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Abstract

Thermal scanning probe lithography (t-SPL) is a high-resolution nanopatterning technique that employs a heated
probe for precise, maskless patterning. Polypropylene carbonate (PPC) has emerged as a promising resist material for
t-SPL due to its favorable thermal decomposition behavior. In this study, we investigate the use of PPC as a thermal
resist in t-SPL, leveraging its chain unzipping and random scission mechanisms to achieve controlled material removal.
The effects of various parameters on the patterning of PPC films, such as temperature, tip height, and force pulse, are
systematically examined. Upon exposure to the heated tip, PPC undergoes localized sublimation at the contact area,
enabling nanopatterning with the lateral resolution down to 50 nm and the vertical resolution down to sub-
nanometer. This approach achieves stepped cyclic and sinusoidal grayscale patterns with controllable depth and size.
Furthermore, we demonstrate grayscale pattern transfer by etching the PPC patterns into dielectric layers using
optimized dry etching processes. This approach offers precise depth control and shows strong potential for
applications in photonic and nano-electronic device fabrication.

Introduction

As a fundamental technology in the semiconductor and
integrated circuit industries, lithography has continuously
evolved with advancing technology nodes. Beyond
extreme ultraviolet (EUV) lithography, various high-
resolution micro-/nanofabrication techniques have
emerged, including electron beam lithography (EBL)" and
scanning probe lithography (SPL)%. Among them, thermal
scanning probe lithography (t-SPL), with its mask-free
patterning, high resolution, and low environmental
dependence, has emerged as a key technique for over-
coming the optical diffraction limit in the fabrication of
nano-electronic devices and photonic chips®. As a
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specialized form of SPL, this technique leverages the
localized heating effect of an ultrafine probe tip*, which
transfers thermal energy to the thermosensitive resist,
causing rapid decomposition and evaporation within a
short timescale. By precisely controlling the probe’s
movement, high-resolution custom patterns can be
directly inscribed onto the resist surface®, enabling scal-
able manufacturing as well®. Currently, this method has
been successfully applied to various nanofabrication
fields, including grayscale lithography”®, high-precision
nanostructure fabrication”™'", low dimensional material
patterning'>'?, and device manufacturing'*~*°.

The integration of grayscale lithography with t-SPL
advances nanofabrication capabilities by enabling precise
depth control in complex nanostructures, significantly
broadening the technique’s versatility for gradient-
topography applications. As one of the advanced techni-
ques derived from t-SPL technology, grayscale lithography
allows for producing 2.5D structures with precise depth
control and emerges as a key technique for advancing
micro- and nanodevices like microelectromechanical
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systems'” and diffractive optical elements'®. For instance,
in nanofluidic devices, it facilitates the separation of
nanoparticles with diameter variations as small as 1 nm'”.
In optics, grayscale gratings offer enhanced control over
diffraction wavefronts, enabling the creation of both
periodic and aperiodic surface patterns with continuous
depth modulation and subwavelength spatial resolution'®.
Additionally, grayscale pattern transfer is applied in nano-
device fabrication?®, enabling precise control of high
aspect ratio patterns. Grayscale pattern transfer technol-
ogy combines grayscale patterning with subsequent
etching transfer processes, utilizing optimized etching
parameters and cooling cycles to achieve significant
transfer of patterns. This approach relies on precise
control of thermal effects and etching processes, enhan-
cing both the depth and resolution of the patterns®'.
Using this method, sub-nanometer grayscale patterning
has been successfully achieved, with depth amplification
reaching < 100 nm and 5 times into SiO, without shape
distortion®, The grayscale nano-patterning lithography
technology drives advancements in nanotechnology and
microsystems.

The effectiveness of t-SPL technology relies on thermo-
sensitive materials with high thermal responsiveness and
low decomposition activation energy. The most commonly
used material is polyphthalaldehyde (PPA)** alongside
alternatives such as poly(propylene carbonate) (PPC),
polymethyl methacrylate (PMMA), and silk fibroin (SF)*.
In particular, PPC is a polymer synthesized via the copo-
lymerization of propylene oxide and carbon dioxide*?*. It
exhibits excellent transparency, flexibility, and mechanical
strength, along with desirable properties such as thermal
degradability, biodegradability, and chemical stabi-
lity*>**=2%, Especially, the pyrolysis characteristics of PPC
have been widely studied, and many experiments have
demonstrated from multiple directions that PPC has the
property of decomposition and sublimation at high tem-
peratures®® %, These characteristics make PPC an attractive
intermediate material in micro-/nanofabrication processes.

In this study, we demonstrated high-resolution pattern-
ing on PPC films using t-SPL and employed the patterned
PPC layer as a sacrificial film to transfer grayscale nano-
patterns into a dielectric layer. We systematically investi-
gated the effects of tip temperature and force (modulated
by tip height and force pulse) on patterning precision,
achieving a minimum feature size of 50 nm. Additionally,
sinusoidal wave patterns with tunable sizes/depths and
stepped cyclic grayscale patterns were successfully fabri-
cated on PPC films. Furthermore, combining grayscale
nanopatterns with reactive ion etching (RIE) enabled pre-
cise pattern transfer into a silicon dioxide dielectric layer.
These results highlight the significant potential of PPC as a
thermosensitive resist for high-resolution, efficient, and
compatible nanomanufacturing.
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Results and discussion
Thermal decomposition properties of PPC

PPC is a biodegradable and eco-friendly aliphatic poly-
carbonate polymer synthesized from carbon dioxide
(CO,) and propylene oxide (PO)>, offering great potential
for sustainable material applications. The material’s per-
formance, particularly in high-temperature environments,
is closely linked to its thermal stability. Several factors
influence the thermal decomposition behavior of PPC,
including molecular weight, heating rate, and the pre-
sence of catalysts or end-capping agents™. Understanding
its thermal decomposition mechanisms is essential for
improving the polymer’s thermal durability and broad-
ening its application scope.

To explore the thermal response of PPC under localized
heating, patterning of the PPC films is performed by a
thermal scanning probe, as illustrated in Fig. 1. The probe
operates over a wide range of temperature from 90 °C
—1350 °C, enabling precise thermal modulation of the
polymer surface. Figure 1a demonstrates the ability of the
heated tip to generate grayscale surface patterns, with the
corresponding cross-sectional profile indicating controlled
depth variation. The chemical structural formula of PPC is
shown in Fig. 1b. Its molecular linkage structure is closely
associated with its thermal decomposition behavior. Upon
contact with the heated probe, PPC undergoes thermal
degradation and primarily via two pathways: chain unzip-
ping and random chain scission®**!, which dictate the
decomposition temperature, thermal stability, and bypro-
ducts. Figure 1c shows the SEM image of the thermal tip,
with the entire tip length measuring approximately 730 nm
and the tip diameter ranging from 10 to 20 nm. Tip wear
and contamination of the tip during the patterning process
may negatively affect its geometry and patterning quality. A
detailed analysis is provided in Fig. S1.

The PPC polymer chain consists of alternating carbo-
nate linkages and propylene segments. The carbonate
linkages, formed through the incorporation of CO,,
impart rigidity, stability, and biodegradability to the
material. Despite their relatively high bond energy, these
linkages are prone to cleavage at elevated temperatures,
serving as the primary decomposition sites. In contrast,
the propylene segments, formed by ring-opening poly-
merization of propylene oxide, provide good flexibility
and processability. Figure 1d and Fig. S2 show the thermal
decomposition pathways of PPC chains. The blue wavy
line presents the chain unzipping via the backbiting
mechanism involving alkoxide or carbonate groups,
yielding cyclic propylene carbonate and propylene glycol.
The red wavy line indicates random chain scission
induced by thermal cleavage of C-O bonds, producing
CO, and other gaseous byproducts®”®', In addition, the
methyl groups on the side chains may facilitate side-chain
scission during thermal degradation.
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Fig. 1 The t-SPL patterning and thermal decomposition of PPC. a Schematic diagram of PPC patterning using a thermal tip. b Chemical structure
of Polypropylene carbonate (PPC). ¢ An SEM image of the thermal tip. d Schematic representation of two thermal decomposition pathways of PPC.
The blue wavy line indicates chain unzipping, leading to the formation of cyclic propylene carbonate, while the red wavy line depicts random chain

scission via thermal cleavage of C-O bonds, generating CO, and other gaseous byproducts

The onset decomposition temperature of PPC typically
ranges from 150 °C to 200 °C influenced by its molecular
weight and residual catalyst content. Higher molecular
weight PPC exhibits slightly enhanced thermal stability
due to increased chain entanglement, while lower
molecular weight PPC decomposes more readily. Ther-
mogravimetric analysis (TGA)**> reveals that the
maximum decomposition rate occurs between 250 °C
and 300°C, with nearly complete decomposition
observed above 300 °C. During the thermal decomposi-
tion, cleavage of carbonate linkages results in CO,
release and the formation of ether-containing oligomers
or small molecules. In parallel, degradation of the pro-
pylene segments leads to the formation of volatile pro-
ducts such as propylene and propane. Under high-
temperature pyrolysis, nearly all decomposition pro-
ducts sublime directly into a gaseous form.

Based on the principle of thermal decomposition of
PPC, when the temperature in a highly localized region

exceeds its pyrolysis threshold, the polymer undergoes
rapid thermal decomposition and sublimation upon
exposure to the heated tip. This thermally responsive
characteristic establishes the fundamental basis for direct-
write micro-/nanopatterning through spatially confined
pyrolysis. In combination with t-SPL technology, once the
cantilever temperature surpasses the decomposition
threshold of PPC, the material at the point of contact is
expected to sublimate instantly, resulting in localized
material removal. This allows for precise patterning on
the surface of the PPC film, making it a promising
material for high-resolution thermal lithography.

The t-SPL patterning of PPC

Due to the pyrolysis characteristics of PPC and the direct
sublimation of its pyrolysis products, micro-/nano-
patterning can be readily achieved using a heated scanning
probe. During patterning, the cantilever deflects downward
to bring the thermal tip into contact with the sample
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Fig. 2 Effect of the tip parameters on the nanopatterning. a Schematic diagram illustrating the principle of tip patterning on a PPC film. Both
temperature and applied voltage contribute to the downward bending of the cantilever simultaneously. b The line patterns generated at different tip
temperatures ranging from 200 °C to 1300 °C (Tip height is 250 nm, Force pulse is 5 us). ¢ Depth profile of the patterns in (b) along the arrow. The
target depth of 30 nm is achieved when the tip temperature exceeds 950 °C. d Line patterns formed with varying force pulse from 1 us to 10 ys (Tip
height is 250 nm, Temperature is 1050 °C). e Depth profile of the patterns in d along the arrow, showing that the stable patterning occurs when the
force pulse exceeds 4 ps. f Line patterns formed with different tip heights ranging from 310 nm to 170 nm (Temperature is 1050 °C, Force pulse is
5us). g Corresponding depth profile of (f) along the arrow, indicating that the optimal depth is reached when the tip height is below 250 nm
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surface. As illustrated in Fig. 2a, various parameters affect
the patterning performance of the thermal tip. Here, T (°C)
denotes the tip temperature, and the tip height refers to the
vertical distance between the tip and the PPC film surface.
During t-SPL patterning, the cantilever deflection can
occur through two mechanisms: thermally induced bend-
ing and electrostatic actuation by applying a voltage
between the tip and the substrate.

Among these parameters, the tip writing temperature is
the most critical factor that directly determines the pat-
terning resolution and depth. As shown in Fig. 2b, ¢, when
the target engraving depth is set at 30 nm, the morphology of
the line-shaped features varies with the tip temperature
ranging from 200 °C to 1300 °C. The target depth is achieved
when the temperature exceeds 950 °C, significantly higher
than the decomposition temperature of bulk PPC. This
discrepancy is attributed to the low efficiency of heat transfer
into the PPC film due to the short contact time. Although
the tip temperature increases monotonically with heater
temperature, accurate quantification remains challenging
due to the high and poorly defined thermal resistance of the

tip"®. Previous studies indicate that the actual temperature at
the tip-sample interface is approximately 40% of the heater
temperature33’34.

The force pulse refers to the duration of the voltage
applied to the tip, which causes the tip to bend down-
ward and contact the sample surface for patterning.
However, due to the mechanical response time of the
tip, the actual contact time with the sample is shorter
than the applied voltage duration. When we keep other
parameters unchanged, we further investigated how the
force pulse influences the patterning performance. The
applied force is generated by the voltage applied
between the tip and the substrate, and the force pulse
refers to the duration of the applied voltage, which
induces the cantilever bending. As shown in Figs. 2d, e,
and S3, we maintain a constant applied voltage, when
the pulse duration is insufficient, the contact time
between the tip and the substrate is too short, making it
difficult to form patterns. In our case, stable depth
patterns on PPC could only be achieved when the pulse
duration exceeded 4 ps.
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Fig. 3 Temperature map and high-resolution patterns by t-SPL. a Temperature map of a patterned area, with each grid uniformly increasing
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Another factor that affects the patterning effect is tip
height. Reducing the tip height increases the tip-sample
proximity, thereby enabling deeper pattern formation
under cantilever deflection. As shown in Fig. 2f, g, optimal
patterning depth is achieved when the tip height is
maintained below 250 nm. It is worth noting that during
single-parameter investigations, all other parameters
remain appropriate and unchanged.

The protrusions at the sidewalls in Fig. 2c, e, and g likely
result from lateral thermal diffusion, tip-induced defor-
mation, and material accumulation during patterning.
Local heat spread may cause partial PPC decomposition
beyond the intended region, while mechanical interaction
and insufficient heating can lead to flow or residue pileup
near the edges.

To further investigate the relationship between tem-
perature and engraving depth, we introduced a tempera-
ture map, as shown in Fig. 3a. Each grid in the map
represents a specific temperature, uniformly ranging from
600 °C to 1200°C. During the patterning process, all other
parameters were kept constant, with only the tip tem-
perature varied. As shown in Fig. 3b, increasing the
temperature resulted in progressively deeper engraving, as
confirmed by AFM measurements. At 600 °C, the probe
was unable to pattern the PPC film, whereas at tem-
peratures over 1050°C, the engraving depth exceeded

100 nm while maintaining low surface roughness. Surface
roughness was quantified via the arithmetic mean
roughness (Ra), computed from flattened AFM height
images. Ra is the arithmetic average of the absolute
deviations of surface height points from the mean plane
within a defined analysis area. Figure 3¢ shows the AFM
image of the surface roughness in the patterned region
from Fig. 3b, with a measured surface roughness Ra of
~0.29 nm. The precise depth control at sub-nanometer
scale demonstrated the high vertical resolution capability
of t-SPL.

By positioning the probe 200 nm above the sample
surface and applying increased probe force while main-
taining a controlled temperature of 950 °C, we achieved
extremely high-resolution patterning, as demonstrated
in Fig. 3d. The patterns were generated through simul-
taneous patterning (writing) and scanning (reading) by
using the same probe, achieving a minimum line width
of approximately 50 nm. This resolution is influenced
not only by the surface properties of the material, but
also critically by the tip diameter, typically ranging from
10 to 20 nm. The geometry of the tip determines the
relationship between patterning depth and minimum
resolution®?, as detailed in Fig. S4. Figure 3e displays the
depth profile of the pattern in Fig. 3d, obtained using the
probe’s reading mode, confirming a minimum feature
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size of 50nm based on the half-pitch measurement.
Demonstrating the capability for customized, fine-scale
patterning, Fig. 3f presents letter patterns engraving on
the PPC film at the minimum achievable resolution. The
minimum letter line width remains <100 nm, high-
lighting the precision of the technique. We also exam-
ined the minimum patterning resolution of several
commonly used thermosensitive resists for t-SPL, as
presented in Fig. S5.

Basically, t-SPL enables high-precision patterning on
PPC surfaces with a minimum feature size of 50 nm,
making it well-suited for nanoscale device fabrication.
Precise modulation of both temperature and applied force
enables controlled material removal and tailored surface
morphology, providing distinct advantages for micro-
nano fabrication processes.

Grayscale-structured surfaces with nanoscale archi-
tectures are increasingly used in diverse fields, particularly
in optical systems'” and microfluidic manipulation'”.
Grayscale patterns encode height, thickness, or depth
information through continuously varying pixel inten-
sities, enabling precise 3D structuring in micro-/nano-
fabrications”*2%*>%”_ Such patterns are widely used in
lithography, etching, and thermal probe processing to
control material removal or deposition. Grayscale nano-
pattern transfer enhances both resolution and fabrication
depth, facilitating the creation of high-precision 3D
micro/nanostructures.

Previous studies have demonstrated grayscale pattern
amplification using PPA-based materials®*'. Given its
thermal sensitivity similar to that of PPA, we investigated
whether PPC can also be used to combine t-SPL grayscale

patterning and RIE dry etching for pattern transfer into
dielectric layers. We first explored the ability to directly
engrave grayscale nanopatterns on the surface of PPC
films. As shown in Fig. 4a, t-SPL precisely generated a
sinusoidal grayscale pattern with alternating light and
dark regions, which was scanned using the probe’s reading
mode. The corresponding grayscale images are shown in
Fig. S6. The brightest areas correspond to an engraving
depth of zero (the sample surface), while the darkest areas
indicate the maximum engraving depth. Figure 4b pre-
sents a 3D reconstruction of the engraved sinusoidal
grayscale pattern in Fig. 4a, with a peak-to-peak distance
of 2 um and a maximum engraving depth reaching over
55 nm. The corresponding depth profile, shown in Fig. 4c
and measured along the red line in Fig. 4a, compares the
target depth profile (red) with the actual measured depth
(blue). The close match between the two curves confirms
that t-SPL enables high-precision grayscale patterning on
PPC thin films.

To further evaluate the capability, we examined patterns
with varying sizes and writing depths, as shown in Figs.
S7-S8. The finest patterning resolution achieved was a
sinusoidal pattern with a 0.2 pm period. The maximum
stable grayscale depth was 120 nm; beyond this depth,
deformation was observed. At a depth of 150 nm, the
sinusoidal pattern became distorted, indicating the prac-
tical limit of grayscale patterning on the PPC films using
the thermal probe.

In addition to the sinusoidal-shaped patterns with
continuous depth variation, stepped grayscale structures
at discrete depths were also achieved, as shown in
Fig. 4d and S9. Each grayscale level corresponds to a specific
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Fig. 5 Grayscale pattern transfer by dry etching. a Schematic side view of the process flow for transferring the sinusoidal grayscale pattern from
PPC to the SiO, layer. 1) A 6.5 wt% PPC solution is spin-coated onto a Si/SiO, substrate to form a uniform film. 2) A sinusoidal grayscale pattern is
engraved on the PPC surface using t-SPL. 3) The grayscale pattern is transferred to the underlying dielectric SiO, layer via reactive ion etching (RIE). 4)
RIE continues until the entire PPC layer is etched away and the pattern is fully transferred into the SiO, substrate. b Etching rate of PPC and SiO,
under different RF powers during RIE. Under identical conditions, the etching rate ratio is approximately 7:4. ¢ AFM image and corresponding height
profile along the white arrow after grayscale pattern transfer. d Demonstration of pattern transfer beyond sinusoidal structure, using circular ring

patterns as an example. @ SEM image of the transferred ring pattern shown in d

t-SPL patterning depth. The circular staircase pattern
demonstrates the technique’s capability for customized
depth modulation within the probe’s effective operating
range. The corresponding height profle along the stepped
grayscale pattern is presented in Fig. 4e.

Grayscale dry etching of PPC

Next, we demonstrate grayscale pattern transfer by
combining t-SPL and reactive ion etching (RIE). The
fabrication process flow is shown in Fig. 5a. A PPC
solution was spin coated onto a Si/SiO, substrate to form
a uniform polymer film. A pre-defined sinusoidal grays-
cale pattern was directly written onto the PPC surface
using a t-SPL probe, leveraging its sub-nanometer depth
control. After engraving the grayscale pattern, it was
transferred into the underlying dielectric SiO, layer

through RIE. A uniform set of etching parameters was
used to simultaneously etch both the PPC layer and the
underlying SiO,. As a result, the sinusoidal pattern in the
PPC was proportionally reduced in depth during transfer
to the SiO, layer. During the etching process, the valleys
of the sinusoidal PPC pattern exposed the SiO, surface.
Due to the etching selectivity between PPC and SiO,
when using a CHF;/Ar gas mixture, differential etching
rates occurred. Once the PPC layer was fully etched away,
a sinusoidal grayscale topography was replicated on the
SiO, surface. The detailed procedure is provided in Figs.
§$10-S11, and the corresponding etch rate is summarized
in Fig. 5b.

Figure 5c presents the AFM morphology and corre-
sponding height profile of the SiO, layer after pattern
transfer. The profile shows a clear correspondence to the
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original PPC sinusoidal pattern. For example, a sinu-
soidal pattern with a depth of 120 nm was patterned on
the PPC layer, and after RIE, a sinusoidal structure with
a peak depth of ~68 nm was obtained on the SiO, sur-
face. The etching rate ratio between PPC and SiO, was
calculated to be approximately 7:4. Meanwhile, the dry
etching process effectively preserves the morphology
and fidelity of the original grayscale pattern, as shown in
Fig. S12. These results confirm that grayscale patterns
engraved on PPC films via t-SPL can be proportionally
transferred into dielectric materials with high fidelity,
enabling the fabrication of complex nanoscale 3D sur-
face structures.

In addition to amplifying grayscale patterns, PPC also
enables arbitrary pattern etching amplification, lever-
aging t-SPL’s fast and customizable engraving cap-
abilities. For instance, circular patterns can be
transferred from the PPC layer to the substrate oxide
layer through t-SPL patterning followed by RIE etching.
The AFM and SEM images of the resulting structures
are shown in Fig. 5d, e, with the corresponding depth
profile and additional details provided in Fig. S13.
Overall, PPC-based grayscale pattern transfer offers high
precision and multi-level depth control, facilitating the
fabrication of complex 3D templates and functional
micro/nano devices.

Conclusion

In conclusion, this study presents a comprehensive
investigation of PPC as a resist material for high-
resolution nanopatterning using thermal scanning
probe lithography. Due to its sensitivity to thermal
effects, PPC emerges as a promising candidate for pre-
cision nanofabrication. By elucidating its thermal
decomposition mechanisms, including chain unzipping
and random chain scission, we leverage those properties
to achieve effective micro-/nanopatterning. Our results
demonstrate that controlled thermal scanning and opti-
mization of patterning parameters enable lateral resolu-
tions down to 50 nm, along with grayscale structures
featuring sub-nanometer vertical precision. Furthermore,
by integrating PPC-based patterning with an optimized
RIE process, grayscale patterns can be effectively trans-
ferred into the underlying SiO, layer. This combined
approach underscores the versatility of PPC as a resist
material, particularly in applications requiring high
aspect ratio structures and precise depth control. By
uniting high-resolution patterning with efficient depth
transfer, our work paves the way for the development of
advanced nanostructures and functional materials for
future technological applications. These findings lay a
solid foundation for further exploration and expanded
application of PPC-based resists in high-precision
nanofabrication.
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Materials and methods
Sample preparation and nano-patterning

A 6.5 wt% solution of polypropylene carbonate (PPC) in
anisole was spin coated at 9000 rpm on SiO,/Si substrate
(285-nm-thick thermally grown wet oxide on highly-
dopped Si), followed by soft baking at 90 °C for 10 min,
the thickness of the PPC is ~240 nm. Line nanopatterns
were fabricated using a t-SPL system (Nanofrazor
Explore, Heidelberg Instruments Nano AG) equipped
with thermal cantilevers (Nanofrazor Monopede), which
have an apex diameter of 15 + 5 nm. During the pattern-
ing process, the tip temperature was varied from 300 to
1200 °C, while the indentation tip-sample voltage was set
between 4.5 and 9.5V.

For grayscale nanopatterns, a biaxial sinusoidal wave
function f(x,y) = A[cos(gx) + cos(gy)] was implemented
using the t-SPL system. The sinusoidal design was con-
verted into grayscale bitmaps comprising 20 x 20 mm?®
pixel grids, with normalized depths discretized into 256
grayscale levels. In the imported bitmap, white pixels
(minimum depth) corresponded to 0nm, while black
pixels (maximum depth) represented a depth of 45 nm.
During t-SPL patterning, the heater temperature was set
to 1050 °C, with a lateral step size of 20 nm, a scan speed
of 25 us per pixel, and a force pulse duration of 5 ps.
Patterned depths were dynamically corrected using inte-
grated in-situ AFM metrology, while the inset Kalman
feedback system continuously adjusted actuation forces to
ensure high-resolution depth control.

Reactive ion etching

The nanostructures were transferred from the PPC
layer to the underlying SiO, dielectric film using a RIE
system (SENTECH Etchlab 200 plasma system). The dry
etching process employed a high-density CHF3/Ar
plasma with a flow rate of 40/40 sccm at a chamber
pressure of 4 Pa. The RF power was set to 150 W. To
prevent carbonization of the PPC layer during prolonged
etching, a cyclic etching strategy was adopted. The
etching process was paused for 60 seconds after every
60 seconds of operation to allow for cooling. This etch-
pause cycle was repeated continuously until the PPC
layer was fully removed and the pattern was successfully
transferred into the SiO, layer.

AFM and SEM

Surface topography was characterized using a Bruker
Dimension Icon atomic force microscope (AFM) operated
in tapping mode under ambient conditions. An RTESPA-
300 silicon probe (Bruker, nominal spring constant
k =40 N/m, resonant frequency ~300 kHz) was employed
to scan a selected area with 512 Samples/Line and 512
Lines/frame, yielding a lateral pixel resolution of ~37 nm.
The scan rate was maintained at 0.806 Hz (aspect ratio of
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1) to minimize thermal drift. The amplitude setpoint was
stabilized at 300mV to ensure consistent tip-sample
interaction. Raw data were processed using NanoScope
Analysis software. All experiments were performed at
room temperature (25+1°C) with relative humidity
below 40% to ensure measurement reproducibility.

SEM imaging was performed using a ZEISS Crossbeam
350 dual-beam system operating in SEM mode. Secondary
electron images were acquired with the SE2 detector with
an accelerating voltage of 5kV, a working distance (WD)
of 5.7 mm, and a magnification of 8 KX (corresponding to
a scan width of 14.29 pm). The probe current was set to
252 pA (I Probe) with a scan speed of 3 (corresponding to
a dwell time of ~200 ns/pixel). Images were captured at a
resolution of 1024 x 768 pixels. Tilt correction was dis-
abled (Tilt Corrn = Off) to preserve the original sample
geometry.
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