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Abstract

In this paper, an inversion-based feedforward control approach for achieving high-speed,
large-range probe-based nanofabrication is proposed. Probe-based nanofabrication has attracted
great interest recently. This technique, however, is still limited by its low throughput, due to the
challenges in compensating for the existing adverse effects. These adverse effects include the
nonlinear hysteresis as well as the vibrational dynamics of piezoactuators used to position the
probe in 3D axes, and the dynamic coupling in multi-axis motion during high-speed
nanofabrication. The main contribution of this paper is the utilization of the recently developed
model-less inversion-based iterative control technique to overcome these challenges in scanning
probe microscope-based nanofabrication. By using this advanced control technique, precision
position control of the probe can be achieved during high-speed, large-range multi-axis
nanofabrication. The proposed approach is demonstrated in experiments by implementing it to
fabricate large-size (~50 pwm) pentagram patterns via mechanical scratching on a gold-coated

silicon sample surface at high speed (~4.5 mm s™!).

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In this paper, an iterative feedforward control approach to
achieve high speed and large range in probe-based nanofab-
rication is presented. Recently, probe-based nanofabrication
using tools such as scanning probe microscopes (SPM) has
attracted much interest. Current probe-based nanofabrication
processes [1-5], however, are limited by the low throughput
of the process, which, in turn, hinders their practical imple-
mentation. Although such a low throughput can be improved
through hardware improvements such as parallel probes [5],
the throughput is eventually limited if the fabrication is slow
due to the hardware adverse effects [6]. During high-speed,
large-range fabrication, hardware adverse effects can lead to
large positioning errors of the probe relative to the sample, and
as a result, large defects in the nanopatterns/parts fabricated.
The contribution of this article is the implementation of a re-
cently developed inversion-based iterative control approach [7]
to compensate for the adverse hardware effects.
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Precision positioning during high-speed, large-range
motion is needed in probe-based nanofabrication. It has
become evident that probe-based methods to fabricating
nanoscale structures and devices are promising (because of
their low cost and significant technical potential) [8]. Various
nanofabrication processes have been proposed [1-5, 9]. All
of these processes require the precision positioning of the
probe relative to the sample, and thereby, are confronted by
the same challenge—maintaining precision (probe-to-sample)
positioning during high-speed, large-range operation. Large
positioning errors can be generated during high-speed, large-
range fabrication, which will not only lead to large defects in
the fabricated structures or devices, but also result in damage
of the probe (when the sample is hard), the sample (when the
sample is soft), or both. Moreover, unlike other probe-based
applications (such as SPM imaging) where the motion in one
axis is substantially slower than that in other axes, the motion
control in probe-based nanofabrication can be very demanding
in all 3D axes. As a result, positioning errors in different axes
can be superimposed and lead to large distortions in the final
structure/device fabricated. Additionally, when the fabrication

© 2009 IOP Publishing Ltd  Printed in the UK
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speed is high and/or the operation range is large, the cross-axis
dynamics coupling of piezoactuators [10] can become large,
resulting in large fabrication distortions as well. Therefore, it
is important to maintain the precision positioning of the probe
relative to the sample in all x—y—z axes during high-speed,
large-size nanofabrication.

Advanced control techniques can be used to improve
positioning precision during high-speed, large-range motion.
For example, it has been demonstrated recently that the
output tracking in repetitive operations can be substantially
improved by using the inversion-based iterative control (IIC)
techniques [10, 6, 11]. A main advantage of the iterative
control approach is the exploitation of the noncausality gained
from the repetitive nature of the applications, particularly
for nonminimum-phase systems such as piezoactuators in
SPM [12]. Also, it has been shown recently that the
IIC approach can compensate for both hysteresis and
dynamics effects of piezoactuators [6]. The model-less
iterative control (MIIC) employed in this paper further
extends the IIC approach [10], by eliminating the need for
the dynamics modeling process in the control algorithm.
Therefore, constraints related to the modeling process and
the model accuracy are removed. The efficacy of the MIIC
algorithm for precision positioning has been demonstrated
through experiments [7, 13]. Specifically, we note that in
nanofabrication, the desired trajectory is usually specified a
priori, and the environment tends to be well maintained.
Therefore, it is advantageous to utilize iterative control
techniques such as MIIC in probe-based nanofabrication.

The main contribution of the paper is the use of the
MIIC technique to probe-based nanofabrication using SPM.
Particularly, the MIIC technique is utilized to compensate for
the dynamics coupling effect in multi-axis motions, as well
as to account for the hysteresis and the dynamics effects in
the motion of each individual x, y and z axis. The approach
is illustrated by implementing it to mechanically scratch
a challenging pattern (pentagram) on a gold-coated silicon
sample surface. The experimental results show that even at a
fabrication speed as high as 4.5 mm s~!, a large-size pentagram
pattern (~50 um by ~50 pm) can still be accurately fabricated
by using the proposed approach. Furthermore, a dashed-line
pentagram pattern was also fabricated, and the experimental
results obtained demonstrate the efficacy of the proposed
method for high-speed 3D nanofabrication.

2. MIIC approach to probe-based nanofabrication

In this section, the use of the MIIC technique [7] in probe-
based nanofabrication is presented. We start with briefly
describing the probe-based nanofabrication process.

2.1. Probe-based nanofabrication

In probe-based nanofabrication, a micro-machined probe is
precisely positioned on (or closely above) the same surface
during the motion (see figure 1) to locally induce surface
modification along the path, resulting in nanoscale features
on the sample surface (such as lines or dots). Such a
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Figure 1. The schematic diagram of the SPM system.

surface modification can be achieved, for example, through
mechanical scratching followed by an etching process [2, 3],
or, through thermal effects as exemplified in the IBM Millipede
system [5]. Alternatively, probe-based nanofabrication can
also be achieved by introducing external effects such as
electrical fields [1], laser beams [9], and chemical compounds
(via probe coating) [4]. In all these mechanisms, maintaining
the probe-to-sample positioning precision is critical, because
the probe-to-sample positioning error is directly translated to
defects in the fabricated nanostructures/devices. The probe—
sample precision positioning becomes challenging when the
nanofabrication is at high speed and large range, due to the
excitation of adverse effects including the cross-axis dynamics
coupling, the hysteresis, as well as the vibrational dynamics
effects [6, 10, 14].

2.2. MIIC approach to multi-axis motion control

We propose to utilize the recently developed MIIC ap-
proach [7] to compensate for the above adverse effects dur-
ing probe-based nanofabrication. The iterative learning control
(ILC) approach is attractive because in nanofabrication, the de-
sired trajectories for all x—y—z axes are usually pre-specified
and repetitive. Therefore, it is possible to utilize the entire tra-
jectory tracking from the previous iteration to generate the con-
trol input at the current time instant. In other words, the ILC
approach provides the possibility to explore the noncausality
in nanofabrication to enhance the precision positioning.

The MIIC algorithm is described in the frequency domain
as

up(jw) = ays(ow)
ur(jow)
Ye(jo)
(for g (j) # 0, yi(jo) # 0, k > 1)

where o # 0 is a pre-chosen constant (e.g., « can be chosen as
the estimated DC-gain of the system dynamics), f (jw) denotes
the Fourier transform of the signal f (), yq(jow) is the desired
output trajectory, and uy(jw) and y;(jw) are the input and
the output obtained from the kth iteration, respectively (see
figure 2).

The MIIC technique extends the inversion-based iterative
control (IIC) technique proposed in [10]. The MIIC algorithm

ya(jo), D

U1 (o) =
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Figure 2. The block diagram of the MIIC algorithm.

(equation (1)) can be transformed from the IIC algorithm by
replacing the inverse of the dynamics model, G;} (jw), in the
IIC algorithm (see equation (9) in [10]) with u;(jw)/yr(w),
and setting the iterative coefficient p(w) = 1. Such a
transformation implies that the dynamics modeling process is
eliminated in the MIIC algorithm, whereas the IIC algorithms
require a reasonably good dynamics model of the system, and
the convergence rate (i.e., the choice of the iterative coefficient)
depends on the model accuracy. Thus, the MIIC technique
alleviates these modeling-related constraints and can achieve
better tracking performance, particularly when the desired
output trajectory is complex [15].

We note that in nanofabrication, the existing disturbance
and measurement noise effects need to be addressed. The
disturbance/noise effects can be modeled as an extraneous
random output augmented to the system output—with that,
the output becomes y;(jw) = yr(jo) + y,(jw), where yi(jw)
denotes the linear part of the system response, i.e., yr(jw) =
G(jw)ur(jw), and y,(jw) denotes the noise/disturbance.
Then it can be shown that if the bound of the following
noise/disturbance to the desired signal ratio (NSR), €(w), is
less than 1 — +/2/2, i.e., €(@) 2 |y.(j®)|/|ya(w)| < [1 —
V/2/2], the output tracking can be improved by using the MIIC
algorithm [7],

Ye(jo) — ya(jo) o 2@l — €(w)]
- <1
ya(jw) 1 —2¢(w)

lim

k—o00

@)

The above equation (2) shows that precision tracking of the
desired trajectory over a broad frequency range can be achieved
provided that the NSR € (w) is small (in that frequency range).
The ‘trackable’ frequency range can be larger than the open-
loop bandwidth of the system [7, 13].

2.3. Compensating for the cross-axis coupling effect using
MIIC

Compensating for cross-axis dynamics coupling existing
in multi-axis motion control [10, 16, 17] is particularly
important when fabricating 3D nanodevices/patterns, because
the motions in all x—y—z axes can be complicated and at
high speed. Although the cross-axis coupling effects can
be accounted for by considering the 3D (x—y—z axes) SPM
dynamics as a multi-input-multi-output (MIMO) system, and
then designing a MIMO controller accordingly [18], such an
approach involves complicated online computations, and its
performance can be hampered by the possibly large model
uncertainties. In this paper, the MIIC algorithm (equation (1))
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Figure 3. The z-axis AFM dynamics with x—y-to-z coupling effect.

is used to compensate for, not only the dynamics and hysteresis
effects in each axis [7], but also the cross-axis dynamics
coupling effects. Such a cross-axis coupling is pronounced
from the large-range lateral x—y axes motion to the vertical
z-axis motion, and becomes more significant in high-speed
operation. As schematically shown in figure 3, the x—y-to-
z coupling-caused displacement y,,,(jw) is augmented to the
displacement of the z-axis itself y,.(jw), leading to the total
z-axis displacement y, (jw) as,

v:(jo) = G (jo)u,(jo) + G (jo)u,(jw) + Gzy”y(jw)

= Ve (J@) + Yoxy (o).

()’zxy (jw) £ G (jo)uy(jow) + Gzy (.]w)uv (jw)). 3)
Thus first, the x—y-to-z coupling-caused displacement y_,, (jw)
is measured by applying the control input to the lateral x—y
axes on a hard flat reference sample (e.g., a silicon sample
or a sapphire calibration sample). Then, the desired z-axis

displacement y, 4(jw) is modified by subtracting the measured
coupling-caused displacement y., (jw),

yz,d(jw) =y.a(w) — Yzxy (jw), “)

and the MIIC technique is applied to the z-axis only (with
no lateral displacement, i.e., y;,(jw) = 0 in (4)) to find the
control input u}(jw) that tracks the modified z-axis desired
trajectory, i.e.,

Gzz(ja))uﬁ(jw) =y (jo) — )A’zd(]a)) (5)

Finally, the control inputs for both the lateral x—y and z-
axis tracking are applied simultaneously during the fabrication.
As a result, the x—y-to-z coupling is removed and precision
positioning in all x—y—z axes is achieved. We note that a
similar approach to compensate for the cross-axis coupling has
been proposed in [10]. The above method extends the work
in [10] for nanofabrication by achieving precision trajectory
tracking in all three x—y—z axes at the same time.

3. Experimental example

We illustrate the MIIC approach to probe-based nanofabrica-
tion through experiments. It is demonstrated that by using the
MIIC approach, high-speed nanofabrication of a challenging
pattern (pentagram) of large size can be achieved. We start
with briefly describing the nanofabrication process based on
mechanical scratching.
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The desired pentagram pattern
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Figure 4. The desired trajectories of the dash-line pentagram pattern: (a) the entire trajectory, (b) the z-axis trajectory, (c) the x-axis

trajectory, and (d) the y-axis trajectory.

3.1. Nanofabrication based on mechanical scratching

The experiments were carried out under ambient conditions
on a SPM system (Dimension 3100, Veeco Instruments Inc.)
with a rectangular-shape cantilever coated with wear-resistant
material. The nominal stiffness of the probe is 40 Nm™!
(stiffer probes like the stainless steel cantilever with diamond
tip can be used to further reduce wear and increase the
smoothness of the fabricated pattern). By applying a relatively
large loading force to the SPM probe on the sample surface,
and dragging the probe to track the desired geometry path,
patterns of nanoscale features can be fabricated. The fabricated
pattern can be examined by imaging the sample surface using
the same SPM system with a substantially lower loading
force. In applications, the mechanical-scratching method is
usually used to fabricate fine patterns on a soft metal or
polymer material such as PMMA [19]. For harder material
such as silicon, the mechanical-scratching technique has been
successfully used to fabricate multilayer nanometer devices
along with an etching process [20]. We note that as discussed
before, the precision positioning problem ubiquitously exists in
probe-based nanofabrication processes. Therefore, we expect
that the proposed MIIC technique can be equally applied to
other probe-based nanofabrication processes as well.

3.2. Experimental setup

The SPM system utilized in this paper uses piezotube actuators
to position the SPM probe with respect to the sample in all
x—y-z axes. All the control inputs were generated by using
MATLAB-xPC-target (Mathworks, Inc.), and sent through a
data acquisition card to drive the high-voltage amplifiers for
the corresponding piezotube actuators.

In the following experiments, two types of pentagram
(one with continuous lines, and the other with dashed lines)

were chosen as the desired patterns to be fabricated. When
fabricating the continuous-line pentagram pattern, contact
mode SPM was used to maintain the cantilever deflection
around a setpoint value (i.e., to maintain a constant tip—sample
interaction force) by using the feedback controller of the SPM
system for the z-axis probe positioning. When fabricating the
dashed-line pentagram pattern, the z-axis feedback control was
turned off, and the vertical position of the z-axis piezoactuator
was controlled by applying the feedforward input obtained
from the MIIC technique to track the desired z-axis trajectory.
The fabrication of the dashed-line pentagram pattern required
the up-and-down vertical motion of the probe. Thus, such an
experiment evaluated the MIIC algorithm for fabricating 3D
structures. The desired pentagram pattern (size: ~50 pum
by ~50 pum) and the corresponding desired trajectories for
each z, x, and y axis are shown in figures 4(a), (b), (c),
and (d), respectively. Particularly, an isosceles trapezoidal
wave was chosen as the desired z-axis waveform. The use
of the isosceles trapezoidal wave rather than square wave was
to reduce the oscillations after the up—down transitions. The
entire pentagram pattern comprised a total of 20 dash lines
evenly spaced (figure 4(b)).

3.3. SPM dynamics

The SPM dynamics in each axis (x, y, and z) was measured
experimentally. For example, the lateral x-axis dynamics from
the input voltage to the displacement output of the piezotube
actuator was measured using a dynamic signal analyzer (DSA,
Hewlett Packard 356653A). Also, the dynamics uncertainty
was experimentally quantified by measuring the frequency
responses under different driven input levels (20, 40, and
60 mV), as shown in figure 5 for the frequency range w €
[0,3] kHz. When measuring the z-axis SPM dynamics
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Figure 5. The frequency responses of the x-axis piezoelectric
actuator on the SPM, measured with three different input amplitude
levels (20, 40, and 60 mV), with comparison to the averaged
response.

(from the input voltage of the z-axis piezoactuator to the
cantilever deflection), the cantilever probe was pressed onto
a hard silicon sample with a preload constant force and a
sinusoidal oscillatory force of small amplitude was applied
with the sinusoidal frequency sweeping over the measured
range (i.e., the swept-sine method). Therefore, the obtained
frequency response should mainly contain the dynamics of
the piezoelectric actuator and the cantilever along with the
mechanical fixture connecting them (as the surface is hard).
The measured frequency response is shown in figure 6 for
the frequency range w € [0,4] kHz. We note that the
implementation of the MIIC algorithm did not require an a
priori dynamics modeling process (see equation (1)). Instead,
the SPM dynamics in figures 5 and 6 were measured to evaluate
the performance of the proposed MIIC technique for high-
speed nanofabrication.

3.4. Tracking results and discussion

In the experiments, the MIIC technique was applied to
achieve precision tracking in all x—y—z axes simultaneously
(as described in section 2), and then, the converged inputs
were used to fabricate the pattern by applying a large load
force (~22 uN) to the cantilever. For comparison, we also
used the DC-gain method to fabricate the pentagram pattern,
where the control input was generated by scaling the desired
output with the DC-gain of the piezoactuator. The DC-gain
method does not account for the hysteresis nor the vibrational
dynamics effects, thereby the fabricated patterns demonstrated
these adverse effects on the fabrication quality.

To compensate for the x—y-to-z coupling effect, the
coupling-caused z-axis displacement was measured from the
cantilever deflection (in vertical direction) when pressing the
probe onto a hard silicon sample of nanoscale flatness (the
surface roughness was within a couple of nanometers) and
applying the x-axis and y-axis control inputs to track the x,
y-axis desired trajectories, respectively (see figures 4(c) and
(d)). Then the modified z-axis desired trajectory was obtained
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Figure 6. The frequency responses of the z-axis piezoelectric
actuator on the SPM, measured with three different input amplitude
levels (40, 60, and 80 mV), with comparison to the averaged
response.

as described in section 2.3, and the MIIC algorithm was used
to obtain the control input to track this modified z-axis desired
trajectory. Finally, this control input was applied to the z-axis
when the control inputs to the other two axes were applied,
simultaneously. We note that for this SPM system, other cross-
axis coupling effects including vertical to lateral and between
lateral x—y axes were small and negligible.

The experimental tracking results in all x—y—z axes were
acquired and compared. Three different fabrication rates (5,
15 and 25 Hz) were tested in the experiment, where the
fabrication rate was defined as the rate to finish the fabrication
of the entire pattern once. The corresponding average lateral
speeds for the three fabrication rates were at ~0.9 mms~!,
~2.7mms~!, and ~4.5 mm s~', respectively. At these three
fabrication rates, the corresponding z-axis waveform frequency
(for fabricating the dashed-line pentagram pattern) was 100,
300, and 500 Hz, respectively. In figure 7, the lateral x-
axis tracking results for the fabrication rates of 5 and 25 Hz
obtained by using the converged MIIC inputs are compared
with the desired trajectory as well as those obtained by using
the DC-gain method. To evaluate the z-axis tracking (with no
lateral x—y axes displacement), the modified desired trajectory
was used (to account for the x—y-to-z coupling) when the
MIIC was applied, and the original desired trajectory was
used when the DC-gain method was applied. The tracking
results for the waveform frequencies of 100 Hz and 500 Hz
(corresponding to the fabrication rates of 5 Hz and 25 Hz,
respectively) are shown in figure 8 for the MIIC method and
figure 9 for the DC-gain method. During the implementation
of the MIIC technique, the iterations were stopped when the
tracking error cannot be further reduced. Finally, the z-axis
tracking during the fabrication process (i.e., when all x—y—z
axes inputs were applied simultaneously) was also compared
for the MIIC method and the DC-gain method with respect to
the original z-axis desired trajectory, as shown in figure 10.

The tracking performance was also evaluated by
quantifying the relative RMS tracking error and the relative
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Figure 7. Comparison of the lateral x tracking results obtained by using the MIIC technique with those by using the DC-gain method at (al)

5 Hz and (a2) 25 Hz, and comparison of the corresponding tracking errors at (b1) 5 Hz and (b2) 25 Hz, respectively.
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maximum tracking error, as listed in table 1 for the lateral
tracking and table 2 for the vertical tracking, where the
relative maximum tracking error Ey(%), and the relative RMS
tracking error Eryms(%) are defined as

a 194G =yl

En(%) 2 x 100%,
lva()llse
lya() — ye ()l ©
Erus (%) 2 12480 7 VI 600,
lya()l,

Table 1. Comparison of the tracking errors in X-axis obtained by
using the DC-gain method and the MIIC approach at different
fabrication rates.

Error
Em (%) Erys (%)
Fab. rate (Hz) 5 15 25 5 15 25
Speed (mms~!) 0.64 193 321 0.64 1.93 321
Ist Iter. 381 3.67 423 149 139 141
2nd Iter. 204 212 2.1 1.15 1.12 1.20
3rd Tter. 1.80 190 244 1.09 1.05 1.13
4th Iter. 1.88 1.97 230 099 1.09 1.14
DC-gain 10.66 11.53 12.05 7.02 6.92 7.16

Table 2. Comparison of the tracking errors in Z-axis obtained by
using the DC-gain method, and the MIIC approach at different
fabrication rates.

34.1

Error

En (%) Erwms (%)
Fab. rate (Hz) 5 15 25 5 15 25
Ist Iter. 5.18 5.84 7.57 0.78 0.86 1.80
2nd Iter. 2.03 230 3.28 0.55 0.64 0.87
3rd Iter. 1.14 120 2.06 0.34 0.44 0.50
4th Iter. 1.16 1.18 221 0.34 043 0.57
DC-gain 26.15 52.81 74.82 9.07 18.48 28.31
Discussion.  The experimental results demonstrate

that precision positioning in lateral x—y axes motion can be
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achieved by using the MIIC algorithm during large-range,
high-speed nanofabrication. As the lateral displacement range
was large (50 wm), the hysteresis effect was pronounced,
and large positioning errors were generated. As shown
in figures 7(al) and (bl), with the DC-gain method, the
hysteresis-caused relative maximum error Ey(%) was over
10% of the total displacement range when the fabrication
rate was slow (5 Hz). Such a large positioning error
was substantially reduced by using the MIIC algorithm—
the relative RMS error Eryms(%) and the relative maximum
error Ey(%) were reduced to 0.99% and 1.88%, respectively.
As the fabrication rate was increased to 25 Hz, the
vibrational dynamics effect was augmented to the hysteresis
effect, resulting in even larger tracking errors. However,
precision tracking was still maintained when using the MIIC
approach— Egrms(%) and Epy(%) were only 1.14% and
2.30%, respectively (see figures 7(a2), (b2) and table 1). We
note that for nanofabrication application, precision tracking
in x and y axes are equally crucial, because even if the
tracking error in each individual axis is small, a relatively large
distortion can still be generated in the final fabricated pattern.
Such an ‘amplification’ of the positioning error is caused by the
superposition of the errors in different axes. In the experiment,
precision tracking in y axis was also achieved by using the
MIIC technique. The simultaneous precision tracking in both
x and y axes led to the precision fabrication of the continuous-
line pentagram pattern.

When fabricating the dashed-line pentagram pattern, the
frequency of the isosceles trapezoidal wave was much higher
(20 times higher) than that in the lateral x—y axes. As
a result, large probe oscillations in the vertical z-axis not
only increased the roughness of the sample surface, but can
also further damage the probe, the sample, or both. By
using the MIIC algorithm, however, even at the fabrication
rate of 25 Hz, precision vertical z-axis tracking was still
achieved—the Egrys(%) was only 2% of that by using the
DC-gain method (see figures 8 and 9 and table 2). Thus,
the MIIC algorithm can effectively account for adverse effects
during high-speed, large-size nanofabrication in both lateral
and vertical directions.

The experimental results also showed that coupling-
caused disturbance in multi-axis motion can also be effectively
removed by using the proposed method (see section 2.3).
Comparing the modified z-axis desired trajectory (in figure 8)
with the original one (in figure 9), we can see that the x—y-to-z
coupling effect was substantial. The coupling-caused z-axis
displacement was ~40% of the (original) desired trajectory
when the lateral x—y axes displacement was large (50 um)
and the velocity was at high speed (4.5 mms~'). Such
a large coupling-caused disturbance was augmented to the
vibrational dynamics effect when all 3D inputs were applied
simultaneously during the nanofabrication of the dashed-line
pentagram, resulting in much larger tracking error (than that if
there were no coupling effect). This is evident by comparing
with the DC-gain tracking result in figure 9. In contrast, such
a large coupling-caused disturbance was removed with the use
of the proposed MIIC technique, and precision tracking of the
original z-axis desired trajectory was achieved during the 3D

nanofabrication. Note that in figure 10, the small oscillations
at the top and the bottom of the isosceles waves were generated
because the SPM cantilever needed to be pulled out and pushed
onto the sample surface during the fabrication. Therefore, the
experimental results demonstrate that the proposed approach
can achieve high-speed precision positioning in 3D probe-
based nanofabrication at large size.

3.5. Nanofabrication results and discussion

3.5.1. Nanofabrication of continuous-line pentagram pattern.
Next, to fabricate the continuous-line pentagram pattern, the
MIIC inputs were applied to the x and y axes simultaneously
with a larger load force. Then the fabricated sample area
was imaged immediately afterward on the same SPM system.
The SPM images of the fabricated patterns obtained by
using the MIIC technique are compared with those obtained
by using the DC-gain method in figure 11 for the three
fabrication rates (5, 15 and 25 Hz). For comparison, the
desired pentagram pattern was also marked by the blue-
dashed line in figure 11. As shown in figure 11, the
MIIC technique effectively removed the fabrication distortion
caused by the hysteresis and the vibrational dynamics effects.
When the fabrication speed was relatively slow at 5 Hz (the
corresponding averaged line speed was ~0.9 mms~!, see
figure 11(al)), the distortion in the fabricated pattern was
already obvious. Such pronounced distortions were mainly
caused by the nonlinear hysteresis effect existing in both
x- and y-axes piezoactuators (because the fabrication size
was large, 50 um). Particularly, the positioning errors were
amplified due to the superimposition of the x-axis errors
with the y-axis ones, caused mainly by the phase-delay and
asynchronization between the x and the y axes. In contrast, the
use of the MIIC approach effectively removed such fabrication
distortions (see figure 11(b1)). When the fabrication rate was
increased to 15 Hz (the corresponding average line speed was
~2.7 mm s~'), the tracking error caused by the vibrational
dynamics became significant, resulting in large oscillatory
distortions in the fabricated pattern when the DC-gain method
was used (see figure 11(a2)), which became even larger when
the fabrication rate was further increased to 25 Hz (the average
line speed was at 4.5 mms~!, see figure 11(a3)). Using
the MIIC technique, precision tracking was still maintained
during this high-speed, large-range fabrication. As shown in
figure 11(b2) and (b3), the pattern distortion was very small,
and the fabricated pattern almost overlapped with the desired
one (marked by the blue-dashed line in figure 11). Therefore,
the experimental results demonstrate that by using the MIIC
approach, high-speed probe-based nanofabrication of a 2D
pattern can be achieved.

3.5.2. Nanofabrication of the dashed-line pentagram pattern.
Next, the converged MIIC inputs for all the x—y—z axes were
applied to the x, y, and z axes respectively at the same time
(the z-axis feedback control was turned off), and the dashed-
line pentagram pattern was fabricated. Then the fabricated
sample area was imaged immediately afterward on the same
SPM. The SPM images of the fabricated patterns obtained by
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Figure 11. Comparison of the nanofabrication images of the continuous pentagram pattern obtained by using (top row) the DC-gain method
with (bottom row) those obtained by using the MIIC technique at ((al), (b1)) 5 Hz, ((a2), (b2)) 15 Hz, and ((a3), (b3)) 25 Hz, respectively,
where the corresponding average line speeds are given in the title, and the blue-dashed lines represent the desired pentagram pattern.
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Figure 12. Comparison of the nanofabrication images of the dashed-line pentagram pattern obtained by (top row) using the DC-gain method
with (bottom row) those obtained by using the MIIC technique at ((al), (b1)) 5 Hz, ((a2), (b2)) 15 Hz, and ((a3), (b3)) 25 Hz, respectively,

where the corresponding average line speeds are given in the title.

using the MIIC technique are compared with those obtained by
using the DC-gain method (applied to all 3D axes) in figure 12
for the three fabrication rates (5, 15 and 25 Hz). To avoid
confusion, the desired pentagram pattern was not marked out
in figure 12. We also examined the indentation depth of the
dashed-line by the cross-section plot shown in figure 13—the
indentation depth was ~10 nm.

The experimental results demonstrated the efficacy of
the proposed approach in achieving 3D precision positioning

during high-speed probe-based nanofabrication. When the
fabrication rate was at 5 Hz, the distortions caused by nonlinear
hysteresis and vibrational dynamics effects were already
pronounced. As shown in figure 12(al), the dashed lines in
the pattern obtained by using the DC-gain method were curved
(rather than straight) and varied in length. However, such
large fabrication errors in the dashed lines were significantly
reduced by using the MIIC method: the dash lines were
straight and uniform in length, close to the desired ones (see
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Figure 13. The cross-section image of the dashed pentagram. The right image shows the depth of the fabricated groove.

figures 12(b1) and 4(a)). When the rate was increased to 15 and
25 Hz, the hysteresis and dynamics caused pattern distortions
became much more severe. As shown in figures 12(a2)
and (a3), the dashed lines were more curved and varied greatly
in length. In contrast, such large pattern distortions were
substantially reduced by using the proposed method. As a
result, the pentagram patterns were close to the desired one
(see figures 12(b2) and (b3)). To the best knowledge of
the authors, figures 11(b3) and 12(b3) represent one of the
fastest probe-based nanofabrication results ever achieved (in
terms of the line speeds in both the lateral and the vertical
directions). Therefore, the experimental results demonstrated
that the MIIC approach can be effectively utilized for high-
speed nanofabrication of large-size 3D patterns.

4. Conclusion

A control approach to achieve probe-based high-speed
nanofabrication at large range has been proposed. It was
shown that the implementation of the MIIC technique to SPM
probe-based nanofabrication can effectively compensate for
the nonlinear hysteresis and vibrational dynamics effects of
the piezotube actuator as well as the dynamic coupling effect,
thereby improving the fabrication throughput. The approach
has been illustrated by implementing it to fabricate a pentagram
via mechanical scratching on a gold-coated silicon sample
surface. The experimental results showed that pentagram
patterns of ~50 pum size with both continuous and dashed
lines can be accurately fabricated at a high (averaged) line
speed of 4.5 mms~!'. Therefore, the experimental results
demonstrated that by using the proposed approach, precision
position control can be achieved in high-speed large-range
multi-axes nanofabrication.
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