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Zinc oxide �ZnO� thin film transistors were fabricated by local anodic oxidation �LAO� of polycrystalline
zinc film using an atomic force microscope �AFM�. Nanometer-thin zinc film can be locally transformed into
p-type zinc oxide by an anodic oxidation technique using an AFM at room temperature. With this fabrication
process, we have fabricated a backgate, Schottky-barrier-contact type thin film ZnO transistor. This fabrication
requires no semiconductor material to produce transistors, only conventional metal film. The fabrication creates
active area and source/drain contacts through simple AFM oxidation, with no requirement for additional
semiconductor thin film deposition and photolithography. A representative LAO thin film transistor fabricated
in this study exhibited a field-effect mobility of 23.6 cm2 /V s, a peak transconductance of 15.8 �S, and an
Ion / Ioff ratio of 106. To the best of our knowledge, the mobility value attained for this LAO thin film transistor
is higher than that of any previously reported amorphous-silicon-based thin film transistors. Its peak transcon-
ductance and Ion / Ioff ratio are also enhanced compared with a backgate field-effect transistor with the same
amorphous silicon channel as utilized in conventional thin film transistors.
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INTRODUCTION

Thin film transistors �TFTs� are widely used in conven-
tional microelectronics. The best known application of TFTs
is in liquid crystal displays and projectors, in which these
transistors are embedded within the display panel, where
they reduce crosstalk between pixels and improve image
stability.1 Basically, a thin film field-effect transistor requires
an active layer of semiconductor material to form the con-
trollable conduction channel. The most commonly used
semiconductor material is an amorphous silicon �a-Si� thin
film, which can be fabricated by a chemical vapor deposition
technique.2,3 Owing to its amorphous structure, a-Si carrier
mobility tends to be low, in the range of 0.45–1 cm2 /V s.4,5

To enhance the operation speed, polycrystalline silicon has
been introduced into device fabrication. Laser scanning
annealing,6–8 rapid thermal annealing,9,10 or mantel-induced
crystallization approaches11,12 have been utilized to trans-
form amorphous silicon to polycrystalline silicon for en-
hancement of carrier mobility and device switching speed.
However, these additional steps require tedious processing
and precise temperature control.

Other metal-oxide semiconductor materials have been ef-
fective in TFT fabrications.13 Zinc oxide �ZnO� has been
considered a prime candidate for use in high performance
transparent TFTs. As a semiconductor, ZnO has several fa-
vorable properties, including good transparency, high elec-
tron mobility, wide band gap, strong room-temperature lumi-
nescence, etc. ZnO also has a relatively large direct band gap
of �3.3 eV at room temperature.14 Advantages associated
with this large band gap include higher breakdown voltages,
ability to sustain large electric fields, lower electronic noise,
as well as high-temperature and high-powered operations.

Most ZnO has an n-type character, even in the absence of
intentional doping. Nonstoichiometry is typically the origin
of an n-type character; thus, reliable p-type doping of ZnO

remains difficult. This problem originates from the low solu-
bility of p-type dopants and from compensation by abundant
n-type impurities.15 Several research groups have managed
to fabricate field-effect transistors using a ZnO nanorod as
the active material. This wide-band-gap semiconductor nano-
rod has also been suggested as having potential uses in sen-
sor, laser, and light-emitting-diode �LED� applications.16

As device size continues to shrink to fulfill the require-
ments of the latest microelectronic circuitry, the challenge of
fabricating nanometer-sized transistors is now reliant on ad-
vances made in photolithography techniques. Although
electron-beam lithography can be used to create nanometer
scale patterns, this lithography tool is too expensive for rou-
tine use. AFM nanolithography is another emerging technol-
ogy that has been praised for its cost-efficient potential to
create features with dimension of tens of nanometer on vari-
ous substrates.

Based on the spatial confinement of a chemical reaction
within a nanometer-size region, AFM provides a region de-
fined by a combination of the probe-sample surface geom-

FIG. 1. �Color online� Schematic of the AFM nanolithography
LAO ZnO TFT.
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etry and environmental humidity to form a water bridge. This
water bridge acts as an electrolyte and limits the occurrence
of the chemical reaction to a spatial confinement of nano-
meter size.17 This technology is therefore able to perform
sophisticated device fabrication, for example, a sensor can be
fabricated with AFM oxidation technology using a single-
crystalline silicon nanowire, to produce high electrical per-
formance field-effect transistors with channel widths as small
as 4 nm.18 A side-gated silicon nanowire with a 30 nm air
gap has also been demonstrated by AFM oxidation.19 It is
also possible to fabricate complex spintronic devices by
AFM oxidation to create a nanomask for further etching pro-
cesses that can create nanochannels.20

A key advantage to AFM nanolithography is that it can be
performed in the open air at room temperature. In contrast,
other oxide fabricating deposition processes need to take
place within a high-vacuum apparatus at high temperatures.
Thus, AFM local oxidization nanolithography could be a ro-
bust and handy room-temperature process for the simulta-
neous patterning of nanodesigns and transforming of metal
to metal oxide. Therefore, AFM is suitable for fabricating
solid-state devices on flexible substrates that require fabrica-
tion process in a relative low temperature, such as plastic
films.

EXPERIMENT

In this paper, we report on an effective fabrication method
for producing p-type ZnO TFTs. By combining fabrication
with the AFM oxidation technique, we are able to create a
prototype ZnO TFT, by transferring Zn to ZnO directly in the
open air at room temperature. We oxidize part of the Zn thin
film through a Zn stripe, which separates the metal stripe into
a source/drain and joins it to the semiconductor �transformed
ZnO�, as shown in Fig. 1. This results in a backgate metal-
oxide semiconductor �MOS� with a nonjunction Schottky
barrier source-/drain-type TFT, which eventually prevents a
short-channel effect.21 Fabricating this type of a ZnO TFT by
direct transformation of Zn into ZnO creates a device that
exhibits characteristics of high performance and low contact
resistance.

Conventional photolithography was applied to a highly
doped p+ silicon �100� wafer coated with a thermal growth
silicon-dioxide thin film. Several stripes were then patterned
using AZ 5214E photoresist. The bar pattern is 30 �m in

width, 150 �m in length, and both ends have large visible
patterns for use as probing pads. Zinc film was then depos-
ited on this patterned substrate by a magnetron sputtering
deposition system, using a Zn target of 99.99% purity at a
base pressure of 10−7 torr at room temperature. The deposi-
tion time was 35 s. This provided a continuous Zn film at an
average thickness of 17 nm. This step was followed by a
lift-off process consisting of bathing the substrate in a pho-
toresist stripper to remove any unwanted area. The result was
a Zn line pattern. The substrate was then annealed at 200 °C
in a vacuum furnace to smooth the surface of the polycrys-
talline Zn film.

An AFM �Digital instrument NS3a controller with D3100
stage, Veeco Instruments Inc., U.S.A.� was employed to
study the surface morphology and to perform the LAO pro-
cess on the Zn stripes. We used a highly conductive silicon
AFM stylus to perform the localized anodic oxidation, ap-
plying voltages of 4–12 V between the tip and the Zn by
scanning the tip in contact mode. This experiment was per-
formed in an environment at a relative humidity of 80%.
With an optical microscope, a visible strip was clearly

FIG. 2. �Color online� Optical image of the LAO ZnO transistor;
a visible strip shows the transformation of Zn to ZnO.

FIG. 3. SEM micrograph showing the part of transistor near the
source of the active area. After LAO, a Zn/ZnO boundary was
observed.

FIG. 4. The micro-Raman spectrum of ZnO films produced by
AFM nanolithography. The peak at 578 cm−1 is attributed to the A1

�LO� mode of ZnO. 275 and 510 cm−1 are the Raman features
related to nitrogen concentration in ZnO films.
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formed through the Zn stripe, as shown in Fig. 2. The AFM
LAO ZnO shows multiple colors under white light at differ-
ent oxidation voltages.22 A scanning electron microscopy
�SEM� image of this local oxidized boundary is shown in
Fig. 3. In this case, the grain size of the zinc polycrystalline
structure became enlarged when Zn was transformed to ZnO.
This was confirmed by an AFM survey of the sample sur-
face, which showed that the average grain size had increased.

RESULTS AND DISCUSSION

We analyzed this area using a micro-Raman system �Ren-
ishaw inVia� and found that a strong nanocrystalline ZnO
Raman mode23 appears at 578 cm−1, showing that the trans-
formation from Zn to ZnO has been completed �Fig. 4�. We
also observed Raman modes at 275 and 510 cm−1, which
relate to the nitrogen incorporated into the ZnO.24 Tu et al.25

have shown that additional nitrogen incorporated in the ZnO
films can generate high-quality ZnO:N films, which were
confirmed as p-type semiconductors by Hall measurement.
Therefore nitrogen is a p-type dopant for ZnO.

A tunneling diode has been demonstrated using AFM
nanolithography.26 A thin tunneling barrier of nanometer
scale was created by local oxidation of metals. The I-V char-
acteristic deviates from Ohm’s law when the device is mea-
sured at cryogenic temperature. In contrast to the operating

principal of the tunneling device, we produced semiconduc-
tor material from metal by AFM oxidation. For the conduc-
tivity of our device at room temperature through the source/
drain, the I-V characteristics exhibited a back-to-back diode
characteristic after the LAO process �Fig. 5�a��. This demon-
strates that the AFM LAO has completely converted the
metal into a semiconductor and has naturally formed two
Schottky contacts. The width of the LAO area can be con-
trolled by the AFM scanning rate. We characterized the de-
vices at 300 nm, 600 nm, and 1.2 �m and the I-V charac-
terization is shown in Fig. 5�b�.

Our LAO backgate TFT can be realized by applying gate
voltages �VGS� to the substrate. The typical output and trans-
fer characteristics obtained from a representative LAO ZnO
FET with a channel length of 300 nm �LAO regime� and
channel width of 30 �m �line width of Zn stripe� are shown
in Fig. 6�a�. The family of IDS-VDS curves shows that the
drain current increases with increasing drain voltage. The
slope of the IDS-VDS curve also increases dramatically as the
gate voltage VGS increases from 0.3 to −0.3 V.

The IDS-VGS curves in Fig. 6�b� show that IDS first in-
creases and then slightly saturates as VGS increases from −1
to −8 V. IDS is totally depleted in the VGS range from 1 to 8
V. These characteristics reveal that the device is a p-type

FIG. 5. �a� Comparison of I-V curves before and after LAO. The
source/drain conduction shows Ohmic and back-to-back diode char-
acteristics. �b� Source/drain conduction currents are limited by the
channel length L.

FIG. 6. �a� The drain transfer I-V characteristics of the backgate
LAO ZnO TFT. IDS to VDS characteristics for VGS values ranging
from −0.3 to +0.3 V. �b� The gate transfer characteristics obtained
from the LAO ZnO TFT. The IDS vs VGS characteristics for VDS

values ranging from 0.2 to 1 V; the transconductance gm curves
obtained from the LAO ZnO TFT at VDS=0.2 V is included.
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depletion mode FET. The IDS-VGS transfer and transconduc-
tance curves obtained for the representative LAO transistor
at VDS=0.2 V are plotted in Fig. 6�b�. The IDS-VGS transfer
curve demonstrates an Ion / Ioff ratio of 106, which is compa-
rable to values previously reported for nanowire-based FETs.
The transconductance curve reveals a peak transconductance
�gm� of 15.8 �S at VGS=−1.1 V �Fig. 6�b��; for comparison,
a corresponding IDS-VGS curve is included in the same figure.
The threshold voltage obtained from the IDS-VGS transfer
curve is 0.3 V. The subthreshold slope obtained from the
IDS-VGS curves at VDS=0.2 V yields a value of 227 mV/
decade. To calculate the effective mobility, the capacitance of
the gate dielectrics for our LAO ZnO TFT is estimated as
follows. The capacitance Ci is estimated to be 3.1 fF on the
basis of the formula Ci=�0�rA /d, where �r is the dielectric
constant of SiO2 �3.9�, d is the thickness of the gate oxide
�100 nm�, and A is the active area derived from the gate
length L �300 nm� multiplied by the gate width W �30 �m�.
In this TFT, the channel length is defined by the LAO area,
which may be considered as the gate length, since it is a
backgated structure. The formula used for obtaining the
field-effect mobility ��FE� can be derived from the formula
utilized for conventional planar MOS FETs �Ref. 21� by the
maximum of transconductance, gm= �W /L��FECiVD. Here,
the mobility is estimated to be 23.6 cm2 / �V s� at VDS
=0.2 V, on the basis of the experimental result of gm
=15.8 �S.

CONCLUSION

In conclusion, we successfully fabricated LAO TFTs with
channels created by an AFM oxidation conversion of Zn to
p-type ZnO. Our prototype LAO device exhibits remarkably
enhanced electrical characteristics when compared with con-
ventional backgate TFTs. The peak transconductance can
reach 15.8 �S, a field-effect mobility of 23.6 cm2 / �V s� is
achieved, and the Ion / Ioff ratio can approach 106. There is no
thermal process required in the use of the LAO by an AFM
for the fabrication of practical transistors. Therefore, this ap-
proach is suitable for fabricating TFTs on low-cost flexible
substrates, such as plastic film. The observed enhancement of
the electrical characteristics is mostly attributed to the LAO
process, which forms a smooth transition from the metal
contact site �Zn� to the semiconductor site �ZnO�. This struc-
ture eventually prevents the short-channel effect and omits
the tedious source/drain implantation procedure.
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