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Formation and electric property measurement of nanosized patterns
of tantalum oxide by current sensing atomic force microscope

Young-ho Kim, Jianwei Zhao, and Kohei Uosakia)

Physical Chemistry Laboratory, Division of Chemistry, Graduate School of Science, Hokkaido University,
Sapporo 060-0810, Japan

~Received 25 August 2003; accepted 29 September 2003!

Nanosized patterns of tantalum oxide were fabricated on a tantalum substrate by applying a potential
pulse utilizing current sensing atomic force microscopy~CSAFM!. The dimensions of the dots were
strongly dependent on the bias applied, scan rate, and potential pulse duration. By controlling these
variables, the minimum size nanodots with full width at half maximum of 35 nm was achieved.
Immediately after pattern formation, the electrical properties of the Ta oxide nanodots were
measured using CSAFM. The charge transport at the CSAFM tip and the nanosized Ta oxide dot can
be described by Poole–Frenkel type conduction. The relative dielectric constant of the nanosized
Ta2O5 dots was calculated to be 17.8–24.3, showing that the quality of the oxide was high. In
addition, by controlling the substrate bias applied, pulse duration, and tip scan speed, nanosized Ta
oxide lines with the desired dimensions were prepared. ©2003 American Institute of Physics.
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I. INTRODUCTION

Recently, nanotechnologies have attracted the atten
of many research groups. One of the most important tar
of nanotechnology research is the construction of nanos
electronic devices. To achieve this goal, advances in nan
eter scale manipulation of metal or semiconductor surface
essential. It is difficult to modify metal or semiconduct
surfaces on a nanometer scale by optical or electron b
lithography but scanning probe lithography~SPL! is consid-
ered to be a promising tool for solving this difficulty.1,2

There are two major SPM-based lithography techniqu
One is based on a mechanical mechanism that uses an a
force microscope~AFM!3–8 and the other is based on a
electrical mechanism that uses a scanning tunneling mi
scope~STM!.9–16A current sensing atomic force microscop
~CSAFM!-based SPL has been demonstrated to be a us
method for utilizing the advantages of both STM and AF
We used CSAFM to form a nanosized pattern of a s
assembled monolayer on a gold substrate.17,18 CSAFM has
also been used to create nanosized surface oxide struc
on metal and semiconductor surfaces.19–29 Many kinds of
metal oxides, such as TiO2 ,20,24–26 Al2O3 ,21,27 and Cr
oxides28 were fabricated using CSAFM. It is generally b
lieved that oxide is formed as a result of anodic oxidat
with the tip and the ambient moisture layer between the
and the substrate acting as a nanosized counter electrod
an electrolyte solution, respectively, as schematically sho
in Fig. 1.29

Tantalum pentoxide is one of the best candidates fo
high performance dielectric material to be used in vario
modern electronic devices30–35 because of its superior elec
tronic properties such as high dielectric constant@amor-

a!Author to whom correspondence should be addressed; electronic
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phous: 29.2–29.5~Ref. 30! and crystalline: 45.6–51.7~Ref.
30!#, low dielectric loss and low leakage current as well
having good chemical and thermal stabilities. To apply ta
talum oxide for fabrication of metal–insulator–metal~MIM !
or metal–oxide–semiconductor~MOS! junction-based nano
electronic devices, control of the oxide dimensions and e
trical reliability on a nanometer scale is required.

In this study, we report the construction of tantalum a
odic oxide nanopatterns on a sputtered tantalum film by
plying the bias in air using the CSAFM in contact mod
Immediately after the formation of the nanosized pattern,
current~I!–voltage (V) relationship of the nanosize tantalu
oxide was also measured using the CSAFM. Reproduc
I –V curves were obtained at an extremely high electric fi
~.0.1 MV/m!, suggesting high breakdown voltage of th
nanosized tantalum oxide patterns. OurI –V results are ex-
plained by means of the Poole–Frenkel conduction mec
nism in a comparison with theoretical simulation.36–40

il:FIG. 1. Schematic of oxide formation on water covered Ta with native ox
using CSAFM.
3 © 2003 American Institute of Physics

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



tom panel

7734 J. Appl. Phys., Vol. 94, No. 12, 15 December 2003 Kim, Zhao, and Uosaki
FIG. 2. ~a! AFM image (1mm31 mm) of the sputtered tantalum film covered~top panel! with native oxide and cross-sectional profile~bottom panel!. ~b!
AFM image of oxide dots fabricated by applying various substrate biases of 4, 6, and 8 V and various pulse duration times of 5, 10, 20 s. The bot
shows the cross-sectional profile of the dots generated by 8 V pulses.
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II. EXPERIMENT

Tantalum films~thickness:;160 nm! were sputtered on
a nonalkaline glass sheet. A native oxide layer formed as
sputtered tantalum film was exposed to air. The thicknes
the native oxide layer was;2 nm measured by spectroscop
ellipsometry~GESP-5, SOPRA! using a 30 W Xe lamp as
the light source. This value is in good agreement with pre
ously reported values~;2–3 nm!.41–43

CSAFM measurements were carried out using a
coSPM microscope~Molecular Imaging! and a PicoScan
controller ~Molecular Imaging!. Pattern formation was
achieved by applying bias between the Pt coated conduc
Pt/Si3N4 tip ~MikroMasch, typical spring constant: 0.1
N/m, parabolic shape with an apex of the radius of curvatu
,35 nm! and the Ta substrate at room temperature~;23 °C!
and ambient humidity of;3862%. TheI –V curves of the
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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nanosized dot patterns were also measured in air using
CSAFM setup.

III. RESULTS AND DISCUSSION

Figure 2~a! is an AFM image of the initial surface cov
ered with a native oxide with grains of;20 nm diameter.
Potential pulses of various biases and duration times w
applied at various locations of the surface without tip sc
ning. Figure 2~b! shows AFM images of the surface afte
bias of 4, 6, and 8 V~the substrate is positive! for durations
of 5, 10, and 20 s. From the cross-sectional profiles of
patterns formed at 8 V, shown in the bottom panel of F
2~b!, it seems that the dot pattern has a conical shape. H
ever, it should also be noted that it is possible that the virt
image due to the tip is shaped like an inverted triang
Therefore, we estimate that the erupted nanosize Ta o
TABLE I. Effect of substrate bias~4, 6, and 8V! and pulse duration on the dimensions of nanosized dots.

Pulse
duration

~s!

4V 6V 8V

Height
~nm!

FWHM
~nm!

Height
~nm!

FWHM
~nm!

Height
~nm!

FWHM
~nm!

5 ¯ ¯ 4.5 30 5.0 70
10 ¯ ¯ 5.5 35 6.5 50
20 4.0 35 6.5 50 8.0 80
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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dot pattern is shaped somewhere between conical and c
drical. The size of the dot strongly depended on both
amplitude and duration of the potential pulse, a summary
which is in Table I.

In the case of 4 V substrate bias, no clear patterns w
observed if the pulse duration was 5 or 10 s, but a dis
guishable feature with height of;4 nm and full width at half
maximum~FWHM! of ;35 nm was observed upon applic
tion of a 20 s pulse. With the 6 and 8 V bias, dots form
even for a 5 spulse. It has been reported that the main fact
controlling the pattern size are the ambient humidity lev
scanning speed, pulse duration, bias applied, and
radius.25,26 Furthermore, the dimension of the dot is strong
dependent on the initial roughness of the metal substrate
drift of the tip during the patterning process, which results
pattern broadening.

Observation of the nanosized dot after the potential pu
suggests the formation of tantalum oxide because the de
of Ta is much higher than that of Ta2O5 and, therefore, the
oxidation process results in a volume increase. The den
of Ta metal is 16.65 g/cm3 and the theoretical density o
crystalline Ta2O5 ~hexagonal! is ;8.3 g/cm3.44 The density
of amorphous Ta2O5 varies over a considerable range d
pending on the fabrication conditions.44 Based on these den
sity values, the volume of crystalline Ta2O5 is ;2.45 times

FIG. 3. ~a! I –V curves of the nanodots fabricated by substrate bias of 2
and 6 V obtained using the CSAFM tip. The result for the Ta substrate w
native oxide is also shown for comparison.~b! Poole–Frenkel, ln(I/V) vs
V1/2, plots of ~a!.
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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that of Ta metal for the same number of Ta atoms. To cal
late the total thickness of the oxide, we used both a con
shape as observed by AFM and a cylindrical shape for the
oxide dot because of the reason mentioned above. Ta o
below the initial plane is considered to be cylindrical in bo
cases. For the Ta oxide with a conical shape, the erup
height of the Ta oxide was;81% of the entire Ta oxide
thickness and the calculated total thicknesses of the Ta o
layers were 4.9, 8.0, and 9.8 nm for bias of 4, 6, and 8
respectively. The total thickness of the Ta oxide is prop
tional to the bias applied with a slope of 1.23 nm/V. On t
other hand, if a cylindrical shape is assumed, the total ca
lated thicknesses of the Ta oxide layers were 6.8, 11.0,
13.5 nm for bias of 4, 6, and 8 V, respectively. In this ca
the oxide growth rate was 1.69 nm/V and the height ra
~the erupted height of the Ta oxide dot pattern/the thickn
of the whole oxide layer! was 59%.

It is well known that there is a linear relationship b
tween the anodization voltage and the oxide thickness in
case of anodic oxide growth.45 It is quite interesting that the
growth rate of the present nanosized Ta oxide dot pat
~;1.23–1.69 nm/V! is comparable to the growth rate of th
tantalum anodic oxide~;1.7 nm/V!.46,47 Thus, it is reason-
able to consider that the growth mechanism for the nanos
oxide is electrochemical anodic oxidation as schematic
shown in Fig. 1.

To examine the quality of the nanosized Ta oxide d
pattern, the local electrical property was investigated us
CSAFM immediately after nanosize dot formation. Becau
of possible application of dielectric Ta oxide for a microele
tronic device, theI –V relationship is one of the crucial cha
acteristics. TheI –V relationship was measured at room tem
perature by applying only a cathodic substrate bias. We
not apply an anodic substrate bias in order to avoid furt
growth of the Ta oxide. The Pt-coated tip/Ta oxide/Ta su
strate structure is considered to be a MIM junction.

Figure 3~a! shows theI –V curves of the Ta anodic oxide
nanosized dots prepared by applying 2, 4, and 6 V bias. A
comparison, theI –V curve of Ta with native oxide is also
shown. As preparation bias increased, the onset potentia
the current flow increased. Since the available maximum b
of the present CSAFM setup was 10 V, theI –V curves of the

,
h

FIG. 4. Relationship between the slope of ln(I/V) andV1/2 plots @Fig. 3~b!#,
i.e., b/(kTd1/2), and d21/2 which was estimated using both cylindrica
~square! and conical~circle! Ta oxide dots.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 5. AFM images of line patterns fabricated by applying various substrate bias and scanning rates. Cross-sectional profiles at the lines showne AFM
images are given in the bottom panels.~a! Substrate bias of 6 V and scanning rate of 50 nm/s;~b! substrate bias of 8 V and scanning rate of 50 nm/s;~c!
substrate bias of 6 V and scanning rate of 500 nm/s.
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Ta oxide dots prepared with more than 6 V bias could not
obtained.

Tantalum oxide grown on a Ta substrate is normally n
stoichiometric and contains many defects. These defects
behave as coulombic traps. According to the Poole–Fren
mechanism, the energy barrier of the coulombic trap
comes asymmetric in an electric field and results in the th
mal ionization of trapped charge carriers.37,38 Thus, theI –V
relationship of the tantalum oxide film in a high electric fie
is described by Poole–Frenkel type conduction as48–54

lnS I

VD5
b

kTd1/2AV1S ln C2
eF

kT D , ~1!

whereb is the field-lowering coefficient and is given by

b5S e3

p««0
D 1/2

, ~2!

wherek is the Boltzmann constant,T is the absolute tempera
ture, C is the proportionality constant,e is the elementary
charge,F is the ionization potential,«0 is the permittivity of
free surface,« is the relative dielectric constant, andd is the
film thickness. According to the Poole–Frenkel relati
given in Eq. ~1!, a linear relationship is expected betwe
ln(I/V) and V1/2 with slope ofb/(kTd1/2), which is a func-
tion of the relative dielectric constant and the thickness
the material at a given temperature. Poole–Frenkel plots
ing the results shown in Fig. 3~a! are shown in Fig. 3~b!. In
all the cases, very good linear relationships were obtain
confirming the Poole–Frenkel conduction mechanism.

Figure 4 shows the relationship between the slope of
ln(I/V) andV1/2 plots @Fig. 3~b!#, i.e., b/(kTd1/2) andd21/2,
which were estimated using both the cylindrical and coni
Ta oxide dots described above. Very good linear relati
ships, which pass through the origin, were obtained in b
cases. From the slopes, the field-lowering coefficient,b, is
determined to be 1.54– 1.8631025 eV m1/2/V1/2. One can
obtain the relative dielectric constants using these value
17.8–24.3. The relative dielectric constant of Ta2O5 film is
reported to be dependent on the thickness but is 18.5 for
anodic oxide films of less than 19 nm.46 The experimentally
observed value is in good agreement with this value, c
firming the nanosized dots prepared in this study have die
tric properties similar to Ta2O5.

With application of nanoelectronic devices in mind, lin
pattern formation was attempted on the native oxide cove
Ta substrate using CSAFM by scanning the position of
conductive AFM tip. No clear feature was observed whe
V bias was applied. This must be because the scan rate o
tip was too fast at 4 V bias. The formation of the nanosiz
dot with a stationary tip at 4 V bias required a relatively lo
pulse duration~.20 s! as already shown@Fig. 2~b!# but the
slowest tip scan rate of the present CSAFM system is
nm/s. Clear line patterns can be formed using 6 and 8 V b
with the tip scan rate 50 nm/s as shown in Figs. 5~a! and
5~b!, respectively. The height and the FWHM of the pa
terned lines formed by substrate bias of 6 V are;4.2 and
;70 nm, respectively, and those with substrate bias of
are ;3.4 and;100 nm, respectively. The FWHMs of th
lines are bigger than those of the dots maybe because of
Downloaded 08 Mar 2006 to 133.87.26.100. Redistribution subject to AIP
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of the tip during the scanning process. The smallest line
mension in this study~height:;1.9 nm, FWHM:;50 nm!
was achieved at substrate bias of 6 V with a scanning rat
500 nm/s as shown in Fig. 5~c!. The height of the pattern
is close to the roughness of the substrate so one need
use a much flatter surface to create a pattern of sma
dimensions.

IV. CONCLUSIONS

In summary, we have demonstrated that nanosized
talum oxide dots can be prepared on a Ta substrate
native oxide by applying the potential pulse using CSAF
~the substrate is positive to the tip! in air. The FWHM of the
smallest dots was 35 nm. TheI –V characteristics of the
nanosized tantalum oxide dots were measured immedia
after dot formation also using CSAFM. These results show
that the nanosized Ta oxide dots essentially grew as a re
of the electrochemical anodic oxidation mechanism a
charge transport at the CSAFM tip and that the nanosized
oxide dot can be described by Poole–Frenkel type cond
tion. The relative dielectric constant of the nanosized Ta2O5

dots was calculated to be 17.8–24.3, showing that the qua
of the oxide was high. In addition, by controlling the su
strate bias applied, pulse duration and tip scan speed, n
sized Ta oxide lines with the desired dimensions were p
pared. To obtain a pattern with smaller dimensions, d
of the tip and the initial surface roughness should
minimized.
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