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Abstract

In this work, reproducible routines were established for the processing of regular submicron-scale
patterns in polymeric thin films using scanning probe lithography (one of the operating modes of a
scanning probe microscope — SPM). Silicon probes were used to make the hole arrays in dynamic
plowing mode. Afterwards, the tip was changed to view the arrays in intermittent contact mode. The
routines were applied to PMMA thin films of different thicknesses, deposited by spin coating,
optimizing this parameter for the formation of arrays in form of hole grid. The diameter and depth
of the holes and also the height and width of the deformations to its outskirts were investigated as a
function of the interaction force and the probe action time, as well of the thickness of polymer films.

Keywords: nanostructured patterns; thin polymer films; PMMA; scanning probe lithography

1. Introduction

In recent years, the scientific community has made many efforts to manipulate and understand
matter on scales more close to that of the atom. Some tools have helped and continue to help
humanity evolve in this understanding, one of which is the scanning probe microscope (SPM).

After its creation in 1981 [1], SPM has been used to acquire knowledge of the structure, molecular
and atomic organization of surfaces in the fields of physics, chemistry and biology, contributing to
scientific and technological development. At the same time, SPM has emerged as an essential tool for
nanofabrication, especially for directly inducing modifications on a surface at a precise location [2].
A wide variety of methods exploiting the nanometric resolution of SPM (atomic force and scanning
tunneling microscopy) have been investigated. These methods are based on the local modification of
surfaces or thin films through oxidation [3,4], electronic exposure [5-7], force application by a probe
[8-12] or multi probes [13], material deposition [14-16] or chemical etching [17].

For several areas of knowledge such as electronics, medicine and even the pharmaceutical
industry, the miniaturization of devices and components is extremely important, and
nanofabrication, which aims to build structures with nanoscale characteristics, can make this
miniaturization viable at a relatively low cost [18,19].

Most of the current technologies used in industry for nanofabrication have evolved from
conventional lithographic processes, which were developed for the semiconductor industry for the
fabrication of microelectronic circuits and components [20]. However, such processes are reaching
their limits and the demand for new resources for building nanoscale devices is increasing. Thus,
technologies based on scanning probe microscopy have become increasingly popular, due to their
great potential to fabricate and manipulate structures with sizes smaller than 100 nanometers.
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One of the techniques available in SPMs, and which was used in this work, is atomic force
lithography, in which the direct action of a thin probe causes nanometric modifications on the sample
surface in a very precise way. This technique is used in the manufacture of lithographic masks [8,20],
in the deposition of material on surfaces [14-16] and in the construction of molecular arrangements
[21], for example.

Thus, the aim of this work was to establish reproducible routines of submicrometric patterns in
polymeric thin films, using scanning probe lithography. To this, the basic parameters that optimize
such routines were first studied and determined. Therefore, the diameter and depth of the holes and
also the height and width of the deformations to its outskirts were investigated as a function of the
interaction force and the probe action time, as well of the thickness of polymer films.

2. Materials and Methods

2.1. PMMA Thin Films Deposition

The polymer used in this work was the poly(methyl methacrylate) (PMMA) with molecular
weight of 132000 u, commercially known as acrylic. This polymer is widely used as a photoresist in
many device manufacturing processes. The deposition was carried out using a process known as spin
coating. This method is widely used to deposit very thin layers of various materials uniformly onto
smooth surfaces. According to Figure 1, the spin coating process consists of placing a certain amount
of solution (containing the polymer that will form the film) on the substrate, as Figure 1a. Next, the
substrate is placed in rotation at high angular speed, together with the platform that supports it
(Figure 1b), so that the solution is spread and the solvent evaporates (Figure 1c).

(@) Solution deposition (D) Substrate Rotation (c) Film formed and
solvent evaporation

w <, -
I Folymeric solution

B Substrate
B Tumtable

Figure 1. Steps of the spin coating process.

To obtain films of different thicknesses, there are two parameters that can be varied, the angular
speed of the turntable and the concentration of the solution to be deposited. In this work, the
concentration of the solution was varied to obtain thin films of different thicknesses.

Thus, the films were obtained from the dissolution of different quantities of mass of the
monodisperse molecular powder in the anisole solvent. Once the solution (solvent + polymer) was
prepared, it was centrifuged at a speed of 5000 rpm for approximately 3 minutes, in order to separate
possible particulates from the solution.

Films depositions were performed by pouring 180 ml of solution onto a 2 cm x 2 ¢m silicon
substrate. The platform was then rotated at a maximum speed of 2500 rpm for 45 s. The Table 1 shows
the values of the concentrations of the solutions and the resulting thicknesses.

Table 1. Values of the concentrations of solutions, resulting thicknesses and respective standard deviations.

Concentratiom (g/L) Thickness (nm) Standard Deviation (nm)
1 3,8 0,8
3 6,5 0,5
5 16 0,9
15 30 2,9
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2.2. Nanoestructuring Processes and Image Acquisition

The surfaces nanostructuring was performed using a scanning probe microscope (SPM)
belonging to the Magnetism Laboratory (LAM) of the Physics Institute of the Federal University of
Rio Grande do Sul (UFRGS). This Multimode model equipment, manufactured by Digital
Instruments (DI), is equipped with the NanoScope Illa controller interface and operated using
software version 4.23r6 developed by Digital Instruments. In the microscope used, the component
responsible for the sample movements during the nanostructuring and image acquisition processes
is a tube-shaped piezoelectric ceramic (the scanner). For the processes performed in the present work,
a scanner with wide horizontal scanning (125 um X 125 pm) was employed.

In the nanostructuring and image acquisition processes, conventional silicon tips manufactured
by BudgetSensors were employed. These tips are typically used in the intermittent contact mode
imaging process of an AFM. Figure 2 shows a scanning electron microscopy (SEM) image of a silicon
tip with a final radius of approximately 10 nm, located at the end of a rod. According to the
manufacturer's catalog, the cantilevers employed in this work have resonance frequencies of
approximately 300 kHz and can oscillate between 200 kHz and 400 kHz, corresponding to spring
constants of the rods ranging from 20 N/m to 75 N/m. The radius at the apex of the tips used is less
than 10 nm.

Figure 2. Scanning electron microscopy (SEM) image of a silicon tip with a final radius about 10 nm, at the end
of cantilever or rod. Scale bar = 100 um [22].

The nanostructuring process of the polymeric surfaces was carried out using the dynamic
plowing technique, in the intermittent contact mode of the atomic force microscope (AFM). The
experiments were performed at room temperature and in contact with air.

In dynamic plowing, the force applied by the tip on the sample surface is proportional to an
operational parameter called the writing set point (Vw), an electric voltage parameter, which is defined
by the equation:

V=Vt point -A, (1)

where Vi must be a negative value with module greater than 0.01 volts, Ve point is the image set point
that depends on the distance between tip and sample and A is a compensation factor to indirectly set
the Vu value. The higher Vi module, the force applied by the tip to the sample surface is greater. In
this work, the influence of the writing set point (Vv) on the dimensions of the cavities formed on the
polymeric surfaces was studied. The Vw values chosen ranged from - 0.015 volts to - 0.03 volts.
Other extremely important parameter in the dynamic plowing structuring processes is the time
interval, in seconds, that tip acts on the location where the structures are induced, called the pause
time. Thus, we choose time intervals from 0.1 s to 0.5 s to study the influence of the pause on
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dimensions of the structures formed on the polymeric surfaces. The Figure 3 shows an AFM image
of a (5 x 5) hole array performed at Vv =-0.03 V, where each line corresponds to a pause value.

The steps for creating the matrix in Figure 3 were used in all samples, with the writing set point
(Vw) kept constant for each matrix and each line corresponding to a pause value between 0.1 seconds
and 0.5 seconds.

100.0 rm
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03s

0.0 nm
04s
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Figure 3. AFM image of a (5 x 5) hole array performed at Vv =- 0.03 V where each line corresponds to a pause
value.

Before placing the sample in the microscope, a marking was made to that the nanostructured
areas could be easily visualized. Using a bistoury, were made grooves or scratches that locally
removed the PMMA film without damage the silicon substrate. Through these grooves, an “X” was
marked in the middle of the sample surface, which served as a reference for the location where the
hole matrices would be made.

When couple the tip of the microscope to perform the lithographics, it was made to descend
directly in the intersection of the grooves that make up the “X”. An optical microscope was used to
check the proximity of the tip to the grooves. Figure 4 shows an AFM image of the intersection in the
surface of a sample; the darker areas are the silicon substrate from which the PMMA was removed,
generating the grooves. After acquiring an image similar at the Figure 4, the process to produce
cavities on the PMMA surface begins.

100.0 nm

50.0 nm

0.0 nm

10 pm

Figure 4. AFM image of the intersection in the surface of a sample. The darker areas are the silicon substrate

from which the PMMA was removed, generating the grooves.
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After creating the matrices of holes, the tip used for indentation was removed and another tip
was used to obtain the images. This procedure was extremely important, because the tip that interacts
directly with the polymer surface during the production of the cavities is slightly damaged and
suffers an accumulation of material by adhesion. Therefore, the resolution of an image obtained with
this tip can be compromised. With the new tip, the system coupling procedure was restarted in the
AFM imaging mode, to locate the nanostructured areas near the grooves intersection. Figure 5 shows
an AFM image of a region close to a groove, where three matrices of holes were processed. After
locating this region, individual images of each matrix were obtained, as in Figure 3.

100.0 nm

50.0 nm

0.0 nm

20 pm

Figure 5. AFM image of a region close to a groove, where three hole arrays were processed.

The individual images of each matrix that were used to obtaining quantitative data, were made
with a scanning frequency of 1Hz, horizontal scanning of 8 pum and resolution of 256 x 256 pixels.

In this work, efforts were concentrated on measuring the diameter and depth, as well the outer
diameter and height of the deformations around the holes generated by the atomic force microscope
probe. Figure 6a shows an AFM image with the general morphology of the nanostructures formed
on the surface of the polymer films. It is possible to clearly distinguish the hole region, formed by the
direct action of the tip, and the deformations in outskirts that are generated by the displacement the
material of the hole. Figures 6b,c show, respectively, a topographic image and the profile section of
the same hole.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. AFM images showing (a) the general morphology and (b) the topography of the nanostructures
generated by the tip on PMMA film surface. In (c) a profile of cross section along the nanostructure in which ED,
ID, HLB, HRB and DP are, respectively, the external diameter, the internal diameter, height left border, height
right border and depth of hole.

3. Results and Discussion

Using the dynamic plowing technique in the intermittent contact mode of an atomic force
microscope, mechanical deformations were induced on PMMA thin films surfaces. Such
deformations were regularly created in hole array as shown in Figure 3. The results show the
influence of the force (in this case the Vi writing set point) and the probe action time (pause) on the
sizes of the holes and of surrounding deformations. Other results show the influence of film thickness
on the sizes of structures generated on the polymer surface.

3.1. Influence of Pause and Writing Set Point on Dimensions of the Mechanically Induced Structures

The pause is the time interval, in seconds, that the tip remains in contact with the sample when
piercing it. The set point (Ve point) is the parameter that controls the interaction force between the tip
and sample surface. To study the influence of these two parameters on hole production, different
pauses were used in each line of the matrix, varying from 0.1 s to 0.5 s, and the writing set point (V)
was fixed at values of -0.015 V, -0.02 V and -0.03 V for each processed matrix. For each Vw values,
three (5 x 5) hole matrices were made, generating fiveteen statistics points for each experimental
condition. Figure 7 shows three images with hole arrays obtained with different writing set points.
The polymer film used in this study had a thickness of 30 nm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. AFM topographic images of hole arrays in 30 nm PMMA thin films processed with writing set points
of (a) -0.015V, (b) -0.02 V, and (c) —-0.03 V. Pause times range from 0.1 s to 0.5 s from the first to the fifth line of

holes in each image.

An important detail to be observed in Figure 7a is that generally in the 0.1 s pause no holes were
generated, and thus only four lines (four pause values) were analyzed. Figure 8 shows the graphs of
external and internal diameters of holes as a function of pause for the three V. values used in this
work. In these, seem that increases in the writing set point and pause time cause increases in the
external and internal diameters of the deformations. The increase is approximately linear for small
pauses, but there is a tendency for saturation of the external and internal diameters after pauses of
0.3-0.4 s for Vw of -0.015 V and -0.02 V. Only for Vo =-0.03 V the increase in diameters continue to be
approximately linear for larger pauses.
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Figure 8. External diameter (a) and internal diameter (b) as a function of pause for the three Vw values.

Figure 9 shows the graphs for the heights of the left and right borders as a function of pause for
the different Vi values used. The behavior observed is the same that the external and internal
diameters, including the same saturation trends. However, for height right border, at Vw of -0.03 V
and pause of 0.4 s, there is too a saturation tendency. The behavior differences of the borders
generated on the left and right of holes, may be due to the fact that the rod of supporting the tip forms
an angle with the sample surface during indentations.
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Figure 9. Height left border (a) and height right border (b) as a function of pause for the three Vwvalues.

Figure 10 shows a graph of the depth of the holes as a function of pause for the three Vi values.
In this case, an increase in the depth holes can be observed for the three set point values up to the 0.3
s pause. After this pause value, there is no change in depth values. This occurs because the tip through
pass the polymeric film and reaches the silicon that supports.
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Figure 10. Depth of holes as a function of pause for the three Ve values.

From the results presented, is possible to see that the increase in the writing set point (Vv), and
so, the increase in the force applied by the tip on surface, there’s an increase in the dimensions of
defects formed on polymeric surfaces. As the pause time increases, there's too an increase in the
dimensions of the defects; however, from certain pause values, there's a decrease in the increment
and a tendency to stabilization in the sizes of generated structures. The pause value from which
growth slows down depends on the Vw value at which is operating: the higher module of V. value,
lower the pause value at which stabilization occur. This stabilization must be associated with the fact
that the tip has pierced the entire polymer layer, there is no more material below to be displaced from
the hole. Thus, the optimal condition for the structuring processes related to the interaction force and
probe action time occurred for Vw=-0.02 V and a pause of 0.3 s, since under these conditions the tip
already pierced the polymer layer and the force applied by the probe on the sample and action time
are minimized, avoiding excessive wear.
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3.2. Influence of Film Thickness on Dimensions of the Mechanically Induced Structures

To study the influence of film thickness on dimensions of the deformations generated by AFM
tip, the write set point was fixed at -0.02 V for each matrix and each line was generated with a pause
value of 0.1 s to 0.5 s. Figure 11 evidence the strong influence of film thickness on dimensions of the
structures.
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Figure 11. AFM images of hole arrays in PMMA films of different thicknesses: (a) 3.8 nm; (b) 16 nm; and (c) 30
nm. The arrays performed at V» =-0.02 V and each line corresponding to a pause value between 0.1 s and 0.5 s

from the first to the fifth line of holes in each image.

Figure 12a,b show the graphs of the external and internal diameters as a function of the thickness
for pauses of 0.3 s, 0.4 s and 0.5 s. Is possible to observe that for the pause 0.3 s, there's a considerable
decrease in external and internal diameters among the thicknesses of 3.8 nm and 6.5 nm. For larger
thicknesses, 16 nm and 30 nm, there is an increase in diameters for the same pause.

For the pause 0.4 s, between the thicknesses of 3.8 nm and 6.5 nm, there's a small increase in
external diameter and a small decrease in internal diameter. Between thicknesses of 6.5 nm and 16
nm, the external diameter increases considerably and the internal diameter remains practically
constant. However, between thicknesses of 16 nm and 30 nm the opposite occurs, the external
diameter remains constant and the internal diameter appear a considerable increase.

For the pause of 0.5 s, there's a considerable decrease in external and internal diameters between
the thicknesses of 3.8 nm and 6.5 nm, between the thicknesses of 6.5 nm and 16 nm there's a large
increase in both diameters and from 16 to 30 nm in thickness, the external diameter appears a small
increase while the internal diameter increases significantly.
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Figure 12. External diameter (a) and internal diameter (b) as a function of thickness for pauses from 0.3 s to 0.5
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It was expected that with increase in film thickness there would be an increase in external and
internal diameters, once the thicker material layer, greater the mass displaced from cavity. However,
this fact was not observed in some cases such as in the 3.8 nm and 6.5 nm thick films; this is very
interesting, because for these thicknesses is possible to approximate the values for external and
internal diameters, minimizing the length of borders and maximizing the diameter of holes. Here is
important emphasize that the twisting effect of rod that supports the tip can have affected the results
[23]. Such effect must have a considerable influence on the structuring of thinnest films, since the
proximity to the substrate generates greater twists and, consequently, lateral movements of the tip
that change its attack angle to the sample.

Another important detail to be highlighted is the conical shape of the tip which, together with
the thickness, has a great influence on the sizes of the external and internal diameters, as well on the
border heights. Since thicker the polymer film, greater the tip penetration, greater the contact area
between the tip and polymer and greater the amount of material displaced.

Figure 13a,b shows the graphs of the heights of the left and right borders as a function of
thickness, respectively. Is possible to observe that for all pause values, the height of the borders
increases proportionally with film thickness. Also, their values are very close for all pause values.
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Figure 13. Height left border (a) and height right border (b) as a function of thickness for pauses from 0.3 s to 0.5
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Figure 14 shows a graph of the depth of the holes as a function of film thickness. It is evident
that when piercing the films, the AFM tip comes very close to the interface between the polymer and
silicon substrate, being important to highlight that the only case in which the depth of hole values
were equal to the thickness occurred for the 30 nm film for all three pause values. In the other cases
there is an apparent difference of approximately 2 nm, which shows that rod twist effects are
important in thinner films, since was expected that the tip pierce the entire polymer layer and reach
the silicon substrate.
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Figure 14. Depth of holes as a function of film thickness for pauses from 0.3 s to 0.5 s.
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