 37, 47, 48].
However, the reported solar-blind photodetectors based on
1D 3-Gay 03 nano/microbelts commonly suffer from the low
solar-blind/UVA (ultraviolet A) rejection ratio (~102-~10%)
and slow response speed (~0.1 few seconds), which should
be associated with surface defects and polycrystalline form-
ation [41, 45, 49]. As a result, the performance of solar-
blind UV detectors based on 1D 5-Ga,0j5 is still lower than
expected.

In this paper, high-quality single-crystal (-GayO3
microbelts are grown by low-pressure chemical vapor depos-
ition (CVD) and in-situ atmospheric pressure annealing tech-
nologies. The 5-Ga,; 03 microbelts show high crystalline qual-
ity, few oxygen vacancies and very flat surface. The MSM
structure solar-blind UV detector is fabricated on an indi-
vidual 3-Ga; 03 microbelt with 100 pum channel length. The
fabricated device shows a low dark current of 10~!2 A, a peak
responsivity of 9.47 A W~! at 256 nm and a fast decay time
of 1.37 us. Moreover, the device has almost no response to
365 nm illumination with a highest solar-blind/UVA rejection
ratio (Rpeak/R365 nm) Of nearly 10°. In addition, the device could
keep high performance under bending state.

2. Experimental details

One-dimensional 3-Ga;O3; microbelts were grown via a low-
pressure CVD and in-situ atmospheric pressure annealing
technologies. To prepare Ga; O3 microbelts, Ga,O3 and graph-
ite (C) high-purity powers (99.99%) with a weight ratio of
1:1 served as the precursor mixtures. Ga,O3/graphite mixed
powder and oxygen gas were used as Ga and O sources,
respectively. The mixed powder was placed in a corundum
boat and then slowly pushed into a tube furnace. After that,
the tube furnace was pumped down to a base vacuum using
a mechanical pump and heated up to 900 °C at a speed of
15 °C min~!. At this point (900 °C), the mechanical pump
was turned off. Subsequently, Ar and O, gases with a flow
ratio of 6:1 were introduced into the tube, so that the pres-
sure in the tube reached ~0.05 MPa. Then the temperature was
slowly increased at 3 °C min™ ! and at the same time, 8-Ga, 03
microbelts began to grow. And the following reactions might
take place in the tube furnace:

C(s) +Gaz0s (s) — Ga(g) + €O (g) ()

Ga(g)+ 0, (g) = Ga,05(s). 2)

After 60 min, the temperature was raised to 1080 °C, and
the growth of the microbelts was completed. Subsequently,
Ar and O, gases were continuously introduced into the tube
and the pressure inside the tube was increased and maintained
at atmospheric pressure. Then the microbelts were annealed
in-situ at 1080 °C in Ar and O, atmospheres for 60 min at
the atmospheric pressure to improve the crystalline quality
and repair oxygen vacancy defects. Finally, the tube furnace
was slowly cooled down to room temperature, and the high-
quality 5-Ga,O3 microbelts can be obtained at the edge of
corundum boat (figure 1(a)). The MSM photodetector was
fabricated on an individual 5-Ga,O3; microbelt by sputter-
ing 30 nm thick gold electrodes using a shadow mask on a
flexible substrate, and the distance between two electrodes
is 100 pym.

The characterizations of the Ga,O3; microbelts were invest-
igated by scanning electron microscopy (SEM, HITACHI S-
4800), transmission electron microscopy (TEM, FEI Talos
F200s), x-ray diffraction (XRD, Bruker DSGADDS) with
Cu Ka radiation (A = 0.154 nm), x-ray photoelectron spec-
troscopy (XPS) spectrometer (Thermo ESCALAB 250) and
Raman spectrometer (Finder Vista) with a 532 nm laser.
Current—voltage (/-V) and time—dependent current (/—f)
curves of the photodetector were obtained using a semicon-
ductor device analyzer (Agilent B1500A). The photoresponse
spectrum was measured through responsivity measurement
system equipped with an SR 830 lock-in amplifierand a 150 W
Xe lamp. The transient responses were recorded by a Tektron-
ics DPO5104 oscilloscope under 260 nm laser excitation with
a pulse width of 10 ns.



J. Phys. D: Appl. Phys. 55 (2022) 365107

Z Zheng et al

_y 024 Ain

=10 -

e f 201 g
(400) — (400) O1s .
L S r o Raw Spectrum
3, n — Peaks sum
> FWHM
T L e =013 [ 3 =
8 8] © ©
= = =
=+ = =
g 295 300 305 31.0 % %
E L. 2 Theta (degree) E £
(600)
l ,,,,,,
1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 200 400 600 800 525 530 535 540

2 Theta (degree)

Raman Shift (cm™)

Binding energy (eV)

Figure 1. (a) Photograph, (b) optical micrograph, (¢) SEM images, (d) high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED) images, (e¢) XRD pattern, (f) Raman spectroscopy and (g) O1s XPS spectrum of the 5-Ga,O3 microbelt.

3. Results and discussion

Figures 1(a)—(c) show the photograph, the optical micrograph
and the SEM image of the as-prepared materials, indicating
that these products are available in microbelt shapes with
typical widths of 5-120 pm, thicknesses of 0.1-2 um and
lengths of 1-12 mm. Clearly, the surface of the microbelts
is very flat and smooth. Figure 1(d) shows a high-resolution
TEM (HRTEM) image taken from the edge of the thin Ga, O3
microbelt. The distances between adjacent layers are about
0.30 and 0.24 nm, corresponding to (010) and (310) planes of
5-Ga, 03 with a monoclinic structure, respectively. The cor-
responding selected area electron diffraction (SAED) image
of Ga,O3; microbelt is shown in the inset of figure 1(d).
Figure 1(e) presents the XRD pattern of multiple 3-Ga,03
microbelts laid flat on a sample stage. Two strong diffrac-
tion peaks at 26 = 30.1° and 45.9° correspond to the (400)
and (600) crystal faces of monoclinic 5-Ga,0Oj3, respectively
(JCPDS card No. 43-1012), and the peak positions are in
agreement with the reported values of the single-crystal bulk
B-Ga, 03 [25, 50, 51]. The inset of figure 1(e) shows a mag-
nified (400) diffraction peak of 3-Ga,O3 microbelts and its
full-width half maximum is estimated to be ~0.113°. No extra
peaks can be observed in the XRD spectrum. HRTEM, SAED
and XRD results suggest that the length and thickness dir-
ections of these Ga,Os microbelts are along the [010] and
[100] orientations, respectively. To further analyze the struc-
tural property of 3-Ga,O3 microbelts, Raman spectroscopy
was performed on a single microbelt at room temperature
as shown in figure 1(f). According to the previous reports,

the peaks located below 200 cm™~! reflect to low-frequency

vibration and translation of tetrahedra—octahedra chains. The
peaks at 300—500 cm~! are associated with the deformation
of tetrahedra and the translation of octahedra. The peaks at
600-800 cm~! are ascribed with the stretching and bend-
ing of tetrahedra [52-54]. Notably, the Raman peak posi-
tions of our 3-Ga, O3 microbelts are in good agreement with
those for the previously reported bulk S-Ga,0O3, suggesting
the low defect density in 5-Ga,O3 microbelts [52, 55, 56].
Figure 1(g) presents the high-resolution XPS Ols spectrum
of 3-Ga, O3 microbelts, which can be deconvoluted into two
peaks centered at 530.68 eV (Oy) and 532.682 eV (Oryp). The
peak at 530.68 eV can be assigned to the lattice oxygen in
the 5-Ga,0; and the peak at 532.682 eV is generally con-
sidered to be the specific chemisorbed oxygen [57, 58]. Not-
ably, the absence of the oxygen vacancy-related peak located
near 531 eV (Oyp) indicates that our 3-Ga, O3 microbelts have
extremely low oxygen vacancy defect density.

Figure 2(a) shows the I-V characteristic curves of the
device in dark and under different illumination conditions.
Under 20 V bias, the dark current of the device is only
1 pA, which is lower than that of the most reported Ga,0O3
photodetectors [38, 39, 59—61]. Upon 254 nm illumination
(650 W cm™2), the current shows a significant increase and
the photo to dark current ratio can reach five orders of mag-
nitude at 20 V. More interestingly, the device has an ultra-
weak response to 365 nm illumination (1050 W cm~2), sug-
gesting an excellent UVA rejection. The I-V curves of the
device under 365 and 254 nm illumination show a huge differ-
ence, which can be understood as follows: when the 254 nm
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Figure 2. (a) I-V curves in dark and under 365 and 254 nm illuminations. (b) The spectral response property of the 5-Gay O3 solar-blind

UV detector at a bias voltage of 20 V.

UV light is irradiated on the device, Ga,O3 absorbs light with
photon energy greater than the semiconductor band gap, pro-
ducing a large number of photo-generated carriers (electron—
hole pairs). As a result, the resistivity of Ga,O3 is reduced
significantly. The photo-generated electrons and holes can be
separated under the electric field, and then collected by the
electrodes, which leads to the generation of large photocur-
rent. In contrast, when the 365 nm UV light is irradiated
on the device, most photons pass through Ga,0O3, and sub-
bandgap defect-related absorption is very weak due to the high
crystalline quality and few oxygen vacancy defects. There-
fore, the device shows almost the same I-V curves both in
dark and under 365 nm illumination. The photoresponse spec-
trum of the individual -Ga,O3; microbelt photodetector is
shown in figure 2(b). The device shows a peak responsivity
of 9.47 A W—! at 256 nm with —3 dB cutoff wavelength
of 264 nm, which is in good agreement with the bandgap
of 8-Ga,03. More interestingly, the solar-blind/UV rejection
ratio (Rpeak/R365nm) can reach as high as 8 x 10*. In addi-
tion, the specific detectivity (D*) is a critical parameter to
describe the smallest detectable signal, which can be estimated
by [62]

D* = (SAf)? /NEP 3)

where S is the effective illuminated area of the device, Af is the
bandwidth, and noise equivalent power (NEP) can be estim-
ated by

NEP =/,/R “

where R is the responsivity, I, is the noise current. For MSM
solar-blind photodetectors, the noise is usually dominated by
dark current shot noise, and thus 7, can be simply expressed as

(2ql3AY) : , where ¢ is the electronic charge and /; is the dark

current. So that, the D* can be obtained by a more general
equation [63-65]:

=

D" =R/(2q14/S5)*. (5)

The D* value of the device at the wavelength of 256 nm was
calculated to be as high as 1.67 x 10'* Jones at the bias of
20 V due to the high responsivity and low dark current.

Figure 3(a) shows the /-t curves of the device with different
applied voltages under 254 nm illumination at a fixed power
density of 650 uW cm™2. With increasing the voltage, the
quick and stable on/off switching behavior can be well main-
tained. Meanwhile, the photocurrent increases linearly with
the increase of bias voltage due to the enhanced drift velocity
of the carriers (the inset). The time—dependent photoresponse
measurement was carried out under different optical power
densities at 20 V as shown in figure 3(b). And the photocur-
rent as a function of power density taken from the /- curves
was shown in the inset of figure 3(b). The nice linear rela-
tionship between photocurrent and optical power density can
be clearly obtained, which is a strong and direct evidence of
the high crystalline quality and low defect density of 3-Ga, O3
microbelt, indicating the potential application of our device in
light measurement and imaging [22, 66].

The response speed is another important figure of merit for
UV photodetectors. To accurately obtain the response time of
the device, the transient response was recorded using a 260 nm
pulsed laser (10 ns pulse width and 10 Hz) and a digital oscil-
loscope as shown in figure 4. The 90%—10% fall time is only
~1.37 us and the current can rapidly return to its initial dark-
state value within 50 us after the laser pulse.

To meet the requirements of practical applications, the
mechanical and long-term stabilities of 3-Ga,O3 microbelt
solar-blind photodetector have been investigated. By bending
the substrate at different angles, the mechanical stress can be
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Figure 4. The transient response of the device under 260 nm pulsed
laser at 20 V.

introduced in the microbelt as shown in the inset of figure 5(a).
At 20 V bias, the device exhibits almost constant perform-
ance under different bending states, suggesting an excellent

mechanical stability (figure 5(a)). Moreover, the photore-
sponse behavior of $-Ga,Os microbelt solar-blind photode-
tector remains unchanged after storing it under ambient envir-
onment for at least 3 months as presented in figure 5(b). This
result indicates that the 3-Ga,O3; microbelt-based photode-
tector possesses good long-term stability.

The excellent device performance in this work can be attrib-
uted to the high crystalline quality and few oxygen vacan-
cies of the 3-Ga,O3 microbelt, which is mainly realized by
the following points: (a) compared with atmospheric pres-
sure CVD, low pressure CVD provides a larger free diffu-
sion distance of reactant gas molecules, a slower growth rate
and higher purity, which is beneficial to obtain high crystal-
line quality 5-Ga, O3 microbelts. (b) In-situ high-temperature
post-annealing in Ar and O, atmospheres can further improve
the crystalline quality of the 3-Ga, O3 microbelts and help to
repair oxygen vacancy defects. Table 1 summarizes the com-
parison of the performance parameters of the recently repor-
ted 1D (-Gay03-based solar-blind UV photodetectors. Obvi-
ously, our single 3-Ga, O3 microbelts solar-blind UV detector
in this work has an ultrafast response speed with a decay time
of only 1.37 us, which is more than three orders of mag-
nitude faster than that of the previously reported 1D Ga,03
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Table 1. Performance comparison of representative 1D 3-Ga,O3 based solar-blind UV detectors.

Dark Responsivity Solar-blind/UV ~ Decay
Materials Structure Bias (V) current (A) (AW rejection ratio time (s) D* (Jones)  References
Gay O3 nanobelt MSM 30 — ~10% — <0.3 — [29]
In-doped Ga, 03 MSM 6 1 x 107" 547 — <0.6 — [34]
nanobelt
Ga,03 MSM 20 1x 10713 851 — <0.3 — [37]
multi-nanobelt
Gay 03/ PANI p-n | — 21x1072 — 8.14 x 107% 1.5 x 10''  [40]
Ga,03 Schottky 1 ~10710 19.31 — 0.023 — [38]
micro/nano-sheet
B3-Ga; 03 nanowires MSM 6  325x107'° 0.128 46.28 3.188 3.676 x 10'0 [41]
(R254 nm/R365 nm)
-Gap O3 nanowires MSM 5 0.122 — 0.012 — [39]
B-Gay03/GaN Heterojunction 10 1.6 x 1071 275%x1072 — 0.23 12 x 10" [42]
nanowires
B3-Gay O3 nanowires MSM 10 7.73x 1071 233 — 0.04 8.16 x 102 [43]
3-Ga;O3 nanowires MSM 20 8 x 107° 0.71 — 0.19 — [44]
Ga,03/GaN Vertical 5 — 753.2 — <0.04 — [36]
nanowire array heterojunction
B3-Ga; 03 nanowires MSM 10 8x107"2 — ~10° <0.5 — [45]
(R231 nm/R290 nm)
Ga,03 MSM 20 1x 10712 9.47 8 x 10* 137 x 107% 1.67 x 10'*  This work
(R254 nm/R365 nm)

devices. Moreover, owing to the ultralow dark current and rel-
atively high responsivity, our device exhibits the highest spe-
cific detectivity of ~10'* Jones and the highest solar-blind/UV
rejection ratio of nearly 10, among the photodetectors based

on Ga; 03 1D structures reported so far. The devices with high
solar blind/UV rejection ratio and high-speed have important
application prospects in practical applications high frequency
and weak signal detection.
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4. Conclusions

In this work, the high-quality /3-Ga,O3; microbelts were pre-
pared through low-pressure CVD and in-situ atmospheric
pressure annealing technologies. Solar-blind UV detector
with MSM structure was fabricated using a single 5-Gay03
microbelt with two gold electrodes spaced 100 pm apart.
The device exhibits a low dark current of ~10~!2 A, a peak
responsivity of 9.47 A W~! at 256 nm and an ultrashort
decay time of 1.37 us at the bias of 20 V. Moreover, the spe-
cific detectivity of ~10'* Jones and solar-blind/UVA rejec-
tion ratio (Rpeax/R365 nm) Of nearly 10° have also been achieved
in this work, which are much higher than those of the previ-
ously reported Ga,O3 1D micro/nanostructure photodetectors.
Besides that, 5-Ga,; O3 microbelt photodetector exhibits excel-
lent mechanical and long-term stabilities. Our findings provide
a feasible method to develop high performance, high stable
and flexible solar-blind UV photodetectors.
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