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A Semi-Contact Scanning Probe Lithography Technique (SC-SPL) has been applied to create nano-
oxide patterns on Ta thin films grown by DC magnetron sputtering method on SiO,/Si substrates.
The height and linewidth profiles of nano-oxide lines created by a conductive AFM tip on Ta film
surfaces were measured as a function of applied voltage, oxidation time, humidity, and tip apex
curvature. The AFM surface measurements show that the height of the oxides increases linearly
with increasing voltage; but there was no oxide growth, when less than 4 V was applied even at
85% relative humidity. Electrical measurements were performed and the resistivities of the TaO,
layer and Ta film were obtained as 5.76 x 10% and 1.4 x 10~%> Ohm-cm, respectively.

Keywords: Scanning Probe Lithography, Nano-Oxidation, Tantalum Thin Film, Tantalum Oxide,
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1. INTRODUCTION

Creation of smaller electronic devices enforces the use of
materials with higher dielectric constants (k) than that of
SiO, (k = 3.9).! Tantalum pentoxide (Ta,Os), an electrical
insulator with dielectric constant k > 26, is one of the best
candidates to be used as a gate barrier instead of SiO, in
field effect transistors and in DRAM capacitors.”* Several
techniques such as electron beam gun evaporation,* and
reactive pulsed direct-current magnetron sputtering® have
been used to fabricate highly insulating tantalum pentoxide
capacitor films. Tip-induced Scanning Probe Lithography
(SPL) technique has been used to create nanostructures
below 100 nm® on semiconductors’ and metals surfaces
such as chromium,!? titanium,'""'?> niobium'? and on tan-
talum films in contact mode.!*!> There are some success-
ful applications of nanoelectronic devices fabricated using
SPL reported in the literature, such as field effect transis-
tors (FETs),'!° Josephson junctions® and superconduct-
ing quantum interference devices (SQUID).?!

In the SC-SPL technique, a bias voltage between an
oscillating sharp tip and a conductive sample generates an
intense electric field (10° V/m) at the apex of an AFM
tip. This field is comparable to the effective field on elec-
trons around atoms. The tip-sample spacing is maintained
with an SPM feedback loop to allow controlled pattern-
ing with continuous and uniform features on metallic sur-
faces. A high electric field between tip and sample leads

*Author to whom correspondence should be addressed.
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to decomposition of the water layer (2H,O = 2(HO) +
H;),>>* and accumulation of energetic hydroxyl ions
being accelerated to the Ta surface, establishing a nanosize
electrochemical process in ambient conditions. The oxida-
tion rate can be controlled by growth parameters such as
amplitude of applied voltage, lithography time, humidity,
tip-sample separation, substrate temperature and substrate
property.?'-2*25 One of the possible electrochemical reac-
tions on a Ta film under an oscillating electric field and
within a controlled humidity environment can be described
by the following electrochemical reaction:

4Ta* 4+ 10x(HO)™ — 2Ta,0s, +5xH, (1)

Tantalum oxide (Ta,Os,) is one of the most likely sta-
ble oxide phases to be formed in this process and is sug-
gested in the previous works.'*!> But recent SPL and EDS
study on Si substrate shows that anodic oxidation process
increases the native oxide composition stoichiometry. The
EDS spectrum taken from the tip induced SiO, patterns
on native SiO, on Si substrate shows that the O/Si ratio is
greater than two (x > 2).26%

In this work, we report the tantalum oxide nanopat-
terns created using scanning probe lithography technique
in semi-contact (tapping) mode (SC-SPL). Ta oxide pat-
terns with linewidths as small as 75 nm were successfully
produced. Spreading surface resistance image (SRI) and
local resistivity of 2.3 nm thick TaO, fabricated with SPL
technique on a fresh Ta film produced with DC magnetron
sputtering method were measured with a DLC coated con-
ductive AFM tip in contact mode.
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2. EXPERIMENTAL DETAILS

A thin Ta film with 20 nm thickness was deposited on
thermally oxidized SiO, (~1 wm) on Si(100) wafers (pur-
chased from Si-Mat) by DC magnetron sputtering. SC-SPL
local oxidation experiments were performed using a com-
mercial Scanning Probe Microscopy (SPM) instrument
(Solver Pro 7 from NT-MDT, Russia) with a conductive
diamond like carbon coated tip (DLC tip from the same
company) with a curvature of 75 nm. The RMS surface
roughness of the Ta films was measured as 0.12 nm. A posi-
tive bias voltage between 1 V and 10 V was applied to the
Ta film while the tip at a distance of 10 nm from the Ta
film was grounded. The tip with an oscillating frequency
of 691 kHz is at lower potential with respect to the counter
electrode on the Ta film. The experiments were carried
out in an environmental AFM chamber to control relative
humidity between 5%—85%.

3. RESULTS AND DISCUSSION

Figures 1(a) and (b) show the 2D AFM surface image
and height profile of TaO, nano-patterns for various oxida-
tion voltage durations ranging from 1 ms to 210 ms. TaO,
line patterns were created with constant 10 V tip-sample
voltage under 85% relative humidity at 23 °C substrate
temperature. All of the obtained oxide patterns are homo-
genous and showed significant change in height depending
on voltage duration. The height of the oxide patterns incre-
ased from 2 nm to 4.2 nm with increasing oxidation time
between 1 ms and 210 ms.

There are several phenomenological models
predict the oxide thickness h(t) as a function of time ¢
and voltage V using the potential distribution in the oxide
layer. Among these models, the empirical power law
to describe oxide growth kinetics as a power of pulse
duration,®=3? the logarithmic function of applied voltage
duration, assuming the electric field, E = V /h; where V
is the applied voltage and h is the tip-sample separation,’
and the inverse exponential growth function of time,??’
have been used to fit the anodic oxidation data obtained
by SPL experiment. Recently, Orians et al.>' have pro-
posed a numerical model including the influence of the
space charge due to ions trapped near the substrate/oxide
interface to predict features of oxide growth to include
operating and material parameters on the thickness of the
oxide, the electric field, and ion concentration in the sys-
tem; but their results resemble the power law introduced by
Teuschler.?’ We have used the inverse exponential growth
model formulated with the following equations to fit our

TaO, data;
dh hy _y
(e T 2
dt < T )e @)

h= hm - hOeit/T (3)
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Fig. 1. (a) The 2D AFM image and (b) the height profile of tantalum
oxide nano-patterns for various sample voltage duration ranging from
1 ms to 210 ms (oxidation voltage: V = 10 V, humidity RH = 85%,
temperature 7 = 23 °C).

where h and r represent the oxide height and applied
voltage pulse duration, h,, and h, are the initial con-
stants, and 7 is the curve-fitted time constant, respectively.
Equation (3) shows time dependence of the oxide height.
Figure 2 shows the effect of applied tip-sample voltage
duration on oxide height. For the exponential growth func-
tion of the oxide line protrusions on the fresh Ta layer, the
best fit parameters are obtained as h,, = 4.4 nm, h, =1.98
nm, 7 = 88.5 ms. From the beginning up to time con-
stant, 7 = 88.5 ms, the oxidation process is faster due to
the low dielectric barrier of the water meniscus on the
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Fig. 2. The effect of sample voltage duration on Ta oxide growth (oxi-
dation voltage V = 10 V, relative humidity RH = 85%, temperature
T =25°C).
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surface. Then, the oxidation process starts to saturate to
h,, =4.4 nm due to TaO, dielectric material growth under-
neath the tip and increasing the space charge accumulation
due to ions trapped near the substrate/oxide interface.’!
The oxide growth rate is very sensitive to the applied
voltage between the conductive tip and bare Ta surface,
since the electric field is an important experimental param-
eter in a local electrochemical process. Figures 3(a) and (b)
show the 3D AFM image and the height profile of TaO,
lines, respectively. The oxide height and linewidth depen-
dences of TaO, nano-patterns on various tip-sample volt-
ages applied between 1 V and 10 V, under 85% relative
humidity at 25 °C are given in Figure 3(c). Both the
oxide height and the oxide linewidth increase linearly with
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Fig. 3. (a) The 3D AFM image, (b) the height profile, (c) oxide height
(left) and linewidth (right) profile of TaO, nano-patterns for various oxi-
dation voltages under 85% relative humidity at 25 °C.
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Fig. 4. The effect of relative humidity on Ta oxide growth under 10 V
oxidation voltage applied for 210 ms at 25 °C substrate temperature.

increasing oxidation voltage. It was also seen that there is
no grown oxide less than 4 V even at 85% relative humid-
ity. This means that the oxidation time for the applied
voltage is not enough for a measurable oxide protrusion
height for our SPM system. -3

Relative humidity is another effective parameter as a
source of water meniscus bridge to establish the local elec-
trochemical process between the conductive tip and the Ta
metal thin film surface. The effect of relative humidity on
TaO, for 10 V tip-sample voltage for 210 ms pulse dura-
tion at 25 °C substrate temperature is shown in Figure 4.
Oxidation starts around 25% relative humidity (RH) and
increases with increasing RH and then starts to saturate
around 70%. This means that relative humidity less than
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Fig. 5. (a) The oxide height and the average full width at half maximum
(FWHM) of the oxide line protrusions, (b) effect of oxidation time on
aspect ratio for AFM tips with two different apex curvatures.
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25% is not enough to set a water meniscus bridge along
10 nm tip sample separation to start the local electrochem-
ical process.®*3

We also measured the effect of oxidation time and tip
apex curvature on the aspect ratio (the ratio of oxide height
and the average full width at half maximum (FWHM) of
oxide line protrusion) as depicted in Figure 5(a). Aspect
ratio versus oxidation time for AFM tips with two differ-
ent apex curvatures is shown in Figure 5(b). The aspect
ratio of the Pt coated tips with 30 nm apex curvature is
approximately twice that of the DLC coated tip with 75 nm
apex curvature. This means sharper tips produce thinner
patterns, which affects consequently the resolution of SPM
nanolithography. There is a slight increase in the aspect
ratio for the DLC coated tips, while the aspect ratio is
approximately constant for the Pt coated tips. Compared
to previous works on Ta thin films done in contact mode
SPL,'*'5 higher TaO_ growth rate and aspect ratio are
obtained in SC-SPL as a result of space charge minimiza-
tion by varying electric field due to oscillating AFM tip.
Recent study with a shorter duration time of pulsed voltage
has proved to be able to fabricate significantly improved
high aspect ratio oxide compared to the conventional AFM
anodization lithography process using continuous bias.

(a) Conductive
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For electrical characterization, a 1 x 1 wm? TaO, layer
with oxide height of 2.3 nm was formed on a Ta film to
measure the electrical properties of TaO,. The 3D surface
topography and the spreading surface resistance image
(SRI) of the TaO, layer on this Ta film are shown in
Figures 6(a) and (b) respectively. Two terminal electrical
measurements were done in contact mode allowing the
AFM tip to touch the oxide layer or Ta surface. The dis-
tance between the conductive tip and counter electrode
was kept at 5 mm. Around 15 nA current difference as the
contrast of the SRI image between Ta and the TaO, sur-
face is seen in Figure 6(b). Darker contrast shows higher
resistive areas on the picture. This means that the TaO,
dielectric material should have more resistance compare
to Ta surface. To measure and compare the resistivities
of the TaO, layer and Ta film (inlet), /-V curves have
been taken with the same DLC coated conductive AFM
tip as shown in Figure 7. Resistances obtained from /-V
curves were 3 x 10" Q and 5 x 10° Q for the bare TaO,
layer and the Ta film for linear regions, respectively. The
corresponding resistivities were calculated from p = RA/I,
where R is the resistance, A is the cross-sectional area of
the tip apex (75 nm) and / (5 mm) is the distance between
the tip and the counter electrode. The transverse resistivity
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Fig. 6. (a) The 3D surface topography and (b) the spreading surface resistance image of Ta thin film after the local oxidation.
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Fig. 7. [-V characteristics of the TaO, layer and the bare Ta film (inset).

of the TaO, layer is measured as 5.76 x 10> Ohm-cm
and the longitudinal resistivity of Ta film is measured as
1.4 x 107> Ohm-cm. The resistivity ratio of TaO, and Ta is
obtained as 4.02 x 10'3. The resistivity of the TaO, layer
is low compared to the resistivity (4.8 x 10'> Ohm-cm) of
a 10 nm thick Ta,Os film obtained by dry O, annealing at
450 °C as measured by the Moon group.”’ This may be
due to possible leakage (tunneling) currents caused from
defects and charge traps through the 2.3 nm thin tantalum
oxide. More detailed studies such as EDS, XPS and capac-
itance measurements are needed to characterize structural
and electronic properties of tantalum oxide produced with
tip induced SPL techniques.

4. CONCLUSION

In summary, tip induced local oxidation parameters of
TaO, fabricated by SPL technique were investigated by
applying positive bias voltage to Ta thin film surface and
varying relative humidity at constant substrate temperature.
The oxide height and FWHM were found to increase with
increasing voltage amplitude and duration. It was found
that tip voltage strength and relative humidity have the
most influence on oxide growth rate. There was no measur-
able oxide growth for voltages less than 4 V and relative
humidity values less than 25% due to insufficient environ-
mental conditions to set the local electrochemical process
between tip and Ta substrate. The aspect ratio between
oxide height and FWHM of oxide line protrusions depends
on the apex curvatures of the conductive AFM tips and
does not change significantly with oxidation time. Two
terminal electrical measurements were performed with a
conductive AFM tip in contact mode and the resistivi-
ties of the TaO, layer and the Ta film were obtained as
5.76 x 10 Ohm-cm and 1.4 x 10~ Ohm-cm in the linear
I-V regions, respectively.
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