Solid State Electronics xxx (xxxx) xxx–xxx

Contents lists available at ScienceDirect

Solid State Electronics
journal homepage: www.elsevier.com/locate/sse

Eﬀects of structure and oxygen ﬂow rate on the photo-response of
amorphous IGZO-based photodetector devices
Jun Tae Jang1, Daehyun Ko1, Sungju Choi, Hara Kang, Jae-Young Kim, Hye Ri Yu, Geumho Ahn,
⁎
Haesun Jung, Jihyun Rhee, Heesung Lee, Sung-Jin Choi, Dong Myong Kim, Dae Hwan Kim
School of Electrical Engineering, Kookmin University, 77 Jeongneung-ro, Seongbuk-gu, Seoul 02707, Republic of Korea

A R T I C L E I N F O

A B S T R A C T

Keywords:
Amorphous-IGZO (a-IGZO) photodetector
Structure dependence
Oxygen ﬂow rate (OFR) dependence
Persistent-photoconductivity (PPC)
Sub-gap density-of-states (DOS)
Oxygen vacancy (VO) ionization
Charge trapping
Threshold voltage (VT) decomposition

In this study, we investigated how the structure and oxygen ﬂow rate (OFR) during the sputter-deposition aﬀects
the photo-responses of amorphous indium-gallium-zinc-oxide (a-IGZO)-based photodetector devices. As the
result of comparing three types of device structures with one another, which are a global Schottky diode, local
Schottky diode, and thin-ﬁlm transistor (TFT), the IGZO TFT with the gate pulse technique suppressing the
persistent photoconductivity (PPC) is the most promising photodetector in terms of a high photo-sensitivity and
uniform sensing characteristic. In order to analyze the IGZO TFT-based photodetectors more quantitatively, the
time-evolution of sub-gap density-of-states (DOS) was directly observed under photo-illumination and consecutively during the PPC-compensating period with applying the gate pulse. It shows that the increased ionized
oxygen vacancy (VO2+) defects under photo-illumination was fully recovered by the positive gate pulse and even
overcompensated by additional electron trapping. Based on experimentally extracted sub-gap DOS, the origin on
PPC was successfully decomposed into the hole trapping and the VO ionization. Although the VO ionization is
enhanced in lower OFR (O-poor) device, the PPC becomes more severe in high OFR (O-rich) device because the
hole trapping dominates the PPC in IGZO TFT under photo-illumination rather than the VO ionization and more
abundant holes are trapped into gate insulator and/or interface in O-rich TFTs. Similarly, the electron trapping
during the PPC-compensating period with applying the positive gate pulse becomes more prominent in O-rich
TFTs. It is attributed to more hole/electron traps in the gate insulator and/or interface, which is associated with
oxygen interstitials, or originates from the ion bombardment-related lower quality gate oxide in O-rich devices.

1. Introduction
At the advent of the Internet-of-Things (IoT) age, ﬂexible and
stretchable application-compatible technologies that can integrate the
circuits with sensors using a single material are becoming increasingly
necessary especially in wearable and healthcare ﬁelds [1–8]. Amorphous indium-gallium-zinc-oxide (a-IGZO) is particularly promising for
such a material as it has high mobility, is transparent in the visible-light
range, can be uniform over large areas, is processed at low temperatures, and is promising for the use of temperature and/or photo sensor
devices [3,5]. Indeed, a-IGZO has been studied by a large number of
research groups for it to be used successfully in ﬂexible and stretchable
applications [3–8].
One of the applications of a-IGZO that is being studied is its use as a
photodetector that can detect various photon energies (Eph) and optical
powers (Pop) over an infrared to ultraviolet range of light; a-IGZO is of
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particular interest owing to its large bandgap (Eg > 3 eV) and amorphous channel material that has a sub-gap (EV < Eph < EC) density-ofstates (DOS) related to the randomness of the metal cations, i.e., In, Ga,
and Zn as well as induced by the details of fabrication process [9,10].
However, the IGZO-based photodetectors have inherent limitation in
terms of their photo-sensitivity and reproducible photo-response, because they have the persistent photoconductivity (PPC) which means
the phenomenon that electrically conductive characteristics after
photo-illumination remains even under light-oﬀ conditions [11–14].
Accordingly, research into IGZO-based photodetectors has been devoted either to the proposal of the PPC-free measurement technique in
phototransistor conﬁguration, e.g., the gate pulse-combined PPC suppression in IGZO thin-ﬁlm transistors (TFTs) [11], or to the control of
oxygen vacancy (VO)-related defects in IGZO TFTs because the PPC is
well known to be associated with the photo-response of VO-related
defects [12,13]. However, a qualitative analysis of the change of sub-

Corresponding author.
E-mail address: drlife@kookmin.ac.kr (D.H. Kim).
J.T. Jang and D. Ko contributed equally to this work.

http://dx.doi.org/10.1016/j.sse.2017.10.028

0038-1101/ © 2017 Elsevier Ltd. All rights reserved.

Please cite this article as: Jang, J.T., Solid State Electronics (2017), http://dx.doi.org/10.1016/j.sse.2017.10.028

Solid State Electronics xxx (xxxx) xxx–xxx

J.T. Jang et al.

heavily-doped p+-Si substrate was used as the gate insulator and gate
electrode for the a-IGZO TFT, while an e-beam-evaporated 60-nm-thick
Au layer was used as the bottom electrode in the a-IGZO GS and LS
diodes. An a-IGZO layer was sputter-deposited at a working pressure of
5 mTorr and at an RF power of 150 W. The Ar:O2 gas mixture during the
sputtering was diﬀerent for the TFTs and the Schottky diodes
(3:0.1 sccm as compared with 3:0.5 sccm). The a-IGZO layers of the TFT
and LS diode were deposited with an active shadow mask, but the GS
diode was deposited without a shadow mask. An 80-nm-thick Ti layer
was used for the source and drain electrodes in the TFT; the layer was
deposited using an e-beam evaporator by using an electrode shadow
mask and subsequently annealed in air for 1 h at 250 °C. On the other
hand, a 60-nm-thick Au top electrode was deposited using an e-beam
evaporator with a top electrode shadow mask in the GS and LS diodes.
Fig. 1(d)–(f) shows the I-V characteristics of the three diﬀerent aIGZO-based devices; these characteristics were measured using an
Agilent 4156C precision semiconductor parameter analyzer at a room
temperature dark ambient. To measure the transfer characteristics of
the a-IGZO TFT, the gate-source voltage (VGS) was swept forward from
−10 to 15 V and in reverse from 15 to −10 V at a ﬁxed drain-source
voltage (VDS) of 0.1 V, respectively, as depicted in Fig. 1(d). In this
ﬁgure, the electrical characteristics of the a-IGZO TFT are the threshold
voltage (VT) = 0.02 V at IDS = 10−9 A, subthreshold slope (SS) =
0.11 V/dec at IDS = 10−11 to 10−9 A, and ﬁeld-eﬀect mobility at linear
region (μFE,Lin) = 10.75 cm2 V−1 s−1 at VGS = 15 V. In the case of the IV characteristics of the GS and LS diodes, the top electrode voltage
(VTE) was swept forward from 0 to 2.5 V and in reverse from 0 to
−2.5 V, while the bottom electrode was grounded as shown in
Fig. 1(e) and (f). Furthermore, the current of the GS diode was higher
than that of the LS diode due to an additional fringing current path
around the Au top electrode in the GS diode.
In order to investigate the transient photo-response characteristics,
either the drain-to-source current (IDS) in TFT or the top electrode
current (ITE) in diode was deﬁned as the read-out current (IREAD), and
the IREAD was characterized over time. Either the VGS with VDS = 0.1 V

gap DOS has barely been researched in terms of a dynamic photo-response of IGZO phototransistor, although both controlling VO density
and applying the pulse of gate bias would aﬀect the sub-gap DOS signiﬁcantly [11]. Furthermore, from the viewpoint of photodetector
structure, the IGZO photodiode conﬁguration has been rarely compared
with the IGZO phototransistor conﬁguration even though the Schottky
diode has been generally formed between the IGZO and many kinds of
metal electrodes [15].
In this study, we investigated the structural eﬀect on the photo-responses of a-IGZO-based photodetectors by comparing the photodiode
conﬁguration with the phototransistor conﬁguration. To begin with, we
analyzed the optical response by measuring the current-voltage (I-V)
and transient characteristics in structure-dependent devices, where the
IGZO devices used were bottom-gate TFTs, global Schottky (GS) and
local Schottky (LS) diodes. Furthermore, in order to analyze a dynamic
photo-response of IGZO TFT more quantitatively, the change of sub-gap
DOS was traced before and after the photo-illumination as well as was
characterized with varying the VO density, which is modulated by
varying the oxygen ﬂow rate (OFR) during the sputter-deposition of
IGZO ﬁlm as the active layer of TFT. In addition, we used a pulsemeasurement technique to remove PPC from the photodetector and
then qualitatively analyzed the diﬀerence of sub-gap DOS between just
after the photo-illumination and after applying the gate bias pulse. The
OFR-dependent PPC and recovery enhanced by the gate pulse were
explained with the experimental observation of the dynamic change of
sub-gap DOS.

2. Inﬂuence of the structure on the photo-response in a-IGZObased photodetector devices
In order to investigate how the structure of the a-IGZO-based photodetector devices inﬂuenced their optical response, three diﬀerent
types of a-IGZO-based devices were fabricated, i.e., bottom-gate TFT,
GS and LS diodes as shown in Fig. 1(a)–(c). The procedure of fabrication
process is as follows. A thermally grown 50-nm-thick SiO2 layer on a

Fig. 1. Schematic illustration of the a-IGZO-based devices of (a) the TFT, (b) the GS diode, and (c) the LS diode. The I-V characteristics of the (d) TFT, (e) GS diode, and (f) LS diode are
also shown.

2

Solid State Electronics xxx (xxxx) xxx–xxx

J.T. Jang et al.

Fig. 2. (a) Measurement sequences for the three diﬀerent types of a-IGZO-based devices under bias-illumination conditions. (b) The measured photo-response current during a repetitive
light/dark sequence. (c) The photocurrent uniformity of ﬁve samples of each of the three structures.

Either the OFR or the oxygen partial pressure during the sputter-deposition of IGZO has been widely used for controlling the VO density
[16–20]. The etch stopper SiOx layer was deposited via PECVD at
150 °C and patterned by wet etching. In order to form the source/drain
(S/D) electrode, Mo was sputtered at room temperature and patterned
by dry etching. Finally, the fabricated devices were thermally annealed
at 250 °C for 1 h. The channel width (W) and length (L) of the devices
were 50 and 50 μm, respectively.
Fig. 3(b) and (c) shows the transfer characteristics in the a-IGZO
TFT with the OFR at VDS = 0.1 V, and its electrical parameters with the
OFR are depicted in Fig. 3(d)–(g). The hysteresis voltage (VHys) was
extracted from diﬀerence of VTs at IDS = 10−9 A of forwardly and reversely swept transfer characteristics. As the OFR increases, the VT, SS,
and VHys are higher, while the μFE,Lin becomes lower.
In addition, we extracted the sub-gap DOS by using the optical response of the C-V characteristics, i.e., monochromatic photonic C-V
(MPCV) technique [21], as described in Fig. 4(a). The measurement
conditions of the C-V characteristics were as follows: Eph = 2.82 eV,
Pop = 4 mW, and the AC signal frequency = 50 kHz. The sub-gap DOS
of the a-IGZO TFTs with OFR was extracted as described in
Fig. 4(b) and (c), and the sub-gap DOS parameters are summarized in
Table 1 where the gA(E) and gD(E) are the acceptor-like and donor-like
DOS, respectively. While the gA(E) consists of gTA, gDA, and gOeO, the
gD(E) is composed of gTD, gVo, and gVo2+. We found that the one
Gaussian function in EV + 0.15 eV (gO-O) and two exponential functions
(gTA and gDA) near the conduction band minimum (EC) were higher for
higher OFR, while the one Gaussian function in EV + 1.1 eV (gVo) and
the one Gaussian function in EC-0.05 eV (gVo2+) were higher for lower
OFR, and the one exponential function near EV (gTD) was nearly constant, as shown in Fig. 4(b) and (c). First of all, the higher sub-gap DOS
observed at the EV + 1.1 eV and EC − 0.05 eV levels with the lower
OFR strongly correlated with the neutral and ionized oxygen vacancy
defects (VO and VO2+) which are known to have a donor-like nature
[22–24]. Furthermore, the higher sub-gap DOSs with the higher OFR
obtained at the EV + 0.15 eV level were the valence band tail states due
to amorphous random network and were corroborated with metastable
defects (ppπ∗), which are known to have an acceptor-like nature [25].
These defects are generally understood to be the origin of the instability
under bias-illumination associated with the hole-mediated peroxide
formation [25]. Furthermore, the existence of the two exponential
functions near EC can be explained by the ion bombardment during the
DC sputtering, which is attributed to inﬂuence the quality of the gate
oxide and oxide/channel interface, as has been previously reported
[26]. Sub-gap DOSs near EC are consistent with the electrical characteristics in a-IGZO TFTs with the OFR as shown in Fig. 3(d)–(g). As
the OFR increases, the VT increases with the decrease of shallow donor
defects VO2+ while the SS increases and the μFE,Lin decreases with the
increase of gTA and gDA.

in TFT or the VTE in diode was also deﬁned as the read-out voltage
(VREAD). Procedure of measuring the transient photo-response was illustrated in Fig. 2(a). Photo-illumination was applied twice with a light
pulse of Eph = 2.33 eV and Pop = 2 mW by using the optical ﬁber as
seen in Fig. 1(a)–(c). The VREAD was set for IREAD to be 10 pA before
applying a photo-illumination and was maintained throughout a whole
measurement.
Measured IREAD over time is given in Fig. 2(b), and the IREAD’s under
photo-illumination are summarized for ﬁve samples as shown in
Fig. 2(c). Fig. 2(b) suggests that the photo-sensitivity becomes higher in
the order of LS diode, GS diode, and TFT. However, the PPC is observed
only in TFT case. Fig. 2(c) shows that the uniformity of photo-response
is very poor especially in GS diode case. Regardless of the PPC phenomenon, the optical response of the a-IGZO TFT was inﬂuenced across
the entire channel, and the light response of the diodes was aﬀected in
the local space. Notably, the GS diode had a higher current than the LS
diode regardless of the dark/photo conditions used, because the additional current path aﬀected electron movement. However, since the
diodes were locally illuminated, the uniformity of IREAD was extremely
sensitive to the direction, angle, and area of the incident light, which
was not the case in the TFT. In Fig. 2(b) and (c), it is found that the aIGZO TFT is the most desirable among three types of photodetectors
only if the PPC can be suppressed because it shows a high photo-sensitivity as well as a good uniformity, i.e., the immunity to the direction
and/or angle of incident light.
Here, it is worthwhile to note that the removal method of the PPC
characteristic from an a-IGZO TFT is already known [11–14]. Therefore, we chose the TFT as a promising photodetector conﬁguration and
analyzed the optical responses and sub-gap DOS of the a-IGZO TFTs
more in detail by changing the VO density via modulating OFR during
the sputter-deposition of IGZO.
3. Oxygen ﬂow rate-dependent electrical characteristics in a-IGZO
TFTs
In order to analyze the photo-response of a-IGZO TFT more quantitatively, ﬁrst of all, the high-performance inverted staggered bottomgate a-IGZO TFTs with an etch-stop layer were fabricated as shown in
Fig. 3(a). The fabrication procedure for the a-IGZO TFTs was as follows;
to begin with, molybdenum (Mo) was sputter deposited so that it could
be used as the metal gate on a glass substrate. A 50-nm-thick SiNx layer
and a 400-nm-thick SiOx layer were then deposited via plasma-enhanced chemical vapor deposition (PECVD) at 370 °C to form the gate
insulator (the equivalent oxide thickness was 258 nm). A 50-nm-thick
IGZO layer was then deposited via DC magnetron sputtering at a gas
ﬂow rate of Ar:O2 = 35:21 sccm (OePoor), 35:42 sccm (O-Medium),
and 35:63 sccm (O-Rich) at a total pressure of 5 mTorr. The sputtering
power was controlled so as to remain at 2 kW at room temperature.
3
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Fig. 3. (a) Schematic illustration of the inverted staggered bottom-gate a-IGZO TFT that had an etch-stop layer. The initial transfer characteristics of the a-IGZO TFTs with the OFR at (b),
(c) VDS = 0.1 V are shown. From the transfer characteristics, we were able to extract the (d) VT, (e) VHys, (f) SS, and (g) μFE, Lin.

Fig. 4. (a) Measured C-V characteristics under dark and sub-bandgap photonic states with OFR. The extracted energy distribution of the sub-gap DOS through the MPCVS of (b) gD(E) and
(c) gA(E).

Table 1
Extracted sub-gap DOS parameters with OFR by MPCVS.
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4. Eﬀect of the oxygen ﬂow rate on photo-response in a-IGZO TFTs
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after photo-illumination. As shown in Fig. 5(b), we observed higher
optical sensitivity and larger PPC characteristics in the a-IGZO TFTs
that had higher OFR. Noticeably, this observation is diﬀerent from the
previous work [16], where the IGZO TFT with higher density of VOs
became less stable under the negative bias illumination stress (NBIS).
This issue will be discussed later.

Fig. 5(a) shows the measurement sequence under light-illumination
and the gate pulse in the a-IGZO TFTs, which was similar to the experimental procedure depicted in Fig. 2(a). In addition, the gate pulse
was applied with VGS = 20 V during 0.1 s to eliminate the PPC eﬀect
4
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Fig. 5. (a) Measurement sequence of the a-IGZO TFTs with OFR under bias-illumination and gate pulse conditions. (b) Measured read current during the repetitive light/dark sequence
and gate pulse. (c) Extracted delta VT with the measurement sequence and OFR.
Fig. 6. Extracted energy distribution of the sub-gap DOSs
through the MPCVS. g(E) near (a), (c), (e) EV and (b), (d), (f)
EC in the a-IGZO TFTs with the (a), (b) O-Poor, (c), (d) OMedium, and (e), (f) O-Rich.

ionization model [22–24], i.e., VO → VO2+ + 2e−; (3) hole-mediated
peroxide formation model [25], i.e., (O-O)2− + 2 h+ → O22− + 2e− +
2 h+. The ambient eﬀect can be excluded owing to the passivation in
the IGZO channel [31]. Therefore, we analyzed and decomposed the
eﬀects of the photo-illumination instability and the pulse measurement
by considering these three instability mechanisms, so that we could
investigate the origin of the reliability degradation in IGZO TFT-based
photodetectors.
For the characterization before and after photo-illumination and
pulse measurement with the OFR, we extracted the sub-gap DOS via the

The VT shift (ΔVT) after consecutive gate pulse measurement as well
as that after three times photo-illumination is shown in Fig. 5(c).
Consistently with Fig. 5(b), the magnitude of negative ΔVT after photoillumination increases in O-rich TFTs. In Fig. 5(c), the ΔVT becomes
close to zero again after applying the gate pulse irrespective of OFR,
which suggests the gate pulse condition used is well optimized for
suppressing the PPC [11].
The PPC or NBIS instability mechanisms under bias-illumination
conditions in a-IGZO TFTs are already known: (1) positive charge (hole)
trapping into gate oxide or in the interface layer [28–30]; (2) VO
5
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Fig. 7. (a) Decomposed ΔVT and (b) normalized decomposed ΔVT for a portion of the hole trapping and VO ionization models with OFR after the photo-illumination measurement. (c)
Schematic illustration of the hole trapping of a-IGZO TFTs after the photo-illumination measurement.

Fig. 8. (a) Decomposed ΔVT and (b) normalized decomposed ΔVT for a portion of the electron trapping and VO2+ recombination models with OFR after the pulse measurement. (c)
Schematic illustration of the electron trapping of a-IGZO TFTs after the pulse measurement.

MPCVS in the a-IGZO TFTs with the OFR during the measurement sequence, as shown in Fig. 6. Thus, we experimentally conﬁrmed that gVo
and gVO2+ decreased and increased, respectively, under photo-illumination regardless of the OFR [Fig. 6], which is consistent with the VO
ionization model as the origin on PPC. The peroxide formation can be
also excluded from the PPC origin because the EC − Eph level does not
be overlapped with gO-O as seen in Fig. 4(b). We also observed that the
gVo2+ increased under photo-illumination was fully recovered after
pulse measurement irrespective of the OFR [Fig. 6]. In order to qualitatively decompose the ΔVT during the photo-illumination and/or the
gate pulsed recovery into the hole trapping-induced and the VO ionization-induced component, the following equation for the ΔVT component due to the change of gVo2+ can be used:

ΔVT,Vo2+ = qTact

∫E ΔgVo2+ (E)dE
Cox

,

and gDA with higher OFR. The second is that as the IGZO oxygen content increases, a larger number of oxygen atoms can diﬀuse into the
SiO2 gate insulator owing to the strong Si–O aﬃnity. Increased oxygen
interstitials can generate hole and/or electron traps in the gate insulator
[32], which is consistent with relatively poor GI quality, i.e., larger
hysteresis in O-rich devices as shown in Fig. 3(e).
In order to remove the PPC eﬀect, we used the gate pulse measurement technique, as depicted in Fig. 5(a). ΔVT and the normalized
ΔVT are summarized in Fig. 8. After the pulse measurement, VT shifted
positively rather than remaining in its initial state, as shown in
Fig. 5(c). Although VO2+ was fully recovered, as shown in Fig. 6, the
additional charge trapping could aﬀect VT after a strong pulse. Therefore, we found that the instability under light-illumination can result
from the additional electron trapping eﬀect if the device is subject to a
strong ion bombardment eﬀect, such as the O-Rich a-IGZO TFTs with
poor oxide and interface quality, despite the presence of the VO ionization mechanism.

(1)

where ΔVT,Vo2+ is the VO ionization-induced ΔVT component, Cox is the
gate oxide capacitance per unit area, and Tact is the active layer
thickness. Then, the hole trapping-induced ΔVT component can be
calculated from a total ΔVT − ΔVT,Vo2+ because the peroxide formation
can be excluded as abovementioned. By using ΔVT,Vo2+, total ΔVT and
the normalized ΔVT decomposed as a portion of the charge trapping and
VO ionization models are summarized, as described in Fig. 7. We conﬁrmed that the O-rich IGZO TFT shows larger ΔVT, less VO2+ creation,
and more pronounced hole trapping. Here, it should be noted that the
OFR-dependence of ΔVT,Vo2+ is consistent with the previous study [27].
However, in our case, the OFR-dependence of total ΔVT due to PPC is
opposite to [16] because the hole trapping dominates the PPC-induced
ΔVT rather than the VO ionization. The reason why more abundant
holes are trapped into gate insulator bulk or interface as the OFR increases can be explained as follows. The ﬁrst is that the quality of gate
oxide becomes degraded with the increase of OFR because the ion
bombardment becomes harsher during the sputter-deposition of IGZO
on the gate insulator [26], which can be also the origin on higher gTA

5. Conclusion
We investigated the eﬀects of structure and OFR on the photo-response of a-IGZO-based photodetector devices. It was found that the
IGZO TFT with the gate pulse technique suppressing the PPC is a promising photodetector in terms of a high photo-sensitivity and an uniform sensing characteristic rather than the IGZO GS and/or LS diode.
The time-evolution of sub-gap DOS in IGZO TFTs was directly observed
during photo-illumination and the recovery period applying the gate
pulse. It suggests that the increased gVo2+ under photo-illumination
was fully recovered by the positive gate pulse.
Based on experimentally extracted sub-gap DOS, the origin on PPC
was successfully decomposed into the hole trapping and the VO ionization. Although the VO ionization happens more actively in lower OFR
(O-poor) device, the PPC becomes more severe in high OFR (O-rich)
device because the hole trapping dominates the PPC in IGZO TFT under
6
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[24] Oh H, Yoon SM, Ryu MK, Hwang CS, Yang S, Park SHK. Photon-accelerated negative bias instability involving subgap states creation in amorphous In–Ga–Zn–O
thin ﬁlm transistor. Appl Phys Lett 2010;97(18):183502.
[25] Nahm HH, Kim YS, Kim DH. Instability of amorphous oxide semiconductors via
carrier-mediated structural transition between disorder and peroxide state. Phys
Status Solidi Basic Res 2012;249(6):1277–81.
[26] Kim S, Jeon YW, Kim Y, Kong D, Jung HK, Bae MK, et al. Impact of oxygen ﬂow rate
on the instability under positive bias stresses in DC-sputtered amorphous InGaZnO
thin-ﬁlm transistors. IEEE Electron Dev Lett 2012;33(1):62–4.
[27] Kim DH, Kim W, Kim Y, Hur I, Bae M, Kong D, et al. Physical model and simulation
platform for high-level instability-aware design of amorphous oxide semiconductor
thin-ﬁlm transistors. SID Symp Dig Tech Pap 2012:10–4.
[28] Chen TC, Chang TC, Hsieh TY, Lu WS, Jian FY, Tsai CT, et al. Investigating the
degradation behavior caused by charge trapping eﬀect under DC and AC gate-bias
stress for InGaZnO thin ﬁlm transistor. Appl Phys Lett 2011;99(2):022104.
[29] Cho IT, Lee JM, Lee JH, Kwon HI. Charge trapping and detrapping characteristics in
amorphous InGaZnO TFTs under static and dynamic stresses. Semicond Sci Technol
2008;24(1):015013.
[30] Chen TC, Chang TC, Tsai CT, Hsieh TY, Chen SC, Lin CS, et al. Behaviors of InGaZnO
thin ﬁlm transistor under illuminated positive gate-bias stress. Appl Phys Lett
2010;97(11):112104.
[31] Yang S, Cho DH, Ryu MK, Park SHK, Hwang CS, Jang J, et al. Improvement in the
photon-induced bias stability of Al-Sn-Zn-In-O thin ﬁlm transistors by adopting
AlOx passivation layer. Appl Phys Lett 2010;96(21):213511.
[32] Li F, Nathan A. CCD image sensors in deep-ultraviolet. Berlin/Heidelberg: SpringerVerlag; 2005.

photo-illumination rather than the VO ionization and the hole trapping
is more accelerated in O-rich TFTs. Similarly, the electron trapping
during the PPC compensation period applying the positive gate pulse
becomes more prominent in O-rich TFTs. It can be attributed either to
more abundant hole/electron traps in the gate insulator and/or interface, which is associated with oxygen interstitials, or to the ion bombardment-related lower quality gate oxide in O-rich devices.
Our results suggest that the joint-optimization of gate insulator and
a-IGZO ﬁlm is indispensable for the IGZO-based photodetector applications in the wearable IoT era.
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