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TOPICAL REVIEW — Photodetector: Materials, physics, and applications
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Ultraviolet (UV) photodetectors (PDs) have drawn great attention in recent years due to their potential application in
civil and military fields. Because of its ultrawide bandgap, low cost, strong radiation hardness, and high thermal and chem-
ical stability with high visible-light transparency, Ga;O3 is regarded as the most promising candidate for UV detection.
Furthermore, the bandgap of Ga, O3 is as high as 4.7-4.9 eV, directly corresponding to the solar-blind UV detection band
with wavelength less than 280 nm. There is no need of doping in Ga; O3 to tune its bandgap, compared to AlGaN, MgZnO,
etc, thereby avoiding alloy composition fluctuations and phase separation. At present, solar-blind Ga; O3 photodetectors
based on single crystal or amorphous Ga; O3 are mainly focused on metal-semiconductor—-metal and Schottky photodiodes.
In this work, the recent achievements of Ga; O3 photodetectors are systematically reviewed. The characteristics and perfor-
mances of different photodetector structures based on single crystal Ga,O3 and amorphous GayO3 thin film are analyzed
and compared. Finally, the prospects of Ga;O3 UV photodetectors are forecast.

Keywords: gallium oxide, ultrawide bandgap, ultraviolet (UV), photodetector

PACS: 85.60.Gz, 73.61.Ga

1. Introduction

Photodetectors (PD) are a key component in modern op-
toelectronic devices and are widely used in civil and military
fields such as optical imaging, spatial optical communication,
missile guidance and positioning navigation, and so on.[!=3
Currently, the main commercial UV photodetectors are Si-
based photodiodes and photomultipliers due to the highly ma-
ture Si processes and their low cost. (4l However, because of its
narrow bandgap (1.1-1.3 eV),['-3! the detection band is lim-
ited from near UV to infrared light. Additionally, the Si based
photodetector usually has a low efficiency and needs high vac-
uum conditions and high voltage (e.g., in photomultiplier).!

To avoid these disadvantages, UV photodetectors based
on wide bandgap materials such as SiC, GaN, ZnO, Ga,0s,
and diamond have gained more and more attention because
of the intrinsic solar-blindness. Moreover, the wide bandgap
semiconductors exhibit strong radiation hardness, high ther-
mal and chemical stability, making them feasible to be applied
in harsh environment.!®! What is more, GaN and ZnO can al-
loy with Al and MgO, respectively, to increase the bandgap to
detect deeper UV light. However, the alloying process and rel-
atively complicated growth technology will cause alloy com-
position fluctuations and phase separation, thereby introducing
a large defect density and limiting its application under high
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demand conditions.”!

Among wide bandgap materials, Ga;O3 has many unique
characteristics, including high breakdown voltage and high
Baliga’s figure of merit (BFOM). These outstanding proper-
ties make GapO3 a promising material for high-temperature
and high-power applications. In addition, its bandgap is
4.7-4.9 eV, which is intrinsically suitable for deep ultravi-
olet (DUV) photodetection!® without any doping or alloy-
ing process. Besides, the growth cost of Ga,03 is relatively
low compared to other wide bandgap materials. The basic
properties of Ga;O3 and other wide bandgap materials are
listed in Table 1. The Ga;O3 photodetector was firstly re-
ported by Takayoshi Oshima e al.'”! in 2007, and the re-
search of Ga,O3 photodetector has flourished in recent years.
In the beginning, the Ga,O3; photodetector was mainly based
on the metal-semiconductor-metal (MSM) structure for its
easy fabrication, and through improving the quality of Ga; O3,
many solar-blind MSM Ga, O3 photodetectors with high per-
formance were reported.!!%!!! Gradually, other materials such
as Si, ZnO, GaN, diamond and two-dimensional materials
were used to form heterojunction with Gap,O3 to make Schot-

12—

tky photodiodes.'>13] Key figures of merit are used to evalu-

ate these photodetectors, as summarized in Table 2.
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Table 1. The basic properties of Si and wide bandgap materials.

Materials Si MgZnO 4H-SiC GaN Diamond B-Ga,03
EyleV 1.1 3.7-7.8 3.3 3.4 5.5 4.8
wlem?.V—1.s71 1400 250 1000 1200 2000 300
Ep/MV-cm™! 0.3 - 2.5 33 10 8
£ 11.8 4.6 9.7 9.0 5.5 10
BFOM (epE}) 1 - 340 870 24664 3444
Thermal 15 12 2.7 2.1 10 0.11
Conductivity/W-cm~!.K~!
Conductive type n/p n/p n/p n/p p n
Response 400-1100 200-370 270-380 200-300 <225 <280
Spectrum/nm

Table 2. Key figures of merit for photodetectors.

Figures-of-merit Expression Unit

Definition

R— bl

- AW

Responsivity

External quantum efficiency EQE = %R -

Response time T, Td S

Detectivity D=,/ ﬁR Jones

2
Gain G=1/% = L—
]/ G 1Vhias

Linear dynamic range LDR = 20log/,/Ig dB

I, and Iy are photocurrent and dark current, respectively. P is the light
power irradiated on the photodetector.

The number of photogenerated electrons per second divided by the
number of incident photons on the device per second. Here 7 is the
Planck constant, ¢ is the speed of light, A is the wavelength of the inci-
dent light, and e is the elementary electric charge.

The rise/decay time is defined as the time for the photocurrent to in-
crease/decay from 10/90% to 90/10%.

The signal-to-noise ratio when one watt of light power is incident on a
detector of area 1 cm?, and the noise is measured over a 1 Hz bandwidth.
S is the effective area of the photodetector.

The number of photogenerated carriers collected by the electrodes di-
vided by the absorbed photons. 7 is the life time of photo generated
carriers and 7 is the carrier transit time. L is the channel length. p is
the mobility, and Vi, is the bias voltage.
I, and Iy are photocurrent and dark current, respectively. This equation
is for estimation for imaging application.

In this paper, we review the recent achievements of
Gay03 photodetectors. We focus on Ga;Os photodetectors
based on single crystal and amorphous Ga, O3 with different
device structures, by analyzing its performance and character-
istics. We firstly review the recent progress of MSM structure-
based Ga;O3 photodetectors. Secondly, the Ga; O3 photode-
tectors based on Schottky junction are discussed. Finally, we
give an outlook on the future direction in the field of Ga;O3
based UV photodetector.

2. MSM photodetectors

MSM Ga;,03 photodetectors were firstly proposed be-
cause of their fundamental advantages: (i) simple structure;
(ii) easy fabrication and integration; and (iii) low capacitance
per unit area. Usually, an MSM photodetector is composed of
two back-to-back Schottky junctions by depositing interdig-
itated metal electrodes on the surface of the active layer. A
schematic of MSM photodetector structure is shown in Fig. 1.
The MSM photodetector usually has fast response speed be-
cause its low capacitance per unit area and low built-in electric
field in the Schottky junction. The width and spacing of the
interdigitated metal electrodes have great impact on the per-
formance of the MSM photodetector. The drawback of MSM

structure is its low responsivity due to the small active light ab-
sorbing area because of metallization for the electrodes. The
performance of MSM Ga;03 photodetectors is dependent on
the quality of the materials, the substrate, the electrode struc-
tures, the doping of the Ga; O3 material, and the surface polari-
ton of the Ga, O3 film. In this section, the influence of these
factors on the performance of MSM Ga;O3 photodetectors is
illustrated.

Semiconductor

Interdigitated electroges

— W ——

Fig. 1. Schematic structure of MSM photodetector.

It is well known that the performance of solar-blind pho-
todetectors is strongly affected by the crystalline quality of the
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Ga03 film. Different kinds of methods have been employed
to grow Ga,O3 films, such as metal-organic chemical vapor
deposition (MOCVD), molecular beam epitaxy (MBE), pulsed
laser deposition (PLD), and magnetron sputtering.

Takayoshi Oshima et al.!! first reported MSM Ga, O3
photodetectors in 2007, which were fabricated by a deposit-
ing B-GaO3 thin film on the c-plane sapphire substrates
through molecular beam epitaxy. Ti/Au (50 nm/100 nm)
were deposited to form ohmic contact electrodes in the metal—
semiconductor—metal DUV photodetector. A small dark cur-
rent of 1.2 nA at a bias voltage of 10 V was obtained (Figs. 2(a)
and 2(b)).
light, the current obviously increased. The photoresponsivity

When the device was illuminated with 254 nm

was 0.037 A/W, which corresponds to a quantum efficiency
(QE) of 18%. After that, Anamika Singh Pratiyush et al.!'%
used molecular beam epitaxy technology to grow B-Ga;0O;
thin film on sapphire and fabricated an MSM photodetector
(Figs. 2(c)-2(f)). Ni/Au with thicknesses of 20 nm/70 nm were
deposited to form the Schottky contact. In their work, the re-
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searchers found that the photo current at 20 V was higher dur-
ing the transient measurement compared to that in steady-state
I-V. They attributed this phenomenon to the temporal depen-
dence of photo-current due to possible trapping—detrapping
transients. After the device was passivated with a 20 nm
atomic layer deposited (ALD) Al,O3 at 250 °C, the effect
was eliminated, indicating that the surface related traps are
responsible for this effect. Usually, passivation with high &
dielectric, rapid thermal annealing, surface treatment before
metal contact deposition are beneficial to decrease the dark
current, decrease the response and decay time, improve the
responsivity, and hence enhance the overall performance of
the MSM photodetector based on MBE grown f3-Ga;O3 thin
film. The MSM photodetector in this work presented high re-
sponsivity (> 1.5 A/W) at 4 V with low dark current at 20 V
and high visible rejection ratio (> 10). What is more, the de-
vice showed fast response and decay speed without any persis-
tent photoconductivity (PPC) effect, suggesting the high crys-
talline quality of the MBE grown 3-Ga; O3 thin film.

(b) 10°F
. ll-..-....... ..-......-lnn
107y '-% =" low-pressure
—_ 7 \ mercury lamp
< 107¢ .
= i — 00e, ........oooo
§ 107F oo ., +0*** black light
5 K X
A [ T
" ha, dark
107 AL
AL
1Mt y . . :
-10 -5 0 5 10
Voltage [V]
(d)
= i
g 107}
‘é 4 20
€ 109ri15'UnearScal 20v
2 fzulf
E 10“[5 5 Log Scale)
r Rt 150 —a—20V
10" ,_Time (sec) . X
0 50 100 150 200 250 300
Time (sec)
(f) 107
< 10°
§ 107}
3 10'8[
E:; 10-9 § EnearScaleF_zov
E F2a 1
© 20f §
g7t
-11
107 %150 150 — 20V
10,12 . Time (s.ec) " . "
0 50 100 150 200 250 300

Time (Sec)

Fig. 2. (a) and (b) Linear and log scale current—voltage characteristics of the Ti/Au/f-Ga;O3 MSM DUV photodetector in the dark, under black light
irradiation, and under low-pressure mercury lamp irradiation.[”] (c) Steady-state I-V characteristic under light illumination and /-V characteristics in
the dark (log scale), and (d) the time-dependent photoresponse under the illumination of 236 nm at 20 V (log scale) of the Ni/Au/f-Ga, O3 MSM
photodetector before Al,O3 passivation. (e) /-V characteristic under light illumination and /-V characteristics in the dark (log scale), and (f) time-
dependent photoresponse under the illumination of 236 nm at 20 V (log scale) of the Ni/Au/B-Ga; O3 MSM photodetector after Al,O3 passivation. [16)
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Fig. 3. (a) Schematic diagram of the fabricated Ti/Au/B-Ga, O3 thin film MSM structure photodetector. (b) I-V characteristics of the Ti/Au/f-
Gay 03 photodetector in dark, under 365 nm light and under 254 nm light illumination in a logarithmic coordinate. (c) Time-dependent
photoresponse of the Ti/Au/f-Ga,O3 photodetector under UV light illumination at bias voltage of 10 V. (d) Experimental current rise and
decay process of the photodetector under 254 nm illumination (red hollow points) and its corresponding fitting curve (black solid line).[7!

On the other hand, Weihua Tang et al.l'”! reported B-
Gay03 thin film based solar-blind photodetector by LMBE
technology. By optimizing the growth parameters, (201)
oriented B-Ga,Os thin film deposited on sapphire substrate
was obtained. Ultraviolet—visible absorption spectrum demon-
strated that the prepared 3-Ga,Oj thin film showed excellent
solar-blind ultraviolet (UV) characteristics with a band gap of
5.02 eV. Ti/Au was deposited to form the interdigital metal
electrodes, and subsequently thermal annealing was conducted
at 300 °C for 10 min in Ar atmosphere. In Fig. 3, it can be
seen that the dark current is approximately 128 nA, and the
photocurrent of 1460 nA under 254 nm illumination is more
than one order of magnitude larger than the dark current. Ac-
cording to the time-dependent photoresponse of the detector to
365 nm and 254 nm illumination by on/off switching under an
applied bias of 10 V and a fitting with a biexponential relax-
ation equation, the rise time was 0.86 s, and the decay process
consisted of two components with a fast-response component
(1.02 s) and a slow-response component (16.61 s). They pro-
posed that the time constant of the transient decay was gov-
erned by the depth of these traps and can be very long. The
presence of numerous trapping states prevents carriers’ recom-
bination, which might cause the slow recovery time. It can be
suggested that the poor quality of the §-GaO3 film strongly
limits the performance of MSM -Ga, O3 photodetectors.

In order to improve the response and recovery speed, Wei-
hua Tang’s group in situ annealed the thin film deposited by
LMBE under an oxygen pressure of 100 Pa at 800 °C for
2 h.l'8 They found that the Au/Ti electrodes were ohmic con-
tact with the as-grown films and Schottky contact with the an-

nealed films. The Schottky-type 3-Ga,Os photodetector ex-
hibited lower dark current, higher responsivity, and shorter
switching time. From the /-V characteristics (Fig. 4(a)), it can
be seen obviously that the Ti/Au electrode was Schottky con-
tact with the Ga,Os thin film. The Schottky-type Ga,O3 pho-
todetector are faster than the ohmic-type GapO3 photodetector
in the response speed and recovery speed (Figs. 4(c) and 4(d)).
By comparing the O 1s XPS spectra of the as-grown and post-
annealed Ga;O3 thin films (Fig. 4(b)), it can be found that the
oxygen vacancy concentration decreased in the post-annealed
Gay 03 thin films. The high performance of the Schottky-type
Ga; 03 photodetector under 254 nm illumination greatly bene-
fits from the Schottky barrier-controlled electron transport and
the significant improvement of the quality of the -GayO3
film, thus decreasing the quantity of photogenerated carriers
trapped by oxygen vacancy.

Chiungyi Huang et al."”! employed MOCVD to grow
single-crystalline 3-Ga;Oj3 film on (0001) sapphire substrate
at low temperature and low pressure environment. The MSM
B-Gay03 solar-blind photodetector was fabricated. The as-
grown 3-Ga,O; film was annealed at 800 °C in atmosphere or
in a nitrogen environment, and the thermal annealing effect on
the material characteristics of $-Ga, 03 film was investigated.
Through x-ray diffraction (XRD), cathodoluminescence (CL)
measurement, and /-V characterization of the MSM -Ga;03
solar-blind photodetector, they concluded that the film an-
nealed at 800 °C for 15 min in a nitrogen atmosphere would
result in improved material characteristics and enhanced de-
vice performance. After annealing, the device exhibited lower
dark current, which suggested the improved crystalline qual-
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ity of the B-Ga,Oj3 epilayer. Besides, Dezhen Shen et al.[?’]

reported their fabrication of MSM [3-Ga,O3 solar-blind pho-
todetector on sapphire substrate based on MOCVD deposited
B-Gay O3 film. Au was deposited as the interdigital electrodes.
The fabricated photodetectors exhibited a high responsivity of
17 A/W, UV-to-dark rejection ratio of 8.5 x 10°, and EQE of
8228% at 20 V due to the carrier multiplication occurred in the
Gay 03 under Au electrodes.

The crystalline quality of f-GayO3 film is readily affected
by various factors, one of which is the thermal-expansion or

21] made

lattice match with the substrate. Qian Feng et al.
a comparison study of the performance of the 3-GapO3 pho-
todetectors on bulk 3-Ga; O3 substrate and sapphire. LMBE
technology was used to grow epitaxial film on bulk §-Ga;03
substrate and c-sapphire substrate. Ti/Au with 10 nm/40 nm

thickness was used as the interdigital Schottky contacts. The
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schematic of the Ga,O3 photodetector is shown in Figs. 5(a)
and 5(b). Material characterization was conducted to charac-
terize the quality of the epitaxial thin film on bulk §-Ga,03
substrate and c-sapphire substrate (Figs. 5(c)-5(f)). The high
resolution transmission electron microscope (HRTEM) image
indicates the epitaxial film on bulk 3-Ga O3 substrate has high
crystal quality and smooth surface. Figure 5(d) shows the
XRD curves of the epitaxial film and the results indicate that
both films are 3 phase. It also can be found that the peaks of
Ga;03 on sapphire move to the low-angle side with different
degrees of shift, suggesting that there is an out-of-plane tensile
strain in the GayO3 film on the sapphire substrate. Further-
more, the atomic force microscope (AFM) results indicate that
the epitaxial film on the bulk $-Ga,;O3 has a much smoother
surface (Figs. 5(e) and 5(f)). All results suggest that the epi-
taxial film on the bulk 3-Ga;Os3 has a higher crystal quality.
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Fig. 4. (a) The I-V characteristics of the -GayOj3 thin films MSM photodetector without and with annealing treatment in O, atmosphere in
the dark. The inset (bottom right) shows the schematic figure of the MSM structure. The inset (top left) is the plot of (ochv)2 as a function
of hv calculating from UV-vis absorbance spectrum of the -Ga; O3 thin film. (b) Normalized O 1s XPS spectra of the as-grown and post-
annealed 3-Ga,O3 thin films. (c) Time-dependent photoresponse of the 3-Ga, O3 thin films MSM photodetector under 254 nm illumination.
(d) Enlarged view of the rise/decay edges of the transient photoresponse curve and its corresponding exponential fitting.['$]

The optical-electrical characteristics of the above pho-
todetectors are presented in Fig. 6. The bulk Ga,Os device
showed lower dark current and higher photocurrent, conse-
quently, an improved photo to dark current ratio (PDCR) was
achieved. In Figs. 6(c) and 6(d), it can be obviously found that
the bulk Ga; O3 photodetector presents a remarkably enhanced
responsivity over the device on sapphire in a wide range of ul-

traviolet wavelength. Besides, a blueshift in responsivity can

be observed in the Ga; O3 photodetector on sapphire compared
with that on bulk Ga;Oj3 substrate. The cutoff wavelength is
253 nm, indicating that bandgap E, of the epitaxial Ga;03
on sapphire is 4.90 eV. This change of bandgap is induced by
strain in semiconductor. The time-dependent photoresponse
characteristics of the devices were measured under 254 nm
light with an intensity of 38 uW/cm? and a bias voltage of
20 V. The response and decay processes can be both divided
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into fast and slow durations. The fast response is directly re-
lated to the inter-band optical transition. The slow-response in
the rise process might be resulted from the optical absorption
between band edges and some defect bands. The slower decay
process is dominated by the releasing of the captured carriers
by some trapping states, which leads to a more pronounced
persistent photoconductivity (PPC) caused by oxygen vacan-
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Fig. 5. (a) Top view and (b) cross-sectional schematics of the Ti/Au/Ga; O3 MSM Ga; 03 photodetector. (c¢) HRTEM image of Ga; O3 grown
on bulk Ga, O3 substrate. (d) XRD curves for Ga,O3 device samples on sapphire and bulk. AFM images of (¢) Ga;O3 grown on sapphire and
(f) bulk Ga 05.21]
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To the best of our knowledge, almost all the reported
MSM f-Ga, 03 photodetectors were based on sapphire sub-
strate. However, there was no report of MSM -Ga;0O3 pho-
todetectors on the cost-effective Si substrate due to its large
lattice and thermal expansion coefficient mismatch with f3-
Ga,03. Until recently, Kanika Arora et al.!'” reported an ul-
trahigh performance of self-powered §-Ga;Oj3 thin film solar-
blind photodetector on Si substrate through magnetron sput-
tering method. By using high temperature seed layer (HSL),
the improved crystalline quality was achieved in comparison
to the Ga; O3 thin film grown without a high-temperature seed
layer. The device exhibited a high on/off (/254 ym/Igark) ratio of
> 103, arecord-low dark current of 1.43 pA, and high stability
and reproducibility over 100 cycles even after 2100 h at zero

b
(b) =

@"

cies. In Fig. 6(e), we can see that the 74, of bulk Ga;O3 device
is smaller than that of Ga;O3 device on sapphire, indicating
that there is less density of oxygen vacancies in the epitaxial
film on bulk Ga; O3 in comparison with the material epitaxially
grown on sapphire. In conclusion, the higher crystal quality in
bulk Ga;O3 device leads to the significantly enhanced pho-
tocurrent, dark current, PDCR, and responsivity performance.
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bias. What is more, the photodetector yielded a responsivity
as high as 96.13 A/W, with an external quantum efficiency of
4.76 x 10* at 5 V under light illumination of 250 nm. Fig-
ures 7(a) and 7(b) show the schematic of the fabrication pro-
cesses and temperature profile for the growth of a high temper-
ature seed-layer-assisted 3-Ga,Oj3 thin film. Annealing steps
and growth are mixed to reduce the thermal expansion mis-
match between Ga;O3 and Si substrate. From Fig. 7(c), it
can be seen clearly that the sample deposited without HSL
has a sharp increase of the dark current with bias, which is
due to the existence of high concentration defect states. It also
can be observed that the photocurrent of the sample deposited
with HSL increases significantly under 250 nm light illumi-
nation, thus leading to a higher photo-to-dark current ratio.
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The sample deposited with HSL exhibits higher responsivity
and EQE due to the high internal gain, which is associated
with shallow traps populated at the metal-semiconductor in-
terface. These traps will capture the photogenerated holes and
prevent the recombination of the electrons under DUV illumi-
nation and substantially contribute to a significant photocur-
rent. Figure 7(e) presents the time-dependent photoresponse
with HSL assisted $-Ga; O3 thin film photodetector. It can be

@ )
Solid Symbols: Bulk Ga,0, 5 8 Bulk Ga,0,
.| Open Symbols: Ga,0, on Sapphire E 200 V Ga,0, 0n Sapphire ™
107 F 2= 2540m anl = A=254nm -*
ant® 2 »
P =55 g™ = a
0} WWenm: g® = -
E -“L Pugr =62 - P. 55 I-
<10 - lem? < ight = 55
g 10°F =® "“;‘é"vvvvwv% £ 100 pWemt g%
s d (]
g - vl © »
= \vd < ]
£ A\ X "
B a4 Dark = ..l
10 F v Current . M
Lieeeeeey 2 o0 P-iz
s pW/em?
=
10° I S & PR
0 2 4 6 8 10 0 2 4 6 8 10
Bias Voltge ¥, (V) Bias Voltage V,_ (V)
() 0.6 (d) oo
Bulk Ga,C N Ge:0,
z ulk Ga,0, Vigas = 40, 30, z on Sapphire Vi = 40,30,
2 20, and 10V 50.008 20,20 10V
~0.04 o
s *0.006
> z
z £0.004
Z0.02 £
3 &
? é 0.002
=

220 260

240 280
Wavelength A (nm)

240
Wavelength 2 (nm)

260

280

obviously found that the device has extremely low dark cur-
rent and high response speed, which was reported to be asso-
ciated with the charge carrier mobility, electron—hole lifetime,
and efficient charge separation in the interface between Au and
B-Gay 03 thin film. This work provides new guidelines to fab-
ricate MSM B-Ga; 03 thin film photodetector with ultrahigh
performance using cost-effective magnetron sputtering on Si
substrate.

(e)
—&— Photodetector on Bulk —7— Photodetector on Sapphire

"V =20V A=254mm

bias

() 1) () )

 Bulk Gay0; Device
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Fig. 6. (a) I-V characteristics for the MSM photodetectors on bulk Ga,O3 and sapphire in the dark and under light illumination of 254 nm.
(b) PDCR for devices on bulk Ga,O3 and sapphire. Responsivity as a function of illumination optical wavelength A for the Ga,O3 MSM
photodetectors on (c) bulk Ga;O3 and (d) sapphire substrate at various Vj;as, respectively. (e) Time-dependent photoresponse of the MSM

photodetectors on bulk Ga, O3 and on sapphire under a bias voltage of 20 V. The inset lists the response and decay time of the devices.

Recently, more and more works were reported in the
fabrication of MSM GaO, photodetectors based on the cost-
effective radio frequency (RF) magnetron sputtered GaO,
film instead of expensive MOCVD, MBE, or LMBE technol-
ogy. Among them, some photodetectors exhibited surprisingly
high performances, even exceeding those of the majority of
Ga; 03 photodetectors based on 3-Ga; O3 thin film deposited
by MOCVD, MBE, or LMBE technology. Ling-Xuan Qian et
al.'""! demonstrated an ultrahigh responsivity and rapid recov-
ery MSM photodetector based on magnetron sputtered amor-
phous gallium oxide thin film. Another MSM photodetector
based on 3-GayO3 thin film deposited by MBE was fabri-
cated as the control sample. Ti/Al was used as the interdig-
ital electrodes. It can be found that the MBE deposited film
was single crystal 8 phase Ga;0s, and the magnetron sput-
tering deposited sample was amorphous Ga;O3 (Fig. 8(a)).
Figures 8(b) and 8(c) show the three-dimensional AFM sur-
face images of the MBE and magnetron sputtering films. A
larger RMS surface roughness value of 2.102 nm was found
in the magnetron sputtering film, indicating that more sur-
face defect states might generate during the sputtering process.
In order to further characterize the material, XPS was con-
ducted to measure the concentration of oxygen vacancies in
the film (Fig. 8(d)). Obviously, the sputtering-deposited film

[21]

contained more than twice oxygen vacancies than the MBE-
grown one. The Ti/Al was confirmed to be Schottky con-
tact and ohmic contact for the MBE-grown and magnetron
sputtering deposited films, respectively (Fig. 9(b)), in conse-
quence of which, the dark current of the MSM photodetec-
tor based on the magnetron sputtering film was larger than
that of the MBE-grown one. Under DUV light illumination
(254 nm), the magnetron sputtering-deposited photodetector
exhibited higher photocurrent. The origin of the ohmic contact
is probably associated the high concentration oxygen vacan-
cies and other defect states in the magnetron sputtered gallium
oxide thin film, which can lower the effective barrier height
at the metal/a-GaO, interface relative to that of the metal/f3-
Ga, 03 interface and facilitate the direct tunneling of electrons
at the reverse-biased Schottky barrier. And the deep-level trap
states may act as efficient trapping states and promote trap-
assisted tunneling. The MSM photodetectors based on mag-
netron sputtering thin film exhibited a high responsivity of
70.26 A/W due to a high internal gain and the contribution of
extrinsic transitions. What is more, the device showed a high
250 nm/350 nm rejection ratio exceeding 10°, a high detectiv-
ity of 1.26 x 10'* Jones, and a rapid recovery (0.10 s) without
any PPC effect which was attributed to effective surface re-
combination. This work made a comprehensive study of the
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MSM photodetectors based on magnetron-sputtered film and
revealed a pathway for the development of cost-effective, high
performance solar-blind photodetectors.

Shujuan Cui et al.”??! also fabricated an amorphous
Gay03 solar-blind photodetector with high response speed
(19.1 ps) on rigid (quartz) and flexible polyethylene naphtha-
late (PEN) substrates by magnetron sputtering. Comprehen-
sive study of the effect of oxygen flux in the sputtering process
was conducted to reveal the origin of the high response speed
of the MSM Ga; O3 solar-blind photodetector. The indium tin
oxide (ITO) was used to act as the interdigital electrodes and
can form good Schottky contact on amorphous Ga,O3 sur-
face. With increasing oxygen flux in the sputtering process,
the dark current was observed to decrease. Correspondingly,
the photocurrent was smaller when the oxygen flux was larger.
The researchers extracted the heights of the Schottky barrier
and found that the Schottky barrier height increased with the

(a)

Vacuum

increasing oxygen flux in the sputtering process. All the sam-
ples sputtered with O, incorporated (S1-S4) had relatively
asymmetric barriers compared to the pure Ar sputtered sample
(S0), indicating the existence of negative surface states. All
the samples show a good stability and reproducibility and it is
effective to improve the response speed by delicately increas-
ing the oxygen flux. Only the pure Ar sputtered sample (S0)
has a severe PPC phenomenon due to the existence of large
amounts of oxygen vacancies. After introducing trace amount
of oxygen during the sputtering process, the PPC effect can be
significantly suppressed, and the response and decay speed are
greatly improved. According to the XPS measurement, the Ga
2p3,, peak is observed to move from 1117.6 eV to 1119.8 eV
when increasing the oxygen flux from 0 to 0.15 sccm. Such
a big shift suggests a more adequate oxidation state for gal-
lium atoms in a-Ga;O3. What is more, the area ratios of the
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Fig. 7. (a) Schematic representation of the fabrication processes of MSM f-Ga; O3 solar-blind photodetectors. (b) Temperature profile for the growth
process of the seed-layer-assisted 3-Ga, O3 thin film. (c) I-V characteristics of MSM f3-Ga; O3 solar-blind photodetectors based on thin films deposited
without and with HSL conditions in the dark. Inset shows the I-V curves of MSM f3-Ga, O3 solar-blind photodetectors without and with HSL conditions
at 250 nm and in the dark in a semilogarithmic coordinate. (d) Photoresponsivity as a function of wavelength of the MSM f-Ga; 03 solar-blind
photodetectors grown without and with HSL conditions. (e) Time-dependent photoresponse of MSM f3-Ga, O3 solar-blind photodetectors deposited

without and with HSL, respectively.!'‘]
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O 1s and Ga 2p peaks (SOIS/SGHZp) are 0.61, 0.64, and 0.65 for
S0, S1, and S4, respectively. The increasing Sois/ SGazp shows
an increase of oxygen content in the film and thus a reduction
of oxygen vacancies. All the results suggest that the reduc-
tion of oxygen vacancies and the increase of Schottky barrier
height can significantly promote the response speed. Besides,
no obvious degradation of the photoelectric performance in
bending states and fatigue tests was observed on the flexible
device, suggesting the stability and applicability of the amor-
phous GayOs thin film in the flexible solar-blind photodetec-
tors. These results indicate that RF-magnetron sputtering can
be employed to deposit Ga;O, film on various substrates and
high performance MSM photodetectors can be achieved.

Si p—i—n diode with high performance is a common com-
mercial photodetector. For the practical application of Ga;03
p—i—n diode, p-type B-GapOs thin film is essential. How-
ever, the achievement of p-type 3-GayOs thin film still re-
mains a challenge because of lacking of suitable dopants, just
like other oxide semiconductors, overcompensated by oxygen
vacancy. %341 Weihua Tang et al.!>! tried to dope Mg into B-
Ga; 03 thin film, and a weak p-type 3-Ga,Os thin film was
obtained by RF magnetron sputtering for the first time. The
Mg-doped B-Ga,0; thin film was used to fabricate the MSM
solar-blind photodetector. The as-fabricated photodetector ex-
hibited a lower dark current, a higher sensitivity, and a rela-
tively faster decay time. This is probably due to the high insu-
lativity and low defect concentration in the p-type Mg-doped
Gay03 thin film. This work suggests that doping other ele-
ments into Ga; O3 thin film might be a new way for the devel-
opment of Ga;0O3 solar-blind photodetector with high perfor-
mance in the future.

Almost at the same time, Fikadu Alema et al.>?! reported
the fabrication and characterization of MSM solar-blind pho-
todetector based on Zn doped -Ga,Os epitaxial thin film.
The epitaxial ZnGaO thin film was grown on c-sapphire sub-
strate by MOCVD technology. High responsivity > 10°> A/W
was achieved due to the existence of a large amount of defect
states in the as-grown film with enhanced internal gain. By
post-annealing, the quality of the epitaxial thin film was well
improved and the dark current was reduced from nA to pA, as
shown in Fig. 6, and consequently an increased rejection ratio
R230 nm/R320 nm- At a bias voltage of 20 V, the responsivity
and rejection ratio were calculated to be 210 A/W (232 nm)
and 5 x 10%, respectively. However, these parameters of the 3-
Gay 03 thin film based MSM photodetector were found to be
much smaller, suggesting that the ZnGaO solar-blind photode-
tector has superior performance and is a potential candidate for
future applications.

Qian Feng ez al.?%! tried to dope Al into the 3-Ga, O3 film
and the single crystallinity (AlGa),03 epitaxial film was ob-
tained on sapphire substrate. The (AlGa), O3 epitaxial film ex-

hibited wider bandgap compared to 3-Ga;03. The (AlGa),03
solar-blind photodetector showed higher photocurrent and en-
hanced responsivity, which was due to the enhanced con-
ductivity of the material caused by shallow defects in the
(AlGa),03 epitaxial film. However, when the Al composi-
tion increased up to a specific value, significant performance
degradation of the (AlGa),0O3 solar-blind photodetector was
observed, which was probably associated with the deep de-
fects. It can be concluded that suitable dopants can mod-
ify the material characteristics: change the bandgap, improve
the crystalline quality and electrical characteristics, and so on.
Doping with optimized composition is a good way to fabricate
high performance solar-blind Ga;O3 photodetectors in the fu-
ture. Recently, Shuo-Huang Yuan et al.*’! reported an MSM
aluminum-gallium oxide (AGO) photodetector with improved
responsivity drop from 250 nm to 200 nm by incorporating
trace aluminum into gallium oxide through magnetron sput-
tering. By optimizing the Al content, the dark current, pho-
tocurrent, responsivity, and detectivity of AGO PD were en-
hanced by 0.83, 46.4, 53.61, and 96.5 times, respectively,
greater than those of the GO one. What is more, the solar-
blind AGO photodetector based on magnetron sputtered AGO
film showed higher performance than that deposited by MBE

[26] which suggested that the magnetron sputtered

techonology,
AGO film has great potential for deep UV photodetection.
Surface plasmon polariton is an electro-magnetic wave
coupled to free electron oscillations near the surface of metal,
and has usually been used to improve the photoelectric prop-
erties in many optoelectronic devices. In order to enhance
the performance of the GayO3; photodetector, Yuehua An et
al.?8! introduced surface plasmon Au to form Au nanopar-
ticles (NPs)/3-Ga; O3 composite thin film. The Au ultra-thin
film was deposited on the §-GayOj3 thin film followed by post-
thermal treatment. The Au NPs/3-Ga; O3 composite thin film
presents another significant absorption around 510 nm besides
the absorption at the wavelength of less than 250 nm induced
by the 3-GayO3 thin film. The photoelectric performance of
the Au NPs/f-Ga;O3 composite thin film-based photodetec-
tor is much higher than the pure 3-Ga;O3 photodetector be-
cause of the assistance of surface plasmon polariton effect.
Besides, Shujuan Cui et al.!*®! reported a Ga/Ga, O3 nanocom-
posite solar-blind photodetector. Photoresponse enhancement
was achieved by incorporating Ga surface plasmon into the
nanocomposite film. By optimizing the thickness of the Ga in-
terlayer, the Ga;03/Ga/Ga; 03 photodetector exhibited an ex-
tremely low dark current of 8.52 pA at 10 V bias, a very high
light-to-dark ratio of ~ 8 x 10° and a responsivity of 2.85 A/W
at 15 V bias. These results indicate that the plasmonics are
important to improve the photoresponse characteristics of the
Gay03 photodetector and the plasma modified Ga;O3 pho-
todetector is a potential candidate for practical application.
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There are a few reported works on the MSM photode-
tectors based on exfoliated 3-Ga, 03 micro-flake.3%3!1 Ni/Au
was selected to form the Schottky contact and extremely
low dark current and high sensitivity (ratio of photocurrent
to dark current > 10%) were obtained.l®!! A fast switching
speed of 0.53 s and responsivity of 1.68 A/W indicate the
potential of the quasi-two-dimensional -Ga,Oj3 for opto-
electronic applications. Sooyeoun Oh et al.*" reported a
high responsivity exfoliated $-Ga;O3; MSM photodetector
with graphene as the Schottky contact (Fig. 10(a)). In com-
parison, -Ga,O3; MSM with Ni/Au as the Schottky con-
tacts was fabricated. The 3-Ga; O3 MSM photodetector with
graphene electrodes exhibited much higher photoelectric per-
formance than that with Ni/Au electrodes, including higher
responsivity (~ 29.8 A/W), photo-to-dark current ratio (~
1 x 109%), rejection ratio (Ras4 nm/R365 nm ~ 9.4 x 10%), de-
tectivity (~ 1 x 10'? Jones), and operating speed to 254 nm
light. The 3-Ga,O3 MSM photodetector with graphene elec-
trodes has extremely low dark current due to the back-to-back
Schottky barrier. Besides, because the graphene is transpar-
ent, the increased light absorption area under light illumination
leads to more carriers generating below the transparent elec-
trodes, as a consequence of which, the depletion region nar-
rows, allowing the tunneling transport through the narrowed
Schottky barrier. Thus, an enhanced photocurrent is obtained
in the B-Ga; O3 MSM photodetector with graphene electrodes.
The high performance of the 3-Ga;Os MSM photodetector
with graphene electrodes is attributed to the low dark current
resulting from the presence of a Schottky barrier under dark
condition and the high photocurrent due to the tunneling ef-
fect under 254 nm illumination.

In recent years, solar-blind Ga,O3; photodetectors have
achieved much progress and the high-performance photode-
tectors with high responsivity, high detectivity, and high re-
sponse speed are approaching to practical application. For ex-
ample, the solar-blind Ga;O3 photodetectors are a potential
candidate for DUV imaging. However, the photodetector array
is a prerequisite for real-time imaging and can also improve
the detectivity sensitivity. Recently, Yangke Peng et al.!*!
firstly fabricated the highly integrated MSM Ga,03 32 x 32,
16 x 16, 8 x 8, and 4 x 4 photodetector arrays. The image of
the photodetectors arrays and their microstructure are shown
in Fig. 11. A 4-1 photodetector cell was chosen to demon-
strate the performance of the photodetectors. The photode-
tectors exhibited a responsivity of 8.926 x 10~' A/W under
250 nm light illumination at a 10 V bias voltage with fast rise
time and decay time of 305 ms and 251 ms, respectively. All
photodetector cells have a consistent responsivity with a stan-
dard deviation of 12.1%. This result renders the MSM Ga; 03
photodetector a promising building block for future imaging
application. Table 3 summarizes the key figures of merit of
MSM Ga; 03 photodetectors reported in recent years.
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Fig. 10. (a) Schematic diagram of the exfoliated $-Ga,O3 flake based
MSM solar-blind photodetector with graphene electrodes. [-V char-
acteristics of the fabricated solar-blind MSM photodetectors in the
dark and under light illumination at different conditions (254 nm or
365 nm): (b) with Ni/Au contacts and (c) with graphene contacts. Time-
dependent photoresponse of the exfoliated 3-Ga, O3 flake based MSM
solar-blind photodetectors under 254 nm or 365 nm light illumination
(d) with Ni/Au contacts and (e) with graphene contacts.>!
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Fig. 11. (a) The image of photodetectors arrays. (b) Schematic diagram
of the photodetectors arrays. (c) The microstructure image of the fabri-
cated devices. (d) Photograph of the photodetectors arrays packaged in
ceramic packages. !
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Table 3. Comparison of key figures of merit of recent Ga; O3 based MSM photodetectors.

UV/dark rejec-

Materials and structures Growth method RIA-W! T/ Ta D*/Jones EQE/% Dark current tion ratio Ref.
MSM B-Ga,O3 on sapphire  MBE 0.037@5 V 254 nm - - 18% 1.2nA - [9]
substrate

MSM B-Ga,O3 on sapphire  MBE >1.5@4V236-240nm  3.33/0.4s - 10 nA > 10° [16]
substrate

MSM B-Ga,O3 on sapphire L-MBE - 0.86/17.63 s - - 128 nA 11 [17]
substrate

MSM B-Ga,0; on sapphire  L-MBE - 0.62/8.97 s - - 0.31 nA [18]
substrate

MSM  B-Ga,O3 on bulk L-MBE 0.05@252 nm 0.45/0.24 s - - - - [21]
GagOg

MSM B-Ga,03 on Si magnetron sputtering ~ 96.13@5 V 250 nm 32.2/78 ms - 4.76 x 10* 1.43 pA > 10° [10]
MSM a-GaO, on sapphire  magnetron sputtering  70.26 0.41/0.02 s 476 x 10" — 338.6 pA >10° [11]
substrate

MSM a-GaO, on quartz magnetron sputtering ~ 0.19@20 V 254 nm 80.7/19.1 us - - - 10* [22]
MSM Mg: B-Ga,O; on sap-  magnetron sputtering ~ 0.024@254 nm 9.17/0.02 s - - 4.1 pA 8.7 x 103 [25]
phire substrate

MSM Zn: B-Ga,O; on sap- MOCVD 210@232 nm 32/14s - - ~ pA 8.7 x 10* [23]
phire substrate

MSM Al: -Ga,Os3 on sap-  magnetron sputtering 1.38@5 V 230 nm 3/0.3 s 1.2x 108 551 0.96 pA -

phire substrate

MSM Au plasmon f3-Ga,Os magnetron sputtering ~ 50@254 nm - - - 280 nA - [28]
on Si

MSM Ga/Ga,O3 nanocom-  magnetron sputtering  2.85@15 V 260 nm - - - 8.52 pA 8x 10° [29]
posite on quartz

MSM exfoliated B-Ga,O3 on  exfoliated 29.8@254 nm - 8 x 102 - 0.1 pA 8 x 10* [30]
PET

MSM exfoliated f-Ga, 03 on  exfoliated 1.68@254 nm 1.76/0.53 s 3.73x 1010 — 0.28 pA 1.9 x 103 [31]
Si

MSM B-Ga, 05 arrays on sap- LMBE 0.89@10 V 254 nm 305/251 ms - 444 10 pA - [32]
phire

MSM B-Ga, O3 on sapphire MOCVD 17@20 V 255 nm - 7% 102 8228 1.85 nA 8.5 % 10° [20]

3. Schottky photodiodes

Schottky photodiodes have many advantages over MSM
photodetectors, such as high response speed and possible zero-
bias operation due to the built-in electric field, high quantum
efficiency, low dark current, and high UV/dark current ratio
because of the existence of Schottky barrier. The character-
istic of the Schottky photodiodes is the rectifying behavior of
the /-V curve. Usually, a metal is deposited on the surface of
the semiconductor, and because of the work function differ-
ence of the metal and semiconductor, a Schottky barrier will
form in the metal/semiconductor junction. Besides, two kinds
of semiconductors are usually put together to form a Schot-
tky junction, and the /-V characteristics also exhibit rectifying
property.

The first solar-blind 3-Ga; O3 photodiode was reported in
2009 by Rikiya Suzuki er al.'*3] Au was deposited on single
crystal Ga;O3 substrate as the Schottky contact. The respon-
sivity of the photodiode was enhanced dramatically after the
diode was annealed at 400 °C, leading to a responsivity as high
as 103 A/W. Chao Yang e al.!®* reported a self-powered SBD
photodetector based on single crystal GapO3 substrate with Cu
(20 nm) as the Schottky contact and Ti/Au (20 nm/200 nm)
as the ohmic contact. The device was annealed at 150 °C in
N; for 5 min. As shown in Fig. 12(a), the photodiode pre-
sented obvious rectifying behavior with a low dark current.
Figure 15(b) demonstrated that the device can be operated at

zero bias with a peak responsivity at about 250 nm. Xing Chen

et al.1¥

I also reported a self-power solar-blind photodetector
based on 3-Gay O3 nanowires array film with Au as the Schot-
tky contact. They used a simple thermal partial oxidation pro-
cess to grow 3-Ga, O3 nanowires on the surface of Ga, which
is a very cost-effective and feasible way to make solar-blind
Gay O3 photodetector. The key feature of the fabricated Au/f3-
Gay 03 nanowires photodetector is a very low dark current of
10 pA at —30 V and ultrafast decay time around 64 ps.

In order to improve the responsivity, Daoyou Guo et
al.B® combined Nb:SrTiO3 (NSTO) with B-Gay03 and re-
alized zero-bias operation. The $-Ga;O3/NSTO heterojunc-
tion based solar-blind photodetector presented a high respon-
sivity of 43.31 A/W and EQE of 2.1 x 10%% at the bias volt-
age of —10 V and 45 pW/cm? of 254 nm light illumination.
What is more, the device exhibited a fast response time (decay
time 7g = 0.07 s) at zero bias voltage under light illumina-
tion of 45 uW/cmz, which was attributed to the fast separation
of photogenerated carriers in the depletion region due to the
existence of built-in electric field and then transported to the
corresponding electrodes.

Zhenping Wu et al. 3" employed lattice compatible semi-
conductor Ga:ZnO to fabricate -Gay03/Ga:ZnO heterojunc-
tion based DUV photodetector and the zero-bias operation
function was achieved. Figures 12(c) and 12(d) show the I-V
characteristics in the dark and time-dependent photoresponse
under 254 nm illumination at 0 V. It can be found that the
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B-Gay03/Ga:ZnO heterojunction based DUV photodetector
exhibited obvious rectifying behavior and excellent photore-
sponse characteristics at zero bias voltage. The peak respon-
sivity of 0.763 mA/W and a fast response speed of 179 ms
were obtained under 254 nm illumination. These research
works pave a way for high-performance DUV PDs with fast
response speed and energy-efficient functionality in the future.

Because of the high thermal and chemical stability of

Ga;y03, it is a promising candidate for photodetectors work-
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ing in high temperature. Shihyun Ahn et al. 3% evaluated the
performance degradation of the Si-implanted 3-GayO3 pho-
todetectors by elevating temperature from 25 °C to 350 °C.
The responsivity and EQE were found to increase from 5 A/W
to 36 A/W and 2.5 x 10% to 1.75 x 10%, respectively, over the
temperature range, which was assumed to be caused by the
carrier multiplication effect. This result suggests the potential
of 3-GayOs3 solar-blind photodetectors for high temperature

application.
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Fig. 12. (a) The I-V characteristics of the solar-blind Cu/Ga;O3 Schottky photodetector in the dark. (b) Photoresponse spectrum of the
photodetector at zero bias.[®¥ (c) The I-V characteristics of the 3-Gay03/Ga:ZnO heterojunction based photodetector in the dark. The inset
shows the schematic figure of the 3-Ga;03/Ga:ZnO photodetector. (d) Time-dependent photoresponse characteristics under illumination of

254 nm at 0 V and its corresponding fitting results. 37}

In addition to using metal as the Schottky contact, other
semiconductors are also selected to form Schottky junctions.
The other wide bandgap materials such as SiC, GaN, ZnO,
and diamond were reported to form Schottky heterojunc-
tions with Ga;O3, and the heterojunction-based photodiodes
showed relatively high photoelectric performance, but still
need to be improved. Shinji Nakagomi et al.!*! demon-
strated a 8-Ga;03/SiC heterojunction based deep UV photo-
diode (Fig. 13(a)) in 2013. The device showed good rectifying
behavior and the current was observed to increase abruptly un-
der UV light illumination. Then they reported a deep UV pho-
todiode based on 3-Ga,03/GaN heterojunction. "l As shown
in Fig. 13, the current increased linearly with the increase of
the deep-UV light intensity. The maximum responsivity of the
device was at around 240 nm and the SiC/Ga,0O3 type photo-

diode exhibited higher responsivity than the GaN/Ga; O3 type
one, but with a poor spectral selectivity, as shown in Fig. 13(f).
Shinji Nakagomi’s works are the initial attempt to combine
other wide bandgap materials with Ga;O3 to make Schottky
photodiodes. The response speed of the devices was reported
to be very fast but the responsivity remained low. Yingyu
Qu et al.!"! reported an enhanced SiC/GayO3 UV photode-
tector by replacing the top electrode Ti/Au with single-layer
graphene. The device structure and its corresponding pho-
toresponse characteristics are shown in Figs. 13(g)-13(i). The
SiC/Gay 03 UV photodetector with graphene as top electrode
exhibited higher responsivity of 0.18 A/W and a faster re-
sponse speed. This work opened up the opportunity for com-

bining graphene with Ga;Oj3 for optoelectronic devices.
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Fig. 13. Device structure of (a) SiC/B-Ga;O3 and (d) GaN/-Ga, 03 heterojunction-based photodiodes. The I-V characteristics of (b) SiC/Ga;03
and (e) GaN/B-Gay 03 heterojunction-based photodiodes under illumination with different light intensities. Photoresponse spectrum of photodiodes
based on (c) B-Ga,03/SiC and (f) GaN/B-Ga, 03 heterojunctions.?*4%) (g) Schematic diagram of the SiC/B-Ga, 03 UV photodetector with different
top electrodes. (h) Responsivity as a function of bias voltage of the SiC/Gay O3 UV photodetector with graphene and Au top electrodes, respectively. (i)
Time-dependent photoresponse characteristics of the SiC/Ga,; 03 UV photodetector with graphene as the top electrode. !

Meilin  Ai et al™™  reported a graphene/f-

GayO3/graphene sandwich structure UV photodetector with
a fast response speed. The fabricated photodetector exhibited
good rectifying behavior in the dark and the current increased
obviously under 254 nm light illumination (Figs. 14(a) and
14(b)). The fast rise and decay time of the device is 0.96 s
and 0.81 s, respectively, as shown in Fig. 14(c). The combina-
tion of graphene and Ga,O3; opens up a new pathway for the
fabrication of Ga; O3 optoelectronic devices. Besides, Tao He
et al.'*?) reported a graphene/vertical Ga;O3 nanowire array
heterojunction-based UV photodetector. The Ga,O3 nanowire
arrays were obtained from GaN nanowires by thermal ox-
idization. The graphene/Ga;O3; photodetector exhibited a
large rejection ratio of 3 x 10* and a fast response speed of
8 ms but a poor responsivity of 0.185 A/W. Wei-Yu Kong
et al." demonstrated a graphene-B-Ga,O3 heterojunction
based DUV photodiode by transferring CVD-grown graphene
to the surface of the bulk 3-GayO3. From the I-V character-
istics (Fig. 14(d)), it can be found that the device shows well-
defined rectifying behavior. The researchers made a compre-
hensive study of photoelectric performance dependence on the

bias voltage and light intensity. And the responsivity, detec-
tivity, and EQE were found to decrease with increasing light
intensity. Specifically, the responsivity, detectivity, and EQE
are as high as 39.3 A/W, 5.92 x 10'3 Jones, and 1.98 x 10*%
at 20 V, respectively. However, the rise and decay time is
too long (94.83 s and 219.19 s, respectively) because of the
severe PPC effect. In order to improve the response speed,
Richeng Lin et al.'*3! transferred the CVD-grown graphene
to the B-GapOs3/p-GaN heterojunction substrate and the de-
vice exhibited high performance with ultrafast response speed
of rise time 1.5 ms and fall time 2 ms due to hot-electron
excited carrier multiplication in graphene (Figs. 14(e) and
14(f)). The existence of Schottky barrier in Ga;O3/p-GaN
and graphene/Ga; O3 heterojunctions resulted in the extremely
low dark current of 1.25 x 1078 A/cm?. And the graphene/f3-
Ga, 03 Schottky junction was advantageous for the separation
of photo-generated carriers. The graphene/f-Ga,O3 hetero-
junction DUV photodetector exhibited 1-3 orders of magni-
tude higher responsivity than the other conventional photode-
tectors due to a high multiplication gain caused by carrier—
carrier scattering in the graphene (Fig. 14(g)).
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Fig. 14. (a) Schematic of the graphene/f-Ga,O3/graphene hybrid structure-based photodiode. ! (b) I-V characteristics of the graphene/3-
Ga, Os/graphene hybrid structure-based photodiode in the dark and under light illumination of 254 nm.*!! (c) Time-dependent photoresponse
of the graphene/B-Ga,Q3/graphene hybrid structure-based photodiode.!*!l (d) I-V curves of the graphene-B-Ga;03 heterojunction-based
DUV photodiode in the dark and under 254 nm light illumination.!'¥ (e) Schematic figure of graphene/Ga,;O3/p-GaN heterojunction-based
photodiode.*3! (f) Time-dependent photoresponse characteristics of the graphene/Ga,O3/p-GaN heterojunction-based photodiode.!*?! (g) De-
tectivity and responsivity as a function of bias voltage of the graphene/Ga,03/p-GaN heterojunction-based photodiode.[*3! (h) Schematic
energy diagram of the a-Ga;03/ZnO heterojunction at high reverse bias voltage under illumination of 254 nm.['?! (i) Photoconductive gain of
the a-Ga,03/Zn0O heterojunction-based solar-blind photodetector as a function of bias voltage under 254 nm and 365 nm illumination. 12!
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Fig. 15. (a) Schematic presentation of the imaging system by using
the diamond/B-Ga; O3 heterojunction-based solar-blind photodetector
as the sensing pixel at bias voltage of 0 V. (b) The imaged object with
letters of “UV” on a black paper. (c) The image obtained from the imag-
ing system.[13]

Schottky photodiodes usually exhibit high response speed

but lower responsivity. Daoyou Guo et al.!** tried to

combine ZnO with $-Ga;03; and fabricated ZnO/fB-Ga;03
heterojunction-based UV photodetector. The zero-bias op-
eration functionality was achieved but the responsivity of
0.35 A/W remained too low. The avalanche photodiode is an
ideal candidate to break the trade-off between the responsivity
and response speed. Xuanhu Chen et al.['?! reported a method
of combining ZnO with a-Ga;O3 to make solar-blind pho-
todetector with high avalanche gain. LMBE was used to de-
posit the a-Gay O3 thin film on ZnO. The energy diagram and
photoconductive gain of the device are shown in Figs. 14(h)
and 14(i). The device can achieve zero-bias function with a
low dark current of 1 pA, a UV/visible rejection ratio of 103,
and a detectivity of 9.66 x 10'? Jones. Specifically, high total
gain over 10° and ultrahigh responsivity of 1.10 x 10* were
achieved, caused by avalanche multiplication processes. Such
0-Gay03/Zn0 heterojunction based solar-blind photodetector
with high performance has great potential for future applica-
tion.

There are some works based on ZnO-Ga;O3 core-
shell heterojunction microwire to make solar-blind
photodetectors. 44 In Ref. [46], the CVD grown ZnO-

018501-15



Chin. Phys. B Vol. 28, No. 1 (2019) 018501

Ga O3 core-shell microwire was transferred to PET substrate,
and piezo-phototronic effect of ZnO was utilized to enhance
the UV photocurrent response by about three times under
—0.042% static strain. Bin Zhao et al.!*! also used CVD ap-
proach to grow the ZnO-Ga,O3 core-shell microwire and the
heterojunction showed good rectifying behavior according to
the I-V characteristics. The device exhibited high UV/visible
rejection ratio (Rzs1 nm/Ra00 nm) Of 6.9 x 10% under zero bias.
What is more, the self-powered photodetector showed ultra-
high response speed with rise time of 100 us and decay time
of 900 ps. In short, the microstructure junction provides a new
design way to achieve high performance solar-blind photode-

tector.

Besides, Yan-Cheng Chen et al.!'3! made a self-powered
diamond/fB-Ga; 03 photodetectors, and for the first time, they
reported on solar-blind imaging of GapOs based photode-
tectors, as shown in Fig. 15. The device showed a high
UV/visible rejection ratio, but the responsivity remained too
low, only 0.2 mA/W. The picture obtained from the imaging
system showed sharp boundaries, indicating that the imaging
system has high fidelity characteristics and is potential for fu-
ture imaging application. Table 4 summarizes the key per-
formance parameters of Schottky-type Ga;O3 photodiodes re-
ported in recent years.

Table 4. Comparison of key figures-of-merit of recent Ga,O3 based Schottky photodiodes.

UV/dark rejec-

Materials and structures Growth method RIAW™! T/ T D*/Jones EQE/% Dark current tion ratio Ref.
Au/B-Ga, 05 photodiode  bulk 10° @240 nm - - - - - [33]
Cu/B-Ga, O3 photodiode  bulk - 0.729/1.209 s - - - 5% 107 [34]
Au/B-Ga,O3 nanoarray  thermal oxidation 2.9@-50 V 254 nm 1/64 us - - 10 pA - [35]
film

B-Ga,O3/NSTO photo-  magnetron sputtering ~ 43.31@-10V 254nm  0.07 s -

diode

B-Ga,03/Ga:ZnO photo- LMBE 0.763 mA/W@254 nm  0.179/0.272 s - - 0.15nA-cm™2 107 [37]
diode

B-Ga053/GaN  photodi- - 0.18@225 nm 0.3 ms - - 1 nA - [40]
ode

Graphene/f3-Ga, 03/SiC LMBE 0.18@254 nm 0.65/1.73 s - - 0.5 nA 63.31 [15]
photodiode

Graphene/f3- LMBE 9.66@10 V 254 nm 0.96/0.81 s - - ~nA 82.88 [41]
Ga,Os/graphene photo-

diode

Graphene/vertical Ga,O3  thermal oxidation 0.185@-5 V 258 nm 9/8 ms - - 1.14 nA 3x10* [42]
nanowire array photodi-

ode

Graphene/f3-Ga;O; pho-  bulk 39.3@20 V 254 nm 94.83/219.19s  5.92x 10"  1.98x10°% 1.1 uA - [14]
todiode

Graphene/f-Ga;O; pho- MOCVD 12.8@6v 254 nm 1.5/2 ms 1.3x 10" 125nA-cm™? - [43]
todiode

B-Ga,05/Zn0O photodi-  Magnetron sputtering ~ 0.35@-5 V 254 nm 0.62/0.67 s - 1.75x10°%  0.29 nA 14.8 [44]
ode

o-Ga, 03 /ZnO photodi- LMBE 0.5@-5V 255 nm 238 us/3.04ms  9.66 x 1012 — 1 pA 103 [12]
ode

7Zn0/GayO3  core-shell CVD 9.7 mA/W@251 nm 1/9 ms 6.29%10'2 - - 6.9 x 10? [45]
microwire

Diamond/f-Ga,03 pho- PECVD 2x1074@0V 244 nm  — 6.9 x 10° 2.6 nA-cm~2 37 [13]

todiode

4. Conclusions and perspectives

We have reviewed the research works on Ga,O3; based
Great

achievements were realized. The classification, mechanism,

solar-blind photodetectors reported in recent years.

and performance of different photodetectors have been sum-
marized. The Ga,O3 based solar-blind photodetectors are
now mainly based on two structures: MSM and Schottky
diode. MSM structure based Ga, O3 photodetectors have the
advantages of easy-fabrication and integration and their per-
formances are dependent on the size of the interdigital elec-
The Ga,0s Schottky diodes exhibit high response
speed and high rejection ratio. Different kinds of metals were

trodes.

used to form Schottky contact with GaO3, and other wide
bandgap materials such as SiC, GaN, ZnO, and diamond were

also employed to form heterojunction with Ga;O3. Good rec-

tifying characteristics were achieved in these devices. Besides,
graphene was used to form Schottky contact with Ga,;O3, and
the photodetectors exhibited high performance. The photo-
electric performance of the Gay O3 solar-blind photodetector
is not only dependent on the device structure but also de-
pendent on the quality of the Ga;O3. At the beginning, the
Ga;03 solar-blind photodetectors were based on single crys-
tal bulk or thin film $-Gay03. Different nano-optoelectronic
devices have been reported to detect DUV light using exfoli-
ated GapO3 nano-flakes. These devices also exhibited excel-
lent DUV photodetection characteristics, such as fast switch-
ing speed and high responsivity. The combination of exfo-
liated Ga;O3 nano-flakes and 2D materials opens up a way
for novel functional nano-devices. Amorphous Ga,O3 based

solar-blind photodetectors are being paid more and more at-
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tention due to their cost-effective, easy-fabrication process and
high performance in certain aspects. By optimizing the growth
condition, amorphous Ga, O3 thin film based Ga,; O3 photode-
tectors are potential for the practical application in the future.
Although great progress has been made in Ga,O3 photodetec-
tors, the responsivity remains too low to be applicated prac-
tically. Much more efforts need to be made to improve the
responsivity, EQE, and the response speed at the same time.
Besides, p-type doping of GayOs is still a bottleneck prob-
lem which severely limits its application in the optoelectronic
system. Furthermore, the severe persistent photoconductivity
effect, which is common in oxide, needs to be addressed. In
addition, for further practical application, the imaging and ul-
traviolet light communication based on Ga; O3 photodetectors
deserve to be more insensitively explored.
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