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ABSTRACT: We show that the morphology of a thin
polymer film spin coated directly on to a topographically
patterned substrate is strongly influenced by the wettability of
the substrate, in addition to other well-known parameters such
as concentration of the polymer solution (c,), spin speed
(RPM), and spin duration. Similar to spin coating on a flat
surface,"” on a topographically patterned substrate as well, a
continuous film forms only above a critical polymer solution
concentration (c*), for a specific RPM and dispensed drop
volume. It is believed that for ¢, > ¢.*, the resulting continuous
film on a topographically patterned substrate has an undulating
top surface, where the surface undulations are in phase with
the underlying substrate patterns.’ On the basis of experiments
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involving spin coating of polymer thin films on topographically patterned grating substrates, we show that the surface undulations
on the film are in phase with the substrate patterns only when the substrate is completely wetted (CW) by the solvent. In
contrast, when the substrate is partially wetted (PW) by the solvent, then the undulations are 180° out of phase with respect to
the substrate patterns. We further show that for ¢, < ¢*, a variety of ordered and disordered structures, like array of aligned
droplets, isolated strips of polymers, etc., result on both CW and PW substrates, depending on c,.
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B INTRODUCTION

Defect-free thin polymer films and coatings with uniform
thickness and covering large areas find important applications
as coatings of various types (optical, dielectric, thermal barrier,
resist layer in lithography, etc.), lubricants, adhesives,
optoelectronic devices, paints, composites, biomembranes,
etc.*”® It is possible to obtain smooth, uniform films having
thickness as low as ~5 nm on a defect-free, flat substrate by
spin coating, with an appropriate choice of solvent,
concentration (c,), and volume of the dispensed polymer
solution, spin speed (RPM), and spin duration.”>'*~°
Although spin coating in most cases leads to a continuous
and smooth film, some specific conditions like very low ¢,
extreme nonwettability of the substrate, very high RPM,
extremely rapid evaporation of solvent etc., in isolation or in
any number of combinations, may hinder the deposition of a
continuous film and result in discontinuous, isolated patches of
polymer.">*37?® Stange et al. have shown that spin coating can
produce a continuous film only above a critical solution
concentration on a flat surface (c,), and for ¢ < c, either a well-
defined network of ribbons or isolated clusters of polymer
results.’ ¢, also exhibits rather strong dependence with
RPM."'®721%¢ Strawhecker et al. suggest that a film rich in
rapidly evaporating solvent does not get the necessary time to
level the surface undulations caused by Marangoni instabilities
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and therefore a discontinuous film is likely to result. In contrast,
such instabilities are suppressed in favor of a smooth film when
the solvent evaporation rate is slow.”® Weiss and co-workers
have shown that the choice of solvent influences the film
morphology in spin coating, as they observe the formation of
an array of nearly equal sized polymer droplets when a
sulfonated polystyrene ionomer is coated on a silica substrate
from a 9:1 (v/v) THF/Methanol solution.””*® In contrast, a
continuous film results when the same polymer is coated from
toluene under identical coating conditions.*””*® Thus, the
precise mechanism of film deposition in spin coating is rather
complex,'*'* as three effects independently influence the film
formation. These are: (1) centripetal force induced by the high
speed rotation; (2) rapid evaporation of the solvent; and (3)
wettability of the substrate by the polymer solution, more
importantly the solvent, as a very dilute solution is generally
used for spin coating. Rotation induced centripetal forces aids
in the spreading of the dispensed drop.'* Evaporation of
solvent leads to rapid increase in the viscosity of the polymer
film (vis-a-vis reduction in the mobility of the polymer
molecules), thereby leading to deposition of the film. The
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rapid evaporation of solvent allows the deposition of a film on a
nonwettable substrate, though such a film may be thermody-
namically unstable."® *° The influence of substrate wettability
with respect to the solvent is in fact more complex than the
other two: depending on whether the substrate is CW or PW, it
may aid or oppose the spreading of the dispensed drop. On a
PW substrate, while centripetal force favors spreading of the
drop, and thereby film deposition, the substrate wettability
opposes it. In contrast both the effects aid spreading and the
film deposition on a CW substrate. Surprisingly, the precise
influence of substrate wettability (vis-a-vis substrate surface
energy, 7,) on the process of spin coating, particularly its
influence on film morphology and film integrity, has not been
reported in a comprehensive manner in any of the earlier
studies.">'™*° On the basis of spin coating of polystyrene
(PS) from toluene, we show here that ¢, is different on a PW
and a CW substrate under identical coating conditions, the
variation of which is attributed to the antagonistic role of
substrate wettability on spreading of the dispensed drop
depending on the nature of the substrate.

The film coating process becomes more complex when the
polymer film is directly spin coated on to a topographically
patterned substrate,”>'~** as the topographic structures further
influence the morphology of the film, in addition to all the
usual parameters that influence the film morphology and
thickness on a flat surface. Several papers report direct spin
coating of an ultrathin polymer film on a topographically
structured substrate, though the views on the morphology of
the resulting film are contradicting.®~* Rockford et al. argue
that there is no tendency of the coated polymer film to
planarize the surface, which implies that the amplitude of the
substrate features and the amplitude of the undulations on the
film are comparable.®” In contrast, Khare et al. report obtaining
discontinuous and isolated strips of polymer on a stripe
patterned substrate comprising V grooved channels.** One of
us, in our previous works have highlighted the issue of likely
spatial height variation due to direct spin coating on a
topographically patterned substrate.***> However, the widely
accepted view in this regards is: (1) a film spin coated on a
topographically patterned substrate has an undulating top
surface comprising ridges and valleys; (2) the undulations on
the film surface are in phase with the substrate patterns; (3) the
amplitude of these surface undulations on the film are lower
than the amplitude of the substrate patterns; and (4) the
amplitude of the film surface undulations progressively reduce
with increase in the film thickness.*”**~ This understanding
suggests that for a continuous film on a grating patterned
substrate, each valley and raised ridge of the undulating film is
located right above a substrate mesa and a substrate stripe
respectively, which is shown either in the form of schematic
diagrams or superimposed AFM line scans in several published
articles.>**™ A similar trend is also expected on substrates
with more complex geometry,""** with the possibility of
formation of ordered discontinuous structures at low ¢,.**

In contrary to general perception, we show in this article for
the first time that the undulations on the surface of a thin
polymer film directly spin-coated on a grating patterned
substrate are in phase with the substrate patterns only when
the substrate is completely wetted by the solvent. In contrast,
the film undulations are 180° out of phase with respect to the
topography of the substrate pattern when the substrate is
partially wetted by the solvent of the dispensed polymer. We
have checked the authenticity of our results by using different
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substrates with similar wettability and with different polymers.
The formation of 180° out of phase structures on a PW
substrate is an important, new observation that significantly
alters the fundamental understanding of spin coating on a
topographically patterned substrate. The finding is thus relevant
to various areas of science which involve spin coating on a
topographically patterned substrate, some examples of which
include multi layer coating and device fabrication in micro
electronics,* thin films for optical applications,*’ dewettin% ofa
single and multi layer thin film on a patterned substrate,”> >’
block copolymer ordering,** etc. We also show that similar to
the existence of ¢, on a flat substrate, there exists a critical
polymer concentration (c*) on a topographically patterned
substrate as well, only above which a continuous film can be
cast. The magnitude of ¢* varies depending on whether the
substrate is PW or CW. Further, on both PW and CW
substrates, various ordered and disordered morphologies in the
discontinuous films are observed when ¢, < ¢;*. We report the
gradual transformation in the as coated film morphology with
increase in ¢, on grating patterned PW and CW substrates,
under identical spinning conditions.

B EXPERIMENTAL DETAILS

For spin coating of Polystyrene (PS), 200 uL of dilute solution of
monodispersed PS (MW: 280K, Sigma, UK) was dispensed on the
substrates (both flat and patterned) and spun at 2500 rpm for 1 min in
a spin coater (Apex Instruments, India). HPLC-grade toluene was
used as the solvent for PS. The concentrations used for coating were
0.01, 0.05, 0.1, 0.125, 0.25, 0.5, 0.60, 0.75, 1.0, 1.5, 2.0, and 3.0 wt % by
volume. The coated films were air annealed for 1 h only in order to
allow any residual solvent to evaporate and subsequently characterized.
No high temperature annealing (even at temperatures below the T, of
PS) was performed as we are interested to investigate the as cast
morphology of the films. The resultant structures were investigated
using an AFM under intermittent contact mode with a Silicon
Cantilever (PPP-NCL, Nanosensors Inc. USA). For checking the non
material specific, generic morphology of the films, particularly on the
patterned substrates, polymethylmethacrylate (PMMA, MW: 350K,
Sigma, UK) films were coated (instead of PS) from toluene in some
experiments.

Both flat as well as the patterned substrates were made of ~5 ym
thick Sylgard 184 (a 2 part cross-linkable Polydimethylsiloxane
(PDMS); Dow Corning, USA) films spin coated from its solution in
n-hexane (SRL, India) on cleaned single side polished silicon wafers
(test grade, Wafer World, USA). The part A to part B ratio was
maintained at 10:1 (v/v) for Sylgard 184, which results in perfectly
elastic films.*”>® For making the topographically patterned substrates,
the coated Sylgard films were imprinted with patterned metal foils
stripped from commercially available Compact Discs (CD-R)
immediately after spin coating. Details about using CD foils for
patterning can be found elsewhere.’*>* The flat as well as the
imprinted films along with the foils were cured in an air oven at 120
°C for 12 h for the complete cross-linking of Sylgard 184 and to make
the imprinted patterns permanent. The cured samples were cooled to
room temperature and the CD foils were peeled off manually (for the
imprinted samples). The topography of the patterned substrates was
investigated with an AFM (Agilent Technologies, USA; Model: 5100).

The rationale of using a Sylgard substrate was to utilize the CD/
DVD foils for patterning them and subsequently use them as
topographically patterned substrates. As already reported in the
literature, such an approach allows fabrication of structures with
regular meso scale features spanning over large areas at extremely low
cost, without any formal lithography facility.**~>> However, as toluene
is a good solvent for PDMS as well, one might argues that there can be
a possibility of limited swelling of the Sylgard 184 substrates during
spin coating of the polymer on these substrate, and subsequent
morphologies observed might be experimental artifacts, influenced by
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Table 1. Details of the Substrates Used

Substrate Description Wetta- | Toluene | Stripe Line Stripe Schematic
Identification bility | Contact | perjodicity | width height | Representation
Angle | (dp) (Lp) (hp)
Type 1A Flat and Patterned | PW 35° 1.5 pm 750 nm 120 nm
Cross linked Sylgard
184 substrate
Type 1B Flat and Patterned | CW 0° 1.5 um 750 nm 120 nm
Cross linked Sylgard
184 substrate
(Plazma Oxidized)
Type 2A Silicon Grating | PW 36° 3.0 um 1.5 pm 150 nm
(Silanized)
Type 3A Flat and Patterned | PW 36° 1.5 pm 750 nm 120 nm
Cross linked Sylgard
184 substrate
(Plazma  Oxidized,
then Silanized)
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Figure 1. (A) Isolated droplets resulting from spin coating of polymer solution with ¢, ~ 0.50% on a flat type 1A PW substrate. (B) Spread out large
droplets resulting from the coating of polymer solution with ¢, & 0.005% on a flat, type 1B CW substrate; (C) Variation in h as a function of ¢, for
continuous films. Red circles indicate PW substrates and black squares CW substrates. Inset shows the same plot on a log—log scale with a best fit to

the data.

swelling. On the basis of some additional experiments, described in
detail in the Supporting Information, we therefore checked if there is
any significant swelling of cross-linked Sylgard 184 substrates during
spin coating from toluene solvent and concluded that since the PDMS
used as the substrates is fully cross-linked, the dispensed drop volume
is very low (~200 pL), and the contact time between the solvent
(toluene) and the substrate (cross-linked PDMS) is also very low,
there is virtually no swelling of the cross-linked PDMS substrates
during spin coating. A recent paper that describes spin coating of a
PDMS top layer on a cross-linked PDMS bottom layer also reports
that there is no swelling of the substrate due to solvent penetration
and validates our observation.>® Thus, flat and patterned cross-linked
PDMS substrates are the ones which have been primarily used in our
experiments (type 1A substrates). Cross-linked Sylgard 184 substrates
(both flat and patterned) however exhibit partial wettability toward
toluene, with an equilibrium contact angle ~35° (measured by contact
angle Goniometer, Ramé-hart, Model 290, USA; shown as an inset of
figure 2A). To perform experiments on CW substrates with identical
geometry, some of the Sylgard 184 substrates were plazma oxidized for
S min just prior to the coating of the polymer solution (type 1B
substrates). Plazma oxidation results in a thin oxide crust film on the
PDMS layer on both flat and the patterned Sylgard substrates, making
them completely wettable by toluene. (refer to Table 1)

Though we are convinced at this point that there is no effect of
substrate swelling even when a cross-linked PDMS substrate is used,
we have still used two additional types of substrates, where there is no
possibility of swelling at all, to strengthen our observations. For this
purpose, we have used some lithographically fabricated silicon gratings
as substrates. The silicon gratings, however, exhibit near complete
wetting by toluene and therefore cannot be directly used as PW
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substrates. In order to use them as PW substrates, the gratings were
silanized with octadecyl-trichloro-silane (OTS, 95% pure, Aldrich,
UK). For silanization, the silicon grids were plazma oxidized for S min
and then immersed in dilute OTS solution (5 uL of OTS in a 7:3
solution of n-hexadecane and chloroform,) for 1 min. The silanized
silicon gratings are referred to as the type 2A substrates. After washing
in water and drying, the silanized grids exhibited a toluene contact
angle of ~36°, which is roughly same as that observed on patterned
cross-linked PDMS substrates.

The plazma oxidized Sylgard substrates themselves were used as the
third variety of substrate. The thin stiff oxide layer formed during
plazma oxidation itself acts as the diffusion barrier and prevents
penetration of any solvent into the Sylgard matrix (refer to the
Supporting Information for verification). However, similar to the
silicon gratings, the plasma-oxidized substrates are also CW by toluene
and therefore, to make them PW, they were also silanized by
immersing in an OTS solution. The resulting toluene contact angle
was found to be same as that observed in case of silanized silicon grids
and cross-linked PDMS substrates. The plazma oxidized and silanized
cross-linked PDMS substrates are referred to as type 3A substrates.
Both flat and patterned versions of type 3A substrates were used in our
experiments. The details about the dimension of the various types of
patterned substrates are listed in Table 1.

Film thicknesses of the coated PS films on flat substrates were
measured by ellipsometry (EP3). On patterned substrates, there is no
simple way to define a film thickness, because of the undulations in
film surface, and therefore, an equivalent film thickness on a flat
surface under identical coating conditions is some times used.
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Figure 2. AFM images showing the morphological transition as a function of ¢, obtained by direct spin coating of PS solution from toluene on a
topographically patterned, type 1A PW substrate. (A) AFM scan of the substrate. Inset shows a contact angle Goniometer image of a drop of toluene

dispensed on the substrate, 6 = 35.3% (B) Array of droplets for c,

~ 0.1%. (C) Elongated droplets for c,

~ 0.25%. (D, E) Thin polymer strips

within the channels, for ¢, &~ 0.50 and 1.25% respectively. The strip in E covers the entire width of the channel, whereas the strip in D is narrower.

(F) Signature of advancing meniscus of polymer for ¢, & 1.40%. (G) For c, ~

1.50%, a film morphology where two ridges on the film surface are

separated by a valley containing a well ordered array of nearly equal sized holes. (H) A continuous film covering the substrate fully with an

undulating top surface for c,

~ 1.75%. Cross- sectional line scans are shown as insets in each frame. Location of the polymer strips and the advancing

meniscus with respect to the substrate is marked in frames E and F, respectively.

B RESULTS AND DISCUSSIONS

Spin Coating on a Flat Substrate. Spin coating of a
polymer thin film on a flat substrate is rather well
investigated,l’2’10_30 and therefore we have not discussed it in
detail here. It has been reported by various researchers that a
continuous film results only above ¢, which in turn is a function
of the solvent properties (solubility, rate of evaporation), the
molecular weight of the polymer, volume of the dispensed
drop, spin speed, and duration of spinning (to a lesser extent).
We would like to add that in addition to all these parameters, c,
also depends significantly on the substrate wettability. We have
obtained a smooth, continuous & 3.5 nm thick PS film on a flat
CW typelB substrate for ¢, = 0.05%. In contrast, a smooth
continuous film on a flat PW substrate (both type 1A and 3A)
is obtained only at a relatively high concentration of ¢, = 0.75%,
with the corresponding film thickness (h) ~ 28 nm. For all
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values of ¢, < 0.75%, discontinuous films comprising nearly
equal sized polymer droplets (Figure 1A) is obtained on a PW
substrate. This clearly shows that c, is strongly influenced by the
wettability of the substrate by the solvent. Additional
experiments with intermediate ¢, shows that ¢, lies in the
range of ¢, & 0.60—0.75% on a PW substrate (both for types 1A
and 3A), in contrast to value of ¢, lying between ¢, &~ 0.01 and
0.05% on a CW substrate. The ranges for ¢, were found to be
nearly the same for PMMA films as well.

At this point, let us focus on the sequence of events or the
mechanism that leads to the formation of discontinuous films at
low ¢, on a PW substrate. With progress of coating, the
solution film becomes thinner because of evaporation and
becomes prone to spontaneous rupture, as the substrate does
not prefer to remain covered with a layer of the film, which is
evident from a negative of spreading coefficient (Sg; = 7, — (71
+ 7)), ¥s < 71 for a PW substrate, 7, is typically in the range of

dx.doi.org/10.1021/am300201a | ACS Appl. Mater. Interfaces 2012, 4, 1887—1896
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1-5 mJ/m? and is lower than both y, and y;).>* It can be
argued (though we could not quantify it) that there is a critical
thickness of the solvent rich polymer film () below which it
tends to spontaneously rupture. At lower values of ¢, the
thickness of this solution layer becomes thinner than f, at the
later stages of the coating process and consequently the film
ruptures and subsequently dewets, forming isolated droplets.*
In contrast, at higher ¢, presence of higher amount of polymer
does not allow the thickness of the solution film to reduce
below t,, during any stages of coating thereby resulting in a
continuous film. The argument however does not explain the
occurrence of a discontinuous film on a CW substrate also at
extremely low values of ¢, (Figure 1B), as a positive value of
spreading coefficient should always favor the formation of a
continuous film. We feel, that on CW substrates the rupture
observed can be attributed to substrate heterogeneities, which
become pronounce as ¢, (and consequently &) becomes very
low. The stark contrast in the typical morphology of a
discontinuous film on a CW substrate (Figure 1A) and a PW
substrate (figure 1B) also validates this opinion. However, it
may also be possible that although oxidized PDMS is fully
wettable by toluene, it may become partially wettable by
concentrated PS solution in the final stages of film thinning
because of a higher surface tension of polymer/solution (Could
not be verified). This might also lead to rupture in the PS film if
the concentration is very low and might explain the formation
of droplets (also obtained on a patterned substrate in Figure
SB, discussed later) on CW substrates. The isolated polymer
patches in Figure 1B are large, unequal in size and rather
random, making very low contact angle with the substrate
(~3°), indicating a preferential wetting of the substrate by the
polymer. In contrast, the droplets in Figure 1A exhibit much
higher contact angle (~22°) with the substrate due its partially
wettable nature of it. Further, the type of morphology shown in
Figure 1A is very similar to that observed in spontaneous
dewetting of thin polymer films,****~%” which is obtained after
heating an intact film beyond the T, of the polymer.>>~%’
However, in the present case, the dewetting occurs at room
temperature, during the spin coating process itself.

The plot in Figure 1C shows the variation of h on both CW
(type 1B) and PW (types 1A and 3A) substrates, as a function
of ¢,. The role of substrate wettability on spin coating can be
clearly noted from the figure: a) a continuous film forms at a
much higher ¢, vis—a—vis the minimum achievable h is much
higher on a PW substrate; and b) for same c,, h is always
slightly (~2—3 nm) higher on a CW substrate. From the plot,
the variation of h as a function of ¢, appears to be linear.
However, a best fit to the data on a log—log plot (shown in
inset C1) reveals that h bears a non linear functionality with c,
(h = ¢,™), where the best fit exponent n; =~ 0.724 + 0.027 and
0.701 =+ 0.039, respectively, for CW and PW substrates. In the
absence of a detailed theoretical formulation, it is difficult to
quantify the exact significance of the numerical value of n,
which is ~0.75 regardless of the substrate type. However,
qualitatively, we feel that near identical values of n; on both
types of substrates indicate a rather weak influence of substrate
wettability on h as compared to the other dominant parameters
like RPM and rate of evaporation of solvent.

Spin Coating on a Stripe Patterned Substrate. Similar
to our observation on a flat substrate, on a topographically
patterned substrate also we found that a continuous film is
possible only above a critical polymer concentration, ¢.*. The
suffix * is used to distinguish the critical concentration on a
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patterned substrate from ¢, on a flat substrate. It is seen that ¢,*
is higher on a patterned PW substrate than on a patterned CW
substrate. It is further observed that both on a PW and a CW
substrate, ¢* > ¢, which implies that the presence of the
topographic features on the substrate impose additional
resistance toward the formation of a continuous film. Below
¢*, a variety of ordered and disordered patterns forms, which is
discussed in the subsequent section.

Figure 2 shows the variety of distinct morphologies obtained
when PS solutions with different , are directly spin-coated on a
stripe patterned cross-linked PDMS substrate (PW, type 1A).
Figure 2A shows the AFM scan of the substrate, with the inset
showing the toluene contact angle on the substrate. For a low
value of ¢, = 0.1%, spin coating results in a well-ordered array of
nearly equal sized polymer droplets aligned along the channels,
as shown in Figure 2B. The inset to the figure shows ordering
over a fairly wide area. For ¢, in the range of 0.15—0.35%, the
morphology gradually changes to elongated and then
interconnected droplets, as can be seen in Figure 2C. For c,
in the range of 0.5—1.25%, spin coating results in isolated strips
of polymer confined within each channel, as shown in Figure
2D, E. It can also be seen that with an increase in ¢, the width
and height of the stripes confined within the channels gradually
increases. For example, when ¢, = 0.5%, the width and height of
the polymer stripes are ~480 + 12 nm and ~53 + 3 nm,
respectively (Figure 2D). In contrast, when c, is increased to
~1.25%, the width and height of the stripes change to ~750 nm
and ~11S5 + 2 nm (Figure 2E), respectively. In the latter case,
the entire channel width is filled by the polymer strip. For an
even higher ¢, = 1.75%, a continuous film fully covering the
substrate is obtained. As expected, the top surface of the film is
not smooth and it comprises of alternating ridges and valleys
(Figure 2H). The periodicity (dp) of the ridges is ~1.5 um,
matching identically with Ap of the substrate stripes. The
amplitude of the undulations on the film surface is ~35 nm,
which is substantially lower than the original channel depth of
120 nm on the substrate. The amplitude of the undulations on
the film surface is seen to further reduce to ~28 nm for ¢, =
2%; to ~19 nm for ¢, = 3%, and down to ~9 nm for ¢, = 5%
(images not shown). Further, the ridges on the film surface are
of much lower fidelity as compared to the original substrate
stripes.

In addition, for an intermediate polymer concentration of ¢,
= 1.5%, a unique morphology is observed, where the valley
separating the two parallel ridges contain a well ordered array of
nearly equal sized holes (Figure 2G). The holes have an average
diameter of ~163 + 7 nm and periodicity in the direction of the
stripes of ~740 nm. The overall film morphology is unique as it
is distinct from the original pattern of the substrate and exhibits
ordering at two distinct length scales. The mechanism leading
to the formation of the holes is discussed later, in the context of
Figure 4. Figure 2F, which corresponds to ¢, & 1.40% shows a
stage just prior to the formation of holes, where one can see the
overflow of polymer from the areas above the substrate valleys
on to the areas over the stripes. However, the advancing
meniscus has not fully joined and holes have not formed. The
image sequence clearly shows a gradual transition from a
discontinuous film at lower values of ¢, < 1.5% to a continuous
film for values of ¢, > 1.75%. On the basis of our experiments, it
can be claimed that in spin coating of PS having a molecular
weight of 280K from a solution in toluene (drop volume: 200
uL), ¢;* lies between 1.5 and 1.75% on a stripe patterned PW
substrate, shown in Figure 2A. It is important to note that ¢,* is
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significantly higher than ¢, which lies between 0.6 and 0.75%
on a featureless, flat PW substrate of the same material. The
magnitude of ¢* depends on the molecular weight, the solvent
used, and the spin speed also. However, these parametric
studies are beyond the scope of this paper. We further add that
the morphological transition sequence with increase in ¢, is
found to be identical on type 2A and type 3A substrates. As the
type 1A and type 3A substrates are geometrically identical, near
identical morphologies form on both these types of substrates
at nearly the same values of c,. However, as the pattern
dimensions of a type 2A substrate is different, the values of ¢, at
which morphologies similar to that observed on a type 1A/3A
substrate are formed is found to be different, though
qualitatively the transition sequence remains the same. The
details of these set of experimental observation can be found in
Figures S2 and S3 in the Supporting Information. A similar
transition is also observed for PMMA films on all types (1A,
2A, and 3A) of substrates. The use of different substrates and
polymers indeed show that the observations are generic in
nature and not material specific.

A detailed look into the morphology of the continuous films
in Figure 2H and the substrate in Figure 2A is likely to give an
impression that the undulations on the film surface are in phase
with the substrate pattern, which means that the ridges on the
film surface are above the substrate stripes and the valleys on
the film surface are right above the substrate mesas, which
indeed is the prevalent notion.® Similarly, it also appears that
the holes in Figure 2F are located above the substrate mesas.
However the relative positioning of the ridges and valleys on
the film surface with respect to the underlying substrate pattern
can be clearly seen in Figure 3, which is an amplitude contrast

Valley on Film Surface
over the stripes
(with holes)

Raised hump on film
surfaceover channels

Section of Substrate|
m

0.75 15 225 3.0
pm

Section of Film Surface

AW

075 15 225 30
pm

Figure 3. Amplitude contrast image of an area where the film has
ruptured, exposing the underlying substrate for a 1.5% PS film spin-
coated on a stripe patterned type 1A PW substrate. The exposed area
shows that the undulations on the film surface are 180° out of phase
with the substrate patterns. It is also seen that the holes on the film
surface lie over the substrate stripes. The insets show the amplitudes of
the undulations on the film surface and the substrate.

AFM image (topography image is shown as the inset) of a
sample where ¢, = 1.5%. Similar to that shown in Figure 2F, this
particular sample also has an array of holes between two
adjacent ridges. The key noticeable feature of the sample is the
existence of a defect in the form of a small circular hole over
which the film is ruptured, and therefore the uncoated bottom
substrate is exposed. It can be clearly seen that each ridge on
the film surface is located above a substrate mesa and each
valley on the film surface (in this case, containing the holes) lies
above a substrate stripe. Thus, the undulating morphology on
the film surface is 180° out of phase with respect to the
substrate on a patterned PW type 1A substrate. This is an
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observation that has never been reported before. Several similar
experiments were performed by partially removing the film
(either by solvent dissolution or by scratching) for different c,
on all types of PW substrates to check the authenticity of the
observation shown in Figure 3, and it was indeed seen that in
each case, the undulations on the film surface are 180° out of
phase with respect to the substrate stripes. The out of phase
structure formation was also observed with PMMA films.
Several such images and details about the coatings can be found
in Figure S4 in the Supporting Information.

The precise morphology of the patterns at a specific
concentration on a patterned substrate is found to significantly
depend on the RPM. However, the generic transition of the
structures, that is, from droplets to a continuous film, occur at
different concentrations with variation of RPM. For example,
although we observe a morphology comprising array of isolated
threads for c, 1.25% at 2000 rpm, an array of isolated
droplets is observed (similar to that shown in Figure 2B,
obtained for ¢, & 0.1% for RPM of 2000) is obtained when
RPM is 4000 and ¢, = 1.25%. On the other hand a continuous
film (similar to that shown in Figure 2H, for c, ~ 1.75% at 2000
rpm) is obtained for ¢, & 1.25% itself, at an RPM of 800.
Details on this issue can be found in the Supporting
Information (item SS).

The illustration in Figure 4 provides an idea about the
possible mechanism that leads to the formation of the distinct
morphologies on a patterned PW substrate as a function of c,
as seen in Figure 2. In the early stage of spin coating, a thick
(approximately several micrometers; however, we could not
measure it) solution (polymer in solvent) layer spreads over the
topographically patterned substrate because of the high RPM
induced centripetal force. In this stage, the solution layer is
much thicker compared to the feature height of the substrate
pattern (stage El, Figure 4). With time, the thickness of the
solution layer drastically reduces because of rapid evaporation
of the solvent. This leads to reduction of the thickness of the
solution layer, which now becomes comparable with the
substrate feature height. Concurrently, at this stage the
thickness of the solution layer exhibits significant spatial
variation: its thickness is lower over the substrate stripes as
compared to over the substrate mesas, where it is still thicker
(E2, figure 4). At this stage, the solution film breaks over the
substrate stripes due to partial wettability of the substrate.
Subsequently, the ruptured layer retracts to areas above the
substrate mesas. This eventually results in the so-called “bread
loaf” morphology (E3, Figure 4), as all the remnant solution
accumulates within the channels. At low polymer concen-
trations, no polymer gets deposited on top of the substrate
stripes during the retraction of the solution layer and all the
polymer present in the solution gets accumulated over the
substrate mesas. This is the key reason for obtaining a
discontinuous film at lower c,. Once the solution film gets
localized over the substrate mesas, further evaporation of
solvent eventually results in isolated polymer strips within each
substrate mesa (A and B, Figure 4). In all cases (A—C, Figure
4), a convex meniscus within the substrate channel is attributed
to the partial wettability of the substrate. The convexity of the
meniscus can be clearly seen in various frames of Figure 2.

When ¢, is very low, the width of the thin polymer strips
formed is narrower than the width of the substrate mesa.
Eventually, the strip undergoes Rayleigh instability in the axial
direction, disintegrating in to isolated droplets aligned along the
substrate channels (A2, Figure 4). This type of morphology is
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Figure 4. Schematic diagram indicating the possible mechanism leading to formation various ordered and disordered structures by direct spin

coating on a patterned PW substrate.

obtained for ¢, &~ 0.10% (Figure 2B). For slightly higher
concentrations (0.15% < c, < 0.35%), Rayleigh instability sets
in, but fails to produce perfectly spherical droplets before the
solvents completely evaporate, probably due to a slower
dynamics of thicker polymer strips, resulting in elongated and
connected droplets (Figure 2C). At slightly higher ¢, the
dynamics of the system becomes even more sluggish as the
thickness of the polymer strips increases. This in turn results in
intact strips, though the width of each strip is narrower than the
channel width, as can be seen in Figure 2D. Clear axial
undulations due to Rayleigh instability in these intact stripes
can be seen in the 2D AFM image shown as the inset to Figure
2D. The long stripes of polymer are thermodynamically
unstable but remain intact, as the solvent evaporates before
the instability can set in. Once the polymer strips become
devoid of solvent their viscosity becomes very high and no
further morphological reorganization becomes possible, result-
ing in kinematically stabilized narrow, undulating strips. With
further increase in ¢, (0.5% < ¢, < 1.0%), the isolated polymer
strips become wider, covering the entire width of each channel,
and in the process the Rayleigh instability gets completely
suppressed (Figure 2E and inset B2, Figure 4). This results in
stable, isolated parallel strips of polymer covering each substrate
mesa. The shape of the meniscus is governed by the
equilibrium contact angle (65) of the polymer with the
substrate material. With increase in c,, if excess polymer gets
deposited over the completely filled up substrate channels, then
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the in situ contact angle 6* exceeds €y, which immediately
triggers an over flow of polymer, resulting in the spreading of
the polymer meniscus over the two adjacent substrate stripes, as
schematically shown in inset C1, Figure 4. The AFM
morphology corresponding to this scenario can be seen in
Figure 2F. Actually the overflow marks the transition from a
discontinuous film with separate strips of polymer confined
within each channel to a continuous film, when the two
adjacent over flowing polymer meniscus meet each other over a
substrate stripe, forming a continuous film. This morphology is
shown in figure 2H. The AFM images in Figure 2F, G show
morphologies where two adjacent advancing meniscuses have
not joined up fully. In Figure 2F, the two advancing meniscuses
have not met at all, leaving a sharp gap between the two and
exposing part of the substrate stripe. In contrast, in Figure 2G,
the two advancing meniscuses have joined but not fully, due to
inadequate amount of polymer present, resulting in the
formation of small holes along the line of joining of the two
advancing meniscuses, on top of the substrate stripes, which
can be seen in Figures 2G and 3. The structure with holes
forms for a very narrow range of polymer concentration of
~1.5%. For concentrations slightly higher than ¢, & 1.5% a
continuous film forms. We feel that although joining of two
adjacent advancing meniscuses indeed leads to the formation of
a continuous film, for higher concentrations of ¢, there is also
direct deposition of polymer on the stripe tops, which joins up
with the advancing meniscus, forming a continuous film. This
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Figure S. Different morphology of PS films spin coated on patterned CW (type 1B) substrates: (A) Isolated polymer strips with concave meniscus
for ¢, = 0.25%. The polymer strips and the substrate stripes can be clearly distinguished in the phase contrast image, shown as the inset. (B)
Transition from a discontinuous film to a continuous film with formation of polymer bridges over substrate stripes across two polymer strips
confined within two adjacent channels, for ¢, = 0.45%. (C) A continuous film with undulating top surface for ¢, = 0.75% The film in image C is
partially damaged, exposing part of the substrate, which confirms that the undulations on the film surface are in phase with the substrate patterns.

Insets show cross-sectional line scan in each frame.

mechanism is suggested in scheme D in Figure 4. However, we
do not have any direct visual confirmation of this suggested
mechanism. As already pointed out, the same morphological
transition sequence is observed on all types of patterned PW
substrates used in our experiments.

On a patterned CW substrate (type 1B), the morphology of
the spin coated film with variation of ¢, is drastically different.
In contrast to obtaining a continuous film at ¢* ~ 1.75% on a
PW substrate, a continuous PS film is obtained at a
concentration as low as ¢, & 0.50% itself. Although the film
surface at this concentration is undulated, similar to that
observed on PW substrates, it can be clearly seen in Figure 5C
(shows partially bare substrate along with the film) that the
undulations on the film surface are in phase with the substrate
patterns. Further, unlike on PW substrate, on a patterned CW
substrate isolated droplet along the stripes are never observed,
even at very low c,, down to 0.01%. However, for ¢, < 0.25%,
discontinuous films in the form of isolated polymer strips in
each substrate mesa are obtained (Figure SA). The morphology
of the strips, however, is distinctly different from those obtained
on a PW substrate, as the polymer meniscus, because of
preferential wetting is concave with in a completely wetted
channels, in contrast to a convex meniscus seen on a patterned
PW substrate, resulting from partial wetting and retraction of
contact line. The formation of isolated polymer strips is
confirmed from the phase contrast image shown as the inset to
Figure SA, which shows a significantly higher (~18°) phase lag
between the stripes and the substrates, in comparison to a
phase difference of only ~6° observed in the phase contrast
image of a continuous film on a patterned CW substrate shown
as inset to Figure SC. Figure 5B shows the transition from the
discrete, isolated stripes to a continuous film on a type 1B
substrate, for intermediate values of ¢, =~ 0.30—0.45%.
However, the formation of the threads can also be attributed
to a higher surface energy of the polymer at the later stages of
spinning process. The transition on a CW substrate is with the
formation of polymer bridges connecting the isolated strips
confined within two adjacent substrate mesas. With gradual
increase in the polymer concentration, the number of spars of
polymer over a substrate stripe bridging the two adjacent strips
increase, eventually covering the whole substrate stripe and
resulting in a continuous undulating film. Thus the value of ¢.*
~ 0.50%, on a patterned CW substrate, which is far lower than
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a value of ¢* &~ 1.5% on a patterned PW substrate having the
same geometry.

B CONCLUSION

In this paper, we have experimentally shown the influence of
substrate wettability on the morphology as well as integrity of a
spin coated film, on a flat surface as well as on a topographically
patterned substrate. The critical polymer concentration (c,) at
which a continuous film forms on a flat PW substrate is much
higher (~0.6%—0.7%) than a value of ¢, ~0.01%—0.05% on a
CW substrate. In other words, it becomes possible to spin-cast
a much thinner film on a CW substrate as compared to a flat
PW substrate. The minimum film thicknesses we could achieve
were ~3.5 nm and ~28 nm on a flat CW and PW substrate,
respectively. For ¢, < ¢, particularly on PW substrates, an array
of isolated droplets are obtained. We further show that even at
concentrations where a continuous film is obtained both on a
CW and a PW substrate, i on a CW substrate remains slightly
higher (2—3 nm higher) than that obtained on a PW substrate,
because of the preferential wetting on the former type of
substrate.

On a topographically patterned substrate comprising stripes,
we show that both for a PW and a CW substrate, a continuous
film forms only above a critical concentration (¢*) of the
dispensed drop. Similar to our observation on a flat substrate,
c/* is also higher for a PW substrate (~ 1.5%) in comparison to
a CW substrate (~0.5%), having identical geometry. Above ¢,*,
on both types of substrates, a continuous film with an
undulating top surface results. The amplitude of these surface
undulations progressively diminishes with increase in ¢, on
both the type of substrates. Most importantly, although the
undulations are in phase with the substrate patterns on a CW
substrate, they are found to be 180° out of phase with respect
to the substrate structures on a PW substrate. This is a very
significant, new finding, which is reported in this paper for the
first time. The 180° out of phase structures form on variety of
different substrates that exhibit partial wettability toward
toluene, which has been used as the solvent in this study.
Limited number of experiments performed with other solvents
(Choloroform, MEK etc.) also shows the formation of the out
of phase structures on PW substrates, which has also been
obtained with polymers other than PS (verified with PMMA,
refer to Figure S4 in the Supporting Information for details).
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We further show for ¢, < ¢, a variety of ordered and
disordered structures like array of droplets, elongated droplets,
isolated polymer strips, and undulating film with alternate
ridges separated by valleys containing aligned array of nearly
equal sized holes etc. form, which suggest that spin coating with
a low c, itself has the potential to develop into a possible meso
patterning technique. We have also proposed suitable
mechanisms for the formation of the different structures on
the PW and CW substrates.

We would like to point out that several other parametric
variations like choice of polymer and solvent (studied to a
limited extant in this paper), molecular weight of the polymer,
spin speed, substrate pattern geometry, etc. are likely to
significantly influence the results and detailed investigations on
the role of each one of these parameters will surely result in
interesting case studies. Finally, we feel that the results reported
in this article are significantly new and to some extent alter our
basic understanding of spin coating of a thin polymer film on a
topographically structured substrate, a problem that is
extremely relevant in various technologically important areas
like micro electronics, casting various types of coatings,
fabrication of planar optical waveguides etc.
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