
Journal of Information Display

ISSN: 1598-0316 (Print) 2158-1606 (Online) Journal homepage: www.tandfonline.com/journals/tjid20

Photo response of a-IGZO thin films as a function
of annealing temperature

Seung Jae Moon, Ju-Yeon Kim, Junghwan Kim & Byung Seong Bae

To cite this article: Seung Jae Moon, Ju-Yeon Kim, Junghwan Kim & Byung Seong Bae (12 Aug
2025): Photo response of a-IGZO thin films as a function of annealing temperature, Journal of
Information Display, DOI: 10.1080/15980316.2025.2541731

To link to this article:  https://doi.org/10.1080/15980316.2025.2541731

© 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group on behalf of the Korean Information
Display Society

Published online: 12 Aug 2025.

Submit your article to this journal 

Article views: 197

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjid20

https://www.tandfonline.com/journals/tjid20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15980316.2025.2541731
https://doi.org/10.1080/15980316.2025.2541731
https://www.tandfonline.com/action/authorSubmission?journalCode=tjid20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tjid20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15980316.2025.2541731?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15980316.2025.2541731?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15980316.2025.2541731&domain=pdf&date_stamp=12%20Aug%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/15980316.2025.2541731&domain=pdf&date_stamp=12%20Aug%202025
https://www.tandfonline.com/action/journalInformation?journalCode=tjid20


JOURNAL OF INFORMATION DISPLAY
https://doi.org/10.1080/15980316.2025.2541731

Photo response of a-IGZO thin films as a function of annealing temperature

Seung Jae Moona,b, Ju-Yeon Kimc, Junghwan Kimb and Byung Seong Baea

aDepartment of Semiconductor Engineering, Hoseo University, Asan-City, Korea; bGraduate School of Semiconductor Materials and Devices
Engineering, Ulsan National Institute of Science and Technology (UNIST), Ulsan, South Korea; cLam Research Co, Korea Technology Center,
Yongin-si, Rep. of Korea

ABSTRACT
This paper investigated the photo response behavior of amorphous indium gallium zinc oxide
(a-IGZO) thin films, identifying three distinct photoconductivity types corresponding to different
oxygen vacancy concentrations: Type I (low vacancy density), Type II (intermediate density), and
Type III (high vacancy density). The results reveal that the photoconductive properties of a-IGZO are
massively influenced by oxygen vacancy concentration, which can be precisely controlled through
vacuum annealing. Type I films exhibit rapid recombination of photogenerated electron–hole pairs
when illumination is removed, suggesting minimal involvement of defect states. Contrarily, Types
II and III yield slower photo response and increasingly persistent photoconductivity, reflecting the
growingpresence of ionized oxygen vacancies that act as donor states. This demonstrates the essen-
tial impact of vacancy-induced defect levels on carrier trapping and recombination behavior. In
films with low vacancy densities, defect generation under illumination was observable, while in
films with higher vacancy concentrations, incident light ionizes oxygen vacancies, increasing donor
state density and enhancing photoconductivity. Moreover, the observed photo response character-
istics provide a useful indicator of film quality. The study’s findings emphasize the role of oxygen
vacancy in the electronic and optoelectronic properties of a-IGZO, offering practical guidance for
implementing quality IGZO films.
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1. Introduction

Amorphous oxide semiconductor (AOS) thin-film tran-
sistors (TFTs) have attracted considerable attention due
to their various advantages [1–13], such as higher mobil-
ity compared to amorphous silicon (a-Si) TFTs, sim-
pler fabrication processes than low-temperature poly-
crystalline silicon (LTPS) TFTs, and optical transparency
resulting from their wide bandgap [14–17]. These char-
acteristics underscoreAOSTFTs as promising candidates
for next-generation switching devices in large-area, high-
resolution, and transparent displays.

However, stability issues – particularly those associ-
ated with oxygen vacancies – remain a pressing challenge
for oxide TFTs [18,19]. Oxygen vacancies are commonly
regarded as the primary source of instability and the
dominant intrinsic defect inmaterials [17,20–23]. There-
fore, to enhance device reliability, it is essential to min-
imize oxygen vacancies and control the incorporation
of hydrogen and water [24–26]. Reducing hydrogen and
water content, along with suppressing oxygen vacancy
formation, is critical for improving long-term stability
[27,28].
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Previous studies have examined the stability of amor-
phous IGZO (a-IGZO) TFTs under various stress con-
ditions, such as illumination stress (IS), negative bias
stress (NBS), negative bias illumination stress (NBIS),
and persistent photoconductivity (PPC) in oxide films
[5,7,29]. However, the complexity of the TFT structure
brings about challenges for analyzing stability mecha-
nisms. Thus, using a single a-IGZOfilm allows for amore
straightforward investigation of its intrinsic stability.

Unlike hydrogenated amorphous silicon, which exhi-
bits a sharp rise in photocurrent under illumination and
a rapid decay once the light is turned off – primarily
due to electron–hole pair generation and recombina-
tion [30] – a-IGZO films demonstrate a gradual increase
in photoconductivity during light exposure and a slow
decay in the dark, a behavior characteristic of persistent
photoconductivity (PPC) [8,16].

Accordingly, this study observed and analyzed abrupt
increases and decreases in the photoresponse of a-IGZO
thin films. Various photoconductivity behaviors were
identified, and three distinct types of photoconduc-
tion were revealed and thoroughly investigated. These
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phenomena were further examined by studying the
annealing-dependent photoresponse of the films.

2. Experimental

An a-IGZO thin films were deposited on glass by sput-
tering under a 0.3 Pa Ar and 0.5 Pa O2 flow at a sub-
strate temperature of 100 °C. The Al electrodes were
formed by thermal evaporation through a shadow mask.
Before metal deposition, the deposited a-IGZO films
were annealed at various temperatures, such as 150°C,
200°C, 250°C, 300°C, and 400°C. The thicknesses of the
a-IGZO thin films and Al electrodes were 150 and 100
nm, respectively. The Al electrodes were 1,500 µm wide
and 100 µm long, and the Ohmic contact was confirmed
by measurement of current–voltage characteristics. The
photocurrent of a-IGZO thin films under light illumina-
tion with various wavelengths was monitored. To avoid
the effects of several factors such as moisture, light,
and other impurities, all the measurements were car-
ried out in a dark vacuum chamber with a measurement
temperature of 60°C. The photocurrent of the a-IGZO
thin film was measured using 400, 470, 530, and 850
nm LEDs. The photon fluxes of the LEDs were fixed
to 1.83× 1017 photons/cm2·s. The photocurrents were
monitored during 1 hour of illumination, and the dark
currents were monitored for 1 hour after turning off the
illumination.

3. Results and discussion

Figure 1 shows the photo-response of an as-deposited
a-IGZO film under 400 nm LED illumination. After 1
hour of light exposure, the light was turned off for 200
s before re-illumination. During the initial illumination,
the photoconductivity exhibited a sharp rise, followed by
a rapid decline, eventually stabilizing at a constant level.
Upon light off, the photoconductivity quickly dropped to
dark conductivity. When the light was turned on again,
the photoconductivity increased to the same saturated
level as the first illumination, but without the initial sharp
increase and subsequent rapid decrease.

Because the surface is sensitive to light illumina-
tion, the surface effect should be considered during
the first light illumination. The oxygen adsorbed on
the a-IGZO layer forms a depletion layer at the sur-
face [31–33]. Therefore, the photo-generated electrons
were depleted from the surface defects, resulting in large
photo-conduction because of the low recombination
rate at the surface. As the oxygen desorbed under light
exposure [31], the recombination rate increased, rapidly
decreasing photoconductivity. This oxygen desorption
was completed by the second illumination, explaining the

Figure 1. Photo-response of as-deposited a-IGZO shows an ini-
tial rapid decrease in photoconductivity followed by saturation.
When the light is turned off, the conductivity decreases quickly to
a dark conductivity, which increases rapidly again when the light
is turned on.

lack of a large increase in conductivity during the second
light exposure.

Figure 1 represents a low dark conductivity of approx-
imately 10−7 S/cm, indicating low self-doping. The low
concentration of oxygen vacancies, which are closely
associated with self-doping, contributes to this observed
dark conductivity. This low vacancy concentration also
accounts for the rapid changes in conductivity when the
illumination is switched on and off.

Figure 2(a, b) describe the photoconductivity after
annealing at temperatures of 150°C, 200°C, and 250°C. At
150 and 200°C, the photoconductivity decreased during
illumination and rapidly returned to the dark conductiv-
ity once the light was turned off. The gradual decline in
photoconductivity during illumination can be related to
an increase in the recombination rate, reflecting the bal-
ance between the rate of recombination and generation.
As the recombination rate increased, the excess electrons
generated by light absorptionwere diminished.While the
exact cause of the increased recombination rate is not
fully understood, the presence of additional trap states
likely contributes [34–37]. Immediately after illumina-
tion ceased, the photo-generated electrons rapidly disap-
peared due to electron–hole recombination, as depicted
in Figure 2(a, b).

After annealing at 250°C, the photoconductivity of the
a-IGZOfilm increased under light illumination, followed
by persistent photoconductivity (PPC) after an initial
rapid decrease in photoconductivity when the light was
turned off. Reduced trap states enhance photoconduc-
tivity by lowering the recombination rate of photogener-
ated charge carriers. However, light illumination typically
increases trap states, making the possibility of reduced
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Figure 2. Comparison of the photo – and dark-relaxation of the
conductivities for various annealing temperatures (150°C, 200°C,
and 250°C), (a) linear scale and (b) log scale.

trap states unlikely. Instead, the gradual increase in pho-
toconductivity can be attributed to self-doping effects
caused by the ionization of oxygen vacancies. When
exposed to light, oxygen vacancies in the a-IGZO film
release electrons, transitioning to ionized states. These
free electrons contribute to the conduction band, enhanc-
ing conductivity. This self-doping process is a cumulative
effect, as prolonged illumination can progressively ionize
more vacancies, gradually increasing the overall photo-
conductivity. 26 While the excess electrons excited from
the valence band rapidly recombine or dissipate after the
light is turned off, the gradual decrease in photoconduc-
tivity is associated with the slow neutralization of donor
states, primarily ionized oxygen vacancies. These ionized
oxygen vacancies act as donor sites by releasing free elec-
trons during illumination. Once the light is turned off,
the recombination process between the ionized oxygen
vacancies and ambient oxygen or other charge-trapping

Figure 3. Photo-response according to the annealing tempera-
tures of (a) 300°C and (b) 400°C.

mechanisms occurs gradually. This reduces the effec-
tive number of donor states over time, even leading to
a slower decline in photoconductivity compared to the
rapid disappearance of excited valence-band electrons.

Figure 3(a, b) show the photo response after annealing
at 300°C and 400°C. At these higher annealing temper-
atures, both the photoconductivity and persistent dark
conductivity increased. After annealing at 300°C, the
photoconductivity of the material revealed a two-phase
increase: an initial small but abrupt rise, followed by a
gradual and sustained increase. The abrupt rise is mainly
attributed to the immediate generation of electron–hole
pairs upon light illumination. These pairs are created
through band-to-band excitation, where photons with
sufficient energy excite electrons from the valence band
to the conduction band, resulting in an instant increase in
conductivity. The subsequent gradual rise in photocon-
ductivity can be explained by the progressive activation
of donor states, such as ionized oxygen vacancies, during
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illumination. When the light was turned off, the conduc-
tivity exhibited an initial rapid decrease, followed by a
slower decline over time. The sharp drop in conductivity
can be linked to the immediate recombination of photo-
generated electron–hole pairs, which were excited during
light exposure through band-to-band transitions. This
process occurs rapidly as the photogenerated carriers
recombine, either through direct electron–hole recom-
bination or by being captured by shallow trap states in
the material. These traps, often correlated with defects
or impurities, can temporarily capture charge carriers,
decreasing their contribution to conductivity. The fast
decay is driven by the short-lived nature of these elec-
tron–hole pairs and the capture of carriers by these low-
energy states, leading to a quick reduction in conductiv-
ity. In contrast, the slower, gradual decrease in conduc-
tivity is linked to the dynamics of donor states, such as
ionized oxygen vacancies. These states, activated under
illumination, slowly neutralize as oxygen or other ambi-
ent species interact with the material, recombining free
electrons with these donor sites. The slower rate reflects
the more gradual kinetics of these reactions compared
to the faster band-to-band recombination. This dual-
phase behavior highlights the interplay between transient
charge carrier dynamics and the structural or chemical
changes within the material.

At an annealing temperature of 400°C, no rapid
change in conductivity was observed, as the self-
doped electron density significantly exceeded the photo-
generated electron density. The rapid conductivity cha-
nge, typically induced by band-to-band transitions from
incident photons, remained unaffected by the anneal-
ing process. On the other hand, the slow increase and
decrease in conductivity were attributed to the ioniza-
tion of oxygen vacancies, a relatively slow process. Ion-
ized oxygen vacancies act as donor defects, increasing
the electron density. Consequently, the higher annealing
temperature increased the number of vacancies, enhanc-
ing the donor states and renders the effects of band-to-
band transitions negligible compared to the donor state
contributions.

Although the photo-responses varied with annealing
temperature, X-ray diffraction (XRD) analysis confirmed
that all samples remained amorphous without significant
structural changes. The measured bandgap increased
with higher annealing temperatures, attributable to the
higher concentration of oxygen vacancies.

Figure 4 differentiates the change in dark conductivity
at various annealing temperatures. The dark conductivity
increased with higher annealing temperatures, consis-
tent with previous studies. This change in conductivity is
mostly attributed to donor levels created by oxygen defi-
ciencies, particularly through the formation of oxygen

Figure 4. Dark conductivities of the a-IGZO film at various
annealing temperatures.

vacancies. During high-temperature annealing, oxygen
atoms are expelled from the material, reducing the over-
all oxygen content. Then, this reduction results in the
creation of doubly ionized oxygen vacancies (VO

2+),
which serve as donor states in the a-IGZO film. These
donor states contribute free electrons to the conduction
band, increasing the dark conductivity. As the anneal-
ing temperature increases, the number of oxygen vacan-
cies also rises, making doubly ionized oxygen vacancies
more prevalent. This enhanced presence of donor levels
is directly responsible for the observed increase in con-
ductivity, as the available free carriers improve the overall
electrical conductivity of the material [38].

At lower annealing temperatures, the photocurrent is
mainly generated by electron–hole pair (e-h pair) gen-
eration through band-to-band excitation, as shown in
Figure 2(a). This indicates that the photoconductivity due
to e-h pair generation is approximately 10−5 S/cm, as
illustrated in Figure 4 and Figure 5. The photoconduc-
tivity from band-to-band electron excitation remained
relatively constant regardless of the annealing temper-
ature. However, the dark conductivity increased with
higher annealing temperatures due to a greater number
of oxygen vacancies, which act as donors when doubly
ionized.

In the as-fabricated sample, photocurrent decreased
during light illumination, likely due to an increased
recombination rate. Additionally, dark conductivity was
significantly lower than the photoconductivity, as indi-
cated on the left side of Figure 5, due to the low con-
centration of oxygen vacancies, resulting inminimal self-
doping by doubly ionized oxygen vacancies.

For the sample annealed at 300°C, dark conductivity
increased due to self-doping from the higher concen-
tration of oxygen vacancies. However, dark conductivity
remained lower than the photoconductivity induced by
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Figure 5. Schematic diagram of the photo responses at various annealing temperatures.

e-h pair generation. Consequently, a slow increase in
conductivity followed a small, abrupt rise in photocon-
ductivity.

At 400°C, the level of self-doping increased signifi-
cantly due to the higher concentration of oxygen vacan-
cies induced by high-temperature annealing. As a result,
dark conductivity exceeded photoconductivity from e-h
pair generation. Because dark conductivity was substan-
tially higher than photoconductivity, no sudden increase
in conductivity was observed during light illumination.
Instead, a slow increase in conductivity, corresponding
to the growing number of ionized oxygen vacancies, was
observed.

In summary, this research identified three distinct
photoconductive behavior types in a-IGZO films, each
linked to varying oxygen vacancy densities:

Type I (lower oxygen vacancy): This type has a low
oxygen vacancy concentration. In this case, photocon-
ductivity initially increases sharply under light illumi-
nation due to band-to-band electron excitation, where
electrons are excited from the valence band to the con-
duction band. However, after the light is turned off, the
conductivity decreases quickly, returning to its dark con-
ductivity state. This rapid recovery is chiefly driven by
the recombination of the photogenerated electron–hole
pairs, as there are fewer ionized oxygen vacancies avail-
able to act as donor states, swiftly returning to the dark
state. The behavior is largely dominated by band-to-band
transitions, as the lower oxygen vacancy density limits the
number of available donor levels.

Type II (intermediate oxygen vacancy): This behav-
ior corresponds to an intermediate oxygen vacancy den-
sity, where the photoconductivity exhibits a small, abrupt
increase followed by a gradual rise during light illumina-
tion. The initial sharp increase is attributed to the gener-
ation of electron–hole pairs through band-to-band exci-
tation, where photons excite electrons from the valence
band to the conduction band. This rapid increase is fol-
lowed by a more gradual rise in conductivity, which is

due to the continuous ionization of oxygen vacancies.
As these vacancies become ionized, they contribute free
electrons to the conduction band, further enhancing the
conductivity over time. Upon turning off the light, the
conductivity initially decreases rapidly as the photogen-
erated electron–hole pairs recombine quickly. However,
the decrease then slows down as the ionized oxygen
vacancies gradually recombine with ambient oxygen or
other species, causing a more gradual reduction in free
charge carriers. The slower decline is linked to the neu-
tralization of the donor defects (oxygen vacancies), which
act as persistent donor states that contribute to the photo-
conductivity over time. Thus, the transition between fast
and slow changes in conductivity reflects the interplay
between transient band-to-band recombination and the
more persistent contribution of donor states from oxygen
vacancies.

Type III (higher oxygen vacancy): This behavior is
associated with a high oxygen vacancy density, where
dark conductivity and photoconductivity are increased.
In this situation, dark conductivity is high due to the sig-
nificant number of ionized oxygen vacancies that act as
donor states, providing a continuous supply of free elec-
trons to the conduction band. Under light illumination,
photoconductivity increases gradually as the photogen-
erated charge carriers are supplemented by these ionized
donor states. When the light is turned off, the relax-
ation back to dark conductivity occursmore slowly, as the
ionized oxygen vacancies remain as active donor states,
continuously contributing electrons to the conduction
band even after the external light source is removed. This
results in a slower decay of photoconductivity.

At higher annealing temperatures, dark and pho-
toconductivity further increase due to a higher oxy-
gen vacancy concentration. The ionized oxygen vacan-
cies dominate the photoconductive response through a
self-doping effect, where the vacancies themselves con-
tribute free electrons to the conduction band, overshad-
owing the contribution from band-to-band transitions.
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This self-doping mechanism is more pronounced as the
vacancy concentration increases, leading to a more grad-
ual and persistent enhancement in conductivity.

The schematic representation provided thus far requ-
ires refinement to more accurately reflect the photocon-
ductivity levels, which vary with oxygen vacancy density.
A more precise description, grounded in the underlying
conduction mechanisms, is necessary to enhance under-
standing of the observed behavior.

Dark conductivity σd is directly proportional to the
carrier density and mobility, as well as the elementary
charge of the carrier. The carrier density in IGZO film
is influenced by various factors, including oxygen vacan-
cies, intrinsic defects, the band gap energy, which is deter-
mined by process conditions, and the elemental compo-
sition ratio, such as that of In, Ga, and Zn. Given that
only one sample was used in this experiment, process
condition variability is not regarded as a major factor
impacting the results. Annealing IGZO (In-Ga-Zn-O)
films under vacuum conditions significantly enhances
their conductivity by promoting oxygen diffusion out
of the material. This process increases oxygen vacancy
concentration, which acts as an electron donor by releas-
ing free carriers into the lattice. As IGZO is intrinsi-
cally an N-type semiconductor, the majority carriers are
electrons, while hole contributions to conductivity are
negligible due to their extremely low mobility and den-
sity in such systems. Consequently, the elevated electron
concentration from oxygen vacancies directly governs
the overall electrical conductivity of the annealed IGZO
film.

In amorphous indium gallium zinc oxide (a-IGZO)
thin films, the total electron carrier density arises from
twoprimarymechanisms: (1) intrinsic thermal excitation
of electrons across the bandgap and (2) extrinsic elec-
tron donation through the ionization of oxygen vacancies
(VO

2+), which act as shallow donors within the oxide
matrix.

The thermally generated electron density through the
bandgap, nT , can be expressed as

nT = Gτo (1)

where G is the thermal generation rate of electron–hole
pairs across the band gap, and τo is the carrier life-
time corresponding to the initial concentration of oxygen
vacancies NV0 . Given that only one sample was utilized
in this experiment, process condition variability is not
regarded as a major factor impacting the results.

In the dark state, neutral oxygen vacancies can ther-
mally activate and act as electron donors, contributing
to the free electron density. Based on this, the elec-
tron density generated by oxygen vacancies, nV , can be

expressed as

nV = αNV0τo (2)

where NV0 is the concentration of neutral oxygen vacan-
cies, and α is the thermal activation coefficient for elec-
tron generation, and τo is the lifetime of the electron.
Accordingly, the total electron carrier density in the
dark is

n = Gτo + αNV0τo = nT + αNV0τo (3)

where nT = Gτo corresponds to the intrinsic elec-
tron density generated via band-to-band excitation, and
αNV0τo represents the vacancy-induced contribution.
The resulting dark conductivity, σd, is then given by

σd = neμ = Gτo eμ + αNV0τo eμ (4)

Since the electrons originating from oxygen vacancies
also undergo recombination processes – that is, they are
transiently mobile carriers rather than permanently ion-
ized – we assume the same carrier lifetime τo applies to
thermally generated and vacancy-induced electrons. This
expression can be reformulated as

σd = Gτo eμ + τo eμαNV0 = σd0

(
1 + αNVo

G

)
(5)

Here, σdo = Gτoeμ represents the baseline conductivity
arising from band-to-band carrier generation. This for-
mulation points out the additive effect of defect-related
carriers, which becomes particularly significant when the
density of oxygen vacancies is high compared to the
band-to-band carrier generation.

Considering the band gap energy of ∼3.2 eV, effec-
tive density of state ∼1018 ∼ 1019/cm3, Eq. (5) indicates
that dark conductivity increases with the number of oxy-
gen vacancies, consistent with the recorded enhancement
in dark conductivity as the vacuum annealing tempera-
ture rises, as illustrated in Figures 2 and 3. Increasing the
annealing temperature leads to a rise in oxygen vacan-
cies, which enhances dark conductivity, as specified in
the equation. The dark conductivity increased from less
than 1 × 10−7S/cm to 0.64S/cm as the vacuum anneal-
ing temperature was elevated to 400°C. This suggests
a significant increase in oxygen vacancies with higher
annealing temperatures..

When the dark conductivity is low due to a reduced
density of oxygen vacancies, a degradation in photo-
conductivity is observed during light illumination. This
behavior is analogous to the Staebler-Wronski effect
in hydrogenated amorphous silicon (a-Si:H) thin films,
where prolonged exposure to light generates metastable
defect states [39–41]. These states increase the density
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of localized traps, enhancing the recombination rate of
photogenerated carriers and resulting in a lower concen-
tration of free electrons in the conduction band. In IGZO,
a similar mechanism may be responsible, where light-
induced defect formation or carrier trapping – particu-
larly under low oxygen vacancy conditions – suppresses
the free carrier density. Notably, unlike persistent pho-
toconductivity often observed in IGZO due to shallow
donor states associated with oxygen vacancies, this pho-
toconductivity degradation is at least partially reversible,
suggesting the involvement of metastable states or struc-
tural relaxation effects rather than permanent defect gen-
eration [42].

Under these conditions, the photocurrent increases
sharply at the onset of illumination, followed by a rapid
decrease in photoconductivity, which then slows down,
as illustrated in Figure 2(a, b). Upon photocarrier gen-
eration, a rapid initial decrease in photoconductivity is
observed, attributable to the trapping of holes at pre-
existing deep-level trap states. This is followed by a
slower decay phase, which is associated with the pro-
gressive reduction in carrier lifetime. The slow decay
is usually linked to the formation of metastable defect
states or the generation of additional recombination cen-
ters under prolonged illumination. These defects pro-
mote enhanced non-radiative recombination pathways,
thereby reducing carrier lifetime and contributing to the
persistent decline in photoconductivity. Consequently,
the observed decrease in photocurrent under illumina-
tion is primarily attributed to defect formation, rather
than to the presence of oxygen vacancies, which exist
in relatively low concentrations. These vacancies con-
tribute minimally to donor generation, especially when
compared to the substantially larger population of pho-
tocarriers generated via band-to-band photoexcitation.

Assuming that oxygen vacancies are the dominant
defect species, denoted as NV , the carrier lifetime before
light irradiation, τo, can be expressed as:

τo = 1
kNVo

(6)

whereNV0 represents the initial density of oxygen vacan-
cies before illumination, and k is a proportionality con-
stant defined as the product of the electron capture cross-
section and their thermal velocity. The carrier lifetime τ

after light exposure is affected by the increase in oxygen
vacancy concentration, NV . As oxygen vacancies act as
recombination centers, their increased density leads to a
higher recombination rate, thereby reducing the carrier
lifetime. This relationship is quantitatively expressed as

τ = 1
kNV

(7)

If the saturated defect density is denoted by N∞ and
the initial defect density by NV0, the time-dependent
defect density can be expressed as

NV(t) = NV0 + (N∞ − NV0)

(
1 − e−

t
τd

)
(8)

Here, τd is the characteristic time constant associated
with the generation of light-induced defects. Substitut-
ing the time-dependent defect density from Eq. (8) into
Eq. (7), the carrier lifetime as a function of time, τ(t),
becomes

τ(t) = 1

k[NV0 + (N∞ − NV0)

(
1 − e−

t
τd

) (9)

Using the initial carrier lifetime τo = 1
kNVo

from Eq. (6),
Eq. (9) can be rewritten as

τ(t) = τo

1 + (N∞/NV0 − 1)
(
1 − e−

t
τd

) (10)

Defining a dimensionless constant A =N∞/NV0 − 1,
Eq. (10) simplifies to

τ(t) = τo

1 + A
(
1 − e−

t
τd

) (11)

Under light illumination, band-to-band excitation gen-
erates excess carriers with a density of Gpτ , where Gp is
the photogeneration rate, and τ is the carrier lifetime.
Moreover, electrons excited from gap states – such as
oxygen vacancies – contribute to the excess carrier pop-
ulation with a generation rate of GpVNV , where GpV
is the photo-generation coefficient associated with oxy-
gen vacancies, and NV is their concentration. There-
fore, the total excess carrier density induced by illumi-
nation is the sum of both contributions, that is Gpτ +
τGpVNV = (Gp + GpVNV )τ .

Therefore, by applying Eq. (10), the photoconductivity
σp can be expressed as

σp = eμ(Gp + GpVNV)
τo

1 + A
(
1 − e−

t
τd

) (11)

At t = 0, with NV = NVo, and can get the initial pho-
toconductivity σpo = eμ(Gp + GpVNVo)τo, then Eq. (11)
becomes.

σp = σpo

1 + A
(
1 − e−

t
τd

) (12)

This behavior indicates a progressive reduction in
photoconductivity over time, which is consistent with the
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Table 1. Dark conductivity versus initial photoconductivity.

σ dS/cm σ poS/cm

1.0 × 10−7 2.0 × 10−6

6.0 × 10−7 1.8 × 10−5

1.0 × 10−6 1.1 × 10−5

4.0 × 10−4 6.0 × 10−4

trends noted in Figures 2 and 3. The temporal evolution
predicted by Eq. (12) aligns well with the experimental
data, supporting the proposed model’s validity.

Here, σpo denotes the initial photoconductivity mea-
sured immediately after the rapid drop following light
exposure. The total measured conductivity σ comprises
the dark conductivity and the photoconductivity compo-
nents. Therefore, σ is.

σ = σd + σpo
1

1 + A
(
1 − e−

t
τd

) (13)

Table 1 lists the observed dark conductivities and ini-
tial photo conductivities.

By applying curve fitting, a relationship between the
initial photo conductivities and the dark conductivities
was obtained, as:

σpo = −5.96 × 10−4e−
σd

5.38×10−5 + 6.0 × 10−4 (14)

Upon illumination, excess electron carriers are gener-
ated primarily through two mechanisms: band-to-band
excitation of electron – hole pairs and photoionization
of oxygen vacancies. The initially generated electron –
hole pairs rapidly recombine or become trapped at defect
centers, swiftly saturating their contribution to photo-
conductivity.

Subsequently, the photoionization of oxygen vacancies
becomes the dominant source of excess electrons, further
increasing the carrier concentration. Upon illumination,
oxygen vacancies become ionized, forming donor levels
according to the reaction.

Vo → V2+
o + 2e (15)

Given a specific photon flux, and assuming an ionization
rate constant Ci, then

dNd(t)
dt

= Ci[NV0 − Nd(t)] (16)

Here, Nd denotes the density of ionized donor states,
and Ci represents the ionization rate constant. The cor-
responding solution is

Nd(t) = NV0(1 − e−Cit (17)

The contribution of ionized donor concentrations must
be considered when oxygen vacancies increase due to

Table 2. Dark conductivity versus oxygen vacancies.

σ dS/cm NVocm−3

1.0 × 10−7 1.0 × 1015

6.0 × 10−7 6.0 × 1015

1.0 × 10−6 1.0 × 1016

4.0 × 10−4 4.0 × 1018

vacuum annealing. Accordingly, the conductivity expres-
sion in Eq. (13) was modified as follows:

σ = σd + σpo
1

1 + A
(
1 − e−

t
τd

) + NV0(1 − e−Cit)eμ

(18)

From Eq. (5),

eμNV0 = σd − Gτoeμ
ατ0

(19)

Then, Eq. (18) becomes.

σ = σd0

(
1 + αNVo

G

)
+ σpo

1 + A
(
1 − e−

t
τd

)

+ σd − Gτoeμ
ατ0

(1 − e−Cit) (20)

Since the dark conductivity depends on the oxygen
vacancy concentration, NVo, as described in Eq. (5), the
values of NVo were calculated, as presented in Table 2.
The calculation was performed using Eq. (5), assuming
σd0 = 1.0 × 10−12 S/cm, and α/G = 1.0 × 10−10, which
provided the best fit with minimal error.

Equation (20) is the whole equation used to present
the dark and photoconductivities. As just varying NVo,
the conductivities were calculated. The conductivities
for NVo = 1.0 × 1015cm−3, 4.0 × 1018cm−3 and 5.0 ×
1019cm−3 are specified in Figure 6(a–c), respectively.
A, τd, and Ci are fitting parameters and were not var-
ied. Gτoeμ is σd0, and assuming 1 × 10−12S / cm which
gave the best fit for the extraction of NVo. The ini-
tial sharp increase in conductivity upon light illumina-
tion, followed by a gradual decrease in photoconduc-
tivity over time, aligns well with the photo response
behavior delineated in Figure 2(b). For the larger oxy-
gen vacancies, a slow increase in the photoconductivity
is observed, aligning with the measured results shown in
Figure 3(b).

These results demonstrate that the photoconductive
properties of a-IGZO films are significantly influenced
by the density of oxygen vacancies, which plays a crucial
role in determining dark andphotoconductivity by acting
as donor states that contribute free electrons to the con-
duction band. The oxygen vacancy concentration can be
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Figure 6. Calculated conductivity just varying the oxygen
vacancy concentrations (a) for NVo = 1.0 × 1015cm−3, (b) for
4.0 × 1018cm−3 and (c)for5.0 × 1019cm−3.

precisely controlled through the annealing temperature,
with higher temperatures typically increasing vacancy
density. This increase enhances the self-doping effect,
where ionized oxygen vacancies provide a steady sup-
ply of free charge carriers, thereby improving dark and
photoconductivity. The annealing process is thus a pow-
erful method for tuning the photoconductive response of
a-IGZO films, which is vital for applications in devices
like displays and sensors that rely on controlled electrical
conductivity under varying light conditions.

4. Conclusions

We investigated the photo-response behavior of a-IGZO
films and identified three distinct photoconductivity
types, categorized by oxygen vacancy density: low (Type
I), intermediate (Type II), and high (Type III). The results
indicate that the photoconductive properties of the films
are strongly influenced by the concentration of oxygen
vacancies, which can be precisely controlled through
annealing processes. Type I, characterized by low vacancy
density, exhibits rapid recombination of electron–hole
pairs, while Type II and Type III yield progressively
slower recombination andmore persistent photoconduc-
tivity, reflecting the increasing impact of ionized oxygen
vacancies as donor states. These findings provide valuable
insights for optimizing a-IGZO films for various device
applications, such as displays and sensors, where con-
trolling photoconductivity is crucial. Furthermore, the
observed photoconductive behavior under light illumi-
nation serves as an effective measure of the film’s quality,
highlighting the value of oxygen vacancy engineering
in customizing the electronic properties of a-IGZO for
specific technological uses.
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