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In recent years, solar-blind ultraviolet (UV) photodetectors have attracted significant attention from
researchers in the field of semiconductor devices due to their indispensable properties in the fields of
high-temperature event monitoring, anti-terrorism, security and ad hoc network communication. As an
important member of the third-generation semiconductors, B-Ga,Os is considered to be one of the
most promising candidates for solar-blind UV detectors due to its ultra-wide band gap (~4.9 eV),
economic efficiency, high radiation resistance and excellent chemical and thermal stability. Herein, we
provide a comprehensive review on Ga,Osz-based solar-blind UV photodetectors, with a detailed
introduction of the developmental process of material growth methods and device manufacturing in the
past decade. We classify the currently reported Ga,Oz-based solar-blind UV photodetectors (mainly
including photoconductive detectors, heterogeneous PN junction detectors and Schottky junction
detectors) and summarize their respective superiorities and potentials for improvement. Finally,
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DOI: 10.1039/c9tc02055a considering the actual application requirements, we put forward some meaningful suggestions, including
energy band engineering and homogeneous epitaxy, for the future development of Ga,Os material

rsc.li/materials-c growth and device manufacturing.

Published on 08 June 2019. Downloaded by Universidade de Lisboa on 4/14/2020 3:59:54 PM.

1 Introduction

More than 99% of the solar radiation spectrum is between the
wavelengths of 150 and 4000 nm. In this band, about 7%
important wavelengths are in the ultraviolet spectral region.
According to different classifications, the ultraviolet light region
can be subdivided into different regions, as shown in Fig. 1.
With a thickness of about 32 km (from 18 km to 50 km above
sea level), the stratosphere, the atmosphere situated between
the troposphere and the mesosphere, accommodates about
90% of the ozone in the atmosphere; moreover, it is the main
region that absorbs solar vacuum and deep ultraviolet
photons.'™ Near the surface, after being absorbed by the ozone
layer, the solar ultraviolet photons with a wavelength less than
280 nm are very few and can be neglected;*™® the closer the
photons to the surface and the smaller the wavelength, the
more significant the reduction in the number of corresponding
photons.” Therefore, the solar-blind ultraviolet ray refers to
the ultraviolet light with the specified wavelength range of
200-280 nm,® which also endows the solar-blind ultraviolet
detection technology with some inherent advantages such
as low background noise, high sensitivity and strong anti-
interference ability; this indicates the application potential of
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the solar-blind ultraviolet detection technology in the new
generation of short-distance communication.” In addition to
communications, the solar-blind UV detection technology is
promising in the fields of people’s livelihood including power
grid safety monitoring, medical imaging, life science, and
environmental and biochemical testing.'®"!

Many attempts have been made to find suitable materials
for the construction of solar-blind UV detectors; experiments
have shown that $-Ga,O; is one of the most preferred materials
for the fabrication of solar-blind UV detectors. Ga,0; is a kind
of I1I-VI wide band gap semiconductor material, with the band
gap E, falling in the range of 4.7-4.9 eV, possessing excellent
chemical and thermal stability. In addition, the ultra-wide band
gap of Ga,0O3; makes its absorption cut-off edge (260-280 nm)
right around 280 nm, enabling better detection of solar-blind
ultraviolet light. Ga,O; also has the outstanding advantages of
shorter absorption cut-off edge and lower growth cost. Its
Baliga figure (¢uE,’, relative to Si) is as high as 3214.1, which
is about 10 times that of SiC and 4 times that of GaN.
This means that the devices developed with B-Ga,O; will
have smaller conduction losses and higher power conversion
efficiency and thus have good application prospects in high-
voltage and high-power devices.

In this article, we explored different types of Ga,0j-based
solar-blind UV detectors and traced their development. More-
over, we reviewed the recent progress of solar-blind UV detectors
and discussed the issues to be solved in this field as well as the
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Fig. 1 Subdivision diagram of the ultraviolet light region.

future optimized attempts and predictions for solar-blind UV
detectors.

2 General theory of ultraviolet
detectors
2.1 Classifications and parameters of detectors

In recent years, photodetectors, devices that can convert optical
signals into electrical signals or others, have been widely used
in the field of science and technology. In the visible or near-
infrared bands, they are mainly used for ray measurement and
detection, industrial automation control, photometric measure-
ment, etc.; on the other hand, in the infrared band, they are mainly
used for missile guidance, infrared thermal imaging, infrared
remote sensing and so on. The photoelectric effect utilized by
photodetectors can be divided into external photoelectric effect
and internal photoelectric effect. In the external photoelectric
effect, photons excite a photocathode to generate photoelectrons,
which are then obtained by an external electrode. The obtained
optical signal (current, etc.) is the received radiation conversion
value. The external photoelectric device usually refers to a photo-
sensitive electro-vacuum device mainly used in ultraviolet, infrared
and near-infrared bands. The internal photoelectric effect is
divided into photoconductive effect and photovoltaic effect.
In the photoconductive effect, after the semiconductor absorbs
photons of sufficient energy, some of the electrons or holes
are activated from the originally non-conductive bound state
to the free state capable of conducting electricity; this results
in an increase in semiconductor conductivity and a decrease of
resistance in the circuit. In the photovoltaic effect, the photo-
generated charge produces a small P-N potential difference
across the junction within the semiconductor. The generated
photo-voltage is amplified by photoelectric devices and can be
directly measured. The devices based on photoconductive
effects and photovoltaic effects are called photoconductive
detectors and photovoltaic detectors, respectively.

In addition, ultraviolet light detectors can be divided into
photo-thermal detectors and photodetectors. Photo-thermal
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detectors first convert optical signals into thermal signals
through photo-thermal conversion and then convert thermal
signals into electrical signals through thermoelectric conver-
sion, finally outputting the changed electrical parameters.
Since the surface coating of devices absorbs light radiation,
the thermal effect is independent of wavelength, and thus, the
sensitivity of photo-thermal detectors is not high. On the basis
of traditional classification, there is another kind of detectors
called photographic detectors. Although this kind of detectors
have great advantages in image storage, they also have many
disadvantages: low sensitivity, limited dynamic range, difficulty
to eliminate the background fog level and so on. Herein, the
abovementioned types of detectors are referred to photodetectors,
which can be subdivided into several different types. Moreover,
this study focuses on the discussion of photoconductive detectors
and photovoltaic detectors.

After a long-time exploration of photodetectors, researchers
have developed a mature system of detector evaluation indica-
tors. The performance parameters include quantum efficiency,
gain, responsivity, dark current, response time, noise equi-
valent power, detectivity, and normalized detectivity of photo-
detectors. According to the special requirements of devices,
researchers can choose an appropriate combined system of
parameters.

2.1.1 Quantum efficiency, gain and responsivity. Quantum
efficiency is used to characterize the sensitivity of a device
towards optical radiation. It is typically defined as the percentage
of photons received on the light-receiving surface that are con-
verted into electron-hole pairs. Quantum efficiency is also divided
into external quantum efficiency, #, and internal quantum effi-
ciency, 1o. External quantum efficiency corresponds to the external
photoelectric effect, in which the metal surface releases electrons
by absorbing the energy of the photon flux, and the corresponding
devices can be called photo-emissive devices; on the other hand,
internal quantum efficiency corresponds to the internal photo-
electric effect, in which by absorbing incident photons, the metal
excites the electrons from the valence band to the conduction
band to form electron-hole pairs, and the corresponding
devices can be called semiconductor devices. There is a certain

This journal is © The Royal Society of Chemistry 2019
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relationship between the external quantum efficiency # and the
internal quantum efficiency 5,:'?

_ no(1 = r)[1 — exp(az)]
1= " rexp(—w)

where r represents the surface reflection coefficient, and « is
the absorption coefficient.

The gain g is defined as the number of carriers generated by
each electron-hole pair, that is, the ratio of output signals to
input signals, which can also reflect the photosensitivity of
devices. In general, the quantum efficiency and gain of a device
can be speculated to a certain value. The quantum efficiency »
along with the gain g determines the magnitude of current
responsivity.'* The definition equation of g is as follows:

g = logIO(Pout/Pin)

where P, is the power of output signals, and P;, is the power of
input signals.

Responsivity can be divided into the general responsivity R,
frequency responsivity R, and spectral responsivity R;,"*'* each
of which has its own current and voltage; however, the current
responsivity is more commonly used, with the unit of A W '.**
The general responsivity R can also be referred to as sensitivity,
defined as the ratio of the average output current/voltage to the
average input power, which characterizes the average photo-
electric conversion capability of a device. The frequency respon-
sivity characterizes the photoelectric conversion capability of a
device under the illumination of a particular frequency, f.
Similarly, spectral responsivity characterizes the photoelectric
conversion capability of a device at the specific wavelength of 4.
The reason why this indicator exists is that most devices have
spectral selectivity. The formula for calculating the spectral

current responsivity R,(/) is presented as follows:"*'"”
2l
R;(A) = —
1(4) hcqg

where 7 is the quantum efficiency, / is the wavelength, 7 is the
Planck constant, ¢ is the speed of light, g is the quantity of
charge, and g is the photocurrent gain.

2.1.2 Dark current, photocurrent and response time. Dark
current refers to the tiny current that is still generated on a
device when no photons pass through photodetectors (such as
photomultipliers, photodiodes, and charge-coupled devices).
Dark current includes radiation current and saturation current
of semiconductor junctions. The dark current is caused by the
random generation of electrons and holes in the depletion layer
of devices. The generation of dark current is related to specific
defects of the depletion layer, which reflects the choiceness of
devices to a certain extent. To obtain devices of high signal-to-noise
ratio, the dark current should be controlled at a low level.'®

In theory, photocurrent is generated by photons; when a
photon with sufficient energy strikes the photodetector, an
electron is excited; this will generate an electron-hole pair; if
the absorption of photons occurs in the depletion layer, the
internal electric field in this region will eliminate the barrier
between the electrons and holes such that holes can move

This journal is © The Royal Society of Chemistry 2019
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towards the anode and electrons can move towards the cathode;
thus, the photocurrent is generated. In fact, the measured photo-
current is a combination of dark current and light-generated
current, which also shows that the dark current must be mini-
mized to improve the sensitivity of devices towards the light.

When photons are irradiated on photoelectric devices,
devices do not change instantaneously with changes in external
conditions because carrier migration takes time. This transit
time becomes the response time. In general, response time is
divided into two parts: rise time and decay time. The rise time
can be defined as the time required for the photocurrent of
devices to increase from 10% to 90% of the maximum value;
similarly, the decay time can be defined as the time to reduce the
photocurrent of devices from 90% of the highest value to 10%.'%*°

2.1.3 Signal-to-noise ratio, noise equivalent power and
detectivity. The minimum radiation power of all detectors is
limited by the presence of noise. Noise is divided into radiation
noise and internal noise of detectors. Radiation noise is further
divided into signal fluctuation noise and background fluctua-
tion noise. There are two basic ways to generate radiation
noise: the fluctuation of free carrier velocity caused by random
thermal motion, and the fluctuation of free carrier density
caused by the randomness of thermal generation and thermal
recombination rates.

The signal-to-noise ratio (SNR) is used to characterize the
relative intensity of the required signal relative to the back-
ground noise, which is defined as the ratio of useful signal
power to noise power, or the ratio of the square of their signal
amplitudes. In addition, the common expression of the signal-
to-noise ratio is described in dB units as follows:

SNR(dB) = 10logyo L3 — 20 log,, !
Proise Anoise
where Pgignar is the power of the signal, Pyqise is the power of
noise, Agignal is the amplitude of signal, and Angse is the
amplitude of noise.

Noise equivalent power (NEP) is defined as the incident
optical power required when the signal-to-noise ratio is one.
For a photodiode, the noise equivalent power is approximately
equal to its minimum detectable input power. Another para-
meter related to the noise equivalent power is detectivity (D),
which is defined as the reciprocal of noise equivalent power.
Since detectivity is proportional to the effective area A of
detectors and the square root of the bandwidth Af of amplifiers,
to eliminate the abovementioned effects, the normalized detec-
tivity D* is derived as follows:*°

D* = D-(A-Af)?

2.2 Development of UV detector materials

Traditionally, research on solar-blind UV detector materials
has focused on single-crystal thin films, including SiC,*!
diamond,?**?? AIN,>*72° BN,'”?” and GaN.>® However, detectors
based on these materials are difficult to obtain due to technical
difficulties in achieving high-quality single crystals of these
materials; on the other hand, either because the cost is
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significantly high and the economic benefits are significantly
low, or because the band gap is not ideal, only some
bands*"*??*?° of solar-blind ultraviolet detectors can be
covered. At present, the research materials of solar-blind UV
detectors are mainly concentrated on the following wide-band
gap semiconductors that are sensitive to the solar-blind ultra-
violet band: Al,Ga; ,N,*>*° Mg,Zn,_,0*'* and monoclinic
Ga,0;. AL, Ga; ,N and Mg,Zn,_,O belong to the band control
range, and this article is mainly focused on solar-blind UV
photodetectors based on Ga,03.

Ga,0; has five isomers, namely o, B, v, € and 8-Ga,0Os.
Among them, B-Ga,0; is the most stable isomer, with the band
gap of 4.7-4.9 eV. The other isomers are metastable. After a
sufficiently long time or at a certain temperature, they will be
converted into stable f-Ga,0;. -Ga,O; is considered as a new
kind of transparent conductive oxides. All the Ga,0O; materials
discussed in this article are in the B-Ga,O; phases unless
otherwise specified, and this information has not been
provided hereinafter.

3 Ga,0g3 solar-blind UV photodetectors

3.1 Photoconductive Ga,0; detectors

The photoconductive effect is one of the internal photoelectric
effects. It is a general term for the phenomena of photoelectric
alterations that cause changes in the electrical properties of
certain objects after they are irradiated by light. Generally,
a photoconductor consists of a semiconductor channel and
two ohmic contacts, with the ohmic contacts at both ends being
present as source/drain electrodes.>® When a bias voltage is
applied to the photoconductor, there will be a small current
between electrodes in a dark environment, namely the dark
current; when the photon energy v at a certain wavelength of
light irradiation is equal to or greater than the bandgap width
E, of semiconductors, photons can excite the electrons from the
valence band to the conduction band, thereby generating
conductive electron-hole pairs, increasing the conductivity of
semiconductors as well as outputting electrical signals. Note that
the photocurrent may gradually decay due to carrier recombina-
tion on the semiconductor surface and/or in the bulk.**

Among all types of detectors, photoconductive detectors are
most widely studied due to their convenience. In photoconduc-
tive detectors, low-resistance photoconductors usually work in
constant-current circuits. Compared with the sample resis-
tance, the series load resistance is larger, and the voltage
changes generated at both ends of the sample can be used as
detection signals. For high-resistance photoconductors, a
constant-voltage circuit is preferred, and the current changes
in the bias circuit can be used as signals for detection."”

To detect the solar-blind UV photosensitivity of Ga,03, some
researchers have carried out experiments on Ga,O; films and
nanostructures. In 2006, Ji et al.>®> used the method of pulse
spray pyrolysis to deposit the Ga,O; films from the GaCl,
ethanol solution. The film had the transmittance of more than
80% to light with wavelength greater than 275 nm. The dark
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resistance of the film was about 12 kQ, which was insensitive to
sunlight (4 > 285 nm) but had an obvious resistance change
(8 kQ) for the light of 254 nm. In the same year, using N, gas as
a carrier, Feng et al.*® applied the evaporation method to grow
Ga,0; nanowires on Si substrates coated with 10-nm Au at
980 °C for 1 hour. A single nanowire was then placed on the Au
electrode with the thickness of about 50 nm to form the
Au-Ga,03-Au photodetector structure. The dark current of
the device was about 10~'* A. Under the illumination of
254 nm ultraviolet light, the conductivity increased by three
orders of magnitude (from the pA level to the nA level), and the
response time of the rising and falling edges was 0.22 and
0.09 s, respectively. It has been further verified by the above-
mentioned experiments that Ga,O; shows obvious photo-
sensitivity to solar-blind ultraviolet light in both the film and
the nano-meter morphology.

3.1.1 Film-based detectors. To improve the performance of
photoconductive detectors, researchers have tried a variety of
methods to grow Ga,O; films. The most common methods are
molecular beam epitaxy (MBE),>’~*® metal oxide chemical vapor
deposition (MOCVD)*’>® and radio frequency magnetron
sputtering (RFMS).”” %" In addition, there are several other
methods for growing the Ga,O; films such as sol-gel,®"®
oxidation,**®® pulsed laser deposition (PLD),*” microwave
irradiation®® and atomic layer deposition (ALD).*

As one of the most common growth methods for Ga,0;
films, the molecular beam epitaxy (MBE) method has become
more sophisticated over time, which thus improves the perfor-
mance of solar-blind UV detectors based on Ga,O; films. In the
process of fabrication of the Ga,0j; films, the substrates used
are mainly sapphire®”*®*1%54¢ and A1,0;.%%%%%** 1n 2016,
Liu et al*® deposited Ga,O; films from the vapor Ga in a
standard shuttered Knudsen cell (K-cell) and mono-atomic
oxygen. In addition, they introduced a homo-self-templated
buffer layer during the growth of the Ga,0O; films to improve
the device performance. Finally, the detector exhibited a high
photo-responsivity (259 A W) and high external quantum
efficiency (7.9 x 10*%), with dark current at the level of 10"
and the light-dark ratio of 10* level (Fig. 2).

MOCVD is a kind of CVD technology that uses a thermal
decomposition reaction of an organic metal to conduct the
vapour-phase epitaxial growth of the thin film. In 2018, Zhang
et al.>" deposited the Ga,O; films on c-plane sapphire sub-
strates at 800 °C using the method of MOCVD. Compared to the
case of traditional O, depositional setting, the research team
introduced N,O to reduce the scattering/trapped centre of
photo-generated carriers and thus obtain high-performance
solar-blind UV photodetectors. Under the 10 V bias, the
photo-responsivity of the detector was as high as 26.1 A/W,
the on/off ratio (I»s5 nm light/Idark) increased to 10%, and the rise/
decay response time was 0.48/0.18 s.

RFMS is a combination of magnetron sputtering and radio
frequency sputtering. Due to its unique advantages of high
speed, simple equipment and high-quality coating, it has been
rapidly developed and applied in the field of solar-blind UV
detectors. In 2018, Peng et al®® used the method of radio

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic of different methods used to grow thin-film photodetectors: MBE, RFMS, PLD, ALD, MOCVD, sol-gel, oxidation and microwave
irradiation. Reproduced with permission from ref. 39 Copyright 2014 AIP Publishing LLC, ref. 60 Copyright 2018 IEEE, ref. 67 Copyright 2015 Optical
Society of America, ref. 69 Copyright 2018 Elsevier B.V., ref. 51 Copyright 2017 Elsevier B.V., ref. 61 Copyright 2007 American Institute of Physics, ref. 64

Copyright 2013 IEEE and ref. 68 Copyright 2018 Author(s).

frequency magnetron sputtering to plate a 200 nm-thick Ga,0O;
film on a 2-inch (0001) Al,O; substrate after standard treat-
ment. In addition, the research team first designed metal-
semiconductor-metal (MSM) photodetectors with a square
array (32 x 32,16 x 16, 8 x 8 and 4 x 4) on the basis of the
Ga,0; thin films. Taking the 4-1 photodetector cell in 4 x 4
photodetector arrays as an example, the photo-responsivity of
the detector reached 8.926 x 10~ A W' at the 10 V bias
voltage, corresponding to the quantum efficiency of 444%.
Other photodetector cells also exhibit solar-blind UV photo-
electric properties, showing the same photo-responsivity within
the standard deviation of 12.1% (Fig. 3).

In other growth methods, researchers have also tried unique
improvements. In 2007, based on the Ga,O; films grown by the
sol-gel method, Kokubun et al.®" fabricated planar geometry
photoconductive detectors; in 2013, via furnace oxidation,
Huang et al.®* made the Ga,03/AlGaN/GaN three-band photo-
detector to measure the UV-A, UV-B and UV-C bands, respectively;
in 2013, Huang et al®® prepared the Ga,O; films by thermal
oxidation and used them as the cap layer of the InGaN/GaN
multiple quantum well to finally fabricate the MSM structure.
In addition to the abovementioned methods, the Ga,O; films
have been grown via pulsed laser deposition®” and microwave
irradiation.®® Moreover, atomic layer deposition®® has been used to
grow o-Ga,0; films, and solar-blind ultraviolet photodetectors
have been fabricated based on the corresponding films.

For photoconductive detectors, photo-responsivity, quan-
tum efficiency, and response time are important performance
indicators. To date, to the best of our knowledge, the photo-
detector fabricated by Liu et al’® in 2016, which was made
of the Ga,O; film on sapphire pre-seeded by a homo-self-
templated buffer layer, achieved the best photo-responsivity
of 259 A W' and optimal quantum efficiency of 7.9 x 10"%.

This journal is © The Royal Society of Chemistry 2019

In 2019, the photodetector made by Lee et al,*® which was
based on the a-Ga,Oj; film grown via low-temperature atomic
layer deposition, obtained best response time, with the optimal
rise/decay response time of 539 ns/89 ps. However, it is not
difficult to see that for Ga,O; film-based solar ultraviolet
photodetectors, good photo-responsivity and ideal response
time are not well compatible, and further optimization schemes
have to be pointed out (Table 1).

3.1.2 Bulk-based detectors. In the growth process, the
growth of a Ga,O; single crystal with high quality is a technical
difficulty due to the problem of cracking and polycrystallization.”>”
In 2008, Aida et al.”® have successfully employed an edge-
defined, film fed growth (EFG) method to grow 2-inch Ga,0O;
crystals; this method makes it possible to fabricate bulk
Ga,05-based solar-blind UV detectors.

In most of the experiments, the growth of Ga,0; crystals
was completed on heterogeneous substrates. Therefore, the
comparison between Ga,O; crystals grown on homogenous
substrates and those grown on heterogeneous substrates is of
great significance. In 2016, Feng et al.”* used the EFG technique
and Ga,0; with the purity of 99.99% as a raw material to grow
large-size Ga,O; crystals on a (100)-oriented intrinsic Ga,O;
bulk substrate and compared them with the Ga,O; crystals
grown on sapphire substrates. The experimental results show
that at the bias voltage of 40 V, the responsivity of the former
(0.05 A W) was significantly higher than that of the latter
(~0.009 AW "), and the response time of the former (0.45 s/0.24 s)
was similar to that of the latter (0.40 s/0.18 s). After a comprehensive
comparison, the performance of the Ga,O; crystals grown on
homogeneous substrates was found to be better.

In 2017, Mu et al.”®> employed the EFG method and Ga,0;
with the purity of 99.99% as a raw material to grow Ga,O; single
crystals by a radio source induction furnace and then obtained

J. Mater. Chem. C, 2019, 7, 8753-8770 | 8757


https://doi.org/10.1039/c9tc02055a

Published on 08 June 2019. Downloaded by Universidade de Lisboa on 4/14/2020 3:59:54 PM.

View Article Online

Review Journal of Materials Chemistry C
MBE
a) b) c)
100 | &5 E _
= B S 1k
g 80 < I o
e < 40 =
£ oo} 5 F z
£ 530¢r Zoat
% 40 § r g
= S 20f 8
20} a r
10 F 0.01F
oL, ¢ A L L L A Pia s wme s sy vpwg g gy L . L )
100 300 500 700 300 500 700 900 1100 1300 200 250 300 350 400
Wavelength (nm Time (ms) Wavelength (nm)
MOCVD : )
d) e)1oo ) 5
20 i ® 255nm
80 | 7T q 1
16l L Fi i ; g n
3 —_ t | =
K <60 |- f | | 2?0
= 12] = Lt i T > s
B0 Baof | | 1 2
g 3. [ 1 ! § 10 [y 266nm
e 20 |- | “ | 2 r®
<04 - 3 ’ % " g S5r \ 280nm 532nm
i ) Ndeon N | I\ 310nm 405nm 450nm
0.0 e T g1 R O 990x 7 = -8 -8 < = —@ |
200 400 600 800 0 5 10 15 20 300 400 500
Wavelength (nm Time Wavelength (nm
REMS gth (nm) (s) gth (nm)
) h) i)
—o— 254nm —o— 254nm )
] —o— 3650m 100 | ¢= — —
10°F 4 ! g
< % ! 2
= 10°F =107F ? 2
c (= ® ° =
eI g 3 g
310"f 3 3 g 1 ! g
] 100F | % % E § 2o
1012 [ - -
6 4 2 0 2 4 6 80 100 120 140 200 250 300 350 400
Voltage (V) Time (s) Wavelength (nm)
Fig. 3 (a) Optical transmittance spectrum of the Ga,Os thin films, (b) transient response and (c) spectral response of the photodetectors made from the

Ga,Os3 thin films. Reproduced with permission from ref. 40 Copyright 2015 Elsevier B.V. (d) Absorption spectrum of the Ga,Os films, (e) time-dependent
photocurrent and (f) spectral response of detectors. Reproduced with permission from ref. 51 Copyright 2017 Elsevier B.V. (g) The /-V characteristics

curves, (h) time-dependent photo-response and (i) spectral response at
Reproduced with permission from ref. 60 Copyright 2018 IEEE.

large-sized Ga,0; wafers with high surface quality by simple
mechanical exfoliation to manufacture MSM photodetectors.
During the growth process, the research team solved the
problems of cracking and polycrystallization during the growth
of Ga,0; using a high-quality 1-inch-wide seed. As a result, the
responsivity of 0.003 AW was obtained under the bias voltage
of 40 V, and the decay time was 0.14 s (Fig. 4).

3.1.3 Micro/nanostructure-based detectors. For the devel-
opment of Ga,0Oj-based solar-blind UV photodetectors, thin-
film-based PDs have been widely studied for their convenience
and diversity of methods; however, lower responsivity limits
their practical application. On the other hand, the practicality
of bulk Ga,0;-based photodetectors is affected due to the high
cost of manufacturing methods. Therefore, researchers have
tried to solve this problem using photodetectors based on
Ga,0; micro-nanostructures. Compared to their bulk or thin
film counterparts, the nanostructures have already displayed
superior sensitivity to light in devices due to their high surface-
to-volume ratios, Debye length comparable to their small size
and superior stabilities owing to perfect crystallinities.>*"*’

8758 | J. Mater. Chem. C, 2019, 7, 8753-8770

room temperature for the photodetectors fabricated with the Ga,Os films.

At present, researchers have applied a variety of methods
(e.g., chemical vapor deposition,”®”” oxidation,”®”® direct
evaporation,*® vapor-liquid-solid,®® vapor phase transport,®"
laser molecular beam epitaxy®* and mechanical exfoliation®?)
to synthesize multiple micro-nano morphological structures
(e.g., nanowire,*® nanobelt,” nanosheet,”® nanoflower,** and
microflake®®) and further explored and discussed their struc-
tures and electrical properties (Table 2).

In nanostructures, the morphology of nanowires is most
widely studied. Compared to the devices based on traditional
nanowire structures, bridged nanowire devices have many
advantages such as an efficient and simple preparation process,
small surface contamination of nanowires and good electrical
performance. In 2010, Li et al.”® used the method of one-step
CVD to prepare the Ga,O; bridged nanowire structure with a
stable photocurrent (photocurrent fluctuation <3%). The
detector had the light-dark ratio of 3 x 10%, and the decay
time was 7 « 20 ms under 254 nm light illumination. In
addition, the research team first observed the intrinsic UVC
emissions of Ga,O; nanowires. By adjusting different growth

This journal is © The Royal Society of Chemistry 2019
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Table 1 Parameter summary list of photoconductive film-based Ga,Os detectors

Growth Method Type Bias (V) Photo-responsivity (A W ') Quantum efficiency (%) Rise time (s) Decay time (s) Ref. Time
MBE Ga,0; film 10 0.037 18 37 2007
Ga,0; film 10 0.86 1.02 38 2014
Ga,0; film 0.62 0.83 39 2014
Ga,0; film 20 259 79000 40 2016
Ga,0; film 41 2016
Mn:Ga,0; film 10 0.07 36 0.91 0.28 42 2016
a-Ga,0; film 20 0.015 7.39 43 2016
€-Ga; gSng,0; film 15 0.00605 3.02 44 2016
Ga,0; film 4 >1.5 3.33 0.4 45 2017
Ga,0; film 20 153 5.0 10.3 46 2017
Ga,0; film 10 8.41 2.97 0.41 70 2019
MOCVD Ga,0; film 5 47 2013
Ga,0; film 20 17 8228 48 2015
Ga,0; film 5 1.45 0.58 1.2 49 2015
Ga,0; film 1 0.11 0.4 0.45 50 2017
Ga,0; film 1 0.14 0.3 0.2 50 2017
Ga,0; film 10 26 13 600 0.48 0.18 51 2018
Ga,0; film 6 12.8 0.0015 0.002 52 2018
Ga,0; film 20 150 73900 1.8 0.3 53 2018
Ga,0; film 5 1.05 512 4.5 2.2 54 2018
£-Ga,0; film 10 2 0.4 55 2018
Ga,0; film 10 1.2 56 2019
RFMS Ga,0; film 10 100 57 2016
a-GaO film 10 70.26 0.41 0.04 58 2017
Ga,0; film 10 4.21 0.41 0.02 58 2017
a-Ga,0; film 10 0.19 0.000019 0.0000807 59 2017
Ga,0; film 10 0.8926 444 0.305 0.251 60 2018
Sol-Gel Ga,0; film 10 0.00008 61 2007
Ga,0; film 30 0.0013 0.1 0.1 62 2018
Oxidation Ga,0; film 5 0.453 >100 63 2011
Ga,03/AlGaN/GaN 3 10 64 2013
Ga,03/InGaN/GaN 5 10 65 2013
Nanotextured Ga,0O; 20 0.292 1.34 1.4 0.1 66 2017
PLD Ga,0; film 5 0.903 67 2015
Ga,0; film 10 0.74 0.193 0.2 71 2019
Microwave irradiation Ga,Os;film 22 0.1 68 2018
ALD a-Ga,0; film 0.76 0.00000054 0.000089 69 2019

temperatures to control the defect concentration in nanowires,
they have found that the defects caused by oxygen vacancies
and Ga vacancies have an important impact on the photo-
response (Fig. 5).

Since two-dimensional (2D) semiconductors are limited
to graphene analogues of layered materials, it is extremely
challenging to fabricate 2D non-layered materials with thick-
nesses of only a few atomic layers.”” In 2014, Feng et al.”’
successfully fabricated 2D Ga,O; polycrystalline nano-sheets
with a thickness of less than 10 nm by thermal oxidation of
GaSe nano-sheets. The responsivity of the fabricated photo-
detectors was 3.3 A W' at 254 nm, and the external quantum
efficiency was 1600%. Moreover, the unique advantages of
photodetectors based on 2D Ga,0O; nanosheets include fast
photoswitching, good stability and high responsivity, which
indicate a new opportunity for the application of these photo-
detectors in solar-blind UV detectors.

Due to the degradation of dark current and photo-response
characteristics, it is difficult to prepare solar-blind ultraviolet
photodetectors operating in a high-temperature environment.
In 2014, Zou et al.®® first produced (100) facet-oriented Ga,O;
multi-layered nanobelts that could maintain good mechanical and
electrical properties and high stability at high temperatures.

This journal is © The Royal Society of Chemistry 2019

The high-performance parameters obtained by the detector
include a high photo-excited current (>21 nA), an ultralow
dark current (below the detection limit of 10~ ** A), a fast time
response (<0.3 s), a high photo-responsivity (~851 A W™ 1),
and a high external quantum efficiency (~4.2 x 10%); thus, the
detector can have potential applications in photodetectors and
optical switches operating in a high-temperature environment.

For the y-Ga,O; nanostructures that have been rarely
studied, recently, researchers have found that they exhibit
size-tunable photoluminescence.®” In 2014, Teng et al.®! pre-
pared y-Ga,O; nanoflowers of metastable phase by a hydro-
thermal method. A simple solvothermal method was used to
realize the morphology-controlled synthesis of y-Ga,O; nano-
structures. The v-Ga,O; nanoflower-based solar-blind UV
detector exhibits excellent photoelectric properties of large
light-dark ratio and fast response speed (Fig. 6).

In addition to those based on nanostructures, photodetec-
tors based on Ga,O; micron structures have been applied in the
field of solar-blind UV detectors. In 2017, Oh et al.®® separated a
Ga,0; microflake from an unintentionally doped single crystal-
line Ga,O; substrate via mechanical exfoliation and fabricated
MSM-structured solar-blind UV detectors using graphene as an
electrode. These detectors have excellent performance, with the
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ref. 73 Copyright 2017 Royal Society of Chemistry.

Table 2 Parameter summary list of photoconductive bulk-based Ga,O3 detectors

Type Growth method Bias (V) Photoresponsivity (A W) Rise time (s) Decay time (s) Ref. Time
Bulk Ga,03 EFG 40 0.05 0.45 0.24 74 2016
40 0.003 4.4 0.14 73 2017

5 0.23 0.00048 0.00038 75 2019

photo-responsivity of up to 29.8 A W', the light-dark ratio of
about 1 x 10°%, and the detectivity of about 1 x 10'* Jones
(Table 3).

3.2 Photovoltaic Ga,O; heterojunction detectors

Photovoltaic effect refers to the phenomenon in which light
causes a potential difference between uneven semiconductors
or different junctions combined by semiconductors and metals.
The built-in electric field induced by this potential difference is
equivalent to the externally applied bias in photoconductors,
which causes the separation of photo-induced electron-hole
pairs. The junctions can be PN junctions composed of two
kinds of semiconductors with opposite doping types or
Schottky barrier junctions produced at the interface between
a semiconductor and a metal with unmatched work functions.
In the dark, the photodetectors working under the photovoltaic
effect exhibit rectification characteristics, namely nonlinear I-V
curve characteristics. In the case of a certain wavelength of light
radiation and zero bias voltage, short-circuit current or short-
circuit voltage will be formed in photovoltaic detectors due to
the presence of the built-in electric field.

The Ga,0O; material has the wide band gap of about 4.9 eV;
thus, essentially, it is an insulating material; however, it
becomes an n-type semiconductor when it is grown under
reducing conditions; this is attributed to oxygen deficits within
the crystal lattice.”»”* In addition, highly-conductive n-type
Ga,0; can be obtained by doping tetravalent elements such

8760 | J Mater. Chem. C, 2019, 7, 8753-8770

as Si and Sn. Therefore, the most common photodiode is the
Ga,03-based solar-blind UV heterogeneous PN junction photo-
diode, which is made of Ga,O; as the n-type material.”™*?
Detectors operating under the photovoltaic effect should be
self-powered, that is, their applied bias voltage should be 0 V
(Fig. 7).

In this study, solar-blind UV photovoltaic devices have been
generally divided into two categories: heterogeneous PN junc-
tion photodiodes and Schottky junction photodiodes.

3.2.1 Photovoltaic heterogeneous PN junctions. After
determining that the n-type material was Ga,O;, the next step
was to select the p-type material. To date, whether in the
photovoltaic or the non-photovoltaic mode, many studies have
been conducted on p-type materials such as GaN,’"9*9%9%7
Sic’98—100 Si’lol ZnO,94’102’103 Nb:SITiO, (NSTO),104 graphene,1°5'1°6
diamond®® and MoS,;'%” however, a technological problem still
exists for some of them. This section focuses on the discussion
of some of the p-type materials and self-powered PN junction
photodiodes combined with Ga,Os.

The transparency of high-quality GaN at a wavelength
greater than the band gap (3.39 eV corresponding to 366 nm)
makes it an ideal photodetector material as it can simulta-
neously maintain close to unit quantum efficiency in ultraviolet
bands and repel the near-infrared and visible lights of the solar
spectrum.'®® In 2017, Li et al.®® deposited a Ga,O; film on a
4 um-thick Mg-doped p-type GaN film via pulse laser deposition
technology and made photodiodes using In/Ag as electrodes.

This journal is © The Royal Society of Chemistry 2019
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detectors. Reproduced with permission from ref. 76 Copyright 2010
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, ref. 79 Copyright
2014 Royal Society of Chemistry, ref. 85 Copyright 2014 Wiley-VCH Verlag
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GmbH & Co. KGaA, Weinheim, ref. 83 Copyright 2017 American Chemical
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Fig. 6 (a) Schematic of Ga,Os nanobelt photodetectors and (b) sche-
matic of a model showing multiple reflection and refraction of electro-
magnetic waves. Reproduced with permission from ref. 85 Copyright 2014
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The Ga,0; film was experimentally measured to grow with
orientation being along the (201) lattice plane. At zero bias,
the following results were obtained: the high responsivity of
54.43 mA W™, fast decay time of 0.08 s, high Liight/Iqark Tatio of
152, and high detectivity of 1.23 x 10! em Hz"> W™,

ZnO, having a very small lattice mismatch (<5%) with
Ga,0;3, is a good candidate to construct a heterostructure with

This journal is © The Royal Society of Chemistry 2019
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Ga,0;. In 2017, Zhao et al.”* synthesized ZnO-Ga,Oj; core-shell
heterostructure microwires and fabricated them into photo-
diodes, in which Ga,0; was oriented along the (201) lattice
plane. To suppress the defects in the grain boundaries
between two materials and thereby improve the performance
of photodetectors, researchers have replaced the two-step CVD
method'% with a simple one-step CVD method.”* At zero bias,
the responsivity was measured to be 9.7 mA W™ " at 251 nm, the
UV/visible rejection ratio (Ras;nm/Raoonm) Was 6.9 x 107, and
the rise/decay time was less than 100 ps/900 ps.

Diamond and Ga,O; have different work functions. After
they are fabricated into heterojunctions, they may form a built-
in electric field, which is beneficial to the self-powered prop-
erty. In 2018, Cheng et al.®® introduced diamond as a p-type
material, and diamond wafers were homogenously grown on
(100) diamond in a high-temperature and high-pressure environ-
ment. After this, using a plasma-enhanced CVD apparatus, Ga,0;
was deposited on the diamond wafer to form diamond/Ga,O;
heterojunctions. At the bias of 0 V, the peak responsivity of the
heterojunctions was 0.2 mA W', the cutoff wavelength was
270 nm, and its UV/visible suppression ratio exceeded two orders
of magnitude, indicating good self-powered solar-blind UV detec-
tion properties of these heterojunctions (Fig. 8).

3.2.2 Photovoltaic Schottky junction. Schottky barrier
photodiodes have been extensively studied and used as UV
detectors. Compared to heterogeneous PN junction photo-
diodes, these devices show some additional advantages: simple
fabrication, no high-temperature diffusion process and high-speed
response.’”> Semiconductors or integrated circuits must be con-
nected to external circuits. This connection is achieved by a non-
rectifying contact between metals and semiconductors, namely the
ohmic contact. In contrast, the Schottky barrier refers to the metal-
semiconductor interface with rectifying properties. The biggest
difference between the Schottky barrier and the PN interface is
that the former has lower interface voltage and relatively thin
(almost no) width of the depletion layer at the metal end.

In 2009, Oshima et al''® used transparent polystyrene
sulfonic acid (POEDT-PSS) to form a Schottky contact with
the semi-Ga,O; high-resistance layer. Between them existed a
semi-insulating layer, followed by an ohmic contact between
n-type Ga,O; and two In electrodes on the back side of the
substrate. The 250 nm/300 nm rejection ratio of the device is
about 1.5 x 10*, which shows significant solar-blind photoelectric
characteristics. The external quantum efficiency at 250 nm was
about 18%, and the photo-response time was about 9 ms.

In 2016, Chen et al.*** used the Ga metal as a raw material to
grow Ga,0; nanowire arrays by a simple thermal oxidation
method and deposited a 20 nm-thick Au layer on them to
prepare photodetectors of the Au/Ga,O; nanowire Schottky-
type vertical structure. The cut-off wavelength of the photo-
responsivity of the device was about 270 nm, and the maximum
photo-response was obtained at around 258 nm. The corres-
ponding photo-responsivity was 0.01 mA W' at the bias
voltage of 0 V, with a fast response time (the corresponding
rise/decay time was approximately 1 pus/64 ps) and self-powered
properties (Table 4).
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Table 3 Parameter summary list of photoconductive micro/nanostructure-based Ga,Oz detectors

Type Growth method Bias (V) Photo-responsivity (A W™ ') Quantum efficiency (%) Rise time (s) Decay time (s) Ref. Time
Ga,0; nanowire Direct evaporation -8 0.22 0.09 36 2006
MOCVD 50 «0.02 76 2010
Vapor-liquid-solid 10 0.0008 0.39 80 2010
5 0.000372 0.18 88 2011
Vapor phase transport 5 0.0034 1.37 81 2013
LMBE 10 1.4 1.26 1.99 82 2016
Thermal oxidization 5 0.185 0.009 0.008 78 2018
CVD 25 0.71 246.6 0.37 0.19 89 2019
Ga,0; nanobelt CVD 30 37.6 187 11.8 <0.3 77 2011
851 4200 <0.3 85 2014
Ga,0; nanosheet  Furnace oxidation 3.3 1600 79 2014
v-Ga,05; nanoflower Oxidation 0.5 <0.1 84 2014
Ga,0; micro flake Mechanical exfoliation 29.8 83 2017
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Fig. 7 (a) Schematic, (b) responsivity and (c) time-dependent photo-response of the fabricated prototype GaN/Ga,Oz PN junction photodetectors.
Reproduced with permission from ref. 93 Copyright 2017 Royal Society of Chemistry. (d) Schematic, (e) photo-response spectrum and (f) time-response
characteristics of heterojunction photodetectors. Reproduced with permission from ref. 94 Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (g) Schematic, (h) photo-response spectrum and (i) time-resolved photocurrent of diamond/Ga,Os-based photodetectors. Reproduced with
permission from ref. 95 Copyright 2018 Royal Society of Chemistry.

however, due to the lack of internal gain, their responsivity
will be less than that of the photodetector operating based on
Photodiodes operating based on the photovoltaic effect usually the photoconductive effect. In addition to working under the
have improved detectivity as well as maximum linearity and photovoltaic effect, photodiodes can operate in the photo-
sensitivity due to the presence of minimal dark current; conductive mode, i.e. under bias voltage. Thus, the addition

3.3 Non-Photovoltaic Ga,0; heterojunction detectors

8762 | J. Mater. Chem. C, 2019, 7, 8753-8770 This journal is © The Royal Society of Chemistry 2019
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(a) Schematic, (b) spectral response and (c) transient response of detectors. Reproduced with permission from ref. 110 Copyright 2009 The Japan

Society of Applied Physics. (d) An SEM image of Ga,Os nanowire array films, (e) spectral response and (f) time-dependent photocurrent response of
devices at zero bias. Reproduced with permission from ref. 111 Copyright 2016 American Chemical Society.

Table 4 Parameter summary list of photovoltaic Ga,O3z heterogeneous PN detectors

Photo- Quantum
responsivity efficiency Rise Decay
Type I Type I Growth method Aaw (%) time (s) time (s) Ref. Time
Photovoltaic heterogeneous GaN/Ga,0; MOCVD 0.0001 96 2011
PN junctions 4H-SiC/Ga,03 LMBE 0.001 0.65 1.73 98 2016
p-Si/Ga,0; PLD 0.01 101 2016
Ga:ZnO/Ga,03 LMBE 0.000763 0.179 0.272 102 2017
NSTO/Ga,03 RFMS 0.0026 1.3 0.21 0.07 104 2017
GaN/Ga,03 PLD 0.054 0.1 0.08 93 2017
Zn0/Ga,03 CVD 0.0097 <0.0001 <0.0009 94 2017
Diamond/Ga,03 PECVD 0.0002 95 2018
GaN/Sn:Ga,0; PLD 3.05 0.018 91 2018
MoS,/Ga,0; 0.00205 107 2018
HSL/Ga,0; RFMS 0.0322 0.078 112 2018
Photovoltaic Schottky PEDOT-PSS/Ga,0; Floating zone method 0.037 18 0.009 0.009 110 2009
junctions Au/Ga,0; Partial thermal oxidation 0.00001 0.000001  0.000064 111 2016
Graphene/Ga,Os/graphene LMBE 0.7 105 2017
PEDOT-PSS/Ga,05/Si MOCVD 0.012 15 0.06 0.088 113 2019

of an appropriate external electric field on the basis of the built-in
electric field facilitates the separation of electron-hole pairs, and
the response time can be effectively improved by reducing the
carrier transit time and diode capacitance. When the applied
reverse bias is sufficiently large, electric fields can provide
sufficient energy for photo-generated electrons to initiate
collision ionization, which can result in avalanche multiplica-
tion or breakdown of the photodiode, thus providing sufficient
internal current gain.

3.3.1 Heterogeneous PN junctions working under forward
or reverse bias. In addition to the abovementioned hetero-
geneous PN junctions working in the photovoltaic mode, in
this section, some of the p-type materials and PN junction
photodiodes, which are composed of Ga,0j3, operating in the
non-photovoltaic mode have been discussed.

This journal is © The Royal Society of Chemistry 2019

SiC is characterized by a higher breakdown electric field. It has a
smaller drift region (ie., lower drift region resistance), higher
thermal conductivity for better heat dissipation, and wide band
gap energy (2.9 eV) to allow operation at higher junction tempera-
tures, which is very suitable for UV applications.'” In 2016, Qu
et al.”® resorted to laser molecular beam epitaxy (L-MBE) technology
to epitaxially grow the Ga,O; films on n-type 4H-SiC substrates and
thereby fabricated Ga,05;/4H-SiC heterojunctions. By replacing the
Au/Ti electrodes on the heterojunctions with a single transparent
graphene layer, the performance of the device was significantly
improved because the transparent graphene layer significantly
increased the number of incident photons and provided carrier
transmission channel for the separated electrons-holes (Fig. 9).

The graphene film has a unique combination of high
electrical conductivity and optical transparency in the UV region.""

J. Mater. Chem. C, 2019, 7, 8753-8770 | 8763


https://doi.org/10.1039/c9tc02055a

Published on 08 June 2019. Downloaded by Universidade de Lisboa on 4/14/2020 3:59:54 PM.

View Article Online

Review Journal of Materials Chemistry C
Ga,0,/SiC
a) b)
_ ¥:7 ;{;:: (n)4H-SiC
\/ I__ 4 532nm
bias
<
=
Au/graphene /4 §
=
154
Ga,0,
SiC
0 100 200 300
Time (s
Ga,0, / Graphene ©
e)
8V
8 P
<6 oY
E
Graphene Ag 4 F 4V
= =
i 2 F
(e) () (e) =Y
AR 2 2
[ i 2 . a
0 800 1600 2400 3200
Time (s)
Gazo3 / Ga;Zn0O
9) , , i
2 UV OFF @ Experiment Sesmgade
: = Fitting /\ECE N -
f1,=1449s B ———h}
"{""""""""E;' o
3.3eV
VB 4.9eV
Neisd
$Io
y 8 i Ga:ZznO Gaﬂ,B T
0 20 40 60 80
Time (s)
Fig. 9 (a) Schematic, (b) time-dependent photo-response and (c) proposed band structure of Ga,Os/4H-SiC UV photodetectors. Reproduced with

permission from ref. 98 Copyright 2016 Elsevier B.V. (d) Schematic, (e) time-dependent and bias-dependent photo-response, and (f) energy-band
diagram of the MLG/Ga,O3 wafer DUVPDs. Reproduced with permission from ref. 106 Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(g) Schematic, (h) time-dependent photo-response, and i) energy-band diagram of heterojunction-type photodetectors. Reproduced with permission

from ref. 102 Copyright 2017 Royal Society of Chemistry.

In 2016, Kong et al'®® combined Sn-atom-doped n-type single-
crystal Ga,O; wafers with graphene grown by CVD and then
attached an Ag electrode to one end of graphene and a Cr/Au
electrode to one end of Ga,O; that were mounted on a printed
circuit board to form a photodiode. Under the bias voltage of 20 V,
the measured responsivity was 39.3 A W™, the detectivity was
5.92 x 10" Jones, and the external quantum efficiency was up to
1.98 x 10%%, whereas the response time reached the 10” level
(Fig. 10).

Generally, due to the large lattice mismatch and the
formation of rotation domains, the obtained Ga,0O; films
have many defects and dislocations; therefore, it is necessary
to select suitable substrates for photodiodes. In 2017,
Wu et al.’®* introduced the lattice-compatible semiconductor
Ga:ZnO, used it as a substrate and then fabricated a Ga,0O;/
Ga:ZnO heterojunction detector via the L-MBE technology.
The photo-responsivity of this diode reached the peak
value of 0.76 mA W' around 260 nm, the light-dark ratio
was 2.6 x 10% and the rise/decay response time was
0.179 s/0.272 s.

8764 | J. Mater. Chem. C, 2019, 7, 8753-8770

3.3.2 PIN junctions working under reverse bias. The PIN
photodiodes are doped with a layer of n-type semiconductors
with low concentration in the PN junctions of photodiodes
such that the width of the depletion region can be increased to
reduce the influence of diffusion motion and improve the
response speed. Since this doped layer is of low doping concen-
tration, which is close to an intrinsic semiconductor, it is called
the I layer, and thus, this structure becomes the PIN photo-
diode. The I layer was thicker, almost occupying the entire
depletion region. Most of the incident light was absorbed in
the I layer, and a large number of electron-hole pairs were
generated. On both sides of the I layer were p-type and n-type
semiconductors with high doping concentrations. The p layer
and the n layer were very thin, and the proportion of the
absorbed incident light was low. Therefore, the drift compo-
nent of the photoelectric current occupies the dominant
position, which greatly improves the response speed.

Researchers have made successful attempts at fabricating
solar-blind UV PIN photodiode detectors. In 2016, An et al.**°
fabricated p-Si/n-Ga,O3 heterojunctions and p-Si/i-SiC/n-Ga,0;

This journal is © The Royal Society of Chemistry 2019
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heterojunctions by the L-MBE technology and compared the
performance of these two heterojunctions. To improve the
quality of the p-Si/i-SiC/n-Ga,0; heterojunctions, the research
team reduced the oxygen vacancy by changing the oxygen
pressure during the retreat. As a result, the rectification ratio
of the p-Si/i-SiC/n-Ga,0; heterojunctions was 36 at 4.5 V, the
photoelectric responsivity was 5.4 x 10°% at —4.5 V, and the
wavelength of the irradiated light was 254 nm. Compared to
that of the p-Si/n-Ga,0; heterojunctions, the dark current of the
p-Si/i-SiC/n-Ga, 03 heterojunctions was reduced by three orders
of magnitude, and the rectification behaviour was changed
from reverse to forward.

3.3.3 Schottky junctions working under bias. Since the
energy-band is bent, there are barriers at the interface; the
Schottky barrier can operate in the photovoltaic mode. How-
ever, to improve responsivity, most Schottky barriers work
under bias to achieve higher performance.

It can be seen from the table that the metal of Schottky junctions
formed by Ga,O; under bias voltage is mainly Au,""""***'® and in a
few Schottky junctions, Ni,"** graphene,'®® and so on are used.
In 2008, Oshima et al.'** prepared Schottky-type solar-blind UV
detectors based on (100) oriented Ga,O; single crystals. The
group first conducted thermal annealing for Ga,0O; single
crystals to stabilize the oxygen vacancy on the surface and form
a high-resistance layer. Then, the Au/Ni and Au/Ti electrodes
were used on the surface and back of the substrates to respec-
tively form Schottky and ohmic contact.

The device has the rectification ratio of 10° at +3 V, a deep
ultraviolet photoelectric response under negative bias, and
the photo-responsivity of 2.6-8.7 A W™ * under the illumination
of 200-260 nm.

3.3.4 Heterogeneous junctions working in the avalanche
mode. Avalanche photodiode (APD) is a pn-junction-type photo-
diode that utilizes the avalanche multiplication effect of
carriers to amplify photoelectric signals and thereby improve

This journal is © The Royal Society of Chemistry 2019

the sensitivity of detection. By coupling the pn junction
with suitable high reverse bias voltage, the photo-generated
carriers in the depletion layer were accelerated by the strong
electric field to obtain sufficient kinetic energy, generating new
electron-hole pairs with lattice collision ionization. These
carriers continuously cause new collision ionization, resulting
in the avalanche multiplication of carriers to obtain current
gain (Table 5).

The process of avalanche multiplication is shown in the
figure. Photons absorbed at point 1 generate electron-hole
pairs. Electrons accelerate under the action of a strong electric
field. The acceleration process is interrupted by random
collisions with electrons, in which the electrons lose some of
the obtained energy, and these competitive processes lead to
the average saturation speed of electrons. An electron can
receive enough kinetic energy such that it can destroy the
lattice bond and produce a second electron-hole pair when it
collides with atoms. This is called collision ionization (at point 2).
The newly generated electrons and holes derive kinetic energy
from the field and generate additional electron-hole pairs (e.g,, at
point 3), which in turn continue the process and create other
electron-hole pairs. This process is therefore called avalanche
multiplication (Fig. 11).

Due to the weak solar-blind signals, it is necessary to
develop solar-blind avalanche photodiodes with high internal
avalanche gain. In 2017, Chen et al.'** epitaxially grew single-
crystal 0-Ga,0; thin films on the non-polar ZnO (1120) crystal
plane by laser molecular beam epitaxy and prepared a high-
performance Schottky-barrier avalanche diode based on the
Au/a-Ga,03/ZnO heterojunction structure. The device was self-
powered, with the dark current of the pA level at 0 V bias,
rejection ratio for UV/visible photo-responsivity of 10° and
detectivity of 9.66 x 10'* cm Hz"?> W™, Under the bias voltage
of —5V, the detector was a dual-band response device, the peak
wavelength of photo-responsivity was at 255 nm and 365 nm,
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Table 5 Parameter summary list of non-photovoltaic Ga,Oz heterogeneous PN detectors

Photo-
Bias  responsivity Quantum Rise time  Decay time

Type I Type I Growth method W) Aw™h efficiency (%) (s) (s) Ref. Time

Non-photovoltaic ~ GaN/Ga,03 MOCVD —10 10 96 2011

PN junctions SiC/Ga,0; Oxygen plasma -2 0.07 0.0012 0.0015 99 2013
GaN/Ga,03 Oxygen plasma 2 01 97 2015
SiC/Ga,05 LMBE -5 2.4 1.8 100 2016
p-Si/Ga,0; PLD -3 370 180000 1.79 0.27 101 2016
4H-SiC/Ga,03 LMBE -5 0.18 0.65 1.73 98 2016
Graphene/Ga,0; 20 39.3 19600 95 219 106 2016
Zn0/Ga, 03 RFMS -5 0.35 170 1.07 0.79 103 2017
HSL/Ga,0; RFMS 5 96.13 47600 0.032 0.078 112 2018
Mg:Ga,03/n-Si MOCVD 3 0.14 0.02 0.15 123 2019

Non-photovoltaic ~ p-Si/i-SiC/n-Ga,0; LMBE —4.5 120 2016

PIN junctions

Non-photovoltaic ~ Au/Ni/Ga,03 Floating zone method 10 2.6-8.7 114 2008

Schottky junctions Au/Ga,03; Floating zone method 3 1000 115 2009
Au/Ga,03 Floating zone method 3 4.3 21 116 2011
Au/Ga,03 Partial thermal oxidation —10 0.0006 0.000001 0.000064 111 2016
Au/Ga,0O3; micro/ CVD 1 19.3 9400 0.02 0.023 117 2015
nano-sheet
Au/Ga,0; MBE 3.8 1.8 870 118 2015
Ni/Ga,0; EDFG 6 >8 121 2016
Graphene/Ga,0;/ CVD 10 9.66 0.96 0.81 105 2017
graphene

Junctions in Sn0,/Ga,03 RF sputtering —5.5 2300 4480000 0.000025 0.000048 124 2016

avalanche mode ZnO/a-Ga0; LMBE —40 11000 < 0.00005 0.000238 122 2017
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Fig. 11 (a) Spectral photoresponse of a 400 um diameter Schottky diode

under different biases, and the transmittance spectra of the Ga,Ox epilayer
and ZnO substrate. (b) Normalized transient photoresponse characteristics
of the detector. (c) Schematic energy diagrams at high reverse bias under
254 and 365 nm illumination. Reproduced with permission from ref. 122
Copyright 2017 American Chemical Society.

and the corresponding photo-responsivity was 0.50 A W~ ' and
0.071 A W', At a bias of —40 V, the device exhibited high
avalanche gain, and the photo-responsivity to 254 nm deep
ultraviolet light was as high as 1 x 10* A W', with total gain
exceeding 10°.
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4 Discussion and expectation

Via the abovementioned discussion, we learned about the
development of solar-blind UV photodetectors as well as hetero-
geneous PN junction and Schottky junction detectors working
in the photovoltaic mode and non-photovoltaic modes. Each of
them has its own pros and cons and complements each other.

To date, although the performances of Ga,03-based solar-
blind UV detectors have been gradually improved, they are not
satisfactory from a practical point of view. In general, the
detectors made of wide band gap semiconductors have several
problems: low conductivity, large dislocation densities and
cracking of the deposited film due to the thermal/lattice
expansion mismatches.'*® On this basis, researchers have come
up with several ways to solve the abovementioned problems:
avalanche gain (as abovementioned), energy-band regulation,
homogenous PN junctions and so on. In addition, the author
believes that the further development of Ga,0; detection needs
to focus on the breakthroughs of energy-band engineering and
Ga,0; homogenous PN junctions.

4.1 Energy band engineering

We know that Ga,0; has the bandgap of 4.9 eV (corresponding
to the absorption cut-off wavelength of 250 nm). In fact, when
put into practical use, an ideal solar-blind UV detector should
have the optimal photo-response cut-off wavelength of 280 nm,
which can ensure the farthest information transmission with-
out background interference. To obtain the ideal absorption
cut-off edge of 280 nm, energy band engineering has been
widely used in GaN and ZnO materials. The most mainstream
representatives are Al 33Gap N and Mgg 552N, 450." How-
ever, there are few studies on Ga,O; energy-band engineering,

This journal is © The Royal Society of Chemistry 2019
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especially on the potential InGaO materials. Therefore,
research on the InGaO materials will become a potentially
hot topic in the field of solar-blind UV detection in the future.

Material energy-band regulation refers to combining two
materials of different band gaps by some method and adjusting
the composition of these two materials to achieve the expected
value between two band gap values. In the energy-band
engineering of solar-blind UV detectors, researchers have
widely used Al,Ga;_,N***° and Mg,Zn;_,0.*"**> However, when
the components of Al and Mg are respectively added to achieve
the conditions of solar-blind ultraviolet detection, deterioration
of the film quality of AlGaN and phase segregation of MgZnO
occur, which make them challenging to be put into practical
use currently.’*® Therefore, researchers have focused their
attention on Ga,03;.

Due to the wide band gap of the Ga,O; materials, the
detectors made with these materials cover most of the areas
of solar-blind UV bands. By incorporating other elements, such
as Er,"?” Al,"?8 Zn,"*® Mg'*® and In,"*° into Ga,0; and adjusting
the ratio, it is possible to adjust the cut-off wavelength of the
detector. In addition, a wider band gap engineering is the key
to achieve higher breakdown voltage, thereby facilitating the
large-scale production of photodetectors and improving the
frequency response characteristics of the devices."*®

4.2 Ga,0; homogeneous PN junction

At present, as a stable doping technology of Ga,0; has not been
developed, the current mainstream solution we summarized
above is to avoid homogenous pn technology and instead use
heterojunctions. As is well-known, semiconductor heterojunc-
tions are not the most ideal device structure because of the
important constraints that affect the device: for example, lattice
mismatch, effective mismatch or energy band bending. There-
fore, the p-type doping technology of Ga,O; and the homo-
geneous pn junction device will be the focus of future
development and the bottleneck worth breaking through.

Homogeneous junctions are classified into metal/metal and
semiconductor/semiconductor homojunctions. It is important
to emphasize that metal/metal and semiconductor/semicon-
ductor homojunctions are formed by covalent coupling of the
same metal or semiconductor components (rather than inter-
molecular or hydrogen bonding), and these homojunctions
have good stability."*"

Ga,0;, a promising candidate in next-generation electro-
nics, belongs to the semiconductor category. However, due to
the existence of the self-compensation process, the realization
of p-type conductive Ga,0; faces enormous challenges, which is
crucial for the further expansion of its application and promo-
tion. At present, to the best of our knowledge, in addition to
homogenous junctions made of different nano-morphologies
of Ga,0;,"*? it is theoretically possible to reduce the oxygen
vacancy using divalent ions (Zn'***** and Mg'*°) and thereby
form p-type Ga,0s. In 2019, Su et al.**® fabricated Zn-doped and
Zn-Mg co-doped Ga,O; thin films by radiation frequency
magnetron, thereby investigating the acceptor levels of ZnGa
and MgGa. The experimental results show that the acceptor

This journal is © The Royal Society of Chemistry 2019
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levels of ZnGa and MgGa are 0.79 eV and 1.00 eV, respectively.
These high values indicate why it is difficult to obtain highly
conductive p-type Ga,O3; by doping Zn and Mg impurities.
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