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In this paper, we report a method for atomic force microscopy surface modifications with single-
tone and multiple-resolution Lissajous trajectories. The tip mechanical scratching experiments with
two series of Lissajous trajectories were carried out on monolayer films. The scratching processes
with two scan methods have been illustrated. As an application, the tip-based triboelectrification
phenomenon on the silicon dioxide surface with Lissajous trajectories was investigated. The tribo-
electric charges generated within the tip rubbed area on the surface were characterized in-situ by
scanning Kelvin force microscopy. This method would provide a promising and cost-effective
approach for surface modifications and nanofabrication. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931087]

Atomic force microscopy (AFM) nanofabrication is a
flexible and low-cost method for the preparation of nano-
scale structures on the surface of various kinds of materials.
Depending on different types of AFM tips, a lot of tip-
sample interactions can be utilized for material surface modi-
fications, including mechanical, electrical, chemical, and
thermal effects.'™ Due to the inherent nature of the scanning
probe microscope (SPM),° raster scan patterns are required
for both imaging and nanofabrication. Structures consisting
of lines on the surface can be fabricated by raster scan pat-
terns.” For complex or irregular patterns, vector-scan con-
trolled nanolithography has been proposed to move the tip
along a desired path.”® But the fabrication speed was limited
to several nanometers per second. Enhanced raster scan pat-
terns were proposed by a rotating-tip-based technique” or in-
plane circular vibration method.'® In these methods, during
the fabrication processes, the tip did circular motions, which
were helpful in increasing the lithographic throughput.

Recently, in AFM imaging methods, several novel non-
raster scan trajectories have been proposed, such as spiral,"'
cycloid,'? and Lissajous patterns.>™'> One thing these scan
patterns have in common is that the drive signals in x and y
axes are all single-tone waveforms. So the advantage of
these scan trajectories is that the scan speed can be increased
without exciting the traditional scanner’s oscillation at
higher-order harmonics.'®'® Among these scan trajectories,
spiral and cycloid-like patterns can be used to cover a round
shape and a capsule shaped area, respectively. Only
Lissajous trajectory can map a square area. And the corre-
sponding scan shape, the density of the scan path, and the
scan time can be regulated by the small frequency difference
between the two axes of the scanner.' However, the scan
method involving Lissajous trajectories for nanofabrication
has not been reported yet.

In this article, first, we present the methods to calculate
the Lissajous scan trajectories for AFM surface
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modifications based on single-tone waveforms and multiple-
frequency waveforms theoretically. Then, as demonstrations,
the experiments on the tip mechanical scratching method
with two kinds of Lissajous trajectories were carried out. As
an application, the triboelectrification phenomenon induced
by a scanning AFM tip on silicon dioxide surface'® with
Lissajous trajectories was investigated. The triboelectric
charges accumulated within the tip rubbed area on the sur-
face were characterized in-sifu by using the scanning Kelvin
probe force microscopy (SKPM). This method would pro-
vide a promising and cost-effective approach for surface
modifications and nanofabrication.

To develop Lissajous trajectories used for AFM nano-
fabrication, inspired by the work of Bazaei er al. '° and
Yong et al.,"* trajectories can be expressed by two single-
tone cosine waveforms as shown in Equation (1). The phase
values of the waveforms are set to zero. A, and A, represent
the half scan range in x- and y-axis, respectively. xy and y,
are the scan offset. There is a small difference between the
two frequencies f, and f,. Typically assuming f, > f,, the ratio
of the frequencies f,/f,, which is rational, can be expressed
by Equation (2), where N is a natural number for the ratio
control. The value of N is inversely proportional to the fre-
quency difference. The shape of the Lissajous trajectory is
highly sensitive to the frequency ratio; thus, the pattern can
be designed by choosing different values of N. If N is large
enough, the Lissajous trajectories can cover the whole rec-
tangular area with the size of 2A, by 24,

X =xo +Accos(2nfit), Y =yo+Aycos(2nfyr), (1)

fi 2N
fy 2N-1'
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Following the design steps proposed by Yong et al., the
trajectory can be calculated as follows.'* First, the target re-
solution of Lissajous trajectory 4 is defined by the distance
between the two nearest cross points around the origin.
When N is a large number and assuming that A, =A,=A,
then N can be determined by using Equation (3)"°
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In this situation, if f, is known, then the f, can be deter-
mined by Equation (2). Finally, after setting the offsets x,
and yy, the trajectory can be determined by Equation (1) and
the period of the trajectory can be expressed by Equation (4).
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It is worth noticing that only with a half-period of
Lissajous trajectory, the squared area can be fully scanned."”
So, in our experiments, one scan method is implemented by
directly using a half-period of the designed Lissajous trajec-
tory. The other scan method which can be used in nanofabri-
cation is based on the multiple-resolution Lissajous
scanning.'® In this method, the frequency (e.g., fy) is not
fixed during the scan period, as shown in Equation (5). The
whole scan time can be divided into M parts. For every value
of M, except for the first part, the time duration is a half-
period Lissajous trajectory with a period of T,,, as shown in
Equation (6). The corresponding frequency f,,, can be
expressed by Equation (7), where Af is the minimum differ-
ence of two frequencies (Af = f, — f,»). Phase shift ¢,, in
every part of trajectories, which is given by Equation (8), is
necessary to ensure Y, is continuous

Y = Yo +Ay COS(2TEf;,,ml + (pm)7 (5)

1
Tmsz, m=1,2,3.... M, (6)
f;l.,m :frszimAf, m = 1,2,3...,M, @)
Op=M-mr, m=1,23. M. (8)

Figs. 1(a)-1(c) give the schematics of the designed
Lissajous trajectories by the single-tone method with differ-
ent time durations, which are [0, T/4], [T/4, T/2], and [0, T],
respectively. In experiments, the target resolution 7 =80 nm
and the half scan range A =1 um were used in generated
Lissajous trajectories. The driving frequencies were
fr=1Hz and f,=0.982Hz; therefore, the corresponding
N=28. Figs. 1(d)-1(f) show an example with multi-
resolution method with M =4 in calculations and experi-
ments. Keeping the maximum target resolution, the scan
range and the x frequency are the same as the former param-
eters. The y frequency and the phase in the corresponding
time intervals were changed. The y frequency was varied as
fy=0.857Hz, 0.929 Hz, and 0.964 Hz, respectively. And the
y phase as ¢ =3, 27, and 7. A, and A, were used to control
the size and the aspect ratio of the Lissajous scan area. The
amplitude values depend on the scanner’s lateral coefficient
(x~306nm/V on our instrument). So, the corresponding
amplitude A, = A, in volts were at ~3.27 V. Fig. 1(d) is a full
period of Lissajous trajectory with T; =T/8. Figs. 1(e) and
1(f) are a half period of Lissajous trajectory with T, =T/4
and T3 =T/2, respectively.

To illustrate our methods, AFM surface modifications
and characterization were carried out under ambient condi-
tions by using a Veeco Dimension V AFM with Nanoscope
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FIG. 1. Scan methods used for AFM nanofabrication with Lissajous trajecto-
ries. (a)—(c) Trajectories with different period of time. The length of the pe-
riod are [0, T/4], [T/4, T/2], and [0, T], respectively. For a whole period of
the Lissajous pattern, the squared area would be scanned twice. (d)—(f)
Another method of Lissajous trajectory with different frequency difference.
The “preview” function would be provided by increasing the resolution of
the time-lapse frames, if the requirement of the fabrication is satisfied, the
fabrication processes will be stopped.

V Controller. Standard tapping mode silicon cantilevers
(RTESP) were used for mechanical scratching. Before the
experiments, the deflection sensitivity and the spring con-
stant of the cantilevers were calibrated by using the force
distance curves and the thermal tune method,”° respectively.
For sample preparations, we performed a surface treatment
to ideally form a monolayer of C;g chains on a clean Si/SiO,
substrate for scratching tests. The thickness of the film
is~5nm, and the average surface roughness measured is
~2.5 nm. For tip triboelectrification experiments, Ptlr coated
cantilevers (NSGO03/Pt, NT-MDT, nominal spring constant
k=1.74N/m, and resonance frequency f, =90 kHz) were
used. The accumulated surface charges were characterized
by SKPM.>' All AFM images were post-processed using
Gwyddion software.”?

In the first experiment, the trajectory was prepared by a
homemade program and imported into the SPM control soft-
ware. The normal force applied on the tip was ~2 uN. Figs.
2(a)-2(c) are fabricated on the different positions of the sam-
ple surface with different time duration. In the first phase,
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FIG. 2. The corresponding scratched surfaces (a)—(c) by using the Lissajous
patterns shown in Figs. 1(a)-1(c). Figs. 2(d)-2(f) are the corresponding
cross-section lines marked in Figs. 2(a)-2(c), respectively.
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the first quartered period of Lissajous trajectory was used, as
shown in Fig. 1(a). The tip started moving from the right bot-
tom corner of the squared area to the left up corner, and the
trajectory gradually became a circle. The materials on the
substrate were removed/scratched by the scanning tip corre-
spondingly, as shown in Fig. 2(a). In the second quartered
period, as shown in Fig. 1(b), the trajectory evolves from a
circle to a line and finally moves to the upper right corner of
the square. The diagonally opposite corner was added in
scan area, and the center round area was scanned again from
different directions. The result of scratched surface is shown
in Fig. 2(b). This method is advantageous as if there are
some particles left in the center of the scratched area after
finishing the first quartered period scan, in the second quar-
tered period, most of the particles can be swept out by the
tip. Fig. 1(c) shows a full period of Lissajous trajectory
which can be seen as the overlap of Figs. 1(a) and 1(b) and
then a repetition once in the opposite direction. Fig. 2(c)
shows the corresponding square-shaped scratched surface
with a full period of Lissajous trajectory. The monolayer
film on the substrate has been removed. The fabrication time
used for scratching elliptic-like patterns in Figs. 2(a) and
2(b) equals to a quarter of a period. According to Equation
(4), the period of a whole trajectory equals to 7 =2N/f,,
where N =28 and f, =1 Hz in experiments. The fabrication
time in Figs. 2(a) and 2(b) were ~14s. In Fig. 2(c), the time
used for scratching was ~56s. Figs. 2(d)-2(f) are the corre-
sponding cross-section lines marked in Figs. 2(a)-2(c),
respectively.

In the second experiment, the multi-resolution Lissajous
trajectories were used for surface modifications. The scan
method was designed by following the idea of “preview” of
the scanned area.'”> The normal force was set at the same
value as in the first experiment. Figs. 3(a)-3(c) show the
morphology of the scratched areas. To illustrate the fabrica-
tion processes, Fig. 3(a) shows the morphology of the
scratched area with the trajectory as shown in Fig. 1(d). Fig.
3(b) shows the morphology scratched with the trajectories
showed in Figs. 1(d) and 1(e). Fig. 3(c) shows the morphol-
ogy scratched with the trajectories in Figs. 1(d)-1(f). From
the scratched results, in the first period of the fabrication pro-
cess (T/8), because the target resolution was too low, the
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FIG. 3. Surface modifications (a)—(c) by the tip-scratching method with
multi-resolution Lissajous patterns shown in Figs. 1(d)—1(f). The trajectories
with low resolution were marked on the topographic images (a) and (b).
Figs. 3(d)-3(f) are the corresponding cross-section lines marked in Figs.
3(a)-3(c), respectively.
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scratched area could not be completely distinguished. Then,
in the next period (77/8), the resolution of Lissajous pattern
was increased. The scratched area could be seen, because the
trajectory covered most of the squared area. But the resolu-
tion of the trajectory needed to be further improved since a
lot of debris was present on the scratched surface. In the third
period (7/4), because the resolution of Lissajous pattern was
increased, most of the debris on the scratched area was swept
to the border of the area. From these time-lapse frames, this
function can be compared to the preview function in imaging
experiments.l3 According to Equation (6), in Figs. 3(a)-3(c),
the fabrication times were ~7s, ~14s, and ~28s, respec-
tively. Figs. 3(d)-3(f) are the corresponding cross-section
lines marked in Figs. 3(a)-3(c), respectively.

As an application, we then carried out tip-based tribo-
electrification experiments with Lissajous patterns. The prin-
ciple of nanoscale triboelectrification was proposed by Zhou
et al."® By using a silicon AFM tip to contact a silicon diox-
ide surface, negative charges would be generated and accu-
mulated on the rubbed surface during scanning. The surface
potential generated by the charges can be characterized by
SKPM. In experiments, for in-situ modification and charac-
terization, a worn-out conductive AFM tip was used. So con-
tacting the surface with silicon tip and sensing the
electrostatic field can be simultaneously satisfied. For charge
generation in contact mode, the trajectory we used is the
same as in Fig. 1(c). The cantilever deflection sensitivity
(~32.10nm/V), the setpoint value (~0.2V), and the force
constant (~1.63 N/m) were calibrated before experiments.
The normal force (~10 nN) was evaluated with Hook’s law
by multiplying these parameters. Two cycles of the
Lissajous trajectory were performed with the fabrication
time of ~112s in charge generation that means the squared
area was rubbed for four times. Then we switched to the
SKPM mode for mapping the surface charges. The lift height
was set to 50nm. Fig. 4(a) gives the topographic image of
the silicon dioxide surface after rubbing and Fig. 4(b) shows
the corresponding surface potential mapping. From the sur-
face potential mapping, the rubbed area shows a lower
potential indicating that the negative triboelectric charges
accumulated in this area. From the cross-section lines of the
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FIG. 4. Tip-based triboelectric charges generated with Lissajous trajectories.
The topography image (a) and the surface potential mapping (b) of the sur-
face captured after scanning with two periods of Lissajous trajectories. Figs.
4(c) and 4(d) are the corresponding cross-section lines marked in Figs. 4(a)
and 4(b), respectively.
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surface potential suggest that the rubbed area is ~0.4V
lower than the surrounding areas.

Using Lissajous trajectories in surface modifications, the
largest size of the patterns is only restricted within the AFM
scanner’s range in x- and y-axis (~90 um in our microscope).
In our experiments, the fabrication size is ~2 um and the
highest frequency can achieve several tens of Hz with con-
ventional PID (proportional integral derivative) feedback
controller. So, the corresponding fabrication time per frame
can be reduced from minutes to several seconds. But it
appears there are other factors in nanofabrication which must
be taken into account, e.g., if the scan rate is too high
(fe ~ 10 Hz) in mechanical scratching, it would result in large
portions of the debris left on the scanned area. So, in the
experiments, the x scan rate f, was reduced to ~1Hz to
decrease the debris caused by the tip-sample interactions. In
the triboelectrification tests, the scan rate was also reduced
to decrease the wear of the sample surface which caused by
the friction between the tip and the sample.

In summary, we have analyzed single-tone and
multiple-resolution methods for AFM nanofabrication with
Lissajous trajectories. Then, the experiments on the tip me-
chanical scratching with two series of Lissajous trajectories
were carried out on monolayer films. The fabrication proc-
esses in these two methods have been illustrated. As an
application, tip-based triboelectrification phenomenon on
SiO, surface with Lissajous trajectories was investigated.
The triboelectric charges generated in the tip rubbed area on
the surface were characterized in-situ by SKPM. This
method would provide a promising and cost-effective
approach for surface modifications and nanofabrication.
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