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Photoresponses of InSnGaO and InGaZnO thin-ﬁlm
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The photoresponses of thin-ﬁlm transistors (TFTs) using indium-based oxide semiconductors have been
studied. The devices were fabricated using amorphous InSnGaO (ITGO) or InGaZnO (IGZO) as the active
semiconducting layer. ITGO and IGZO TFTs showed typical electrical characteristics including high on/
oﬀ ratios and low oﬀ currents. Both devices induced photocurrents upon exposure to ultraviolet light
due to their wide band gaps. However, the recovery time of IGZO TFTs was almost 1 h due to the slow
recombination of trapped charges in the oxide semiconductors. In contrast, the recovery time of ITGO
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TFTs was signiﬁcantly reduced compared to that of IGZO TFTs. We found that the origin of the shorter
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recovery time of ITGO TFTs was the low electron binding energy of indium, which was obtained by
replacing zinc with tin and by increasing the composition ratio of indium. This method may be a useful
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way to fabricate high-speed optoelectronics based on oxide semiconductors.

Introduction
Indium-based oxide semiconductors are considered as an
alternative material to amorphous silicon for a wide range of
electronic devices, such as thin-lm transistors (TFTs) and
memory.1–3 TFTs, which use oxide semiconductors, show high
eld-eﬀect mobilities (meﬀ), high on/oﬀ ratios, and low oﬀ
currents that are comparable to those of amorphous silicon.4,5
Moreover, oxide semiconductors have wide band gaps, which
are appropriate for the fabrication of transparent electronics.6
Recently, transparent TFTs using indium-based oxide semiconductors, such as InGaZnO (IGZO), were successfully
demonstrated as switching devices that can be used to run
active-matrix liquid crystal displays (AMLCDs) and organic
light-emitting diodes (AMOLEDs).7,8 There are many ways to
fabricate devices based on oxide semiconductors; these range
from high-temperature vacuum processes to low-temperature
solution processes.9,10 Many research groups have successfully
fabricated oxide semiconductor devices on exible plastic
substrates via solution processing.11–13 Therefore, indium-based
oxide semiconductors are the most attractive materials in both
research and industrial elds.14
Similarly to TFTs and memory, photosensors are also devices
that can be fabricated using indium-based oxide
a
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semiconductors to produce next-generation transparent and
exible optoelectronics. Phototransistors, which can be modulated by high energy photons, have already been reported by
several research groups.15–17 IGZO phototransistors have shown
good photoresponsivity in the ultraviolet (UV) light region due
to their wide band gaps; however, these devices do not respond
to low-energy visible or infrared (IR) light.15 Moreover, IGZO
phototransistors that induce a high photocurrent when illuminated by low-energy photons (e.g., visible and IR light) have
been reported. These devices are made by doping metal nanoparticles, quantum dots, and polymers on the IGZO surface.18–21
Due to these previous successful demonstrations, IGZO is
considered to be a good candidate for fabricating photosensors
that can respond to a wide range of light. However, although the
photoresponses of IGZO phototransistors have successfully
been demonstrated, the recovery time (i.e., the time from the on
state to the oﬀ state) of IGZO phototransistors is too long to be
considered useful for optoelectronic devices. It is well known
that the slow recombination of trapped charges in oxide semiconductors leads to the slow recovery time of IGZO phototransistors.22 Additionally, the presence of unexpected trapped
charges can be reduced by controlling the composition and
ratio of the oxide semiconductors.
Therefore, we have increased the ratio of indium and
replaced zinc (Zn) with tin (Sn) in IGZO. We fabricated InSnGaO
(ITGO) phototransistors to improve the recovery time and
photoresponsivity of the device. IGZO phototransistors were
also fabricated for comparison. In this way, we were able to
improve the photoresponsivity and reduce the recovery time.
Also, X-ray photoelectron spectroscopy (XPS) was used to nd
the origin of the observed improvement. These results, along
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with the origin of the improvement, suggest a useful way to
improve the photoresponsivity and reduce the recovery time of
phototransistors based on oxide semiconductors.
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Experiments
A 10 nm-thick ITGO lm was deposited on a SiO2 (100 nm)/Si
wafer by a radio-frequency sputtering system using a target of
In : Ga : Sn (7 : 1 : 2 mol ratio).23 A vacuum of 5 mTorr was
maintained during the deposition, and the lm was post
annealed at 350  C for 1 h under ambient conditions. The
thickness of the ITGO lm was measured and conrmed by an
ellipsometry measurement. Typical photolithography and
etching processes were used to pattern the source and drain
electrodes (100 nm-thick aluminum). A photoresist and buﬀered oxide etchant were used to dene the active channel area of
the device. The ITGO TFTs have a channel length of 25 mm and
a width of 200 mm. The same procedures were used to fabricate
the IGZO TFTs, with the exception that a single target of
In2O3 : Ga2O3 : ZnO (1 : 1 : 1 mol ratio) was used. The device
properties were characterized using a semiconducting parameter analyzer (HP 4145B), and the photocurrent was measured
upon exposure to various light sources (lasers with wavelengths
of 405, 532, and 635). The compositions and ratios of the oxide
semiconductors were investigated with XPS to determine the
origin of the improvement.

Results and discussion
Fig. 1 shows the electrical characteristics of the IGZO and ITGO
TFTs. Fig. 1(a) shows the transfer curve of the IGZO TFT, which
was measured with a drain voltage (Vd) of 2 V. The on/oﬀ ratio
was 106 and the oﬀ current was 9  1012 A; these are typical
values for an oxide semiconductor. The meﬀ and subthreshold
swing (SS) were calculated as 0.26 cm2 V1 s1 and 6.96 V dec1,
respectively. The inset shows the output curves of the IGZO TFT,
where the saturation properties of the current can be clearly
observed. Fig. 1(b) shows the transfer curve of the ITGO TFT (Vd
¼ 2 V). This curve is also typical of an oxide semiconductor. The
saturations of the output curves were also observed, as shown in
the inset. However, the current between the source and drain of
the ITGO TFTs, with a gate voltage of 30 V, increased by almost
150 times compared to that of the IGZO TFTs. Moreover, the meﬀ
was increased to 1.51 cm2 V1 s1 and SS was 2.21 V dec1. The
increase in the current and mobility indicate that the conductivity of the ITGO lm is higher than that of the IGZO lm due to
the higher carrier concentration. The carrier concentration of
the ITGO lm (30 nm) was measured as 5.15  1016 cm3, while
that of the IGZO lm (30 nm) was measured as 1.84  1015
cm3. Although the higher carrier concentration increased the
oﬀ current, we expect a reduced number of trapped charges due
to the high conductivity in the ITGO TFTs.
Fig. 2 shows the photoresponses of IGZO and ITGO TFTs.
Fig. 2(a) shows the n-type transfer curves of the IGZO TFT with
(dashed line) and without (solid line) exposure to a 405 nm
wavelength of light. The light was illuminated on the channel
area with a laser diode. An increase in the photocurrent was
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Fig. 1 Typical transfer and output curves of (a) IGZO and (b) ITGO
TFTs. While measuring the transfer curves, the drain voltage was set to
2 V.

observed; this occurred because the energy of the photon (l ¼
405 nm) was high enough to excite electrons from the valence
band to the conduction band (band gap ¼ 3 eV). The current
between the drain and source electrodes (IDS) at a gate voltage of
30 V was increased by 92.9% aer exposure to the light. The
inset shows the schematic of light exposure on the active
channel area of the device. The thickness of the IGZO lm was
10 nm, which was used as the active channel material. Fig. 2(b)
shows the n-type transfer curves of the ITGO TFT with (dashed
line) and without (solid line) exposure to 405 nm light. The
photocurrent was also observed. The increase of IDS at a gate
voltage of 30 V was 17.8%, which is smaller than the increase
that was observed for the IGZO TFT. Furthermore, it is observed
that the photocurrent was even induced at a negative gate
voltage, which was not observed for the IGZO TFT. The presence
of a photocurrent at a negative gate voltage indicates that ITGO
TFTs can be modulated with photons to function as phototransistors. The photoresponses under various photon sources
are summarized in the Fig. 2(c). Since both IGZO and ITGO are
wide-band gap semiconductors, most of the photoresponses
occurred with high-energy photons (e.g., light with a wavelength
of 405 nm). The responsivity and external quantum eﬃciency
(EQE) of the IGZO TFT were 2.6 A W1 and 7.97 (Vd ¼ 2 V, Vg ¼
6 V), respectively, when a 405 nm wavelength light source was
illuminated on the device. The device shows a typical performance of IGZO phototransistors with a UV-light.15,24 Meanwhile,
the photoresponse of the ITGO phototransistor was increased
dramatically. The responsivity and EQE were 4.7  104 A W1
and 1.45  105 (Vd ¼ 2 V, Vg ¼ 5 V), respectively, upon exposure to the 405 nm light source. The high values of responsivity
and EQE are due to the high carrier concentration and mobility
of ITGO TFT. Since both IGZO and ITGO are wide-band gap
semiconductors, the responsivity and EQE were negligible with
lower energy photons, such as 532 and 635 nm light sources, as
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Fig. 2 Transfer curves of (a) IGZO and (b) ITGO TFTs with/without exposure to 405 nm wavelength light (1 mW). Insets show the device
structures. (c) Responsivity (top) and EQE (bottom) of the ITGO and IGZO TFTs upon the exposure to 405, 532, and 635 nm wavelengths of light.
(d) Transmittances of ITGO (10 nm) and IGZO (10 nm) ﬁlms.

shown in Fig. 2(c) and S1.† The transmittances of ITGO (10 nm)
and IGZO (10 nm) are shown in Fig. 2(d). Both ITGO and IGZO
lms showed similar transmittance properties at the wavelength larger than 450 nm. However, the transmittance of IGZO
lm were slightly smaller than the transmittance of ITGO lm at
the high-energy photon region (<450 nm).
To see the recovery characteristics from the on state to the oﬀ
state, we tracked changes in the transfer curves as a function of
the time aer the light source was turned oﬀ. Fig. 3(a) shows the

change of the transfer curve of the IGZO TFT, which was
measured at the dark state, with the illumination of a light
source, and waiting 30 and 60 min aer turning the light source
oﬀ. Due to the slow recombination of trapped charges in oxide
semiconductors, it takes almost 1 h to recover to the original
transfer curve. Alternatively, the recovery time was reduced to
10 min for the ITGO TFT, as shown in Fig. 3(b). The recombination of trapped charges in the ITGO lm appears to be faster
compared to the IGZO lm; this is due to the higher conductivity and carrier concentration of the ITGO lm, as suggested in
Fig. 1(b). To nd the origin of the shorter recovery time of ITGO
TFTs (compared to IGZO TFTs), the composition and ratio of
both 10 nm-thick ITGO and IGZO lms were investigated using
XPS (Fig. 4). In Fig. 4, one can see that the In 3d spectrum of the
ITGO lm has been shied to a lower binding energy (as

Fig. 4 In 3d spectra of 10 nm-thick ITGO and IGZO ﬁlms, as measured

Changes in the transfer curves according to the time after
turning oﬀ the light sources: (a) IGZO and (b) ITGO TFTs.

Fig. 3

This journal is © The Royal Society of Chemistry 2016

by XPS. The binding energies of In 3d5/2 are 444.5 eV (ITGO) and 445.5
eV (IGZO), and the binding energies of In 3d3/2 are 452 eV (ITGO) and
453 eV (IGZO).
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Composition and ratio of the IGZO ﬁlm
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Composition and ratio of the ITGO ﬁlm

compared to the spectrum of the IGZO lm). Ga 2p and O 1s
peaks of ITGO lm have been also shied to a lower binding
energy as shown in Fig. S2.† Also, the amount of indium in the
ITGO lm was larger than in the IGZO lm. The composition
ratio of indium in the ITGO lm was measured to be 22.13%,
while that of the IGZO lm was only 3.8% (Tables 1 and 2).
These measurements indicate that the ITGO lm has more
indium and that the electrons are bound at a lower energy
compared to the IGZO lm. This provides evidence of the higher
conductivity and carrier concentration of the ITGO lm.
Therefore, by increasing the amount of indium and replacing
Zn with Sn, the switching speed of phototransistors based on
oxide semiconductors can be improved.

Conclusion
ITGO and IGZO TFTs were fabricated to study the photoresponses of indium-based oxide semiconductors. Both ITGO
and IGZO TFTs showed an induced photocurrent upon exposure to a 405 nm light source due to their wide band gaps.
Alternatively, a photocurrent was not induced upon exposure
to 532 and 635 nm light sources. Meanwhile, ITGO TFTs
induced much higher photocurrents, and photocurrents could
even be induced at a negative gate voltage. This phenomenon
was not observed in the IGZO TFT. These results indicate that
ITGO TFTs can be modulated by photons to function as phototransistors. The responsivity and EQE of the ITGO TFTs,
upon exposure to a 405 nm light source, were 2.2  104 A W1
and 6.8  104, respectively. Moreover, we observed that the
recovery times of ITGO TFTs were shorter than those of IGZO
TFTs. We found that the cause for the shorter recovery times in
ITGO TFTs was the increased amount of indium and the lower
electron binding energy, which lead to the increased carrier
concentration and conductivity of the lm. Therefore,
although the recovery time of ITGO phototransistors was not
as fast as silicon-based devices, this method provides a useful
way to fabricate high-speed optoelectronics based on oxide
semiconductors.
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