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Abstract: A combined theoretical and experimental study is presented to investigate the interplay of
forces in the spin-dewetting process in order to achieve enhanced control over droplet generation.
In this regard, toluene—polystyrene (PS) film is spin dewetted on a solid substrate to generate an
array of droplets. The underlying mechanisms of the spin dewetting of the films into the droplets
are explained with the help of a theoretical model followed by a long-wave linear stability analysis
(LWLSA). Stabilizing forces like solution viscosity and surface tension play essential roles. The study
uncovers that the centripetal force stretches the film radially outward, before it becomes ultrathin
and undergoes dewetting under the influence of van der Waals forces, while the surface tension
force acts as a stabilizing influence. On the other hand, the viscous force kinetically stabilizes the
system to expedite or delay drop formation on the substrate. An imbalance of these factors ultimately
decides the droplet spacing, which leads to interesting morphologies such as singlet, doublet, triplet,
and clusters of droplets at specific PS concentrations in the range 0.0001-0.0005%, with a ~10-14 nm
average droplet height. The experimental data revealed that, at ~3000 rpm, PS (0.01-0.1%) results in
critical droplet spacings of Amax~98-172 pum, leading to immediate dewetting and uniform droplet
formation. Our theoretical predictions are in close agreement with the experimental results, validating
the present model. The insights gained in this work provide a foundation by presenting a robust
framework for controlled droplet generation by optimizing process parameters to achieve the desired
droplet size, distribution, and uniformity. The findings have broad applications in material science,
biomedical engineering, and related disciplines.

Keywords: droplet generation; polystyrene; spin-dewetting; micro-nano-scale droplet; modeling

1. Introduction

The generation of ordered micro- and nano-scale droplets has become a focal point of
scientific research, owing to their multifaceted applications across an array of engineering
products and processes [1-5]. The domains range from biotechnology [6] and electronics to
materials science and microfluidics [4,5], where precise control over droplet properties such
as size [3], content [1], and morphology [5] is critical for creating materials with enhanced
capabilities. Among the other droplet production processes, of late, spin dewetting [7] has
emerged as a promising and versatile pathway for producing homogenous micro- and
nano-polymer droplets [8]. This method comprises the controlled thinning and subsequent
dewetting of a liquid film on a substrate with the help of the centripetal force generated
during the rapid spinning of the substrate [9,10].

A number of recent reports have revealed the underlying physical mechanisms of spin
dewetting with the help of experimental [7,11-13] and theoretical [12,14,15] investigations.
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These works summarize that spin-dewetting is driven by an interplay between centripetal,
viscous, capillary, and inertial forces, which collectively dictate the thermodynamics and
kinetics of the stretching of a droplet into a film on a rotating solid substrate, followed
by the dewetting of the same [8]. Utilizing these forces as a handle to engineer controlled
droplet generation can offer an appealing approach to generating advanced materials
with catered characteristics and have the potential to fulfill application requirements. For
example, during the spinning process, while the centripetal force stretches the film radially
outward on a surface, the van der Waals forces help with dewetting the film when they are
stretched to an ultrathin (<100 nm) thickness, and the surface tension force [13] acts as a
stabilizing influence for the system. An imbalance of these forces eventually decides the
length scale of the instability [16,17], which can be correlated to the spacing of the droplets
formed after the completion of the spin-dewetting process. The film’s thinning rate during
the spinning stage and the droplet formation during the dewetting stage are also influenced
by factors such as the viscosity of the film. Further, the inertial forces originating during
the high-speed spinning and the Coriolis force also influence the droplet’s location.

In this direction, over the years, the researchers have identified the arrangement of
these forces through rigorous analyses [14], leading to a comprehensive understanding
of the numerous factors that can be modified to attain precise control over the resulting
droplets. The fine-tuning of the interplay of these forces controls critical outcomes by
systematically changing factors such as interfacial tension, substrate—film adhesive proper-
ties, film viscosity, film thickness, and spinning speed [12,13]. This complex arrangement
of forces is crucial in controlling not only the size and spacing of the droplets but also
their arrangement into complex patterns—a capability that holds vast potential in diverse
technological realms [17-19]. Moreover, other fascinating secondary structures before
droplet generation, like threads or finger-like structures, have also been minimized or
highlighted, as per the requirements [20,21]. The culmination of these research efforts has
allowed researchers to engineer droplet arrays with remarkable precision [3], leading to the
generation of monodisperse droplets suitable for drug delivery [5], micro-lens arrays, sur-
face patterning [7], microelectronics [5], biomedical devices [22], and smart materials [23]
applications. This mastery over droplet engineering is not confined to the microscale
alone. Exploring nano-scale spin dewetting [24,25] has revealed new avenues for creating
unprecedentedly precise submicron structures.

In alignment with these advancements [26,27], the primary goal of this work is to
provide an elementary controlled generation of micro—nano-scale PS droplets via the
spin dewetting mechanism [28], corroborated by a simple theoretical model, as shown in
Figure 1. We aim to explore a comprehensive understanding of the intricate dynamics at
play by delving into the fundamental principles that govern spin dewetting. Additionally,
we examine factors that influence the initiation, growth, and final characteristics of droplets.
A significant focus of this work lies in delineating the experimental methodologies that
empower meticulous control over droplet dimensions, shapes, and distributions with the
simple mathematical model. The relative motion between the substrate and the PS droplet
brings in Coriolis force [14], which influences the trajectory and shape of the droplets,
potentially resulting in differences in droplet size and distribution. The insights may be
helpful for the practical implications of employing spin dewetting-generated polymer
droplets in diverse applications, ranging from precision drug delivery to tailored surface
functionalization and advanced micro-optics.

The present study provides a unique insight into the interplay between centripetal
force and van der Waals forces, showcasing a new level of control over dewetting through
the precise manipulation of spin speeds and PS concentrations. This control surpasses
previous methods by enabling more uniform droplet formation and tailored droplet mor-
phologies. We propose a simple and one-step recipe for a plethora of generated PS droplets,
including interesting doublet, triplet, and clusters of droplets, which have diverse po-
tential applications. These applications leverage the unique properties of the generated
micro-nano-scale droplets, such as their uniformity, controlled size, and surface character-



Processes 2024, 12, 1562

30f13

(A) l PS drop PS drop Spreading

|

@)

(B)

Si Wafe1

C

®

istics, to innovate and enhance performance in materials science, biomedical engineering,
chemical engineering, electronics, photonics, environmental science, and sensor technology.
On the other hand, a recent study by Cai et al. (2023) [29] achieved droplet generation
experimentally but using complicated material modifications and process step utilization.
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Figure 1. Schematic representation of the experimental set-up used to generate polystyrene-solvent
(PS) solution-based micro-nano-scale droplets using spin dewetting, wherein the used solvent is
volatile. Scheme (A) (i—iii) represents the steps involved in micro-nano-scale droplet generation when
the spin-coater started from a stationary state. Scheme (B) (i, ii) represents PS droplet generation
steps when the spin-coater attained a constant speed and dispensed a PS drop. Scheme (C) shows the
generated micro—nano-scale PS droplets in the last step of the spin-dewetting process. For both cases,
the conditions of a ~10 puL PS drop and ~3000 rpm for ~120 s are used.

2. Experimental Section
2.1. Materials

The chemicals used for the experiment—PS (average Molecular Weight: 280,000) and
sodium dodecyl sulfate (SDS)—were procured from Sigma-Aldrich, Bangalore, India. The
acetone, ethanol, H,SO4, and H,O; reagents were procured from Merck, Mumbai, India.
All the AR-grade chemicals were used without any further processing during experiments.
Single-sided polished silicon wafers were procured from N ] International Corporation,
Mumbai, India (<100> orientation, boron-doped P-type, 0.01-0.02 (2 cm resistivity). All
the solution preparation and glassware cleaning were performed with Milli-Q grade water.
Substrates were coated using a spin-coater (Apex, Kolkata, India, NXGP1NAO02).

2.2. Characterization

All the morphological characterizations were performed using an atomic force mi-
croscopy (AFM, Bruker, Mumbai, India, Innova series) set-up. The microscopic characteri-
zation was performed with an optical microscope (Leica, Kolkata, India, DM 2500 upright
microscope, with Polarized Optical Microscope (POM) mode) attached to the high-speed
camera (Photron, San Diego, CA, USA, Fastcam Mini UX-100). Image analysis was per-
formed using the open-source software Image]J-1.49v to calculate droplet periodicity. The
complete experimental set-up is shown in Figure 2, before and after assembly.
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Figure 2. The components of the experimental set-up include the spin coater, optical microscope,
and high-speed camera for the imaging installed on the microscope. The solid color arrows in the
assembled set-up indicate all the individual components in the top row.

2.3. Methods

A single-sided polished silicon wafer was cut into 10 mm x 10 mm in length and width.
They were then cleaned following a standard cleaning procedure [30,31]. After this step,
the substrates were placed in piranha solution (3:1 H,SO4 and H,0O,) and kept at 70 °C to
remove all organic and inorganic contaminants. Substrates were then individually placed in
DI water and finally used after drying with a nitrogen (99%) gas stream. The stock solution
of PS—toluene (1 g/mL) was prepared. The substrate was kept at rest, and then the diluted
solution drop (~0.0001-0.0003 v/v) with toluene was dispensed on the surface. Furthermore,
the substrates were spin-coated at the optimized speed [32] of ~1500-3000 rpm, with an
acceleration of 5 s for 2 min. All the possible experimental measurement and calculation
uncertainties in the droplet size measurement (AFM and optical microscope), experimental
parameters (spin speed and solution concentration), and computational measurements
using LWLSA (MATHEMATICA-10.4) have been judiciously mitigated with appropriate
error optimization actions to maintain the accuracy and repeatability.

3. Theoretical Problem Formulation

The reduction in thickness of the liquid film and the alteration in droplet spacing due to
variations in spin speed, attributed to the omnipresent centripetal force, is elucidated using
an extensive LWLSA. The cylindrical coordinate with the axisymmetric system is employed,
where r and z are parallel and normal coordinates to the substrate, as shown in Figure 3.
As the concentration of the PS in the toluene (volatile solvent) during spin-coating was
very low during experiments, a Newtonian and incompressible fluid film is assumed [13],

T= #(Vu+ Vul). Accordingly, the equations of motion, pu = —VP + V'"T", along with
the mass conservation equation for the film, V-u = 0, describe the viscous film layer

dynamics, as shown in Figure 1C. Here, T, u{vy, vy, vz}, , p, Ymn and P(= p — 1) de-
noted the stress tensor, velocity vector, viscosity, density, and interfacial tension at the
mn (mn = 12,13,23, 33) interface and the effective total pressure inside the film consist-
ing of static pressure in the liquid and intermolecular forces triggered excess pressure,
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Figure 3. Schematic representation of steps (A-D) of the spin-dewetting phenomenon when a
PS-toluene solution drop has been dispensed on the spin-coater stage. Step (B) shows the spreading
of the PS drop on the spinning coater with the rotational speed () and volatile solvent evaporation
during the process. Step (C) shows the PS film formation on the substrate (1) placed on a spin-
coater stage, where hp and h(r, t) the base and perturbed film (2) heights are used for the theoretical
modeling to derive the film evolution equation. The solvent evaporated in the surrounding air (3)
with the flux . Step (D) shows the plethora of PS micro-nano-scale droplets, where Amax represents
the space between two droplets.

The film is assumed to be non-slipping and impermeable (u = 0) through the
substrate at z = 0. At the film-air interface (z =h(r,t)), normal

(n- (—pol + "I"a) ‘n—n- (—pl + ”I") ‘n = ’)/321() and tangential (n-"I"a-T — n-”T"-T = O)
stress balances are used, along with the kinematic condition (dh/dt+u-Vsh =v;)
enforced as boundary conditions. Here, subscript ‘a” denotes the variables corresponding to
the bounding fluid air, I is the identity tensor, f represents time, and
Vs(= (I—nn)-V) is the surface gradient operator. The unit outward normal and tan-

gential vectors are expressed as n<— {ny,n;} = [(—ah/ or,1)/4/1+ (8h/8r)2}> and

T(: {t, &z} = Kl, oh/ar)/\/1+ (8h/ar)2} >, respectively. The subscripts preceded

with a comma represent the partial derivatives if otherwise mentioned, and the deforming
free surface curvature is defined as ¥ = Vs-n. The variable h(r, t) is the film thickness,
and the symbol /iy denoted the corresponding mean thickness (Figure 3C). The excess
pressure is defined as 7t = — A, /67th3. The disjoining pressure is expressed in terms of the
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effective Hamaker constant (A,), which is obtained from the binary Hamaker constants (or
spreading coefficient) as, Ae = Ajp + Azz — A13 — Az = —1271dS132.

Non-Dimensional Evolution Equation and Stability Analysis

The thin film equation of the deforming viscous thin film was obtained under the
lubrication approximation. We formalized this approximation by considering r >> z and
defining a small parameter of ¢ < 1, which is directly related to the (small) wavenum-
ber of the deformations. According to the lubrication approximation, r — O(1/¢) and
(z, h, v;) = O(1); also, because of low-speed flow, t — O(1/¢). Within this framework,
reduced r and z— directional equations of motion are dP/dr — pQ?r = 1 (9%v,/9z%) and
dP/0z = 0, respectively, and the incompressibility condition is v, /r 4 dv, /dr + v, /9dz = 0.
The symbol, (), denotes the angular velocity (spinning speed) of the spin coater, as shown
in Figure 3B,C. To investigate the effects of angular velocity, we assumed the azimuthal
velocity (v,) is constant throughout the radial direction in the thin film as, vy = Qr [33].

The no-slip (v, =0) and impermeable (v;=0) boundary conditions are
enforced at the substrate—film interface (z=0), alongside reduced normal
(P —po— Ae/6TTh3 4 300%h /3> — y30/h = 0) [33,34] and tangential (dv,/dz = 0) stress
balance at the film-air interface (z = h(r, t)) in the long-wave limit. Here, py is the ambient gas
pressure. The curvature of the deforming surface in the long-wave limit at the film-air inter-
face (z = h(r,t)) is obtained as follows: (xj, = (3(zn.)/z0z + on,/9r), = 1/h — 9°h/or?) [9].
Here, ‘pressure jump’ is balanced by both the disjoining pressure and capillarity. All the
reduced governing equations and boundary conditions and the kinematic equation [35]
are as follows: (0h/dt + v,0h/dr + ] = v;), where ] is the evaporation term [33,34] used
to solve the governing equations. Solving all these equations and boundary conditions
gives the nonlinear partial differential equation (PDE) for the evolving free surface of the
PS-toluene film, wherein the last term in the equation accounts for the evaporation [36] of
the volatile solvent, as follows;

oh 1 9/ 3 ’h ¢ 2 19 (rh? 0y
5t~ (7 (5 o o) ) g () =0 W
In order to perform linear stability analysis in the long-wave regime, we linearized
the long-wave normal stress balance and the evolution equation using the normal lin-
ear modes, as follows: h(r,t) = hy(t) + h(r)e“'**" and P = P + P(r)e“*", where the
symbols w and k represent the linear growth coefficient and the wave number of dis-
turbance, respectively. The over-tilde symbols represented the perturbed variables. The
variables are non-dimensionalized using H = h/hy, R = r/hy, a viscous time scale such as
T =t/ (h3p/u), and using normal mode in the form H = Hy + He’T KR We consider the
drop diameter as # in the theoretical formulation of the model simplification. Furthermore,
the non-dimensional dispersion relation is obtained from the perturbed state equations,
as follows:

Re(w) = (Ha/Hy)K* + (B/ (Ho + Ko)Ca)K? — (HS/Ca>K4 2)

where Ca™! = (’ypho/ u?), Ha = —(Ap/2mthou?), | = ,B(Ha/H3 — CailHRR> /H + Ky
are inverse capillary, Hamaker number, and evaporation flux [34], respectively. The es-
sential condition for the system to be unstable (stable) is Re(w) > 0 (Re(w) < 0). The domi-
nant growth  coefficient (wm) and the corresponding  wavelength

(Am =27/ \/Ca(2Ha/3H}E) +28/3H3 (Ho + Ko) ) are obtained by finding the global max-
ima of w and the corresponding wavelength (A1) from the dispersion relations. All the

above mathematical equations are solved and analyzed in the commercial symbolic package
MATHEMATICA®.
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4. Results and Discussion
4.1. Experimental Understandings

The spin-dewetting experiment was performed for two different states of spin-coater.
In one case, a PS drop was cast on the substrate in a stationary state of spin-coater and
another in a constantly rotating motion, as shown in Figure 1A,B. When the solution drop
was dispensed on the substrate, the substrate gained a high speed, as did the drop. This
rotation can create a centripetal force [13] that pushes the PS drop radially outward from
the center of the substrate. This outward flow of PS is a fundamental aspect of the spin-
coating process. The flow of the PS drop during spin coating can generate various fluid
instabilities [13,37]. These instabilities [20,37] can result from the interplay between surface
tension, viscosity, and the centripetal force acting on the drop. Patterns like swirls, vortices,
and radial lines have been observed. These patterns are the results of the complex interplay
between fluid dynamics and substrate rotation. The volatile toluene evaporated, further
influencing the fluid flow patterns [35]. The cast PS drop goes through transformations
from droplet to spreading to non-uniform film formation. Regions of low film thickness
might have experienced changes in surface tension due to faster evaporation [35], which led
to the pattern formation, finally resulting in droplet generation [35]. Some of the patterns in
the case of droplets dispensed on the stationary stage of the spin-coater observed resemble
the Coriolis effect [14] because they involve rotational motion.

However, these patterns are primarily a result of centripetal and fluid dynamic effects
rather than the actual Coriolis force [11,13,14]. In the latter stage, the relative motion
between the rotating substrate and the PS droplet and the resulting Coriolis force may have
affected the trajectory and shape of the droplets, potentially leading to variations in droplet
size and distribution. Column (i) of Figure 4 shows the formed thread or capillary-like
structures for 0.01% PS drop, wherein the spin coater was stationary at the beginning and
then attained the constant speed of ~1500 rpm. These structures may be attributed to the
combination of centripetal force, surface tension, and viscosity that can lead to thin threads
or capillary-like structures [15] before disintegrating into an array of droplets. For 0.01% PS
drop, the critical average Amax~98 um and 0.1% PS concentration resulted in Apax~172 pm.
After these critical values, there exists a shift in the droplet spacing, depicting the vital role
of PS in deciding the droplet spacing.

These structures may be stable for a period but are eventually expected to break into
smaller droplets due to the opposing forces. On the other hand, column (i) of Figure 4
shows the generated droplets wherein drop casting has been carried out on the rotating
substrate at a constant speed of 1500 rpm. In the latter case, as soon as the drop contacts the
substrate, it experiences the centripetal force. This force results in the rapid spreading of the
liquid outward. Due to the immediate exposure to the centripetal force, the PS drop spreads
out quickly and may form thread-like structures almost immediately, as the time scale of
this step is too short and does not allow the intermediate structures to appear. This rapid
substrate rotation also induces vortical motion in the dispensed PS drop. This rotational
motion contributed to the stretching and thinning of the liquid [38], potentially creating
complex flow patterns [20]. However, the surface tension still played a role in this case
by resisting the spreading of the drop. Still, the immediate impact of the centripetal force
dominates the initial spreading behavior. As in the case of an initially stationary substrate,
the system eventually reaches an equilibrium state where the opposing forces balance the
liquid’s spreading. However, the equilibrium may be achieved more rapidly in the case
of the initially rotating substrate, due to the immediate influence of the centripetal force.
Figure 4G shows the average droplet spacing for a 0.01% PS drop, indicating an increasing
space between the generated droplets. This may be attributed to the delayed setting of
centrifugal force over time. However, in another case, it immediately acts, resulting in
reduced Amax, as shown in Figure 4H. Along with the centrifugal force, the Coriolis force
also contributes to deciding the path followed by the generated droplets, giving them
curved trajectories, as shown in column (i7) of Figure 4E,F.
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Figure 4. Images show micrographs of the PS drop spin-dewetting process when the spin-coater
was stationary (column 7) and in motion (column i) at the time of drop cast. Columns i and i
show steps (A-F) of drop disintegration for 0.01% and 0.1% PS at an optimized speed of 1500 rpm,
respectively. Curved arrows (yellow colored) in column ii (E,F) indicate trajectories followed by the
generated droplets during spin dewetting in consecutive rotations. Plots (G,H) show the average
droplet spacing (Amax) for 0.01% and 0.1% PS with time () measured in units of meters (m) and
seconds (s).

Figure 5 shows the AFM profiles of the spin dewetted PS droplets. Figure 5A shows
the generated droplets from the PS drop, wherein A (i—iv) are singlet, doublet, triplet, and
clusters formed during the spin dewetting for 0.0005%, 0.0003%, 0.0003%, and 0.0001%
PS, respectively, at 3000 rpm. The 3D profiles of the generated droplets on the substrate
are provided in Figure 5B, which offers a better visualization of the formed droplets. The
average height in Figure 5C(i—iv) ranges from ~10 to 14 nm for respective images in the range
of ~2 um x 2 pm to ~5 pm X 5 um surface areas. The generated droplets, in four different
forms, have been observed near the substrate edge for different PS concentrations during
experiments. Interestingly, we found doublet and triplet in the same PS concentration
but at other locations as we moved away from the center of the substrate. This may be
attributed to PS concentration, surface tension, viscosity, centrifugal force contributions,
evaporation, or substrate surface property. Generated droplets were in continuous motion
due to rotations. They continuously push away from the center, while newly generating
droplets may follow a particular trajectory on which they hit previously formed drops. Due
to the sudden obstruction and viscous resistance with evaporating solvent in the solution,
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Figure 5. The AFM images show the topography of the spin dewetted PS droplets. Row (A) represents
topographies of singlet, doublet, triplet, and clusters of PS droplets formed in the spin dewetting at
3000 rpm. Row (B) shows the 3-D morphology of respective images of row (A) (i—iv). Row (C) shows
the line profiles (light blue colored lines in row (A) images) of PS dewetted droplets generated during
the AFM scan.

4.2. Essential Understandings from Theoretical Modeling

The proposed theoretical model helps to gain insights into the underlying physics
of the spin-dewetting process. The PS concentration in the solvent is very low during
spin dewetting, allowing us to assume the Newtonian and incompressible film [38] of the
solution for the modeling [38]. The formed thin, non-uniform film then disintegrates into
droplets due to spin dewetting with associated forces in the system and due to solvent
evaporating from the film [39]. We assume a uniform toluene-rich thin film on the substrate,
which is influenced by the spin-coater’s rotational motion. Our central focus is on the film
evolution dynamics during the process, irrespective of whether the PS drop is initially
dispensed on a stationary or rotating substrate. We also assume that the spin coating and
silicon wafer curvature influence the spreading of liquid PS [38]. The curvature creates a
non-uniform radial distance from the center of rotation, impacting the centripetal force
experienced by the liquid at different points on the wafer. This non-uniformity can lead to
variations in the spreading pattern [39].

The rapid rotation and spreading of the liquid PS lead to the formation of threads
or elongated structures. These threads are essentially assumed to be the result of a
Rayleigh-Plateau instability on a rotating substrate [38]. The effects of the intermolec-
ular force, capillary, and evaporation flux are incorporated into the model as the other
possible causes of instability set in the system. The resulting dispersion relation from
the LWLSA represents the combination of stabilizing and destabilizing forces that decide
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the final morphology of the film. The destabilizing (first two bracketed terms—Hamaker
(Ha) and evaporation ()) and stabilizing contributions (last term—inverse capillary (Ca))
are represented in Equation (2). However, droplets shrink upon drying, conducted in
order to remove solvent traces present, if any, but their periodicity and shape remain
unchanged [38]. Figure 6A-D shows the effect of H, Ha, Ca, and p variation captured
through the obtained dispersion relation by solving ordinary differential equations (ODE’s).
Figure 6A,B,D show the increased instability when increasing H, Ha, and B, indicating
their destabilizing contributions to the system and the stabilizing nature of Ca, as shown
in Figure 6C. An increased evaporation rate of the volatile solvent triggers the droplet
generation by contributing to system destabilization, resulting in a time and length scale
increase, as shown in Figure 6D.
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Figure 6. Results obtained from the non-dimensional dispersion relation, depicting the variations
in w with k for a particular parameter variation and keeping others constant. Plot (A) shows the
destabilizing influence of film thickness (H) variation on the system stability. Plot (B) shows the effect
of Hamaker constant (Ha) variation due to attractive interfacial interactions between the substrate
and the film. Plot (C) shows the stabilizing contribution of interfacial tension through the inverse
capillary (Ca) number. Plot (D) shows the increasing system instability on increasing the rate of
evaporation (J).

Figure 7A shows the variation in average film thickness, with t obtained from the thin
film dispersion equation at varying spin speeds (€2). The faster film thinning is attained due
to the dominating centripetal force at high speeds, rapidly spreading the film. Figure 7B-D
show the average droplet spacing (Amax) for varying () and H, respectively. Figure 7B
compares Amax Obtained from theoretical model and experimental analysis for different
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), and they agree well. The decreased droplet spacing with increasing thickness and spin
speed may be attributed to the interplay between viscous force and surface tension, where
the high viscosity of thick film offers more resistance to radially pushed droplets, and the
capillary helps to minimize the surface area, leading to a reduced length scale. At lower film
thickness, evaporation, along with other destabilizing forces, contributes to maintaining
the high Anax that gives more droplet spacing initially, compared to high thicknesses.
Figure 7C shows the variation in Amax with t at varying H, depicting the decreasing length
scale at increased film thickness, which may be attributed solely to the kinematic parameter,
viscosity. Figure 7D shows the comparison between experiments and theoretical analysis
for Amax with Q) for H variation. The increasing () results in improved centripetal force in
the system competing with the viscous force and surface tension. However, the combined
effect of viscosity and surface tension’s stabilizing influence dominates the destabilizing
influence of centrifugal force, giving a decreased length scale. The droplet sizes obtained
experimentally were found to be in good agreement with the predictions from LWLSA using
MATHEMATICA-10.4 software, with an overall uncertainty of +10 nm. This consistency
validates our model and demonstrates the reliability of our measurements.
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Figure 7. Parametric analysis of the spin-dewetting process and comparison between theoretically
obtained length scales with experiments. Plot (A) represents the film thickness (H) variation with
time (t) at different speeds ((2), showing the steep decrease at increased rpm over the period. Plot (B)
compares the generated droplet spacing (Amax) obtained from the theoretical model (colored lines)
and the experiments (solid symbols). Plot (C) shows Amax with t at different H Plot (D) compares
Amax obtained from theoretical and experimental analysis at different film thicknesses.

5. Conclusions

A spin-dewetting study for PS (0.01-0.1%)-toluene solution is carried out in this
work; using a spin-coater under stationary and rotating settings at the optimized speed
of ~3000 rpm results in critical droplet spacings of Anax~98-172 pm. The development of
intricate patterns is caused by centripetal force and the complex fluid dynamics at play, with
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volatile solvent evaporation impacting the process. Some patterns remind us of the Coriolis
effect observed in the experiments. The AFM reveals the topographies of PS droplets
that are altered by different conditions of the solution and the spin-coater, resulting in an
average droplet height of ~10-14 nm at the lower concentrations of PS (0.0001-0.0005%).
Interestingly, we observe four types of generated droplets at varying PS concentrations:
singlet, doublet, triplet, and clusters of droplets. The theoretical modeling uses PS film
thickness and intermolecular forces to explain film stability and the associated time and
length scales of the instability using LWLSA. Higher spin speeds reduce the film thickness,
resulting in early film dewetting. Theoretical and experimental droplet spacing assessments
are in good agreement. The essential properties of the solution, such as viscosity, surface
tension, and capillary effects, are crucial in deciding the length scale of the system.
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