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TOPICAL REVIEW — Photodetector: materials, physics, and applications

Ultraviolet photodetectors based on wide bandgap oxide
semiconductor films*

Changqi Zhou(J KA 7, Qiu Ai(3#K)" >, Xing Chen(H:/2)!,
Xiaohong Gao(#EHE41)!12, Kewei Liu(X|| 7] )%, and Dezhen Shen(H i #z)!

Lstate Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China

2 University of Chinese Academy of Sciences, Beijing 100049, China

(Received 1 January 2019; revised manuscript received 24 February 2019; published online 19 March 2019)

Ultraviolet (UV) photodetectors have attracted more and more attention due to their great potential applications in
missile tracking, flame detecting, pollution monitoring, ozone layer monitoring, and so on. Owing to the special character-
istics of large bandgap, solution processable, low cost, environmentally friendly, efc., wide bandgap oxide semiconductor
materials, such as ZnO, ZnMgO, Ga;03, TiO;, and NiO, have gradually become a series of star materials in the field of
semiconductor UV detection. In this paper, a review is presented on the development of UV photodetectors based on wide

bandgap oxide semiconductor films.
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1. Introduction

In recent years, ultraviolet (UV) photodetectors have
gained extensive attention of researchers worldwide owing to
their potential applications in solar UV radiation detection,
missile tracking, flame detection, ozone monitoring, environ-
mental monitoring, etc.'™# Although GaN and SiC based
UV photodetectors possess mature manufacturing technolo-
gies and thus have already been commercialized, >~ it is still
tough to further reduce the cost and improve the performance
for wide applications. Wide bandgap oxide semiconductors,
including ZnO, ZnMgO, Ga;03, TiO,, NiO, and so on, are
the focus of current research efforts since they have special
physical and chemistry properties, such as stability, environ-
mental friendliness, and enrichment of raw materials.[8-12]
Till now, the UV photodetectors based on wide bandgap
oxide semiconductors with various device structures have
been demonstrated, including p—n junction, Schottky junc-
tion, metal-semiconductor-metal (MSM) structure, and het-
erojunction. Several review articles have been published on
ZnO-based UV photodetectors and metal-oxide nanostruc-
ture photodetectors.!'3-17] Liu et al. summarized the history
and the development of ZnO-based photodetectors.!'3! Hou
et al.'" and Yang et al.!"! focused on the performances of
ZnO-based UV photodetectors and the relevant physics. Zhai
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et al."®) and Tian et al.'”! discussed several kinds of impor-
tant metal-oxide nanostructures (such as ZnO, SnO,, Ga,03,
CU20, F6203, In203, CdO, CeOz, Nb205, and WO3) and their
corresponding photodetector applications.

In this review, we will first discuss the technical devel-
opment of ZnO-based UV photodetectors, followed by recent
advances of UV photodetectors based on Ga;0O3, TiO;, and
NiO. Finally, a brief summary, challenge, and prospect will be
given.

2. ZnO-based film photodetectors

ZnO is one of the most prominent members of the family
of wide bandgap oxide semiconductor due to its unique physi-
cal and chemical properties.'!8-201 It has strong radiation hard-
ness, high chemical stability, low cost, and a large bandgap of
3.37 eV at room temperature.[?!~23 Furthermore, by alloying
ZnO with MgO, the bandgap of Zn,Mg;_,O can be adjusted
from 3.37 eV to 7.8 eV,[2*25] which is essential to fabricate
UV photodetectors with different cut-off wavelengths. These
properties are crucial for practical optoelectronic devices used
in missile warning system, flame detection, and inter-satellite
communications.26-28] Tn addition, ZnO and its alloy Zn-
MgO materials are environment-friendly and rich in natural
resources. Therefore, ZnO-based material is one of the best
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candidate materials for preparing UV photodetectors.[2-33]

After years of development, UV photodetectors based on
Zn0O and ZnMgO films have made great process, which has
been discussed in the previous reviews.[!3~131 Notably, to im-
prove the performance of ZnO-based UV photodetectors, var-
ious methods have been selected, such as surface treatment,
surface plasmonic effect, mixed-phase material, and so on. In
this section, we will describe several ways to improve the per-
formance of ZnO-based photodetectors.

2.1. Surface treatment

According to previous reports, ZnO exhibited a strong
adsorption/desorption behavior of oxygen on the surface,
which had a very big influence on the properties of ZnO-
based UV photodetectors.>*3>) For example, these adsorp-
tion/desorption processes of oxygen on the surface of ZnO
could lead to a long rise/decay time of bare ZnO-based UV

(36371 In order to improve the performance

photodetectors.
of ZnO-based UV detectors, scientists have studied many
methods, such as oxygen plasma treatment,38#11 surface
passivation, 3339421 solution treatment,*>*! and so on. In
2003, Coppa et al.’®! cleaned the ZnO (000-1) surface by
O,/He plasma, which could significantly improve the rectify-
ing characteristics of Au/ZnO junction. Liu et al.'*® treated
the ultrathin (20-nm-thick) ZnO epitaxial films with oxygen-
radical-rich inductively coupled plasma to improve the perfor-
mance of detectors (the decay time was reduced to below 50 ps
and the on/off ratio was increased over 1000). In 2007, Angadi

et al.1*]

studied the effect of oxygen plasma treatment on the
performance of Au—ZnO-In photodetectors, and a good Schot-
tky junction detector with high UV responsivity (160 A/W
at 254 nm) could be obtained after the treatment. In 2012,
Reyes et al.*®! prepared a ZnO UV photodetector based on a
thin film transistor (TFT), and the persistent photoconductiv-
ity of the device was suppressed through oxygen plasma treat-
ment. Figure 1(a) shows the turn-off times of the untreated
device, and the device with oxygen plasma treatment. The
surface-treated device yields a reduced turn-off time of 10 ms
as compared to 26 ms turn-off time of the untreated device.
Figures 1(b) and 1(c) show Oy peaks in x-ray photoelectron
spectroscopy (XPS) spectra of the untreated ZnO channel and
the O, plasma treated ZnO channel, respectively. The peak
appearing at the lower binding energy 530.68 eV (Oy) is due
to the 0%~ ions presenting in the stoichiometric ZnO; on the
other hand, the peak at the higher binding energy ~ 532.38 eV
(Opp) could be attributed to O2~ ions in oxygen deficient ZnO.
The ratio of the peak area due to the oxygen deficient ZnO
over the total area of the two peaks (Oy/Oyoy) indicates the
relative quantity of this oxygen-related defect. According to
the results of XPS measurements, the improvement of recov-
ery time for the photodetector is achieved through the sup-

pression of persistent photoconductivity using oxygen plasma
treatment to reduce the oxygen vacancies.
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Fig. 1. (a) Recovery times of the ZnO-TFT UV photodetector with and
without channel surface treatment; XPS spectra of (b) untreated ZnO
channel, and (c) oxygen plasma-treated ZnO channel.[*8!

In addition to oxygen plasma, the surface treatment by so-
lution is also a common method to improve the performance of
ZnO-based photodetectors, and this method has been widely
used in the devices based on ZnO micro/nanostructures. 49521
Recently, scientists have introduced this method into ZnO thin
film detectors. In 2017, Zhu et al.!*% investigated the effect
of HyO; solution treatment on the properties of the ZnMgO
thin film and its UV photodetectors. After the treatment by
H,0; solution, the dark current of ZnMgO UV photodetectors
decreased by more than one order of magnitude. Moreover,
the response time of the device could be significantly reduced
both in vacuum and an oxygen atmosphere by H,O; solution
treatment due to the reduction in the oxygen vacancy defects
in ZnMgO. However, the responsivity would also be obviously
decreased using this method.

More recently, Chen et al.’”) demonstrated a perfor-
mance enhancement of ZnMgO photodetectors through HF
solution treatment. As shown in Fig. 2, after the treatment
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with HF solution, the dark current decreases from 0.7 pA to
0.4 pA, and the peak responsivity of the device increases from
145 A/W to 326 A/W at 10 V. Additionally, the 90%—10% de-
cay time of the device is decreased by more than one order of
magnitude (from 4.6 ms to 0.34 ms). Large amounts of Zn-F
or Mg—F on the ZnMgO surface should be responsible for the
performance enhancement after HF treatment. The F-modified
surface of ZnMgO film could adsorb more O, molecules and
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induce more oxygen-related hole-trap states due to the strong
O, adsorption ability, resulting in low dark current and larger
responsivity. Moreover, after turning off the UV light, the
oxygen molecules are reabsorbed on the surface of ZnMgO
and capture the free electrons more quickly, thus the smaller z-
decay is achieved. This result indicates that the chemical treat-
ment with HF solution should be a useful and effective method
for improving the performance of ZnMgO UV photodetectors.
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Fig. 2. (a) I-V characteristics of devices in the dark. (b) Spectral responses of the devices under a bias of 10 V. (c) Decay edge of the

current response at a bias of 10 V.37]

2.2. Surface plasmonic effect

Surface plasmons (SPs) are collective oscillations of free
electrons between metal and dielectric (semiconductor) mate-
rials, which have also been employed to enhance the perfor-
mance of photodetectors. >3-4

In 2014, Tian et al.>®! reported that Pt nanoparticles
could be used to enhance the performance of the UV pho-
todetectors, where surface plasma resonance occurs. Figure 3
shows the response spectra of the ZnO MSM structure UV
photodetectors before and after sputtering of Pt nanoparticles.
It can be seen that the responsivity of the device is enhanced
from 0.836 A/W to 1.306 A/W by sputtering Pt nanoparticles
on the surface of the device. After that, Pei et al.l5"! demon-
strated that the maximum responsivity enhancement ratio of
ZnO MSM sandwich UV photodetectors could range from 14
to 45 times by adjusting the embedded depth of the Pt nanopar-
ticles. In 2014, Li ez al.!>! fabricated high-performance ZnO-
based MSM UV photodetectors decorated with Ag nanopar-
ticles by a chemical method positioned. After the introduc-
tion of the Ag nanoparticles, the responsivity of the device

was enhanced from 472 mA/W to 51.3 A/W, but the dark cur-
rent also increased. After that, their group reported the re-
sponsivity enhancement (from 472 mA/W to 10.522 A/W) of
Ag nanoparticles-embedded ZnO film UV photodetector with-
out the apparent increase of dark current.[®"! In 2016, Sun

(611 fabricated ZnO semiconductor films with periodic

et al.
3D nanocave patterns, and the Au nanoparticles were subse-
quently introduced into the ZnO film, which could boost the
UV responsivity and extend the photodetection to the visible
light region.

Compared to the traditional dipole plasmon resonance,
high-order plasmon modes are often excited in the shorter-
wavelength range, which is expected to be used to improve the
UV-detection performance. Moreover, a highly wavelength-
selective UV response enhancement for ZnO photodetectors
could be achieved due to the narrow-band quadrupole reso-
nance. In 2017, Ag nanoparticles-decorated ZnO photodetec-
tors were proposed by Wang et al.,[%?! and the device exhibited
an obvious increase in peak responsivity at around 380 nm,

which could be attributed to the narrow-band quadrupole plas-

048503-3



Chin. Phys. B Vol. 28, No. 4 (2019) 048503

mon resonance of Ag nanoparticles in the UV range. Figure 4
shows the properties of UV photodetector based on ZnO thin
film with and without Ag nanoparticles. The dark current of
the device is decreased by the introduction of Ag nanoparti-
cles. More interestingly, after covering with Ag nanoparticles,
the intensity of the response peak increases obviously from
2.16 A/W to 2.86 A/W, while the responsivity at the other
wavelengths decreases a lot, resulting in the full width at half-
maximum of response peak as narrow as ~ 10 nm. Moreover,
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the response speeds of the ZnO UV photodetectors with and
without Ag nanoparticles have no significant change. By coat-
ing Ag nanoparticles on the ZnO surface, a localized Schottky
junction can be formed at the interface, and the wavelength of
the ultraviolet light is coupled to the resonant frequency of the
Ag nanoparticles. Thus, the performance of device could be
enhanced obviously. This work would open a way to harness
the high order plasmon modes in the field of UV optoelec-
tronic devices.
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Fig. 3. Response spectra of the ZnO MSM structure UV photodetectors before and after sputtering of Pt nanoparticles. The inset

shows the schematic illustration of the device.°°]
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Fig. 4. (a) J-V characteristics in dark condition and (b) response
spectra of the ZnO UV photodetectors with and without Ag nanopar-
ticles under 15-V bias. (c) Time-dependent photocurrent with periodic
switching of UV illumination (380 nm) measured at 30-V bias. 1021

In brief, the performance of ZnO-based photodetector has
been significantly improved by introducing metal plasmon res-
onance, and these results could provide a promising way to
develop high-performance UV photodetectors.

2.3. Mixed-phase material

As is well known, ZnO is stabilized in the hexagonal
wurtzite structure, while MgO is stabilized in the cubic rock
salt structure. Therefore, the crystal structure of ZnMgO al-
loy would change from wurtzite structure to cubic structure
as the Mg content increases. And ZnMgO with both hexag-
onal and cubic phases is commonly obtained in the previ-
ous reports, which could be called mixed-phase ZnMgO. It
could be found that the photodetectors fabricated on mixed-
phase ZnMgO exhibit a relatively higher responsivity than that

31.65.66] Thys, preparing mixed-

of the single-phase devices.!
phase material may be a viable method to improve the perfor-
mance of ZnMgO UV photodetectors. However, the mixed-
phase ZnMgO usually has two absorption edges: one is shorter
than 280 nm and the other is longer than 300 nm, indicating
that they are not suitable for solar-blind detection without ex-
ternal filters.[18-67-70]

In 2014, a mixed-phase Zng 33Mgp O film with a sin-
gle absorption edge has been firstly deposited on a-face sap-
phire using plasma-assisted molecular beam epitaxy by Fan
et al.'’" Furthermore, a mixed-phase ZnMgO UV photode-
tector with excellent comprehensive performance has been
fabricated. The device showed only one response peak at

260 nm with the responsivity of 1.664 A/W which is differ-
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ent from other mixed-phase ZnMgO photodetectors contain-
ing two photoresponse bands. In addition, the dark current of
the device was only 0.25 pA at 5 V, which was much lower
than that of the reported mixed-phase ZnMgO photodetectors.
After that, Fan er al. further studied the carrier transport pro-
cess of mixed-phase ZnMgO photodetector at different con-
ditions, such as thermal equilibrium, dark, and UV illumi-
nation, as shown in Fig. 5,121 and tried to find out the rea-
son for the excellent optoelectrical characteristic for the de-
vices. They found that large amounts of heterojunctions be-
tween wurtzite-phase ZnMgO (w-ZnMgO) and cubic-phase
ZnMgO (c-ZnMgO) in the mixed-phase ZnMgO film should
be responsible for the ultra-low dark current; meanwhile, the
high-resistance of c-ZnMgO film also plays an important role
in producing low dark current. Under the radiation of UV
light, photogenerated holes were trapped at the interfaces be-
tween w-ZnMgO and c-ZnMgO, prolonging their lifetimes.
At the same time, the barrier height at grain boundary can be
reduced, enhancing the electron conductance and reducing the
electron-transit time. The longer lifetime could increase the in-
ternal gain and then increase the responsivity. After this study,
some scientists began to focus on the mixed-phase ZnMgO
UV photodetector. Han et al.U’3-73! fabricated MSM struc-
ture UV detectors based on mixed-phase ZnMgO thin films by
pulsed laser deposition (PLD) method, and the effect of the
substrate surface atom constitution and the migration charac-
teristics of reactive atoms on crystal structure of the ZnMgO
thin films have been investigated.

o | <0 [ v [eavo
a-Al,O,

w-ZMO ¢-ZMO w-ZMO

v
Interface states

(®) 5

In dark

©) 7~ ¢-ZMO

h‘
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Fig. 5. Energy band diagram and carrier transport process of mixed-

phase ZnMgO photodetector at different conditions: (a) at thermal

equilibrium, (b) under bias in dark, and (c) under bias with UV

illumination.7!

In addition, several other methods have been used to

improve the performance of ZnO-based UV photodetec-
tors.!76-851 For example, Tian et al. and Wang et al. (8233 de-
veloped the high performance ZnO nanosheet field-effect tran-
sistor by using ferroelectric to get the very low dark current.
The device reveals an improved optical response and detec-
tivity up to 3.8 x 10° A/W and 4.4 x 10" Jones (unit Jones:
cm-Hz!'/2.-W~1), and the photocurrent gain is 1.24 x 10°. At
the same time, Wang et al.!3* fabricated a high performance
ZnO nanosheet photodetector driven by the charge trans-
fer induced local field. The photodetector exhibits ultralow
dark current (107'2 A), ultra-high specific detectivity (up to
~ 10'* Jones), and fast rising (300 ms) and decaying times
(310 ms).

Due to space limitations, we only summarize the above
methods used to improve the performance of ZnO UV pho-
todetectors (PDs). Although ZnO-based UV photodetectors
have made great progress in recent years, there are still some
problems remaining to be solved. For example, the lack of
stable and reproducible p-type ZnO-based materials, the low
responsivity of MgZnO solar-blind PDs, the slow response
speed, and so on. Therefore, more research should be per-
formed to address these challenges.

3. Gaz03-based film photodetectors

Solar-blind UV photodetectors can accurately response
to a very weak signal even under sun or room illumination.
Monoclinic Ga,03 (-Gay03), with an intrinsic bandgap E,
of ~ 4.9 eV and accordingly a corresponding wavelength of
~ 260 nm,3-°1 is naturally suitable for solar-blind UV de-
tection. Consequently, Ga;O3 has attracted much attention
recently, and its characteristics of solar-blind UV detection
have been demonstrated in various device structures, includ-
ing MSM structure, Schottky junction, and heterojunction

structure. [92-103]

3.1. MSM structure

MSM structure photodetectors have the advantages of
In 2007, Kokubun
et al. " grew B-GayO3; MSM photodetectors using sol-gel

simple structure, easy preparation, etc.

method, and the maximum responsivity of the device was only
8 x 1073 A/W. In 2014, Guo et al.!'%! deposited B-Ga, O3 epi-
taxial thin films using laser molecular beam epitaxy (L-MBE)
technique, and in sifu annealing on the film under oxygen at-
mosphere could lead to the transition of the Au/Ti electrode/f3-
Gay03 thin film from ohmic to Schottky contact due to the
reduction of the oxygen vacancy. Figure 6 shows the time-
dependent photoresponse of the 3-Ga; O3 thin films prototype
photodetector to 254-nm illumination. The dark current, rise
time, and decay time for the Schottky type photodetectors are
only 0.3 nA, 0.62 s, and 0.83 s, respectively. Compared with
the Ohmic-type photodetector, the Schottky-type photodetec-
tor shows lower dark current, higher photocurrent/dark current
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ratio, and shorter switching time, which benefit from Schottky
barrier controlling electron transport and the significant reduc-
tion in the quantity of photogenerated carriers trapped by oxy-
gen vacancy.
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Fig. 6. Time-dependent photoresponse of the 3-Ga,O3 thin films pro-
totype photodetector to 254-nm illumination: (a) the ohmic-type device
and the Schottky-type device; (b) enlarged view of the rise/decay edges
and the corresponding exponential fitting for the ohmic-type device and
Schottky type devices, respectively.[19]

In 2015, Hu et al.!'%! deposited B-Ga,O3 film using
metalorganic chemical vapor deposition (MOCVD) technique,
and the photodetectors with interdigitated electrodes have
been designed and fabricated on this film. The device exhib-
ited a responsivity of 17 A/W, a UV-to-visible rejection ratio
of 8.5 x10°, and a quantum efficiency of around 8228% at
20-V bias. In 2017, Alema et al.!"%7) reported the fabrica-
tion and characterization of solar-blind photodetectors based
on undoped -Ga;03 and Zn-doped -Ga,03 (ZnGaO) epi-
taxial films with a cutoff wavelength of 260 nm. The ZnGaO
detector showed a peak responsivity of 210 A/W at 232 nm,
which is much higher than that for f-Ga, O3 device (46 A/W).
In 2018, Zhang et al.!'%®! grew high quality B-Ga,0j film by
using N, O as reaction gas for the fabrication of high perfor-
mance solar-blind photodetector. This device exhibited a high
responsivity of 26.1 A/W. And the rise and decay times were
around 0.48 s and 0.18 s at 10 V, respectively. The excellent
performance can be attributed to the reduction of scattering
or/and trapped center of photo-generated carriers formed in
the film grown with N,O.

3.2. Schottky junction

Considering the potential applications in secure commu-
nication and space detection, the quick response speed and
the self-powered ability for a solar-blind photodetector are
strongly desirable. The vertical Schottky photodiode should
satisfy this requirement. In 2016, an Au/B-Ga;03 nanowires
array film vertical Schottky photodiode was successfully fab-
ricated by a simple thermal partial oxidation process.[!%]
The device had a four-layer structure, namely, Au/f-Ga;03
nanowires array/B-Ga,Os film/Ga. This Schottky type pho-
todetector showed an obvious solar-blind response without any

power supply, and 90%—-10% decay time is only 64 ps.

3.3. Heterojunction structure

Weng et al.''9 reported the fabrication of a -
Gay03/GaN dual-band photodetector. The dark current of the
device was only 3.58 x 107! A at 5-V applied bias and the
near-UV to visible contrast ratio was 850 at 10-V bias. In
2016, Guo et al.!''!] fabricated B-Ga, O3 thin films on p-type
silicon (100) substrates by laser molecular beam epitaxy, and
the heterojunctions were then formed as a deep UV solar-
blind photodetector. The responsivity of the device reached
370 A/W at 3 V reverse bias at 254 nm, and the corresponding
external quantum efficiency was over 1.8 x10°%, which can
be attributed to the carrier multiplication. In addition, the rise
time and fall time were 1.79 s and 0.27 s, respectively. In the

121 orew B-Ga, 03 films on n-type 4H-

same year, Qu et al.l
SiC substrates using laser molecular beam epitaxy technique.
By replacing Au/Ti with single-layer graphene as the top elec-
trode, the responsivity increased from 7.14 x 10~* A/W to
0.18 A/W, and the rise time decreased from 2.14 s to 0.65 s.
These results suggested that the graphene transparent elec-
trodes could not only allow the majority of the incident light to
reach the contact area, but also offer an easy carrier transport
channel when the electron-holes were separated.

In addition, metastable a-phase GayO3 is an emerging
material for developing solar-blind photodetectors. In 2017,
Chen et al.!''3] realized single crystalline a-Ga,03 epilayers
on nonpolar ZnO substrates and a high performance Au/a-
Gay03/Zn0 isotype heterostructure-based Schottky barrier
avalanche diode was demonstrated. The device displayed a
rise time of 238 ps and a decay time of 3040 ps. In addi-
tion, the responsivity at 254 nm could reach 1.10 x 10* A/W
at —40-V bias.

Although great progress has been made in Ga,O3 pho-
todetectors, the responsivity remains relatively low. Besides,
p-type doping of Gay03 is still a bottleneck problem which
severely limits its application in the optoelectronic system.
Furthermore, the severe persistent photoconductivity effect
should be addressed in the future.
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4. TiOz-based film photodetectors

The wide bandgap of TiO; (3.2 eV for anatase and 3.0 eV
for rutile structure) makes it very suitable for UV detection
applications.!!'*! Till now, TiO,-based UV photodetectors, in-
cluding MSM structure, Schottky structure, and heterojunc-
tion structure, have been demonstrated and investigated.

4.1. MSM structure

Up to now, most of the reported TiO, UV photodetec-
In 2007, anatase TiO,

MSM photodetectors were fabricated by sol—gel method on Si
115

tors are based on MSM structure.
substrate.!! 151 At 5-V bias, the dark current and the responsiv-
ity at 260 nm were around 1.9 nA and 199 A/W, respectively.
However, the device showed a slow response with a rise time
of 6 s and a decay time of 15 s. In 2009, Kong et al.!!!6]
fabricated TiO, MSM photodetectors with Ni electrode. At
5-V bias, the dark current of the detector was only 1.83 nA,
and the responsivity at 260 nm can be as high as 889.6 A/W.
This large responsivity could be explained by the great inter-
nal gain associated with the hole trapping at interface. In 2011,
Shih et al.!''7] fabricated oxygen plasma modified TiO, MSM
photodetectors using radio frequency (RF) magnetron sputter-
ing. The spectral responsivities of the fabricated TiO, MSM
photodetectors with different oxygen plasma treatment times
were investigated. It was found that the cutoff wavelength is
close to 387 nm. With a 360-nm illumination and 5-V applied
bias, it was found that the maximum responsivities of the fab-
ricated TiO, photodetectors with oxygen plasma treatment of,
1 min, 2 min, and 3 min were 36 A/W, 144 A/W, 153 A/W,
and 53 A/W, respectively.

4.2. Schottky structure

There are very few reports about TiO,-based Schottky-
type UV PDs. Akbari et al.!''® fabricated monolayer TiO,
film based photodetector via atomic layer deposition. The de-
vice displayed a responsivity of 0.352 A/W at 1-V bias with
short rise (30 ps) and fall time (63 wps). The Ion/lof ratio
was about 220 with an excellent stability. Patel et al.!''"! re-
ported Cu/TiO,/FTO Schottky type photodetectors fabricated
by direct current (DC) sputtering technique. At —1-V bias,
the peak responsivity and detectivity were 0.897 A/W and
4.5 x 10'? Jones, respectively. In addition, the device showed
a very quick response speed with a rise time of 1.12 ms and a
fall time of 1.46 ms.

4.3. Heterojunction structure

1201 prepared TiO, nanocrystalline films on

Zhang et al.!
SrTiO3 (001) substrate to form a heterojunction active layer
using a sol-gel method. At 10-V bias, the dark current of
the detector was 0.2 nA and the responsivity was 46.1 A/W

at 260 nm. The rise and fall times of the device were 3.5 ms

and 1.4 s, respectively. Later, their group!!?!! fabricated a
UV photodetector based on a TiO,/NiO p—n heterojunction,
which showed an overall improvement in performance (the
dark current was 0.033 nA, the responsivity was 181.9 A/W
at 280 nm, and the decay time was 598 ms) compared to their
previous devices. The p—n heterojunction possessed the capac-
ity of the majority carrier depletion due to its built-in electric
field (Epi) in dark, which has the potential to limit Iy, and
the noise of devices. Sun et al.!'??! fabricated a self-powered
Fe-doped TiO,/n-Si heterojunction UV-visible photodetectors
via a facile solution process. The device displayed a respon-
sivity of 46 mA/W (350 nm) and 60 mA/W (600 nm) with
0.5 mW/cm? light irradiation at zero bias. And the rise and
decay times of the device were less than 10 ms and 15 ms, re-

1.11231 deposited an ultrathin TiO, film on

spectively. Liu ef a
single crystal diamond surface through radio frequency mag-
netron sputtering method to form heterojunction PDs. The de-
vice showed two response peaks at around 225 nm (3 mA/W)
and 290 nm (23.6 mA/W) stemming from the response of dia-
mond and TiO;, respectively, indicating a stretch of detection
range of pure diamond or TiO; photodetector.

In summary, the research on TiO, as a material for UV
photodetectors has just begun. At present, most of TiO;, pho-
todetectors were fabricated on nanomaterials. Therefore, more
efforts should be concentrated on TiO; thin film photodetec-

tors in the future.

5. NiO-based film photodetectors

Among various wide bandgap oxide semiconductors,
nickel oxide (NiO) is a promising p-type semiconductor with
a wide and direct energy band gap in the range of 3.2 eV-
3.8 eV.[124-126] Tt has many advantages such as low cost, non-
toxicity, earth abundance, transparency in the visible light,
etc.[127-129] Therefore, NiO should be a good candidate for
the fabrication of UV photodetectors.[!30-133]

In 2009, Zhao et al.!'3*! used electron beam evaporation
technique to grow Mg-doped NiO film on quartz substrate.
The fabricated MSM photodetector displayed a peak respon-
sivity of 0.147 mA/W at 320 nm and 5-V bias, and the dark
current was about 70 nA. In 2017, Ahmed et al.!3%! deposited
NiO film on Si (100) substrate by using RF magnetron sputter-
ing system, and the MSM photodetectors were then fabricated
on this NiO film. Under 365- nm UV illumination at 5-V bias,
the maximum responsivity was evaluated to be 4.5 A/W with
a rise and fall time of 266 ms and 200 ms, respectively.

Owing to its p-type nature, NiO film has been mainly
used to fabricate p—n heterojunction UV photodetectors with
other n-type semiconductors, such as Si, ZnO, TiO,, indium
gallium zinc oxide (IGZO), and organic materials. In 2005,
Choi et al.!*% evaporated NiO film on Si substrate to form
p—n heterojunction, and the fabricated photodetectors showed
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aresponsivity at 290 nm of 0.15 A/W at 0 V. In 2014, Zhang et
al.'"37! demonstrated the p-NiO/n-Si heterojunction by the ox-
idation of Ni deposited on n-Si substrates, and the photodetec-
tor based on this heterojunction displayed a maximum respon-
sivity of 0.815 A/W at —2-V bias. In 2015, Li et al.!'3® fabri-
cated n-IGZO/p-NiO photodetector on indium tin oxide (ITO)
glass using magnetron sputtering technique. In Fig. 7(a), at
—3-V bias, a peak responsivity of 0.016 A/W was observed at
the wavelength of ~ 370 nm with the full width at half maxi-
mum smaller than 30 nm. This high spectrum selectivity could
be explained in terms of the “optically-filtering” function of
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Fig. 7. (a) Spectral responsivity of the ITO/H-NiO (high conductiv-
ity NiO)/IGZO/ITO photodetector under the bias of —3 V. The inset
shows the responsivity as a function of the reverse bias. (b) Nor-
malized spectral responsivities of the ITO/L-NiO (low conductivity
NiO)/IGZO/ITO, ITO/M-NiO (medium conductivity NiO)/IGZO/ITO,
and ITO/H-NiO/IGZO/ITO photodetector structures at —3-V bias.[138]

the NiO layer. In addition, the performance of the photodetec-
tor was largely affected by the conductivity of the p-NiO thin
film, which could be controlled by varying the oxygen partial
pressure during the deposition of the p-NiO thin film, as shown
in Fig. 7(b).

Tsai et al.!'3%! fabricated p-NiO/n-ZnO by RF magnetron
sputtering on glass substrate. The current—voltage curve of the
heterojunction demonstrated obvious rectifying diode behav-
ior in a dark environment. The lowest leakage current was
7.73 x 1078 A/cm? for n-ZnO/p-NiO heterojunction diode.
In 2017, Patel et al.!'"*) realized the high transparent self-
powered heterojunction photodetector of the configuration of
NiO/ZnO/ITO/polyethylene terephthalate (PET) by using the
solid-state sputtering method. This high visible-range trans-
parent (74.8%) photodetector was extremely sensitive to the
tiny UV light density.

6. Conclusion and perspectives

This review has introduced ultraviolet photodetectors
based on wide bandgap oxide semiconductor films, including
Zn0, ZnMgO, Ga;03, TiO,, and NiO. The growth method
of the materials, the classification of the photodetectors, and
the development of performance of the devices have been re-
viewed and summarized. Recent progresses and challenges in
this field are systematically discussed. Systematic compari-
son of photodetector performances based on these devices has
been summarized in Table 1. It is clear that these devices will
play a significant role in environmental monitoring, medical
analysis, defense technology, and fire protection due to their
special characteristics of large bandgap, solution processable,
low cost, environmentally friendly, efc. Although many im-
portant progresses have been achieved on wide bandgap oxide
semiconductor films, there is still a lot of work to be done in
the field of UV photodetectors based on wide band gap oxide
semiconductors, such as p-type doping, the improvement of
the materials’ quality, the design of the device structure, and

SO Oon.

Table 1. Comparison of the photodetector performances for wide bandgap oxide photodetector.

Structure Dark current/nA Peak responsivity/(A/W) Rise time/ms Decay time/ms Ref.
ZnO MSM 0.4 10 - 0.05 [46]
ZnO MSM 5.65 x 106 160 - - [47]

ZnO TFT 5x 1073 - - 10 [48]
ZnO MSM 10 1.306 - - [56]
ZnO MSM - 7 - - [57]
ZnO MSM 100 51.3 - - [59]
ZnO MSM 60 10.522 - - [60]
ZnO MSM 1 - 24000 15000 [61]
ZnO MSM - 2.86 15000 330000 [62]

ZnMgO MSM 1x1073 4 - < 1000 [36]
ZnMgO MSM 4x 107 326 - 0.34 [37]
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Table 1. (Continued).

Structure Dark current/nA Peak responsivity/(A/W) Rise time/ms Decay time/ms Ref.
ZnMgO MSM 2.5%x 1074 1.664 - 1000 [71]
ZnMgO MSM 41073 32 - 37 [72]

ZnO TFT - 3.8x10° 280 440 [83]

ZnO TFT 3.5x1073 6.83 x 10 300 310 [84]
Gap, 03 MSM - 8x 1073 - - [104]
Ga;03 MSM 0.31 - 620 830 [105]
Gap,03 MSM 0.62 17 - - [106]
ZnGaO MSM 0.02 210 3200 1400 [107]
Ga;03 MSM 34 26.1 480 180 [108]

Gay 03 Schottky 0.01 29%1073 0.001 0.06 [109]
Gay03/GaN 0.0358 ~2 - - [110]
Gap03/Si 850 370 1790 270 [111]
Ga,03/SiC 0.509 0.18 650 1730 [112]
Ga,03/Zn0 1x1073 1.1x10* 0.238 3.04 [113]
TiO; MSM 1.9 199 6000 15000 [115]
TiO; MSM 1.83 889.6 13.34 11430 [116]
TiO, MSM - 153 - - [117]
TiO, - 0.352 0.03 0.063 [118]
TiO, Schottky - 0.897 1.12 1.46 [119]
TiO,/SrTiO3 0.2 46.1 35 1400 [120]

TiO,/NiO 0.033 181.9 717 598 [121]

TiO,/Si - 0.046 10 15 [122]
TiO,/diamond 0.012 0.023 60 600 [123]
MgNiO MSM 70 1.473 x 10~* - - [134]

NiO MSM - 4.5 266 200 [135]

NiO/IGZO 6.15% 1073 0.016 - - [138]

NiO/ZnO - - 27.9 62.8 [139]

NiO/ZnO - 0.001 0.37 0.84 [140]
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