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Anodization of electrolytically polished Ta surfaces for enhancement
of carrier injection into organic field-effect transistors
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Electrolytically polished surfaces of Ta sheets were anodized in an aqueous KI solution to form
Ta2O5 films with a relatively high dielectric constant and a high breakdown electric field. Organic
field-effect transistors �OFETs� were fabricated on these Ta2O5/Ta substrates with a bottom gate
configuration. The Ta2O5 films anodized at 100 V were about 200 nm thick, and the dielectric
strength was as high as 5 MV/cm. A p-type pentacene OFET fabricated on this bottom gate showed
the good field-effect mobility of 0.35 cm2/V s. By using this high-k gate substrate, it becomes
possible to inject a higher amount of charge carriers into organic active layers than on the SiO2/Si
gate conventionally used in most OFETs. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2138807�
I. INTRODUCTION

Recently, organic field-effect transistors �OFETs� have
been widely studied not only for technological applications
but also for modification of the organic material properties
through “physical doping” instead of “chemical doping.”1,2

In the case of chemical doping, it is difficult to finely control
the amount of the carrier injection, and it is impossible to
change the polarity of the carrier without changing the dop-
ing material. During the physical doping, carriers are in-
jected into the organic active layer by applying a high bias
voltage to the gate electrode, and the number of injected
carriers is proportional to the applied gate voltage times the
capacitance of the gate capacitor. Therefore, it is possible to
control the amount and the polarity of the injected carriers by
only changing the gate voltage. Of course, the actual behav-
ior of the physical carrier injection is strongly affected by the
electronic properties of the OFET components.3,4

In order to inject more carriers into the organic layer,
applying a high voltage to the gate electrode, or utilizing a
gate insulator having a high dielectric constant is required. In
many cases OFETs have been fabricated on thermally oxi-
dized SiO2 surfaces of heavily doped conductive Si sub-
strates. Although SiO2 is a good insulator and has a very high
dielectric strength, approximately 10 MV/cm, the dielectric
constant of SiO2 is not very high, approximately 4. Thus,
many groups have been trying to fabricate an OFET on a
high-k �high dielectric constant� gate insulator to inject more
carriers. Another advantage of high-k materials is a lower
working voltage.5–10 In the present study, we focused on tan-
talum �V� oxide �Ta2O5� from among the various high-k ma-
terials. The dielectric constant of Ta2O5 is approximately 25–
27, and it has a rather high dielectric strength, 5 MV/cm at
best.11 Therefore, it will be possible to inject a more than
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three times higher amount of carriers into the organic layer
on Ta2O5 than on SiO2 if the thickness of the dielectrics is
same, and the best dielectric breakdown characteristics are
really achieved.

It is difficult, however, to fabricate a good Ta2O5 film
with a high dielectric strength and a smooth surface on
which a good organic film could be grown. In many cases,
high-k metal-oxide films are grown by the e-beam
evaporation,9 sputtering,10 chemical-vapor deposition, or
laser-ablated molecular-beam epitaxy �MBE� method, but
they require expensive equipment and highly complicated
techniques to grow a stoichiometric, low-defect smooth film.
Instead, we tried to fabricate a Ta2O5 film using the anodic
oxidation �anodization� method, which requires no vacuum
apparatus or high-temperature process.12–14 In this method, a
Ta2O5 film grows on the Ta surface by the following elec-
trochemical reactions:

anode: 2Ta + 5H2O → Ta2O5 + 10H+ + 10e−,

cathode: 2H+ + 2e− → H2, 2O2 + 8H+ + 8e− → 4H2O.

During the anodization, growth of the Ta2O5 film pro-
ceeds under “negative feedback” conditions. Namely, more
electrochemical current flows at thinner or defective parts in
the growing oxide film, so that these defects are automati-
cally restored. In this process, the flatness of the Ta sheet is
essential to achieve a sufficiently smooth Ta2O5 surface. In
previous reports, thin Ta films deposited on flat substrate
surfaces were utilized as the smooth surface.6–8 Instead, we
tried to produce a smooth surface on a commercially avail-
able Ta sheet by electrolytic polishing. As described later, it
was found that this polishing process is fundamental for
making a good Ta2O5 film having a superior dielectric
strength.

On the anodized Ta2O5/Ta gate substrates, we fabricated

bottom-gate-type OFETs using pentacene and C60, which
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show p-type and n-type working characteristics,2 respec-
tively. It has been found that both types of OFETs work well,
and the pentacene OFET showed as high a mobility as that
on the SiO2/Si bottom gate. In this paper, we mainly report
the fabrication process of the Ta2O5/Ta bottom gate and its
dielectric breakdown properties together with the working
characteristics of the OFETs.

II. EXPERIMENT

The specimen was cut from a commercially available
99.99% purity, 0.1-mm-thick Ta sheet purchased from Fur-
uuchi Kagaku Co., Ltd. It was degreased in acetone, rinsed
in ultrapure water, and subjected to electrolytic polishing. A
mixture of concentrated H2SO4 and 50% aqueous HF solu-
tion with a 9:1 volumetric ratio was used as the electrolyte.
The Ta anode and a SUS304 cathode were dipped in the
stirred electrolyte about 4 cm apart, and a regulated dc 20 V
was applied to the electrodes. After a 5 min electrolysis, the
substrate was washed in 10% aqueous HF solution, rinsed in
ultrapure water, and dried by flowing N2 gas. The electroly-
sis, washing, and drying processes were repeated until a mir-
rorlike Ta surface was obtained. Usually 20 repetitions were
required to produce a good Ta surface.

After the electrolytic polishing, the Ta substrate was an-
odized in an aqueous KI solution with a concentration of 2
�10−4 mol/ l. A Ta sheet was used as the cathode, and two
electrodes were set 2 cm apart in a 100 ml beaker containing
the KI solution. The beaker was set in an ultrasonic bath to
eliminate air bubbles sometimes generated around the anode
surface. The anode voltage was increased at a rate of
0.25 V/s up to the final anodizing voltage �100–350 V�, and
then kept constant. The anodizing current gradually de-
creased under the application of a constant voltage due to the
growth of the insulating Ta2O5 layer. The anodization was
continued until the current decreased to lower than the preset
value �1–10 �A/cm2�. The sample was then rinsed in ultra-
pure water, and dried by flowing N2 gas. The thickness of the
anodized Ta2O5 layer was estimated by capacitance measure-
ments using an LCR meter �Protek Z9216�, and by optical
reflectance spectroscopy.

KI was chosen as the electrolyte for the anodization be-
cause the iodide ion �I−� has a larger ion radius, and smaller
bond energy with the Ta cation. Therefore, it was expected
that iodine would be hardly incorporated into the anodized
Ta2O5 film during the electrochemical reaction. Actually, no
trace of potassium or iodine was found in the Ta2O5 film
anodized in the KI solution, which was confirmed by x-ray
photoelectron spectroscopy �XPS�. XPS also proved the sto-
ichiometry of the Ta2O5 film within its accuracy.

Figure 1 shows the structure of the OFET fabricated on
the Ta2O5/Ta bottom gate substrate. Organic semiconduc-
tors, pentacene �Aldrich, 98%�, and C60 �99.99%� were de-
posited from Knudsen cells onto the Ta2O5 surface at room
temperature in an ultrahigh-vacuum MBE chamber. The
deposition rate and the thickness were set at 1 nm/min and
100 nm, respectively. The morphology and crystallinity of
the organic films on the Ta2O5 surfaces were investigated

by x-ray diffraction �XRD� and atomic force microscopy
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�AFM�. In the FET measurement, the source and drain
electrodes of Au were formed by vapor deposition through
a metal shadow mask on top of the organic layer. The
channel width and length were 1 and 0.1 mm, respectively.
These OFET characteristics were measured using two
picoammeter/voltage sources �Keithley Model 6487�. The
pentacene OFETs were characterized in a vacuum desiccator
evacuated by a rotary pump after the wiring, while the C60

OFETs were introduced into an ultrahigh-vacuum chamber
after the wiring, heated at 150 °C under a vacuum pressure
of 10−7 Pa for several hours, and characterized under the
high-vacuum pressure of 10−4 Pa to eliminate the influence
of oxygen adsorption.

III. RESULTS AND DISCUSSION

Figure 2 shows AFM images of a Ta sheet before and
after the electrolytic polishing. As shown in Fig. 2�a�, the Ta
surface initially had a very high roughness due to the me-
chanical polishing or the rolling process. After the repeated
electrolytic polishings, they were almost planed away and a

FIG. 1. Structure of a top-contact-type organic FET fabricated on an anod-
ized Ta2O5 gate dielectric on a Ta sheet.

FIG. 2. AFM images of a Ta sheet before and after the electrolytic polishing
in the mixture of aqueous HF and concentrated H2SO4: �a� before the pol-
ishing, �b� after the polishing, and �c� an enlarged AFM image of the pol-

ished Ta surface.

AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



114503-3 Ueno et al. J. Appl. Phys. 98, 114503 �2005�
very smooth surface seemed to be obtained as shown in Fig.
2�b�. The root-mean-square �rms� values of the surface
roughness were 18 and 6.3 nm for Figs. 2�a� and 2�b�, re-
spectively. A detailed AFM image of the electrolytically pol-
ished surface, however, revealed a highly porous surface as
shown in Fig. 2�c�, which is very similar to the porous
alumina15 or tantalum16 surface anodized in an acid solution.
The diameter of the pores was very uniform, about 20 nm,
and their depth was greater than 10 nm, which could not be
accurately measured by AFM due to the large curvature of
the cantilever tip. The mechanism for the generation of these
pores on the Ta surface during the electrochemical polishing
is not fully understood and now under investigation.

After the anodization in the dilute KI solution, these
pores completely diminished. Figure 3 shows an AFM image
of the surface anodized at 300 V until the anodic current
became less than 10 �A. At this voltage, the thickness of the
oxidized Ta film was estimated to be 600 nm, which was
verified by the optical reflection measurement. The rms
roughness value of this surface was 0.13 nm, which is as low
as that of the thermally oxidized SiO2 surface on a Si sub-
strate.

In order to check the breakdown voltage of the anodized
Ta2O5 films, capacitors were fabricated by evaporating Au
electrodes on their surfaces, and a dc voltage was applied
between the top Au and the base Ta electrodes. Figure 4
shows the I-V characteristics of Ta2O5 capacitors with and
without the electrolytic polishing of the Ta surfaces before

FIG. 3. An AFM image of the Ta surface after the electrolytic polishing and
the anodization in a dilute KI aqueous solution.

FIG. 4. I-V characteristics of Ta2O5 films anodized at 100 V. Filled and
open circles represent I-V curves of the Ta2O5 films with and without the

electrolytic polishing before the anodization, respectively.
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the anodization. For both specimens, the Ta surfaces were
anodized at 100 V to fabricate Ta2O5 films as thick as
200 nm. The capacitor without polishing revealed a very low
breakdown voltage, while that on the polished Ta surface had
a high breakdown voltage. Note that the breakdown voltage
is far lower when the top Au is positively biased and the base
Ta is negatively biased, which is the reverse of that during
the anodization of the Ta surface. It is well known that a
Ta2O5 capacitor is very fragile and easily broken down when
a reverse bias voltage is applied between the electrodes. For
the present specimens, the maximum breakdown voltage un-
der the forward bias condition was 100 V leading to the
dielectric strength of 5 MV/cm, which is better than the pre-
viously reported value of a thermally oxidized Ta2O5/Ta
film.11 In contrast, the dielectric strength was about
2 MV/cm under the reverse bias condition. Here, the dielec-
tric constant of this capacitor calculated from the capacitance
�124 nF/cm2 at 1 KHz� and the optically measured thickness
�200 nm� was about 28. So it is really expected that a more
than three times larger amount of electrons can be ideally
injected into the organic layer on the anodized Ta2O5 gate
capacitor than that on the thermally oxidized SiO2/Si gate
when the maximum positive bias voltage is applied to the
gate electrode. Of course, appropriate source and drain elec-
trode materials should be chosen and the well-ordered or-
ganic channel layer must be fabricated on the gate capacitor
in order to inject such a high amount of carriers into the
organic layer.3,4If a large injection barrier exists at the inter-
face between the source or drain electrode and the organic
layer, it is difficult to inject the ideal amount of carriers even
if a very high gate voltage can be applied.

Using the Ta2O5/Ta substrates anodized at 300 V, we
fabricated pentacene and C60 OFETs as shown in Fig. 1.
Figure 5 shows an AFM image and an XRD pattern of a
100 nm pentacene film grown at room temperature on the
anodized Ta2O5 surface. As shown in the AFM image, the
pentacene domains have very large dendritic structures, and
the stacking structure of each unit layer is clearly observed.
The XRD pattern revealed that the grown film has two types
of c-axis ordering with the layer spacing of 1.42 and
1.51 nm, meaning that the pentacene film is a mixture of the
so-called “thin film” and “bulk” phases.17

Figure 6 shows the drain current versus drain voltage
characteristics of a p-type pentacene OFET as a function of
the gate voltage. As shown in Fig. 6�b�, this FET operates at
low gate/drain voltages in the same manner as previous
references,5–10 due to the high dielectric constant of the
Ta2O5 gate material. In the present study, however, our main
purpose is to inject more and more carriers into the organic
layer, and not to operate the FET at a low voltage. Thus, the
high-voltage operating characteristics will be mainly dis-
cussed. The mobility values of this FET in the linear region
�VD=−5 V� and in the saturated region �VD=−90 V� were
calculated to be 0.35 and 0.20 cm2/V s, respectively. The
on-off ratio at VD=−90 V was about 4000. These mobility
and on-off ratios were comparable with those of pentacene
OFETs on SiO2/Si gates, which were fabricated using the
same sources and equipment. For the p-type FET, the reverse

negative bias voltage is applied between the gate and source
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electrodes, corresponding to the reverse voltage to the anod-
ized Ta2O5/Ta gate. Although quite a large leak current
might flow between the gate and source electrodes, a far
larger drain current due to the highly injected carriers con-
ceals the leak current from the gate electrode, and typical
FET characteristics can be obtained as shown in Fig. 6�a�.

FIG. 5. �a� An AFM image of a pentacene film grown on the anodized
Ta2O5 surface at room temperature. �b� 2�-� XRD curve of the pentacene
film shown in �a�.

FIG. 6. Drain current vs drain voltage characteristics of a p-type pentacene
OFET fabricated on the Ta2O5/Ta gate as a function of the gate voltage: �a�

high voltage and �b� Low voltage operations.
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Figure 7 indicates the drain current versus drain voltage
characteristics of an n-type C60 OFET as a function of the
gate voltage. The C60 FET also operated at low gate/drain
voltages �not shown�. This result proves that the anodized
Ta2O5/Ta gate can also work as the gate capacitor of an
n-type OFET. Under the n-type working conditions, a posi-
tive bias voltage is applied between the gate and source elec-
trodes, so the gate leak current is smaller than that of the
p-type pentacene FET. The gate current leak, however, oc-
curs when the gate voltage �positive against source� is small
and the drain voltage �positive against source� is large, be-
cause under this condition, the gate potential is effectively
negative against the drain potential. This phenomenon is
clearly observed in Fig. 7 for the gate voltage less than 30 V.
For the drain voltage less than 40 V, however, typical FET
characteristics are observed.

The mobility of this C60 OFET was 0.007 cm2/V s in the
linear region, which is far smaller than that reported in the
literature18 or that fabricated on a SiO2/Si gate by ourselves
�approximately 0.5 cm2/V s�. The poorer performance seems
to come from the low quality of the C60 film grown on the
anodized Ta2O5 surface, which was revealed by the AFM
image shown in Fig. 8. Compared with the pentacene film
shown in Fig. 5, the C60 domains are far smaller, and there
are quite a large number of grain boundaries. These defects
in the active channel are considered to reduce the drain-
source current and make the mobility worse. We consider
that the growth conditions �growth rate and substrate tem-
perature� should be optimized together with the surface
modification by covering the Ta2O5 surface with an organic
self-assembled monolayer or a Langmuir-Blodgett film. If
the quality of the C60 film is improved and good junctions
between the C60 film and source/drain electrodes are fabri-
cated, the ideal carrier injection of one e− /1.5 C60 occurs for

FIG. 7. Drain current vs drain voltage characteristics of an n-type C60 OFET
fabricated on the Ta2O5/Ta gate as a function of the gate voltage.
the electric field of 5 MV/cm. The semiconductor-metal
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transition, which has been really observed in the chemically
doped C60 films,19is expected to occur in this physically
electron-doped C60 film.

IV. CONCLUSIONS

Electrolytically polished surfaces of Ta sheets were an-
odized in an aqueous KI solution to form Ta2O5 films.
OFETs were fabricated on the Ta2O5/Ta with a bottom gate
configuration. The anodized Ta2O5 films showed a dielectric
strength as high as 5 MV/cm when a positive bias voltage
was applied to the gate electrode. A p-type pentacene OFET
fabricated on this bottom gate showed a good field-effect
mobility of 0.35 cm2/V s, overcoming the unfavorable gate
polarity. An n-type C60 OFET fabricated on the Ta2O5/Ta
gate, however, showed a poor mobility, 0.007 cm2/V s, due
to the poor quality of the grown film. It was confirmed that
the preparation of a highly flat surface preceding the anod-
ization is essential for achieving a high-quality Ta2O5/Ta
gate.

FIG. 8. An AFM image of a C60 film grown on the anodized Ta2O5 surface
at room temperature.
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