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Recent Progress of Deep Ultraviolet Photodetectors using
Amorphous Gallium Oxide Thin Films

Huili Liang,* Zuyin Han, and Zengxia Mei*

Deep ultraviolet (UV) photodetectors have wide applications both in civil and
military fields. Many materials have been explored to realize deep UV photo-
detection. Amorphous gallium oxide (a-GaO,), as a member of transparent
amorphous oxide semiconductors (TAOSs), has attracted a great deal of
attention due to its ultrawide bandgap and scalable synthesis at room temper-
ature. Plenty of researches have been focused on this topic in recent years.
Herein, the latest progresses in the preparation methods of a-GaO, using radio-
frequency sputtering, pulsed laser deposition, atomic layer deposition, and other
deposition techniques are summarized. Dependence of the stoichiometry,
crystallinity, optical, electrical, and morphological properties on different prep-
aration parameters and doping/alloying elements is tentatively discussed, as well
as those deep UV photodetectors based on a-GaO, and related thin films. Finally,
a short summary with further possible investigations is provided for a better
understanding and development of a-GaO, materials and photodetectors.

1. Introduction

Ultraviolet (UV) photodetectors (PDs), as pivotal elements in
modern optoelectronic devices, have attracted increasing
research interest in recent years because of their wide applica-
tions both in civil and military fields such as confidential space
communication, flame detection, imaging, and missile warning
systems.M! Gallium oxide is a desirable candidate for deep UV
photodetection due to its suitable ultrawide bandgap (=4.5 to
4.9 eV) without the necessity of alloying process.!! It is reported
that crystalline gallium oxide has five phases («, B, v, d and €) and
B phase is the most stable.”! Many kinds of crystalline gallium
oxide UV PDs including bulk, thin films, and nanostructures

Dr. H. Liang, Z. Han, Prof. Z. Mei

Songshan Lake Materials Laboratory
Dongguan, Guangdong 523808, China
E-mail: hlliang@iphy.ac.cn; zxmei@iphy.ac.cn
Dr. H. Liang, Z. Han, Prof. Z. Mei

Beijing National Laboratory for Condensed Matter Physics
Institute of Physics

Chinese Academy of Sciences

Beijing 100190, China

Z. Han

School of Physical Sciences

University of Chinese Academy of Sciences
Beijing 100049, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssa.202000339.

DOI: 10.1002/pssa.202000339

Phys. Status Solidi A 2020, 2000339

2000339 (1 of 18)

have been demonstrated and summarized
in several review articles recently.’®

According to common understanding of
semiconductors, properties of crystalline
materials with limited defects are usually
superior compared with their amorphous
counterparts. For example, the perfor-
mance of solar cells or transistors using
crystalline Si is better than amorphous
ones because the carrier mobility of crystal-
line Si is about 200 cm? V~'s™!, which is
much higher than the value of amorphous
Si (*1ecm?V~'s™)®! However, things
have been changed in 2004, since the
first report of high-performance flexible
thin-film transistors (TFTs) based on amor-
phous InGaZnO (a-IGZO), a transparent
amorphous oxide semiconductor (TAOS)
with electron mobility as high as
10cm*V's ' From then on, TAOS
TFTs as well as the fundamental material science have been
extensively investigated and now they are being used in commer-
cial large-area flat-panel displays.'” According to previous
researches related with a-IGZO, Ga element is a necessary sta-
bilizer in the amorphous structure since gallium oxide will not
crystallize unless the substrate temperature is higher enough,
whereas indium oxide and zinc oxide tend to crystallize readily
even at room temperature (RT).'") It indicates amorphous gal-
lium oxide (a-GaO,) could be realized more easily compared with
indium oxide and zinc oxide. As a matter of fact, a-GaO,, has also
attracted a great deal of attention due to its wide bandgap and
high breakdown field strength. At the earlier stage, a-GaO,, thin
films were mainly used as a dielectric layer or a passivation layer
in microelectronic devices and solar cells.'>®! In 2017, three
groups reported solar-blind UV PDs using a-GaO, thin films
almost simultaneously."*%! It is quite interesting that the per-
formance of UV PD using a-GaO,, is comparable or even better
than its crystalline counterpart.">'”) Except for UV PDs, a-GaO,
materials also have extensive applications in areas of solar
cells,["*2! phosphors,?2?*! resistance random access memories
(RRAMS),**?7) gas sensors,*®) and radiation detectors.*” These
versatile applications together with the fact that scalable a-GaO,
can be easily prepared on almost any substrates make it appeal-
ing for flexible electronics and giant microelectronics. Great
attention has been paid to this cost-effective material, evidenced
by the increased number of publications retrieved with the key
word of “amorphous Ga,03,” as shown in Figure 1.

To further understand the material properties of a-GaO,, and
construct superior UV PDs, it is necessary to summarize the pro-
gresses on a-GaO,, materials and devices. In this Review, we will
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Figure 1. Number of publications related with amorphous Ga,0; from
1967 to the end of 2019 (Data: Web of Science).

first introduce the main-stream preparation methods for a-GaO,.
films, primarily focusing on the dependence of stoichiometry,
crystallinity, optical, electrical, and morphological properties
on growth process. Doping and alloying as well as device studies
will be discussed in the second part. These achievements may
provide a better understanding on a-GaO, materials and UV
PDs, probably facilitating the promotion of its detection perfor-
mance and the exploration of its new optoelectronic applications
in wide areas.

2. Preparation Methods of a-GaO,

To prepare amorphous materials, the most important factor is
deposition temperature. A proper temperature should be chosen
to avoid the crystallization of the materials. As mentioned earlier,
crystallization of gallium oxide will happen at high temperatures
(=>400°C),?°?7! indicating it is quite easy to synthesize
a-GaO, materials below this temperature. Conventional thin-film
deposition methods, including radio-frequency (RF) magnetron
sputtering, pulsed laser deposition (PLD), atomic layer deposi-
tion (ALD), chemical vapor deposition (CVD), thermal evapora-
tion (TE), electron-beam evaporation (EBE), and solution process
deposition (SPD) have been widely explored to synthesize
a-GaO,. The histogram in Figure 2 is used to graphically
summarize the distribution of publications and researchers’
preference for these growth techniques. It can be clearly seen
that sputtering, PLD and ALD are more preferred, among which
sputtering and ALD are well-suited for large-area thin-film depo-
sition in industry, whereas PLD is often used to seek the mecha-
nism behind the materials and devices in laboratory. In next
subsections, we will go into more details about the specific
parameters of these different strategies for a-GaO,, fabrication.

2.1. RF Sputtering

Sputtering, as a well-developed thin-film deposition technique,
has been widely applied to produce thin films in industry with
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Figure 2. Several representative methods used for the preparation of
a-GaO, in literatures.

advantages such as simple apparatus, low deposition tempera-
ture, high deposition rate, and good adhesion along with unifor-
mity and suitability for large area deposition.*® As Ga,0; target
is usually nonconductive due to its ultralarge bandgap, it can only
be prepared using RF source. Saikumar et al. has summarized
recent results related with RF-sputtered p-Ga,Oj3 thin films, from
which we can see many factors including substrate temperature,
working pressure, oxygen partial pressure, RF power can affect
the characteristics of the films.*® Considering the aforemen-
tioned factors, a table has been made related with RF-sputtered
a-GaO,, materials (Table 1), where some typical features can be
outlined.

1) Most of the a-GaO, thin films were deposited on the inex-
pensive substrates like glass/quartz, polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), polyimide (PI); 2) Most
of the a-GaO,, thin films were deposited at RT with low energy
consumption; 3) The surface morphology is quite smooth with
root mean square (RMS) values in the range of 0.55-2.102 nm;
4) Without alloying or doping with other elements, the variation
of a-GaO, bandgap energy is much smaller than the one pre-
pared by PLD as the deposition parameter changes, which will
be discussed in next subsection.

In general, the substrate temperature (T;) is a key parameter in
thin-film deposition process. It influences the microstructures
and properties of the sputtered films. Several groups have carried
out related experiments on the role of T;,. Kumar et al. have
produced gallium oxide thin films by varying T in a wide range
(25-800 °C) and found that lower temperatures result in amor-
phous structure, whereas T, > 500 °C leads to nanocrystalline.*?
The morphology changes from the featureless smooth surface to
a fine microstructure of dense particles with increased average
particle size as T; increases. The bandgap of the films varies from
4.96 t0 5.17 eV for a variation of T;. The variation of O/Ga ratio as
a function of Tj is revealed by Rutherford backscattering spec-
trometry (RBS) measurements. The results indicate that the
O/Ga ratio of films grown at RT is 1.6, slightly higher than
1.5 for the stoichiometric Ga,03;. A T of 300°C or higher is
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Table 1. Summarization of different processing parameters of RF-sputtered Ga,0O; films.
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Substrate T, [°C] Power [W]  Gas flow [sccm]  Pressure [Pa] ~ Thickness [nm] ~ RMS [nm]  Bandgap [eV] Application area Ref.
SiO,/Si RT 60 - - 25 0.55 - Three terminal UV PD [39]
Glass
Quartz RT 60 Ar 0.4 150 0.554 - Ozone sensor [28]
Quartz RT-500 80 Ar 2 57.3-93.07 2.16-0.794 4.96-4.79 Solar-blind UV PD [40]
PEN RT 60 Ar/O, 0.4 250 - - Flexible X-ray detector [29]
10/-
Sapphire RT 80 Ar/40 5 200 ~1 4.2 a-Ga,0;:In solar-blind UV PD [41]
PET RT 50 Ar/O, 1 - 1.55 5.02 3D solar-blind UV PD [42]
10/10
SiO,/Si RT 60 Ar/30 0.4 208 1.07 - Field-effect phototransistor [43]
and imaging
Sapphire RT 180 ArjO, 0.4 125 - 49 Solar-blind UV PD [44]
40/4
SiO/Si RT - Ar 2 60 - 49 RRAM under UV light [45]
Sapphire RT-750 - Ar/O, 1 200 - 4.93-5.05 Solar-blind UV PD 36]
6:1 mix
Pl 50-200 120 Ar/20 3.325 200 - 4.8 Flexible solar-blind UV PD [46]
Quartz RT 100 Ar 0.665 - - - Flexible solar-blind UV PD [47]
PET
Sapphire RT 180 Ar/O, 1 120 min - 4.02-5.04 Photodetector 7
40/4
Quartz RT 100 Ar/20 0.35-1.2 279-416 - 4.64-4.94 Solar-blind UV PD [48]
PI RT - ArjO, 0.4 100 - - Flexible RRAM [24]
1:1 mix
Sapphire 600 150 Ar/O, 0.665 120 - 4.56-5.04 Deep UV PD [49]
PET RT - Ar/O, 0.665 80-225 <0.6 3.1-4.8 a-CdGaO thin films [50]
Glass
Glass RT 125 Ar/10 0.399 25+100 - 4.06 Copper-doped a-Ga,0; [571]
SiO,/Si RT - Ar/O, - 4.5 - - Memory devices [52]
10/10
Glass RT 100/40 Ar/O, - 100 - 4.414; a-IGO solar-blind UV PD [53]
50/0; 49/1; 4.446;
48/2 4.464
Si (100) 25-700 100 Ar - 200 - - Mechanical performance [54]
Glass RT (100/90)/ - - 10+ 40 - - a-IGO TFT 55]
(40/50/60)
SiO, glass RT 50, 100 Ar/10 2.5 - - 2.5,3.0, 3.9 Vacuum annealing effects on [56]
a-CdGaO thin films
Sapphire 450 50 Ar/O, - 100 2.102 483 Solar-blind UV detector [15]
65/3
Glass RT 60 Ar/O, 0.4 250 - 5.03 Solar-blind UV PD [16]
PEN 10/(0-0.15)
Si (100) 500 100 Ar/O, - 200 - - Mechanical properties of [57]
GaMoO thin films
ITO glass ~400 - Ar/25 0.8 480 - - RRAM [58]
SiO, glass RT 50, 100 Ar/10 2.5 ~100 - 2.5-43 a-CdGaO thin films [59]
Glass RT 100 Ar/O, - 50 - 3.95-4.4 a-IGO UV phototransistors [60]
35/45
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Substrate Ts [°C] Power [W]  Gas flow [sccm]  Pressure [Pa] ~ Thickness [nm] ~ RMS [nm]  Bandgap [eV] Application area Ref.
Glass RT - Ar/O, - 100 - 4.7 a-Ga,0;/CIGS visible light [61]
detection
Glass - - Ar/O, - 10 - - a-1GZ0/a-Ga,03 UV 62]
phototransistors
Glass 550 100 Ar/20 0.665 15-1350 - 4.19-5.08 Structural and optical [63]
evolution with thickness
Si 25-600 100 Ar - 40 0.5-3.0 4.96-5.17 Chemical bonding, optical [33]
constants, electrical resistivity

Glass RT - Ar/O, - 200 - - a-Ga,03/SiO; dual dielectric [64]
30/30

TiN/SiO/Si - - Ar/O, - 30 - - a-IGO RRAM [65]
30/10

Si 25-800 100 Ar - 40-33 - 4.96-5.17 Structural and optical evolution  [32]

Quartz

Glass RT 75 Ar/O, 0.2 190-200 1.2 3.74-3.94 a-IGO TFT [66]

Si (100) RT 25 Ar/O, 1.995 550 - - Ga,03:Mn, green-emitting [67]
7:3 mix phosphor

required for the formation of stoichiometric Ga,0; films.
The authors further studied the chemical bonding, surface mor-
phological characteristics, optical constants, and electrical
properties of the sputtered films with T, from 25 to 600 °C.1**!
Wang et al. simply tuned the growth temperature from RT to
750°C with the formation of amorphous/crystalline gallium
oxide phase junctions and realized high-performance solar-blind
UV PDs.P% Zhu et al. demonstrated solar-blind UV PDs based
on a-GaO, thin films prepared at different T (RT-500°C) and
found that photodetectors using the 500 °C deposited thin films
possessed the best performance.*”! Battu et al. also found that
gallium oxide films deposited at T, = RT-400 °C were amorphous
and the amorphous-to-crystalline transformation occurred at
T, =500°C.”* All of the aforementioned results indicate that
Ts can greatly affect not only the material properties but also
the device performance. Thus, an appropriate T, should be
selected deliberately.

Except substrate temperature, oxygen partial pressure is
another key parameter that strongly influences the oxide material
and related devices’ performance. Cui et al. found that a delicate
control of the oxygen flux from 0 to 0.15 sccm during the sput-
tering process played a key role in affecting the a-Ga,0Oj3 solar-
blind UV PD performance with a metal-semiconductor—metal
(MSM) structure. Both the dark current and photocurrent of
these devices decrease as oxygen flux increases, which is attrib-
uted to the increase in the Schottky barrier height (SBH) between
the ITO electrode and a-Ga,O; thin film."®! Liang et al. explored
the probability of a-Ga,O; as an X-ray detecting material and
found a strong dependence of X-ray photocurrent on oxygen
partial pressure during the sputtering growth.?”) Zhang et al.
reported the conversion of Ti/a-Ga,0O3 contact from ohmic to
Schottky by tuning the conductivity of a-Ga,0; films with the
help of a delicate control of oxygen flux during the sputtering
process.*Y Kikuchi et al. investigated the electrical and optical
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properties of a-Ga,03/Cu(In,Ga)Se, (CIGS) heterojunction
photodiodes where gallium oxide layer is used as a hole-blocking
layer and buffer layer. The oxygen partial pressure during Ga,05
deposition was optimized to minimize the dark current.®!
Chang et al. reported the fabrication of a-IGZ0O/a-GaO, bilayer
phototransistors and found that the phototransistors’ perfor-
mance strongly depended on the oxygen partial pressure during
the deposition of the gallium oxide layer.®* These results reveal
the importance of oxygen introduction during the sputtering pro-
cess and provide an effective strategy to modulate the a-Ga,05
device performance.

2.2. PLD

PLD is another physical vapor deposition technique for the
preparation of oxide thin films with advantages of ultrahigh
vacuum, high deposition rate, and controllable gas environments
(reduction, oxidation, or protection gases). During the pulsed-
laser ablation of the Ga,0; target, a plasma plume constituted
by gaseous Ga-O species (Ga, O, Ga,O, and other gallium-
oxygen molecules in fundamental or excited states)”® will
deposit onto the substrates, where T, oxygen partial pressure
and laser power will greatly affect the microstructural, optical,
and electrical properties of a-GaO, films, as shown in Table 2.
A-GaO,, films obtained by PLD system usually have such char-
acteristics as listed in the following: 1) Most of the a-GaO, thin
films were deposited on rigid substrates like glass, sapphire, and
Si, while few results have been reported on flexible plastic sub-
strates so far; 2) The RMS values of these films (3.2-6 nm) are
much higher than those achieved via RF sputtering deposition
(0.55-2.102 nm); 3) The variation of a-GaO, bandgap is larger
than the one prepared in RF sputtering system as the deposition
parameter changes as the Ga/O ratio can be modulated far below
the stoichiometric level using PLD technique; 4) Unlike most of
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Substrate Ts [°Cl  Araser [nm] Rate [Hz] Eiaser [M)] Gas Pressure [Pa] Thickness [nm] RMS [nm] E; [eV] Application area Ref.
Sapphire 250-650 248 2 300 O, 1 847.8-720.2 - 4.6-5.1 UV photodetector [37]
Glass 250 266 10 95 mjcm2 0, 0-6.65 100 - - UV photodetector [68]
Al,O5 300 248 10 220 0O, 0.01 320 = 431 Broadband [48]
photodetector
Sapphire 400-1000 - - 700 - - 332-69 - 4.7-5.0 Optical properties [35]
Glass RT 248 10 1.8)cm™? 0, 1-25 120 - 4.17-4.26 Inorganic thin-film [23]
phosphors
Glass RT 248 - 2)cm™? 0, 0-20 120 - - a-GO:Cr, thin films  [22]
for red PL
Glass 250 266 10 95 m] cm~? 0, 0-6.65 100 3.2-49 4.45-475 Effect of oxygen [69]
partial pressure
Sapphire 450-650 248 1 23)cm™? Vacuum/Ar/O, - 65 - 3.0-5.0 a-Gay(01.,5,)3 [70]
Alumina RT 248 10 200 O, 4 500 6 - Isotopic oxygen [71]
diffusion
Sapphire 290-500 248 - 225 O, 0.1 - - 4.40-5.11 Optical properties [34]
and band structure
Sapphire 200-600 248 2 225 0O, 0.1 - - - Gay0;:Eu films [72]
Glass RT 248 - 30-80 0, 0-10 50, 120, 140 - 0.5-4.12 Insulator-to- [73]
semiconductor
conversion
Glass 100 248 10 300 0, 0.65 5-10 - - Diffusion barrier [19]
layer in CIGS
solar cells
AlLO; 500-700 - - - Vacuum 1x10°° - - 4.11-4.82 Vo migration [74]
driven by bias
Quartz 100-425 - - - 0, 2x1072 10, 200 - 4.0-4.5 Vo and Sn doping [75]
0.13 of a-Ga,03
Glass 260-520 - - - Ar/O, 0.133 - - - Transparent [76]
conducting oxides
Nb:SrTiO3 500 248 1 400 Vacuum 2x107° 150 - - Memory [77]
Glass —-25 248 2 200 - - - - - Work function [78]
of TCOs
Nb:SrTiO3 500 248 1 400 Vacuum 2x107° 150 - - Memory [25]
Quartz 400 248 10 300 0O, 1.33x10°* 200 - - Dopant activation [79]
in a-Ga,03:Sn
Pt/Ti/SiO,/Si 500 - - - Vacuum 1x107° 200 - - Memory [80]
Pt/Ti/SiO,/Si 300 - - - Vacuum 1%x107¢ 200 - - Memory 126]
Glass RT 248 10 300 Ar 3.99 90 - - Memory [27]
Sapphire 400 266 - (50-200) x10° W/cm? 0, 0-0.02 50-400 - - Oxygen deficient 81]
a-GaO,
Cu,O sheets RT 193 20 350m) cm™2 0O, 0-2.2 20-90 - - n-Ga,0;/p-Cu,0 [82]
solar cell
Sapphire; RT-500 266 - - Vacuum 10°° ~200 - - Phase separation [37]
SiO,/Si
Sapphire; 300-500 266 5 0.5-2)cm™2 0O, 0-10 50-500 - 1.6-4.9 Metallic clusters [30]
Si; NacCl
Glass 450 248 5 1.5)cm™2 Vacuum 7x107° - - 3.62; Resistive switching  [83]
0, 20 4.92
Sapphire 500-600 248 - 200 0O, 4 1000-6000 <6 1.81-3.61 Insulator-to-metal [84]
N, transition
Ar
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the RF-sputtered a-GaO, thin films worked as photodetectors,
most of the PLD deposited a-GaO,, thin films were used as resis-
tive switching memory devices due to the abundant oxygen
vacancy (Vo) defects.

Several groups have evaluated the influence of T on the prop-
erties of a-GaO, thin films. In the study by Zhang et al.**
gallium oxide films were prepared by PLD at oxygen pressure
of 0.1 Pa and T varied from 290 to 500 °C where amorphous-
to-crystalline transition took place above 350 °C. Abrupt bandgap
value variation (~4.4 eV in amorphous state and ~5.0 eV in crys-
talline state) was observed and attributed partly to the Vo and
extra subgap density of states.’? Yang et al. also deposited a
series of gallium oxide thin films on sapphire substrates with
different growth temperatures (400, 550, 700, and 1000 °C)
and only the sample grown at 400 °C is amorphous without
any detectable X-ray diffraction (XRD) peaks from crystalline gal-
lium oxide. The optical bandgap also shows a blue shift from
4.7 10 5.0 eV as growth temperature increases.*® Wu et al. fabri-
cated a series of gallium oxide thin films on sapphire substrate
via PLD with T; ranging from 250 to 650 °C and found that the
crystallization procedure started at about 450 °C as well as a blue
shift presenting at the absorption edge (from 4.6 to 5.1 eV) with
T, increasing from 450 to 650 °C.1*”) In the study by Guo et al.,”*!
gallium oxide films were deposited on a-Al,O; substrates at vari-
ous T (500, 550, 600, 650, and 700 °C) in a vacuum environment.
At low growth temperature (500 °C), the film is XRD amorphous,
strong oxygen deficiency, low transparency, and high conductiv-
ity. As Ty increases, the energy bandgap increases from 4.11 eV
for 500 °C to 4.82 eV for 700 °C. I-V hysteretic loop and current-
turning voltage of the amorphous sample is strongly dependent
on the voltage-sweep rate, which can be attributed to the migra-
tion of Vg defects driven by bias.”*! Heinemann et al. investi-
gated oxygen deficiency and Sn doping in a-GaO, thin films
grown at a temperature gradient from 425 to 300 °C and from
160 to 100°C with fixed oxygen partial pressure of 2 x 10~°
and 1.3 x 10~* mbar, respectively.”*! All the films show an amor-
phous structure for T; up to 425 °C. The O/Ga ratio decreases
significantly and becomes constant around 1.3 at temperatures
below 300 °C together with a same decrease trend of the bandgap
from 4.5 eV for 425 °C to a constant value around 4.0 eV for T
below 300 °C, indicating that the substoichiometry, likely as a
result of the low-deposition temperature, is the reason for the
reduced bandgap. Combined with C-V and J-V curves, it is
argued that the origin of this bandgap reduction is the formation
of a Vo defect band locating closely to the conduction band min-
imum (CBM) level. Lim et al. prepared Ga,0;:Sn thin films via
PLD method with different fabrication temperatures, Sn concen-
trations, and oxygen partial pressures, and found that the film
transparency was obviously affected due to the formation of
Ga suboxide phase at low growth temperature without O,
and regardless of Sn concentration.”® From the aforementioned
discussion, it can be found that T plays an important role for the
fabrication of Ga oxide thin film, which will strongly influence its
crystalline state and optical bandgap.

Except for the crystallization and bandgap modulation related
with T, an interesting chemically driven insulator-metal transi-
tion (conductivity increases from <10~ *to 10> S cm™ ') has been
first observed on amorphous GaO;, thin film (deposited
between 773 and 873 K) when heating it up to 673 K in an inert
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atmosphere by Nagarajan et al.®¥ This phenomenon has been
attributed to the formation of a Ga,0; nucleus surrounded by
a small Ga metallic region. However, Hebert et al. found that
the as-deposited oxygen-deficient Ga,0, 3 films grown under vac-
uum at RT would still remain amorphous, transparent, and insu-
lating even after a postdeposition annealing at 673 K in vacuum
(10~ mbar) for 2 h.?" On the contrary, Ga oxide films grown at a
substrate temperature of 673 K at 107 mbar are optically absorb-
ing, electrically conducting and partly crystalline, indicating the
formation of Ga metallic clusters in a stoichiometric matrix
in situ at moderate substrate temperatures (673 K) without post-
deposition annealing.*! Further, Petitmangin et al. carried out a
more systematic study to explore the properties of a-Ga,0O, thin
films with a wide range of oxygen deficiency and more specifi-
cally discuss the case of large deficiency with x < 2.3.5% The film
was grown at T; varied between 300-500 °C under the pressure
changing from 10~ up to 0.1 mbar via oxygen introduction.
Through the investigation of the temperature-dependent resistiv-
ity and wavelength-dependent optical constants, together with
XRD and transmission electron microscope (TEM) characteriza-
tion, it is deduced that the largely oxygen-deficient Ga oxide
films, due to a disproportionation reaction, are heterogeneous
and contain metallic Ga clusters embedded in a stoichiometric
or nearly stoichiometric crystalline f-Ga,O; phase. These refer-
ences demonstrate that the microstructure of Ga oxide thin films
can be effectively controlled through substrate temperatures,
which will in turn modulate the films’ electrical and optical
properties.

Oxygen-deficient Ga oxide films are easily obtained with
substoichiometry and low transparency via PLD technique.
Petitmangin et al. have summarized the average film composi-
tion as a function of oxygen pressure and flux of Ga atoms per
pulse. From this summarization, all Ga oxide films are oxygen
deficient except the one grown at very high oxygen pressure
(0.1 mbar).?? As reported by Nagarajan et al., a pronounced
insulator-metal transition was observed for the films prepared
in Ar while no conductivity jump was found for the amorphous
but stoichiometric gallium oxide prepared in oxygen,®* indicat-
ing the growth atmosphere would greatly affect the physical prop-
erties of such Ga oxide thin films. Therefore, it is natural to
introduce oxygen gas to modulate the film properties and related
device’s performance. For example, Minami et al. demonstrated
high-efficiency n-Ga,03/p-Cu,0-based heterojunction solar
cells, where n-Ga,0; thin film was fabricated in PLD with oxygen
gas pressure varied from 0 to 2.2 Pa. It was found that the best
performance was from the device using a 75 nm n-Ga,0j; fabri-
cated under oxygen pressure of 1.7 Pa, which may be attributed
to a decrease in defect levels at the interface of n-Ga,0s/
p-Cu,0.% Kim et al. have reported semiconducting a-GaO,, thin
films deposited on glass at RT and their applications in TFTs and
Schottky diodes. As opposed to the cases of conventional
oxide semiconductors and previously reported insulator-metal
transition of a-GaO;, by Nagarajan et al.,®* an appropriately
high oxygen partial pressure must be chosen for a-GaO, to
reduce electron traps. Too low (<1 Pa) or too high (>6 Pa) oxygen
partial pressure will produce insulating films. Under the
optimized condition, semiconducting a-GaO, thin films with
an electron Hall mobility of ~8 cm?V™'s™, a carrier density
N. of ~2 x 10" cm™ and an ultrawide bandgap of ~4.12 eV
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have been successfully achieved.”® Recently, Oanh et al. fabri-
cated a series of Ga oxide thin films on glass substrate at
T,=250°C via PLD with oxygen pressure varied from 0 to
50 mTorr.®¥! All of the as-grown thin films are XRD amorphous.
The measured RMS roughness values of the as-grown thin films
increase from 3.2 to 4.9 nm as oxygen pressure increasing from
0 to 50 mTorr. The calculated optical bandgaps are 4.45, 4.92, 4.83,
4.76,and 4.75 eV when the oxygen partial pressure increases from
0 to 20, 30, 40, and 50 mTorr, respectively. In addition, unlike
previous result in the study by Kim et al.,”* the conductivity of
the as-grown thin films reduces monotonically from 7.9 to
2.1mScm™ ' as oxygen pressure increases, which may relate
with the different deposition temperatures. Further, they have fab-
ricated a series of UV PDs with MSM structure using the afore-
mentioned Ga oxide thin films and found that both of the
photoresponsivity and response speed will increase as oxygen
pressure increases,®® revealing the important role of the oxygen
processing gas in promoting device performance.

2.3. ALD

Within the aforementioned deposition techniques, ALD is con-
sidered as one of the most promising methods with its inherent
and unique advantages such as precise thickness control, excel-
lent step coverage, and high conformality and uniformity for the
preparation of ultrathin layers. It is worth to be noted that, in
contrast with other growth methods, ALD can provide precise
atomic-scale thickness control and much purer films at lower
temperatures, which is attributed to the self-saturating and
self-limiting characteristics of the ALD process.®®) Compared
with a-Ga,O; thin films deposited by RF sputtering or
PLD technique, the hallmarks of ALD grown films are briefly
summarized: 1) Due to the inherent self-limiting characteristic
of ALD deposition process, the growth rate is quite lower than RF
sputtering and PLD, providing precise thickness control in
atomic-scale level; 2) Most of the deposition temperature
windows are below 400 °C, indicating it is suitable for depositing
a-Ga, 03 thin films; 3) To obtain high-quality Ga,0j; thin films, it
is important to choose appropriate Ga and oxygen precursors.
A variety of researches have been conducted to find out the most
practical and applicable couples of Ga and oxygen precursors;
4) Unlike the oxygen-deficient thin films prepared by PLD
system, nearly all of the a-Ga,Os thin films obtained through
ALD method are stoichiometric with decent electrical and optical
properties.

The first successful ALD process for Ga,03; was demonstrated
by Nieminen et al. using Ga(acac); and either water or ozone, but
relatively high deposition temperatures (>370 °C) were required,
and an acceptable composition was only obtained with ozone.®”!
To date, different Ga and oxygen precursors have been reported
for the deposition of Ga,0; thin films in ALD processes, as
shown in Table 3. The ever-reported Ga precursors include
trimethylgallium  (TMGa),[1#868990:93.95.989]  yriethylgallium
(TEGa),? tris (2,2,6,6-tetramethyl-3,5-heptanedionato)
gallium(Il) (Ga(TMHD);),*® and gallium tri-isopropoxide
(GTIP).””! Most of these precursors could only be used at a high
temperature (>300 °C) typically resulting in undesired impuri-
ties within the films such as carbon and hydrogen, whose
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concentrations strongly depend on the growth temperature.’®”!

As TMGa has a high vapor pressure and is highly volatile, it could
be used as a gallium source at lower temperatures. However, as
previously reported, TMGa with H,0, or H,O could not grow
gallium oxide via ALD, even at a higher deposition temperature
of 350°C because the surface became poisoned by surface
methyl species after only a few cycles and these methyl species
could not be removed by H,0.°! Although Ga,0; alone could
not be deposited using TMGa and H,0, as Ga and oxygen pre-
cursors, respectively, Gallium could be doped into the oxide film
at 200°C when accompanied by an InO subcycle [(InCA-1)-
H,0,], as reported by Sheng et al. In doing so, an atomic com-
position of over 20% Ga could be obtained.”! In addition to that,
more active oxygen precursors such as ozone and oxygen plasma
have also been used when TMGa is used as Ga source. For exam-
ple, in the study by Comstock and Elam,*®! alternating exposures
to TMGa and ozone yielded a growth rate of 0.52A/cycle
for deposition temperatures between 200 and 375 °C. The use
of oxygen plasma further lowers down deposition temperature
by increasing the chemical reaction rate while decreasing the
interlayer diffusion rate, thereby effectively broadening the
ALD temperature window.®”! Several groups have reported their
results using TMGa and oxygen plasma for Ga,03 deposition
with a temperature window between 50 and 400 °C and a growth
rate ranging from 0.53 to 0.7 A per cycle.[®¢5%9598]

Except using TMGa as Ga precursor, some other metal organ-
ics containing Ga element have also been developed to synthe-
size Ga,0s thin films. Choi et al. deposited Ga,03 thin films
using GTIP as a gallium source and H,O as an oxygen source
at a low temperature (150-250 °C) in a thermal ALD system.*”]
The growth rate is as high as ~2.5 A per cycle. The Ga/O ratio
was measured as 1:1.7 by RBS. All of the films are amorphous,
smooth, and transparent. More importantly, the ALD Ga,0;
thin film prepared at 250°C demonstrates superior electrical
properties (leakage current ~1x 10" A at ITMVcm ™' and
breakdown field ~7.6 MV cm_l), which is considered to be
closely linked with its slightly oxygen-rich nature.
Ramachandran et al. have grown a-Ga,0s using [Ga(TMHD)s;]
as a gallium source with enhanced volatility and thermal
stability.®®! They tested H,0, O3, and O, plasma and found that
only O, plasma resulted in successful deposition of gallium
oxide. The growth rate is quite lower (0.1 A per cycle), which
may be beneficial for doping process where the concentration
of the dopant has to be precisely controlled. O’Donoghue
et al. first reported low temperature synthesis of gallium oxide
using [Ga(NMe,)s], and O, plasma.”” This precursor couple
yielded a high growth rate of 1.5 A per cycle due to the high vol-
atility and reactivity nature of both reactive species. The as-depos-
ited layers were homogenous, amorphous, nearly stoichiometric
(Ga/O = 0.61 + 0.08) with an optical bandgap of 4.9 eV. Recently,
Mizutani et al. deposited Ga,0; thin films using liquid
compound pentamethylcyclopentadienyl gallium (GaCp*) as
gallium source as this material has a relatively high vapor pres-
sure and thermal stability up to 250 °C.®# The obtained Ga,0;
film was a high-purity thin film having a stoichiometric compo-
sition (O/Ga=1.5) and almost no C impurity, indicating that
GaCp* is a promising candidate precursor for forming
high-quality Ga,0; films.
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Substrate T, [°C] Ga precursor Pulse time [s] Tg, [°C] O precursor Pulse time [s]  GR [A/cycle] Composition Bandgap [eV] Ref.

Si 200 GaCp* 0.1-0.3 80 H,0, O, plasma  1-5/40-90; 0.6 O/Ga=1.5 - [88]

Si 80-200 TMGa 0.01 - 0, plasma 5 0.7-0.63 Ga/O=2/3 4634005 [89]

(Ts = 150)

Si 200 TMGa 0.02 13 0, plasma 5 0.7 Ga/O =0.63 4.64-525  [90]
DEZn 0.2 20 H,0 0.2 (pure Ga,0s) (pure Ga;0;)

Si 80-250 TMGa 0.5 13 0, plasma 10 0.7 Ga/O=0.71 46-48  [36]

Quartz

Quartz  105-195 DMA,Sn, ((CHs)2 N).Sh; 1 40 (Sn) H,0 1 0.6-0.8 O/Me=17 27-42 9]

DMA;Ga, ((CHs), N);Ga 80 (Ga)

4H-SiC 250 TEGa 0.03 - H,O 0.03 - - 6.0 [92]
CP,Mg

Si/SiO, 120 Bis-tetrakis-digallium 3Torrs 107 H,O 5Torrs - - - [20]

Si 200 InCA-1 1 40 H,0, 0.5 0.42 - - [93]
TMGa 0.2 .

Si 60-160 [Ga(NMey)s], 0.5 x4 110 0, plasma 2 15 Ga/O = 0.63 +0.08 49 [94]

Glass ~<250 TMGa 1.5 5 Ozone 5 - Ga/O=0.58 4.8 [14]

Pl

Si/SiO, 120 Bis-tetrakis-digallium; 3Torrs; 120; H,0 5Torrs 2 Gay03.47 - [79]

Tetrakis-tin 2Torrs 60 Sho.oss

Si 50-150 TMGa - - 0, plasma - 0.7 - 46 [95]

Si/Si0;  100-400 Ga (TMHD); 5 135 0O, plasma 5 0.1 GajO =0.64 4.95 [96]

Si, glass,  150-250 GTIP - 120 H,0 - 2.5 Ga/O=1/1.7 5.4 [97]

carbon

Si 100-400 TMGa 0.015 6 O, plasma 20 0.53 Ga/O =0.69 - [98]

Si; fused  200-350 TMGa 0.5 - Ozone 3 0.52 Ga/O=2/3 4.95 [99]

SiO,

2.4, Other Methods

Even though CVD technique can provide high-quality layers with
practical growth rates and excellent control of purity, uniformity,
and composition, publications of CVD grown a-Ga,0j; are quite
few. As early as in 2004, Kim et al. prepared large-scale gallium
oxide nanowire arrays on sapphire substrates using a reaction of a
TMGa and oxygen mixture at a temperature of 600 °C by metal
organic chemical vapor deposition (MOCVD) method.!"*”? No
XRD patterns of the gallium oxide were observed, revealing that
the nanowires are fully amorphous. Zhao et al. deposited Sn-
doped Ga,0j thin film on n"-Si substrate using trimethylgallium,
tetraethyltin, and pure oxygen as precursors by MOCVD at a sub-
strate temperature of 400 °C."°Y The Sn:Ga,0; film showed an
amorphous-like structure with the Sn dopant mainly in Sn** oxi-
dation state, which acted as a shallow donor in Ga,0;. Takiguchi
et al. investigated low temperature deposition of gallium oxide-
related films by MOCVD at a temperature below 272 °C using
TMGa and H,0.'%% The deposition at T of 92 °C did not show
any films on the substrate. A flat film consisting of several gallium
oxide-related phases was grown at T, of 182 °C. A nanowire film
was grown at T, of 272 °C. These films had small amount carbon
and hydrogen contaminants because this growth temperature was

Phys. Status Solidi A 2020, 2000339

2000339 (8 of 18)

not high enough to decompose TMGa. These contaminations
could be removed by postdeposition annealing at 300 °C in ambi-
ent air. In the study by Kobayashi et al.,*!! hydrogenated a-GaO,,
thin films were grown using plasma-enhanced chemical vapor
deposition (PECVD) at temperatures below 200°C with high
deposition rates, achieving high broadband transparency, wide
bandgap (3.5-4 eV), and low refractive index (1.6 at 500 nm).*"]
The potential of these films as a second antireflective coating layer
in Si heterojunction solar cells was also demonstrated. Zhang
et al. first deposited Mg:GaO, (MGO) film on n-Si wafers via
MOCVD method under 700 °C, where dicyclopentadienyl magne-
sium (CP2Mg) and TEGa were adopted as the precursors.!'**!
Except for the characteristic XRD peaks related to silicon sub-
strate, no other diffraction peaks related with the MGO film were
observed, manifesting that the prepared film was amorphous.
The optical bandgap was estimated as 5.1eV. Solar-blind UV
PDs were fabricated using MGO films. Compared with undoped
a-GaO, UV PD, the MGO-based UV PD exhibited a lower dark
current of 48 pA, a larger on/off ratio (55 nm/ldark) 0f 338, and a
faster response speed (a rise time of 0.02 s and a decay time
of 0.15 s). Its low dark current and fast response speed can be
attributed to the reduction of oxygen vacancies induced by the
Mg divalent ions doping in the a-GaO, film.
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Vacuum thermal evaporation is one of the simplest and
inexpensive deposition techniques that is suitable for fabricating
high-quality films. However, there are only a few studies on
Ga,03 thin films prepared by vacuum thermal evaporation from
Ga,03 powders.'* 1% In the study by Shi et al.,'°* gallium
oxide thin films were deposited on quartz substrates at RT by
thermal evaporation of Ga,03; powder placed on a tungsten cru-
cible. Base vapor pressure in the evaporator was about
3 x 107*Pa and the heating current was 200 A.'°"! These thin
films annealed at lower temperatures were amorphous, whereas
those annealed at above 800 °C were nanocrystalline. The anneal-
ing temperature increasing from 400 to 1100 °C results in the
bandgap increase from 4.70 to 5.13eV due to the reduction
in density of defect states. As reported by Kalygina et al., the
thermal-evaporated gallium oxide thin films are inhomogeneous
with regions of enhanced and decreased thickness, respec-
tively.'* Rao and Kumar deposited a-GaO,, thin films by resis-
tively heating Ga, 03 powder in a Mo-boat or a Ta-boat at ambient
substrate temperature with vacuum of ~3 x 10~ * Pa."% The
pristine films are oxygen deficient (Ga/O = 1.3), amorphous,
and absorbing in UV-vis region. Except for thermal evaporation,
electron beam evaporation (EBE) is also an efficient and conve-
nient technique for thin-film deposition with low cost and high
deposition rate. Cheng et al. conducted Cu-doped Ga,0; thin
films by EBE where a high voltage of 6kV was applied to the
source.’® The substrate was heated at 400 °C. The as-grown
sample shows gradual absorption, indicating that the sample
is amorphous and lacks a distinct absorption edge.

In addition to the vacuum deposition, chemical solution depo-
sition in atmosphere has also been adopted to synthesize a-GaO,,
thin films due to its low cost. For instance, Cabello et al. devel-
oped a photochemical metal organic deposition method to pre-
pare films of gallium oxide doped or codoped with Tb, Eu, Mn,
and Cr. Solutions of the inorganic complexes were spin coated
on substrates and photolyzed at RT using 254 nm UV light. The
resulting films are nonstoichiometric with amorphous struc-
ture."%1%% Xiang et al. used the spin-coating method to form
gallium oxide films on p-type silicon substrate as a surface
passivation layer, where gallium nitrate solution was used. An
amorphous-to-crystalline phase transformation happened as
the annealing temperature was increased above 550°C.I'¥
Chen et al. reported the fabrication of gallium oxide thin films
by a novel polymer-assisted deposition method with a facile
single-step spin-coating process, which had an accurate control
of thickness, homogeneity, stoichiometry, and interface rough-
ness.''% The 500 °C-annealed GaO, film using this process
exhibited smooth surface, amorphous nature, and excellent
dielectric performance.

3. UV PDs using a-GaO, Thin Films

Benefiting from the various and facile deposition methods of
a-GaO,, a variety of UV PDs have been reported. In the following
section, we will comprehensively review recent advances in
a-GaO,-based UV PDs including their basic parameters of photo-
responsivity, response speed, and detectivity. Corresponding
working mechanisms and physics will also be discussed.
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MSM structure with simple interdigital finger electrodes is
the most common architecture to construct photodetectors,
where two back-to-back Schottky junctions form, as shown in
Figure 3a,b from Qian et al.”® In their work, superior respon-
sivity and recovery time have been demonstrated on
RF-sputtered a-GaO, thin films, which are even better than
the MBE-deposited p-Ga,05 thin film, as shown in Figure 3c,d.
The a-GaO, PD has a high responsivity of 70.26 A/W, much
higher than that of the p-Ga,O3; PD (4.21 A/W). The better per-
formance is attributed to the existence of large internal gain and
sub-bandgap transitions.

Later, Lee et al. also showed the great potential of a-Ga,03
as deep UV PDs with MSM structure (Figure 4a).' Ultrathin
(3-50nm) a-GaO, films were grown on glass or PI substrates
by low-temperature (~<250°C) ALD technique. Devices using
the 30 nm-thick GaO, films work reliably only in deep UV spec-
trum region with a maximum responsivity of 45.11A/W at
A=253nm (Figure 4b). The dark current measured at 10V is
as low as 200 pA and the signal-to-noise ratio reaches up to
~10* (Figure 4c). In addition, the rise time (i.e., the time interval
for photocurrent to increase from 10% to 90%) is as short as
2.97ps at A=266nm (Figure 4d). This ALD-grown a-GaO,
films herein provide an economically viable and cost-effective
solution for the development of diverse deep UV photodetector
applications.

In the same year of 2017, Cui et al. conducted a comprehen-
sive study of the effect of tuning oxygen flux in a mild way
on a-Ga,0; solar-blind-photodetectors’ response speed for the
first time.'® a-Ga,03 films were deposited by RF-magnetron
sputtering at RT with oxygen flux of 0, 0.12, 0.13, 0.14, and
0.15 sccm, respectively. All of the thin films were transparent
with no obvious bandgap shift, as shown in Figure 5a. As oxygen
flux increased, both of the dark current and photocurrent
decreased significantly (Figure 5b,c), which was ascribed to
the increased SBH. Robust improvement in the response speed
was achieved by subtly varying the oxygen flux. The device
exhibited an ultrafast decay time of 19.1 ps and a responsivity
of 0.19A/W (shown in Figure 5d,f). The promotion of
temporal response speed was mainly due to the reduction of
Vo concentration in the film deposited with higher oxygen flux.
This approach also worked in flexible a-Ga,03; UV PDs. No obvi-
ous degradation of the device performance was observed in
bending states and fatigue tests, providing a cogent demonstra-
tion of flexible solar-blind UV PDs based on sputtered a-Ga,03
thin films.

In 2019, Jiao et al. deposited a-Ga,0; thin films at RT and
annealed these films at 500, 600, 700, 800, and 900 °C in air
ambiance.'”) MSM PDs with Au electrodes were constructed
with these as-grown and annealed thin films, respectively.
Compared with the apparently more than two orders of magni-
tude UV response of the as-grown a-Ga,0; thin film, the poly-
crystalline $-Ga,O; films after annealed at high temperatures
show photocurrents under 254 nm light in the same level as
the dark current (Figure 6), indicating that a-Ga,0O; thin film
has potential applications for solar-blind UV photodetection.

Taking the advantage of low-temperature growth, Chen et al.
realized an a-Ga, 03 3D solar-blind PD array via an origami route,
as shown in Figure 7 with a number of unique properties such as
extremely wide detection space angle and excellent spatial
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Figure 3. a) Schematic diagram and b) photograph of a typical gallium-oxide MSM PD fabricated on a ¢-plane sapphire substrate. c) Transient response
of the MSM PDs based on a-GaO, and p-Ga,Oj; thin films for multicycles on a semilogarithmic scale. d) Normalized response on a linear scale.
Reproduced with permission.l"”! Copyright 2017, American Chemical Society.
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recognition.*” The a-Ga,O; films were grown on PET substrates.
The photodetector exhibited a relatively high spectral selectivity
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for solar-blind UV light detection with UV /visible rejection ratio
over 10° and solar-blind ratio over 10%. The maximum
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Figure 5. a) The optical transmittance spectra of the a-Ga,Os films. The inset shows the plot of (ahv)? versus hv for a-Ga,Os films. b) I-V curves in dark
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permission.l"® Copyright 2017, Wiley-VCH.

responsivity was 8.9 A/W at 250 nm with a low dark current of
0.17 nA under 15V bias. The photodetector cells revealed excel-
lent electrical stability after thousands of bending cycles due to
the unique nature of amorphous structure of the Ga,0; films.

Except for the application as deep UV PDs, a broad-spectrum
photodetector based on a-Ga,0; film was exhibited by Zhou
et al*®! Using the subgap absorption related to Vo detects,
the devices exhibited high responsivity over a wide spectral range
from deep UV to near infrared (NIR) (250-875 nm). The respon-
sivity at 250, 350, 525, and 850 nm was as high as 1099, 265, 205,
and 122 A/W, respectively. What's more, the persistent photocur-
rent (PPC) effect commonly accompanied with abundant Vo
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defects could be effectively eliminated by a short-time heating,
which made the response recovery time significantly decrease
from hours to seconds. With no need of doping or alloying,
a-Ga,0; UV-NIR broadband photodetector with high gain and
fast recovery speed opens up new possibilities for future high-
performance photodetections.

As a decent UV PD, high responsivity and fast response speed
have always been pursued. Many efforts have been devoted to
realize such devices either by optimizing film deposition pro-
cesses or by designing different device structures. In the follow-
ing, we will discuss how the device performance can be improved
from both of the material and device viewpoints.
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Figure 6. a) Current—voltage characteristic of the MSM junction made from as-grown amorphous film in dark and with 365, 254 nm illumination.
Current-voltage characteristic of the MSM junction made from annealed film in dark and with 254 nm illumination, annealing temperature is
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100 um
E—

Figure 7. a) Schematic of the 3D a-Ga,O; photodetector array.
b) Microscope image of an individual photodetector cell. c¢) Photograph
of the 3D a-Ga,O; photodetector array. Reproduced with permission.*?
Copyright 2019, Wiley-VCH.
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As discussed in the study by Cui et al.,*® intrinsic Vi defects
in a-Ga,0s film play a critical role in determining the UV PDs’
performance. Zhang et al. demonstrated a conversion behavior
from ohmic to Schottky contacts at Ti/Ga,0Oj; interface by regu-
lating the conductivity of a-Ga,0s5 films with delicate control of
oxygen flux in the RF-sputtering process.* For a-Ga,0; film
deposited without oxygen, abundant donor-like Vo defects near
the metal-Ga,0Os interface facilitated the tunneling process
across the barrier, resulting in the contact conversion from
Schottky to ohmic, which elevated the photocurrent and dark
current simultaneously but degraded the light-to-dark ratio. On
the contrary, Vu et al. showed a different result with a-Ga,03
film grown by PLD at 250 °C with a modulation of various oxy-
gen partial pressures from 0 to 50 mTorr during the deposition
process.[®! All of the films were XRD amorphous, as shown in
Figure 8. Unlike the result using RF-sputtered a-Ga,03 where
both of the dark current and photocurrent decreased but
photoresponse speed increased as more and more oxygen flux
was introduced into the growth chamber in the study by
Cui et al." the dark current of the PDs using PLD-grown
a-Ga,0; did not change while both photoresponsivity and
response speed increased concurrently when oxygen partial
pressure increased, as shown in Figure 8b—d. Therefore, the
highest photoresponsivity of 5 A/W and fastest decay time of
33 ms were obtained at the highest oxygen partial pressure of
50 mTorr under 254 nm UV illumination. This phenomenon
was attributed to the reduction of oxygen vacancies caused by
the increase in oxygen content during deposition, revealing
the importance of the oxygen processing gas in promoting
photodetector performance.
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Figure 8. a) XRD patterns of as-grown Ga,0Os films grown on glass under various oxygen pressures. b) Dark I-V curves and c) photocurrent-voltage
curves under illumination of 254 nm for devices fabricated under various oxygen pressure. d) Repetitive photoresponse of Ga,O3 PDs under the different
oxygen pressure from 20 to 50 mTorr. Reproduced with permission.[®® Copyright 2020, I1OP Publishing Ltd.

Han et al. conducted the modulation of Ar pressure during a-
Ga,0; film fabrication by RF-magnetron sputtering and devel-
oped a high-performance UV PD.!""" The device with maximum
responsivity of 436.3 A/W (under 240 nm UV light) was obtained
on the film deposited at 0.5 Pa, which is mainly due to the quasi-
Zener tunneling multiplication mechanism between different
resistance areas in a-Ga,0; thin films.

In addition to the gas atmosphere, tuning deposition temper-
ature during the fabrication of a-Ga, 03 thin films is also a crucial
method to optimize the performance of UV PDs. For example, Li
et al. demonstrated a process of tuning temperatures (50200 °C)
during the Ga,0; film fabrication by RF-magnetron sputtering,
where the Ga,0; film remained amorphous structure.*® At the
highest temperature of 200°C, the devices exhibited the best
performance with responsivity of 52.6 A/W under 254 nm UV
light illumination and the photo-to-dark current ratio of more
than 10°. Interestingly, Wang et al. fabricated Ga,05 film by
RF-magnetron sputtering with one step at a specific temperature
range, where the film maintained a transitional state composing
of both amorphous and crystalline phases.*® The coexistence of
amorphous and crystalline phases was formed between 400 and
500 °C, below which the film was purely amorphous and above
which the film was purely crystalline. PDs with MSM structure
were fabricated using films grown at different temperatures.
From Figure 9a, all photodetectors exhibit similarly small dark
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Figure 9. a) Dark current as a function of substrate temperature without
UV illumination at RT. b,c) Responsivity as a function of temperature
under 254 and 365 nm light illumination at 5 V. Reproduced with permis-
sion.P¥! Copyright 2019, American Chemical Society.
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current (=10~ "* A at 5V), independently of the growth tempera-
ture, which is of vital importance to enhance the detectivity for
the devices. A sharp increase in the photocurrent under 254 nm
light illumination is achieved compared with the dark current at
the substrate temperature of 450 °C (Figure 9c¢), which is resulted
from the peculiar amorphous/crystalline Ga,0; phase junction.
The phase-junction photodetector exhibits a responsivity of
0.81 A/W, a superior detectivity over 5.67 x 10'* Jones, an ultra-
high light-to-dark current ratio over 107, and an ultrafast
response speed of ~12ns/19.6 ps for the rise/decay time.

In addition to the adjustment of the deposition process param-
eters such as atmosphere and temperature, bandgap engineering
of a-Ga,05 with other elements is also an effective strategy to
modulate PDs’ performance. Among various researches, In
and Mg were the two most frequently used elements. Chen
et al. studied the amorphous indium-gallium oxide (IGO)
MSM-structured solar-blind PDs by cosputtering method, during
which three different oxygen concentrations were applied.** For
the highest oxygen concentration, the a-IGO-based solar-blind
PD had an UV-to-visible rejection of 1.1 x 10° and decay time
less than 1 s. Fang et al. synthesized the a-IGO alloy with a single
sputtering target (Ga:In = 5:2 at%).*" Based on this a-IGO thin
film, the MSM-structured deep UV PDs showed a high respon-
sivity of 18.06 A/W, a fast rise time of 4.9 ps, and decay time of
230 ps under 235 nm UV light illumination. The high responsiv-
ity and fast response behaviors were attributed to a quasi-Zener
tunneling effect caused by an uneven In distribution in the film.
Mg-doped amorphous gallium oxide (a-MGO) film has also been
studied as another route to expand the detection range of
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a-Ga,05-based PDs. Zhang et al. fabricated a-MGO solar-blind
UV PDs for the first time.'®! The a-MGO film was deposited
on n-Si substrate by MOCVD method at 700 °C. XRD pattern
revealed that the MGO film was amorphous even at such a high
growth temperature. Compared with the undoped a-Ga,0; deep
UV PD, the a-MGO deep UV PD exhibited a lower dark current
(48 pA), higher light-to-dark current ratio (=338 at —3 V bias volt-
age), and faster response speed (a decay time of 0.15 s). These low
dark current and fast response speed were attributed to the
reduction of Vo defects induced by Mg doping in a-Ga,0s film.
Using a nonequilibrium growth method of plasma-enhanced
ALD (PEALD), Dong et al. synthesized an MGO alloy with ultra-
wide bandgap of 6.0 eV, which could be used to develop vacuum
ultraviolet (VUV, 1<200nm) PDs (Figure 10a).°? VUV PDs
with vertical p-graphene/a-MGO/n-SiC p-i-n structure were
constructed and exhibited a typical rectification characteristic
(Figure 10b), suggesting it could work in the photovoltaic mode.
As shown in Figure 10c,d, the device generated an electric poten-
tial difference of 1.72 V under 185 nm illumination and showed
a light-to-dark ratio up to 10® at OV bias. Attributed to the
photovoltaic structure, a photoresponsivity of ~10.3 mA W'
at 0V bias and a fast response and recovery time of 1.94 ps
and 0.6 ms were achieved. The results confirm that a-MGO films
have great application potential in VUV detection.

In addition to the aforementioned MSM-structured PDs with
two terminals, phototransistors with one more terminal gate to
flexibly control the channel carriers’ transportation behavior,
were considered as an alternative solution to improve PDs’
performance. Qin et al. demonstrated a solar-blind field-effect
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Figure 10. a) Transmission spectrum of a-MGO film on sapphire substrate. b) I-V characteristic of single-layer p-graphene/a-MGO/n-SiC detector in dark
state. c) Under OV bias, the currents of photovoltaic photodetector under dark state, 185 and 250 nm monochromatic light. d) |-V characteristics of the
p-graphene/a-MGO/n-SiC VUV detector under dark-field conditions and 185 nm monochromatic light (28.5 uW) illumination. Reproduced with

permission.®?l Copyright 2019, Wiley-VCH.
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phototransistor based on RF-magnetron sputtered a-Ga,0j3 thin
film with ultrahigh photodetection performance.[*’) The devices
were fabricated on Si substrate with 300 nm SiO, as gate dielec-
tric. Due to the high internal gain and field effect control of the
phototransistor, the device had ultrahigh responsivity of
4.1 x 10> A/W, external quantum efficiency of 2 x 10°%, and
detectivity of 2.5 x 10" Jones under a weak signal of 254 nm
UV light with intensity of 70 uW cm™2. The ultrahigh perfor-
mance indicated significant progress toward the practical appli-
cation of a-Ga, 05 solar-blind UV PDs. Later, Han et al. designed
deep UV phototransistors using interdigital drain/source elec-
trodes, as shown in Figure 11a, where chemical etching of
the RF-magnetron sputtered a-Ga,0Oj; thin film using TMAH
solution was first performed before metal deposition.’*! The
adoption of the chemical etching of a-Ga,O; channel layer
resulted in individual device cells, which lowered the probabil-
ity of the electrons to transport through the inherent trap sites
inside the dielectric layer and facilitated an ultralow dark cur-
rent of 1072 A (Figure 11b). The devices fabricated on quartz
substrate with 100nm Al,O; as gate dielectric exhibited an
excellent n-type TFT performance with an on/off ratio as high
as ~107, a high light-to-dark ratio of 5 x 107, a high responsivity
of 5.67 x 10° A/W, and a high detectivity of 1.87 x 10'* Jones.
Remarkably, the PPC phenomenon was effectively suppressed
by applying a positive gate pulse (Figure 11d), which greatly
shortened the decay time to 5 ms and offered a-Ga, O3 possible
roadways into imaging applications.

For a better comparison, some critical parameters related with
representative a-GaO, and crystalline B-Ga,0; UV PDs are
shown in Table 4. As a common sense, the optoelectronic prop-
erties of amorphous materials are quite poor due to the lack of
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long-range order. However, it can be obviously found that the
device performance using crystalline thin films or even bulk crys-
talline materials does not show the expected overwhelming supe-
riority. By contrast, the performance of amorphous devices is
far beyond expectation with high photoresponsivity and fast
response speed. Such a distinction together with the fact that
a-GaO,, thin films can be easily deposited in a large area makes
this material as a promising candidate for deep UV photodetec-
tion. Further research should be carried out to dig out this mate-
rial more deeply.

4, Conclusions

In summary, the recent progresses on a-GaO, materials and UV
PDs have been reviewed. Due to the easy amorphization of gal-
lium oxide material, a-Ga,0O; thin films can be readily synthe-
sized at the substrate temperature below 400°C using the
common thin-film deposition technique such as RF-magnetron
sputtering, PLD, and ALD. Many parameters including substrate
temperature, gas atmosphere, laser power, Ga precursors, and
oxygen precursors will greatly affect the stoichiometry, crystallin-
ity, optical, electrical, and morphological properties of the pre-
pared thin films. The influence of substrate temperature
and gas atmosphere in sputtering and PLD processes has been
thoroughly discussed. As to ALD process, different Ga and oxy-
gen precursors for a-Ga,O; synthesis have been compared.
A-GaO, thin films with a large variation of Ga/O ratio even
containing metallic Ga clusters can be obtained using PLD tech-
nique, whereas ALD-grown Ga,0O; thin films tend to be
stoichiometric. Despite such differences, various deep UV
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Figure 11. a) Schematic structure of the a-Ga,O; phototransistor on quartz. b) Ips—Vgs curves recorded at different Vs in dark and under UV 254 nm
light illumination (45 pW cm ™). ¢) Ips—Vps curves recorded at different Vgs. d) Suppression of the PPC with a positive gate pulse. Reproduced with

permission.??! Copyright 2020, Wiley-VCH.
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Table 4. Comparison of the main parameters for the reported a-GaO, and
$-Ga,O3 photodetectors.

Materials and ~ Methods R [A/W] D* [Jones]  Decay Rise Ref.
structures time [ms] time [ms]
a-Ga,03 ALD 451 - - 0.003  [14]
MSM

a-GaO, Sputtering 7026  1.26 x 10" 20 410 5]
MSM

a-Ga,04 Sputtering 0.19 - 0.019 - [16]
MSM

a-Ga,0;3 Sputtering  0.81 567 x10™ 0.0196 1.2x107° [36]
MSM

a-Ga,0; Sputtering 5.67 x 10° 1.87 x 10" 5 - 139]
phototransistor

a-IGO Sputtering  18.06 - 0.23 0.0049 [47]
MSM

a-GaO, Sputtering 4.1 x 10 25x10° >4x10° 5x10° [43]
phototransistor

a-Ga,0; PLD 5 1.76 x 10'2 33 100 [68]
MSM

a-MGO PEALD 0.0103 - 0.6 0.00194  [92]
p-i-n junction

Bulk p-Ga,O3 EFG* 0.05 - 240 450 [112]
MSM

B-Ga,0; LMBE* - - 1020 860 [113]
MSM

B-Ga,0; MOCVD 46 - 800 4500 [114]
MSM

B-Ga,03 Sputtering  96.13 - 78 32 [1s]
MSM

EFG*: edge-defined film-fed growth; LMBE*: laser molecular beam epitaxy.

PDs using a-GaO, thin films prepared by different deposition
methods have been reported with decent performance, which
is comparable with or even better than crystalline Ga, 05 counter-
parts. Thus, considering the facile fabrication process and
excellent UV detection performance, the cost-effective a-GaO,
thin films are very appealing for the development of flexible
and scalable deep UV PDs in varieties of areas.
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