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We report charge transport studies at temperatures in the range of 303 − 402 K for solution-
deposited amorphous zinc-tin-oxide (a-ZTO) thin-film transistors (TFTs) operating in the sub-
threshold region. The developed TFTs, which had a non-patterned bottom gate and top contact
structure, employed a heavily-doped Si wafer and a SiO2 as a gate electrode and a gate insulator
layer, respectively. In a-ZTO, the trap activation energy (ETAC) was estimated using the Maxwell-
Boltzmann approximation. The decreasing ETAC with increasing gate-voltage-induced sheet carrier
density (ns) in the a-ZTO channel can be understood as being due to a shift of the Fermi level
(EF ) toward the conduction band edge (EC) with increasing gate voltage. Samples with low ns,
which exhibited thermally-activated behavior, revealed multiple trap and release phenomena. In
samples with high ns, on the other hand, we observed decreasing mobility/conductivity with in-
creasing temperature at temperatures higher than 348 K. This suggests that the ETAC can drop to
zero, implying a shift of EF beyond EC , where the crossover from the thermal activation to band
transport is observed. The temperature-dependent characteristics also revealed that the density of
subgap trap states at EF exhibited thermally-activated behavior with an activation energy of 0.7
eV, suggesting that subgap trap states existed near 0.7 eV below the EC .

PACS numbers: 61.43.Dq, 73.40.Qv, 73.50.-h, 85.30.Tv
Keywords: Charge transport, Solution-deposited amorphous zinc-tin-oxide (a-ZTO) thin-film transistors,
Maxwell-Boltzmann approximation, Multiple trap and release, Conduction band edge
DOI: 10.3938/jkps.65.145

I. INTRODUCTION

Solution-processed amorphous zinc-tin-oxide (a-ZTO)
thin films have, nowadays, attracted much attention as
active layers in the fabrication of low-cost roll-to-roll
printed thin film transistors (TFTs) because of their sim-
plicity, low-cost, high throughput, and non-toxicity [1–
8]. For low temperatures ranging from 77 to 300 K,
the TFTs with a-ZTO active material also have very
interesting charge transport mechanisms, ranging from
thermally activated transport at low carrier densities in
the saturation (on) region [9] or in the subthreshold re-
gion [10] to band transport at large carrier densities in
the saturation region [2,9]. Knowing the charge trans-
port mechanism and the band structure are important
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to enable successful device simulation and device stabil-
ity studies [10, 11]. Hence, a comprehensive picture of
charge transport in this unique a-ZTO material needs to
be developed.

Transport mechanisms in this kind of material have
been explored by using various measurement techniques,
such as time-of-flight (TOF) [12], Hall-effect [13], and
field-effect transistor (FET) [9,14] methods. Two well-
known models to describe the transport mechanism are
the multiple trap and release (MTR) [15] and the Mon-
roe [16] models. These models assume that amorphous
Si (a-Si) and most amorphous oxide semiconductors in
thin-film form have a high density of localized trap-states
in the forbidden gap between the conduction and the
valence bands. These models have also been used to
describe transport in a-Si for many decades and are ap-
plicable to a-ZTO. There have been limited studies of
charge transport in a-ZTO [9,10]. Moreover, there have
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Fig. 1. (Color online) (a) Schematic cross-sectional view
and (b) photographic top view of a solution-deposited a-ZTO
TFT developed in this work: W = 1500 μm and L = 100 μm.

been no clear reports of band transport or documenta-
tion of conduction band edge behavior in any solution-
processed amorphous semiconductor. Thus, in this re-
search, we demonstrated the detailed charge transport
properties of solution-deposited a-ZTO based TFTs es-
pecially at various temperatures ranging from 303 to 402
K in the subthreshold region.

II. EXPERIMENTS

The fabrication process of TFTs is as follows: The
precursor solution for the ZTO active layer was synthe-
sized with a sol-gel method by dissolving zinc acetate di-
hydrate and tin chloride powders in 2-methoxyethanol,
which was stabilized with acetylacetone. The concentra-
tion of the precursor solution was 0.3 M with a Zn/Sn
molar ratio of 1. The precursor solution was stirred for 8
hrs at 80 ◦C, filtered through a 0.2 μm membrane syringe
filter, and spin-coated at 4000 rpm for 50 sec on the top
of a 300-nm-thick SiO2 gate dielectric layer thermally-
grown on a heavily-doped p-type Si gate electrode. Then,
the ZTO prebake process was carried out at 100 ◦C for
1.5 min. on a hot plate in air to evaporate solvent. The
precursor film was then converted to a 40-nm-thick ZTO
active layer by annealing at 600 ◦C for 1 hr in a fur-
nace. To fabricate TFTs, we deposited 100nm Al source
and drain electrodes through a shadow mask by using a
thermal evaporator.

Figures 1(a) and (b) show a schematic cross-sectional
view and a photographic top view, respectively, of a typ-
ical solution-deposited a-ZTO TFT developed in this
study. As shown in Fig. 1, the TFTs have a non-
patterned bottom gate and a top contact structure. The
channel width (W) and the channel length (L) were 1500

Fig. 2. (Color online) Typical temperature-dependent
IDS − VGS transfer characteristics of solution-processed a-
ZTO TFTs measured at VDS = 1V for temperatures ranging
from 303 to 402 K.

μm and 100 μm, respectively.
The subthreshold transfer and output characteristics

of a-ZTO-based TFTs were measured at temperatures
ranging from 303 to 402 K in a darkened probe box in
air by using two Keithley 2400 source meters for a DC
voltage source and a Keithley 6485 picoammeter for cur-
rent measurements. Two-terminal measurements involv-
ing the use of source and drain electrodes were carried
out after the TFTs had been placed on a hot plate. In
order to describe the detailed charge transport proper-
ties of solution-deposited a-ZTO based TFTs, we observe
a range of charge transport phenomena depending upon
the charge density in the channel and the temperature.

III. RESULTS AND DISCUSSION

Figure 2 shows the typical temperature-dependent
drain-to-source current versus gate-to-source voltage
(IDS − VGS) transfer characteristics of the solution-
processed ZTO TFTs. All measurements were performed
with drain-to-source voltage (VDS) fixed at 1 V, which
is in the subthreshold region, and various temperatures
ranging from 303 to 402 K were applied. The slope of the
sub-threshold swing (SS ), which describes the change in
the VGS that should be applied to devices in order to
increase the IDS an order of magnitude, of the same de-
vices used in Fig. 2 was also obtained from the inverse
slope of the curve in Fig. 2 by making use of [17,18]

SS =
[
∂(log IDS)

∂VGS

]−1

. (1)

If VGS − VON < VDS , then the device operates in the
subthreshold mode, and the linear mobility, μlin, is cal-
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Table 1. Summary of important device parameters of solution-deposited ZTO-based TFTs, which were obtained from the
results in Fig. 2 by making use of Eqs. (1) and (2).

Temperature
μlin

a)

used for SS VON at
VGS − VON = 21 V

IDS off Ion/off
measurement (V/decade) (V)

(cm2/Vs)
(A)

(K)

303 0.48 −1 13.1 3.35 × 10−12 6.64 × 106

348 0.51 −2 16.0 7.95 × 10−12 3.63 × 106

363 0.58 −2 15.7 4.75 × 10−10 6.25 × 104

378 0.64 −2 14.5 2.17 × 10−11 1.24 × 106

393 0.74 −2 14.5 5.22 × 10−10 5.48 × 104

402 0.85 −2 13.9 6.66 × 10−10 4.05 × 104

a) It increases with increasing value of VGS − VON .

culated from

μlin =
∂IDS

∂VGS

L

W

1
CSiO2

1
VDS

, (2)

where CSiO2 = 11.5 nF/cm2 is the capacitance per
unit area of the SiO2 dielectric measured with a metal-
insulator-metal structure. Table 1 summarizes impor-
tant device parameters of solution-processed ZTO-based
TFTs, which were obtained from the results in Fig. 2
by making use of Eqs. (1) and (2). As shown in Fig. 2
and Table 1, with increasing measurement temperature,
the SS and the IDS at the off-state (Ioff ) increased
and the on-off ratio (Ion/off ) decreased. The onset volt-
age (VON ) was also shifted negatively for temperatures
greater than 340 K. The VON is defined as the VGS

at which the mobile carriers start to accumulate in the
channel and the IDS starts to increase. Here, we used the
VON rather than the threshold voltage (Vth) because the
VON is mainly determined by trapped charges whereas
shifts in the Vth in TFTs can be related to changes in
many more physical parameters such as the SS and the
mobility [19].

The μlin values derived from the transfer curves shown
in Fig. 2 by using Eq. (2) are illustrated in Fig. 3 as a
function of VGS −VON for temperatures ranging from
303 to 402 K for the a-ZTO TFTs. The applied VGS was
adjusted by using the VON to ensure that mobilities at
various VGS values could be accurately calculated [9]. As
shown in Fig. 3, the linear mobility values increase with
increasing VGS − VON . In these a-ZTO TFTs, we also
observe that the room-temperature μlin is high, around
13 cm2/Vs.

The temperature dependence of the μlin data obtained
from the curves shown in Fig. 3 is illustrated in Fig. 4(a)
for different values of VGS−VON . Here, the gate-voltage-
dependent carrier density (per unit area) of band-tail
trap states, which is the sheet carrier concentration, ns

Fig. 3. (Color online) Linear mobilities (μlin) at vari-
ous temperatures as functions of VGS − VON estimated with
Eq. (2) from the transfer curves for the solution-processed
a-ZTO TFTs shown in Fig. 2. The μlin increases with in-
creasing VGS − VON .

(= ntch), is defined as [10,20]:

ns = ntch =
CSiO2(VGS − VON )

q
, (3)

where n is the VGS-induced charge carrier (volume) den-
sity, q is the charge of an electron, and tch is the es-
timated thickness of the ZTO conductive channel (∼3
nm). Then, the temperature and the VGS − VON depen-
dences of the linear conductivity (σlin) data can be also
obtained from the curves shown in Fig. 4(a) by using
Eq. (3) and the relation of σlin = nqμlin and are shown
in Fig. 4(b). As shown in Fig. 4, the thermally-activated
behavior, which shows an increasing mobility with in-
creasing temperature, is visible up to the VGS − VON

value of 10 V.
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Fig. 4. (Color online) Temperature and VGS − VON de-
pendence of (a) the linear mobility (μlin) and (b) the linear
conductivity (σlin) data obtained from the curves shown in
Fig. 3 by using Eq. (3) and the relation σlin = nqμlin. A
crossover from the thermal activation to band-like transport
is observed in the sample at high VGS − VON (> 12 V).

The MTR model [15] can apply to materials with lo-
calized states that are energetically close to a transport
band edge (conduction band edge; EC) above which
band transport occurs and below which all states are
trap states, such as a-ZTO. For charge carriers that are
excited from localized states into the extended states be-
yond the mobility edge (EC), the temperature-dependent
mobility can be estimated with [15]

μeff = μ0αe−ET AC/kBT = μ0αe−(EC−Et)/kBT (4)

by using Maxwell-Boltzmann (MB) statistics. Here, μ0

is the drift mobility in the transport band, α is a constant
related to the ratio of the number of extended states at
the EC (Nc) to the number of localized states (Nt), and
ETAC = EC −Et is the energetic difference between the
EC and the trap energy (Et), which is equivalent to the
trap activation energy, and kBT is the thermal energy.
A common practice is to calculate the ETAC by using
MB statistics for charge transport in various materials

Fig. 5. (Color online) Characteristics of the ETAC versus
VGS −VON for the case of linear mobilities obtained from the
curves shown in Fig. 4 by using Maxwell-Boltzmann (MB)
statistics expressed in Eq. (3). The dotted line at ETAC = 0
indicates the conduction band edge, EC .

that follow the MTR model.
Equation (4) was fitted to data sets for the behaviors of

the linear mobilities derived from the transfer curves as a
function of VGS−VON for various temperatures for the a-
ZTO TFTs (see Fig. 4) and to mobility measurements at
the VDS value of 1 V. This results in the characteristics
of ETAC versus VGS −VON shown in Fig. 5. As shown in
Fig. 5 and Eq. (3), the ETAC decreases with increasing
value of VGS − VON and, thus, ns and drops to zero at
ns = 7.2 × 1011 cm−2 for VGS −VON = 10 V (estimated
using Eq. (3)). The low energies less than 470 meV in-
volved suggest that a hopping mechanism is unlikely to
be the process underlying the charge carrier transport.
Describing the shallow traps as being similar to shal-
low donor levels is more reasonable. In that sense, the
decreasing ETAC with increasing ns can be understood
as being due to a shift of the Fermi level (EF ), in accor-
dance with the MTR model: The higher the applied VGS ,
the larger the ns is, which in turn moves the EF closer
to the EC (ETAC = 0 in Fig. 5) [20,21]. This facilitates
the thermal release of electrons into the conduction band
and, hence, causes an increasing time-averaged concen-
tration of charge carriers in the conduction band. In this
region, transport is thermally-activated. For ns > 7.2 ×
1011 cm−2, the EF level is above the EC , and a major-
ity of charge is in the extended states. In this region,
μlin and σlin decrease with increasing temperature due
to phonon scattering, and band transport is the domi-
nant transport mechanism, as is evident in Fig. 4.

At high temperatures greater than 340 K and high
VGS − VON (high carrier densities), the μlin and the
σlin decrease with increasing temperature due to phonon
scattering, implying band transport. The values of σlin

in this metallic region exceed 14 S/cm. At high tempera-
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Fig. 6. (Color online) Schematic electronic structure of
solution-processed ZTO deduced from the experimental re-
sults. It illustrates that an increasing gate voltage from VGS1

to VGS3 causes a shift of the Fermi energy level from EF1

to EF3, gradually passing through the conduction band edge
EC (∼ EF2), which indicates a transition from the insulat-
ing region to the metallic region passing through the critical
region.

tures greater than 340 K and intermediate ns (estimated
to be 7.2 × 1011 cm−2 by using Eq. (3) and VGS−VON =
10 V), the mobility is approximately temperature inde-
pendent. In this critical region, the mobility’s decrease
with increasing temperature due to phonon scattering is
balanced by the apparent increase in μlin with increasing
temperature due to the participation of more carriers in
band transport. At lower ns (lower VGS −VON ), the par-
ticipation of more carriers in band transport dominates,
and the μlin increases with increasing temperature. In
this insulating region, thermally-activated transport is
dominant.

The schematic electronic structure of solution-
processed ZTO deduced from the experimental results is
depicted in Fig. 6. Due to the amorphous nature of the
solution-processed ZTO channel layer, band-tail states
behave like electron traps. At low VGS − VON (low ns)
(Fermi level EF1; insulating region), the EF is energeti-
cally located within the band-tail, and only a small frac-
tion of the carriers are transported in extended states
through thermal activation, with MTR events defining
the measured linear mobility. As the VGS increases, lo-
calized states are filled with the VGS-induced carriers,
and the EF moves toward the EC . Thus, the ETAC is
reduced, and a larger fraction of carriers move into ex-
tended states at any given time (Fermi level EF2; near
critical region). Beyond a certain point (ns = 7.2 × 1011

cm−2, VGS − VON = 10 V), the VGS-induced carriers fill
most of the localized states, and the EF rises above the
EC . Carriers for the most part now move freely in the
extended states, and band transport dominates (Fermi
level EF3; metallic region).

The MTR transport observed in these solution-
processed ZTO TFTs has been reported for other mate-
rial systems such as organic semiconductor crystals [22].
MTR transport, along with a conduction band edge, has
also been assumed to be a possible transport mechanism

Fig. 7. (Color online) Temperature dependence of the
subgap trap state, Nsts, obtained from the SS values listed
in Table 1 by using Eq. (5). The exponential function

Nsts(T ) = Nsts(0K) + Ae−(EAC/kBT ) was employed for the
exponential fit, and the fitted result shows that the activation
energy, EAC , for Nsts at the EF is 0.7 eV.

in polycrystalline organic and polymeric semiconductor
TFTs [14,23]. In this work, we found evidence for such
transport in an amorphous solution-deposited ZTO.

An increase in the SS is known [24] to be related to
an increase in the density of subgap trap states (Nsts)
at the Fermi level that are located close to the semicon-
ductor/insulator interface. This can be expressed by

Nsts =
[
SS × log10 e

(kBT/q)
− 1

]
CSiO2

q
, (5)

where kBT is the thermal energy and q is the elementary
charge. Then, the temperature dependence of the Nsts

data can also be obtained from the SS values listed in
Table 1 by using Eq. (5) and is shown in Fig. 7. The low
value of Nsts (5.02 × 1011 cm−2 at T = 303 K) indicates
that the as-prepared TFTs developed in this study have a
good ZTO/SiO2 interface. The curve in Fig. 7 also shows
that the Nsts has an exponential distribution. The ex-
ponential function Nsts(T ) = Nsts(0K)+Ae−(EAC/kBT ),
where Nsts (0 K) is the Nsts value at T = 0 K, was em-
ployed for the exponential fit, and the fitted result is also
illustrated in Fig. 7. The activation energy, EAC , for the
Nsts at the EF obtained from the fitting procedure was
0.7 eV, which is similar to the ETAC value of around 0.5
eV at VGS − VON = 1 V as shown in Fig. 5.

IV. CONCLUSION

In this paper, we explore the charge-transport physics
of solution-processed a-ZTO TFTs. We observe a range
of charge-transport phenomena depending on the gate-
voltage-dependent charge density in the a-ZTO channel
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and on the temperature. For temperatures ranging from
348 to 402 K, the charge-transport mechanism transits
from a thermally-activated to a band-like one with in-
creasing VGS , (i.e., charge carrier concentration), and a
clear conduction band edge is observed. We employed
Maxwell-Boltzmann statistics in determining the ETAC

for shallow traps. The linear mobility-VGS character-
istics could be fitted well with an exponential distri-
bution for the thermally-activated region, which results
in a low ETAC of less than 470 meV, and is strongly
suggestive of MTR transport. Based on the experi-
mental results, we also deduced the electronic struc-
ture of solution-processed ZTO, illustrating a transition
from a thermally-activated (insulating region) to a band-
transport (metallic region) behavior. The activation en-
ergy obtained from the temperature dependence of Nsts

was closely related to the ETAC value at low VGS , sug-
gesting that the subgap trap states are located in the
range of 0.5 to 0.7 eV below the conduction band edge.
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