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ABSTRACT: Highly transparent phototransistors that can detect visible light have been fabricated by combining indium−
gallium−zinc oxide (IGZO) and quantum dots (QDs). A wide-band-gap IGZO film was used as a transparent semiconducting
channel, while small-band-gap QDs were adopted to absorb and convert visible light to an electrical signal. Typical IGZO thin-
film transistors (TFTs) did not show a photocurrent with illumination of visible light. However, IGZO TFTs decorated with
QDs showed enhanced photocurrent upon exposure to visible light. The device showed a responsivity of 1.35 × 104 A/W and an
external quantum efficiency of 2.59 × 104 under illumination by a 635 nm laser. The origin of the increased photocurrent in the
visible light was the small band gap of the QDs combined with the transparent IGZO films. Therefore, transparent
phototransistors based on IGZO and QDs were fabricated and characterized in detail. The result is relevant for the development
of highly transparent photodetectors that can detect visible light.
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1. INTRODUCTION

Oxide semiconductors, such as indium−gallium−zinc oxide
(IGZO), are considered a good candidate to replace traditional
silicon in various electronic devices.1−3 The field-effect mobility
and on/off ratio of typical IGZO thin-film transistors (TFTs)
are reported to be >10 cm2/V·s and ∼107, which are
comparable to those of amorphous silicon TFTs.4 Moreover,
oxide semiconductor devices are transparent because of their
intrinsic wide-band-gap properties.5 Therefore, oxide semi-
conductors are considered to be the most appropriate
semiconducting materials for high-performance, transparent
electronics, including logic circuits and sensors.6,7 Recently,
there have been several attempts to develop a phototransistor
using transparent oxide semiconductors.8,9 However, oxide
semiconductors have been used as the phototransistor, which
can convert only ultraviolet (UV) light to electrical current.
The intrinsic wide band gap of an oxide semiconductor causes
limitation of the absorbed light to the high-energy UV region.
Chang et al. have successfully demonstrated an amorphous
IGZO phototransistor with light responsivity at a wavelength of

250 nm.8 However, the phototransistors could not respond to
visible light because of the wide band gap of amorphous IGZO.
This illustrates the difficulty of fabricating a transparent
phototransistor that can respond to visible light using oxide
semiconductors.
Several methods have been reported to improve the

photoresponsivity of oxide TFTs in the visible-light region.10,11

Polymeric absorption layers were coated onto the surfaces of
IGZO films to improve the response in visible light.10

Additionally, metal nanoparticles have been decorated with
oxide semiconductors to increase the photocurrent with
exposure to visible light.11 Recently, quantum dots (QDs)
have also been adopted on the IGZO film in order to improve
the photoresponsivity in the visible-light region.12 QDs have a
narrow, tunable band gap in the range of visible light that can
easily be controlled by changing their size.13 Therefore,
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phototransistors based on oxide semiconductors and QDs have
been successfully demonstrated by several research groups.12,14

However, more investigations are necessary to determine
efficient device structures for the development of highly
transparent, visible-light phototransistors based on oxide
semiconductors and QDs.
In this study, hybrid films of IGZO and QDs were fabricated,

where QDs were placed on the top of the IGZO surface or
under the IGZO film in order to determine the most efficient
device structure. Additionally, the thickness of the IGZO film
was controlled. The device performance according to the device
structure was measured in detail by considering the photo-
responsivity and external quantum efficiency (EQE). The
optimized device structure, along with a detailed study of the
improved photocurrent in the visible-light range, enables the
fabrication of transparent phototransistors that can respond to
visible light.

2. EXPERIMENTAL SECTION
2.1. Device Fabrication. IGZO films were deposited on clean

SiO2 (100 nm)/silicon (Si) substrates using a radio-frequency (RF)
sputtering system with a single target of In2O3:Ga2O3:ZnO = 1:1:1
atom %. The RF power was 100 W, while the vacuum was maintained
at 5 mTorr. The IGZO films were postannealed at 350 °C in ambient
air for 1 h in order to control the carrier concentration.15 A
conventional photolithography process and thermal evaporator were
used to fabricate the oxide TFTs, and 100 nm of aluminum was
deposited as source and drain electrodes. Additionally, a buffered oxide
etchant was used to define the active channel area and isolate each
oxide TFT on the substrate. The IGZO TFTs had a channel length of
25 μm and a width of 200 μm with a bottom-gate structure. Colloidal
cadmium selenide (CdSe) QDs (Sigma-Aldrich Lumidot CdSe-640,
core-type, diameter 6.2−7.7 nm) were spin-coated onto the active
channel area and annealed at 180 °C for 30 min. The device was then
dipped in a 20 mM methanol solution of 1,7-diaminoheptane at 70 °C
for 15 min for the cross-linking process. Finally, the device was rinsed
with isopropyl alcohol and dried at 180 °C for 30 min. The same QD
coating procedure was repeated on the Al2O3 (100 nm)/indium−tin
oxide/glass substrates in order to fabricate the transparent devices,
where the QDs were placed at the interface between Al2O3 and IGZO.

2.2. Sample Measurements. The electrical properties of the
devices were measured using a semiconducting parameter analyzer
(HP 4145B) and a probe station. The photoresponses of the devices
were measured upon exposure to various laser sources of IR (λ = 785
nm), red (λ = 635 nm), green (λ = 532 nm), and UV (λ = 405 nm).
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to investigate the device structure.

3. RESULTS AND DISCUSSION
Figure 1 shows the typical device characteristics of wide-band-
gap oxide TFTs. A 10-nm-thick IGZO film was deposited on
the SiO2/Si substrate with aluminum source−drain electrodes
in order to fabricate bottom-gate-structured TFTs, as shown in
Figure 1a. Figure 1b shows the transfer curves of IGZO TFTs
with and without 405 nm laser exposure. An increase in the
drain current (ID) was clearly observed. A high-photon-energy,
405 nm laser was sufficient to induce the photocurrent on wide-
band-gap IGZO TFTs. Alternatively, the photon energy of the
635 nm laser was 1.95 eV, which is smaller than the band gap of
an IGZO semiconductor. Therefore, the photocurrent was not
observed because of device exposure to a 635 nm laser, as
shown in Figure 1c. (Figure S1 summarizes the output and
transfer characteristics of IGZO TFTs with/without a 635 nm
laser source, according to the thickness of the IGZO film.)
Responsivity and EQE were evaluated with different laser
wavelengths (λ = 405 and 635 nm) according to the thickness
change of the IGZO active layer, as shown in Figure 1d.16
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In eqs 1 and 2, Itotal is the total photocurrent, Idark is the dark
current, P is the incident laser power, Apt is the product of the
channel width and thickness, Apd is the spot size of the laser
source, Jph is the photocurrent density, and P is the incident

Figure 1. (a) Schematic illustration of the device and measurements. Transfer curves (VD = 2 V and VG = 30 V) of the device under illumination of
(b) 405 and (c) 635 nm laser sources. (d) Changes in the responsivity and EQE of the devices according to the thickness of the IGZO film.
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laser power density. Both the responsivity and EQE of the
devices with various thicknesses of IGZO were negligible after
exposure to the 635 nm laser. However, the responsivity and
EQE increased with exposure to a 405 nm laser with reduced
thickness of IGZO, as shown in Figure 1d. Therefore, IGZO
TFTs can induce a photocurrent only with a high-photon-
energy, 405 nm laser source because of their wide band gap.
To increase the photoresponse under visible light, CdSe QDs

were spin-coated onto the surface of IGZO, as shown in Figure
2a. The band gap of CdSe QDs was 1.83 eV, small enough to

absorb visible light.14 Figure 2b shows an SEM image of QDs
uniformly distributed in the channel region of IGZO between
the source and drain electrodes. The device showed typical n-
type TFT behavior, and an increased ID was clearly observed
with exposure of visible light (λ = 635 nm). (Figure S2
summarizes the output and transfer characteristics of IGZO
TFTs with QDs with/without a 635 nm laser source.)
According to the change in the thickness of IGZO, QDs
were placed at different distances from the channel regions of
IGZO TFTs. The responsivity and EQE of the devices with
QDs are summarized in Table 1. The highest values of the
responsivity and EQE were obtained with 10-nm-thick IGZO
TFTs. Because of the short distance between the active channel

region and QDs, the absorbed photons effectively induce the
photocurrent in the device. The photoresponses of the device
with 10-nm-thick IGZO TFTs with QDs coated on the surface
were also evaluated according to the laser wavelength (λ = 405,
532, 635, and 785 nm). Figure 2c illustrates that the 785 nm
light source did not induce a photocurrent because the photon
energy was smaller than the band gap of the QDs. With a
reduction in the wavelength of the light source, the responsivity
and EQE increased even under visible light, indicating that
visible light induces a photocurrent in the device because of the
small band gap of CdSe QDs. In the higher-photon-energy
region, the responsivity and EQE values were increased because
both QDs and IGZO absorb photons to increase the
photocurrent. The device without the IGZO semiconducting
channel, which has only QDs, was also fabricated to evaluate
the photoresponsivity. However, the current level was too low
(10−10−10−11 A) because of the discontinuous film of QDs.
(Figure S3 summarizes the transfer characteristics of the device,
which has only QDs.)
To enhance the photocurrent of the device, QDs were

inserted between 10-nm-thick IGZO and SiO2, as shown in
Figure 3a. Figure 3b shows the cross-sectional TEM image of
the device, where uniformly coated QDs were clearly observed
at the interface. QDs were then placed in the active channel
region of the IGZO TFTs. The device showed a typical n-type
behavior, and the photocurrent was observed with 635 nm
visible light, as summarized in Figure S4a. The time-resolved
photocurrent produced after a pulse of the 635 nm laser was

Figure 2. (a) Schematic illustration of the device with decorations of
QDs on the surface of IGZO. (b) SEM image of the active channel
region, where QDs are coated on the surface. (c) Changes in the
responsivity and EQE according to the wavelength of the laser source
(VD = 10 V and VG = 20 V). The inset shows the absorption spectrum
of the QDs/IGZO hybrid film.

Table 1. Responsivity and EQE Values of the IGZO TFTs,
Where QDs Were Decorated on Different Thicknesses of
IGZO Filmsa

thickness (nm) responsivity (A/W) EQE (el./ph.)

10 13541.1 2.591 × 104

30 12128.1 2.321 × 104

60 6388.5 1.222 × 104

aThe wavelength of the laser source was 635 nm (VD = 10 V and VG =
30 V).

Figure 3. (a) Schematic illustration of the device, where QDs are
inserted at the interface between IGZO and SiO2. (b) Cross-sectional
TEM image of the device. (c) Mechanism of the visible-light-induced
photocurrent on the hybrid films of QDs and IGZO.
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also measured, as shown in Figure S4b. The time-resolved
measurements showed a fast response time to visible light.
Figure 3c explains the origin of the device photocurrent with
exposure of visible light. Small-band-gap QDs absorb visible
light, and the electrons are excited from the valence band to the
conduction band of QDs. Therefore, QDs can induce and inject
additional photoexcited electrons into the conduction band of
IGZO even with a low-energy photon (λ = 635 nm). In this
way, the photocurrent of the wide-band-gap device can be
increased with visible light because of the presence of small-
band-gap QDs. Figure 4 shows the time-dependent photo-

responses of the device, where the QDs were placed at the
interface between IGZO and SiO2. As shown in Figure 4a, a 10
Hz laser pulse (1 mW; λ = 635 and 785 nm) was applied to the
device. The photocurrent increased under illumination of the
635 nm laser and quickly decreased to a negligible value when
illumination was removed. Even the photon energy (λ = 635
nm) was not sufficient to overcome the band gap of IGZO, and
a quick response in the photocurrent was observed because of
the small-band-gap QDs. However, the device did not show a
photoresponse to the laser illumination of a low photon energy
(λ = 785 nm). To quantify the photoresponse, parameter η was
evaluated with eq 3.17

η =
−
+

I I
I I

on off

on off (3)

In this equation, Ion is the ID with laser illumination and Ioff is
the ID in the dark state. When the device can be completely
turned on and off according to illumination, the parameter η is
1. However, the parameter is going to be smaller than 1 when
the device is not working properly. Figure 4b shows parameter
η as a function of the illumination frequency of the 635 nm
laser. The parameter is nearly 1 up to an illumination frequency
of 50 Hz, which is not a frequency visible to the human eye.
The inset shows the photoresponse of the device at the 50 Hz
input illumination (λ = 635 nm). Therefore, transparent visible-
light phototransistors that can detect a frequency of light not
visible to the human eye can be fabricated by combining QDs
at the interface between IGZO and SiO2.
Transparent phototransistors were fabricated on a glass

substrate, as shown in Figure 5a. The device had a hybrid active
channel region of 10-nm-thick IGZO and QDs, where QDs

Figure 4. (a) Time-dependent photoresponses (λ = 635 and 785 nm)
of the device, where QDs are inserted at the interface between IGZO
and SiO2. The on/off input signal is shown at the bottom. (b)
Parameter η at different frequencies of laser light (λ = 635 nm). The
inset shows the photoresponse of the drain current at the 50 Hz laser
source.

Figure 5. (a) Photograph of the phototransistor based on QDs and
IGZO on a transparent glass substrate. (b) Transfer characteristics of
the device with and without light illumination. (c) Time-resolved
photocurrent with pulses of the laser source (λ = 635 and 785 nm).
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were placed between IGZO and the Al2O3 gate insulator. The
source−drain electrodes were formed with 100 nm of
aluminum. The transfer characteristics of the device with and
without laser illumination (λ = 635 nm) are shown in Figure
5b. In the presence of visible-light illumination, the photo-
current dramatically increased with small applied gate and drain
voltages. The time-resolved photocurrent with a pulse of laser
(λ = 635 and 785 nm) is shown in Figure 5c. As expected, the
device responded to 635 nm laser illumination because of the
small band gap of the QDs. However, the photon (λ = 785 nm)
with a smaller energy than the band gap of the QDs could not
induce the photocurrent. These results indicate that highly
transparent photodetectors with high photoresponsivity to
visible light can be fabricated using wide-band-gap oxide
semiconductors and small-band-gap QDs.

4. CONCLUSION
Visible-light phototransistors were fabricated using a hybrid
active channel material based on IGZO and QDs. A wide-band-
gap IGZO film was used as a transparent semiconducting
channel, while small-band-gap QDs were adopted to absorb
and induce the photocurrent under visible-light illumination.
The photons of the visible light were absorbed by the QDs,
which excited the electrons from the valence to the conduction
bands of QDs. The electrons in the conduction band of QDs
are then easily injected into the conduction band of IGZO to
induce a photocurrent. The device shows good photo-
responsivity and responds to the high frequency of a visible-
light signal that is not visible to the human eye. A transparent
device on a glass substrate with QDs at the interface between
IGZO and Al2O3 was also demonstrated. Therefore, the results
suggest that highly transparent, visible-light photodetectors can
be developed using oxide semiconductors and QDs as an active
semiconducting material.
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