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Abstract
We report the effect of applied thermal energy in the fabrication of protruded
nanostructures on tantalum (Ta) thin films using atomic force microscope
(AFM) lithography and the fabrication of nanopatterns of Ta thin films by a
dry etching process of protruded tantalum oxide (Ta2 O5 ). Oxidized
nanostructures with a high aspect ratio were successfully fabricated at high
temperature by applying thermal energy. The lithographic speed of
fabrication of protruded nanostructures was dramatically improved by the
enhancement of electron transfer depending on the applied thermal energy
and directional diffusion of OH− ions depending on the increase of
temperature. Nanopatterns of Ta with a high angle slope (over 80◦ ) were
fabricated by selective dry etching of Ta2 O5 .
(Some figures in this article are in colour only in the electronic version)

1. Introduction
Recently, an ArF excimer laser with 193 nm wavelength
radiation has been used for patterning of nanoscale devices.
However, on scaling down device dimensions to the nanometre
range, optical lithography cannot pattern features 65 nm
or smaller. There has been growing interest in fabricating
structures whose critical dimensions lie in the sub-65 nm range
for ultra-large scale integration (ULSI) circuit technology. In
order to fabricate nanostructures with high spatial resolution,
there have been many studies in next generation lithography
(NGL) such as extreme ultraviolet radiation lithography
(EUVL) [1–3], electron projection lithography (EPL) [4],
soft x-ray lithography, nanoimprint lithography (NIL) [5],
electrostatic nanolithography [6] and atomic force microscope
(AFM) lithography [7–10]. Among these next generation
lithography techniques, AFM lithography has been proven in
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the selective growth of oxide layers with high aspect ratios
and feature sizes below 50 nm, and can be successfully used
for fabrication of vertical structures with feature sizes of
a few nanometres. Advanced technologies are required to
fabricate nanostructures which meet the previously mentioned
requirements (feature size below 50 nm and high aspect ratio).
The majority of local oxidation experiments have used a water
column that is formed between an AFM tip and a substrate.
Sugimura et al [7] reported on the electrochemical reactions
between an AFM tip and a substrate. It was suggested that
nanostructures are fabricated by the reaction between the
decomposed electrons, OH− ions and the substrate by the
application of an external voltage (Si + 2OH− − 4e− →
SiO2 + 2H+ ). The line width and height of nanostructures
generally increases as the tip bias increases [11, 12, 15]. The
enhancement of the vertical growth rate of local oxidation on
semiconductors has been reported by others. The fabrication
method of oxidized nanostructures by reducing the space
charge effect using an applied AC bias voltage between a tip
and a substrate was successfully demonstrated by Dagata et al
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[13]. The fabrication method that makes use of ethyl alcohol
liquid bridges as a source of oxyanion ions was suggested by
Garcia et al [14].
The current work is designed to fabricate nanostructures
with a high aspect ratio and narrow feature size under
conditions of low humidity and elevated temperature by the
emission of thermal energy. Prior to the simultaneous variation
of temperature and humidity, Avouris et al [15] reported that
the line width of nanostructures is certainly increased with
increasing humidity at a constant temperature. Specifically,
we investigated how AFM lithographic patterns are affected by
the addition of thermal energy and the fabrication of tantalum
nanopatterns by selective dry etching.

2. Experimental details
A heating system that isolates the thermal transmission with
the external ambient environment was made to enhance the
effect of thermal energy during AFM anodization lithography.
The two experimental factors of humidity and temperature
are controlled by the emission of thermal energy. After
removing the humidity from the air inlet of the system,
thermal energy and water vapour are introduced into the
system. A Ta thin film was used as a substrate instead
of tantalum nitride (TaN), tungsten (W), titanium (Ti), or
chromium (Cr) thin films [16, 17] because Ta thin films form
a high aspect ratio related to the work function and have low
roughness and moderate electrical and thermal conductivities.
After rinsing with acetone, Ta was deposited on an n-type
Si(100) wafer (ρ ∼ 14–23  cm, LG Siltron, Korea) by a
magnetron sputtering system (CSS12, Chungsong, Korea) in
the conditions of 100 W DC bias power and 5 mTorr working
pressure. The thickness and roughness of the Ta thin film
were ∼10 and 0.06 nm, respectively. An Autoprobe CP (Park
Scientific Instruments, USA) was used in the lithographic and
imaging processes. The imaging process also used an XE-100
(Advanced Scanning Microscope, Korea) and both processes
utilized a platinum-coated tip (CSC12/Pt, MicroMash, USA)
in contact mode. Subsequently, protruded Ta2 O5 , which was
fabricated by AFM lithography, was directly etched without
a shadow mask by C4 F8 gas using a magnetically enhanced
inductively coupled plasma (MEICP) etching system.

3. Results and discussions
As shown in figure 1(a), it was found that the height of the
Ta2 O5 nanostructures was dramatically increased from 5 nm
to about 20 nm in proportion to the external temperature change
from 25 to 31 ◦ C under the condition of a bias voltage of 22 V,
a lithographic speed of 0.5 µm s−1 , and a constant humidity
of 40%. Protruding Ta2 O5 nanostructures fabricated under the
condition of a bias voltage of 18 V and a lithographic speed of
1 µm s−1 , the optimized value for a high aspect ratio, are shown
in figures 1(b) and (c). The ambient temperature and relative
humidity were varied from 22 to 31 ◦ C and from 41% to 30%,
respectively. The line height of the nanostructures dramatically
increased from 1–2 nm to 12–16 nm. However, the full
width at half maximum (FWHM) of these nanostructures only
moderately increased from 50 to 78 nm. Based on these results,
it is suggested that lithographic oxidation is sensitive to the
3138

temperature parameter dependence on the emission of thermal
energy.
The film growth rate was explained according to the
temperature variation in Grove’s model [18]. According to
Grove’s model, at low temperatures the growth rate is limited
by the chemical surface reaction. At high temperatures,
however, the growth rate is limited by the mass transfer of
gas molecules across the boundary layer. Grove therefore
proposed that the growth rate is dramatically increased at
high temperatures. Thus, at the elevated temperature in
this system, where the mass transfer of gas molecules (OH−
ions dissociated by the electric field) from the tip to the
substrate is very high, the electrochemical reactions between
the substrate and the OH− ions are very strongly activated.
Consequently, the height of the protruded tantalum oxide
nanopattern increases because of the reactions of OH− ions
at the local surface.
For different ambient temperatures, the water meniscus is
shown in figure 2. At low humidity under room temperature
(figure 2(a)), the electric field generated by an applied
bias voltage forms the sharp water meniscus, which is the
source of OH− ions. Nanostructures with a sharp FWHM
can be fabricated under these conditions, while at high
humidity and room temperature (figure 2(b)) the electric field
makes a wider water meniscus and wider nanostructures are
fabricated. However, in the condition of a sharp water
meniscus (figure 2(c)) formed at low humidity and elevated
temperature, the diffusivity as well as the direction of diffusion
of OH− ions from the tip (anode) to the substrate (cathode) by
the electric field is enhanced onto the local area of surface
defined by the sharp meniscus. The concentration gradient
of OH− ions which migrate to the surface (the increase of
OH− ion concentration which can react on the substrate) is
also increased in proportion to the improvement in diffusivity
of OH− ions at an elevated temperature.
In electrical characteristics, free electrons, which are
excited by the collision of accelerated electrons toward a
positive sample bias, act as a means of thermal transmission.
These free electrons are more activated by the additionally
applied thermal energy and the electron transfer between a
substrate and a tip can be significantly enhanced by application
of thermal energy. As a result of this phenomenon, the
enhancement of free electron transfer played a central role
in lowering the threshold voltage from 12 to 8 V (this work),
which is an important factor in AFM lithography. The height
of protruded nanostructures fabricated at 31 ◦ C was higher than
that of oxidized nanostructures fabricated at 22 ◦ C due to the
lower threshold voltage and enhanced diffusivity [18] of OH−
ions from the application of thermal energy and the increase
of temperature. Thus, the growth of Ta2 O5 , which has a low
threshold voltage at an elevated temperature, is induced in the
local area because of the sharp water meniscus, directional
diffusion, and the increase in concentration of OH − ions, which
can react with the substrate.
Nanostructures oxidized at the high speed of 300–
400 µm s−1 , a bias voltage of 18 V, an elevated temperature
of 31 ◦ C and a low humidity of 30% are shown in figure 3.
As the lithographic speed increases from 300 to 400 µm s−1 ,
the nanostructure height decreases from 2.5 to 1.7 nm, and
the FWHM of nanostructures decreases from 60 to 38 nm.
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Figure 1. AFM images of Ta2 O5 nanostructures fabricated at varying temperatures and humidities. (a) Oxidized nanostructures fabricated
at different temperatures (25 and 31 ◦ C, from left to right) and constant humidity of 40%, (b) nanostructures fabricated at a temperature of
22 ◦ C and a high humidity of 41%, and (c) nanostructures fabricated at an elevated temperature of 31 ◦ C and a low humidity of 30%.

However, nanostructures of Ta2 O5 were not fabricated at
lithographic speeds above 10 µm s−1 with a humidity of 41%
and a temperature of 22 ◦ C. It was thought that nanostructures
could be fabricated at high lithographic speeds because of the
electrochemical reaction by enhanced diffusivity of OH− ions
and the lower threshold voltage from applying thermal energy.
Based on the effects of elevated ambient temperature and low
humidity as shown in figures 1–3, it is suggested that the higher
temperature is needed to fabricate nanostructures with a high
aspect ratio and to fabricate protruded nanopatterns at high
lithographic speeds.
For the application of pattern fabrication on metal thin
films using AFM lithography, protruded nanostructures of
Ta2 O5 with heights of about 1 nm, full widths of about 100 nm
and a line and space of 250 nm were fabricated. After protruded
metal oxide structures were entirely removed by etching, Ta

nanopatterns had a line width of about 100 nm and a depth
of about 1–2 nm as shown in figure 4. Carbon fluoride
(C4 F8 ) gas was utilized for etching Ta2 O5 [19] because it has
a high selectivity between Ta and Ta2 O5 . The volatile byproduct TaF5 , formed by the chemical reaction between C4 F8
and Ta2 O5 due to the relatively low boiling point (229.5 ◦ C),
successfully removes protruded Ta2 O5 [20]. However, the
roughness of the Ta nanopatterns increased in the range of
0.1 to 0.4 nm because TaC, which has a very high boiling
point (5500 ◦ C) [20], was adsorbed on the Ta surface. Ta
nanopatterns with high angle slope of about 80◦ are observed
despite using a Pt-coated cantilever tip with a curvature radius
of about 35 nm.
We have investigated the effect of applied thermal energy
on nanostructures in the AFM lithography process and
fabrication of Ta nanopatterns by dry etching. To fabricate
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Figure 2. Schematic representation of the water meniscus between a tip and a substrate as a function of the variation of temperature and
humidity during AFM lithography.
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Figure 3. AFM image of protruded nanostructures fabricated at
high lithographic speeds (300–400 µm s−1 , from right to left) under
an elevated temperature of 31 ◦ C and low humidity (30%). The
height of the nanostructures is 2.5 and 1.7 nm and the FWHM is 60
and 38 nm, respectively.

nanostructures at high lithographic speeds with a high aspect
ratio, higher temperature by an enhanced thermal energy
which can lower the threshold voltage and promote growth,
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Figure 4. AFM image of Ta nanopatterns after selective dry etching.
Etched nanopatterns have a high angle slope over about 80◦ .

is strongly needed. Based on these observations, we obtained
oxidized nanostructures with a high aspect ratio of 0.15–0.21
and protruded nanostructures of about 1.7 nm in line height
and about 38 nm in line width at the high speed of 400 µm s−1

Selective growth of nanometre scale structures with high resolution using thermal energy in AFM lithography

under the elevated temperature. Moreover, after etching Ta2 O5
nanostructures fabricated by AFM lithography, we obtained Ta
nanopatterns with feature sizes in the range of 100 nm.
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