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Abstract: A gallium-zinc-tin-oxide (GaZTO) solar-blind photodetector was fabricated via radio
frequency sputtering. The transmittance of the GaZTO thin film was >80% in the visible light region,
and its energy bandgap ranged from 4.11 to 4.23 eV. Manipulating the oxygen flows changed the
ratio of oxygen vacancies, which was confirmed by X-ray photoelectron spectroscopy. The ratio
of oxygen vacancies in the GaZTO thin films impacted the performance of the photodetectors.
The photocurrent, responsivity, and ultraviolet–visible rejection ratio of the GaZTO solar-blind
photodetector were 1.23 × 10−6 A, 9.12 × 10−2 A/W, and 3.48 × 104, respectively, at a 10 V bias
under 280 nm light illumination. The transient responses of the synthesized photodetectors were
measured and discussed.
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1. Introduction

Currently, photodetectors are utilized in many fields, such as pollution detection, flame detection,
space communication, light-wave communication, and missile-launch detection [1–3]. Ultraviolet
(UV) light is categorized into UV-A, UV-B, and UV-C, whose wavelength ranges are 320–400 nm,
280–320 nm, and 200–280 nm, respectively. Photodetectors sensitive to UV-A and UV-B light are called
visible-blind photodetectors. A solar-blind photodetector is specifically sensitive to UV-C radiation.
As the detection of UV light requires the assistance of wide-bandgap materials, scientists endeavor to
find suitable materials that can be applied for UV light detection.

The semiconducting materials commonly used to detect UV-C light are MgZnO [4], Ga2O3 [5],
and AlGaN [6]. The bandgaps of MgZnO and AlGaN are 3.3–7.8 and 3.44–6.28 eV, respectively, and can
be tuned by adjusting the chemical content of the materials [4,7]. Owing to its high transmittance in
the visible light region and wide-bandgap nature, ZnO has been employed for many photoelectronic
components, such as solar cells, light-emitting diodes, and UV photodetectors [8–10]. According
to Hosono’s previous work, a metal cation whose electronic configuration is (n − 1)d10ns0, where
n ≥ 5, can improve the carrier mobility [11]. Due to the ns spherical orbitals of a heavy-metal cation,
the adjacent ns orbitals overlap on the amorphous nature, and carriers in the amorphous oxide
semiconductor move more smoothly than those in amorphous silicon, whose electronic configuration
is sp3 [11]. Accordingly, numerous amorphous oxides containing heavy metals, such as Tin (Sn) and
indium (In), have drawn attention and scientists are showing a tendency of doping suitable metals
into ZnO. Selecting Sn as the dopant is expected to enhance the mobility of ZnO-based components
because of its desirable ionic electronic configuration ([Kr] 4d10). Zinc tin oxide (ZTO) is an attractive

Coatings 2018, 8, 293; doi:10.3390/coatings8090293 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-4126-0576
http://www.mdpi.com/2079-6412/8/9/293?type=check_update&version=1
http://dx.doi.org/10.3390/coatings8090293
http://www.mdpi.com/journal/coatings


Coatings 2018, 8, 293 2 of 8

photo-sensing material. With its bandgap of 3.37–3.93 eV, it is able to detect UV-B, UV-C, and part
of UV-A radiation. To allow for the detection of only UV-B and UV-C light, gallium is doped into
ZTO to form the quaternary metal oxide GaZTO. Carriers of ZnO, originating from oxygen vacancies
and zinc interstitials, can be suppressed by appropriately doping metal elements to alter the device
performance [11,12]. Gallium is an alternative candidate as a suppressor of oxygen vacancies. GaZTO
is a novel material that is still seldom studied in academia. It is expected that the bandgap of GaZTO
can be engineered by changing the composition of gallium, zinc, and tin [13].

In this study, we fabricated GaZTO solar-blind photodetectors using a radiofrequency
(RF)-sputtering system. The optical characteristics, chemical-bonding states, and electrical
performances of the devices were investigated in detail.

2. Materials and Methods

The structure of the GaZTO solar-blind photodetector is shown in Figure 1. Quartz substrates
were cleaned using acetone, isopropyl alcohol, and deionized water sequentially with an ultrasonicator
and then dried with a nitrogen flow. A 100 nm GaZTO thin film was grown on the substrate using an
RF-sputtering system (KD-SPUTTER, Kao Duen Technology Corp., New Taipei City, Taiwan) with
a single GaZTO target (molar ratio of Ga:Zn:Sn = 1:1:1). The RF power was 80 W, and the working
pressure was 5 mTorr. The sputtering was performed in argon/oxygen gas mixtures. Herein, we
denote thin films deposited at argon-to-oxygen flow ratios of 50:0, 48:2, and 45:5 as Samples A, B,
and C, respectively. After the thin-film deposition, the samples were annealed at 300 ◦C for 1 h in a
furnace. Finally, nickel/gold (30 nm/70 nm) was thermally deposited to serve as the interdigitated
electrodes (by ULVAC thermal evaporation system, ULVAC, Methuen, MA, USA), which were defined
by the shadow mask. The finger width and the finger spacing were 100 and 200 µm, respectively.
I–V curves were measured in the dark at room temperature using an Agilent B1500 semiconductor
parameter analyzer (Agilent Technologies, Santa Clara, CA, USA). The illumination was generated
from a 250 W Xe lamp via a monochromator (H10 UV, HORIBA Jobin Yvon, Edison, NJ, USA) to
create the monochromatic light. The illumination area of a photodetector was 2200 µm × 2000 µm.
To observe the film transparency and determine the elemental compositions, three types (Samples A,
B, and C) of 100 nm GaZTO thin films were prepared via the same process, without the patterning
of the metals. The transmittance and absorption spectra were recorded using a UV-3101 UV–Visible
(Vis)–near-infrared spectrophotometer (Shimadzu UV-3101PC, SHIMADZU Corp., Kyoto, Japan),
and X-ray photoelectron spectroscopy (XPS) (VG ESCALAB220i-XL, Thermo Scientific, Waltham, MA,
USA) was performed to analyze the chemical-bonding state of oxygen.

Figure 1. Structural diagram of the GaZTO solar-blind photodetector.

3. Results and Discussion

Figure 2a shows the transmittance of the GaZTO thin films (Samples A, B, and C). All films clearly
showed a transmittance of >80% in the visible light region. To extract the optical bandgap of the
GaZTO thin film, the relationship between the absorption coefficient and the incident photon energy
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was plotted, as shown in Figure 2b. The bandgaps were determined according to Tauc’s Law [14],
as follows:

(αhν)2 = B
(
hν− Eg

)
(1)

where α is the absorption coefficient, h is Planck’s constant, ν is the frequency of incident light,
B is a constant, and Eg is the bandgap of the material. By extrapolating the linear part of the
curve to intersect with the x-axis, the bandgap was determined to be 4.11–4.23 eV and found to
increase with the decreasing oxygen flow. The transmittance decreases dramatically when the light
wavelength is <300 nm, which corresponds to the calculated bandgap values. All of the GaZTO thin
films exhibit a relatively high bandgap energy and desirable transmittance, which are beneficial for
optoelectronic applications.

Figure 2. (a) Transmittance spectrum of Samples A, B, and C. (b) absorption coefficient versus photon
energy for these three samples.

The decrease of the optical bandgap of the GaZTO thin film with the increasing oxygen flow
ratio results from the variation of the elemental composition of GaZTO. As shown in Table 1, with the
increase of the oxygen flow ratio, the atomic ratio of Zn increases, and those of Ga and Sn decrease.
It is possible that the deposition rate of ZnO increases while those of Ga2O3 and SnO2 decrease with
the increasing oxygen flow ratio [15]. It is known that the bandgap of ZnO (3.3 eV) is lower than those
of Ga2O3 (4.99 eV) and SnO2 (3.93 eV); thus, the bandgap of the GaZTO thin film decreased with the
increasing oxygen flow ratio.

Table 1. Atomic composition of the GaZTO thin film with different oxygen flow ratios, confirmed via
X-ray photoelectron spectroscopy (XPS).

Sample Zn (%) Ga (%) Sn (%) O (%)

A 6.3 19.9 23.0 50.7
B 9.6 19.3 14.8 56.4
C 10.1 18.4 15.2 56.4

The number of oxygen vacancies in a ZnO-based material significantly affects the carrier
concentration [11]. The XPS O 1s spectra of Samples A, B, and C—which are presented in
Figure 3—were used to analyze the variation in the quantity of oxygen vacancies. The raw data
curve can be deconvoluted into three peaks via Gaussian fitting, which are assigned to metal–oxygen
bonding (Omet, centered at 530.6 eV), oxygen vacancies (Ovac, centered at 531.1 eV), and bonding
with a hydroxyl group or the H2O from the surface of the thin film (Osurf, centered at 532.1 eV) [16].
The ratios of Omet, Ovac, and Osurf for each sample are listed in Table 2. Notably, the ratio of oxygen
vacancies decreases from 23.4% to 20.0% with the increasing oxygen flow ratio. That is, the relative
amount of oxygen vacancies is reduced when the oxygen flow ratio is increased. This is an important
issue for the device performance, which is discussed later.
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Figure 4 plots the photocurrents and dark currents of GaZTO photodetectors with different
oxygen flow ratios. The wavelength of light irradiation was 280 nm. The fabricated photodetectors
were subject to light illumination with different wavelengths for 1 min each time and then immediately
probed for I–V measurement to ascertain their performances. For all samples, the order of magnitude
of the dark currents is −11, indicating that the GaZTO devices have acceptable turn-off characteristics.
When the devices are measured in the dark, the oxygen molecules in the air are absorbed by the GaZTO
thin film. The absorbed oxygen molecules capture the free electrons in the thin film, contributing to
the generation of a depletion region near the film surface [3]. Hence, the dark current is suppressed.
The photocurrents of Samples A, B, and C at 10 V are summarized in Table 3. The photocurrent
gradually decreased because the quantity of carriers was reduced. Owing to the increased amount
of photo-generated carriers due to oxygen vacancies under light illumination, the photocurrent was
enhanced with the decreasing oxygen flow ratio [17].

Figure 3. XPS O 1s spectra of GaZTO thin films with different experimental conditions: (a) Sample A;
(b) Sample B; and (c) Sample C.

Table 2. Relative peak area ratio of the GaZTO thin films.

Sample Omet (%) Ovac (%) Osurf (%)

A 53.3 23.4 23.3
B 57.6 20.5 21.9
C 56.9 20.0 23.1

Figure 4. I–V characteristics of the three GaZTO photodetectors measured in the dark and under
280 nm UV light.
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The responsivity of the GaZTO photodetectors as a function of the wavelength is illustrated
in Figure 5. Responsivity (R) is one of the crucial parameters for quantifying the performance of
a photodetector. It is defined as the generated photocurrent per unit of incident UV light power,
as follows:

R = (Iphoto − Idark)/Pphoto (2)

where Iphoto is the photocurrent, Idark is the dark current, and Pphoto is the power of the incident light.
With a 10 V bias, the responsivity of Samples A, B, and C is 9.12 × 10−2, 3.9 × 10−2, 6.4 × 10−4 A/W,
respectively, at 280 nm. Notably, when the wavelength is <280 nm, the responsivity is higher than
those at other wavelengths in the visible light region. This suggests that our GaZTO photodetectors
are applicable for solar-blind detection. We also employed the UV–V is rejection ratio to determine
whether a photodetector can more effectively reject the interference of visible light. This ratio is
defined as the responsivity at 280 nm divided by the responsivity at 450 nm. Table 3 summarizes the
responsivity and rejection ratios of the GaZTO photodetectors. Sample B exhibits the highest rejection
ratio, indicating that it can distinguish UV light from visible light more effectively than the other
two samples.

Figure 5. Responsivity of GaZTO photodetectors with different oxygen flow ratios.

Table 3. Photocurrent, responsivity, rejection ratio, rise time, and fall time of the GaZTO photodetectors
with different oxygen flow ratios.

Sample Photocurrent
at 10 V (A)

Responsivity at
280 nm (A/W)

Rejection
Ratio

Growth Time
Constant (s)

Decay Time
Constant (s)

A 1.23 × 10−6 9.12 × 10−2 3.48 × 104 125.8 30.4
B 5.26 × 10−7 3.9 × 10−2 5.65 × 104 77.8 9.6
C 8.63 × 10−9 6.4 × 10−4 1.14 × 103 66.1 11.9

Figure 6 shows the transient characteristics of each sample under periodic UV illumination of
280 nm at a 10 V bias. The turn-on time intervals for Samples A, B, and C were 450, 250, and 250 s,
respectively. The turn-off time intervals were 450, 100, and 150 s, respectively. The transient responses
are reproducible. The exponential relaxation model can be used for the switching time measurement.
Curve fitting was implemented to the first switching period of both Samples A and B, and to the
third switching period of Sample C. The growth time/decay time constants can be extracted from the
model, and the two constants are used to evaluate the performance of the switching characteristics of
devices [18]. The growth/decay time constants of the three samples are listed in Table 3. Sample C
has better transient characteristics; it is faster. The growth/decay time constants of Sample C are
66.1 and 11.9 s, respectively. Although the constants of Sample C are relatively desirable, Sample C
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demonstrated an unstable behavior upon UV light illumination, which is considered to be related to
oxygen flow ratio of 10% and inferior thin film electrical performance.

Figure 6. Time responses of (a) Sample A; (b) Sample B; and (c) Sample C.

Tables 2 and 3 reveal that a high relative amount of oxygen vacancies leads to a high photocurrent,
which is attributed to the photo-generated carriers induced by light irradiation [17]. Oxygen vacancies
can induce an increase in the photocurrent, but they are a type of defect and influence the device
performance to some extent. Increasing the ratio of oxygen vacancies leads to the deterioration of the
rise time and fall time, as shown in Tables 2 and 3. The photoexcited oxygen vacancies capture carriers,
which is time-consuming [17]. As a result, if the ratio of oxygen vacancies increases, the rise and fall
times increase. Thus, there is a tradeoff between the response time and the photocurrent. In addition,
it is known that passivation can ameliorate the performance of an electronic device. Even though
our devices do not have passivation, Samples A and B still performed very well and functionally.
Achievement of advanced device performance by passivating devices will be our next issue to be
investigated. Table 4 lists previous works focusing on solar-blind photodetectors. Compared with
these photodetectors, Sample A exhibits a higher responsivity than the devices synthesized with other
materials, revealing that GaZTO is a promising candidate for solar-blind detection.

Table 4. Responsivity of photodetectors fabricated with different materials using various methods.
It is noted that RF-MBE stands for radio-frequency plasma assisted molecular beam epitaxy, MOCVD
for metal-organic chemical vapor deposition, L-MBE for laser molecular beam epitaxy, and VLS for
vapor-liquid-solid technique.

Material Method Responsivity (mA/W) Incident Wavelength (nm) Ref.

Mg0.55Zn0.45O RF-MBE 22 270 [19]
Mg0.48Zn0.52O MOCVD 16 283 [20]

Sn Doped β-Ga2O3 L-MBE 36 254 [21]
β-Ga2O3 VLS 0.372 255 [22]

BeMgZnO RF-MBE 18 241 [23]
GaZTO RF-sputter 91.2 280 this study
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4. Conclusions

We proposed a simple, cost-effective approach to fabricate solar-blind photodetectors with a
GaZTO sensing layer using an RF-sputtering system. The optical characteristics were measured
to ascertain the bandgap and transmittance. The energy bandgap of the GaZTO thin film was
4.11–4.23 eV, indicating that the film can be applied for solar-blind detection. Adjusting the oxygen
flow ratio during sputtering resulted in the variation of the number of oxygen vacancies, which is a
key factor influencing the device performance. The photocurrent, responsivity, rejection ratio, and time
response were measured in this study. The sample with an oxygen ratio of 4% exhibited excellent
performance, with a photocurrent of 1.23 × 10−6 A and responsivity of 9.12 × 10−2 A/W. In the
transient-response measurement, the sample with an oxygen ratio of 10% exhibited the shortest rise
and fall times. Furthermore, it was discovered that varying the ratio of oxygen vacancies could enhance
the performance of the GaZTO photodetectors. The responsivity of the sample with an oxygen ratio of
4% exceeded that of previously reported devices.
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