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A Review of Phototransistors Using Metal Oxide
Semiconductors: Research Progress and Future Directions

Hyukjoon Yoo, I. Sak Lee, Sujin Jung, Sung Min Rho, Byung Ha Kang, and Hyun Jae Kim*

Metal oxide thin-film transistors have been continuously researched and
mass-produced in the display industry. However, their phototransistors are
still in their infancy. In particular, utilizing metal oxide semiconductors as
phototransistors is difficult because of the limited light absorption wave-
length range and persistent photocurrent (PPC) phenomenon. Numerous
studies have attempted to improve the detectable light wavelength range and
the PPC phenomenon. Here, recent studies on metal oxide phototransistors
are reviewed, which have improved the range of light wavelengths and the

as memory and sensor applications, as
shown in Figure 1.116-20]

With the recent development of the
internet of things (IoT), sensor tech-
nology has attracted immense attention.
In particular, photo sensor technology
is required to connect users and sur-
rounding objects. Since photosensors are
used in automobiles, smart homes, and
mobile devices, they are drawing atten-

PPC phenomenon by introducing an absorption layer of oxide or non-oxide
hybrid structure. The materials of the absorption layer applied to absorb long-
wavelength light are classified into oxides, chalcogenides, organic materials,
perovskites, and nanodots. Finally, next-generation convergence studies
combined with other research fields are introduced and future research

directions are detailed.

1. Introduction

Currently, we are living in the age of electronics. Since the first
development of transistors in 1947, the semiconductor era
has evolved, and the field of silicon-based transistors has made
remarkable progress. Transistors have developed in various
directions, among which thin-film transistors (TFTs) have been
applied to display applications such as liquid crystal displays
and organic light-emitting diode displays, and have been con-
tinuously studied.>”! Initially, TFTs were fabricated based on
amorphous silicon (a-Si); however, the limitation of low mobility
was noted as a chronic disadvantage.®”] This problem reached a
new turning point as indium gallium zinc oxide (IGZO), which
has a higher mobility and lower off-current than a-Si, was
developed by the Hosono research group in 2004.1% Since the
development of IGZO, metal oxide semiconductors have been
steadily researched and has been mass-produced in the display
industry since 2012. However, research on improving the per-
formance of metal oxide TFTs has been continuously conducted
for a long period of time and has reached saturation.'"!
Therefore, researchers are constantly attempting to apply metal
oxide semiconductors to new applications beyond displays such
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tion as a leader in recent [oT technologies.
From the viewpoint of the research trend
of photosensors, the main issues include
the sensitivity and range of wavelengths
that can be absorbed. Accordingly, various
materials with semiconductor proper-
ties capable of absorbing light are being
studied as base materials for photosen-
sors.224 Figure 2a shows the research
trends and market size of photosensors studied over the last
10 years based on searchers on Google Scholar and Web of Sci-
ence. Research papers on photosensors have steadily increased
every year, and thus, the scale applied to the industry has also
increased; therefore, the market size of photosensors was
recorded to be 38.5 billion dollars in 2019. In particular, organic,
oxide, 2D materials, and perovskite-based photosensors are
mainly studied as the base material, and 2D-material-based
semiconductors occupy a high proportion. However, issues
such as low carrier mobility or difficulty in large-area deposi-
tion still exist for previously studied organic materials and 2D
materials. Therefore, attempts have been made to utilize metal
oxide TFTs, which facilitate the deposition on large area with
high mobility and low off-current, as phototransistors.

Figure 2b shows the research trends on oxide TFTs and metal
oxide phototransistors from 2004 to 2019 based on Google
Scholar and Web of Science searches. Starting with the IGZO
study in 2004, oxide TFT research steadily increased until 2014,
and a certain level of research has since been maintained. In
contrast, in the case of metal oxide phototransistors, a rela-
tively low number of studies were initially attempted; however,
the number of studies has sharply increased since 2015. This
indicates the interest of researchers in applying oxide TFT5s to
phototransistors. However, over the entire period, research on
metal oxide phototransistors is only 2.48% of the number of
studies on oxide TFTs. Interest in the research on metal oxide
phototransistors has increased; however, few studies have yet
been conducted, and research reviews have not been properly
covered. Most existing phototransistor-related reviews focus on
organic, 2D, and perovskite materials,?>?%! and few have been
reviewed in detail yet, focusing on the prospects and advantages
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Figure 1. Schematic illustration of the various application using oxide semiconductor; sensor, display backplane, and memory.

of metal oxide phototransistors. Therefore, for the first time, we
will review metal oxide phototransistor research in detail.

Herein, recent studies on metal oxide phototransistors are
summarized, and leading studies of each technology are intro-
duced. Section 2 describes the material physics of the oxide
semiconductors (Section 2.1.) and the basic principles of photo-
transistors (Section 2.2.). In Section 3, the recent research on
metal oxide phototransistors is categorized according to the
material of the absorption layer and detailed. This section deals
with oxide-absorption-layer-based phototransistors (Section 3.1.)
and phototransistors using hybrid structures of non-oxide
materials and metal oxide semiconductors (Section 3.2.). In
addition, next-generation convergence research combined with
other fields by developing phototransistor research will be
introduced in Section 4. Finally, we summarize the latest issues
in Section 5, anticipate the prospects of this technology, and
propose future research directions.

2. Fundamental Principle of Metal Oxide
Phototransistors

2.1. Metal Oxide Semiconductors

This section introduces the materials and physical properties
of metal oxide semiconductors, which have recently attracted
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attention as channel materials for phototransistors. In par-
ticular, band formation and electron transport mechanisms of
semiconductors are examined in detail. In addition, the rep-
resentative deposition methods for oxide semiconductors and
emerging applications including sensors and memories are
introduced.

2.1.1. Material Physics

Oxide TFTs demonstrate a high electrical performance com-
pared with Si-based semiconductors, even in the amorphous
phase.103931 This characteristics could be explained by the
relatively small decrease in electrical performances that was
observed even in amorphous material, which was due to the
orbital structure.?? In other words, the key to explaining these
phenomena is to clearly understand the physical and chemical
concept of “ionic bonding” of metal oxide semiconductors
and not the “covalent bonding” of Si materials. In the case of
ionic bonding configuration of metal oxide semiconductors,
when the charge exchange between metal cations and oxide
anion occurs, the external s-orbital of the metal ions is empty,
and the external p-orbital of oxygen ions is filled as shown in
Figure 3a. Charge exchange occurs at the “Madelung poten-
tial,” which divides the metal and oxygen ion orbitals, with the
empty s-orbitals of the metal cation predominantly forming the
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Figure 2. a) The number of the photosensor papers according to materials of the TFT’s channel layer published from 2010 to 2019, based on Web
of Science searches and global market size of photosensor from 2010 to 2019. (IHS 2019). b) The number of the metal oxide TFT and metal oxide
phototransistor papers published from 2004 to 2019, based on Google Scholar and Web of Science searches. Percentage of the number of metal
oxide phototransistors to the number of the oxide TFT papers. (The detailed search conditions with categories are shown in Figures S1, S2, and S3 in

the Supporting Information.)

bottom of the conduction band, and the filled p-orbitals of the
oxygen anion mainly forming the top of the valence band as
shown in Figure 3b. According to this mechanism of band for-
mation, metal oxide materials have a wide bandgap (>3.0 eV) in
the ultraviolet (UV) range.>l Figure 3c is a schematic diagram
of the orbital structure in the crystal phase. The conduction
band of the metal oxide semiconductor is mainly formed by the
overlapping of the metal ns orbitals showing isotropic proper-
ties due to spherical symmetry, which is known as a conduction
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path for free electrons that can be formed along the over-
lapped metal ns orbitals. As shown in Figure 3d, the spherical
symmetry of the ns orbitals renders the metal oxide material
insensitive to structural distortion, and the metal oxide semi-
conductor has high electron mobility even in the amorphous
state. Compared with Si-based TFTs, which undergo a sig-
nificant decrease in mobility from 1000 (single crystal phase)
to 1 (amorphous phase) cm? V™! s7}, in contrast, there is little
difference in mobility between the crystal and amorphous
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Figure 3. a,b) Schematic diagrams of bandgap formation mechanisms in metal oxide semiconductor before (a) and after (b) ionic bonding. M° and
0P mean metal and oxygen molecules in a neutral state. M?" is a metal cation that has lost electrons, and O%" is an oxygen anion that has obtained
electrons. c¢,d) Carrier transport paths of metal oxide semiconductors according to phase: c) crystalline and d) amorphous.

phases in metal oxide TFTs.l! Therefore, since metal oxide
semiconductors do not require an additional crystallization pro-
cess, the fabrication process of oxide TFTs is less complicated
than that of Si-based TFTs.[4

2.1.2. Representative Deposition Methods

Various fabrication methods have been developed for depos-
iting oxide semiconductor thin films. Sputtering, atomic layer
deposition, and evaporation techniques have been developed
as representative vacuum deposition methods, and the sol-gel
technique is continuously being studied for solution-based pro-
cesses.’> 38 In this section, we introduce the representative
oxide semiconductor deposition methods, sputtering process,
and sol-gel process.

Sputtering Process: The sputtering is one of the most widely
employed vacuum processes for material deposition methods
in electrodes, insulators, and semiconductors. Sputtering refers
to the physical removal of atoms from the surface of the target
material by the collision of energetic particles (i.e., an ionized
gas known as plasma) on the surface of materials.?** These
atoms removed from the target surface by this energy bombard-
ment are transferred to the adjacent surface (i.e., substrate),
thus depositing a film of the desired thickness. The sputtering
method has several advantages: 1) it can deposit various metals,
insulators, alloys, and composites, 2) the film quality and step
coverage are better than those of evaporation, 3) uniformity
large-area deposition is achieved, and 4) the thermal damage
due to room temperature deposition is minimized. Because of
these advantages, the sputtering process for metal-oxide mate-
rials is widely utilized.
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Sol-Gel Process: The sol-gel method is one of the most widely
used solution processes for oxide material deposition. The sol—
gel method uses a solution or a gel as an intermediate step (i.e.,
chemical reaction, hydrolysis, and condensation reaction) to
convert a molecular precursor in a liquid state into a solid oxide
network to form a thin film.!l The sol-gel method is classified
as either full-area deposition or selective area deposition. Spin-
coating, dip-coating, and chemical bath deposition are mainly
used for full area deposition, whereas the printing process is
used for selective area deposition.?%*? These sol-gel methods
have several advantages: 1) the fabrication of various composite
materials by applying the stoichiometry of the desired reagents,
2) cost efficiency because there is no need for vacuum equip-
ment, and 3) deposition of only selected areas (i.e., printing
method) to simplify the process steps.

2.2. Phototransistor

Photosensors are generally classified as photodiodes, photo-
conductors, and phototransistors.*3*!  Photodiodes and
photoconductors are two-terminal devices in which a photo-
active material is connected to two electrodes (as shown in
Figure 4a,b). A photodiode and a photoconductor are operated
by collecting photogenerated carriers in the electrodes during
light irradiation. The photodiode is constructed based on p-n
or Schottky junctions and has a vertical structure; in contrast,
a photoconductor is constructed based on the Ohmic junction,
and has a lateral structure. If the lifetime of the photogenerated
carriers is shorter than the time required to reach the elec-
trodes, recombination occurs before the photogenerated car-
riers are collected on the electrode, because of which the device
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Figure 4. a—c) Schematic illustrations of the structures of different photosensors: a) photodiode, b) photoconductor, and c) phototransistor.

does not work.[*¥l Therefore, photodiodes with the vertical struc-
ture are used more often than photoconductors with the lateral
structure because the distance between electrodes for the ver-
tical structure is shorter.?# The structure of phototransistors
is the same as that of TFTs with three electrodes: source, drain,
and gate (Figure 4c). Like a two-terminal device, the device is
operated by collecting photogenerated carriers that move along
the active channel layer. In particular, the amount of drain
current flowing through the accumulated channel can be con-
trolled by the magnitude of the gate bias.*) Recently, it has
been noted that phototransistors, which can amplify the output
signal through voltage control of a gate electrode, exhibit advan-
tages in fabricating high-performance photosensors. Therefore,
we will focus on phototransistors in this review.

2.2.1. Operation Mechanism

Phototransistors are operated by generating a photocurrent
when the active channel layer located laterally between the
source and drain is irradiated with light. Unlike photodiodes
which have a vertical structure, the channel length of phototran-
sistors is relatively long; therefore, carrier mobility becomes
an important factor.”’] In general, photocurrent is generated
through charge photogeneration and carrier-transport processes.

Charge Photogeneration: When the light energy is larger than
the bandgap of a material, the material absorbs the light energy
and generates electron-hole pairs.} Since most amorphous
oxide semiconductors have a bandgap energy of =3.0 eV, band-
to-band electron-hole pair generation occurs by light absorp-
tion when irradiated below UV wavelengths (4 < 400 nm). In
contrast, when light with a long wavelength (4 >400 nm) is
incident, band-to-band electron-hole pair generation does not
occur because the light cannot be absorbed. However, if there
are various sub-gap states due to defects in the bandgap, elec-
trons could be excited to the conduction band through the
states, or the defect states could be ionized to generate free elec-
trons, resulting in relatively low levels of electron—hole pairs
even in long-wavelength light.1*8-51

Carrier Transport: Since the basic structure of oxide photo-
transistors is the same as that of the oxide TFTs, oxide
phototransistors operate in two driving modes—depletion and
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accumulation. When considering an oxide-semiconductor-based
n-type channel, the transistor is operated in the depletion mode
under a negative bias. Therefore, electrons are pushed out of the
channel/gate insulator interface to suppress the channel cur-
rent. In contrast, transistors are operated in an accumulation
mode under a positive gate bias; therefore the channel current
increases by electrons accumulated at the channel/gate insulator
interface. When charge photogeneration occurs by light irradia-
tion, the photovoltaic effect or photoconductive effect is observed
depending on the operating mode of the transistor.”>*3 In the
depletion mode, light induces a photoconductive effect, and
the photocurrent of the phototransistor linearly increases with
the intensity of the irradiated light.*¥ In contrast, in the accumu-
lation mode, the photovoltaic effect is dominant in the phototran-
sistor; thus, the threshold voltage (Vy,) of the phototransistor is
shifted.>”] Photogenerated holes accumulate near the source
electrode by gate and drain bias to lower the electron injection
barrier between the source and the semiconductor channel,
thereby facilitating electron injection. The reduction in the elec-
tron injection barrier by light irradiation induces a negative shift
of Vg, and contributes to an increase in channel current.

2.2.2. Figures of Merit

In addition to the electrical parameters of the TFT, such as field
effect mobility, subthreshold swing (S.S), Vi, and on/off cur-
rent ratio, phototransistors have several optoelectronic para-
meters representing photoreactivity and efficiency.
Photoresponsivity: Photoresponsivity (PR) is defined as the
photocurrent flowing through the phototransistor for unit inci-
dent light power. The unit of PR is amperes/watts (A W), and

it is calculated as follows(28!
PR = ] p;oto (1)

where Jinor i the photocurrent density, and P is the power
of incident light. The photocurrent density is calculated by
dividing the difference between I o, and g,y by the unit area,
where I, is the total current in the presence of light, and
Ijan 18 the current in the absence of light.
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Photosensitivity: Photosensitivity (P) is the measure of the
optical switching ratio between the channel current of the
phototransistor and the channel current in the dark state when
irradiated with light. Since it is a ratio of currents, it does not
have a unit; it is calculated as follows(’]

I -1
pP= phot}) dark ( 2)
dark

Specific Detectivity: Specific detectivity (D*) is an indicator
of the degree of weakening of the light being detected. The
detectivity is determined by the photoresponsivity of the photo-
transistor, device active area, and noise level. The unit of D* is
Jones, and it is defined as follows[2%/]

. PRJA __PR 0)
Sn \lijdark

where PR is the photoresponsivity, A is the active area of the
phototransistor, and S, is the noise spectral density, which gen-
erally includes shot noise, flicker noise, Johnson noise, and
1/f noise. The noise spectral density is calculated as follows,
assuming that the shot noise is dominant in a high-bandgap
device: Sy, = /2q1gark .78

External Quantum Efficiency: The external quantum efficiency
(EQE) is the number of photoinduced carriers that are detected
per incident photon. It is defined as the ratio of the number
of extracted photogenerated charge carriers to the number
of incident photons. EQE uses % as a unit and is defined as

follows:[27:28]
EQE:Jphoto/q (4)
P/hv

where ¢ is the electron charge, and hv is the photon energy. In
the case of photodiodes, an absorbed photogenerated electron
generates only one electron/hole pair; thus, the EQE cannot
be higher than 100%. In contrast, in phototransistors with
ohmic contact, when a hole moves slower than an electron or
is trapped in a device, other electrons are injected until the hole
reaches the electrode or recombines to maintain charge neu-
trality. Therefore, more than one electron can flow by a single
absorbed photon, resulting in an EQE of more than 100%.[60-6]

2.2.3. Limitations of Metal Oxide Phototransistors

Oxide-semiconductor-based phototransistors can generate high
photocurrents with excellent photocarrier transmission capa-
bility because of their higher carrier mobility than that of con-
ventional organic materials or a-Si-based phototransistors. In
addition, a low off-current has the advantage of increasing the
ratio of Ijpot, and Iguy to obtain high photosensitivity. However,
oxide semiconductor-based phototransistors also have the fol-
lowing two limitations.

First, owing to the wide bandgap, most oxide semiconduc-
tors are transparent in the visible light region; thus, oxide
semiconductors can be employed in applications such as trans-
parent displays. However, transparency is also a limitation to
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their use in phototransistors. As shown in Figure 5a, most
oxide semiconductors with a high bandgap energy of =3.0 eV
can absorb UV light. However, since they cannot absorb long-
wavelength light, their use in sensors that detect visible light
or infrared (IR) is limited. Therefore, in order to solve this
problem, researchers are attempting to widen the detection
wavelength by introducing an absorption layer having a low
bandgap energy or forming sub-gap states in the energy band
of the oxide semiconductor.

First, when an absorption layer is applied, a heterojunction
structure is formed by laminating a material having a lower
bandgap energy than that of an oxide semiconductor as shown
in Figure 5b. At this time, the energy difference of conduction
band between the two materials is not large, whereas the valence
band has a large energy difference, so a potential barrier must
be formed. The reason is that the photoinduced electrons gen-
erated in the absorption layer move to the oxide semiconductor
along the conduction band, while the photoinduced hole cannot
move to the oxide semiconductor by the potential barrier, thereby
suppressing recombination. As another method, when forming
sub-gap states in the energy band of oxide semiconductor, elec-
trons in the valence band can be excited as conduction bands
by riding the states in the bandgap under light illumination as
shown in Figure 5c. That is, the bandgap of the oxide semicon-
ductor is substantially reduced, so that the oxide semiconductor
can directly absorb light in a long wavelength range.

Second, metal oxide phototransistors show serious limi-
tations that are detrimental to real-time photodetection. As
shown in Figure 5d, even after the optical input signal disap-
pears, the persistent photocurrent (PPC) phenomenon occurs
in metal oxide phototransistors in which a high photocurrent is
caused which is steadily maintained. The PPC is affected by the
defect distribution, as follows!®4

Tos (1)=1s (0)| exp{~(t/7)"} o)

where Ipg(0) is the current at the onset of decay, S is the dis-
tribution of defects that control the decay process, and 7 is the
relaxation time. In the case of oxide semiconductors, when the
oxygen vacancy (V,) in the thin film is irradiated by light, it is
ionized to V,* or V,**, which acts as a trap site and seriously
affects the PPC phenomenon, as shown in Figure 5e. Electrons
generated by the ionized V, cause the energy of the localized
defect state to move up to near the conduction band, increasing
the channel conductivity, giving rise to PPC.[°>¢%] Without the
supply of sufficient external activation energy, spontaneous
recombination and transition to neutral V, do not occur.[>:66-68]
Therefore, recently, researchers have been conducting a lot of
research on suppressing PPC by removing defects related to
ionized oxygen vacancies by applying a gate bias pulse while
turning off light as shown in Figure 5f.

3. Classification of Metal Oxide Phototransistors
by Absorption Layer

To overcome the material limitations of oxides, various studies
have recently been conducted. Attempts have been made to
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Figure 5. a) Limitation of light absorption range due to wide bandgap energy. b) Photosensing mechanism of oxide phototransistor by application
of low bandgap energy absorption layer. c) Photosensing mechanism of oxide phototransistor by sub-gap states engineering in oxide semiconductor.
d) The PPC phenomenon occurring in oxide-semiconductor-based phototransistors. e,f) Schematic band diagrams: e) occurrence of PPC issue due to
ionized oxygen vacancy, f) alleviation of PPC issue by applying gate bias. d) Reproduced with permission.l® Copyright 2018, American Chemical Society.

improve the light detection capability through subsequent pro-
cesses for oxides or to introduce new materials as an absorption
layer. As materials for the absorption layer, oxides, chalcoge-
nides, organic substances, perovskite, and nanodots are mainly
studied. Figure 6 shows the number of papers and authors
from 2010 to 2019 based on Google Scholar and Web of Science
searches according to the material of “the absorption layer”
additionally applied to the metal oxide phototransistor. The
graph is divided into two regions—oxide and others—because
of the large difference in their scales. Thus, the bubble size of
oxides was reduced to 1/10 of the respective original size. The
highest number of papers and authors were found for oxides.
In contrast, research on applying other absorption layer mate-
rials, including chalcogenide, organic, perovskite, and nano-
dots, in a hybrid structure is still lesser than that on single
oxides. In other words, research on applying new materials
as an absorption layer is still insufficient, and it is a field that
requires further research. In this section, we will introduce the
latest research trends of metal oxide phototransistors based on
classifying them by absorption layer material.

3.1. Absorption Layers Based on Oxide Materials
As previously mentioned, oxide TFTs have the advantages of

high carrier mobility and low off-current, but it is difficult to
absorb light in the wavelength range of 400 nm or more, and
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the PPC phenomenon occurs. This section introduces studies
in which light absorption wavelength range and PPC issues
have been improved through structural and process engi-
neering by applying oxide semiconductors as single-layer or a
multilayer structures for light absorption layers.

3.1.1. Oxide Single-Layer

Recently, in order to enhance the PPC phenomenon and the
detection of wavelengths, some techniques have been developed
to modify the oxide single layer.%%8%l Among them, surface
treatment techniques have decreased the PPC phenomenon.
Kang et al. demonstrated a method to reduce the PPC issue by
sequential surface treatment, which includes pre-annealing,
UV-ozone treatment, and post-annealing treatment as shown
in Figure 7a."J In each step, the ZnO film was affected in three
effects by the treatment: 1) pre-annealing treatment improved
the surface uniformity of the ZnO film and reduced the residual
solvent, 2) UV-ozone treatment decreased the oxygen vacancy,
and 3) post-annealing treatment refined the ZnO film density
and induced zinc-oxygen bonding. Owing to the improved film
quality, the photoelectric recovery time after the irradiation of the
UV light was shortened, indicating that the PPC effect on the
ZnO phototransistor is decreased as shown in Figure 7b.
Another approach proposed by Ding et al. involved an IGZO
TFT-based phototransistor with Al,O; gate dielectric deposited
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by plasma-enhanced atomic layer deposition to expand the
detection range.’3l Figure 7c shows a schematic illustration
of the IGZO TFT with a hydrogen-rich Al,O; dielectric and
hydrogen ions diffused channel layer. According to this report,
the hydrogen ion in Al,O; are released into the IGZO film
during the sputtering process, causing hydrogen doping in
the film; therefore, the IGZO film could induce sub-gap states
in the IGZO bandgap. To verify this, they demonstrated the
transfer characteristics of the phototransistor at a fixed light
intensity of 50 uW cm2 with various wavelengths ranging from
300 to 700 nm as shown in Figure 7d. As the light wavelength
decreased, the drain current of the phototransistor gradually
increased; even in the visible light region, it is possible to react
to light. Moreover, the IGZO phototransistor exhibited a high
photoresponsivity of over 6 x 10° A W' and a large light-to-dark
current ratio of up to 10”.

In addition, several research groups have overcome the
limitations of phototransistors by engineering structures of
phototransistors, in contrast to the previous approaches which
involved surface treatment or diffusion techniques.’>7% Sze
et al. chose a single layer of indium zinc oxide (IZO) thin
film as the active layer for both detection of visible light and
improvement of the PPC phenomenon and showed that the
structure of phototransistors and biasing gate voltage were
optimized.” To improve the sensing characteristics such as
detection region and optical responsivity, they optimized the
channel structure, and the transfer characteristics of the photo-
transistor are shown in Figure 7e. In the transfer character-
istics, it was confirmed that the optimized phototransistor
could detect the wavelength of green light that was not previ-
ously detected. This reveals that the off-state drain current
exhibits an obvious change according to the channel structure
(i-e., the ratio of channel width and length), especially under
the light illumination. More clearly, the off-state drain cur-
rent is dominated by light-induced current, which consists of
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excess carrier concentration (ionized oxygen vacancies) by the
light-excited generation in the IZO channel layer as shown in
Figure 7f. Second, they demonstrated that a positive gate pulse
was applied to phototransistors to accelerate the recoverability
of electrical characteristics from the adverse effects of PPC, as
shown in Figure 7g. Through this, as shown in Figure 7h, the
electrons are gathered toward the gate insulator, which pushes
the trapped electrons and acts as additional energy for recom-
bination. Accordingly, the phototransistor returns to the state
before receiving the light. Furthermore, it also proves that the
PPC phenomenon can be overcome through deployment of a
positive gate pulsing scheme within a few microseconds. In
addition, there are various technologies for engineering the
gate insulator of phototransistors. Most studies have involved
changing the state of the interface between the channel and the
gate insulator or controlling the gate insulator material itself.

A different approach to overcoming the issues of metal oxide
phototransistors is doping technique in the channel layer. For
example, Chang et al. showed that Mg-doped ZnO phototran-
sistor could achieve a responsivity as high as 3.12 A W~ under
=5 V and 290 nm UV, which proves that Mg doping could
passivate the oxygen related defects in the channel layer and
improve the responsivity.®

3.1.2. Oxide Multilayer

Phototransistors based on oxide semiconductor single-layers
exhibit improved PPC phenomenon and sensitivity in the vis-
ible light region; however, they still have a narrow limit in the
sensible wavelength range. Accordingly, to further improve
the sensitivity of visible light, studies have been conducted
to design the structure of the oxide channel layer from a con-
ventional single layer to a multilayer.®"%8 In these studies, an
oxide material capable of absorbing visible light was introduced
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Figure 7. a) Schematic illustration of the sequential surface treatment of ZnO films. b) Periodic photoresponses of ZnO phototransistors under irra-
diation of light (405 nm and 0.5 Hz). The inset shows the graph on a log scale for the initial 4 s. a,b) Reproduced with permission./s Copyright 2019,
American Chemical Society. c) Schematic diagram of IGZO film with hydrogen rich Al,O; dielectric structure. d) Transfer characteristics of the IGZO
TFT with hydrogen rich Al,O; dielectric. c,d) Reproduced with permission.”3l Copyright 2019, Royal Society of Chemistry. e) Transfer characteristics of
1ZO sensor TFT with a fixed ratio of channel length (i.e., 40 um/80 um). f) Schematic band diagram of the a-1ZO sensor TFT, which conceptually depicts
the mechanism of blue-light sensing. g) drain current versus measured time curves of IZO sensor TFT, while a 50 ps positive gate pulse was applied
for recovering from PPC to the original dark state. h) Schematic band diagram of the a-1ZO sensor TFT, which conceptually depicts the mechanism of
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for the absorption layer or defects in the oxide thin film were
controlled to improve the range of the absorption wavelength.
In particular, by introducing such a multilayer structure, it was
possible to implement both a layer with improved light absorp-
tion efficiency and a layer with excellent photoinduced charge
transfer characteristics.

Among oxide semiconductors, IGZO, which is commonly
used as an active channel layer, has a bandgap energy above
3.0 eV, and thus, it cannot absorb visible light. However, if an
oxide semiconductor with a relatively low carrier mobility and
low bandgap energy is applied as an absorption layer, light
in the visible region can be absorbed. Liu et al. proposed an
oxide-semiconductor-based phototransistor with a SnO/IGZO
dual structure.®] As shown in Figure 8a, IGZO was applied
as an active channel layer for a carrier transport, and SnO was
stacked on top of the IGZO as an absorption layer to absorb
visible light. The SnO-capped IGZO phototransistor could
absorb 540 nm of green light, as shown in Figure 8b, enabling
photosensing, and it was confirmed that it recovered stably
when the light was blocked. According to Figure 8c, when the
device is irradiated with light, electron—hole pairs are generated
because of absorption of light in SnO, which has a relatively
lower bandgap energy than IGZO, and the photogenerated
electrons move to the IGZO layer to form a photocurrent. In
addition, the ionization of V, in IGZO and electrons gener-
ated in the shallow donor state contribute to the formation of
photocurrent.

Studies have also been conducted to improve the range of
light absorption wavelengths by controlling the concentration
of V, in thin films. Nathan et al. designed an oxide-semicon-
ductor-based phototransistor in which IZO was doped with haf-
nium to control the V, concentration in thin films.*® According
to Figure 8d, the channel layer of the device was composed of
an [Z0 and HIZO heterojunction. The lower HIZO layer was
advantageous for photogenerated charge transfer through the
low V, concentration and high mobility, whereas the upper
IZO layer maximized the light absorption efficiency due to
the high V, concentration. Therefore, remarkably high visible
light detection performance was observed (Figure 8e). A high
concentration of V, in the IZO layer was ionized to generate
electrons, thereby increasing the visible light absorption rate.
In addition, the PPC phenomenon was improved by forcibly
recover the current to the initial state by applying a pulse
voltage to the gate electrode as shown in Figure 8f. Even after
the external optical signal was removed, the ionized V, and
photogenerated electrons that could not be spontaneously
recombined were forcibly recovered by the positive gate bias,
thereby improving the PPC phenomenon. A similar concept
was studied by the same research group who studied gallium-
doped IZO and IZO heterojunction structure phototransis-
tors.”l The fabricated device could absorb of 500 nm green
light, and PPC was also reduced by the gate pulse bias. How-
ever, the lack of the detection capability for red light was still
revealed as a limitation in these studies.

To further improve the visible light detection range of oxide
semiconductor, researches controlling the defect states in
the metal oxide thin film have been conducted. In general, oxide
semiconductors can generate a small photocurrent through the
ionization of V, even when irradiated with photoenergy lower
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than the bandgap; however, the effect is insufficient compared
to band to band generation. Therefore, it was attempted to
increase the photogeneration efficiency by forming sub gap
states in the bandgap or defects in the thin film. Kim et al
demonstrated a phototransistor with a double-layered channel
structure in which an oxide semiconductor of the same compo-
sition was synthesized through different deposition methods.?
As shown in Figure 8g, a solution-processed IGZO absorption
layer (SAL) was deposited on the sputter-processed IGZO photo-
transistor. The solution process was conducted by spin coating
or electrohydrodynamic (EHD) jet printing. SAL formed a thin
film that contained several defects by forming residual organic
matter in the film through a low-temperature annealing process
(200 °C). Thus, as shown in Figure 8h, excellent light absorption
was confirmed even under red light of 635 nm. This was a result
of the efficient transport of photoelectrons through the sputter-
processed IGZO layer with high mobility as well as the genera-
tion of a large number of photogenerated electrons excited from
a plurality of states in the bandgap of SAL (Figure 8i). Kim et al.
also attempted to improve the absorption efficiency of visible
light by controlling the sub-gap states as a process of another
concept. In this study, as shown in Figure 8j, a hydrogen-doped
IGZO absorption layer (HAL) was fabricated through hydrogen
plasma doping on the IGZO backchannel.[’] The HAL applied
IGZO phototransistor could obtain a high photoresponsivity of
1008.8 A Wt in the red light of 635 nm, as shown in Figure 8k,
similar to the SAL-based IGZO phototransistor introduced ear-
lier. This was interpreted to be a result of the increase in the
sub-gap states due to hydrogen doping, which acts as a shallow
donor state within the IGZO bandgap, resulting in band to band
photogeneration even with visible light energy lower than the
bandgap (Figure 8l). Moreover, the PPC phenomenon caused
by photogenerated electrons trapped at the HAL and IGZO
channel interface was solved by forcible recombination by
applying a gate pulse bias as shown in Figure 8m. Furthermore,
Kim et al. studied a phototransistor implementing multilayers of
the IGZO channel layer and nanowire-based mesh structure of
TiO, to engineer the sub-gap state in an oxide semiconductor.?!
TiO, absorbed oxygen from the surrounding IGZO during the
annealing process through a higher oxygen bonding strength
than IGZO, thus increasing the concentration of V, in the IGZO
film. In particular, because TiO, was deposited as a mesh struc-
ture, the surface area was maximized and a large number of V,
could be generated. Therefore, by forming a number of defects
due to V, in the IGZO film, during light irradiation, electrons
in the valence band rise through the states in the bandgap and
generate photoinduced electrons; thus, red and green light can
be detected.

In addition to these studies, Cho et al. attempted to sense IR
beyond the visible light region by inducing sub-gap states in the
channel by stacking Al,O; on the IGZO layer.’¥ Although the
photosensitivity was as low as 102, this is a remarkable study in
that it attempted to detect an IR of 850 nm based on an oxide
semiconductor with a high bandgap energy.

The properties of the metal oxide phototransistors based
on the oxide-based absorption layer are listed in Table 1. The
sensing wavelength and optoelectronic parameters were com-
pared by dividing the categories according to the oxide single-
layer or multilayer structure.

(10 of 25) © 2021 Wiley-VCH GmbH
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Figure 8. a) Cross-sectional image of IGZO phototransistor capping with SnO absorption layer by transmission electron microscopy. b) Transfer char-
acteristics of IGZO phototransistor capping with SnO absorption layer under 540 nm green light. c) Schematic band diagram of IGZO phototransistor
capping with SnO absorption layer under negative gate bias. a—c) Reproduced with permission.®) Copyright 2019, Wiley-VCH. d) Cross-sectional
image of HIZO-1ZO bilayer phototransistor by high-angle annular dark-field scanning transmission electron microscopy. e) Transfer characteristics of
HIZO-1ZO bilayer phototransistor under illumination with light-wavelength. f) Drain current as a function time when phototransistor receives light
pulse and positive bais pulse. d—f) Reproduced with permission.l®¥ Copyright 2014, Wiley-VCH. g) Schematic illustration of SAL deposition with EHD
printing and nozzle image. The inset shows a detailed printing image. h) Transfer characteristics of the IGZO phototransistor with SAL under red
laser (635 nm). i) Schematic illustration of trap-assisted generation and electron transport of IGZO phototransistor with SAL. g—i) Reproduced with
permission.’ Copyright 2019, American Chemical Society. j) Schematic image of IGZO phototransistor with HAL. k) Transfer characteristics of IGZO
phototransistor with HAL under red light illumination (635 nm). I) Schematic illustration of the energy level alighment of IGZO: H for the absorption
layer. m) Comparison of one cycle photoresponse characteristics according to gate pulse bias. j-m) Reproduced with permission.%% Copyright 2018,

American Chemical Society.
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Table 1. Reports on the photosensing characteristics according to the structure of the metal oxide absorption layer of the phototransistor.

Category Figure Absorption layer Channel Detection wavelength PR [A W] P D* [Jones] EQE [%] Ref. Published
layer [nm] year
Single-layer 7a,b Same as channel ZnO 405 - 780 >30 - - - [72] 2019
7cd Same as channel 1GZO 300 - 700 6x10° - - - [73] 2020
7e-h Same as channel 1IZO 460 — 640 1280 10° - [79] 2018
- Same as channel 1GZO 250 — 400 475 - - [70] 2012
- Same as channel 1GZO 250 — 400 3.2 - - - [75] 2013
- Same as channel 1GZ0 370 - 430 ~150 - - - [51] 2016
- Same as channel IGZO 406 — 623 - - - - [77] 2016
- Same as channel MgZnO 250 - 450 312 - - - [80] 2017
- Same as channel IGZO 380 -385 - - - 7] 2018
- Same as channel 1In,0; 300 - 400 >7 % 10° 2.33x10° 1.6 x10'® 3x 10 [74] 2018
- Same as channel ZnO 300 — 450 2520 - 1.57 x 10" >100 [76] 2019
Same as channel MgGaO 254 - 365 8.9 10° - 4.34x10° [78] 2019
Multilayer 8a—c SnO 1IGZO 460 — 640 398.02 6.8 x10° - - [89] 2019
8d-f Hf:1GZO V4e} 400 - 600 - - - ~108 [90] 2014
8g-i IGZO (sol) IGZO 532-635 206 834x106  4.23x10" [92] 2019
8j-m IGZO:H IGZO 400 - 700 1932.6 3.85x 106 6.93 x 10" - [69] 2018
- 1ZO GIZo 400 — 700 ~10° - - ~10 [o1] 2012
- 1ZO0 GIzO 500 - - - - [87] 2015
- Al,03 IGZO 400 - 850 - =102 - [94] 2020
- TiO, IGZO 405 - 635 178.66 1.04 x10° 1.25 x 10" - [93] 2020

3.2. Absorption Layer Based on Non-Oxide Materials

Many researchers have struggled to widen the detection range
of phototransistors with a single oxide material, and in the pre-
vious section, we introduced some studies that have attempted
to overcome this issue. However, oxide semiconductor mate-
rials inherently have a wide bandgap, so there is a limitation
to the development of phototransistor improving sensitivity and
detection wavelength light using only oxide materials.

To solve these issues, several methods for improving the
detection wavelength of metal oxide phototransistors have been
reported, which are operated by introducing a wide range detect-
able absorption layer into the devices. These hybrid-structured
phototransistors are composed of a non-oxide absorption layer
(i-e., chalcogenide, organic, perovskite, and nanodot materials)
on the oxide channel layer. When external light is incident
on the hybrid structure, efficient photogeneration occurs by
a band-to-band light absorption in the area of the absorption
layer, and photocharges are efficiently transferred through an
oxide material (i.e., channel layer). Therefore, it is possible to
detect a wide wavelength through the phototransistor based on
a hybrid structure. From now on, we introduce representative
studies on hybrid-structure-based phototransistors using var-
ious absorbing layer materials for improving phototransistors.

3.2.1. Chalcogenide Materials

Phototransistors based on chalcogenide/oxide semiconductor
hybrid structures in which chalcogenide is applied as an
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absorption layer material for improving the light absorption
wavelength range have been studied.’”>/I Chalcogenide is an
inorganic compound semiconductor in which anions of Group
16 chalcogen-based elements (selenium, sulfur, tellurium, etc.)
and metal cations are combined. Chalcogenide has a bandgap
energy which is suitable for absorbing light in the visible light
region, and it has been used in various forms such as thin
films, 2D flakes, nano-crystals, and nanowires.

Kim et al. reported a phototransistor with a molybdenum
sulfide (MoS,)/IGZO hybrid structure using MoS,, which is
a representative 2D chalcogenide material, as an absorption
layer.”® The MoS, thin film was grown by spin coating and
furnace annealing, and then transferred to the top of the IGZO
layer to fabricate a device, as shown in Figure 9a. The fabricated
phototransistor could absorb and detect light from 405 to 655 nm
as shown in Figure 9b. Although it was impossible to detect an
IR of 700 nm or more, it was possible to absorb light in the entire
visible light region. This is because MoS, with a low bandgap of
1.5 eV absorbs light and generates electron-hole pairs, as shown
in Figure 9c. The photoinduced electrons move to IGZO and
generate a photocurrent. Similar studies using the same material
have been conducted by other research groups. Kim et al. studied
MoS,/IGZO hybrid phototransistors using MoS, flakes as an
absorption layer.””! Unlike previously introduced MoS, thin film
based phototransistors, in this study, MoS, flakes were deposited
on top of the IGZO layer using a standard adhesive-tape-based
method, and the device could detect light in the IR region up to
1100 nm with a photoresponsivity of 14.9 mA W

Studies using another chalcogenide material, cadmium
sulfide (CdS) as an absorption layer, have also been reported.

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

—
(=
S
-
(=
o

Cross-sectional view

AuTi

www.advmat.de

Without a gate bias

With a positive gate bias

o

oV

<
- 4 ! »
£ 107} & = .
) D)
S P 7 ! 010V
S E S “ -
o | P4  od 280V
£ 104; f
s Y b + 655 nm
[=] 'Y v 785 nm
; 4 850 nm'
ol o aIGZO Mo, 41620 Mos,
107 30 ~10 10 30
Gate Voltage (V)
2D
+f =—Dark Nano-crystal
——Light On ’
w— Light Off =
C.B.
§ hv
=
ate | 3 +
S
V.B.
HC-2
IGZO «CdS IGZOo
- Photo current
< fsea—cceeeeeeee g
€ e e—ged
< ——
: ¢
3 ™ h Nhhi E
o
p- / h h K'hhhhhh =v
g 10" [ —-gark Photo
==Red eneration
WF ~=Green hhhh 9
3020 40 0 10 20 30 IGZO Se
Gate voltage (V)

Figure 9. a) Schematic illustration of the MoS,/IGZO phototransistor. The inset shows an optical microscopy image of an array of MoS,/IGZO photo-
transistors. b) Transfer characteristics of MoS,/IGZO phototransistor as a function of the illuminating light wavelength. c) Schematic illustrations of
energy band alignment and photo induced charge transfer mechanism of MoS,/IGZO stack without and with gate bias. a—c) Reproduced with permis-
sion.%8 Copyright 2016, American Chemical Society. d) Schematic illustration and plan-view images of the CdS/IGZO hybrid channel phototransistors.
e) Variation of transfer characteristics of CdS/IGZO hybrid channel phototransistor under green light (550 nm, 2.25 eV) and schematic band diagrams
of photosensitivity behavior. d,e) Reproduced with permission.®® Copyright 2017, Elsevier Inc. f) Transfer characteristics of SCL/IGZO phototransistor
under red (635 nm) and green (532 nm) light illumination. g) Operation mechanism of SCL/IGZO phototransistor based on energy band diagram with
positive gate bias under light illumination. f,g) Reproduced with permission.l'3) Copyright 2020, American Chemical Society.

Cho et al. applied CdS to an IGZO phototransistor as a nano-
crystal-type absorption layer.'" In particular, in this study, the
characteristics of the phototransistor according to the location
of the CdS absorption layer were compared. Thus, the device
structure with the CdS absorption layer located in the middle
of the IGZO channel layer, as shown in Figure 9d, exhibited
higher light absorption efficiency than those below or above the
IGZO layer. The optimized structure of the CdS/IGZO photo-
transistor showed a photoconductive effect by increasing the
off-current when irradiated with light of 550 nm wavelength,
as shown in Figure 9e. This was reported to be caused by the
maximization of the photocurrent generation by CdS with a

Adv. Mater. 2021, 33, 2006091

2006091 (13 of 25)

bandgap energy of 2.23 eV, which absorbed light effectively
to generate photoinduced electrons and supplied electrons to
both the back and front of the IGZO channel. Another study of
a similar concept was attempted by the same research group.
Cho et al. fabricated a phototransistor with a similar structure
in which the absorption layer is located in the channel bulk
layer using a coarse nano-crystal CdS and solution-process-
based zinc tin oxide channel material.'?!l In this study, a photo-
transistor capable of detecting all the visible light wavelengths
of 650, 550, and 450 nm was developed by maximizing the light
wavelength detection area by numerous defect sites. Moreover,
in another case, CdS was applied to the absorption layer in
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different ways. Liao et al. presented a hybrid phototransistor
incorporating an 1ZO channel and a CdS absorption layer by
synthesizing CdS into a nanowire structure and coating it with
the 1Z0O solution.l'd This resulted in improved carrier mobility
and photoresponsivity, and the possibility of sensing large-
scale visible light images was demonstrated by implementing
a Sensor array.

Attempts have also been made to apply a single chalcogen
material as an absorption layer. Kim et al. reported a sele-
nium capping layer (SCL)/IGZO hybrid phototransistor in
which selenium (Se), a representative single-element chal-
cogen semiconductor, was applied as a visible light absorption
layer.l'% The Se absorption layer deposited by thermal evapo-
ration could absorb light in all visible light regions, as shown
in Figure 9f, owing to the low bandgap energy of 1.95 eV. In
particular, high photoresponsivity of 328 and 1390 A W~! were
obtained under red and green light irradiation, respectively.
As shown in Figure 9g, the electrons formed by photogen-
eration in Se migrate to IGZO and generate photocurrents,
whereas photogenerated holes cannot move to IGZO owing to
the difference in the potential barrier, so that recombination
is blocked.

3.2.2. Organic Materials

Recently, to overcome the problem of the PPC phenomenon
and detection range, dual-channel structures of oxide and
organic-hybrid-based phototransistors have been proposed,
enabling a wide-detectivity-based photosensor."*%7] Histori-
cally, charge photogeneration in organic materials is less effi-
cient than their inorganic counterparts because of the strong
electron—hole interaction and disordered nature.?$1%8 However,
the recent development in organic thin films has significantly
improved the charge photogeneration efficiency, with a prom-
ising layer achieving wide range photodetection and high sen-
sitivity. Furthermore, the absorption wavelength of thin-film
organic photodetectors can be easily tuned by modifying the
chemical structure, thereby allowing a wide and tunable spec-
tral range that covers UV-vis, near-infrared (NIR), and even
X-ray.

As a simple method for converting a broad bandgap metal
oxide phototransistor into a visible light transistor with high
sensitivity and fast response, a study on an organic cap-
ping layer was proposed by Meng et al.ll%! After capping a
polymer with a high visible light absorption coefficient (i.e.,
poly3-hexylthiophene; P3HT) on to a conventional upper con-
tact lower gate a-IGZO TFT, a significant photocurrent was
observed under visible light illumination. The schematic cross-
sectional diagram of the device without P3HT capping [that is a
standard (STD)] and a capping device are shown in Figure 10a.
Figure 10b shows that the conventional metal oxide phototran-
sistor (i.e., IGZO TFT) is apparently blind to visible light,
whereas the metal oxide phototransistor capped P3HT absorbs
visible light well. They explained this response to visible light
because of light-induced electron accumulation in the oxide
layer according to the absorption of light in P3HT, as shown in
Figure 10c. As a result, electrons accumulated in the oxide layer
caused the device Vy, shift negative direction. This shows the
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possibility that if the sensing target can react to light and cause
charge transfer to the oxide layer, it can detect wavelengths in a
wide range of regions.

Although the photosensitive organic material could be intro-
duced as an absorbing layer for phototransistors, this method
still faces issues. The energy bands of some organic materials
are too narrow and are located differently, which leads to mis-
alignment between the oxide and the organic material, and
consequently, the excited electrons cannot move to the oxide
layer. To improve transport to excited electrons, Cao et al. devel-
oped an IGZO phototransistors coupled with organic (i.e.,
PDOT:PSS)-oxide heterojunction by inserting a p-type oxide
layer (i.e., SnO,) between the organic and IGZO layer as shown
in Figure 10d.% Figure 10e shows the transfer curves of IGZO
and PEDOT:PSS/Sn0,/IGZO TFTs in the dark and under illu-
mination at different wavelengths. In the case of both devices,
the transfer curves changed marginally under illumination at
A 2 550 nm. More importantly, the light illumination sensi-
tivity of the PEDOT:PSS/SnO,/IGZO phototransistor was more
prominent than that of IGZO TFTs. To explain the enhance-
ment mechanism, the energy band diagram of the PEDOT:PSS/
Sn0,/IGZO stack is illustrated in Figure 10f. This figure shows
that a built-in electric field (Ep) is indeed generated near the
back channel with the electric field direction from IGZO to
PEDOT:PSS. Therefore, the photoinduced electron-hole pairs
would be separated more efficiently with the help of the built-
in electric field, and a larger photocurrent could be generated.
This study verified the effect of introducing an organic layer for
light absorption, tentatively demonstrating the functionality of
the insertion layer for hybrid phototransistors.

In another work, bulk-heterojunction (BH]J)-based research
has also been conducted.™"2] For example, Yang et al. reported
metal oxide phototransistors with high photosensitivity and
broad bandwidth response based on the bilayer of organic BHJ
materials and an IGZO layer in Figure 10g.13l As opposed
to the conventional single organic absorption layer, the
BHJ] consist of low-bandgap conjugated polymer poly
[2,6"-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-
alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]
pyrrole-1,4-dione] (PBDTT-DPP; bandgap = 1.44 eV) and [6,6]-
phenyl C61 butyric acid methyl ester (PC;;BM). Interestingly,
the transfer curves drastically changed even at 780 nm (in the
NIR region) and showed a high photosensitivity in the NIR to
NUV region as shown in Figure 10h. As a result, this combi-
nation of these two organic materials can allow excited elec-
trons in the light absorption layer to better move to the oxide
layer in Figure 10i. Moreover, the fabrication temperature of
both organic and IGZO layers of the phototransistors is below
250 °C. Hence, they were able to demonstrate flexible photo-
transistors on polyimide substrates, as shown in Figure 10j. The
electrical properties of the devices did not change significantly
over 800 cycles with a bending radius of 2.5 mm, confirming
the high performance for flexible operations.

3.2.3. Perovskite Mterials

Perovskite, which has excellent light absorption efficiency and
is particularly used for high-efficiency solar cells, has received
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Figure 10. a) Schematic illustration of IGZO TFT and P3HT-capped IGZO TFT. b) Transfer characteristics before and after 120 s white light illumination
of IGZO and P3HT-capped a-IGZO TFT. c) Schematic energy-band diagram of the P3HT-capped IGZO TFT near the drain side when light illumination.
a—c) Reproduced with permission.['%) Copyright 2010, American Institute of Physics. d) Schematic diagram of the PEDOT:PSS/SnO,/IGZ phototran-
sistor and chemical structure of PEDOT:PSS. e) Transfer characteristics of the IGZO and PEDOT:PSS/Sn0O,/IGZO phototransistors in the dark or under
light illumination. f) Schematic illustration showing the energy band alignment and the photoinduced charge transfer mechanism of the PEDOT:PSS/
Sn0,/IGZO stacked structure. d—f) Reproduced with permission."% Copyright 2018, American Chemical Society. g) The device structure of IGZO with
PBDTT-DPP:PCgBM layer under the light illumination. h) The transfer characteristics of the PBDTT-DPP:PC¢;BM/IGZO devices under light illumi-
nation. i) Schematic band diagram of the electron and hole transport mechanism between the PBDTT-DPP:PC¢;BM and IGZO interface. j) Flexible
PBDTT-DPP:PC4BM/IGZO phototransistors and bending test of phototransistor with a maximum bending radius of 5 mm. g—j) Reproduced with
permission.] Copyright 2019, Wiley-VCH.

increasing amount of interest as an absorbing layer material for
phototransistors. Methylammonium lead iodide (MAPDI;) is a
typical organic—inorganic hybrid perovskite, and cesium lead
halide (CsPbl;) or cesium lead bromide (CsPbBr;) have been

Adv. Mater. 2021, 33, 2006091 2006091

mainly studied as typical inorganic perovskites. Recently, photo-
transistors with a hybrid structure in which such perovskite
is stacked together with an oxide semiconductor have been
reported 14119
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In the case of hybrid phototransistors using organic/
inorganic perovskite materials, Kim et al. proposed a visible
light phototransistor of a MAPbI3/IGZO hybrid structure.l?%) A
MAPDI; absorption layer with a bandgap energy of 1.8 eV was
deposited on the top of the IGZO thin film by a spin coating
process. As shown in Figure 11a, the device absorbed 532 nm
green light and showed a photosensitivity of 10°. In addition,
organic—inorganic perovskite has a disadvantage in that it is
impossible to secure long-term stability of the device owing
to the issue of high instability in the environment, especially
in terms of moisture. In this study, the surface of the MAPbI;
absorption layer exposed to the atmosphere was protected
using an oxide passivation layer. As a result, the phototransistor
was stably operated even after water was dropped on the device
as shown in Figure 11b. In addition, the PPC phenomenon was
significantly improved compared with the phototransistor of
the IGZO single layer as shown in Figure 11c. A similar study
using MAPDI; as an absorption layer was published by Zhou
et al., who implemented a phototransistor that could sense from
UV (385 nm) to NIR (750 nm) by applying the MaPbI; absorp-
tion layer to the IGZO phototransistor in a hybrid structure.['!
In addition, Wu et al. reported that MAPDI; could be applied
as an absorption layer to both n-type and p-type oxide semicon-
ductors through a phototransistor study in which the MaPbl;
absorption layer was applied in a hybrid structure with SnO, a
p-type oxide semiconductor.[12?]

Attempts have been made to further improve the light
absorption efficiency in the conventional MAPbI;/IGZO
hybrid phototransistor. Zhou et al. proposed a structure in
which PCqBM is inserted between the MAPDI; absorption
layer and the IGZO channel layer in the existing hybrid struc-
ture, as shown in Figure 11d.1?3] As shown in Figure 1le, the
MAPDI;-IGZO phototransistor with PC¢BM inserted could
detect visible light and IR at 800 nm. As shown in the section
on organic/oxide hybrid structure, PC;;BM acts as an elec-
tron transport layer, allowing electrons generated by light
absorption from MAPDI; to be better transferred to 1GZO,
thus maximizing the light absorption efficiency, as shown in
Figure 11f.

As such, MAPbI;-based organic/inorganic-perovskite-based
phototransistors have been studied in various ways; how-
ever, because they are vulnerable to moisture, researchers
have tried to improve the device stability problem by applying
inorganic perovskites. Kim et al. applied CsPbls, an inorganic
perovskite, as an absorption layer of an IGZO phototransistor
and attempted to improve the absorption effect of visible light
by doping Br in the CsPbI; absorption layer.’? As shown in
Figure 11g,h, when CsPbI,Br is used as an absorption layer,
the entire visible light region can be detected, in contrast to the
conventional device which can detect blue light only. As shown
in Figure 11i, the light absorbed by CsPbI,Br causes electron/
hole pair generation, and the electrons move to IGZO to gen-
erate a photocurrent.

Liao et al. introduced a CsPbBr;/IGZO hybrid phototran-
sistor by applying CsPbBr; as an absorption layer.'! In
particular, as shown in Figure 11j, the ITO nanowire was inte-
grated into IGZO to secure a fast response. Thus, it was driven
as a phototransistor when exposed to light with a wavelength of
457 nm, as shown in Figure 11k, and a flexible phototransistor
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was also implemented by applying the device on a flexible sub-
strate, as shown in Figure 111

3.2.4. Nanodot Materials

Nowadays, nanodot materials have stimulated research inter-
ests because they combine novel physical properties induced
by metallic plasmonic and quantum confinement effects with
relatively mature processing techniques. In this section, we
introduce two categories of nanodot materials (i.e., metallic
plasmonic and quantum dot) for using oxide phototransistors.

Metallic Plasmonic: Integrating noble metal (gold, silver, and
platinum) nano-particles (NPs) has been considered another
approach to develop phototransistors using a wide bandgap
oxide semiconductor for detecting visible and IR regions.[126-127]
For example, Wang et al. fabricated a visible light photo-
transistor of gold (Au) NPs/IGZO structure as shown in
Figure 12a.1%8) When Au NPs were illuminated by incident
light, several photoelectrons were excited and then injected into
the IGZO layer, such that the drain current of the phototran-
sistor increased under light illumination (658 nm) as shown in
Figure 12b. To visualize this phenomenon, Figure 12c¢ shows
the local electric field distribution in the longitudinal cross-
section of the Au NPs/IGZO film at different wavelengths (405,
532, and 658 nm). Thus, the electric field increased when the
device was illuminated by visible light owing to the Ag NPs.
Therefore, Au NPs improved the detection wavelength of IGZO
phototransistors through surface plasmon resonance.

Quantum Dot: Similarly, the quantum dots (QDs)/metal
oxide phototransistors could be easily modified photonic
properties by controlling the size of QD particles.'?*3 For
instance, Nathan et al. reported a QD/IGZO phototransistor for
detecting visible light region as shown in Figure 12d.! The
n-type CdSe QDs modified by the ligand (tri-n-octyl phosphine
oxide, TOPO) were utilized as the absorption layer to inject
photogenerated electrons into the IGZO layer. As a result, the
off-current and Vy, were fluctuated in the visible and UV wave-
length as shown in Figure 12e. The illustration of the electron-
hole pairs is depicted in Figure 12f. Through this illustration,
they demonstrated that the carriers generated by absorption
layer could be transferred to the channel through the ligand.

The technology of multiphotoactive QDs has also attracted
attention recently in the field of phototransistors for sensing the
visible light region and decreasing the PPC phenomenon.['36:137]
Han et al. showed a multi-photoactivated QDs/ZnO phototran-
sistor.38 Figure 12g shows the fabrication process of the QD
layer-by-layer patterning process to form multi-photoactive QDs
under a patterned ZnO layer. Accordingly, the transfer curves of
Figure 12h were obtained by irradiating 638, 520, and 405 nm
light to the ZnO phototransistor. As a result, the generation of
a photocurrent was verified by the rise of the off-current in the
transfer curve and the negative shift of Vy,. Figure 12i shows the
endurance results of the phototransistor responding to a 1 Hz
on and off signal of light at 638, 520, and 405 nm. Clearly, the
amount of photocurrent was differed with exposure to different
colors of light, and this difference was enough to distinguish
the color of the visible light. Moreover, the PPC phenomenon
of the metal oxide phototransistor almost disappeared.
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Figure 11. a) Transfer characteristics of perovskite/IGZO heterogeneous phototransistors under green laser (532 nm) illumination. b) Transfer charac-
teristics of perovskite/IGZO heterogeneous phototransistor under light illumination after removing the water droplet. c) Transient response of perov-
skite/IGZO heterogeneous phototransistors over time under green laser (532 nm) illumination. a—c) Reproduced with permission.l'?%l Copyright 2018,
American Chemical Society. d) Schematic illustration of photo detection mechanism of perovskite/IGZO hybrid phototransistors under negative gate
bias. e) Transfer characteristics of perovskite/IGZO hybrid phototransistors under light illumination with various wavelength. f) Schematic illustration
of the energy band diagram of MAPbI;, PC¢BM, IGZO, and charge transportation. d—f) Reproduced with permission.[?}l Copyright 2018, American
Chemical Society. g) Transfer characteristics of heterojunction phototransistor with CsPbl;/IGZO, and h) with CsPbl,Br at various wavelength of light
irradiation. i) Schematic illustration of energy band diagram in CsPbl,Br/IGZO heterojunction phototransistor at V, < Vi, under light illumination.
g—i) Reproduced with permission.l?4 Copyright 2019, Royal Society of Chemistry. j) Schematic diagrams of perovskite/IGZO-ITO heterojunction photo-
transistor and band diagram of the perovskite/IGZO-ITO heterostructure and photocarrier transfer under light illumination. k) Transfer characteristics
of perovskite/IGZO-ITO phototransistors under 457 nm laser illumination. ) Schematic illustration of the flexible perovskite/IGZO-ITO phototransistor
structure. Inset shows the optical image of devices fabricated on polyimide substrate. j-I) Reproduced with permission.l2’l Copyright 2020, Wiley-VCH.
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Figure 12. a) Schematic illustration of Au NPs/IGZO phototransistor. b) Transfer curves of the bare IGZO phototransistor under dark and light illumina-
tion. c) The simulated absorption curve of the Au NPs/IGZO film and the inset shows the electric field distribution at different wavelength. a—c) Reproduced
with permission.l'28 Copyright 2019, Elsevier Inc. d) Schematic illustration of the device structure and the photography of the photoinduced TFT (inset).
e) Transfer character of QDs/IGZO phototransistor under dark and light illumination. f) Schematic diagram of the atom structure, the electron-hole pairs
excited by incident photons. d—f) Reproduced with permission.l> Copyright 2014, American Institute of Physics. g) Schematic of the QD layer-by-layer
patterning process to form multi-photoactive channels under patterned ZnO. h) Transfer characteristics of the ZnO phototransistor with multi-photoactive
QD layer under exposure of light of various wavelengths. The inset shows a schematic of the device. i) Endurance test of the phototransistor under expo-
sure of a 1 Hz periodic light signal. The light intensity is 100 uW and the gate voltage is =5 V. g—i) Reproduced with permission.[*® Copyright 2019, Elsevier
Inc. j) Schematic illustration of PbS-TBAI/ZnO phototransistor. k) Photoinduced (and dark) transfer characteristics of the PbS-TBAI/IGZO phototransistor
under 1310 nm illumination with different optical power density. ) Schematic diagram of the imaging process and the output image gain with a 1310 nm
SWIR PbS-TBAI/IGZO flat-panel imager (1 X 6 line scanner). j-I) Reproduced with permission.* Copyright 2020, American Chemical Society.
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Table 2. Reports on the photosensing characteristics according to the materials of absorption layer using the metal oxide phototransistor.

Category Figure Absorption layer Channel Detection PR [A W] P D* [Jones] EQE [%] Ref. Published
layer wavelength year
[nm]
Chalcogenide 9a—c MoS, IGZO 405 - 980 17 - - - [98] 2016
9d,e cds IGZO 550 - - 5x 10" - [100] 2017
ofg Se IGZO 405 - 635 139%10°  439x10°  344x10®  3.52x10° [103] 2020
- cds 1ZO 445 - 650 0.0542 - - - [102] 2014
- MoS, IGZO 300-1500 0.0149 ~10° 2.73x 10" - 199] 2017
- cds ZT0 450 - 650 128 8.5 10° 41%107 - (o1 2018
Organic 10a—c P3HT IGZO 400 - 700 4 - - - [109] 2010
10d-f PEDOT:PSS Sn0O/IGZO 320 - 550 984 - 3.3x 10" =10’ [110] 2015
10g-j PBDTT-DPP IGZO 400 - 780 - - 3.9x10%  1.62x102  [113] 2015
- PBDTT-DPP:PC;;BM ZnO/ZnON 380-940 1.7 x 102 - >10? 33x10% M2 2016
- D102 (dye) In,03 400-700 2x10° 110 - - [106] 2016
- CaoH30FgN40S 1ZO 500-1400 =102 - 5x 10" =10% [107] 2019
(empirical fomula)
- Cy0/DBP IGZO 625 0.05 >10* - - (1] 2020
Perovskite Ta—c MAPbI; IGZO 400 - 750 61 3.3x10°  9.42x10"° 154 [120] 2018
1Nd—f MAPbI; IGZO 450 — 700 0.244 - 1.35 % 10 - [123] 2018
TNg-i CsPblIBr, IGZO 450 - 635 26.48 871x10°  8.42x 10" 51 [124] 2019
1j-1 CsPbBr; ITO/IGZO 457 4.9 x10° - 7.6 10" 57 [125] 2020
- MAPbI; IGZO 385 -850 0.025 - 9.5 10° - 21 2017
- MAPbI; SnO 365 - 655 1.83 x 10° - 211x10 - [122] 2019
Nanodot 12a—c Au IGZO 405 - 658 - - - - [128] 2019
12d-f Cdse IGZO 450 - 514 =10* - - =10* [135] 2014
12g-i Cdse ZnO 405 - 638 137 - - - [138] 2019
12j-1 PbS IGZO 700 - 1310 10 = 10* - - ~10"2 [139] 2020
- Ag IGZO 405 - 780 =5.5%10° - ~1.2x10*  [126] 2015
- Graphene dot IGZO 340 - 500 897 100 - - [133] 2015
- Cdse IGZO 405 - 635 1.35x10* - - 25910 [130] 2015
- Graphene QD IGZO 270400 - - - [132] 2016
- PL-QD-0-640/560/440 ZnO 405-780 2.6 x 10 - - 9.1x10*  [137] 2018
- PbS, CdSe, CdS IGZO 365-1310 >8.3x10° - 4.2x107 >60 [136] 2019
- Cdse IGZO 532 1.1 10* - 5.3x10" 44 [129] 2020
- CdSe/znS ZnO 405-780 - - - - [131] 2020

Finally, we briefly introduce the main application of QDs/
oxide-phototransistors-based = short-wave infrared (SWIR)
imagers. Hwang et al. reported a PbS-QD/IGZO-based hybrid
phototransistor and a flat-panel SWIR imager.'*! Figure 12j
shows a schematic illustration view of the QD/IGZO photo-
transistor. In this study, two ligands, tetrabutylammonium
iodide (TBAI) and ethanedithiol (EDT), which have been widely
employed for PbS-QD-based devices, were selected. Figure 12k
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shows dark and photoinduced transfer curves under 1310 nm
SWIR illumination with different optical power densities.
Through these curves, the QD-based phototransistors could
detect SWIR region. Furthermore, this study demonstrated
a prototype 1300 nm SWIR flat-panel image sensor array (as
shown in Figure 121).

Table 2 summarizes the properties of the metal oxide photo-
transistors according to the type of material of absorption layer.
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Sensing wavelengths and optoelectronic parameters were clas-
sified and compared according to the chalcogenide, organic,
perovskite, and nanodot materials used as the absorber material.

4. Future Convergence Technology Based on
Metal Oxide Phototransistors

Recently, researchers have attempted to expand oxide photo-
transistors to a convergence technology incorporating bio,
display, memory, and neuromorphic fields, rather than simply
researching unit devices. Representative studies in each field
are as follows:

4.1. Healthcare System

Researchers have recently attempted to use phototransistors in
the field of biotechnology. Park et al. presented phototran-
sistor arrays with QD/IGZO hybrid structures using QD mate-
rials of PbS, CdSe, and CdS, and attempted to apply the sensor
arrays to biotechnology.3®l The arrays capable of absorbing
IR, red, green, and blue light were fabricated using different
QD materials for each wavelength. This allows flexible sensor
arrays to be wrapped around the finger and measured pulses
by detecting changes in the LED light transmitted through the
finger, as shown in Figure 13a.

4.2. Image Sensor on Panel

A convergence study was also conducted in which phototransis-
tors were applied to display panels.’”! Nathan et al. conducted
a study to embed phototransistors inside the pixel of display
panels, as shown in Figure 13b.° 1ZO/GIZO-based metal
oxide phototransistors were embedded in the pixel of in-cell
touch panel to implement interactive displays. In particular, the
metal oxide phototransistor, which has a higher photocurrent
than the a-Si-based phototransistor, could eliminate the storage
capacitor and the select switch TFT, and a simplified circuit
could be constructed.

4.3. Photo Memory

Artificial visual perception systems have been attracted atten-
tion because they can enable the perception process such as
recognition, learning, and memorization in the next generation
robotics and human-like sensory electronics."~%! Especially,
some studies have focused on metal-oxide-based visual percep-
tion systems. For example, Shen et al. reported visual memory
array with the In,0; and Al,O; layers, which was designed to
mimic human visual memory by integrating UV image sensor
arrays and resistance-switching memristors in series as shown
in Figure 13c.' Through this system, they successfully dem-
onstrated that a butterfly shaped pattern could be observed
from the mapping that read from the visual memory arrays,
demonstrating the feasibility of imaging and memorizing when
subjected to external stimulation of patterned light.
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4.4. Photoinduced Neuromorphic

Recently, a photoinduced neuromorphic device was developed
based on metal oxide semiconductors.¥12 Park et al. con-
structed the synaptic device using graphene oxide nanosheets
modified with long alkyl chains embedded as a charge-trapping
layer on the IGZO TFTs as shown in Figure 13d.1% As a result,
the device exhibited the neuromorphic characteristics according
to the light absorption of the device, and its reaction was visu-
alized. The proposed photoinduced neuromorphic device is
expected to play a key role in the implementation of neuromor-
phic computing based on optoelectronics.

In addition to the previously reported studies as above, the
unique characteristics of oxide semiconductors will allow the
phototransistors to be fused into more technical fields.
The large area, low power consumption, and transparency,
which are the distinctive features of oxide semiconductors, are
expected to give functions that were difficult to implement with
existing silicon- and organic-materials-based photosensors. It
would be desirable if researchers are interested in these charac-
teristics and refer to developing new applications in the future.

5. Conclusion and Outlook

In summary, as research on metal oxide TFTs has developed,
their applications in phototransistors are being actively con-
ducted. Broadening the light-sensing wavelength range and
improving the PPC phenomenon have been major research
topics over the past ten years. Researchers have made consid-
erable progress in overcoming the limitations of metal oxide
phototransistors by introducing absorption layer based on
various materials such as oxide, chalcogenide, organic, perov-
skite, and nanodot, as shown in Figure 14. In 2012, Weng et al.
developed a phototransistor based on a single IGZO channel
with a detection wavelength of 250-400 nm and photorespon-
sivity of 475 A WL And as a result of the considerable
progress of research over time, in 2019, Park et al. developed
IGZO phototransistors based on nanodot absorption layers
with a detection range of 365-1310 nm and a photoresponsivity
of 8.3 x 10> A W~LIB30l [n addition, researchers have attempted
to use oxide phototransistors in new technology areas such as
the field of biotechnology and in the development of displays,
photo memory, and neuromorphic devices.

In the future, we propose that researchers develop various
novel oxide thin-film treatment methods or alternative absorp-
tion layer materials that can improve the detection wavelength
over a wide range and can reduce the PPC phenomenon. In
particular, although studies have greatly improved light detec-
tion in the visible light region, there are still limited studies
on IR detection with metal oxide phototransistors. In addi-
tion, research is needed to reduce the PPC phenomenon
without supplying external activation energy. Although it is
known that the PPC can be sufficiently improved with the
gate pulse signal from the results of the research so far, if the
PPC can be improved without supplying additional energy,
improved utilization such as low power consumption devices
or circuit simplification within the device will be possible. By
solving the problems presented, we believe that metal oxide

© 2021 Wiley-VCH GmbH
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phototransistors will become core sensor technology for the
next generation of IoT for the 4th industrial revolution in the
near future.
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