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ABSTRACT: A homojunction-structured oxide phototransistor based on a mechano-chemically treated indium−gallium−zinc
oxide (IGZO) absorption layer is reported. Through this novel and facile mechano-chemical treatment, mechanical removal of the
cellophane adhesive tape induces reactive radicals and organic compounds on the sputtered IGZO film surface. Surface modification,
following the mechano-chemical treatment, caused porous sites in the solution-processed IGZO film, which can give rise to a
homojunction-porous IGZO (HPI) layer and generate sub-gap states from oxygen-related defects. These intentionally generated
sub-gap states played a key role in photoelectron generation under illumination with relatively long-wavelength visible light despite
the wide band gap of IGZO (>3.0 eV). Compared with conventional IGZO phototransistors, our HPI phototransistor displayed
outstanding optoelectronic characteristics and sensitivity; we measured a threshold voltage (Vth) shift from 3.64 to −6.27 V and an
on/off current ratio shift from 4.21 × 1010 to 4.92 × 102 under illumination with a 532 nm green light of 10 mW/mm2 intensity and
calculated a photosensitivity of 1.16 × 108. The remarkable optoelectronic characteristics and high optical transparency suggest
optical sensor applications.

KEYWORDS: phototransistors, oxide thin-film transistors, indium gallium zinc oxide, mechano-chemical treatment, sub-gap states

1. INTRODUCTION

Optical sensors are analytical devices used to measure a
physical quantity of light by converting light rays into an
electronic signal. Depending on the type of the sensor, various
methods are used to translate the signal into a form that is
readable by an integrated measuring device, such as photo-
voltaic and photoconductive devices, photodiodes, and photo-
transistors. Potential applications include the full range of
analytical tasks, from mobile devices that can control screen
brightness to vehicles, cameras, and medical devices.1−4

Nowadays, the constant growth of interest in the field of
optical sensors has been observed in almost every commercial
application. Conventional hydrogenated amorphous silicon (a-
Si:H) thin-film phototransistors can serve as detecting
elements in contact image sensors and as optical feedback
elements in diverse types of displays.5 Meanwhile, more
challenging types of sensors have also been recently reported.

For example, several graphene-based nanomaterials and
organic heterostructured materials have been developed, and
their electronic performance and photodetection potential
have been unveiled in many research studies.6,7 As a natural
consequence, these advances in interdisciplinary research
studies and industrial approaches have practically improved
the optical characteristics of various types of photonic devices
comparable to those of conventional Si-based photosensors.8,9

Among these various sensing materials, metal-oxide semi-
conductors are considered to be the most appropriate materials
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for photodetectors because of their wide range of electronic
and optical properties, for example, high-field-effect mobility,
low off-state current, optical transparency, and processing
versatility.10,11 In particular, metal-oxide thin-film transistors
(TFTs) are particularly promising candidates because their
fabrication process is easily compatible with the existing TFT
technology in the display industry.12

However, the wide band gap over 3.0 eV of the metal-oxide
channel layer restricts its possible absorption range to a
thickness of less than ∼420 nm, which corresponds to the
wavelengths of ultraviolet and blue light. Although a few
excited electrons are generated in the oxygen-related sub-gap
states in metal-oxide films, their density does not provide
sufficient sensitivity.
In this respect, several studies have broadened the light

absorption range of metal-oxide-based phototransistors over
the years. Most approaches have adopted heterogeneous
metal-oxide structures containing additional light-absorbing
layers, such as nanostructures or two-dimensional materi-
als.13,14 However, using these narrow band gap materials
causes concomitant limitations of large-area deposition and
also additional fabrication cost. To overcome these limitations,
many studies have proposed indium−gallium−zinc oxide
(IGZO) phototransistors with various light absorption layers
for the detection of long wavelengths of visible light.15−17

Herein, we describe a novel homojunction-porous IGZO
(HPI) phototransistor; the sub-gap states of the back channel
of these phototransistors were modulated via a mechano-
chemical treatment for broad-light absorption.18 Through this
technique, we demonstrated various merits of the HPI
phototransistor including low production costs, good reprodu-
cibility, and broad adaptability, accelerating the realization of a
photosensing system that can be adopted in the existing
applications to enhance its sensitivity and stability.19

2. EXPERIMENTAL SECTION
2.1. Preparation of the IGZO Solution. For the solution-

processed oxide thin-film-based light absorption layer, synthesis of the
0.3 M solution should be undertaken first. Indium nitrate hydrate

[In(NO3)3·xH2O], zinc nitrate hexahydrate [Zn(NO3)2·6H2O], and
gallium nitrate hydrate [Ga(NO3)3·xH2O] were chosen as precursors
to prepare the IGZO solution. The precursors were dissolved in a
solvent, 2-methoxy ethanol (2ME), and then nitric acid was added in
a dropwise manner to control the acidity of the solution and
synthesize a homogeneous solution. The mixture was stirred for 4 h at
35 °C and aged for another 24 h at room temperature to obtain the
IGZO solution at a In/Ga/Zn molar ratio of 5:1:2.

2.2. Fabrication of IGZO Phototransistors. The photo-
transistors described in this paper had a bottom-gate, top-contact
TFT structure with the HPI (Figure 1). First, a heavily p-type-doped
Si wafer, on which a 1200 Å thick SiO2 layer had been thermally
grown, was used as the device substrate. The IGZO channel was
deposited with a shadow mask onto a sputtering target of In2O3−
Ga2O3−ZnO at a 1:1:1 molar ratio, via radiofrequency magnetron
sputtering at 150 W and 5.0 × 10−3 Torr for 5 min at room
temperature. The deposited IGZO film was then mechano-chemically
treated by placing the adhesive side of the cellophane tape on it for 1 s
and then peeling off the tape, which left organic residues on the
surface.

Then, the synthesized IGZO solution was spin-coated onto the
surface at 3000 rpm for 30 s, and the assembly was then pre-annealed
at 100 °C for 10 min and finally post-annealed at 350 °C for 1 h to
obtain the HPI film. Source and drain electrodes having a length of
150 μm and a width of 1000 μm were deposited by Al thermal
evaporation to complete the HPI phototransistor.

For comparison, two types of IGZO thin films, a sputtered IGZO
film (single IGZO) and a multilayer of sputtered IGZO and solution-
processed IGZO (sputtered and solution-processed IGZO, SSI), were
prepared and examined. Besides, phototransistors with these IGZO
thin films were fabricated using exactly the same fabrication process
mentioned earlier except for the channel layer.

2.3. Characterization of Phototransistors. For surface analysis
of the HPI, the morphologies were scanned via atomic force
microscopy (AFM) (model NX-10; Park Systems). Images of the
HPI were taken by a field-emission scanning electron microscope
(model JSM-7001F; JEOL). The chemical properties of the HPI were
analyzed by X-ray photoelectron spectroscopy (XPS) (model K-
Alpha; Thermo Fisher Scientific) and Fourier transform infrared (FT-
IR) spectroscopy (model Vertex 70, Bruker). The work function and
electronic band structures with sub-gap states were calculated using
ultraviolet−visible (UV−vis) spectroscopy (Lambda 750; ULVAC
PHI) and UV photoelectron spectroscopy (UPS) (model AXIS

Figure 1. Schematic diagram of the fabrication process of homojunction-porous IGZO (HPI)-based phototransistor.
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Supra; Kratos), respectively. The optoelectronic characteristics of
IGZO phototransistors were measured using a semiconductor
parameter analyzer (model HP 4156C; Agilent Technologies). The
transfer curve was performed at a fixed drain voltage (VDS) of 10.1 V
and a gate voltage (VGS) swept from −30 to +30 V. First, the initial
states were measured out in a dark box under ambient conditions and
then compared with the measurements under light exposure. The
sources of light illumination used in this report were monochromic
lasers of red (635 nm), green (532 nm), and blue (405 nm).

3. RESULTS AND DISCUSSION
For analysis of surface morphology, Figure 2a−c shows three-
dimensional AFM images of the 10 × 10 μm2 area of IGZO
thin films before and after mechano-chemical treatment and of
the HPI thin film. As a result, we completely verified that some
dots were observed on the surface of the IGZO thin film after
the mechano-chemical treatment and calculated the root-
mean-square (rms) roughness values to be 0.263 and 0.998 in
the images shown in Figure 2a,b, respectively. We attributed
these sharp peaks to the organic residue from the adhesive
tape. Interestingly, as shown in Figure 2c, the surface of the
IGZO thin film was completely changed to show a morphology
that appears to be perforated in many places (i.e., rms
roughness is 8.258 nm). Similarly, the SEM images shown in
Figure 2d−f confirm that surface modification occurred during
the HPI fabrication process. We believe that these dots (i.e.,
traces of organic residue) inhibited the uniform deposition of
the solution during the spin-coating process, which led to voids

in the coating. Accordingly, morphology modification due to
mechano-chemical treatment resulted in a rougher surface and
porous sites after the formation of the HPI layer. Furthermore,
the organic residues were not observed after thermal annealing
at 350 °C, which indicated that the HPI process caused the
residues to disappear (Figures S1−S3, Supporting Informa-
tion).
To verify the precise composition of the surface residues left

by the mechano-chemical treatment, FT-IR spectroscopy was
carried out with the IGZO thin film before and after the
treatment, as depicted in Figure 3a,b. The spectrum of the as-
deposited IGZO thin film showed only a minor peak at 2340
cm−1, corresponding to CO2; this peak commonly appears
whenever FT-IR analysis is performed in an air atmosphere.
However, the spectrum of the mechano-chemically treated
IGZO thin film displayed broad peaks at 2950 and 2872 cm−1,
corresponding to C−H stretching vibrations. The peak at 1730
cm−1 was assigned to the CO stretching vibration and those
at 1456, 1365 cm−1 (CO), and 1167 cm−1 (C−O) to the
COO moiety. Together, these peaks confirmed the transfer of
organic residue from the adhesive tape during the mechano-
chemical treatment. The FT-IR signals were consistent with
the polyacrylate group (Figure 3c).20,21

To evaluate the sensitivity of the HPI phototransistors, we
measured the transfer characteristics of phototransistors upon
light exposure at a VDS of 10.1 V with varying light intensities
of 1, 5, and 10 mW/mm2, as represented in Figure 4. In the

Figure 2. AFM images of the IGZO surface (a) without and (b) with mechano-chemical treatment, and (c) the HPI surface. SEM images of the
IGZO surface (d) without and (e) with mechano-chemical treatment and (f) the HPI surface.

Figure 3. FT-IR spectra of the IGZO thin film (a) before and (b) after mechano-chemical treatment. (c) Schematic illustration of polyacrylate on
an adhesive tape.
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Supporting Information (Figure S5), there are results of blue
light conditions from several single IGZO, SSI, and HPI
phototransistors. Despite the wide band gap above 3.0 eV of
IGZO, our phototransistor clearly absorbed certain regions of
the light illumination spectrum. In general, phototransistors
tend to be more conductive concomitant to a negative shift of
the threshold voltage (Vth) and an increase of the off state
current under light. These characteristics become more marked
with increasing light intensity.22 Specifically, in the case of the
IGZO TFT with HPI, the Vth and the on/off current ratio
shifted from 3.64 to −6.27 V and from 4.21 × 1010 to 4.92 ×
102, respectively, under a green light of 10 mW/mm2, ensuring

a reasonable photosensitivity of 1.63 × 1010. There are some
comparisons of photosensing characteristics in the Supporting
Information (Table S1).
On the other hand, TFTs containing single IGZO and SSI

films with wide band gaps displayed no change, or only a slight
increase in the off current. The photosensitivity with respect to
sweeping VGS and fixed VDS was calculated using the following
equation:

R
J

P

I I A

P A

( )/

/
photo

light

light dark photo

light laser
= =

−

Figure 4. Transfer characteristics of phototransistors fabricated using (a) single IGZO, (d) SSI, and (g) HPI thin films under exposure to red light
and (b) single IGZO, (e) SSI, and (h) HPI under exposure to green light. Schematic illustration of the structure of devices fabricated from (c)
single IGZO, (f) SSI, and (i) HPI thin films.

Table 1. Optoelectronic Parameters of Oxide Phototransistors Fabricated Using Single IGZO, SSI, and HPI Thin Films in the
Dark and upon Exposure to Green Light

in the dark in green light (10 mW/mm2)

sample
μFE

(cm2 V−1 s−1)
Vth
(V)

S.S.
(V dec−1)

on/off current
ratio

μFE
(cm2 V−1 s−1) Vth (V)

S.S.
(V dec−1)

on/off current
ratio photosensitivity

single IGZO
phototransistor

10.88 4.71 0.35 1.01 × 109 9.53 3.99 0.36 3.23 × 108 no change

SSI phototransistor 11.34 5.68 0.43 9.16 × 108 9.79 2.87 0.28 2.00 × 106 1.74 × 102

HPI phototransistor 12.64 3.64 0.40 4.21 × 1010 11.98 −6.27 8.69 4.92 × 102 1.63 × 1010
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where Jphoto is the photocurrent density, Plight is the incident
light power density, Ilight is the drain current under light
illumination, Idark is the current under dark conditions, Aphoto is
the product of the channel width and thickness, and Alaser (i.e.,
0.15 mm2, channel width × length) is the diameter of the laser
source.23−25 Table 1 summarizes all the detailed variations of
characteristics suggesting the superior photosensitivity of HPI
phototransistors. In the Supporting Information (Figures S4
and S12), there are more detailed statistical data of field-effect
mobility, on/off current ratio, and photosensitivity of several
single IGZO, SSI, and HPI phototransistors.
Among the IGZO-based phototransistors, the HPI-based

one was notably high-performing. XPS was used to substantiate
the enhanced optoelectronic characteristics, in terms of
chemical and structural compositions, of the HPI. Figure 5
depicts the variations of O 1s peaks of three types of thin films,
single IGZO, SSI, and HPI under the etching process. Note
that the disappearance of a shoulder peak at a depth of about
20 nm was clearly observed in the case of HPI (more details of
the thickness profile is provided in the Supporting Information,
Figure S8). The O 1s peaks were deconvoluted into three
peaks at 530.3 ± 0.2, 531.2 ± 0.2, and 532.1 ± 0.2 eV, related
to metal−oxygen bonding (M−O), oxygen vacancy (M−Ovac),
and hydroxide species (−OH), respectively, by Gaussian
distributions.26,27 Specifically, the M−O peak represents
conducting pathways for electrons in IGZO. Meanwhile, M−
Ovac is known to be associated with the oxygen vacancies, and
the −OH peak is attributed to the metal hydroxide or metal
oxide−carbon (M−OC) groups containing organic residues.
In this regard, significant increases of the M−Ovac peak and the
−OH peak of HPI (M−O: 28.6%, M−Ovac: 51.1%, −OH:
20.3%) determine the overall increase of impurities, which
generate trap sites compared with the single IGZO or SSI
film.28 For more detailed peak analysis, we interpreted the

photosensitivity of HPI as a result of the alteration of the
chemical composition associated with the remaining poly-
acrylate groups on the IGZO surface after the mechano-
chemical treatment that supplied additional states in the band
gap.29,30 Note that the change in the chemical composition
seems to occur from the surface to a depth of about 20 nm of
the HPI layer. This region plays a key role in photocurrent in
which most trap-assisted excitons generated act as a light
absorption layer. We interpret this phenomenon as a result of
the mechano-chemical treatment associated with the organic
residues of the HPI layer, which generate sub-gap states in the
porous layer for visible light absorption and electron−hole pair
generation. Besides, no chemical composition was observed
underneath 20 nm of the light absorption layer, and we
conjectured that this channel layer secures a reasonable carrier
diffusion length.
Through these results, two possible roles of holes in the

porous layer could be explained as follows: (1) generation of
photocurrent and (2) enhancement of the absorption
efficiency. In the generation of photocurrent, physical defects,
such as micro-/nanosized holes or cracks in the film, can
impact the photocatalytic activity and electron transport.31,32

Moreover, various research studies showing that the pore sites
in the thin film act as defect sites, generating unstable bonds,
have been reported.33,34 Therefore, we assumed that the
physical defect (e.g., hole) in the porous film can generate
weak metal−oxygen binding and also create oxygen-related
defects (i.e., oxygen vacancy) due to the stabilized state. As
shown in XPS depth analysis, we can conclude that the holes in
the porous layer can give rise to an increase in the oxygen
vacancy (Figure S6, Supporting Information). Next, we explain
the role of oxygen vacancies in oxide phototransistors. It is
widely known that as oxygen vacancies are formed within the
layer of the oxide phototransistors, more sub-gap states are

Figure 5. XPS results of (a) single IGZO, (b) SSI, and (c) HPI as a function of the etch time; deconvoluted O 1s spectra of (d) single IGZO, (e)
SSI, and (f) HPI films.
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Figure 6. Tauc plot results: (a) single IGZO film and (b) HPI film. (c) UPS results of single IGZO and HPI films. (d) Schematic diagram of the
band structure before junction. (e) Illustration of trap-assisted generation and electron transport of the IGZO phototransistor with the HPI
absorption layer.
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created within the band gap of the phototransistors.15 Owing
to these properties, our phototransistors could absorb the light
through the abundant number of sub-gap states, which
repeatedly trap and excite electrons and contribute them to
the photocurrent. In addition, in the field of photo-
electrochemical (PEC) research, various studies have been
conducted in which such physical defects increase the surface
area that enables responding to external factors (light, gas, and
biomarker etc.).35−37 Moreover, to improve the absorption
efficiency, some researchers have introduced scattering layers
using a porous layer.38 Therefore, it can be considered that
these holes in the porous layer played a role not only in
response to light but also in enhancing the absorption
efficiency.
This hypothesis of induced sub-gap states was supported by

converging pieces of evidence, such as the results of the UV−
vis absorption and UPS results. We compared the light
absorption characteristics of two types of IGZO thin films;
single IGZO and HPI films, in terms of energy band structures
and sub-gap states. Tauc plots and band gaps were calculated
from UV−vis absorption data as represented in Figure 6a,b,
which showed band gaps of single IGZO and HPI of 3.70 and
3.53 eV, respectively. This difference of 0.17 eV in the band
gap guarantees the aforesaid chemical composition variation
caused by the mechano-chemical treatment. A slightly narrow
but still wide band gap of the HPI improved the absorption of
visible light of long wavelengths compared with single IGZO,
retaining its transparent characteristics.39,40 Additionally, the
comparison of the Tauc plot (i.e., UV−visible) results is
included in the Supporting Information (Figure S7).
The UPS results of Figure 6c indicate the cutoff energies of

17.02 and 18.24 eV and valence band maximum (VBM)
energy levels of 3.29 and 2.85 eV, for single IGZO and HPI
films, respectively. The relatively higher intensity of the HPI
case compared with the single IGZO film near the VBM level
represents clear evidence of the presence of sub-gap states
deliberately generated during the mechano-chemical treat-
ment.41,42 The energy band structure was calculated based on
these data using the following equation43:

h E Ecutoff FνΦ = − | − |

where Φ is the work function, hν is the incident light energy,
Ecutoff is the cutoff energy, and EF is the Fermi level. In detail, a
single IGZO film had a work function of 3.90 eV and a
conduction band minimum (CBM) energy level of 3.29 eV.
On the other hand, HPI showed a work function of 3.68 eV
and a CBM energy level of 3.28 eV, as described in Figure 6d.
Herein, we demonstrated that the energy-band alignment of

the HPI phototransistor correspond to the aforementioned
UPS results that showed that HPI was composed of two types
of sub-layers, an upper part of the chemically modified region
and a lower part of the single IGZO region. In the UPS
analysis, these spectra were obtained using He irradiation with
hν = 21.21 eV produced by a UV source and a voltage bias
with −5.0 eV. Figure 6e shows the band structure analysis of
the HPI phototransistor operating under visible light
illumination. The band offset between the CBM energy level
of the sub-layers was 0.10 eV, and this minimal difference
improved the electron transport in HPI.
In summary, electrons in the valence band were excited and

trapped in the sub-gap states and readily excited in the light
absorption layer of the conduction band with relatively low
photon energy. The traps assisted in the production of

photocurrent by acting as electron−hole pair generation
centres, and the photoelectrons were then easily transported
through the channel layer. A detailed description of the UPS
results is provided in the Supporting Information (Figure S9).
Finally, as shown in Figure S10 (Supporting Information),

we conducted the measurements at VG = −1.0 V and VD = 10.1
V for 3600 s (switching the same green laser illumination
conditions at 0.02 Hz). As a result, the device exhibited
moderate, durable, and clearly switching characteristics
between the on and off states.

4. CONCLUSIONS
In summary, we have demonstrated a new concept of the HPI
phototransistor based on the mechano-chemical treatment.
The HPI was composed of an upper part, 20 nm thickness of
the light absorption region, and a lower part, 40 nm thickness
of the IGZO channel region. Specifically, the light absorption
layer was mechano-chemically modified with artificially
generated oxygen-related subgap states, which play an
important role in the trap-assisted generation of excited
electrons. This guarantees the broad absorption range
including from UV and visible light regions. In addition,
under IGZO, the channel region provided a reasonable carrier
diffusion length. Compared with conventional IGZO-based
phototransistors, the HPI phototransistor exhibited superior
optoelectronic characteristics and photosensitivity with a shift
of Vth and on/off current ratio from 3.64 to −6.27 V and from
4.21 × x1010 to 4.92 × x102, respectively, and a calculated
photosensitivity of 1.63 × 1010, under a green light of 10 mW/
mm2. As a result, we suggest that highly transparent visible-
light photosensors can be applicable to the conventional
optical sensor design.
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