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In this study we characterized the transient photocurrent responses in solution-processed amor-
phous zinc-tin-oxide (a-ZTO) thin films measured under light illumination with a wavelength of 400
nm at different temperatures. By using the temperature-dependent photoconductivities of a-ZTO
thin films, we extracted the activation energies (Eqc) of photo-excitation and dark relaxation through
an extended stretched exponential analysis (SEA). The SEA was found to describe well the dark
relaxation characteristics as well as the photo-excitation processes. The SEA also indicates that the
dark relaxation process reveals a dispersive transient photoconductivity with a broader distribution
of the E4. while the photo-excitation process shows non-dispersive characteristics. Samples exposed
by light at temperatures less than 373 K possess the fast processes of photo-excitation and dark
relaxation. This suggests that a fast process, for example, a generation/recombination of charged
carriers related to a band-to-band transition and/or shallow/deep oxygen-vacancy (V,) sub-gap
donor states, is dominant in the case of light illumination at low temperatures of less than 373 K.
The SEA indicates, however, that a much slower process due mainly to the delay of the onset of
ionization/neutralization of the deep V, states by multiple-trapping is dominant for samples under
light illumination at a high temperature of 373 K. Based on the experimental results, for the dark
relaxation process, we conclude that the process transitions from a fast recombination of electrons
through band-to-band transitions and/or shallow/deep V, donor states to a slow neutralization of
the ionized V, states occurs due to enhanced carrier multiple-trapping by relatively deep V, trap
states when the temperature becomes greater than 363 K. An energy band diagram of a-ZTO thin
films was proposed in terms of the temperature and the E,. distribution to explain these observed
results.
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I. INTRODUCTION

Solution-deposited amorphous Zn-Sn-O (a-ZTO) thin
films deposited by using spin coating, dip coating, or
inkjet printing have been intensively utilized as a channel
material for thin film transistors (TFTs) in flat panel dis-
plays owing to their high field-effect mobility of up to 25
cm?/Vs, simplicity, low-cost, high throughput, and non-
toxicity [1-5]. The properties of amorphous oxide TFT,
however, are very sensitive to exposure to light and/or
temperature and it is of great importance for a-ZTO
TFTs to exhibit illumination stress (IS)-independent sta-
bilities, so the stability of oxide TFTs under the applica-
tions of IS has recently become an important issue [6-11].
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The research on single a-ZTO thin films is very lim-
ited and is based mainly on the study of a-ZTO TFTs
which have a complex structure due to the presence of
the gate insulator/semiconductor interface. We can also
utilize the transient photoconductivity characteristics to
design new optoelectronic devices [12]. Thus, these char-
acteristics in a-ZTO thin films should be more carefully
characterized.

Stretched exponential fits have been successfully used
to analyze the photoresponses in a-Si [13, 14] and a-
In-Ga-Zn-O material systems [12]. However, there is,
at present, no information in the literature on a study
of the photoresponses in solution-processed a-ZTO thin
films. Therefore, in this study, we report the transient
photocurrent responses in solution-processed a-ZTO thin
films measured under light illumination at a wavelength
(A) of 400 nm at different temperatures.
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Fig. 1. (Color online) (a) Schematic cross-sectional view
and (b) photographic top view of samples developed in this
work: W = 1500 pm and L = 100 pm.

II. EXPERIMENTS

The fabrication process of samples is as follows:
The precursor solution for the ZTO active layer
was synthesized using a sol-gel method by dissolving
zinc-acetate-dehydrate and tin-chloride powders in 2-
methoxyethanol, which was stabilized by using acetyl
acetone. The concentration of the precursor solution was
0.3 M with a Zn/Sn molar ratio of 1. The precursor so-
lution was stirred for 8 hrs at 353 K, filtered through a
0.2-pm membrane syringe filter, and spin-coated at 5000
rpm for 50 sec on the top of a 300-nm-thick SiOs dielec-
tric layer that had been thermally grown on a Si wafer.
Then, a ZTO prebake process was carried out at 373 K
for 1.5 min on a hot plate in air to evaporate the solvent.
The precursor film was then converted to a 40-nm-thick
ZTO thin film by annealing at 873 K for 1 hr in a fur-
nace. To prepare two patterned electrodes on the top of
ZTO thin films, we deposited a 100-nm-thick aluminum
(Al) layer through a shadow mask by using a thermal
evaporator at a pressure of 1076 Torr. Figures 1(a) and
1(b) show a schematic cross-sectional view and a pho-
tographic top view, respectively, of typical samples pre-
pared in this study. The width (W) and the length (L)
of the samples were 1500 pm and 100 pm, respectively.

The transient photocurrent responses of the solution-
processed a-ZTO thin films were measured under light
illumination with a wavelength of 400 nm at different
temperatures in the range of 333 — 373 K. To avoid the
effect of moisture and other impurities, we conducted the
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Fig. 2. (Color online) Comparison of photo-excitation and
dark relaxation conductivities as functions of time at various
temperatures for solution-processed a-ZTO thin films under
light illumination with a wavelength of 400 nm and a photon
flux (Np5,) of 1.83 x 10'7 photons/s-cm?.

measurements in a vacuum chamber. The photocurrent
measurements were also performed with a voltage of 3 V
by using two Keithley 2400 source meters for a DC volt-
age source and a Keithley 6485 picoammeter for current
measurements. For the measurements of the transient
photocurrent characteristics, a LED light source with a
A of 400 nm was used at a constant photon flux (N,p)
of 1.83 x 10'7 photons/cm?s. The illumination duration
was one hour.

ITII. RESULTS AND DISCUSSION

Figure 2 shows the typical conductivities (o(t)) versus
time (t) characteristics as a function of temperature for
solution-processed a-ZTO thin films under light illumi-
nation with a A of 400 nm and a N, of 1.83 x 107
photons/s-cm?. The conductivity of an a-ZTO thin film
at time t, o(t), which describes the photo-excitation and
the dark relaxation processes, was estimated using the
following equation [15]:

L

t) = —————
0= v

1(t), (1)
where L, W, and t. are the length, width, and thick-
ness of the a-ZTO thin film, respectively, Vip, is the
applied voltage, and I(t) is the current measured at t.
As shown in Fig. 2, for samples exposed to light with a
A of 400 nm and a N, of 1.83 x 107 photons/s-cm?
at temperatures less than 373 K, the sample conduc-
tivity saturated rapidly after the LED had been turned
on while it recovered its initial value shortly after the
LED had been turned off, indicating the presence of fast
photo-induced processes with short time constants in the
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photoconductivity response of the samples measured at
temperatures less than 373 K. It is also worth noting
that the magnitude of the photoconductivity increases
with increasing measurement temperature up to 363 K
at a constant photon flux illumination and then decreases
back to its original value shortly after the constant flux
of light is removed. This implies that the increase in the
photo-induced carrier density is accelerated by tempera-
ture. We believe that these fast processes are attributed
to a generation/recombination of electron-hole pairs re-
lated to band-to-band and/or deep defect donor states
because the energy (3.1 €V) corresponding to a 400-nm
wavelength is comparable to the band gap of a-ZTO.

On the other hand, the sample conductivity was still
changing continuously, but at significantly slower rates,
for samples measured at a high temperature of 373 K. On
the basis of many research results reported in the recent
literature [8,12,16], the slow increase and slow decrease
in the photoconductivity can be related to an increase
and a decrease in the donor carrier density due mainly
to the photoionization of oxygen vacancy (V,) states and
the neutralization of ionized V, (V2+), respectively.

A stretched exponential analysis (SEA) was employed
to deduce the time constant distribution and correspond-
ing activation energy distribution related to the result
shown in Fig. 2. The photoconductivity change over
time t, o, (t), which follows the stretched exponential
function, can be described by using the equation [12]

apn(t) = |o(t) — a5 = ope~ /7, (2)

where o,,(t) is the difference between the time-
dependent conductivity expressed in Eq. (1) and the
asymptotic conductivity og at long times, oy is the
weighing amplitude, 7 is the effective time constant, and
0 is the stretching exponent. o, is either the saturation
conductivity for the photo-excitation process or the re-
laxed dark conductivity for the dark relaxation process.
7 can be defined as the time when the o, (t) relaxes to
1/e of 0y and is related to a thermally-activated process
with activation energy E,. [17]:

T = leEac/kBT

: (3)
where f is the attempt-to-escape frequency, assumed to
be 1013 Hz [8,17], kp is Boltzmann’s constant, and T
is the sample temperature. From 7 and Eq. (3), we can
calculate the E,. values that characterize the transient
photocurrent response shown in Fig. 2. Furthermore,
the bandwidth of the E,. (BW,.), which is defined as
the full width at half maximum of the distribution of the
Eq4c, can be estimated by making use of the equation

BW,e = 4.6(37%% — 1)kpT. (4)

Equation (4) is a simple empirical equation derived by
other research groups [12, 17], and fits the estimated
BW,. to within 8%, provides a simple way to calculate
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Fig. 3. (Color online) One typical example of best

stretched exponential fits to the photoconductivity data for
333 K shown in Fig. 2: (a) photo-excitation process and (b)
dark relaxation process. The solid lines in (a) and (b) show
the fitted curves, which were obtained from the stretched ex-
ponential analysis by making use of Eq. (2).

the BW,. for any 3 in the range 0.05 < 8 < 1, and
indicates the increase in BW,. with decreasing (.

We extracted important fitting parameters, such as 7,
Eac, B, and BW,., by using Egs. (1) — (4), and these
parameters obtained from the results in Fig. 2 are sum-
marized in Table 1. Figures 3 and 4 show typical ex-
amples of a best stretched exponential fits to the photo-
conductivity data shown in Fig. 2 for a-ZTO thin films
at 333 K and 373 K, respectively, and demonstrate that
the stretched exponential function provides an excellent
fit. The temperature dependence of the stretched fitting
parameters for the photo-excitation and the dark relax-
ation processes in solution-processed a-ZTO thin films
under light illumination at different temperatures, which
are obtained from the results in Fig. 2 and Table 1, is
illustrated in Fig. 5. As shown in Fig. 5, a-ZTO thin
films exposed to a constant photon flux at temperatures
less than 373 K possess much shorter 7 and smaller E,
(by around 150 meV) compared to those exposed to the
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Table 1. Summary of important fitting parameters deduced from the characteristics shown in Fig. 2 by making use of Egs. (1)

- (4).
Stress Photo-excitation Parameters Dark Relaxation Parameters
Condition T Eac B BWac Os T Eac ﬁ BWae Os
()  (eV) (eV) (S/cm) () (eV) (eV) (S/cm)
A =400 nm, T =333 K 78 0.98 1 0 8.7 x 1074 88 0.99 0.72 0.04 1.3 x 107*
A =400 nm, T = 353 K 142 1.06 0.93 8 x 1073 2.2 x 1073 122 1.05 0.63 0.06 1.4 x 107*
A =400 nm, T = 363 K 116 1.09 097 3x107% 27x107® 104 1.08 0.58 0.07 1.4 x 1074
A =400 nm, T =373 K 1118 1.19 1 0 9.1 x 1073 480 1.16 0.29 0.23 1.4 x 1074
1.2x10° — 1.4
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Time (s) stretched fitting parameters for (a) the photo-excitation pro-
cess and (b) the dark relaxation process in solution-processed
Fig. 4. (Color online) One typical example of best a-ZTO thin films under light illumination at different tem-

stretched exponential fits to the photoconductivity data for
373 K shown in Fig. 2: (a) photo-excitation process and (b)
dark relaxation process. The solid lines in (a) and (b) show
the fitted curves, which were obtained from the stretched ex-
ponential analysis by making use of Eq. (2).

same constant flux at a high temperature of 373 K for
both photo-excitation and dark relaxation. The kinetics
of transient photocurrents in amorphous semiconductor
thin films are known to depend strongly on tempera-
ture and to be governed by the multiple-trapping model

peratures, which were obtained from the results in Fig. 2 and
Table 1.

whereby the energy distribution (BW,.) of the deep trap
states located below the E,. plays a key role [18]. There-
fore, the above results support the conclusion that a
fast process of generation/recombination of electron-hole
pairs (EHPs) related to shallower defect centers located
below E,. and/or a band-to-band transition is dominant
for photo-excitation and dark relaxation in the case of
low temperatures less than 373 K.
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As can be seen in Fig. 5, in the case of a high tem-
perature of 373 K, however, the kinetics of the photo-
conductivity rise and decay for the samples have much
longer 7 and much larger E,. than those corresponding
to the case of low temperatures less than 373 K, suggest-
ing that much slower processes are involved and much
deeper trap states located below the 1.2-eV E,. level play
an important role in the photo-excitation and the dark
relaxation kinetics of samples measured at 373 K. Recent
research [8,12,16,19] has reported that amorphous-oxide
semiconductors such as a-ZTO and a-IGZO have deep
sub-gap states located below 1.2 eV from the conduc-
tion band edge, which are attributed to V, states. Thus,
we conclude that the ionization and the neutralization
of V, states are main mechanisms for both the photo-
excitation and the dark relaxation kinetics of samples
measured at 373 K.

For the dark relaxation process shown in Fig. 5(b), the
[ decreases slowly and the BW,, the 7, and the E,. in-
crease slightly with increasing temperature up to 363 K
while the decrease in § and the increases in BW,., 7, and
Eq4c tend to be more severe at a higher temperature of
373 K. These phenomena for a high temperature of 373 K
can be explained in term of the multiple-trapping model
[18] as follows: Multiple trapping of charge carriers by
deep sub-gap states located below the E,. (which is also
called the demarcation energy) tends to be enhanced for
a high temperature of 373 K, which, in turn, leads to dis-
persive transient photoconductivity with a much lower 3
and a much wider BW,., delays the onset of charge car-
rier recombination, and causes a slower photoconductiv-
ity decay with a much longer lifetime 7. A recent study
[20] reported that the V, in solution-processed a-ZTO
films could cause deep levels as well as shallow levels,
depending on its local structure, and can act as elec-
tron trap centers in deep states instead of recombination
centers. Furthermore, trapping centers located deep in
the band gap are well-known [21] to be slower in releas-
ing trapped carriers than are the centers located near
the conduction band. This results from the fact that
more energy is required to reexcite a trapped electron
from a center near the deep gap states to the conduction
band than is required to reexcite an electron from a cen-
ter closer to the conduction band. These facts confirm
that the multiple trapping of electrons by deep sub-gap
V, states located below the E,. controls the kinetics of
transient photoconductivity decay for samples measured
at a temperature of 373 K. Thus, for the dark relax-
ation process, we conclude that the process transition
from a fast recombination of electrons through band-to-
band transitions and/or shallow/deep V, donor states to
a slow neutralization of the ionized V, states occurs due
to enhanced carrier multiple-trapping by relatively deep
V, trap states when the temperature becomes greater
than 363 K. These results may be effectively accounted
for by considering the energy band diagrams of a-ZTO
thin films at two different temperatures of 333 and 373
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Fig. 6. (Color online) Suggested energy band diagrams for
a-ZTO thin films at two different temperatures, (a) 333 K
and (b) 373 K, to explain the experimental results for the
dark relaxation process shown in Fig. 5 (b).

K depicted in Fig. 6.

However, as shown in Fig. 5(a), a constant S (near
unity) and a much narrower BW,. (close to zero) were
observed for the photo-excitation process compared to
those for the dark relaxation process shown in Fig. 5(b).
This suggests that non-dispersive transport is dominant
in the kinetics of the transient photoconductivity rise.

IV. CONCLUSION

In this study, we investigated the transient photocur-
rent responses in solution-processed a-ZTO thin films
measured under light illumination with a wavelength of
400 nm at different temperatures. On the basis of the ex-
perimental results extracted from the extended stretched
exponential analysis, we conclude that the kinetics of
transient photocurrents in a-ZTO thin films are found to
depend strongly on the temperature and to be governed
by the multiple-trapping model. For the dark relaxation
process, we conclude that a process transition from a fast
recombination of electrons through band-to-band tran-
sitions and/or shallow/deep V, donor states to a slow
neutralization of the ionized V, states occurs due to en-
hanced carrier multiple-trapping by relatively deep V,
trap states when the temperature becomes greater than
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363 K. We also conclude that non-dispersive transport is
dominant for the kinetics of transient photoconductivity
rise whereas the kinetics of the transient photoconduc-
tivity decay reveals a dispersive transient photoconduc-
tivity with a broader distribution of the E,..
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