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Persistent photoconductivity (PPC) effect and its light-intensity dependence of both enhancement and depletion (E/D-) mode amorphous InGaZnO (a-IGZO) thin-film transistors (TFTs) are systematically investigated. Density of oxygen
vacancy (VO ) defects of E-mode TFTs is relatively small, in which formation of the photo-induced metastable defects
is thermally activated, and the activation energy (Ea ) decreases continuously with increasing light-intensity. Density of
VO defects of D-mode TFTs is much larger, in which the formation of photo-induced metastable defects is found to be
spontaneous instead of thermally activated. Furthermore, for the first time it is found that a threshold dose of light-exposure
is required to form fully developed photo-induced metastable defects. Under low light-exposure below the threshold, only
a low PPC barrier is formed and the PPC recovery is fast. With increasing the light-exposure to the threshold, the lattice
relaxation of metal cations adjacent to the doubly ionized oxygen vacancies (V2+
O ) is fully developed, and the PPC barrier
increases to ∼ 0.25 eV, which remains basically unchanged under higher light-exposure. Based on the density of VO defects
in the channel and the condition of light illumination, a unified model of formation of photo-induced metastable defects in
a-IGZO TFTs is proposed to explain the experimental observations.
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1. Introduction
Transparent amorphous oxide semiconductors represented by amorphous InGaZnO (a-IGZO) thin-film transistors
(TFTs) have attracted much attention. Compared to hydrogenated amorphous silicon (a-Si:H) TFTs, they have higher
field effect mobility, lower subthreshold swing, wider band
gap (∼ 3.2 eV), and optical transparency. [1,2] It is known
that a-IGZO TFTs have persistent photoconductivity (PPC)
effect, [3,4] i.e, their photoconductivity lasts for a long period of
time after the illumination is stopped. It has potential applications such as bistatic optical switches, [5] radiation detectors, [6]
and photoelectric memories. [7] It is generally believed that the
PPC effect of metal oxide semiconductors is related to doubly ionized oxygen vacancies (V2+
O ) metastable defects, which
are generated by ionization of neutral VO induced by photoexcitation. [3,4] They are metastable because the neighboring
metal cations undergo outward lattice relaxation and form a
potential barrier which hinders the recombination of electrons
[8,9]
and V2+
O .
Previous studies have reported light-intensity dependence
of PPC effect. Kim et al. observed that PPC recovery slowed
down with increasing the light-intensity in a-IGZO TFTs, [10]
while Lu et al. observed the opposite dependency in ZnO

films. [7,11,12] In other semiconductor materials, [13–15] Singh et
al. observed that PPC recovery slowed down with increasing the light-intensity in Se–Ge–In related materials, [13] while
Polyakov et al. reported an opposite dependency in AlGaN [14]
and GaN. [15] It is noted that there are no reasonable explanations for these contradictory observations, and a systematic
study is needed.
In a-IGZO TFTs, the VO defect in the channel layer is
critical to TFT characteristics. It can be adjusted by changing
the thickness of the active layer [16] or cover layer [17] and thermal annealing conditions. [18,19] Correspondingly, the turn-on
voltage (VON ) from the off-state to the subthreshold region of a
TFT can be adjusted to realize enhancement/depletion (E-/D-)
mode. In this study, we choose both kinds of a-IGZO TFTs,
which have large different VO defects, to systematically study
the light dependence of the PPC effect. The density of VO
defects in E-mode TFTs is relatively small, in which the formation of the photo-induced metastable defects is thermally
activated. The density of VO defects in D-mode TFTs is much
larger, in which the formation of photo-induced metastable defects is found to be spontaneous. Furthermore, for the first
time it is found that a threshold dose of light-exposure is required to form fully developed photo-induced metastable de-

∗ Project

supported in part by the National Natural Science Foundation of China (Grant Nos. 61974101 and 61971299), the State Key Laboratory of ASIC and
System, Fudan University (Grant No. 2019KF007), the Natural Science Foundation of Jiangsu Province, China (Grant No. SBK2020021406), the Natural
Science Foundation of the Jiangsu Higher Education Institutions of China (Grant No. 19KJB510058), and the Suzhou Science and Technology Bureau (Grant
No. SYG201933).
† Corresponding author. E-mail: mingxiang wang@suda.edu.cn
‡ Corresponding author. E-mail: dongli zhang@suda.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

118101-1

Chin. Phys. B Vol. 29, No. 11 (2020) 118101

2. Experiments
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Inverted staggered bottom gate a-IGZO TFTs are used
as shown in Fig. 1. For E-mode TFTs, a 100 nm thick Mo
gate electrode was sputtered, and 120 nm gate oxide layer
was deposited by plasma-enhanced chemical vapor deposition (PECVD) at 300 ◦ C. Then, 50 nm thick a-IGZO channel layer was deposited by RF magnetron sputtering at room
temperature. A 50 nm thick PECVD SiO2 was used as the
etching stop layer (ESL). Contact holes were opened by dry
etching and source/drain (S/D) electrodes were sputtered. Finally, 100 nm SiO2 passivation layer was deposited. TFTs
were annealed at 300 ◦ C for 1 h in the air. Device channel
width (W ) and length (L) are 10 µm and 5 µm, respectively.
For D-mode TFTs, the fabrication process is similar, while the
ESL (100 nm) and passivation layer (250 nm) are thicker, and
W /L are 10 µm/20 µm.

and linear scales coincide with those in the dark. Under green
light, the E-mode TFT has a slight photo-response, with its
transfer curve at VON negatively shifted by −0.2 V, while the
D-mode TFT has an obvious photo-response with a larger negative shift of −0.5 V at VON . Under blue and UV lights, the
photo-response of both TFTs is significant. There are large
negative shifts in VON and the threshold voltage (Vth ), as well
as a significant increase in ID . Besides, the photo-response
of the D-mode TFT is much more sensitive than the E-mode
one. Such photo-response can be well understood with neutral VO ionization model. [8,9] The photon energy of red light,
1.9 eV, is much lower than the required ionization energy of
VO defects, [8,9,20] while that of green light, 2.38 eV, should
be slightly higher than it, which is ∼2.3 eV as reported in
literatures. [8,9,20] The D-mode TFT is more responsive, implying that its VO defects density is higher and/or its DOS trap
levels in the band-gap are higher.
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fects. Based on the density of VO defects in the channel and
the condition of light illumination, a unified model of formation of photo-induced metastable defects in a-IGZO TFTs is
proposed.
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Fig. 2. Transfer curves of two kinds of a-IGZO TFTs by simulation,
and measured in dark state and under different wavelength illumination
under VDS = 1 V in logarithmic scale (left, bottom axis) and linear scale
(right, up axis).

Fig. 1. Schematic cross-sectional diagram of an inverted staggered back
gate a-IGZO TFT.

Transfer characteristic curves and sampling of drain current (ID ) were measured by Agilent 4156C semiconductor parameter analyzer. Transfer curves of VDS = 1 V were measured
in dark or under red/green/blue/UV light illumination. LED
monochromatic light-sources were used, including red 660 nm
(1.88 eV), green 520 nm (2.38 eV), blue 445 nm (2.79 eV), and
UV 395 nm (3.14 eV) ones. PPC effect was investigated with
blue light illumination. ID photo-response and recovery were
sampled at VDS = 1 V and VGS = VON , and the sampling time
interval is 1 s.

3. Results and discussion
3.1. TFTs photo-responses
Figure 2 shows the transfer curves of the two kinds of
TFTs in both logarithmic and linear scales, measured in dark
or under illumination with a chosen wavelength light-intensity
at 1 mW/cm2 . In dark, VON of E-/D-mode a-IGZO TFTs are
3.0 V/−12 V, respectively. Under red light, both TFTs have
no photo-response, and the transfer curves in both logarithmic

Transfer curves of the two TFTs in the dark are simulated
by Silvaco and fitted to the experimental data by adjusting the
density of states (DOS) distribution within the band-gap. First,
the transfer curve of the E-mode TFT is fitted and the fitting
parameters are listed in the upper half of Table 1. gTA (E) and
gTD (E) respectively represent the exponential distributions of
acceptor-like and donor-like tail states, while gGD (E) is the
Gaussian distribution of deep donor-like states related to neutral VO . [8,9,21] Then, one continues to simulate the D-mode
TFT characteristic by using the same gTA (E) and gTD (E), while
adjusting gGD (E) parameters and introducing shallow donorlike states gOV (E) [21] near the conduction band edge (EC ). As
shown in Fig. 2, the transfer curves of both kinds of TFTs in
both linear and logarithmic scales are well fitted.
Comparing DOS parameters of the two TFTs, one finds
that the neutral VO density gGD (E) of the D-mode TFT is 50
times higher than that of the E-mode TFT, and its energy levels distribution in the band-gap is 0.3 eV higher. Thus it is
reasonable that the D-mode TFT is more photosensitive and
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is also responsive to the green light. In addition, the introduced shallow donor states gOV (E) in the D-mode TFT, part
of which above the Fermi-level (EF ) will ionize into V2+
O and
electrons, bring the large negative shift of VON relative to the E-

mode TFT. Using the listed parameters of gGD (E) and gOV (E),
the density of neutral VO in E-/D-mode TFTs is calculated as
1.77×1016 cm−3 /8.85×1017 cm−3 , and the density of shallow
VO donors in D-mode TFTs is 3.94×1017 cm−3 .

Table 1. Fitting parameters of the two a-IGZO TFTs.

3.2. PPC effect in E-mode a-IGZO TFTs
Figures 3(a) and 3(b) are the time dependent photoinduced current ∆I (difference between ID under light and
dark) of an E-mode a-IGZO TFT for different light-intensities
in the photo-excitation and recovery stages, respectively. ∆I of
the recovery stage in Fig. 3(b) is normalized by its initial maximum value I0 at the beginning of recovery. It is seen from
Fig. 3(a) that increase of photocurrent in the photo-excitation
stage tends to saturate with the illumination time, and the
photo-response increases with increasing the light-intensity.
In Fig. 3(b) the recovery of the photocurrent accelerates with
the increasing light-intensity, which is consistent with the observations of most previous works. [7,11,12,14,15]
Time dependence of photocurrent rise and decay can be
generally described by the stretch-exponential model. [22] Photocurrent rise follows
ex

∆I(t) = IS {1 − exp[−(t/τex )β ]},

β = kT /kT0 = T /T0 .

(3)

In Fig. 3, one sees that the time evolution of ∆I in the photoexcitation and recovery stages for all light-intensities is well
fitted by the stretch-exponential model.
1.6 (a) photoexcitation

1.2

1.0

(b) recovery
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1 mW/cm2 0.5 mW/cm2
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0.4

(2)

0.8
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0.2

(1)

where IS is the saturation value, τex the photo-excitation time
constant, and βex the stretch-exponent of photo-excitation.
The PPC recovery follows
∆I(t) = I0 {exp[−(t/τre )βre ]},

where I0 is the initial value, τre the recovery time constant, and
βre the stretch-exponent of recovery. β is the ratio of thermal
energy kT to a characteristic energy kT0 of the trap distribution
associated with the photo-excitation or recovery,

0
0

Normalized DI

Deep donor-like DOS
NGD /eV−1 ·cm−3
EGD /eV
WGD /eV
Shallow donor-like DOS
NOV /eV−1 ·cm−3
EOV /eV
WOV /eV

E-mode a-IGZO TFTs
Value
Description
2.0×1019
effective DOS in CBM
5×1018
effective DOS in VBM
3.2
band-gap
gTA (E) = NTA exp[(E − EC )/WTA ]
1.4×1018
density of tail states at E = EC
0.36
conduction-band-tail slope
gTD (E) = NTD exp[(EV − E)/WTD ]
4.5×1019
density of tail states at E = EV
0.1
Valence-band-tail slope
gGD (E) = NGD exp{−[(E − EGD )/WGD ]2 }
1×1017
density of donor-like at E = EV
1
mean energy of donor-like
0.1
standard deviation of donor-like
D-mode a-IGZO TFTs
gGD (E) = NGD exp{−[(E − EGD )/WGD ]2 }
18
5×10
density of donor-like at E = EV
1.3
mean energy of donor-like
0.1
standard deviation of donor-like
gOV (E) = NOV exp{−[(E − EOV )/WOV ]2 }
1×1018
peak of OV states
2.9
mean energy of OV states
0.23
standard deviation of OV states

DI/nA

Parameters
NC /cm−3
NV /cm−3
Eg /eV
Tail states acceptor-like DOS
NTA /eV−1 ·cm−3
WTA /eV
Tail states donor-like DOS
NTD /eV−1 ·cm−3
WTD /eV
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NGD /eV−1 ·cm−3
EGD /eV
WGD /eV
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Fig. 3. The time dependent photo-induced current ∆I (difference between
ID under light and dark) are fitted with stretch-exponential model of an
E-mode a-IGZO TFT for different light-intensities respectively in the (a)
photo-excitation and (b) recovery stages. Hollow circles are experimental
data, and solid lines are fitting curves.
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Fig. 4. Light-intensity dependence of (a) IS ; (b) βex , βre ; and (c) τex , τre .
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Fig. 5. The T dependence of (a) IS ; (b) βex , βre ; and (c) τex τre under three light-intensities of 0.3 mW/cm2 , 1 mW/cm2 , and 5 mW/cm2 .

By fitting ∆I(t) to the stretch-exponential model, the characteristic parameters IS , βex , and τex for the photo-excitation
and βre and τre for the PPC recovery are readily extracted.
Figure 4 shows their dependence on the light-intensity. Obviously in Fig. 4(a), IS linearly increases with the light-intensity.
In Fig. 4(b), both βex and βre linearly decrease with the lightintensity. According to Eq. (3), decrease in β reflects the increase of the characteristic energy kT0 of the involved traps in
the photo-excitation or recovery. βex is much larger than βre ,
indicating that distribution of the traps involved in the recovery
is wider than that in the photo-excitation. In Fig. 4(c), one sees
that both τex and τre inversely decrease with the light-intensity
with power exponents (nex and nre ) of their dependencies close
to −1. Besides, τex and τre for the same light-intensity are relatively close.
Then, photo-excitation and PPC recovery under selected
light-intensities of 0.3 mW/cm2 , 1 mW/cm2 , and 5 mW/cm2
are studied at six different temperatures from 293 K to 393 K.
Figures 5(a)–5(d) show the T -dependencies of IS , βex , and τex
for the photo-excitation, as well as of βre and τre for the PPC
recovery, for all three light-intensities. From Fig. 5(a), one
sees that IS linearly increases with T . In Fig. 5(b), βex decreases with T while βre slightly increases with T . According to Eq. (3), it can be inferred that the characteristic energy
kT0 of traps distribution involved in the photo-excitation must
strongly increase with T (n > 1), while kT0 for traps in the
recovery increases with T (n = 0.23–0.79).
From Fig. 5(c), one sees that both τex and τre decrease

with T , and they actually excellently follow the Arrhenius relationship
τ −1 = τ0−1 exp(−Ea /kT ),

(4)

where Ea is the activation energy. It means that both the photoexcitation and PPC recovery are thermally activated processes.
At higher temperatures, both photo-excitation process which
induces metastable V2+
O defects and free electrons, and the opposite recombination process of V2+
O and free electrons in the
dark would become easier. Thus the characteristic time τex and
τre become shorter. In Table 2, the extracted activation energies Ea ex and Ea re listed are for three light-intensities. One
sees that both Ea s become lower for higher light-intensities.
In previous works on PPC effect, the dependence of the
PPC recovery activation energy on light-intensity was studied in Ref. [12], the activation energy for the photo-excitation
was rarely observed. In Ref. [23], an Ea as high as ∼ 0.5 eV
for photoconductivity of a-IGZO films extracted in a narrow
T range from room temperature to 60 ◦ C was reported. It
was attributed to the formation energy of photo-induced defects. In this study, much more solid data support that photoinduced VO ionization and formation of metastable V2+
O defects through lattice relaxation of adjacent metal cations are
not a spontaneous process. Instead, microscopically overcoming a potential barrier must be involved and it is thermally
activated. Furthermore, it is found that Ea ex lowers under
higher light-intensity. Plausibly, more defects are excited simultaneously and their collective relaxation may have some
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synergistic mechanism. It could lower the potential barrier
encountered by individual relaxation of fewer defects under
lower light-intensity.
Table 2. Comparison of Ea ex and Ea re under three light-intensities.
Light-intensity
0.3 mW/cm2
1 mW/cm2
5 mW/cm2

Ea ex /eV
0.25
0.13
0.11

Ea re /eV
0.22
0.19
0.15

3.3. PPC effect in D-mode a-IGZO TFTs
Figures 6(a) and 6(b) respectively show ∆I(t) of a Dmode a-IGZO TFT in the photo-excitation and PPC recovery stages, under different light-intensities, where ∆I in the
recovery stage is also normalized. All data are well fitted
with the stretch-exponential model. In Fig. 6, the photocur-

rents in both stages orderly change with the light-intensity.
When the light-intensity is low, such as 0.01 mW/cm2 or
0.05 mW/cm2 , photo-excited ∆I(t) rises within 600 s and is
far from saturation. In contrary, the rise of ∆I(t) accelerates
with time. In such conditions, the photo-excitation is insufficient, correspondingly PPC recovers quickly. While the lightintensity increases to 0.2 mW/cm2 or above, the rise of ∆I(t)
slows down with time and tends to saturate. Now the photoexcitation is sufficient, correspondingly the PPC recovery is
much slower. Generally speaking, photocurrent under a higher
light-intensity tends to saturate more quickly and its PPC recovery is much slower. However, the longest recovery time
appears at a medium light intensity of 0.5 mW/cm2 . Such
complicated light dependence is obviously different from that
of E-mode TFTs.
1.0
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(b) recovery
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0.01 mW/cm2

T5
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Fig. 6. The time dependent photo-induced current ∆I are fitted with the stretch-exponential model of a D-mode a-IGZO TFT for different light-intensities
respectively in the (a) photo-excitation and (b) recovery stages. Hollow circles are experimental data, and solid lines are fitting curves.
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Fig. 7. Light-intensity dependence of (a) IS ; (b) βex , βre ; and (c) τex , τre .

Figure 7 shows the light-intensity dependence of the
photo-excitation parameters IS , βex , and τex , as well as of
the PPC recovery parameters βre and τre , which are extracted
from the stretch-exponential model. Apparently, such dependence can be divided into two regions with different lightintensity dependencies: low (0.01–0.2 mW/cm2 ) and high

light-intensity (> 0.2 mW/cm2 ). As shown in Fig. 7(a), IS
rises steeply with the light-intensity in the low light-intensity
region; while it only slightly increases with the light-intensity
in the high light-intensity region. As shown in Fig. 7(b),
in the low light-intensity region, βex > 1 and it sharply decreases with increasing light-intensity; while in the high light-
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intensity region, both βex and βre (βex > βre ) decrease slowly
with increasing light-intensity, similar to those of E-mode
TFTs in Fig. 4(c). As shown in Fig. 7(c), in the low lightintensity region, τre steeply rises with the light-intensity; while
in the high light-intensity region, it remains almost stable and
only slightly decreases with increasing light-intensity. For
τex , it simply decreases with increasing light-intensity, without showing a two-region dependency. In order to understand
such complicated light dependency, we propose that a threshold dose of light-exposure is required to form photo-induced
metastable V2+
O defects in the a-IGZO channel. Under low
light-intensity illumination, photo-excitation in 600 s is not
enough to fully induce lattice relaxation of the adjacent metal
cations, and to form a high PPC barrier. Correspondingly,
the PPC recovery time is very short. By increasing the lightintensity, photo-excitation in 600 s becomes sufficient, then
the metastable V2+
O defects can be fully developed, leading to
a sharp increase of the PPC recovery time.
Hence we replot the light dependency of the photoexcitation and PPC recovery parameters against the lightexposure in Fig. 8.
The light-intensity ranges from
0.01 mW/cm2 to 5 mW/cm2 , and the exposure time is 120 s,
4

0.16
(a)

3 mW/cm2
4 mW/cm2
5 mW/cm2

(b)
−0.25

3

---- βex

10-1

---- βre

2
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−0.11

-0.28
1.7

102
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τ/s
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300 s, and 600 s. Indeed, dependencies of IS , βex , βre , and
τre have different behaviors, depending on its light-exposure
lower or higher than a threshold dose of ∼ 150 mJ/cm2 .
As shown in Fig. 8(a), IS steadily increases with the lightexposure (n = 1.1) in the low light-exposure region, while it
increases very slowly (n = 0.16) in the high light-exposure region. As shown in Fig. 8(b), in the low light-exposure region,
both βex and βre decrease with light-exposure (n = −0.25 and
−0.12); while in the high light-exposure region, decrease of
βex becomes much slower (n = −0.11), and βre remains almost
unchanged. As shown in Fig. 8(c), in the low light-exposure
region, τre strongly increases with light-exposure (n = 1.7);
while in the high light-exposure region it remains stable and
has only a slight decrease with increasing light-exposure. In
contrast, τex simply decreases with increasing light-exposure
in the whole range, and its power exponent n = −0.28 is obviously smaller than that of the E-mode TFTs in Fig. 4(c). Based
on the observations, one can determine that there is a threshold
dose of light-exposure ∼ 150 mJ/cm2 , above which significant
PPC effect occurs, and below which photo-induced metastable
defects are under development.
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Fig. 8. Light-exposure dependence of (a) IS ; (b) βex , βre ; and (c) τex , τre in double logarithmic scales.
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Fig. 9. The change of ∆I with illumination time in photo-excitation
stage at five different temperatures for light-exposures of (a) 6 mJ/cm2 ,
(b) 30 mJ/cm2 , (c) 60 mJ/cm2 , (d) 150 mJ/cm2 , and (e) 3000 mJ/cm2 .

To check the hypothesis, photo-excitation and PPC
recovery under three light-exposures below the threshold
(6 mJ/cm2 , 30 mJ/cm2 , and 60 mJ/cm2 ) and two lightexposures above the threshold (150 mJ/cm2 and 3000 mJ/cm2 )
are investigated at different T s from 293 K to 373 K. Figure 9
shows the photo-excited ∆I(t) curves under different T s for all
five light-exposures. As shown in Figs. 9(a)–9(c) for low lightexposures below the threshold, the ∆I(t) curves are featured
by their unsaturation. While for high light-exposures above
the threshold in Figs. 9(d)–9(e), the ∆I(t) curves obviously
tend to saturation. However, regardless of light-exposures, all
∆I(t) curves are little affected by T s. It means that in D-mode
TFTs, photo-excitation is not thermal activated but a spontaneous process. It is distinctly different from that in E-mode
TFTs in Fig. 5(c).
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PPC recovery ∆I(t) curves at different T s are shown in
Figs. 10(a) and 10(b) for two representative light-exposures of
30 mJ/cm2 and 3000 mJ/cm2 (below and above the threshold).
Clearly, the PPC recovery is faster at higher T s, regardless
of its light-exposures. Figure 10(c) shows 1/T dependence of
τre−1 for all five light-exposures, which excellently follows the
Arrhenius relationship. Hence activation energies Ea re are extracted and plotted against light-exposure in Fig. 10(d). Impressively, one sees that in the region below the threshold,
Ea re rapidly increases with light-exposure from 0.07 eV to
0.25 eV; while in the region above the threshold, Ea re remains basically unchanged, slowly decreasing from 0.25 eV
to 0.24 eV. It specifically describes the formation of photoinduced metastable defects. Below the threshold dose, photoexcitation is insufficient to form fully developed metastable
defects. At this stage, the PPC barrier is low and it grows with
light-exposure. However, increasing the light-exposure above
the threshold, the photo-induced defects can now be fully developed. The PPC barrier is built and remains stable, which

does not grow with light-exposure anymore. On the contrary,
the electron density grows due to VO ionization under continuously increased light-exposure, partially shielding the PPC
barrier. The effective barrier is slightly reduced.

4. A unified model of photo-induced defects
Table 3 summarizes the PPC light-dependency of E-mode
and D-mode a-IGZO TFTs. E-mode TFTs have fewer VO defects and lower photo-response. Both photo-excitation and recovery are thermally activated, and the related Ea s decrease
with increasing the light-intensity. D-mode TFTs have much
more VO defects, and higher photo-response. The photoexcitation is independent of T , while the PPC recovery is thermally activated. Its light-dependency has two regions. In
the sub-threshold region, photocurrent IS increases linearly
with the light-exposure, βex decreases and the PPC barrier
sharply increases, and τre also sharply increases. However, in
the above-threshold region, IS increases slowly, βex decreases
slowly, the PPC barrier keeps stable, and τre decreases slightly.

Table 3. Comparison of PPC light dependency of E-mode and D-mode a-IGZO TFTs. The values represent the power exponent n in
the power exponent relationship between the relevant parameters and light-intensity or exposure, and the arrows (↑ ↓) represent the
increase or decrease with the increase of the light-intensity or exposure.
Samples
E-mode
TFTs
D-mode
< DT
TFTs
> DT

IS

Photo-excitation
βex
τex

Ea ex

βre

PPC recovery
τre

Ea re

1

↓

−1

↓

↓

−1

↓

1.1
0.16

−0.25
−0.11

−0.28
−0.28

–
–

−0.12
–

1.7
slightly ↓

↑
slightly ↓
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Considering the photo-excitation and PPC recovery characteristics of the two kinds of TFTs, we propose a unified
model of photo-induced metastable defects of a-IGZO TFTs,
which is based on two key factors: density of VO defects in
the channel and light illumination. In E-mode TFTs there are
fewer VO defects. Formation of the photo-induced metastable
defects is thermally activated, and Ea continuously decreases
with light-intensity. While in D-mode TFTs there are a
large number of VO defects, the photo-induced defect formation is spontaneous. Nevertheless, it is first found that a
threshold dose of light-exposure is required to form fully developed photo-induced metastable defects. In sub-threshold
light-exposure region, insufficient photo-excitation can only
form a low PPC barrier. Increasing the light-exposure above
the threshold, the lattice relaxation of metal cations adjacent
2+
to VO
can be fully developed and the barrier increases to
∼ 0.25 eV, which remains stable for larger light-exposures.
It is noticed that only a previous PPC study on Se–Ge–In
material [13] ever proposed that photo-induced defects structural change increases with light-intensity. While this study is
the first work providing strong evidence on formation of the
metastable defects depending on light-exposure.

5. Conclusions
In this paper, we have systematically studied the lightintensity dependence of PPC of E-/D-mode a-IGZO TFTs.
Density of VO defects of E-mode TFTs is relatively small, in
which formation of the photo-induced metastable defects is
thermally activated, and the activation energy (Ea ) decreases
continuously with increasing light-intensity. Density of VO
defects of D-mode TFTs is much larger, in which the formation of photo-induced metastable defects is found to be spontaneous instead of thermally activated. Furthermore, for the
first time it is found that a threshold dose of light-exposure

is required to form fully developed photo-induced metastable
defects. Based on the density of VO defects in the channel and
the condition of light illumination, a unified model of formation of photo-induced metastable defects in a-IGZO TFTs is
proposed.
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