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In this work, we fabricated indium gallium zinc oxide (IGTO) metal-semiconductor—metal
(MSM) photodetectors (PDs) with different oxygen flow ratios and investigated and discussed
their characteristics. 0% PDs show a high responsivity of 25.75 A/W, but their dark current is
very high and their switching time is low. 10% PDs exhibit the highest performance. They show
a high photo/dark current ratio of 1.05 x 10 with a low dark current of 1.19 x 107" A. Their
responsivity is 0.12 A/W and their rejection ratio is 9.38 x 10°, which is sufficiently high to
ensure the accuracy of distinguishing between UV and visible ranges. Their rising time is 206 s
and their falling time is 58 s. It was observed that the response time shortened as the oxygen
flow ratio was increased.

1. Introduction

Transparent oxide semiconductors (TOSs) have attracted considerable attention owing to
their various applications, including, but not limited to, LEDs, photosensors, and resistive
random-access memory. The materials commonly used in TOSs include indium oxide
(In,0,),3) gallium oxide (Ga,0;),®* tin oxide (Sn0,),>% zinc oxide (ZnO),”'V indium
gallium oxide (IGO),1%!13 indium tin oxide (ITO), and indium gallium zinc oxide
(IGZ0).15-18) These materials are recognized for their exceptional electrical conductivity,
excellent optical transparency in the visible wavelength, and wide bandgap.(1>-2%)
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UV photodetectors (PDs) have attracted considerable attention because of their wide range of
applications in civilian infrastructure, military facilities, and optoelectrical circuits.21-23)
Moreover, the UV PD with a cut-off wavelength from 200 to 280 nm is considered as solar-blind
since solar radiation in this range cannot penetrate Earth’s atmosphere. Hence, solar-blind UV
PDs with good stability have a variety of applications such as the inspection of UV leakage,
biochemical detection, and ozone hole monitoring.2¥

A wide bandgap Is required to obtain a low cut-off wavelength. As one of the wide-bandgap
semiconductors, Ga,05 is a good choice owing to its wide bandgap of 4.9-5.3 eV, and it shows
great responsivity in the UV range.(?>29) However, to increase the carrier density and obtain
high-response UV single-crystal B-Ga,0s, a high-temperature process is unavoidable.?”) Thus,
a Ga,03-based compound becomes a potential material. We can deposit a Ga,05-based
compound by sputtering at room temperature if we add other materials of high carrier density
such as In,05?829 and Sn0,.3%3D In this work, the fabrication of IGTO UV PDs based on the
metal-semiconductor—metal (MSM) structure was demonstrated. The effects of different
oxygen flow ratios, optical characteristics, and electrical analysis were discussed.

2. Experiment

First, 2 x 2 cm? quartz substrates were cleaned with acetone, isopropyl alcohol, and deionized
(DI) water in an ultrasonic bath in this order. Then, 150-nm-thick IGTO films were subsequently
deposited by RF-magnetron sputtering from the composite IGTO target (In,053:Ga,05:Sn0, =
1:1:1 mol) with an RF power of 80 W. The chamber pressure was maintained at 5 mTorr with
three different oxygen flow ratios [O,/(Ar + O,)] of 0, 10, and 20%, along with a total gas flow
rate of 50 sccm. Finally, 30-nm-thick Ni and 70-nm-thick Au with an interdigitated structure
were deposited as the adhesion and contact layers, respectively, onto IGTO films by thermal
evaporation. The width (/) and length (L) of the fingers are 0.1 and 1.2 mm, respectively, and
the finger distance is 0.2 mm, as shown in Fig. 1.

@) (b)

Fig. 1. (Color online) (a) Metal mask of interdigitated electrodes and IGTO film on quartz. (b) Schematic of IGTO
PD.
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To characterize the electrical properties of the fabricated IGTO MSM PDs, we measured the
devices in the dark and under illumination using a semiconductor parameter analyzer (model
B1500A, Agilent Technologies) at room temperature and atmospheric pressure. The light source
was a 150 W Xe lamp and a monochromator that covers the wavelength range from 200 to 800
nm. The power of the monochromator light was measured with Nova I P/N7Z01550.

3. Results and Discussion

Figure 2 shows that the IGTO thin films exhibit a high degree of optical transparency with an
average transmittance of nearly 90% in the light wavelength range from 400 to 700 nm and a
low transmittance in the ultraviolet region, especially in the UVC range. The optical bandgap for
IGTO thin films can be obtained using the Tauc relation®2-33) as follows:

(ahv)' = A(hv-E,), (1)

where a is the absorption coefficient, # = 4.136 x 10715 eV's is Planck’s constant, v is the
frequency of the incident photon, 4 is a constant, and E, is the bandgap. For direct allowed
transitions, n is typically 2, whereas for indirect allowed transitions, # is 0.5. In the case of
IGTO, we assumed an n value of 2 because band-to-band transitions are allowed. The (a/v)”
versus /v curves were depicted so that we could obtain the bandgap from the x-axis intercept of
the line, which is tangent to the inflection point. We used the Tauc plot method to determine the
bandgap for samples with different oxygen flow ratios, as shown in Fig. 2. The optical bandgaps
for samples with 0, 5, 10, and 20% oxygen flow ratios are 5.02, 5.01, 4.98, and 4.98 eV,
respectively. This analysis reveals that variations in oxygen flow ratios have a negligible impact
on the optical bandgap of IGTO.

The chemical bonding in IGTO thin films was studied by XPS, which is useful for detecting
changes in oxygen vacancy content in IGTO thin films. Through Gaussian fitting, there are
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Fig. 2. (Color online) Transmittance spectra and Tauc plot of IGTO thin films.
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three peaks that can be deconvoluted from the O 1s signal. The first peak at 530.1 + 0.1 eV
represents the well-bonded oxygen with a metal cation (O;, M-O). The second peak at
531.5 £ 0.1 eV represents the oxygen vacancies (Oy, V). The third peak at 532.6 + 0.1 eV
represents the metal hydroxide species (Oy;, M-OH). Subsequently, the areas under the curves of
these three peaks were calculated and then compared with the total area to determine the
proportions of Oy, Oy, and Oy The proportion of Oy, which is specifically associated with
oxygen vacancies, was obtained and is presented in Table 1 and Figs. 3(a)-3(d). Notably, the data
indicates that as the oxygen flow ratio during the sputtering process is increased from 0 to 20%,
the proportion of oxygen vacancies decreases from 49.9 to 34.9%. This demonstrates that
supplying more oxygen during sputtering can effectively fill and compensate for oxygen
vacancies. This, in turn, helps regulate the number of charge carriers and defects in the material.

Table 1
Proportion of Oy with different oxygen flow ratios.
Oxygen flow ratio (%) 0 5 10 20
O11/Ootal (%) 49.9 44.2 41.2 349
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Fig. 3. (Color online) XPS spectra of O 1s core level of IGTO thin film as a function of oxygen partial pressure [(a)
0, (b) 5, (c) 10, and (d) 20%)], which are deconvoluted into three peaks through Gaussian fitting.
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To investigate the effect of oxygen flow ratio on IGTO, we fabricated IGTO MSM PDs as
described above and measured them under certain conditions. The wavelength of the light
source applied to devices is from 220 to 500 nm with an interval of 10 nm, and the bias applied
to devices is from —10 to 10 V. The /-V characteristics of PDs with oxygen flow ratios of 0, 10,
and 20% are shown in Fig. 4. From the results, we find that the dark current and photocurrent
decreased as the oxygen flow ratios were increased, which is ascribed to higher Schottky
barriers and the reduction of oxygen vacancies in IGTO. While the oxygen flow ratio is
increased, oxygen vacancies may be filled by oxygen, which causes the low conductivity. This
agrees with the results of XPS analyses and helps us realize different performance characteristics
of devices by controlling the oxygen flow ratio. The dark currents of the 0, 10, and 20% PDs are
3.52 x 1074, 1.19 x 107!, and 6.42 x 10712 A, respectively. The photocurrents under the light
wavelength of 250 nm for the 0, 10, and 20% PDs are 6.20 x 1074, 1.25 x 1076, and 1.08 x 1077 A,
respectively.

We found that the 0% PDs are photoconductors. A good way to confirm the photoconductive
gain existing in them is by determining the external quantum efficiency (EQE).(*3%) EQE is
defined as the number of carriers circulating through a PD per adsorbed photon and per unit
time. It can be expressed as(®%)

EQE="".2 . 2)

where 4 is Planck’s constant, ¢ is the velocity of light, e is the electronic charge, 4 is the
wavelength of radiation, G is the photoconductive gain, and A/ is the difference between
photocurrent and dark current. The EQFE of the 0% PDs applied to 10 V at the light wavelength
of 250 nm is 99.7%.
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Fig. 4. (Color online) /-V characteristics of PDs with oxygen flow ratios of 0, 10, and 20%.
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The responsivities from 250 to 500 nm with an interval of 10 nm for IGTO MSM PDs with
different oxygen ratios are shown in Figs. 5(a)—-5(c). The responsivities measured at 250 nm for
PDs with oxygen flow ratios of 0, 10, and 20% are 25.75, 0.12, and 0.01 A/W, respectively. The
I-V data, responsivity, and rejection ratio (RR) are summarized in Table 2. In this work, we
define the UV-to-visible RR as the responsivity measured at 250 nm divided by that measured at
500 nm, as

RR < Responsivity (300 nm)
- Responsivity (500 nm) '

©)

The time-resolved response of IGTO MSM PDs is also discussed. The rising time can be
defined as the time required for the current to increase from 10 to 90% of the peak value when
continuously illuminated, whereas the falling time is that needed for the current to decay from
90 to 10% when the light resource is removed. The wavelength of light is 250 nm and the bias
voltage applied to the devices is 10 V. All the devices were switched on and off for 5 cycles with
an interval of 300 s. The photocurrent of the 0% PDs reached 4.34 x 10™* A after the first
interval of illumination. Nevertheless, it not only did not reach the saturation current, but also
did not return to its initial value before illumination, as shown in Fig. 6(a). The 10 and 20% PDs
exhibited shorter switching times than the 0% PDs, as depicted in Figs. 6(b) and 6(c); the average
response times are listed in Table 3. We observed that the samples with high oxygen flow ratios
showed faster switching responses. Because oxygen vacancies captured the electron—hole pairs
excited by the illumination, it took a longer time to switch the devices. Thus, the 0% PDs cannot
return to their initial dark current level since they need a longer recovery time instead of
immediate recombination.(37-40)
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Fig. 5. (Color online) Responsivities of PDs with oxygen flow ratios of (a) 0, (b) 10, and (c) 20%.

Table 2
Characteristics of IGTO MSM PDs.
Oxygen flow ratio Photo/dark Responsivity
%) Photocurrent (A) Dark current (A) current ratio (A/W) RR
0 6.20 x 1074 3.52x 1074 1.76 25.75 367.86
10 125 %107 119 x 1071 1.05 x 10 0.12 9.38 x 10°

20 1.08 x 1077 6.42 x 10712 1.68 x 10* 0.01 413 x 10*
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Fig. 6. Time-resolved responses of (a) 0, (b) 10, and (c) 20 PDs.

Table 3

Average response times of IGTO MSM PDs.

Oxygen flow ratio (%) Rising time (s) Falling time (s)
0 >300 >300

10 206 58

20 191 43

4. Conclusions

The results demonstrated that IGTO thin films exhibit excellent transparency in the visible
range while effectively blocking UVC light. The optical bandgap of IGTO was found to be
consistent across different oxygen flow ratios. XPS analysis revealed changes in oxygen vacancy
content in IGTO films, demonstrating that supplying more oxygen during sputtering can
effectively fill and compensate for oxygen vacancies. This was confirmed through the analysis
of the /-V characteristics and responsivity spectra of IGTO MSM PDs.

Moreover, we investigated the time-resolved response of the PDs. The results showed that
samples with higher oxygen flow ratios had faster swtching responses, primarily attributed to
the electron trapping induced by oxygen vacancies.
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