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We investigated the photo responses of an amorphous indium gallium zinc oxide (a-IGZO) thin film under light illumination with various
wavelengths and intensities. By using the measured photo-conductivities of a-IGZO thin films, we extracted the photo excitation activation energy
and dark relaxation activation energy through extended stretched exponential analysis. The stretched exponential analysis was found to describe
well both the photoexcitation and the dark-relaxation characteristics. These analyses indicated that recombination takes place more slowly and
through activation processes that are more deeply bound with the broader distribution of activation energies (Eac) than those corresponding to the
photo-generation process. The longer wavelength of the incident light, the slower the dark-relaxation occurs because of the formation of higher Eac

for the ionized oxygen vacancy (Vo
2+) states. For the dark-relaxation process, we also observed that the stretching exponent increases and the

distribution of energy levels became narrower for longer wavelengths. This suggests that the neutralization of Vo
2+ to Vo is slower for longer

wavelengths due to the higher energy barrier height (Eac) for the neutralization of Vo
2+. © 2014 The Japan Society of Applied Physics

1. Introduction

Recently, amorphous oxide semiconductors (AOSs) have
attracted much attention because these materials can be used
as active channels in thin-film transistors (TFTs).1–10) They
have several merits compared to amorphous silicon TFTs,
such as their direct wide-band gap, good transparency, and
higher mobility.11,12) Their high mobility is attributed to the
ionic bonding nature of Zn-based oxides. The AOSs are
particularly useful compared to hydrogenated amorphous
silicon (a-Si:H) because the Fermi level can be stably shifted
above the mobility edge by the gate voltage; therefore, the
much higher value of the free carrier concentrations is
possible for AOSs compared to a-Si:H.9–14) In terms of the
sub-gap states, it has been indicated by optical measurements
that the deep levels in AOSs are induced by the oxygen
vacancy (Vo) defects.

Stability and gap states have been the main research
themes from the early stages of the development of oxide
TFTs.12,15–18) Many researchers have reported on the sub-gap
density of states (DOS) for amorphous indium gallium zinc
oxide (a-IGZO) TFTs; however, combined and unified
models have not yet been established.4) Although many
research studies that examined a-IGZO TFTs have reported
on the stability of a-IGZO, their analyses were complex and
limited due to the presence of interfaces related to the active
channel, gate insulator, and source–drain electrodes.

The photo responses that are involved in the photo
excitation and dark-relaxation phenomena of a-IGZO thin
films were investigated under light illumination with various
wavelengths and intensities, and an energy band diagram of
the sample was deduced.

2. Experimental procedure

The a-IGZO thin films were sputter-deposited on bare glass.
The partial pressures of argon and oxygen reaction gases
were 0.2 and 0.5mTorr, respectively. After deposition of
the a-IGZO thin film, Al electrodes were deposited on the
a-IGZO thin film using the thermal evaporator at a pressure
of 10¹6 Torr. The width and length of the Al electrodes were
1500 and 100 µm, respectively. The thickness of both the a-

IGZO thin film and the Al electrode were around 100 nm. To
avoid the effect of moisture and other impurities, the
measurements were conducted in a vacuum chamber. We
measured the photocurrents of a-IGZO thin film for an hour
at a temperature of 333K. After we turned off the light
source, the dark relaxation currents were monitored for an
hour. In order to have the original state after measurement,
we annealed all samples for an hour at a temperature of
180 °C. The three different LED light sources with wave-
lengths of 400, 530, and 850 nm were used. For the
investigation of the intensity dependency, three different
intensities of 0.2, 0.3, and 0.4mW/cm2 for the 400 nm LED
light source were employed. All the currents were measured
at an applied voltage of 1V.

The stretched exponential analyses were carried out as
follows: The characteristics of photocurrents versus time
(Iph–t) were analyzed with a stretched exponential function of

Iph ¼ ð�ðtÞ � �sÞVWtch
L

¼ �ph0VWtch
L

� �
exp � t

�

� ��� �
: ð1Þ

Here, ·(t) is the time-dependent sample conductivity, ·s is the
saturated photo-conductivity at long times, ·ph0 is the
weighting amplitude of photoconductivity, V is the bias
voltage, tch is the thickness of the a-IGZO thin films, W is
the width of the sample, L is the length of the sample, ¸ is the
effective time constant, and ¢ is the stretching exponent.

The incident photon flux (Nph) can be obtained by using
the relation of

Nph ¼ P�

Eph
: ð2Þ

Here, P­ is the power of the incident light per unit area with a
wavelength ­, and Eph is the energy of the incident photons.

We obtained fitting parameters such as ¢, ¸, Eac, and ¦ac

for all the measured data from the stretched exponential
analysis. The activation energy Eac and the activation energy
bandwidth ¦ac were calculated by these expressions as
follows:

Eac ¼ EðtÞ ¼ kBT lnðt�Þ; ð3Þ
�ac ¼ 4:6ð��0:81 � 1ÞkBT: ð4Þ
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Here, Eac is the central value of the activation energy, ¦ac is
the full width at half the maximum of the activation energy
distribution, kB is Boltzmann’s constant, T is the sample
temperature, t is the experiment time, and ¯ is the attempt-to-
escape frequency. Eac was calculated from Eq. (3) assuming
¯ = 1013Hz and t = ¸.19,20) Following the authors,11,20)

Eq. (4) was deduced as a simple empirical equation. It fits
the calculated ¦ac to within 8% and provides a quick way to
estimate the ¦ac for any ¢ in the range 0.05 < ¢ < 1. We
extracted the photo excitation and dark-relaxation activation
energies through extended stretched exponential analysis.

3. Results and discussion

The time-dependence of the photo and dark relaxation
conductivities as a function of the photon flux and the
wavelength of incident lights is shown in Fig. 1. In general,
the photocurrent of the semiconductor increases sharply
under illumination; however, the measured photocurrents for
the samples prepared in this study show a slow increase
during illumination. These slow increases of the photocurrent
indicate that the density of the free carriers increase during
illumination, which is attributed to the increase of donor
states (ionized oxygen vacancies; Vo

2+), based on the many
research results reported in the current literature.11,19,21) As
shown in Fig. 1, the photocurrents increase as the incident
photon flux (Nph) increases, and the wavelength of incident
lights (­) decrease, indicating an increase in Vo

2+ states with
a higher Nph and shorter ­. The stretched exponential analysis
was also found to describe well both the photoexcitation
and dark-relaxation characteristics of a-IGZO thin films and
TFTs.11,19) Thus, we analyzed the experimental results using
the stretched exponential technique.

Figure 1(a) shows the photoexcitation and dark relaxation
of the conductivities as a function of the photon flux. Once
the light is turned off, the conductivities of the a-IGZO thin
films did not immediately recover to their original states, but
decreased slowly and they show a persistent photoconduc-
tivity (PPC), which was also observed by other research
groups.20,22) Since the photo carriers can be induced from the
donor levels such as Vo

2+, we suggest that the slow decrease
of the dark current can be attributed to the slow neutralization
of Vo

2+. It was reported that Vo
2+ can generate photo-carriers

and form metastable states.19,23–27)

The inset in Fig. 1(b) shows the photoconductivity of two
­s of 530 and 850 nm. For the photoexcitation data for a ­ of
850 nm, the photoconductivity saturated shortly to the ·s of
0.0036 S/cm during irradiation, and the dark-relaxation rates
after the irradiation was turned off were very slow compared
to those for the shorter wavelengths. The photo-currents were
saturated when the equilibrium between the photo-generation
from and recombination to the deep states or tail states of Vo

takes place during the light irradiation. For the low photon
energy of 1.46 eV, the weak photocurrent will saturate rapidly
due to the ionization of the Vo with a low density. The oxygen
vacancies, which can be excited, are just the ones distributed
around the top among the vacancies distributed in the band
gap. Vacancies distributed at upper energies are few
compared to those at the middle part, the excitation by low
energy irradiation is limited to a short time; therefore the
photo current saturated quickly.

Furthermore, with the low excitation energy, it is more
likely that the electrons are excited to the tail states located
close to the bottom of the conduction band, which results in
the slow recovery of the dark relaxation with a non-
exponential fashion at the early stage after the light was
turned off. This is because the trapped carriers are released
from the localized tail states into the conduction band.28)

Figure 2 shows a best fit to the photoexcitation and dark-
relaxation data for the sampled illuminated with a ­ of
400 nm. Figure 2(a) was re-plotted by the curve in Fig. 1
in order to extract the parameters through the stretched
exponential fitting. Thus, the photo-conductivity in Fig. 2(a)
was obtained by making use of following equation:

�phðtÞ ¼ �s � �ðtÞ: ð5Þ
Here, ·ph(t) is the photo-conductivity in Fig. 2(a), ·s is
the saturation photo-conductivity which is the asymptotic
conductivity at very long times, and ·(t) is the measured
photoconductivities with light illumination as shown in
Fig. 1. The experimental data shown in Fig. 1 were
fitted to the stretched exponential function to obtain the
best fitting parameters such as ¢, ¸, Eac and ¦ac. Table I
summarizes the stretched exponential analysis, and the
energy scales for activated behavior Eac and ¦ac are derived
from an inverse Laplace transform analysis of these stretched
exponentials.11)

In the dark relaxation, the activation energy increased
slightly as the wavelength increased. An increase of the
activation energy means that relaxation occurs more slowly;
therefore, ¸ is longer for the longer wavelength. Figure 3
shows the dark relaxation process for the various wave-
lengths. As the wavelength increases the relaxation time
increases, which is coincident with the trend of the dark
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Fig. 1. (Color online) Comparison of photo- and dark-relaxation of
conductivities as a function of (a) the flux of incident photons (Nph), and
(b) the wavelength of incident lights.
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relaxation activation energies for the various wavelength
as shown in Table I. In Table I, the higher the value of ¢, the
narrower the distribution of the dark relaxation becomes.11) A
higher ¢ value for a longer wavelength means that the
metastable state for a longer wavelength has a narrower
distribution than that for a shorter wavelength.

The wavelength dependency of the parameters shown in
Table I suggest that the metastable state distribution by the
light excitation is related to the distribution of oxygen
vacancy state Vo,29–31) which is a rational expectation,
because the different photon energies excite different energy
levels’ oxygen vacancies.

Figure 4 shows schematic energy band diagrams and the
location of the ionized oxygen vacancies for each wave-
length, based on the measurement results of the dark
relaxation activation energy Ea and ¢. It shows that the
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Fig. 2. (Color online) Typical conductivity vs time curve and its stretched
exponential fit for (a) the photoexcitation and (b) dark-relaxation of the
samples excited with ­ = 400 nm and Nph = 8 © 1017/cm20s.

Table I. Summary of stretched exponential analysis. The values of
parameters ð�; �; �sÞ are obtained from best fit to the data, and the energy
scales for activated behavior, Eac and ¦ac are derived from inverse Laplace
transform analysis of these stretched exponentials.11)
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upper part of the oxygen vacancy Vo is ionized for the 850 nm
wavelength. On the other hand, the shorter wavelengths are
able to ionize oxygen vacancies deeply located near the
valance band and oxygen vacancies shallowly located near
the conduction band. For dark-relaxation, ¢ closes to 1 as the
wavelength increases, which means that the Eac distribution
becomes narrower for longer wavelengths.11)

The slow relaxation is not caused by the direct recombi-
nation of the photoelectrons and holes, but by the
neutralization of the ionized vacancies. As many calculations
show, the ionized vacancies are located above the bottom of
the conduction band; the ionized oxygen vacancies are drawn
above the bottom of the conduction band as shown in Fig. 4.
We found several studies to support the idea that the ionized
oxygen vacancies are located above the bottom of the
conduction band. In studies by Noh et al.25) and Ryu et al.,15)

it is explained that the Vo defects with the Ga–Ga bonds
exhibit a high transition level above the bottom of conduction
band with the hybrid density functional. In studies by Nahm
et al.,29,32) it is explained that the calculated energy barrier
was to be 2.9 and 3.9 eV through the simulation in peroxide
state, and the fully-ionized Vo

2+ state can be a metastable
shallow donor state, since the defect level of Vo

2+ is located
above the bottom of the conduction band. This configuration
can explain the slow relaxation of the dark current after
illumination. The slow increase of the photoconductivity is
due to the increase of the donor state, which is the ionized
oxygen vacancy that appears above the bottom of the
conduction band as shown in Fig. 4. The annihilation of the
ionized oxygen vacancy is caused by the thermally excited
electron from the conduction band.

For the longer wavelength, it shows higher relaxation
activation energy; this means that the shallow-level vacancy
forms a higher ionized energy level, and vice versa for the
shorter wave length. Therefore, the shorter wavelength
induces the wider distribution of the relaxation activation
energy (smaller ¢ value), because both the shallow-located
oxygen vacancy and deep-located one can be ionized by the
shorter wavelength.

4. Conclusions

The photo-response of a-IGZO was investigated for various
wavelengths and intensities of light. The stretched exponen-
tial analysis was found to describe well both the photo-
excitation and dark-relaxation characteristics. The decreases
in ¸ and Eac and the narrower distribution for the dark
relaxation energy for the higher light intensity suggest that
the meta-stable state distribution is related to the distribution
of the oxygen vacancy state Vo.

With the incident light, a photo excitation process occurs
and the oxygen vacancy is ionized to Vo

2+ states which act as
donors to increase the carrier density and are the origin of
the slow photoexcitation. The Vo

2+ states locate themselves
above the conduction band edge (Ec), which is the origin of
the slow dark-relaxation. During the dark relaxation, the time
constant (¸) and the Eac increase and the distribution of
energy levels becomes narrower for longer wavelengths. The
neutralization of Vo

2+ to Vo becomes slower for longer
wavelengths, due to the higher energy-barrier height (Eac) for
the neutralization of the Vo

2+.
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