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Table 1

Summary of basic parameters of Ga, O, polycrystalline-'**"*

Lattice constant /

Polymorph Bandgap /eV

Optical dielectric

Structure Space group

(107" m) constant
asb=4.98-5.04, - -
a c=13. 4-13. 60 5.3 Rhombohedral R3c 3.03-3.80
a=12.12-12. 34,
B b=3.03-3.04, 4.2-4.9 Monoclinic C2/m 2.82-3.57
¢=5.80-5.87
Y a=38.24-8. 30 5.0 Cubic Fd3m -
) a=9.40-10.0 Cubic Ta3 —
a=5.06-5.12,
€ b=38.69-8.79, 4.9 Hexagonal P63mc —
c=9.30-9. 40
B-Ga, Oy J& THRL R, C2/m %5 [ B, ks H L
a=12.23X10 " m,p=3.04X10 " m,c=5.80 X
107" mya=y=090",8=103. 77" K 1 K g
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Fig. 1 Crystal structure of f-Ga, O,
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Table 2 Properties of f-Ga, O; and other more commonly used semiconductors

[55]

Parameter Si GaAs GaN 4H-SiC MgZnO Diamond B-Ga, O,
Bandgap E, /eV 1. 10 1.43 3. 40 3.25  3.70-7.80 5.50 4, 20—4. 90
Relative dielectric constant e 11.8 12.9 9.0 9.7 4.6 5. 50 10.0
Breakdown field /(MV « cm ™ ') 0.3 0.4 3.3 2.5 — 10.0 8.0
Electron mobility /(em® « V'« s 1) 1480 8400 1250 1000 250 2000 300
Thermal conductivity /(W « cm ™' « K) 1.5 0.5 2.3 4.9 1.2 20.0 0.1-0.3
Saturation velocity (10" ecm s~ ') 1 1.2 2.5 2 — 1 1.8-2
Baliga (e « 2 « EY) 1 14.7 846 317 — 24660 3444
Keyes[A/(4ne)]"* 1 0.3 1.8 3.6 — 41.5 0.2
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Fig. 2 Morphology of -Ga, O, nanowires and photoelectric response of device"

1. (a) SEM image of the B-Ga, 0,

nanowires grown on the Au-coated silicon substrate; (b) I-V curves of the detector under 254 nm light illumination

and dark condition (inset); (c¢) time response of the device to light at 254 nm; (d) enlargement of the rising and

falling edges for the light “on” and “off” for the first time
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Fig. 3 Structural characteristics of Ga, O, and performance of the device™* . (a) X-ray diffraction (XRD) pattern of the a-

Ga, O, grown on the sapphire substrate. The inset shows the schematic of the device structure; (b) spectral

responsivity of the photodetectors at 5 V bias; (c¢) I-V characteristics of the devices in the dark (black line) and

under illumination
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Fig. 4 Structure and electrical characteristics of the device based on 3-Ga, O, flake

process of the f-Ga,; flake based solar-blind photodetector;

2l (a) Schematic of the preparation

(b) optical microscopy image of the device;

(c) typical electrical properties of the $-Ga,O; flake based FETs; (d) time-dependent photoresponse of the

photodetector under illumination at different wavelengths; (e) responsivity as a function of wavelength
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Fig. 5 Ga, O, photodetector and its performance test.
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Fig. 6 Performance of the Ga, O, Schottky photodiode™ . (a) Dark I-V characteristics of the Au-Ga, O, Schottky

photodiode annealed at various temperatures; (b) spectral response of the device before and after annealing
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Fig. 7 Crystal wafer of Ga, O, and time response of the device™ . (a)(b) Epitaxial wafer and AFM image of the

Ga, O3 ; (c) time response of the photodetector with the 3-Ga, O; MSM structure
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Fig. 8 Configuration and its photoresponse of the narrow-band detector based on $-Ga, O, single crystal™*”

. (a) AFM
image of the (100) B-Ga, O, single crystal; (b) configuration of the narrow-band detector combined with an

orthogonally aligned filter; (c) photoresponsivity as a function of chopper modulation frequency; (d) fitting of

waveform curves of transient photoresponse measured at 150 Hz
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Fig. 9 Schematic diagram and measured I-V characteristic curves of the fabricated f-Ga, O; photodetector. (a) Schematic

diagram of the fabricated p-Ga, O, photodetector; (b) measured I-V characteristic curves
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Fig. 12 Electrical characteristics and spectral response of Ga, O, solar-blind photodetectors. (a) I-V characteristics of the

annealed f-Ga, O, thin film at 800 CM""; (b) I-V curves of the MSM e-Ga, O, photodetector in the dark at

variable temperatures™® ; (¢) R and D" as functions of the wavelength of the MSM e-Ga, O, photodetector at a

bias of 6 VI ; (d) magnified fall edge of the I-¢ characteristic curves!*”

# 3 HET Ga, O WYL L AR 4% 1O MR RE S UL A

Table 3~ Summary of parameters of Ga, O, thin films based photodetectors
Growth Method Material I, /nA R /(A-W') EQE/% t./s ty/s Ref. No Year
B-Ga, O; film 128 — - 0. 86 1.02 [94] 2014
B-Ga, O, film 45 - - 0.62 0. 83 [183] 2014
B-Ga, O, film 0.04 259 >10" 0.4 0.1 [96] 2015
Mn : B-Ga, O; film 842. 1 0. 07 36 0.91 0.28 [191] 2016
MBE B-Ga, O, film 70 153 - 5 10. 3 [192] 2017
B-Ga, O, film 10 1.5 — 3.3 0.4 [5] 2017
B-Ga, O; film 0.026 54.9 - 2 4 [193] 2017
B-Ga, O, film 7.3 107° 0.5 — [194] 2018
B-Ga, O, film 8. 41 — 2.97 0. 41 [195] 2019
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Growth Method Material I, /nA R /(AW ') EQE/% t./s ty/s Ref. No Year
B-Ga, O, film 40 43.31 >10" 1.08 0.65 [121] 2017
Ga, O, film 0.34 70. 26 — 0.41 0.02 [178] 2017
Mg : f-Ga, O film  ~10"° 0.024 — 0.33 0.02 [60] 2017
Ga, O; film — 0.19 — <10 <10 [139] 2017
B-Ga, O, film 10°° 0. 893 444 0.31 0.25 [137] 2018
RFMS
B-Ga, O, film 7.63 2. 602 1265 0.26 1.00 [124] 2018
Ga, O, film ~10° 436.3 — ~107%  ~107" [196] 2019
Ga, O, film 16300 55.5 — — ~10"" [197] 2019
B-Ga, O, film ~10"* 144. 46 64711 ~10%  ~10 [144] 2019
Ga, O, film 0.17 8.9 4450 ~10° [138] 2019
B-Ga, O, film ~10° 3.7 — — — [198] 2018
PLD B-Ga, O, film 2.5 0.33 — ~10 ° <10 ' [199] 2018
B-Ga, O, film 2.82 0.415 197. 8 — — [200] 2019
B-Ga, O, film 34 26. 1 >10* 0.48 0.18 [201] 2017
Zn ¢ B-Ga, O; film 10 >10° — 4.5 0.8 [62] 2017
B-Ga, O, film 12.8 12.8 — ~10°%  ~10°° [115] 2018
B-Ga, O, film ~10"" 150 >10" 1.8 0.3 [182] 2018
MOCVD Zn ¢ Ga, O, film ~10 " 1. 05 512 4.5 2.2 [202] 2018
Mg ¢ Ga, O, film 0.52 8.9 4341 0.16 0.14 [103] 2019
B-Ga, O, film — 46 >10" ~10°  ~10° [184] 2019
e-Ga, O, film 0.023 230 >10 — 0.024 [136] 2020
B-Ga, O, film ~10* 3930. 55 92879 0.195 0.091 [203] 2020
B-Ga, O, film 0.2 45.11 — ~107° — [110] 2017
a-Ga, O film ~107° 0.76 — ~107" <10t [204] 2018
ALD
a-Ga, O, film 0.163 1.2 — — — [205] 2019
Ga, O; film ~0.01 1.34 — — ~107 [206] 2020
F3 ML T IR TR &7 AE RN Ga, 0, SMEARN e-Ga, O, WK 410 MSM 454919 H 1

W HOE 5N #5125 TS HUR AR . R T L
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Fig. 13 I-V characteristics and spectral response of the device. (a) Current-voltage characteristics for various UV-light

illumination intensities ™ ; (b) schematic diagram of the APD"™"; (¢) I-V characteristics of the device™ ;

(d) spectral response of the device at —6 V biast""
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Fig. 14 Principle of photoresponse and spectral response of the device. (a) Normalized transient photoresponse

212] |

characteristics at room temperature” ~ ; (b) photoconductive gain and avalanche multiplication gain for the device

12] [212] |
5

; (c¢) energy band diagram at high reverse bias under 254 nm illumination

', (e) pulse photocurrent as a function of the time of the Ga,O,

as functions of applied bias"™
(d) HRTEM images acquired from sample[21

thin-film photodetectors™*" ; (f) spectral responsivity of the device at bias of 5 V¥
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Fig. 15 Fabrication process and photoelectric properties of 3-Ga, O; nanowires photodiode

B4) - (a) Schematic illustration of

the fabrication of f-Ga, O, nanowires array film and its vertical Schottky photodiode; (b) I-V characteristics of

device in dark and under the illumination at 254 nm; (c) spectral response of the device
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from the imaging system™*® ; (¢) I-V curves of the MoS, /B-Ga, O, heterojunction device™™ ; (d) time-dependent

photoresponse of the device!""" ;

; (e) typical PEC system built for evaluating the photoresponse behaviors of the

a-Ga, Oy NA/Cu, O photodetector™" ; (f) transient response current for the photodetector at zero bias™**”
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Advances in Ga,0;-Based Solar-Blind Ultraviolet Photodetectors

Wang Jiang, Luo Linbao
School of Electronic Science and Applied Physics, Hefei University of Technology, Hefei, Anhui 230009, China

Abstract

Significance The sunlight with a wavelength shorter than 280 nm cannot penetrate the atmosphere and reach the
surface of the earth, for which the 200—-280 nm waveband is typically referred to as solar-blind region. In recent
years, solar-blind ultraviolet photodetectors are widely used in military and civil fields such as missile guidance,
space secure communications, ozone hole detection, and flame monitoring due to the advantages of low background
noise and high sensitivity.

In recent years, the studies of solar-blind ultraviolet photodetectors have mainly focused on wide-bandgap
semiconductor materials such as Al,Ga, N, Mg.Zn, .0, and Ga,0,. The bandgap of Al,Ga, .N and Mg,Zn, .0 is
located in the solar-blind region mainly by adjusting the relative composition of Al and Mg. Owning to the relatively
high adhesion coefficient and low surface mobility of Al atoms, Al,.Ga, N with high Al content will lead to a larger
dislocation density of the epitaxial layer, while phase segregation phenomena are often present for Mg, Zn,_ .0 with
high Mg contents. These factors will lead to poor device performance. Ga,0; is a representative ultra-wide bandgap
semiconductor material, with a typical band ranging from 4.2 to 5.3 eV that almost occupies the entire solar-blind
region of the solar spectrum. The relatively large bandgap renders it as an ideal candidate for solar-blind ultraviolet
detection application. Thanks to the rapid advances in materials synthesis technique, we has witnessed a significant
progress in solar-blind ultraviolet photodetectors based on Ga,0; in the past decade. By this token, it is necessary to
summarize the recent advances, which may be beneficial for bringing out new high-performance devices with new
geometries.

Progress In the past few years, various fabrication technologies have been widely adopted to synthesize Ga,O,
materials with different crystal structures. For example, in 2004, the §-Ga,0; single crystals of 1 inch (1 inch =
2.54 c¢cm) in diameter have been successfully grown by floating zone for the first time in Japan. Meanwhile, the
domestic research on the growth of §-Ga,0, single crystals has achieved remarkable results. In 2006, Shanghai
Institute of Optics and Fine Mechanics employed the same floating zone to grow the $-Ga,0, single crystal.
Meanwhile, Tianjin Institute of Electronic Materials has achieved the growth of 2-inch 3-Ga, 0, single crystals by
using a new edge-defined film-fed growth method in 2018.

What is more, various solar-blind ultraviolet photodetectors composed of different forms of Ga, O, with a variety
of device geometries have been investigated. Some effective device optimization approaches such as controlled doping
and light manipulation have been introduced to boost the photoresponse of the Ga,0; based devices. For instance,
Sooyeoun et al. from Korea University fabricated the photodetector based on the back-gated field-effect transistor
structure using exfoliated 8-Ga,0, flakes, whose maximum responsivity of the device exceeds 10' A/W (Fig. 4).
Tao's research group from Shandong University has fabricated the Ga,O, field-effect-transistor-based solar-blind
photodetector, its responsivity is up to 10° A/W, and the external quantum efficiency exceeds 10°% . Besides, our
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group has reported a catalyst-free vapor-solid growth technique for synthesizing 5-Ga,O, nanowires with single-
crystalline quality. The photodetector based on (§-Ga,0; nanowires can operate properly at a large applied bias of
200 V with the responsivity being enhanced to as high as 10° A/W, and the external quantum efficiency can reach
10° % . Fang's research group from Fudan University has fabricated a high-performance solar-blind avalanche
photodetector based on highly crystallized ZnO-Ga, 0, core-shell heterojunction. The responsivity can reach up to
10° A/W under -10 V bias, and the corresponding external quantum efficiency is as high as 10° % [ Figs. 13(b)—(d)].
Moreover, the solar-blind photodetectors based on Ga,O; heterojunction, p-n junction, and Schottky junction with
typical self-powered behavior can work normally without external power supply, which might find potential
application in special environments.

Conclusions and Prospects In summary, we has witnessed extensive progress in Ga, 0, materials and solar-blind
ultraviolet photodetectors in the past decade. In respect of material synthesis, the Ga,Q; single crystals can be grown
at present, and the process route for depositing high-quality and large-area Ga,O, thin films by MOCVD, MBE,
magnetron sputtering, and other technologies is mature. Solar-blind photodetectors based on different forms of
Ga, O, have shown superior device performance including high responsivity and external quantum efficiency. What is
more, the dark current of the device is as low as 1 pA, and the response speed is in the order of ps. It is believed
that the study of Ga,0O, device will mainly focus on the following aspects. First, We need accurately control the size
and morphology of Ga,; nanomaterials and develop new approach such as doping to reduce the surface state and
control internal defects, which is essential for the development of high-performance devices. Second, the effect of
defects on crystal quality in single crystals growth, which is an important factor to grow high quality Ga,Q; single
crystal, should be extensively studied. Third, the p-type conductivity of Ga,O; material remains an unsolved
problem, which severely limits its application in optoelectronics and power devices. Finally, relevant integration
technologies should be developed to solve the problems of device arrangement and assembly. Large area array
detectors are to be developed such as focal plane solar-blind imaging systems with the advantages of low power
consumption, small size, good compatibility with CMOS readout circuits, and high integration. Additionally, the
development of integrated circuit technology that is suitable for Ga,QO; related focal plane array is also very
important. It is believed that through the continuous efforts in this field, the Ga,O, based solar-blind ultraviolet
photodetectors will be able to be applied to national defense military and civilian fields as soon as possible.
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