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Abstract

A model is presented here to predict fluid reflow in a viscous liquid film having time-dependent physical
properties. The model is applied to the practical example of the reflow planarization (surface levelling) of
‘edge bead’ features resulting from the spin coating process. During the reflow planarization of edge
beads, the physical properties (surface tension, density and viscosity) of the spin-coated liquid can change
over time for several reasons e.g. temperature change, solvent loss, and chemical reaction. The model is
compared to experimental findings obtained using two spin-coated viscous liquid films: a drying
photoresist (SU-8) and a curing elastomer (polydimethylsiloxane/PDMS). The former reveals the
competition between reflow planarization and solvent loss—the latter reveals competition between reflow
planarization and polymerization. It is demonstrated that the changing physical properties of the spin-
coated viscous liquid, especially the viscosity which can change by orders of magnitudes during these

processes, impose limitations on the ultimate achievable practical planarization of the film.

Keywords: spin coating, edge bead, reflow planarization, surface levelling, thin film, SU-8, PDMS


mailto:steve.arscott@univ-lille.fr

1. Introduction

Understanding reflow planarization [1,2] of a viscous liquid film on a surface [3-6] is important in many
practical situations involving coatings [7]. Examples of this range from paints [8] to microelectronics
manufacturing [9]. In the latter context, the spin coating a viscous liquid [10] onto a solid surface (e.g. a
silicon wafer) is a very common and key process [11]. The ultimate goal of spin coating is the obtainment
of a perfectly-uniform thin film of viscous liquid [12] which can be subsequently transformed into a
uniform thin solid film by various means such as polymerization, solvent evaporation, chemical reaction
etc. There are, however, two main problems with the spin coating process. First, the control of liquid film
uniformity over the majority of the solid surface—this has been greatly studied and modelled by numerous
groups [9,13-20] for the film thicknesses <10 pum due to the evident importance for microelectronics
manufacturing [21]. Second, despite bevelling of the wafer edge to avoid sharp edges which can cause
resistance to spreading [22], the spin coating process can lead to the accumulation of fluid at the wafer
edge [23]—this is commonly called an ‘edge bead’. This effect is all the more pronounced for higher
viscosity products which are spin-coated at low spin speeds to form ‘thick’ liquid films, such as thick
photoresists [24-26]—something that was, in fact, pointed out sometime ago [27]. Such edge beads are
highly undesirable as they have three main detrimental effects. First, they reduce the effective useful
‘working area’ of the wafer, and by consequence lessen the critical ‘device yield” of a technological
process—something very undesirable in the microelectronics/microfabrication industries. Second, they
can reduce photolithographic resolution by introducing a lithographic proximity effect [28]—this is
because the solidified edge bead height is greater than the film thickness in the central part of the wafer.
Third, potential wetting of the liquid with the back of the wafer can lead to practical issues such wafer-
chuck clamping failure in the subsequent processing—necessitating extra cleaning steps, where possible,
to be introduced into the process. Finally, solvents trapped in the drying thick edge beads can cause film
cracking and debris ejection onto the wafer surface. Edge beads tend to be relatively thin (<1 um) and

narrow (<1 mm) for low-viscosity (~1 mPa s) photoresists spin-coated at the routine rotation speeds



(~3000-5000 rpm) employed to achieve film thicknesses in the 0.1-10 um range. In this case, it is a
relatively simple task to remove such edge beads using higher spin speed [12], appropriate solvents [29],
and other methods [30] making use of modern commercial spin coaters. However, for thicker liquid films,
obtained at low spin speeds and/or using high viscosity products, matters are different. There can be
problems such as exaggerated film thickness non-uniformity and very poor photolithographic contact in
subsequent planar processes. In order to remove edge beads in such thick films, the process engineer may
need to resort to physical means, e.g. film compression [31] during film baking or even manual cutting
post-baking/curing—however, such approaches are evidently not ideal. Reflow planarization [2-6] is an
alternative solution which relies on either surface tension-driven reflow or gravity-driven reflow of the
liquid film for a period of time (the planarization time) following spin coating to enable surface levelling.
However, during the long-duration planarization required for viscose liquid films—sometimes hours, the
principle physical properties of the liquid, e.g. the viscosity, density, and surface tension, can change with
time. This can be due to a number of reasons, e.g. solvent loss (in a spin-coated thick film photoresist) or a

polymerization reaction during thermal treatment or ‘curing’ (in a spin-coated silicone liquid elastomer).

Here, the edge bead reflow planarization problem is looked at again by considering the time-varying
physical properties of the liquid film undergoing surface levelling. Both surface tension-driven and
gravity-driven reflow planarization cases are considered. Simple mathematical models are derived and
assumptions are made to be able to apply them to the case of real edge beads obtained when employing
spin coating of films. Two practical cases are considered and compared to the model: the reflow
planarization of a thick film photoresist (SU-8) whilst drying, and the reflow planarization of a thick film
elastomer (polydimethylsiloxane/PDMS) whist curing. In the former case the liquid’s properties change
due to solvent loss—in the latter case the liquid’s properties change due to polymerization. We will see

how these changing properties affect the reflow planarization behaviour in the two cases.

2. A model for reflow of a viscous liquid with time-varying properties
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Let us start by considering the case of an infinitely wide non-uniform film of liquid in non-equilibrium on
an infinitely wide solid surface—shown in Figure 1. We can consider the non-uniformity in the film

thickness h to be modelled by the following expression:
h = hy + 6 cos(gx) D

Where h, is final equilibrium mean value [7] of the film thickness, & is the amplitude of the perturbation,
x is the lateral distance, and q = 2w /A where A is the wavelength of the perturbation. We assume that

viscous forces dominate the inertial forces in the fluid A > h, i.e. a low Reynold’s number. The capillary
length k1 is given by /y/pg, where y is the surface tension and p is the density. If 1 < k=1 then the

surface tension dominates the reflow—in the opposite case (1 > x~1) gravity dominates the reflow

behavior.

We know from fluid dynamics theory that the decay of the amplitude & of the perturbation with
time is given by the following expressions (see Supplementary Material for derivation and full

expressions) in the case of either surface tension-driven flow or gravity-driven flow:

Ing +¢} = -k, [ X2 dt (2a)
In§ +C} = —K, [2Ddt (2b)

On the left hand side of the above equations, C]} and CL‘} are constants of integration. On the right had sides
of the equations, K, = h3,q*/3 (m*) and K; = gh3,q*/3 (m? s?). The functions y(t), p(t), and n(t)
describe how the surface tension, the density, and the viscosity of the liquid film change with time—for
example, during a particular technological process conducted on the liquid film e.g. heating, drying, and
polymerization. Note that in the specific case when none of the liquid’s physical properties change with

time Equations 2a and 2b reduce to:
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Finally becoming the relationship:

5(t) = w'ﬁ 4)

Where the characteristic relaxation times, in the case of surface tension-driven 7, and gravity-driven t,

reflow, are given by the relationships derived by Orchard [3]:
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Note that the exponential decay of the fluid perturbation height is also predicted to be valid for aperiodic
perturbations of the fluid surface [32]—this allows a comparison of the model with practical perturbations

of viscous films such as edge beads which are not periodic.

In order to illustrate these ideas and make comparisons of the model with experimentally-derived
edge beads incurred in the spin coating process, two specific practical examples of reflow planarization
are studied here. The first is a common thick film photoresist (SU-8) where reflow is in competition with
drying. The second is a common elastomer (polydimethylsiloxane/PDMS) where reflow is in competition
with polymerization. In the former case, the liquid properties will vary due to solvent loss, in the latter

case predominantly due to chemical reaction.

3. Experimental Results

3.1 Planarization of the photoresist SU-8—the competition between reflow and drying



Figure 2 shows a schematic illustration of the evolution of the reflow planarization of an edge bead feature
in the case of a drying photoresist such as SU-8. The profile of the edge bead feature directly after spin
coating is indicated in Figure 2(a). At this point few solvents have been lost from the SU-8 film and its
viscosity is low. As the planarization period progresses, the solvent losses cause the viscosity of the SU-8
to increase as indicated in Figure 2(b)—this decelerates the reflow. Finally towards the end of the
planarization period, the solvent loss rate drops and the viscosity of the SU-8 will be very high as shown
in Figure 2(c)—this effectively halts the reflow and stops the planarization. In summary, the solvent loss
from the photoresist during the planarization period leads to an increase in the viscosity of the film which
decelerates the reflow. If the viscosity of the photoresist rises too rapidly (due to a large solvent loss rate),

planarization will not be achieved. Let us now turn to some experimentation.

The practical use of reflow planarization of SU-8, e.g. to level its surface and minimize edge
beads, has been described by a number of authors [33-37]. It has been stated that SU-8 can be ‘self-
planarized’ due to its ‘good mobility’ at common baking temperatures (60-100°C) [33]. A 50-100 pum
thick layer of SU-8 has been planarized using reflow at 65°C for 15 minutes [34]. In terms of planarization
duration, often a ‘number of hours’ are advised [35]. The planarization of SU-8 can be improved using
chemical treatment [36]. Employing several SU-8 layers has been seen to improve planarization [37] as a
higher spin speed results in smaller edge beads. However, despite these successful experimental

approaches, there has been no quantitative treatment of the reflow of SU-8—Iet us now try to do this.

The variation of the viscosity of SU-8 is known as a function of solids content (see Supplementary
Material) [38]. In order to obtain relationship which describes how the viscosity of SU-8 varies with time,
we can carefully weigh the SU-8 photoresist during the evaporation of its solvent (cyclopentanone)—see
Supplementary Material. The variation of the density of SU-8 with time can also be deduced from careful
experimentation (See Supplementary Material). Following experimentation, Figure 3 shows how the
viscosity and density of a spin-coated film of a thick film (~120 um) of SU-8 changes with time at room

temperature.



Several interesting observations can be made from the experimental results presented in detail in
the Supplementary Material. The evolution of the solids content S (%) of the SU-8 with time can be
accurately modelled by an analytical function known as a Plateau curve (see Supplementary Material), i.e.
mass m ~ at/(B + t). The solvent loss (evaporation from the thick film) as a function of time can also be
accurately modelled using a Plateau curve. Differentiation of the latter—with respect to time—enables an
analytical approximation for the solvent evaporation loss rate to be obtained (see Supplementary
Material)—dm/dt ~ —af /(B + t)?. The experimentation and analysis (see Supplementary Material)
enable approximate expressions for the time-varying viscosity nsy_g(t) and density pgy_g(t) of the

drying SU-8 photoresist to be written down:

100Bmgyiiq

at
Nsu—g(t) = Ae 7TF¥E (7)

2
psy—g(t) = —1805 <m—;f> +2827 (m—;,f) +132 (8)
» at

Bt g

Where the experimentally-obtained numerical values of the constants (4, B, «, 8, and y) for SU-8 can be
found in the Supplementary Material. The capillary length of the SU-8 kg;}_g~2 mm (see Supplementary
Material for the fluid properties of pre-baked SU-8). For spin coated SU-8 films, surface profiling of the
edge beads suggest that they have a length of the order of 25 mm. The ‘wave length’ A of the edge bead in
the model is taken to be the diameter of the wafer (50 mm). As 1 > kg;}_g, the reflow planarization is
dominated by gravity, thus Equations 7 and 8 can be injected into Equation 2b and solved numerically. In
a first approximation, we assume the density and viscosity changes to be uniform over the whole thickness
of the layer in order to obtain an average viscosity and density of the layer as a function of time. Note that

a more accurate solution would be to consider the solvent content to be non-uniform of the resist thickness

and hence the viscosity also to be non-uniform [39,40].

Figure 4 shows the variation of the normalized edge bead height as a function of time and SU-8

thickness. The gold curves are obtained by considering a constant viscosity and density. The blue curves
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are obtained using the time-varying viscosity and density functions that were experimentally obtained.
The thicknesses used in the calculation correspond to the average SU-8 thickness: planarized and non-

planarized (see Supplementary Material).

By comparing the gold curves with the blue curves in Figure 4 it is apparent that the increasing
density and viscosity of the SU-8 is predicted to greatly affect the reflow planarization behaviour of edge
beads irrespective of the resist thickness. The modelling based on time-varying viscosity and density is
able to predict the experimentally-obtained values of the normalized edge bead heights (red and green data
points). Note that the main cause of the error bars for the points is the measurement of the edge bead’s
initial height 8, directly after spin coating (see Supplementary Material). The model based on time-
invariant properties (gold curves) is not able to predict the slow decrease of the normalized edge bead

height that is experimentally observed.

3.2 Planarization of polydimethylsiloxane (PDMS)—the competition between reflow and polymerization.

Figure 5 shows a schematic illustration of the evolution of the reflow planarization of an edge bead feature
in the case of a curing elastomer such as PDMS. In this case the ongoing polymerization chemical reaction
in the elastomer mix during the planarization period leads to an increase in the viscosity of the film which
decelerates the reflow. If the viscosity of the PDMS rises too rapidly, planarization will not be achieved.
The profile of the edge bead feature directly after spin coating is indicated in Figure 5(a). At this point the
polymerization reaction has just begun in the PDMS mixture and its viscosity is low. As the planarization
period progresses, the ongoing polymerization reaction [indicated by the crosses in Figure 5(b)] causes the
viscosity of the PDMS mixture to increase as indicated in Figure 5(b)—this decelerates the reflow. Finally
towards the end of the planarization period, the polymerization nears completion and the viscosity of the
PDMS will be very high as shown in Figure 5(c)—as with the SU-8 photoresist above, this effectively

halts the reflow and stops the planarization. In summary, the polymerization reaction of the PDMS



mixture during the planarization period leads to an increase in the viscosity of the film which decelerates
the reflow. If the viscosity of the PDMS mixture rises too rapidly (due to a large polymerization rate),

planarization will not be achieved. Let us now turn to some experimentation.

According to the literature, the viscosity of curing ‘elastomer-type’ materials can evolve with time
in several ways. The viscosity can rise rapidly to a saturation—this has been observed in various silicones
drying [41] and sols [42]. The viscosity can rise exponentially, apparently without limit during the process
period—this has been seen in some silicones [43-47], epoxy resins [48], and colloidal silica [49]. Finally,
the viscosity can rise exponentially to saturation over a long period of time—as seen in some liquid
silicones [50] and inks containing ceramic particles [51]. It is well known that the viscosity in a curing
PDMS mixture rises due to polymerization which increase the PDMS molecular length [52]. In terms of
the density of PDMS, this can also change with temperature [53,54] but to a much less extent than the
viscosity. It has been observed that spin-coated PDMS, even when subsequently planarized, can result in
large edge beads [55]—something the authors attributed to the increasing viscosity of the mixture during

planarization and its impact on reflow.

Analysis of experimental data available in the literature (see Supplementary Material) enables the
variation of the viscosity of PDMS with time to be approximated using the following expression:

2In(Meo/M0)
77(% _t/‘r
Nppms(t) = e\ 1+e '™
Noo

9)

Where 7, is the viscosity at t = 0 and 7., is the viscosity at t — co. One can introduce the notion of a
‘characteristic viscosity time’ t,,. Practically, a large 7, means that the viscosity of the liquid changes

relatively slowly with time, whereas a small 7,, means that the viscosity rises rapidly with time.

The variation of the density of the curing PDMS can be measured experimentally (see
Supplementary Material) allowing an analytical expression for the variation of the density of curing

PDMS with time to be written down:



t
Pppms = % Ty (10)

The experimentally-obtained numerical values of the constants (a, 8, and y) for PDMS can be found in
the Supplementary Material. Figure 6 shows the evolution of the viscosity and density of curing PDMS at
room temperature. Note that compared to the evolution of the viscosity and the density of a drying
photoresist, the evolution of these properties can be considered to be uniform thought the thickness of the
PDMS as the ongoing polymerization is presumably uniform. For the pre-cured polydimethylsiloxane
mixture the capillary length xp2,, ~1.4 mm (see Supplementary Material for the fluid properties of a pre-
cured PDMS mixture). For the PDMS, surface profiling of the edge beads suggest that the wavelength A is
of the order of 20-25 mm. Thus, as is the case of the SU-8 photoresist above, the reflow planarization of
the PDMS mixture will be dominated by gravity as A > kp2,,s. Equation 9 and 10 can be substituted into

Equation 2b and solved numerically.

Figure 7 shows the calculated variation of the normalized edge bead height as a function of time
for two different PDMS average thicknesses. As above, the blue curves correspond to modelling of time-
variant viscosity and density whereas the gold curves correspond to the model based on constant viscosity
and density. The model is able to predict the edge bead height after 24 hours planarization by taking into
account the variation of viscosity and density during PDMS curing. Interestingly, the lowest PDMS
thickness reveals that when the viscosity rises steeply with time then planarization based on reflow is
practically impossible—see Figure 7(a). The model which does not take into account the variation of
physical properties (gold curves in Figure 7) does not predict such an occurrence. This is a critical point
concerning the predictions of the model—i.e. there are conditions when the viscosity may rise so rapidly
that reflow planarization is not possible. The experimental data points in Figure 7 show results of
planarized and non-planarized PDMS samples—see the Supplementary Material as to how these

experimental results were obtained. The dashed lines in Figure 7 correspond to an exact analytical solution
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for the variation of the normalized edge bead height as a function of time which considers an

exponentially-rising viscosity and a constant density during curing.

In the case of the viscosity rising exponentially and a constant density or surface tension one can
obtain an analytical expression for how the height of the perturbation changes with time. Let us consider

that the viscosity n of a polymerizing or drying thick film varies in the following way:

n(t) = noe /™ (11)

Where 7, is the initial viscosity at time t = 0. One can introduce the notion of a ‘viscosity characteristic
time’ T,. Practically, a large t,, means that the viscosity of the liquid changes relatively slowly with time,
whereas a small 7, means that the viscosity rises rapidly with time. If we consider a constant density or

constant surface tension then Equations 2a and 2b above can be simplified to:
1
Iné + C)}'g = _ky,g fﬂTt)dt (12)

One can now introduce the notion of k, and k, being the liquid’s pressure coefficients in either surface
tension-driven flow or gravity-driven flow; k, and k, both have the units of pressure, i.e. kg m™ s or Pa.

They are given by the following expressions: k, = yh3,q*/3 and k, = pgh3,q*/3.

The above equation for the viscosity can be substituted and integrated to give the following

analytical solution:

T | —" (13)

00 o m (14)

This is the equation used to generate the dashed line modelling curves for planarizing PDMS in Figure 7.

This expression may be of practical use as suggested by the literature, as some experimental situations
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may be approximated by an exponential rise of the viscosity with time and either a constant density or

surface tension. In the limit of t — oo, §(t) = &, therefore:

Tk
500 _m*vg

g =e no (15)

A plot of this limit is shown in Figure 8 where the final normalized edge bead height (8., /8,) is plotted as
a function of the characteristic viscosity time (t,). The plot considers an exponentially-rising viscosity
with an initial viscosity of 1 Pas at ¢ = 0. Three values of the pressure constant k, are used to illustrate the
influence of this parameter on the ultimate achievable planarization. The plot reveals that when the
characteristic viscosity time is below a certain critical value, ‘perfect’ planarization or absolute surface
levelling is, to all intents and purposes, practically impossible—even if the sample is left planarizing for a

very long period of time.

4. Discussion

The following paragraph briefly describes two assumptions made in order to compare the model with the
experimental results. It is clear from the equations that the modelling is particularly sensitive to the
average film thickness and the width of the perturbation. Read edge beads can have a complex shape [23]
but in general are composed of a peak at the wafer edge and trough towards the centre of the wafer [55].
Note that in a first approximation and in order to apply the model to a real edge bead profile the value of
A needs to be assigned. In the case of a large diameter wafer (as used for the PDMS) this is considered to
be the total ‘width’ of the edge bead profile i.e. the peak length plus the trough length—the experimental
results provided data for this. In the case of a smaller wafer (as used for the SU-8) this is considered to be
half the wafer diameter. Another assumption of the approximation to be able to compare the model with
the experimental results concerns the size of the perturbation (the edge bead thickness here) compared to

the mean film thickness. In principle, the derivation relies on § < h., (see the Supplementary Material for
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the derivation of Equations 2a and 2b) although in the practical cases presented here this is not strictly the

case.

Finally, it can be noted that from a practical point of view there are several competing parameters
in the reflow planarization process which is described. For the sake of the following discussion we can
assume that the viscous liquid density is constant and that the viscosity of the liquid rises according to a
certain mathematical function (e.g. exponential) at a certain temperature. In the case of an elastomer such
as PDMS, increasing the temperature causes the polymerization rate to increase— this leads to the
viscosity rising more rapidly with time. Conversely, the initial viscosity of the elastomer mix will be
reduced at the initially-higher curing temperature. Similarly, for a drying photoresist, an increased baking
temperature will accelerate solvent losses leading to a more rapid rise in the viscosity with time.
Increasing the temperature would cause the initial viscosity of the photoresist to be smaller—but lead to a
more rapid rise in the viscosity as drying proceeds. In both cases, liquid reflow could be enhanced by
simply increasing the temperature to accelerate the planarization. However, as we have seen increasing the
temperature reduces the polymerization time or speeds solvent loss—both effects effectively leading a
rapid increase in the viscosity of the liquid with time and thus, counterproductively reducing the reflow.
Conversely, reducing the temperature may reduce the polymerization rate and the solvent loss. However,
reducing the temperature of the liquid leads to an increase in its viscosity, thus reducing the reflow—again
counterproductive to the planarization. Therefore, for a given liquid (pre-polymerized liquid, thick film
photoresist, gel etc.) depending on how its physical properties change with both temperature and time,

there is like by to be an optimum set of reflow planarization parameters to be found.

5. Conclusions

Surface levelling of a viscous liquid film using reflow planarization can be modelled by a simple one

dimensional analytical approach. The model considers time-varying physical properties of the viscous
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liquid i.e. viscosity, density, and surface tension. The model is applied to predict the planarization of ‘edge
bead’ features which are an unwanted by-product of the common spin coating process. The model predicts
that surface levelling may not be possible under certain circumstances. An example of this is if the
viscosity of the viscous film rises too rapidly before the film has time to relax and level. Spin coating and
planarization experiments are carried out using two common viscous films: SU-8 photoresist and PDMS
elastomer mix. In the former case, the density and viscosity of the SU-8 increase due to solvent loss. In the
latter case, the viscosity and density of the PDMS mixture increase due to a polymerization chemical
reaction. However, in both cases it is the large rise in the viscosity which dominates the reflow-based
surface levelling of edge bead features. It can be noted that the approximate model described here is likely
to be more accurate for predicting reflow in elastomers (e.g. PDMS) than photoresists (e.g. SU-8). The
reason for this is that the polymerization, and thus the change in viscosity, changes uniformly over the
whole of the PDMS film thickness. The viscosity is thus always uniform over the PDMS thickness. This is
not the case of the drying SU-8 where solvent loss is greater at the surface than at the wafer-SU-8
interface. The viscosity of the SU-8 is therefore higher at the SU-8/air interface than at the SU-8/wafer
interface meaning that it varies over the thickness of the film. Both the modelling and experiments
demonstrate a clear competition between the reflow of the viscous film and the effects which cause the
physical properties (predominantly the viscosity) of the viscous film to change with time, e.g. solvent loss
or polymerization. It is both predicted and experimentally observed that in certain cases the complete
planarization of the spin-coated viscous film is, to all intents and purposes, practically impossible if the

viscosity rises too rapidly with time compared to the film reflow relaxation time.
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Figure 1 Waves on the surface of a thin film of viscose liquid resting a solid surface (light grey). The
thickness of the film is h, the thickness of the perturbation is &, the equilibrium mean thickness of the film

is h, and the wavelength of the perturbation is A.
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Figure 2 Schematic illustrations showing the effect of increasing viscosity on the evolution of the reflow

planarization ‘surface levelling” of an edge bead feature in the case of a drying photoresist such as SU-8.

(@) The edge bead profile directly following spin coating—the SU-8 has a small viscosity#, (b) during
planarization where solvent loss rate is large (indicated by the arrows)—the SU-8 has an increased

viscosity, and (c) towards the end of the planarization where the solvent loss rate is small—the SU-8 has a

large viscosity.
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Figure 3 The variation of the viscosity (solid red line) and density (dashed blue line) of a drying SU-8
photoresist film at room temperature. In this case the SU-8 is the ‘2035’ grade. The SU-8 was spin coated

(at 1000 rpm) onto a silica disc having a diameter of 50 mm. The SU-8 film thickness is ~120 um.
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Figure 4 Room temperature reflow planarization of drying SU-8. The variation of the normalized height
(6/6,) of the edge bead is plotted as a function of time for different SU-8 thicknesses (a) 129 um, (b) 207
pm, and (c) 390 um. The SU-8 is 2035 grade commercially-available from MicroChem, USA. The solid
blue lines correspond to the analytical model with time-varying viscosity and density. The solid gold line

corresponds to constant physical properties. The red data points correspond to SU-8 samples which were
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planarized for 24 hours. The green data points correspond to SU-8 samples which were annealed at 95°C
directly following the spin coating step. The SU-8 thicknesses used for the modelling are the average

measured thickness for planarized and non-planarized samples.
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Figure 5 Schematic illustrations showing the effect of increasing viscosity on the evolution of the reflow
planarization ‘surface levelling’ of an edge bead feature in the case of a polymerizing elastomer such as
PDMS. (a) The edge bead profile directly following spin coating—the PDMS mixture has a small
viscosityr, (b) during planarization where the polymerization reaction (indicated by the crosses) is
partially complete—the PDMS mixture has an increased viscosity, and (c) towards the end of the

planarization where the polymerization reaction is near completion—the PDMS has a large viscosity.
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Figure 6 The variation of the viscosity (solid red line) and density (dashed blue line) of curing PDMS at
room temperature. In this case the PDMS is Sylgard 184 (Dow Corning, USA). The PDMS was spin
coated (at 350 rpm) onto a silica disc having a diameter of 76.2 mm. The thickness of the PDMS is ~370

pm.

25



L PDMS  (a)
s h =220 pum
!)'; Ly
208 I H
._E" ll Time-varying properties
206 | Constant viscosity and density
E | — — — Analytical solution
204
> ® Planarized for 24h
'C:I I 5 ® 100°C directly after spin coat
= 0.2
—-
0 L=
0 5 10 15 20 25
Time (hours)
1 PDMS  (b)
h =313 um

0.8

Time-varying properties
Constant viscosity and density
— — — Analytical solution

® Planarized for 24h

dge bead height 3/9,
]
(=)

® 100°C directly after spin coat

E
o

[ [R]

o

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

b

|

5 10 15 20 25

Time (hours)
Figure 7 Room temperature reflow planarization of curing polydimethylsiloxane (PDMS). The variation
of the normalized height (§/8,) of the edge bead is plotted as a function of time for different PDMS
thicknesses. The PDMS is commercially-available Sylgard 184 (Dow Corning, USA) with a base/curing
agent mixing ratio of 10:1. The solid blue lines correspond to the analytical model with time-varying

viscosity and density. The solid gold line corresponds to a model with constant physical properties. The
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red data points correspond to PDMS samples which were planarized for 24 hours. The green data points
correspond to PDMS samples which were annealed at 100°C directly following the spin coating step. The
dashed red line corresponds to the exact analytical solution obtained if we consider an exponentially-rising

viscosity and a constant density (see Supplementary Material).
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Figure 8 A plot of the final normalized edge bed height (8.,/8,) as a function of the characteristic

viscosity time (z,,) for different values of the constant k,. The values of k, are 1x10° Pa, 1x10 Pa, and
1x10? Pa. The reflow is gravity-driven. The value of initial viscosity n, = 1 Pa s. During the reflow

planarization, the viscosity varies as n(t) = noet/™.
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