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Abstract: Amorphous Ga,0O, (a-Ga,0,) thin films were prepared on flexible polyimide, rigid quartz glass, and Si substrates via radio
frequency magnetron sputtering at room temperature. The effect of oxygen/Ar flow rate ratio on the structure, optical property, surface
morphology, and chemical bonding properties of the a-Ga,O, films was investigated. Results show that the average optical
transmittance of the a-Ga,O; films is over 80% within the wavelength range of 300-2000 nm. The extracted optical band gap of the
a-Ga,0, films is increased from 4.97 eV to 5.13 eV with the increase in O,/Ar flow rate ratio from 0 to 0.25, due to the decrease in
concentration of oxygen vacancy defects in the film. Furthermore, the optical refractive index and surface roughness of the a-Ga,O,
films are optimized when the O,/Ar flow rate ratio reaches 0.25. X-ray photoelectron spectroscopy analysis also shows that the
proportion of oxygen vacancies (V) and Ga-O chemical bonds in the O 1Is peak is gradually decreased with the increase in O,/Ar
flow rate ratio from 0 to 0.25, proving that increasing the O,/Ar flow rate ratio during film growth can reduce the concentration of
oxygen vacancy defects in a-Ga,O, films. In this case, a-Ga,O, with optimal properties can be obtained. This work provides a research
basis for high-performance flexible and rigid deep ultraviolet solar-blind detection devices based on a-Ga,O, films.

Key words: solar-blind DUV photodetector; amorphous Ga,O, thin film; flexible electronics; oxygen vacancy defect; RF magnetron

sputtering

robust electronics® """ The lightweight feature and low cost of

the flexible DUV photodetectors show advantages for
versatile applications and large-scale uniform production.

1 Introduction

Deep ultraviolet (DUV) spectra of wavelength between 200

and 280 nm are mostly absorbed by the ozone layer within the
atmosphere from the sun to the Earth surface. Accordingly, no
ultraviolet light of wavelength below 280 nm can be detected
against the surrounding light background on Earth. This solar-
blind photodetection technique has attracted considerable
interest due to higher sensitivity, lower false alarm rate, and
stronger anti-interference ability ™. The development of the
solar-blind ultraviolet photodetectors exhibits important
applications in secure optical communication, ozone hole
detection, and space exploration®. Recently, DUV
photodetectors based on flexible substrates are expected to
satisfy the increasing demands for next-generation portable
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Wide bandgap semiconductors, including AlGaN, ZnMgO,
Ga,0,, and diamond, are widely used to fabricate high-

2151 Compared with other

performance DUV photodetectors
materials, Ga,O, demonstrates attractive potentials in solar-
blind photodetection because of its intrinsically ultrawide
bandgap (about 4.9 eV) and the necessity of an alloying

U617 Attention has been paid to the crystalline

process
p-Ga,0,-based DUV photodetectors on single-crystal rigid
substrates at high growth rate or high annealing temperature
(>600 °C). Nevertheless, the crystalline Ga,O, is not suitable
for large-scale flexible electronics due to high synthesis
temperature, inferior stability, and

complex growth
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procedures. Recent research on development of DUV
photodetectors using amorphous Ga,O, (a-Ga,0,) has shown
excellent ultraviolet sensitivity and a low dark current level.
Arora et al"® fabricated self-biased DUV photodetectors based
on a-Ga,0O, thin films on paper substrates at room temperature.
The photodetector exhibits high responsivity of 3.1 mA/W
and external quantum efficiency (EQE) of 2.5% with a large
intensity ratio £, /1,,, of 10" at zero bias. Han et al"™ studied
the effect of Ar growth pressure on the performance of room
temperature-deposited a-Ga,0, DUV detectors™. A high-
response a-Ga,0,-based DUV detector was realized at 0.5 Pa,
and the maximum response of the device reached 436.3 A/W
under ultraviolet light (240 nm) at bias of 25 V. In addition,
Wang et al®” reported high-performance a-Ga,O,-based
avalanche photodetectors with specific detectivity of 1.8x10"
J (unit: Jones) and EQE of 2.9%10"%. The mechanism of the
intrinsic carrier transport and modified band alignment at the
a-Ga,0,/ITO heterojunction was analyzed to explain these
superior characteristics. Until now, most studies about the
a-Ga,0, based DUV photodetectors are focused on the
improvement of DUV detectors. It is well believed that
persistent photoconductivity (PPC) effect in oxides greatly
slows down the detector response speed. Lany et al®"
developed a validated oxygen vacancy (V) defect model
from first-principles calculations, which leads to PPC effect in
metal oxides. The modulation of ambient oxygen pressure
during the growth of a-Ga,O, films plays an important role in
controlling the intrinsic V, defect density in a-Ga,O,.
Therefore, a thorough and systematic investigation into the
effects of ambient oxygen pressure on the properties of
a-Ga,O, films remains indispensable and urgent.

In this research, a-Ga,O, thin films are deposited on flexible
polyimide (PI), rigid quartz, and rigid silicon substrates using
radio frequency (RF) magnetron sputtering at room
temperature. The effect of the O,/Ar flow rate ratio on the
structure, optical property, surface morphology, and chemical
bonding properties of the a-Ga,0, films was discussed.
Additionally, the mechanism of variations in optical bandgap
and refractive index of the a-Ga,O, films was analyzed with
the increase in O,/Ar flow rate ratio during film growth. The
relationship between oxygen vacancy defect control and
optimization of the a-Ga,O, film properties was elucidated.

2 Experiment

The a-Ga,O, thin films were deposited on flexible PI, rigid
quartz glass, as well as rigid Si substrate via RF magnetron
sputtering (Explorer, Denton Vacuum) under various oxygen
flow rates at room temperature. Both flexible and rigid
substrates were ultrasonically cleaned in acetone, methanol,
and deionized water for 10 min and then dried using N, before
film deposition. A high-purity, undoped Ga,0, (99.99%)
ceramic target was used as the sputter target. A low sputtering
power of 150 W was applied to reduce the excessive ion
bombardment damage on the flexible PI substrate. The a-
Ga,O, films with a thickness of 400 nm were obtained on both
flexible and rigid substrates after magnetron sputtering

deposition for 1 h. During the growth of a-Ga,O, films, O,
with flow rates of 0, 2, 3, 4, and 5 mL/min was introduced
into the chamber while fixed Ar flow rate of 20 mL/min.
Correspondingly, the O,/Ar flow rate ratio was 0, 0.10, 0.15,
0.20, and 0.25. The crystal structure of the a-Ga,O, films
under different O,/Ar flow rate ratios was determined using a
Bruker D§ Advance X-ray diffractometer (XRD) with 6-26
scan mode. The topographic image and surface roughness of
the a-Ga,O, films were investigated using a Shimadzu SPM-
9700HT atomic force microscope (AFM) in tapping mode.
Optical transmittance of the a-Ga,O, films was characterized
Perkin Lambda 1050+ UV/Vis
spectrophotometer. The wavelength scan range was from 200

using a Elmer
nm to 2000 nm. The optical refractive indexes of the a-Ga,O,
films were measured by a HORIBA UVISEL PLUS
ellipsometer with the wavelength range of 250-1900 nm. X-ray
photoelectron spectroscopy (XPS) analysis of the a-Ga,O, films
under different O,/Ar flow rate ratios was conducted using an
ESCALAB Xi' (Thermo Scientific) system to investigate the
chemical bonding states of different a-Ga,O, films.

3 Results and Discussion

3.1 Structure of a-Ga,0, films

Fig. 1a shows XRD patterns of different a-Ga,O, films
grown on flexible PI substrates at various O,/Ar flow rate
ratios. Two wide halo peaks around 26 of 16° and 25° are
considered as the representative peaks of flexible PI
P2 Only PI substrate peaks can be observed,
indicating the amorphous crystal structure of the Ga,O, films.
Fig. 1b presents XRD patterns of different a-Ga,O, films
grown on rigid Si substrate at various O,/Ar flow rate ratios.
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Fig.1 XRD patterns of a-Ga,O, films grown on flexible PI substrate (a)

and Si substrate (b) under different O,/Ar flow rate ratios
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There are also no signature peaks, except a sharp peak at
around 20=69.9°, which originates from single-crystalline Si
substrate. These results all confirm the amorphous nature of
the a-Ga,O, films. It is known that the crystalline Ga,O, has
five polymorphs, among which the f -phase has the most
stable monoclinic crystal structure™*. Other phases, no
matter metastable or unstable, can be chemically changed into
the f -phase at high temperature™. The room-temperature
deposition and no requirement for crystalline substrates widen
the application of a-Ga,O,.

XRD patterns of the a-Ga,O, films grown on amorphous PI,
quartz glass, and single crystalline Si substrates all exhibit
amorphous structure patterns, revealing that the crystal
structure of Ga,0, films only depends on the growth
temperature instead of the substrate nature or deposition
pressure.

3.2 Optical properties of a-Ga,O, films

The wavelength scan range was set from the wavelength of
DUV to that of infrared light to investigate the full-spectrum
optical properties of a-Ga,O, films. The optical transmittance
of the bare Pl and quartz glass substrates was also
characterized. Fig. 2a shows the full-spectrum optical
transmittance of the PI and quartz glass substrates. The erratic
fluctuation of the optical transmittance of PI and quartz glass
substrates may result from the instability of the spectrometer.
On the one hand, the average transmittance of the quartz glass
substrate is greater than 90% within the wavelength of 200—
2000 nm. On the other hand, the cutoff wavelength of
ultraviolet of the flexible PI substrates is about 370 nm, as
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Fig.2 Optical transmittance spectra of bare Pl and quartz glass
substrates (a) as well as a-Ga,O, films deposited on quartz

glass substrates under different O,/Ar flow rate ratios (b)

shown in Fig.2a. It is widely known that the cutoff wavelength
of ultraviolet of the a-Ga,O, films should be at approximately
253 nm due to their ultrawide bandgap of about 4.9 eV.
Therefore, only the optical transmittance and absorbance of
the a-Ga,O, films grown on the quartz glass substrates were
measured to eliminate the interference effect from the PI
substrates in this research.

The full-spectrum optical transmittance of the a-Ga,O,
films deposited on quartz glass substrate under different O,/Ar
flow rate ratios is presented in Fig. 2b. The average
transmittance of the a-Ga,O, films grown on quartz glass
substrate is greater than 85%. The inset of Fig. 2b
demonstrates the optical transmittance spectra of the a-Ga,O,
films deposited under different O,/Ar flow rate ratios within
the wavelength from 200 nm to 400 nm. It can be seen that the
optical cutoff edge shows a blueshift
phenomenon with the increase in O,/Ar flow rate ratio from 0
to 0.25. Therefore, the average optical transmittance of the
a-Ga, 0, films is over 80% within the wavelength range of 300
—2000 nm.

Fig.3a shows the absorbance of a-Ga,O, films deposited on
quartz glass substrates under different O,/Ar flow rate ratios.
According to Tauc’s optical model, the optical band gap of the
a-Ga,0, films can be obtained from the following relation™:

(ahv)’<A(hv - E) (1)

where a is the absorption coefficient, 4v is the photon energy,

transmittance

A is a constant, and £, is the optical band gap of the materials.
Accordingly, the optical band gap of the a-Ga,O, films can be
determined by plotting (ahv)’ value versus photon energy hv
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Fig.3 Optical absorbance spectra (a) and (hv)” curves as a function
of v (b) of a-Ga, 0, films deposited on quartz glass substrates

under different O,/Ar flow rate ratios
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and then fitting the linear region of the plots.

Fig. 3b shows the variation of the (o)’ as a function of the
photon energy /v for the a-Ga,O, films grown under different O,/
Ar flow rate ratios. The extracted optical band gap of the
a-Ga,O, films is increased from 4.97 eV to 5.13 eV with the
increase in O,/Ar flow rate ratio from 0 to 0.25. The results in
Ref. [27-28] showed that the concentration of V, defects in
metal oxide films can be suppressed by increasing the O, partial
pressure during film growth. The results in Ref.[29-31] also
suggested that the intrinsic defects in the form of oxygen
vacancies (V) behave as donor in the as-grown Ga,0O, films.
In this research, the optical band gap of the a-Ga,O, films is
increased with the increase in O,/Ar flow rate ratio, which is
due to the less presence of oxygen vacancy defects in the
electron-hole combination energy state
conduction and valence band in the a-Ga,O, films. Therefore,
oxygen vacancy defects greatly affect the electronic structure

between the

and optical energy-band modulation of a-Ga,O, films. Thus, it
is important to control the oxygen vacancy concentration to
optimize the performance of a-Ga,0,-based photodetector
devices.

To obtain a comprehensive understanding of the optical
properties with varying oxygen vacancies in a-Ga,O, films, the
optical refractive index of the a-Ga,O, films deposited under
different O,/Ar flow rate ratios was measured. Fig. 4a and 4b
show the refractive index curves of the a-Ga, O, films deposited
on quartz glass and Si substrates, respectively. The refractive
indexes of the a-Ga,O, films are generally increased as the
wavelength decreases into DUV range below 300 nm. Besides,
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Fig.4 Refractive index curves of a-Ga,O, films deposited on
quartz glass substrate (a) and Si substrate (b) under

different O,/Ar flow rate ratios

it is worth noting that the optical refractive index of the a-Ga,O,
films is increased with the increase in O,/Ar flow rate ratio. The
concentration of the V, defects in the a-Ga,O,films is decreased
with the increase in O,/Ar flow rate ratio. Theoretical calculation
proposed that the existence of oxygen vacancies can reduce the
optical refractive index of yttrium aluminum oxide®. The
optical refractive index of air (oxygen vacancy) is around 1,
which is lower than that of the Ga-O bonding structure. In this
research, the decrease in V, defect concentration with the
increase in O,/Ar flow rate ratio may cause the increase in
optical refractive index of the a-Ga,O, films.

3.3 Surface morphology of a-Ga,0O, films

Surface morphologies of the a-Ga,O, films grown on Si
substrate under different Ar/O, flow rate ratios are shown in
Fig.5. The scan area was 5 umx5 um for all samples during AFM
measurements. For comparison, the surface morphologies of
a-Ga,0, films grown on flexible PI and rigid quartz glass
substrates were also characterized, as shown in Fig.6 and Fig.7,
respectively. It is clear that the a-Ga,O, films grown on PI
substrate present scratched morphologies and much higher
surface roughness. This may result from the deteriorated surface
quality of the flexible PI substrates used in this research. On the
contrary, the surface morphologies of the a-Ga,0O, films
deposited on Si and quartz glass substrates present rather
smooth characteristics due to their polished surface condition.

Table 1 lists the root mean square (RMS) roughness of the
a-Ga,0O, films deposited on Si, PI, and quartz glass substrates
under different O,/Ar flow rate ratios. Regardless of the
flexible and rigid substrates, RMS roughness of all films is
decreased with the increase in O,/Ar flow rate ratio from 0 to
0.25. Chen et al® also reported that the oxygen-rich
environment can efficiently reduce the surface structural
defects of the Ga,O, films, which is due to the less
bombardment of the Ar ions to the film surface under the
growth conditions of higher flow rate ratio of oxygen to Ar
ratio. Accordingly, the surface oxygen-associated structural
defects are greatly suppressed with the increase in O,/Ar flow
rate ratio during the growth of a-Ga,O, films.

Therefore, it is essential to modulate the surface
morphology and roughness of the a-Ga,O; films by controlling
the oxygen ambient pressure to enhance the performance of
the a-Ga,O, films as the active layer for optoelectronic device
applications.

3.4 Chemical bonding properties of a-Ga,O, films

Normally, surface chemical bonding states of oxygen atoms
can be affected by the ambient pressure during the growth of
the oxide films. The stoichiometric ratio in metal-oxide films
greatly determines the oxygen-deficient structural defects,
which in turn modulates the electrical, optical, and surface
properties of the films. Accordingly, the O 1s peak evolution
of the a-Ga,0, films with the increase in O,/Ar flow rate ratio
was characterized through XPS measurements to further
understand the mechanism of oxygen vacancy defects on the
surface chemical bonding state of the a-Ga,0, films.
According to XPS analysis results, the binding energy
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Fig.7 Surface morphologies of a-Ga,O, films deposited on quartz glass substrate under O,/Ar flow rate ratio of 0 (a), 0.10 (b), 0.15 (c), 0.20 (d),
and 0.25 (e)
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Table 1 RMS roughness of a-Ga,O, films deposited on Si, PI, and
quartz glass substrates under different O,/Ar flow rate

ratios

Deposition substrate ~ O,/Ar flow rate ratio RMS roughness/nm

0 0.59

0.10 0.64

Si 0.15 0.48
0.20 0.32

0.25 0.25

- 0 5.18
0.20 2.45

0 1.60

0.10 1.00

Quartz glass 0.15 1.80
0.20 1.12

0.25 0.73

referenced to the C 1s is 284.8 eV, which results from
adventitious surface carbon contamination. Fig. 8 illustrates
XPS spectra of O 1s peak of a-Ga,0O, films grown on Si
substrate under different O,/Ar flow rate ratios. It is noticed
that the O 1s spectra of the a-Ga,O, films can be divided into
three individual peaks using XPS peak fitting program. The
peak with lower binding energy of 530.7+0.2 eV corresponds
to the oxygen in Ga-O bonding in the a-Ga,O, films. The next
peak with higher binding energy of 531.3+0.2 eV corresponds
to oxygen in the oxygen-vacancy area in the a-Ga,O, films.
The third O 1s peak at around 532.3+0.2 eV is associated with
the surface C-O bonds of the a-Ga,O, films"***. Since the
origin of the C-O bonds on surface is the surrounding
adventitious carbon contamination, the intensity of the O 1s
peak of C-O bonding shows little dependence on the O,/Ar
flow rate ratio, as shown in Fig.8a—8e. It is clear that the
intensity ratio of the V, peak to Ga-O peak is gradually
decreased with the increase in O,/Ar flow rate ratio from 0 to
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Fig.8 O Is peak evolution of XPS spectra of a-Ga,O, films deposited on Si substrate under O,/Ar flow rate ratio of 0 (a), 0.10 (b), 0.15 (c), 0.20 (d),

and 0.25 (e)

0.25. These results all demonstrate the suppression effect
caused by the concentration of V, defects with the increase in
O,/Ar flow rate ratio. Therefore, controlling the oxygen partial
pressure during growth of the a-Ga,O, films is an essential
work in modulation of V defect density, which further greatly
affects the properties of the a-Ga,O, films and the

performance of  a-Ga,0O,-based optoelectronic devices.

4 Conclusions

1) Transparent a-Ga,O, films can be synthesized on flexible
PI, rigid quartz glass, and rigid Si substrates via RF
magnetron sputtering under different O,/Ar flow rate ratios at
room temperature.

2) The a-Ga,0, films exhibit an average
transmittance of over 80% from the wavelength of DUV to
that of infrared light.

3) The extracted optical band gap of the a-Ga,O, films is
increased from 4.97 eV to 5.13 eV with the increase in O,/Ar
flow rate ratio from 0 to 0.25, which is due to the reduction in
the oxygen vacancy defects as the donor in the a-Ga,O, films.

4) The optical refractive index of the a-Ga,O, films is
increased with the increase in O,/Ar flow rate ratio.

5) O 1s peak evolution of the a-Ga,O, films deposited under
different O,/Ar flow rate ratios is related to the reduction in
the oxygen vacancy defects, which causes the property
improvement of a-Ga,O, films.

6) Modulating the oxygen partial pressure during the

optical
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a-Ga,0, film growth is important. This research provides a 17 Sui'Y, Liang H, Huo W X et al. Journal of Physics D: Applied
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