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Abstract: This paper provides a review of optical devices based on a wide band-gap transparent
conducting oxide (TCO) while discussing related physical mechanisms and potential applications.
Intentionally using a light-induced metastability mechanism of oxygen defects in TCOs, it is allowed
to detect even visible lights, eluding to a persistent photoconductivity (PPC) as an optical memory
action. So, this PPC phenomenon is naturally useful for TCO-based optical memory applications,
e.g., optical synaptic transistors, as well as photo-sensors along with an electrical controllability of a
recovery speed with gate pulse or bias. Besides the role of TCO channel layer in thin-film transistor
structure, a defective gate insulator can be another approach for a memory operation with assistance
for gate bias and illuminations. In this respect, TCOs can be promising materials for a low-cost
transparent optoelectronic application.

Keywords: transparent conducting oxides; oxygen defects; persistent photoconductivity;
photo-sensors; optical synaptic devices

1. Introduction

Transparent conducting oxides (TCOs) are getting an intensive interest for a transparent display
application since they exhibit high transparency arising from a wide band-gap [1-5]. Besides its high
transparency, a low-temperature processability is another advantage suitable for display applications
where a low melting-point substrate with a high flexibility is usually used [3,6,7]. This feature is
mainly related to its isotropic bonding mechanism based on the overlap of s-orbitals for the conduction
band, which is insensitive to bonding direction, providing high electron mobility. So, it can easily
be connected even in a low-temperature fabrication. On the other hand, the conventional thin-film
material for displays, e.g., amorphous silicon, has an anisotropic bonding nature due to its sp3 hybrid
orbitals with a strong bonding directivity, thus difficult to be crystallized in a low temperature [6,8,9].
In this respect, TCOs have been considered as a strong candidate in futuristic electronics, including
transparent and flexible displays [5,7,10-13].

However, TCOs have optical stability issues associated with oxygen defects, e.g., oxygen vacancies
and interstitials even though these defects are playing the role as an electron donor to control the film
conductivity during the deposition [8,14-16]. For example, the oxygen vacancy as an empty place of a
bonding oxygen can be ionized under light with a relevant photon energy, giving free electrons [17-20].
And the deionization process, followed after removal of a light source, tends to be much slower than
the ionization, suggesting a metastability, i.e., persistent photoconductivity (PPC) [21,22]. Moreover,
this kind of metastable defects can also be newly created especially under a high energy illumination,
e.g., ultra-violet (UV) [19,23]. From these circumstances, these oxygen defects are basically problematic,
but simultaneously useful for photo-sensing applications if that slow recovery is overcome.
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In this paper, we present a review of optical devices based on TCO thin films in terms of respective
physical mechanisms and related applications. The key physical mechanism of TCO-based optical
devices is associated with oxygen defects within TCO films (see Section 2). Since they are located
within the band-gap, their location in energy is relevant to detect even visible light. This implies their
optical ionization is a key absorption mechanism of photo-sensors. On the other hand, the deionization
process after the removal of light, i.e., recovering process, is very slow in comparison with the
ionization process, suggesting the PPC. This PPC is problematic for photo-sensors because it especially
increases a dark signal level after the illumination, which can be overcome with applying a positive
gate pulse [25]. As a positive aspect of the PPC, however, it is a memory action naturally induced
under illumination. Indeed, optical memory devices, such as optical synaptic transistors, where a
TCO (e.g., In-Ga-Zn-O, In-Zn-O, etc.) is a channel absorption layer, have been introduced using this
phenomenon [26]. In another type of TCO-based optical synaptic thin-film transistors, a gate insulator,
e.g., chitosan electrolyte or HfOy, with mobile impurities or traps, is incorporated into a field-effect
transistor structure along with a TCO channel layer, leading to a more distinguishable hysteresis for a
strong memory action under light, depending on the polarity of gate bias [27,28]. In these respects,
TCOs can be promising materials for a low-cost transparent optoelectronic application besides their
basic usage for a transparent display application. These are discussed in Section 3.

2. Optical Properties and Instability Mechanism

2.1. Basic Optical Properties

TCOs have been considered as a strong candidate in futuristic electronics, including transparent
and flexible displays, thanks to their high transparency (>80% in visible range) due to a large bandgap
and a high mobility even under low temperature fabrication process associated with isotropic bonding
nature of orbitals for conduction band bottom. However, a large carrier concentration, which is desired
for a good conductivity, is thought to be an issue in optical transparency. Within the partially-filled
conduction band, an intra-band transition occurs, thus an increase of optical absorption at long
wavelengths [29-31]. Figure 1 shows a decrease in the transmission rate for IGZO films with a high
carrier concentration. In contrast, at short wavelengths, this partially-filled conduction band gives rise
to increasing the effective bandgap, as shown in Figure 2a, thus a blue-shifted optical absorption edge
energy, which is called as a Burstein-Moss (BM) effect [24,32].

i

00

]
=]
T

@
o
T

N
o
I

-------- n, ~ 1013/cm?3
—n, ~10%/cm3

Transmittance [%]

N
o

I I I
500 1000 1500 2000 2500

Wavelength [nm]

Figure 1. Optical transmission spectrum of the a-IGZO device for two different concentrations.
A dashed line is ne ~ 1013/cm? and a solid line is ne ~ 102%/cm3. Here, significant decrease of the
transmittance of long wavelength light is found for the higher carrier concentration case (redrawn and
adapted from [24]).
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Figure 2. (a) Comparative Tauc plot for each carrier concentration (ne ~ 10'3/cm? and ne ~ 102/cm?).

(b) Conceptual Tauc plots to compare two different cases — large and small (IZO/IGZO) amount of
oxygen defects (redrawn and adapted from [6]).

Different from these kinds of absorption related to carrier excitation, a subgap optical absorption
also occurs due to ionization of subgap states [19-21,33,34]. Figure 2b depicts the conceptual Tauc plot
for comparing amorphous IZO’s and amorphous IGZO’s subgap optical absorptions. The subgap
absorption in TCOs is suggested to be mainly dependent on the presence of oxygen defects. As described
in Figure 2b, the subgap absorption in IZO is higher compared to IGZO because the former contains
relatively more oxygen defects [25,35]. The subgap absorption is not only problematic for transparency,
it also causes interesting electrical issues, such as increase of carrier concentration, leading to an
increase of the film conductivity, and a threshold voltage shift in the TFTs, electrical hysteresis, and the
PPC. In this respect, we will further discuss this subgap absorption especially related to oxygen defects,
and respective instability mechanisms under illumination in the following section.

2.2. Oxygen Defects and Optical Instability Mechanisms

Oxygen defects, such as oxygen vacancies (Vo) and oxygen interstitial (Ip), reside within deep
subgap states, eluding to a sub-gap optical absorption even under a visible light (i.e., hv < Eg) while being
ionized in the following processes, respectively, Vo — V%)+ +2e” and Ié_ - IOO +2e” [21,30,36-39].
The excess electrons emitted during ionization process of oxygen defects contribute to the carrier
concentration, increasing Fermi energy (Er) and conductivity of the film. This affects negative threshold
voltage shift in the operation of the TFTs, where TCOs are used for the channel layer, thus an increase
of drain current [40-43]. Note that the density of oxygen defects can be controlled by changing the
oxygen gas flow rate during the film deposition process [6,15,21]. With a sufficiently high oxygen flow
rate, oxygen defects can be minimized whereas oxygen interstitials can newly be created with a very
high oxygen flow rate, so that an optimization is needed. However, for an optical application, the
presence of these defects is intentionally used as discussed here.

As illustrated in Figure 3a, interestingly, however, the ionization of oxygen defects involves
relaxation of the lattice, suggesting a higher activation energy of the ionized defects compared
to the neutral state defects [21,44,45]. It implies the ionized oxygen defects as metastable states.
This metastability limits the recombination rate of the ionized defects, so the recovery process shows
slower speed compared to the ionization. And this makes photo-enhanced conductivity persist for
a relatively long time, depending on the temperature and bias condition, which is called PPC (see
Figure 3b) [5,21,22,46]. This recovery trend is quantitatively analyzed by a stretched exponential

function (SEF), as follows.
B
t
F(t) = Aeffexp[—(—) ] 1)
Teff



Crystals 2019, 9, 192

40f11

where A is a weighting amplitude, T is an effective time constant, {3 is a stretched exponent whose
range is from zero to unity. Note that A is generally normalized as unity since it is related to the light
intensity but not the photon energy. The PPC, which is a kind of optoelectronic hysteresis, is a memory
action naturally induced with illumination. It implies a possibility for memory application without
an additional capacitor structure. And the increase of film conductivity under illumination implies
that TCO films can be used for a photo-sensor application as long as the PPC is eliminated to reset the
reference signal level for a periodic sensing as a function of time. These operating concepts of devices
are illustrated in Figure 4. And we discuss them in the following section.

Oxygen interstitial (13”) () e

Lattice oxygen /
N e® 3o

Neg

i 4
Metal cat@ °°\ illumination

Oxygen vacancy (Vg)

(a)

Conductivity

Dark

Under light

lonization Deionization/recovery

Time

(b)

Figure 3. (a) Reaction diagram about ionizations of oxygen defects under illumination. Here, the lattice

of the oxygen vacancy is depicted to be relaxed during the optically-induced ionization, thus an increase

of the activation energy (redrawn and adapted from [21]). (b) Conductivity as a function of time.

A seen, under illumination, conductivity of the transparent conducting oxide (TCO) film increases due

to emitted free electrons during ionization process of the oxygen defects, and that under dark slowly

decreases due to slow recombination of the free electrons.
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Figure 4. (a) Conceptual diagram to describe an optical memory-action and light-reactivity through

the ionization of oxygen defects. (b) Indication of functional regions of the current as a function of time

for each device.
3. Optoelectronic Applications

3.1. Photo-Sensors

In the previous section, it is shown that the TCO-based thin film can be applied for photo-sensors,
detecting even visible lights which have a lower photon energy compared to the bandgap energy.

With this feature, the TCO-based visible light photo-sensors can be integrated into transparent
electronics. However, the PPC, associated with oxygen defects of the TCOs, increases the dark
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signal level after illumination (i.e., reference signal level), which can be problematic for a periodic
photo-sensing, as mentioned in the previous section. In this section, we discuss the TCO-based
photo-sensors with a possible solution for suppressing the PPC-related issue.

As an example seen in Figure 5, Sanghun Jeon et al. demonstrated a TCO-based device for
photo-sensor arrays [25]. Here, an IZO channel layer, which has a relatively large amount of oxygen
defects and respective high light-sensitivity, is employed for the main absorption layer. And two IGZO
layers are adapted above and below the IZO layer to compensate a negative threshold voltage of the
IZO layer-only TFT. So, it is found that the threshold voltage of IGZO/IZO/IGZO TFT is about 0 V.
The authors set the device operating under a negative gate bias (Vgs = =7 V) and positive drain bias
(Vps =10'V) for a distinguishable sensing level, raising Iphoto/ldark ratio, where Iypot is the photocurrent
and I,k is the dark current. When the device is illuminated, the oxygen defects in the channel layers
are ionized, and simultaneously band-to-band excitation occurs, thus a free electron generation and
raise of Fermi level. These cause negative shift of the threshold voltage, which is observable with an
increase of the drain-source current. But the PPC is naturally occurred in the TCO films, and even
reinforced by negative gate bias separating electrons and ionized oxygen defects, while increasing
the dark signal level after removal of light. It can be problematic for a periodic light-sensing as above
mentioned. To solve this problem, the positive pulse is applied to the gate terminal. It accumulates
electrons at the channel interface, accelerating recombination of ionized oxygen defects with those
induced electrons. As a result, the positive gate pulse leads to a fast recovery, making the dark signal
level after illumination as same as that before illumination. Note that a positive gate pulsing scheme
especially with a very high pulse height can lead to an adverse effect, such as charge trapping into
the gate insulator, and more generally it can affect device reliability [15]. So, it should be carefully
designed to avoid these side-effects.
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Figure 5. (a) Conceptual plot of the drain current of the TCO-based optical device. Here, the positive

gate pulse makes dark signal level after illumination as same as the level before illumination as
illustrated in this figure. (b) Energy band diagram of the device when positive gate pulse is applied.
Here, it is described that the increased electron concentration of the film accelerates deionization of the
oxygen defect (redrawn and adopted from [25]).

For another approach of the TCO-based thin film photo-sensor, there was an effort to improve an
optical responsivity. Using the IZO-only TFT, where the IZO contains a relatively high concentration
of oxygen defects, it is available to get a high optical responsivity and signal to noise ratio (SNR) [47].
Additionally, the blue light (460 nm) is intentionally chosen for the same reason in their measurements
of transfer characteristics under illumination with different wavelengths.

3.2. Optical Synaptic Devices with an Optical Memory-Action

Though the PPC can be problematic for sensor applications, it is a memory action naturally induced
under illumination. Inspired by this aspect, there have been several reports about synaptic devices
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mimicking a biological synapse. There are key functions that the synaptic devices should emulate,
such as a spike-timing-dependent plasticity (STDP), short-term memory (STM) to long-term memory
(LTM) transition, and facilitation (Figure 6a—d). Indeed, there are other possible types for synaptic
devices (e.g., resistive switching devices [48,49], atomic-switching devices [50], and transistor-based
devices [51-53]), which use an electrical signal, as the biological synapse does. Compared to these
electrical-stimulus types, TCO-based synaptic devices, which use an optical stimulus, may offer much
wider bandwidth, ultrafast signal transmission, low crosstalk, and being avoided from electrical
shortcoming induced by a parasitic effect like the Miller effect [26,54]. Here, an issue to be resolved is
still remaining to deal with the optical stimulus and current signal in a system level.
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Figure 6. (a) Schematic showing neurons and synapses. (b) Frequency dependent short-term
memory (STM) and long-term memory (LTM). (c) Plasticity variation with spike timing interval,

spike-timing-dependent plasticity (STDP). (d) Facilitation under periodic pulses. (e) Device structure
(redrawn and adopted from [26]).

A two-terminal synaptic device which uses the UV light pulses as the pre-synaptic stimulus has
been demonstrated by Lee et al. [26]. Figure 6e shows its device structure. When the IGZO channel
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layer was exposed to the UV light, the drain current increased owing to the band-to-band excitation
and ionization of oxygen defects at the same time. Once the UV light was turned off, current showed
a slow decay due to the aforementioned PPC phenomenon. Here, it can be suggested that extra
oxygen vacancies can also be created by the UV light since it is a high energy light [19,23], and these
additionally contribute to the further increase and slow decay of the photocurrent. These slow decay
suggests a memory action arising from the PPC, so that the device with the IGZO layer has an optical
synaptic operation. In addition, the activation energy of an IGZO film increases under continuously
illuminated UV pulses, incurring energy-state dependent facilitation (See Figure 6d). A slow decay of
the post-illumination current and an increase of activation energy can lead to the frequency response
of the photocurrent. This implies that it can also mimic timing-dependent memory actions of the brain
synapse, such as the STDP and STM-LTM transition (see Figure 6b,c).

To electrically control PPC behavior for handling complex functions and distinguishable hysteresis,
three-terminal devices were reported [27]. Here, the device adopted HfO as a gate insulator in TFT,
which was thought to be a defective material. The hysteresis, which was induced by trapping and
de-trapping of carriers at the IGZO/HfOy interface and within the HfOy layer [55], could assist
the inherent PPC perform timing-related synaptic functions (Figure 6b—d)) in the IGZO layer. In
addition, when a positive voltage pulse was applied to the gate electrode, the drain current had
decreased due to electrons trapped by the defects. The experimental result of the effect is conceptually
schemed in Figure 7c. Here, the authors demonstrated paired-pulse depression with this operation,
which mimicked the decrease of synaptic weight under pre-synaptic stimulus in the synapse.
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Figure 7. (a) Device structure. (b) Conceptual diagram of device operating under light pulse (left)
and electrical pulse (right) applied. (c) Experimental result from the device operating under electrical
pulses. With a short enough interval time between two pulses (At;), drain current is decreased due
to the trapped electrons in the HfOy layer. On the other hand, with the long enough interval (Atp),
the current level recovers from the depression effect (redrawn and adopted from [27]).
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For another type of three-terminal device, the chitosan electrolyte is incorporated between the
IGZO channel layer and ITO gate layer [28], as seen in Figure 8a. Under a positive gate bias, protons
will accumulate near the interface between the IGZO and chitosan-electrolyte [56], and it helps the
light-induced electrons stay at the interface even longer, reinforcing the PPC behavior (see Figure 8b).
In this way, the amplitude of the optical response can be controlled with modulating the gate voltage.
The experimental result of this operation is shown in Figure 8c. The authors call it a depression mode
to potentiation mode transition. These examples discussed here clearly confirm that the TCO-based
device with the PPC optical memory phenomena can be used as an optical synaptic transistor for
an advanced neuromorphic system in a novel way, where an optoelectronic operating principle is
employed rather than a just electrical operation.
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Figure 8. (a) Device structure and operating circuit. (b) Conceptual diagram of proton migration under
gate bias and UV light illumination. (c¢) Experimental result from the device operating under different
gate biases. The current differences Al;, Aly, and Al3 mimic the variation of synaptic weight depending
on the gate bias (redrawn and adopted from [28]).

4. Conclusions

We have discussed physical mechanisms and derived applications of the TCO-based thin-film
devices in terms of how to intentionally use their optical properties associated with oxygen defects
under illumination, such as the PPC. For photo sensing applications which can detect visible lights
with TFT structures, it has been found that a positive voltage pulse is required to get rid of the PPC after
illumination. In other words, a fast recombination of ionized oxygen defects, i.e., metastable states,
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is required. At the same time, it is also important to reinforce the persistency for an optical memory,
such as artificial synapses with light stimuli. From applications referred in this work, it is expected
that the TCO can be used as advanced multi-functional devices, while maintaining its advantages,
such as a high transparency and high electrical performance.
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