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A novel solvent casting method for poly methyl methylacrylate (PMMA) thin films which allows for mor-
phology and refractive index manipulation is presented in this work. The effect of solvent casting on the
morphology and the optical properties of PMMA is studied as a function of solute concentration and the
casting relative humidity. Acetic acid is used as the PMMA solvent and is presented as an alternative to
toluene, tetrahydrofuran, and chloroform. Casted PMMA films annealed with relative humidities above
30% showed self-assembled nonporous honeycomb patterns. The refractive index of the cast films was
observed to decrease from 1.49 to 1.41 as the casting relative humidity increased from 20% to 100%.
Optical microscopic images revealed that the concentration of PMMA in the solution is strongly correlated
to the size of honeycombs in the pattern. The depth of the honeycombs decreased from 3000 nm to
400 nm as the annealing relative humidity increased from 20% to 100%. Whereas the diameter of the
honeycombs increased from 0.75 mm to 2.7 mm with increasing PMMA concentration. These results
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Introduction

Poly(methyl methacrylate) (PMMA) is a widely used polymer
known for its exceptional optical transparency, lightweight
nature, and high impact resistance, making it a preferred
material in various scientific and industrial applications,
including optics, electronics, and biomedicine." PMMA has
been used in many applications, which include pneumatic
actuation, analytical separation, conductive devices, optical
devices, sensors, medical applications, polymer electrolytes,
polymer viscosity control, and drug delivery.*"* Most of these
applications utilize a solution containing PMMA to perform
various types of surface modifications (i.e. adhesion, coating,
painting, polymer mixing, film casting etc.)."*While PMMA’s
versatility can be further enhanced through additives,” its pro-
cessing and film-forming properties are significantly influ-
enced by the choice of solvent and casting conditions. For
many applications, PMMA in powder or pellet form is usually
dissolved in a solvent. Traditional solvents such as toluene, di-
chloromethane, and chloroform have been extensively used in
PMMA thin-film fabrication; however, their impact on film
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perties using acetic acid, which can be used to modify surfaces for various sensing applications.

morphology and optical characteristics depends on many
factors such as casting temperature and casting concentration
causing variations from that of the bulk.">'® Recent studies
have also shown that PMMA-based thin films can respond sig-
nificantly to post-treatment in different solvent atmospheres,
such as water/acetone/methanol systems, which influence
their morphology, roughness, and refractive index.'” These
observations highlight the sensitivity of PMMA films to solvent
environment and motivate the search for alternative, less
hazardous processing routes. Despite these advancements,
alternative solvents with potential benefits, such as acetic acid,
remain largely unexplored.

Acetic acid is a strong, colorless, organic solvent commonly
used in the dissolution of inorganic acids and bases.'®
Previous studies have demonstrated that acetic acid can influ-
ence mechanical properties, crystallinity, and surface mor-
phology in polyhydroxybutyrate, suggesting its potential appli-
cability to other polymer systems.'® Additionally, research has
shown that the morphology of PMMA films can be controlled
by adjusting casting temperature and relative humidity (RH),
leading to the formation of porous honeycomb patterns.>
According to M. Hernandez-Guerrero et al. these patterns
emerge through breath figures, where the solvent evaporation
in extremely humid conditions causes water droplets in the air
to condense on the sample in a self-ordered manner creating a
template.”® As the droplets evaporate, they leave behind voids,
resulting in an organized porous polymer surface. In this
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study, we build upon the findings of M. Hernandez-Guerrero
et al.; however, instead of forming porous honeycomb pat-
terns, our method produces PMMA films with irregular non-
porous honeycomb structures.

Zhou et al. previously reported the formation of nonporous
honeycomb-patterned PMMA films using tetrahydrofuran as a
weak organic solvent.>’** However, the physical and optical
properties of these films have not been extensively studied, nor
has the effect of different humidity levels been thoroughly
investigated.

In this study, we investigate the use of 99% glacial acetic
acid as a solvent in preparing PMMA solutions for thin-film
casting at various humidity levels, with a particular focus on
the complex morphology and optical properties of the result-
ing films. PMMA concentrations in the solvent were varied
between 1-10 wt% since solutions exceeding 10% PMMA were
found to be too viscous for effective casting. The prepared
solutions were then drop-cast onto silicon substrates in a
chamber where the temperature was fixed and the relative
humidity was controlled from 20% to 100% RH. The mor-
phology of the annealed films was studied using an optical
microscope and a 3D optical profilometry, while their optical
properties were characterized through reflectometry.

Experimental section
Materials

Atactic poly methyl methacrylate (PMMA) powder with an
approximate molecular weight of 15000 (11335038, Fisher
scientific) was dissolved in HPLC grade 99% glacial acetic acid
(A35500, Fisher Scientific) to form the casting solution. Si
wafers with 3” diameters and 500 pm thicknesses (477,
University Wafer) with a native oxide were used as the casting
substrates. Wafers were cleaned following the RCA-1 process.
In this process a solution containing 65 ml of 27% ammonium
hydroxide (05730, ProChem Inc.), 65 ml of 30% hydrogen per-
oxide (H325100, Fisher Scientific) and 325 ml DI water was
prepared. This solution was then heated to 70 °C and the
wafers were soaked in the solution for 15 minutes. Finally, the
wafers were washed using DI water and dried with a flow of
nitrogen gas.

Solution preparation

PMMA was weighed and dispensed into a glass vial. Glacial
acetic acid was then dispensed into the vial using a micropip-
ette while monitoring the mass using a scale in order to deter-
mine the concentration of PMMA in the casting solution. For
the given molecular mass of PMMA, a maximum of 10 wt%
solution was determined to be appropriate since higher con-
centrations formed visible suspensions of PMMA that precipi-
tated in the casting solution. Therefore, 1, 5, and 10 wt%
samples were prepared. In order to promote the dissolution of
PMMA in acetic acid, a stir bar was introduced. The vial con-
taining the solution was stirred for 4 hours to ensure complete
dissolution.
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Drop casting and curing

Thin PMMA films on silicon wafers were achieved through
drop casting using a micropipette. About 100 pL of the PMMA
solution was used per wafer. Samples were cured in a humidity
and temperature controlled stainless steel chamber.
Continuous flow of humid air through the chamber allowed
for humidity control. Humid air with RH ranging from 20%-
100% was prepared by bubbling dry air through water at
different flow rates. The humidity was verified using an Omega
humidity sensor positioned at the inlet. The chamber was
placed on top of a hotplate set to 60 °C to maintain a constant
rate of solvent evaporation. The wafers with casted PMMA were
held under these conditions for 30 minutes and then air dried
and annealed at 250 °C to ensure complete film curing. A total
of nine PMMA samples were prepared and then cured at
different humidity levels.

Reflectometry

Reflectance spectra of the cured PMMA samples were obtained
using a reflectometer (Filmetrics F40). The spectra were
measured in the visible light range (500-850 nm). A model
consisting of three layers (air-PMMA-silicon substrate) was set
in the FILMeasure analysis software to determine the
unknown film thickness and refractive index. The Cauchy
optical dispersion model** was used to fit the refractive index
to the measured reflectance spectrum. The Cauchy model is
used for transparent material to determine an empirical
relationship between the refractive index and wavelength, as
such the extinction coefficient (k) is set to zero in this model.
An initial guess for the refractive index was set to 1.4 based on
expected PMMA refractive index values from literature.”®
Values for the initial guess were varied until a goodness of fit
(GOF) equal to or larger than 99% was achieved. To improve
accuracy, backside reflection was included in the model. The
model is only fitted between the wavelengths ranging from
500-850 nm. This was done to avoid regions with lower signal
to noise ratios (i.e., 400-500 nm). Higher concentrations of
PMMA were found to produce thicker films causing more light
diffraction, which would require longer wavelengths (i.e., infra-
red and beyond) when performing reflectometry. Thus, only
the films produced using 1 wt%. PMMA solutions were ana-
lyzed using reflectometry owing to reflectance efficiency.

Microscopic/SEM imaging

Optical microscopic images of the annealed films were taken
at 2.5x magnification to study morphological variations. For
surface analysis, a scanning electron microscope (SEM) (JEOL
JSM-7200F) was used to produce images. The surface of the
PMMA was sputter coated with iridium (4 nm thickness) to
enhance conductivity at the surface of the sample.

3D profilometry

The 3D structure of the resulting films was analyzed using a
BRUKER optical profiler to assess surface uniformity and topo-
graphical features. Samples cast using 1, 5, and 10 wt% PMMA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solutions were examined. The profiler provided quantitative
measurements of surface roughness, allowing for comparison
across different concentrations and insight into how polymer
content influenced the film morphology.

Results and discussion
Morphology of the annealed films

Optical micrographs of PMMA films prepared using 1, 5 and
10 wt% PMMA solutions above 30% RH demonstrate a clear
honeycomb pattern with varying sizes as seen in Fig. la-c.
Similar morphologies were observed at higher RH as well.
Films casted below 30% RH did not form any visible patterns,

L \
(@) (®)
L .
(c) @

Fig. 1 Optical micrograph of PMMA thin films casted under 30% rela-
tive humidity using an acetic acid solution with (a) 1 wt% showing an
example of a honeycomb cell diameter (D), (b) 5 wt% and (c) 10 wt%
PMMA. (d) PMMA casted using 1 wt% PMMA solution under 20% relative
humidity.

Fig. 2 Scanning electron micrograph of a PMMA thin film drop casted
using an acetic acid solution with 1 wt% PMMA showing the morphology
at the surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as seen for the film in Fig. 1d, which was 1 wt% PMMA solu-
tion casted at 20% RH. It is hence evident that the RH during
drop casting is the main contributing factor for the formation
of honeycomb patterns.

The diameter of a honeycomb cell is defined as that of the
largest circle that can be inscribed within the polygonal
opening, tangent to the inner walls without intersecting them,
an example is shown in Fig. 1(a). The size of the honeycombs
increased with increasing PMMA concentrations in the casting
solution. The diameter of the honeycomb using a 1 wt%
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Fig. 3 Optical profilometer 3D surface topography of PMMA thin films
showing different honeycomb patterns drop casted using (a) 1 wt%
PMMA at 30% relative humidity, (b) 5 wt% PMMA at 30% relative humid-
ity, (c) 10 wt% PMMA at 30% relative humidity.
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PMMA solution ranged between 0.75-1.25 mm whereas the
diameters for the 5 wt% PMMA and 10 wt% PMMA solutions
ranged between 1.5-2.0 mm and 2.25-2.75 mm, respectively
(see Fig. 1).

The presence of honeycomb patterns above 30% RH was
also verified using SEM imaging at 25x magnification, which
has a larger depth of field. Fig. 2 is an SEM image of a PMMA
film made using 1 wt% PMMA solution casted at 30% RH. It
clearly shows the morphology present at the surface of the
PMMA films and the formation of hexagonal patterns. PMMA
thin films prepared using other solvents (i.e., dichloromethane
and chloroform) have been reported to produce flat surfaces>
but further testing with different levels of humidity may
produce non-porous honeycomb patterns.

To further investigate the 3D structure of the prepared
PMMA thin films a 3D profilometer was utilized to produce
the images seen in Fig. 3. It can be seen from the 3D structure
that the center of the honeycomb is curved inwards creating a
crater on the surface of the film. The edges of the honeycomb
patterns are slightly raised from the surface of the film, creat-
ing a hill/valley formation. The vertical ranges (ie., from
minimum to maximum) of 1 wt%, 5 wt% and 10 wt% PMMA
films were +4 pm, +15 pm and +32 pm, respectively. This corre-
lation demonstrates the ability to control the surface structure
of PMMA thin films by manipulating the PMMA concentration
in the drop casting solution.

Structural differences were also present when the RH was
varied during casting, as seen in Fig. 4 and these patterns were
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only observed through the optical profilometer. The recorded
size variations in the hill/valley formations for casting in 30,
40, 50 and 60% RH were +4.3 pm, +2.67 pm, +1.65 pm and
+1.15 pm, respectively. To address repeatability, the scans were
repeated on multiple regions of each film and obtained con-
sistent values within +0.2 pm.

These results demonstrate that increasing the RH during
drop casting increases the uniformity on the topology of the
honeycomb structures. The results also suggest that increasing
the RH decreases the diameter of the honeycomb pattern
formed. This could be attributed to the influence of relative
humidity on the balance between solvent evaporation and
polymer solidification. At higher RH, adsorbed water molecules
slow the evaporation of acetic acid and act as a plasticizer, redu-
cing PMMA chain mobility. This prolongs the drying time and
allows the polymer film to level more uniformly, which decreases
both the depth of the honeycomb depressions and the effective
diameter of the cells. Conversely, at lower RH, faster solvent
removal and higher chain mobility lead to more rapid contrac-
tion of the polymer-rich regions, resulting in deeper honeycombs
patterns with larger diameters. Overall, the effect of humidity is
to regulate evaporation kinetics and chain relaxation, which in
turn governs the final honeycomb morphology.

Refractive index and thickness of the films

The optical properties of the PMMA films were analyzed using
reflectometry. As seen in Fig. 5, the model is fitted between
the wavelengths ranging from 500-850 nm. Table 1 summar-
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Fig. 4 Optical profilometer surface height profiles of PMMA thin films prepared using 1 wt% PMMA casting solution at (a) 30% RH, (b) 40% RH, (c)

50% RH and (d) 60% RH.
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Fig. 5 Reflectance vs. wavelength — experimental and Cauchy model
curve for the 1% wt/wt PMMA at 30% RH.

Table 1 Thickness and the GOF derived from the model fit for 1% wt/
wt PMMA with varying RH

RH (%) Thickness (nm) GOF
20 3082 0.998
30 3594 0.9974
40 2713 0.9979
50 3527 0.999
60 2811 0.992
70 3828 0.9973
80 3379 0.9968
90 2598 0.992
100 3933 0.9984

izes the thicknesses and the goodness of fit of the modeled
spectrum for the nine different samples measured. While the
model provides an effective or average film thickness, it does
not fully capture the exact topographical variations observed
experimentally.

As shown in Table 1, the predicted film thicknesses are on
the order of 3 microns, whereas profilometry measurements for
the 1 wt% PMMA sample at 30% RH revealed surface features,
hills and valleys, reaching up to 4 microns in height. This discre-
pancy is expected, as the model assumes an idealized, perfectly
flat PMMA film, while actual films often vary in uniformity due
to roughness and/or texture variations occurring during the fab-
rication process. Hence, further studies would need to consider
the limitations of this modeling approach by taking into
account the effects of PMMA film uniformity.

Once the goodness of fit was above 99%, the refractive
index, n, was extracted. Fig. 6 shows the variation in refractive
indices of the PMMA films at different casting RH levels versus
wavelength. The refractive index is observed to decrease with
increasing casting RH.

The observed decrease is gradual until about 60% RH
where larger drops in the refractive index are seen (i.e., change
between 60-70% and 70-80% RH). All curves of the refractive
indices relative to wavelength followed the same trend for
PMMA recorded in literature.>® As seen in Fig. 7, the refractive
index change with wavelength for PMMA cured under 20% RH
is similar to earlier observations of PMMA.>* The morphology
of the films fabricated at casting RH levels less than 30% were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Variation in refractive index of PMMA cast at 20% relative humid-
ity compared to the variation of the bulk.

similar to that of the bulk PMMA and thus its refractive index.
Therefore, these results show that the refractive indices of
PMMA films produced using acetic acid at RH levels higher
than 30% result in significant variation in refractive indices.

This variation in refractive index can be attributed to the
same humidity-driven mechanisms that influence film mor-
phology and mentioned earlier. At low RH, faster solvent
removal leads to rapid solidification and tighter packing of
polymer-rich  regions, producing deeper honeycomb
depressions and a higher effective density, which corresponds
to a higher refractive index. At higher RH, adsorbed water
slows evaporation and plasticizes the PMMA, allowing the
surface to relax more uniformly; this increases free volume
and reduces the effective density, leading to a lower refractive
index. The absence of droplet templating explains the nonpor-
ous nature of the films, while humidity-dependent evaporation
kinetics and chain relaxation account for both the observed
changes in the morphology and refractive index.

Conclusions

This paper has presented a novel method for fabricating non-
porous honeycomb patterned PMMA thin films using acetic
acid as a solvent. In this method, acetic acid evaporates slowly
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and does not induce water droplet templating, in contrast to
the rapid solvent evaporation method reported in ref. 20.
Thus, the solvent-rich regions retract unevenly during drying,
while the polymer-rich phase solidifies. This process at the
liquid-air interface produces ridges and depressions, but
without a droplet lattice to guide the arrangement. As a result,
the patterns are nonporous and relatively irregular.

The ability to control the honeycomb pattern size and optical
properties by adjusting PMMA concentration and casting relative
humidity (RH) provides a precise way to design films with specific
characteristics for sensing applications. By increasing the PMMA
concentration from 1 wt% to 10 wt%, the honeycomb diameter
was tuned from 0.75 mm to 2.7 mm, demonstrating that the
pattern size can be directly controlled to optimize surface area for
sensor interaction. Additionally, the observed refractive index
tuning (1.49-1.41) is within the range that significantly modifies
optical confinement in waveguide sensors, suggesting strong
potential for integration into optical sensing platforms. Ongoing
work explores this application in coated optical fibers.

Comparison of experimental measurements with a Cauchy
optical dispersion model used to fit the refractive index to the
measured reflectance spectrum show a great degree of agree-
ment, despite fabrication variations on the PMMA film surface
roughness not considered in the model. Varying the RH from
20% to 100% also provided a control over the depth of the
honeycomb structure from 3000 nm to 400 nm, enabling the
customization of the film’s mechanical and optical properties.
This is critical for designing sensors with enhanced respon-
siveness to environmental changes. The depth of the pattern
influences the film’s interaction with light and can be opti-
mized for specific sensing applications, such as detection of
small shifts in refractive index or changes in light intensity
caused by the presence of analytes.

This method’s precision in controlling structural and
optical properties makes it a promising technique for the
development of highly sensitive optical sensors, such as those
used for detecting gases, biomolecules, or pollutants. The
ability to fabricate these films with a high degree of reproduci-
bility and control over key parameters directly translates to
more reliable and adaptable sensing platforms. As such, the
proposed method provides a robust approach for fabricating
PMMA films tailored for advanced sensing applications, where
both structural and optical properties must be finely tuned to
achieve the required sensor characteristics.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Conflicts of interest

There are no conflicts to declare.

RSC Appl. Polym.

View Article Online

RSC Applied Polymers

Abbreviations

PMMA Poly(methyl methacrylate)

RH Relative humidity

GOF Goodness of fit

SEM Scanning electron microscopy
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