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ABSTRACT: Solution-processed ZnO thin films are attractive as active materials in thin film
transistors (TFTs) for low-cost electronic device applications. However, the lack of true
enhancement mode operation, low mobility, and unreliability in transistor characteristics due to
the high density of traps and other defects present challenges in using such TFTs in circuits. We
demonstrate in this report that the electrical characteristics of such TFTs can be improved by
source injection barriers. Asymmetrical Schottky source metal−oxide−semiconductor field-effect
transistors (MOSFETs) have been fabricated by utilizing heavily doped solution-processed ZnO
as the active layer. n+-ZnO was obtained by using triethylamine as the stabilizer in the solution
process instead of the more commonly used monoethanolamine. Au was chosen for source metallization to create a Schottky
contact to the ZnO and an Al ohmic contact was chosen as the drain. Voltage applied to the gate induced field emission through
the Schottky barrier and allowed modulation of the drain current by varying the width of the barrier. By operating the
asymmetrical MOSFET when the Schottky contact is reverse biased, effective control over the transistor characteristics was
obtained.

KEYWORDS: thin film transistor, solution processing, sol−gel zinc oxide, Schottky junction, asymmetrical MOSFET,
source injection barrier

1. INTRODUCTION
Solution processing is a relatively inexpensive, high-throughput,
manufacturing method on large area substrates and is
particularly desirable for the fabrication of low-cost electronic
and optoelectronic devices. ZnO is a wide band gap
semiconductor made from earth-abundant materials. It has a
combination of promising optoelectronic properties including a
large exciton binding energy, high radiation resistance, good
electronic mobility, high breakdown field, high saturation
velocity, and facile solution-based synthesis.1−3 These proper-
ties render ZnO thin films attractive as active layers in solution
processed FETs for use in low-cost electronic displays, radio
frequency identification tags, power inverters, light-emitting
devices and transparent electronics.4−6 In addition, n-ZnO, in
conjunction with p-type semiconducting thin films of organic
small molecules and polymers, can be used to construct circuits
that implement complementary logic.7,8

Currently, the two solution-processing methods commonly
used to form ZnO thin films are pyrolysis of a coated film of a
solution-based ZnO precursor (usually zinc acetate)9 and the
spin-coating of a colloidal dispersion of ZnO nanoparticles,
subsequently subjected to sintering.6,7 In both these methods, it
is difficult to control the electrical parameters of the films such
as the doping density and defect concentration from run to run,
and p-type ZnO is not yet reproducibly obtainable.10 Therefore,
better methods to control the electrical characteristics of the
FETs incorporating ZnO films are much needed.11−15

Furthermore, a moderately doped ZnO active layer is ideal in
order to modulate the threshold voltage for low-power

applications. However, solution-processed ZnO films are
unintentionally heavily n-doped with typical carrier concen-
trations in the 1 × 1017 to 1 × 1018 cm−3 range. In addition,
most ZnO TFTs are undesirable depletion mode devices
requiring a negative gate voltage to turn off the device.16−19

Thus, control of the threshold voltage in ZnO TFTs is highly
desirable.11 In this communication, we report on an asym-
metrical thin film transistor using solution processed ZnO with
a Schottky barrier source metal contact and an ohmic drain
contact. We demonstrate that the electrical characteristics of
the resulting n-MOSFETs can be more effectively controlled in
this configuration.

2. EXPERIMENTAL PROCEDURE
The precursor solution consisted of zinc acetate dihydrate (Fisher
Scientific) mixed with triethylamine (99%, Sigma-Aldrich) in a 1:1
ratio. 2-Methoxyethanol (99%, Acros Organics) was added to make
100 mL of the solution. The solution was stirred and heated at 120 °C
for 4 h until it became transparent. Two solutions of 0.1 and 0.25 M
zinc acetate were made using this recipe and spin coated on to 200 nm
thick thermally grown oxide-coated n+-type silicon wafers. The n+-Si/
SiO2 substrates were dried at 130 °C. Subsequently, they were
annealed at 500 °C for 90 min. This process was repeated three times.
The 0.1 M, 0.25 M, and 0.25 M solutions were used for each cycle,
respectively. The thickness of the film measured using ellipsometry
was 46 nm and confirmed by stylus profilometry to be ∼50 nm. Film
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morphology was imaged using a Hitachi S-4800 cold cathode high
resolution field emission scanning electron microscope (FESEM). Au
and Al were used as the Schottky and ohmic contacts respectively.
Metallization was performed using DC sputtering on photolitho-
graphically patterned substrates. A three step photolithography process
was used to define the electrodes including a mesa step to electrically
isolate individual TFTs. X-ray diffraction (XRD) patterns were
collected from the ZnO films at glancing incidence using a Rigaku
Ultima IV diffractometer. The electrical characteristics of the ZnO
devices were measured on a Signatone Probe Station using a Keithley
4200-SCS semiconductor parameter analyzer.

3. RESULTS AND DISCUSSION
3.1. Film Growth. It is known from several prior studies

that the temperature and duration of pre- and postannealing
processes determine the orientation of ZnO films prepared
using zinc acetate as the precursor, monoethanolamine as the
stabilizer and 2-methoxyethanol as the solvent.20−26 The effect
of the precursor is well-studied with reports showing that zinc
nitrate results in a rough dendritic film morphology with
smaller grain sizes compared to zinc acetate, which results in
smoother, larger-grained films.27 Likewise, it is also known that
higher precursor concentrations28 and higher boiling point
solvents favor larger grain sizes. However, the effect of stabilizer
on the properties of films has not been explored yet. We used
triethylamine (TeA) as the stabilizer in the solution growth
process because of its ability to coordinate to Zn2+ ions and
prevent premature methathesis reactions. The TeA adduct of
dimethylzinc is widely used as a precursor for the growth of
ZnS, ZnSe and ZnO.29 TeA also assists in the hydrolysis of zinc
acetate to form ZnO. The XRD patterns collected from the
ZnO thin films are shown in Figure 1 and indicate three major

peaks: (100), (002), and (101), which are commonly observed
for solution-processed ZnO. In order to achieve better
crystallinity, the preheating method proposed by Ong et al30

was used for annealing the ZnO films. This method is reported
to generate ZnO films with a preferred (002) orientation,
which results in better charge transport.30 The replacement of
monoethanolamine (MEA) by TeA as the stabilizer in our
process significantly influenced the doping and crystallinity of
the film. The ZnO films no longer possess a preferred
orientation as can be seen in Figure 1. This shows that the
result obtained by the preheating annealing method is sensitive

to the recipe used. We also found that the order of making the
precursor solution has a key impact on the doping of the film.
When the zinc acetate is wet by TeA first with subsequent
addition of the methoxyethanol, films with high n-type doping
result whereas if TeA is added to the mixture of zinc acetate
and methoxyethanol the doping is low resulting in near intrinsic
films. We attribute to this to the different local environments
for the Zn2+ cations in the two cases mentioned above.
Ordinarily, Zn2+ ions are surrounded by a Coulombic hydration
sheath even in methoxyethanol. However, when zinc acetate
dehydrate is wet by triethylamine first, the hydration shell is
disrupted by the deprotonation of the water molecules by the
triethylamine.31

An FESEM image of the morphology of the obtained ZnO
film is shown in Figure 2. The lateral grain size was observed to

be 15−40 nm from the FESEM image while the value deduced
from XRD measurements using the Scherrer equation was
found to be 16 nm. Since the ZnO film was formed in a
sequence of 3 cycles as indicated in the experimental details in
Section 2, we surmise that smaller grains closer to the interface
are obtained in the first cycle using lower concentration ZnO
precursor, which are responsible for the peak broadening in the
XRD pattern. These grains act as nucleation sites for larger
grains that form in the subsequent cycles using higher
concentration ZnO precursor. These larger grains constitute
the top surface of the film imaged by FESEM. As can be seen
from the image, the surface of the film is very smooth with no
cracks and pores. Compared to results obtained in the literature
with MEA as the stabilizer, the ZnO films grown by us using
TeA as the stabilizer have smaller grain sizes and are less
orientated in the [002] direction. Because the c-axis is the most
facile direction of growth for ZnO, we infer from the FESEM
and XRD results that the complexation of zinc cations with
TeA results in a lower nucleation barrier and a higher
crystallization barrier when compared to complexation with
MEA. This is likely due to the differences in bonding and
boiling points between the two stabilizers (b.p. = 170 °C for
MEA and b.p. =89 °C for TeA).32

3.2. Device Configuration and Theory of Operation.
FETs employ the field effect of the gate to modulate the
conductance of the channel between two ohmic contacts. The
FET is in saturation when the semiconductor channel is

Figure 1. X-ray diffractogram of ZnO film. Three peaks observed for
sol−gel ZnO: (100), (002), (101). The (002) peak is not dominant
and the film lacks preferential texture. Using Scherrers formula, a grain
size of 16 nm was estimated.

Figure 2. FESEM image of the morphology of the ZnO film. The film
is continuous with no pores or cracks. The grain size is 15−40 nm.
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pinched off at the drain. Metal-semiconductor field-effect
transistors (MESFETs) offer higher channel mobilities than
metal−insulator−semiconductor field-effect transistors (MIS-
FETs) due to lower scattering at the semiconductor-gate
dielectric interface but present the problem of a higher leakage
current. Schottky barrier gate electrodes have been used in ZnO
MESFETs to retain the advantage of high mobility while
decreasing the leakage current.33 In contrast, Schottky barrier
thin film transistors (SB-TFTs) use a Schottky contact as the
source or drain electrode to limit the drain current of the
transistor.34 Other methods to limit the drain current include
the use of a unipolar barrier, MIS barrier, and space charge
limited barrier.2 Among these methods, the Schottky barrier
method is the simplest. By changing the height of the barrier by
varying the gate electric field, the magnitude of the drain
current is changed. In Figure 3, we have drawn a distinction in

the back-gated configuration between the structure of a typical
TFT with symmetrical source/drain electrodes and the
asymmetrical SB-TFT, which is the subject of the present
study. As shown in Figure 3, we used Al as the ohmic contact at
the drain electrode and Au as the Schottky contact at the source
electrode.
Figure 4 is a schematic diagram of the band line-up at the

source-semiconductor-insulator interfaces. At zero gate bias
(VGS), the semiconductor is depleted of charge carriers near the
source due to the presence of the Schottky barrier and its

accompanying depletion region. Therefore, the TFT is in the
OFF-state at zero gate bias. The Schottky contact at the source
is reverse-biased by the application of a positive drain bias
(VDS) and thus limits the injection of electrons from the source
into the channel. Therefore, by applying a positive voltage at
the drain, and increasing the same, the semiconductor near the
source becomes further depleted of free charge carriers and the
channel remains switched OFF. In this regime, the drain
current becomes independent of the drain voltage and will only
depend on the gate voltage. By applying a suitable positive
voltage to the gate, the electrons are accumulated at the
semiconductor-gate dielectric interface and the channel
becomes conducting corresponding to the TFT being ON.
The positive VDS will increase the size of the depletion region
under the source and cause it to extend to the semiconductor-
gate dielectric interface as the drain voltage is increased. Hence
no free charge carriers will be present in the semiconductor
under the source. At this point the drain current saturates. As a
result the drain voltage will have no further effect on the
magnitude of the drain current. The Schottky barrier causes the
transistor to saturate at lower voltages. Hence the transistor can
operate at lower voltages which in turn reduces the power
consumption.35 It is well-known that the threshold voltage of
polycrystalline ZnO TFTs shifts with time due to changes in
the distribution of traps at grain boundaries and at the gate
dielectric interface.36 By making the threshold voltage depend-
ent on the source injection barrier, such variations in the
threshold voltage are circumvented. Furthermore, because a
positive gate voltage is required to make the channel
conductive, the device operates in enhancement mode.

3.3. Electrical Characteristics of ZnO SB-TFTs. Figure 5
shows the electrical characteristics of Schottky TFTs for
different gate voltages and device dimensions. In Figure 5a, the
ID−VDS characteristic of a device with channel length of 20 μm
and width of 100 μm is plotted for both negative and positive
values of the drain voltage. Unlike a regular TFT, which is
expected to exhibit symmetrical characteristics for ±VDS, the n-
ZnO SB-TFT fabricated by us exhibits highly unsymmetrical I−
V characteristics. At negative VDS, the Au-ZnO Schottky barrier
at the source is forward biased and there is a very small barrier
to injection. Furthermore, the ZnO films formed by us are
heavily n-doped, as will be shown below. Consequently, except
for a small region of sublinear slope at low VDS, the ID−VDS
characteristics are linear like those of a simple resistor when the
Au-ZnO junction is forward biased. In contrast, for positive
VDS, the Au-ZnO junction is reverse-biased and the I−V
characteristics are those of a transistor for lower drain source
voltages. Likewise, the SB-TFT with a channel length of 50 μm
and a width of 200 μm in Figure 5b shows a nearly ideal
transistor characteristic at positive VDS. The slope of ID−VDS is
very small in the saturation region, which indicates that the
transistor is in hard saturation. This proves that the transistor
has high output impedance which is a desirable feature for most
applications. Additional plots of the ID−VDS characteristics of
devices with channel lengths of 35 and 10 μm respectively are
provided in Figures S1 and S2 in the Supporting Information.
From Figures 5a, b and Figures S1 and S2 in the Supporting
Information, it is clear that each device has two points in
reverse bias at which its behavior changes. One point is the
drain voltage (VDSat) at which the drain current saturates.
Another point is the voltage at which the saturated drain
current begins to sharply increase again (VRt). The lateral
electric field in the channel for the same drain voltage increases

Figure 3. Structure of (a) typical symmetrical ZnO TFT on a Si
substrate and (b) asymmetrical TFT used in this work. In the
symmetrical TFT, both contacts are ohmic. In the asymmetrical TFT,
one contact is ohmic and another is a rectifying contact due to the
Schottky barrier. When the Schottky junction is forward biased, the
asymmetrical TFT behaves similar to the symmetrical TFT. When the
Schottky junction is reverse biased, the behavior of the asymmetrical
TFT diverges from that of the symmetrical TFT.

Figure 4. Source-semiconductor-insulator band diagram. When VDS >
0 the Schottky contact will be reverse biased widening the depletion
region, making the region around the source depleted from free charge
carriers. Hence the amount of current will be independent of drain
voltage (pinch off). By applying a positive voltage, the channel is
formed by the accumulation of negative charge carriers.
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with decreasing channel length. This causes lower channel
length devices to saturate at smaller values of the drain voltage
(lower VDSat) and allows the reverse tunneling currents to
reassert themselves at smaller values of the drain voltage (lower

VRt). Thus at channel lengths at the lower end of the range used
in our study, contact effects dominate the transport and the
influence of the gate is reduced. Figure 5c shows the ID−VGS

characteristic, which shows an on/off current ratio of 100. The
behavior of the TFT at VDS = 0 is different from other values of
drain-source voltage. This is because when VDS = 0 the only
voltage that affects the Schottky barrier is the VGS voltage. As
VGS decreases, the barrier height reduces resulting in an
increase in the current. However when a positive value of VDS is
applied, the drain bias dominates the behavior of the Schottky
contact, making it reverse biased. As the VGS increases in this
case, more negative charge carriers are accumulated in the
channel and the current increases. A threshold voltage of −110
V and a saturation mobility of 0.01 cm2/(V s) were extracted
from the slope of (ID)

1/2−VGS characteristic (Figure 5c). A
linear mobility of 5.7 × 10−3 was obtained from the
transconductance curve (explained in Figure S3 in the
Supporting Information).
As mentioned previously, the ZnO TFT behaves as a resistor

when the Schottky barrier is forward biased. The channel
conductance and resistivity extracted from the linear ID−VDS

characteristic is shown in Figure 6a. Here, the channel
conductance actually refers to the conduction of the channel
while the resistivity refers to the ZnO film. The channel

Figure 5. ID−VDS characteristics of solution-processed asymmetric
ZnO TFTs with an Au Schottky contact and an Al ohmic contact (a)
ID−VDS of TFT with channel length (L) = 20 μm, W = 100 μm with
inset showing the characteristics of a similar device with identical
dimensions under positive drain bias and (b) ID−VDS of TFT with
channel length (L) = 50 μm,W = 200 μm, (c) Log scale for ID−VGS of
TFT with channel length (L) = 50 μm, W = 200 μm. The inset shows
the (ID)

1/2−VGS curve. A mobility of 0.01cm2/(V s) was calculated
from the (ID)

1/2−GS curve.
Figure 6. (a) Channel conductance and resistivity as a function of
channel length at zero gate bias. (b) Drain current for different
channel length devices as a function of drain voltage at a gate bias of
−100 V (inset) shows the same data on a linear scale. All devices had a
channel width of 100 μm.
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conductance and the film resistivity are two distinct parameters
and the channel conductivity is not merely the reverse of the
film resistivity. The channel conductance exhibits the expected
decrease with increasing channel length and a curve fit is
provided in Figure S4 in the Supporting Information. The
resistivity of the ZnO film is obtained to be ∼25 Ω-cm, which
was also confirmed by four-point probe measurements. The
near-constancy of the resistivity across different channel lengths
points to uniform doping of the film. Using σ = nqμ, and
inserting the value of mobility obtained previously, the carrier
concentration is obtained to be 2.5 × 1019 cm−3, which
indicates that the ZnO is heavily doped. Figure 6b, which plots
the drain currents for devices of different channel lengths at the
same gate bias, shows that the Au-ZnO Schottky junction
provides rectification ratios of ∼10−15. In general, Au is known
to form leaky Schottky junctions with n-ZnO with rectification
ratios of ∼1 × 103,37 further accentuated in our case by the high
doping of the ZnO, which causes tunneling through the barrier
to dominate thermionic emission.38 Thus in Figure 5a, we
observe that at high positive drain bias, the tunneling-induced
reverse leakage current becomes large enough to overpower the
transistor behavior and thereby dominate the I−V character-
istic.
As can be seen from Figure 5, the Schottky barrier causes the

transistor to saturate at lower gate voltages. Because of the low
threshold voltage of −110 V, the transistor turns off at gate
biases lower than −110 V which we can not apply to the gate
due to instrument limitations. This shows that the transistor is
an n-type depletion mode transistor since negative voltage is
needed to turn the device off. Our best devices yielded on/off
current ratios of ∼1 × 103. The reason behind both the low on/
off current ratio and the low threshold voltage is the high
doping level of ZnO (2.5 × 1019 cm−3) High doping increases
the charge carrier tunneling thus increasing the leakage current.
Since charge injection from the source into the channel is
controlled by tunneling, the width of the barrier plays an
important role along with the height of the barrier. In our
device configuration, the gate bias modulates not only the
resistance of the ZnO in the channel region but also modulates
the resistance of the rectifying contact. When the Schottky
junction is reverse biased, the gate voltage modulates the
conductance of the channel as follows:39 at gate bias lower than
the threshold voltage, the width of the tunneling barrier is
significant and injection from the source is limited because of
the confinement of electrons by the Schottky barrier − this
corresponds to the OFF state; at gate bias larger than the
threshold voltage, the width of the tunnel barrier is reduced by
the gate electric field rendering the barrier nearly transparent
thus allowing electron injection from the source by field
emission − this corresponds to the ON state. Despite the high
doping level of the ZnO and the poor rectification provided by
the Au-ZnO junction, SB-TFTs allowed control over the
electrical characteristics which approached ideal transistor
behavior. The effectiveness of the asymmetrical SB-TFT
concept is thus demonstrated. Our results clearly indicate
that moderately doped ZnO coupled with strongly rectifying
contacts could be used to change the threshold voltage of ZnO
devices and achieve stable enhancement mode operation.

4. CONCLUSION
Heavily doped ZnO thin films with a carrier concentration of
2.5 × 1019 cm−3 were fabricated by solution processing. The
films did not possess the commonly obtained [002] preferred

orientation. The use of triethylamine as the stabilizer is
relatively novel and had a dramatic impact on the structural and
electrical properties of the ZnO films, thus pointing to
importance of the stabilizer in sol−gel ZnO synthesis. The
obtained ZnO films were used as active layers in asymmetrical
thin film transistors wherein the ohmic contact at the source
was replaced by a Schottky contact (Au). When the Schottky
contact was reverse biased, the field-effect of the gate could
modulate the conductance of the channel even though the ZnO
constituting the channel material was heavily doped and the
Au-ZnO Schottky contact had low rectification ratios. A proof-
of-concept demonstration of the effectiveness of the source
injection barrier in controlling the electrical characteristics of
ZnO devices was provided. The SB-TFT concept is shown to
have great promise for engineering enhancement mode devices
and adjusting the threshold voltage without p-type doping.
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