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Abstract

Films of polydimethylsiloxane (PDMS) can be obtained by spin coating for a range of applications in
microengineering and microsystems. However, the spin coating of PDMS films in the 100-1000 pm
thickness range invariably results in the formation of non-negligible ‘edge beads’. If not removed, such
features could cause problems if the PDMS films were to form part of a multi-step planar process
involving e.g. contact photolithography. Here, we study the reflow planarization and edge bead
reduction of spin-coated PDMS films obtained in the spin-speed range (250-500 rpm). We provide an
optimized technical solution for the planarization and associated edge bead removal—along with useful
spin speed versus thickness data of PDMS films. Our approach takes into consideration the reflow
planarization time and the polymerization time. We demonstrate the usefulness of our method by
conducting photolithography on the planarized PDMS films by using a commercial spin-coated
photoresist (AZ®1518)—clearly showing that the photolithographic resolution is improved for planarized
PDMS films compared to non-planarized PDMS films. Finally, the findings suggest that if a planarized
PDMS film having a thickness of ~1000 um is required, a single very low spin speed coating followed by

an enhanced reflow planarization is preferable to multiple higher spin speed coatings and planarization



steps. The findings should be useful to those working to develop stretchable technologies using planar

means who wish to integrate PDMS films into more complex systems.
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1. Introduction

Polydimethylsiloxane (PDMS) [1-3] is a common polymeric material frequently employed in
microengineering and microsystems. These uses range from established technologies e.g. moulding
microchannels [4-7] and soft lithography [8,9] to emerging technologies such as flexible [10,11] and
stretchable systems [12—-17]. In the latter context, where more system complexity may be required,
integration of PDMS into standard planar processes (involving lithography, deposition, and etching)
would open up the way to the development of original processing routes for the fabrication of more
complex systems. Such approaches will require the film thickness and planarity (flatness) to be carefully
controlled during the processing. Spin coating of pre-cured PDMS liquid mixture enables thickness
control—resulting thin films (thickness range 1-100 um) that have good planarity [18—22]. However, the
spin coating of thicker films (thickness range 100-1000 um), potentially required to serve as substrate
material for flexible and stretchable systems, result in non-negligible ‘edge beads’ at the periphery of
the wafer [20]. Large edge beads are difficult to remove using standards techniques such as spray
removal. They can be removed mechanically [23]—but scalability is a potential issue in this approach.
Removal of edge bead via ‘cutting’ post-cured material if often resorted to in the prototyping of proof-

of-concept systems, but this can result in film delamination and ejected particulate matter which can



prove to be difficult to remove from the film surface. In addition, planar approaches do not fare well
with such manual interventions, e.g. films cracking can occur due to mechanical stresses and strains.
Alternatively, it is well known that reflow planarization [24—29] can be used to remove—or at least
reduce—edge beads in spin-coated films. Reflow planarization involves the harnessing of the fluid
properties of the pre-cured spin-coated liquid to cause a reflow of the liquid film which results in an even
film surface prior to—or indeed during—film curing. We study here the reflow planarization of spin-
coated commercial PDMS (Sylgard™ 184) and the subsequent photolithography of a common
photoresist on the now solid PDMS surface. Our aim is to produce useful guidelines and results for the
process engineer and researcher working in the field of soft planar technologies involving such PDMS
films. We show how an appropriate planarization process can be used to effectively reduce edge beads
and produce a high-planarity solid PDMS film which can be used as a stretchable host substrate. In
addition, we also show how such planarized PDMS films can be spin coated multiple times in order to
achieve level films in the upper 100-1000 pm range. Finally, we show how such films can be processed
using standard photolithographic techniques to achieve a photolithographic resolution of ~2 um—much

better than on non-planarized PDMS films containing edge beads and non-planar surfaces.

2. Experimental

2.1. Materials used in the study

Double-sided polished 3 inch (7.62 cm) diameter 100 orientated silicon wafers (Siltronix, France) were
used for the spin coating of the PDMS films. A commercial PDMS elastomer kit Sylgard™ 184 (Dow
Corning, USA) was used to prepare the PDMS base/curing agent mixtures. The photolithography was
conducted using a commercial positive photoresist (AZ®1518) purchased from MicroChemicals GmbH,

Germany, and developed using AZ®400 (Microchemicals GmbH, Germany).



2.2. Instruments and techniques used in the study

A commercial spin coater Delta 10 BM (Suss MicroTec Lithography GmbH, Germany) was used to coat
the silicon wafers with the PDMS mixture. An in-house fabricated chromium/quartz photolithographic
mask containing features sizes down to 2 um was fabricated at the laboratory. The PDMS films were
cured on a levelled (+0.1°) commercial precision hot plate (£0.5°C) (Prazitherm, Germany). The
photolithography was performed using a commercial mask aligner MA6/BA6 240-400 nm (Suss MicroTec
Lithography GmbH, Germany). Surface profiling was performed using a commercial precision surface
profiler DektakXT (Bruker, USA). The surface profile and thickness data of all the silicon wafers used in
the study was gathered prior to PDMS spin coating. Film and wafer thicknesses were measured using a
commercial thickness gauge/comparator (Mitutoyo, Japan)—accurate to within *1 um. For the latter
measurement it is important to use a small piece of silicon (area ~25 mm?) to avoid potential errors in
the measured thickness due the probe of the thickness gauge deforming the PDMS. For the
photolithography tests, the photoresist was pre-exposure baked in a commercial cleanroom box furnace
(Memmert GmbH, Germany). The samples were visually inspected using a VHX-5000 digital microscope
(Keyence, Japan). Finally, it is important to describe how the surface profiling data was analysed. The
commercial surface profiler has a maximum range of 50 mm—the data was gathered by setting zero to
be at the wafer edge. The surface profile data was gathered using a 50 mm range passing through the
centre of the wafer—which is positioned at 38.1 mm from the wafer edge. In order to level the surface
profile data, in each case two points were used on each data set which were equally spaced from the
wafer centre and positioned at 5 mm from the wafer centre—these were the points used for the

automatic data levelling. As PDMS is a soft material, a force equal to 0.1 mg was employed for the



surface profiling. Each surface profile scan resulted in ~36,000 points—giving an in-plane length

resolution of ~1.4 um.

2.3. Fabrication of the samples

All the fabrication processes and measurements were performed in an ISO 5/7 cleanroom. The base and
curing agent of the commercial PDMS kit were mixed in 10:1 (w:w) proportions to produce sufficient
volume to coat several 3 inch silicon wafers (~20 wafers were used for the experiments). Following
mixing, the liquid PDMS mixture was de-gassed by placing the mixture in a chamber pumped using a
rotary pump (20 minutes). For the spin coating, the silicon wafers were used directly from the supplier’s
box—they had received an ‘RCA clean’ [30] at the manufacturers. The wafers did not undergo a surface
treatment before spin coating—thus the surface is a native oxide. A nitrogen gun was used at the last
moment to remove any particulate matter from the wafer surface prior to coating with the PDMS

mixture.

Figure 1 shows a schematic diagram illustrating the different steps of the fabrication process

developed here to produce the planarized films of PDMS.
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Figure 1 The fabrication process for the planarization of spin-coated PDMS films. (a) A fixed volume (8
ml) of PDMS base/curing agent mix is deposited onto the centre of the silicon wafer followed by a spin
coating step. (b) The PDMS film having large edge beads immediately after spin-coating. (c-f) The sample
undergoing reflow planarization. (g) The sample is cured on a levelled hot-plate (gold) and finally
transferred to a box furnace. The different colours (light blue to violet) of the PDMS film indicate the

different stages of polymerization.



The following passage describes the planarization process illustrated in Figure 1. A fixed volume
(8 ml) of PDMS base/curing agent mixture was poured onto the centre of the silicon wafer—immediate
wetting and spreading of the mixture leads to a PDMS ‘puddle’ having a diameter of ~4 cm in the centre
of the silicon wafer [see Figure 1(a]. The PDMS mixture was spin coated onto the silicon wafers at speeds
of 250 rpm, 350 rpm, and 500 rpm (a spin coating acceleration of 350 rpm s) for 30 seconds. An edge
bead and an uneven PDMS surface is visible directly following spin coating [see Figure 1(b)]. Once the
spin coating had finished, the wafers were carefully placed onto levelled copper blocks having a diameter
of approximately 4 cm—this eliminates problems caused by any PDMS mixture present on the bottom of
the wafer in proximity to the wafer edges [see Figure 1(b)]. The blocks, onto which the wafers were
placed, had been carefully pre-levelled to a precision £0.1°—we emphasize that this is a critical point for
long time planarization of such films. The accuracy (<0.1°) of the spirit level was checked with a
calibrated levelled surface. A non-sealed plastic screen was placed over the samples and they were left in

this state (20°C) for a number of hours (1-24 hours).

During this planarization period—see Figures 1(b-f)—two main effects occur: (i) reflow of the
PDMS mixture causing planarization and edge bead reduction and (ii) polymerization of the PDMS
mixture which increases the viscosity of the PDMS. Note that the increase in viscosity leads to a
reduction in the reflow which effectively decelerates the reflow planarization—these are competing
processes. The reflow planarization occurs in the initial period when the viscosity of the PDMS is still
relatively low. When the polymerization has sufficiently advanced to enable handling of the sample (i.e.
tweezers do not leave defects in the PDMS film)—the sample is transferred to a box furnace—see Figure
1(g). The samples were cured in the commercial box furnace at a temperature of 100°C for 20 minutes
according to the suppliers data sheet—as the viscosity of the cured PDMS is now high, it not necessary to
have a perfectly levelled box furnace shelf. In order to test the possibility of multi-layer deposition and

planarization, one of the samples (previously spin coated at 250 rpm and planarized for 24 hours) had an



extra PDMS spin coating (8 ml of PDMS mixture/ 350 rpm for 20 s). The spin coated PDMS films were
planarized for 0 hours, 5 hours, 24 hours, and 72 hours to study the effect of planarization time on the
final planarity of the film. Some ‘non-planarized’ PDMS films were placed in the box furnace directly after

spin-coating—see Supplementary Information for a schematic diagram of this process.

Finally, following the surface profiling measurements, some of the wafers were spin coated with
the commercial photoresist, exposed to UV radiation (365 nm) via the photomask, and developed in the
commercial developer solution (see Section 2). The thickness and planarity of the silicon wafers used was
carefully measured using the thickness gauge and the surface profiler. The planarity was found to be <3
pum and the thickness variation +/-10 um. For completeness, the bevelling at the silicon wafer edge was
inspected using the optical microscope—as it is known that the specific profile of an edge has an effect

of the spreading of a liquid [31]—see Supplementary Information.

3. Results and discussion

3.1. Coating thickness versus spin speed for PDMS on silicon

Figure 2 shows the measured thickness of spin-coated PDMS on silicon wafers. Two types of
PDMS films were fabricated: termed ‘non-planarized’ and ‘planarized’ (see Section 2). The spin speed

was varied from 250 rpm to 5000 rpm.



s ® non-planarized (low speed)
\‘@ @ planarized (low speed)
l-\ [y
— W _ . ¢ non-planarized (high speed)
E ~
3 -
2 100 e
§ \\
L2 t=214773w117 ~
= *,
‘e,
(a)
N
10
100 1000 10000
Spin speed (rpm)
550 C -
500 \\ \\ ® non-planarized PDMS
\\ ‘i\
_. 450 \\ S, e planarized PDMS
£ 400 NN
— \.\ ~ §
v N ~
o 350 N .
c “~ S« t=60828w08”
8 300
£ T
250 N
t = 48490wW 0875 Te-o e
w (p)
150

150 250 350 450 550
Spin speed (rpm)

Figure 2. Spin coating of PDMS films on silicon wafers. (a) Measured PDMS film thickness over the spin
speeds range 250 rpm to 4000 rpm. (b) The low spin-speed range 250-500 rpm. The non-planarized
PDMS films are indicated by filled light blue squares—the planarized PDMS films are indicated by filled
red circles (at low spin speed) and filled green diamonds (at high spin speeds 1000-4000 rpm). The
dashed black lines correspond to power law fits [32] to the data—the equations are given. The spin
coating acceleration is 350 rpm s, the spin coating time is 30 s, and the curing temperature/time is

100°C/20 minutes.

Figure 2(a) shows the measured thickness of spin coated PDMS over the whole spin speed range.

If we consider the non-planarized films, the experimental data agrees well with a reciprocal curve fitting.



Previous studies concerning the spin coating of PDMS also found this relationship [19,20]. Let us now
focus on the low spin-speed data (250-500 rpm) which is shown in Figure 2(b), and compare the
planarized and non-planarized PDMS films. The planarized PDMS films are always thicker than the non-
planarized films—with the difference in thickness increasing slightly as the spin speed is decreased from
500 rpm to 250 rpm. The two sets of restricted data can be accurately fitted with power laws (should
dashed curves) which are given in Figure 2(b)—these should be of practical use for a processing
engineer. Concerning the curve fitting given, for non-planarized PDMS films (Sylgard 184) having a
thickness <100 um, Schneider et al [19] and Koschwanez et al [20] found a near reciprocal relationship
with spin speed. Finally, we also used a double coating using two spin speeds and two planarization steps
of 24 hours each. By spin coating at 250 rpm and recoating at 350 rpm after planarization and curing—
we were able to produce a planarized PDMS film thickness of 1194.3 um (not plotted on Figure 2). This is
greater than the expected thickness (~¥850 um) of the two combined coatings and planarizations.
However, Koschwanez et al [20] found that a thicker PDMS film is obtained when spin coating PDMS
mixture onto PDMS compared to glass. The findings can also be compared to those of Mata et al [2].
They studied the spin coating of PDMS (10/1 — Sylgard 184) at low spin speeds 50-1000 rpm onto
oxidized silicon wafers. They reported a thickness variation between 1085 pum and 55 pm as the spin
speed is increased. They noted the importance of levelling during curing, as is stressed here, and the
specific wafer surface. However, they apparently did not employ reflow planarization to the PDMS
films—this could explain our larger film thicknesses observed here. It should also be noted that the air
flow influence the final thickness [33]—the spin coating here was performed without closing the cover
which, in principle, leads to thinner films. Let us now use surface proofing to investigate the differences

in the planarized and non-planarized PDMS films as a function of spin coating speed.
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3.2. Surface profiling of edge bead features and for spin-coated PDMS on silicon

Figure 3 shows the results of the surface profiling of non-planarized and planarized spin-coated
PDMS films on silicon wafers as a function of spin speed. All ‘planarized’ PDMS films were left to reflow
for 24 hours. Note that ‘0 hours’ condition corresponds to the PDMS sample being transferred directly to
a levelled box furnace shelf (100°C) from the spin coater. The viscosity of the PDMS will be initially
reduced in this case due to the rapid change of temperature [34] thus initially enhancing reflow [35]
compared to room temperature planarization and curing. However, the increased temperature also
enhances the polymerization rate substantially, rapidly ‘fixing’ the edge-bead profile into what we

measure here—and refer to—as the ‘0 hours’ state of planarization.
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Figure 3. The surface profile of the PDMS films before and after planarization for various spin-speeds.
The PDMS films are spin coated onto silicon wafers at (a) 500 rpm, (b) 350 rpm, and (c) 250 rpm. For the

planarized films, the planarization time is 24 hours for all planarized samples. The non-planarized curves
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are indicated red and labelled ‘©’. The planarized curves are indicated light blue and labelled ‘@’. The

abscissae correspond to distance from the silicon wafer edge —half the wafer was profiled.

There are several observations which can be made from Figure 3. First, all non-planarized films
result is a relatively large edge bead compared to the PDMS thickness (cf. Figure 2)—this is seen by
looking at the red curves labelled @ in the figure. This edge bead has an associated ‘trough’ feature
which is positioned towards the centre of the wafer. The edge bead height is larger than the trough
depth for all three spin speeds. The total length of the edge bead plus trough feature is observed to
increases from approximately 20 mm to 30 mm as the spin speed is reduced from 500 rpm to 250 rpm.
Following planarization for 24 hours, the initial edge bead plus trough feature become smoother.
However, better planarization is achieved for PDMS films obtained at lower spin speeds—this is seen by
comparing the light blue @ curves in the figure. This explains the data given in Figure 2—the final
planarized PDMS thicknesses (filled red circles) are larger than the non-planarized thicknesses (filled blue

squares) due to the reflow of material towards the centre of the wafer.

Figure 4 shows extracted data from the surface profiling shown in Figure 2. A guide to where
these dimensions are taken are given in Supplementary Figure S3 in the Supplementary Information.
First, the edge bead peak height (relative to the PDMS film thickness at the centre of the wafer) shows a
maximum—see filled red circles in Figure 4(a). This can be explained via the ejection of matter from the
edges at higher spin speeds [36]. At lower spin speeds, little matter is ejected—increasing the spin speed
leads to matter accumulating at the wafer edge. Increasing the spin speed still further leads to more
ejected matter from the edge resulting in a reduced edge bead. The edge bead position reduces

approximately linearly with increasing spin speed—filled blue triangles in Figure 4(a). In contrast to the

13



edge bead peak height, the trough depth shows a minimum as the spin speed is increased—and the

trough position reduces with increasing spin speed.
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Figure 4. Plotted data from the surface profiling of the non-planarized PDMS films spin coated onto
silicon wafers. (a) Maximum edge bead height and position (from the edge of the wafer) versus spin

speed. (b) Maximum trough depth and trough position versus spin speed.

Having established that a relatively large edge bead is present for directly-cured (100°C), spin-
coated PDMS (0 hours), let us now focus on the planarization and study the effects of planarization time

and PDMS thickness on the resulting planarization. Figure 5 shows various surface profiles following
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planarization of spin coated PDMS films for different planarization times ranging from 0 hours to 72
hours—note again that the ‘O hours’ condition corresponds to the sample being transferred directly to

the calibrated levelled box furnace shelf from the spin coater.
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Figure 5. The surface profile of spin-coated PDMS for different planarization times. (a) Edge bead height
versus distance from wafer edge and (b) a zoom of the ordinate. The profiles are given for planarization

times of 0 hours (red curves @), 1 hour (dark blue curves @), 5 hours (yellow curves ®), 24 hours (light

15



blue curves @), and 72 hours (grey curves ®). The spin speed in all cases is 250 rpm. The abscissae

correspond to distance from the silicon wafer edge.

Again there are several observations which can be made. First, not surprisingly the edge bead
height diminishes with increasing planarization time. After 1 hour the edge bead has diminished in size
and advanced towards the centre of the wafer—this is predicted in gravity-driven planarization [37].
After 5 hours the reflow is still ongoing—the edge bead position has further advanced towards the wafer
centre. After 24 hours the planarization of the PDMS is near complete—the peak height compared to the
centre of the wafer is ~2 um. After 72 hours the planarization has progressed but only ~0.5 um is gained
compared to 2 um at 24 hours. Let us now compare the surface profiles of spin coated PDMS films for

different spin speeds.

Figure 6 shows the surface profiles of spin-coated PDMS films for different spin coating speeds

(250-500 rpm).

16
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Figure 6. The surface profile of planarized PDMS films for different spin coating speeds. (a) Surface
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spin coating speeds of 500 rpm (red curves®), 350 rpm (light blue curve @), 250 rpm (green curves @),
250 rpm followed by 350 rpm (yellow curves @), and 250 rpm (for a planarization time of 72 hours)
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(®) and 350 rpm (@) curves. The abscissae correspond to distance from the silicon wafer edge.

For a planarization time of 24 hours the most planar PDMS film is obtained using the lowest spin

speed, i.e. the thickest PDMS film. Indeed, there is a clear trend of reducing peak edge bead height as
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the spin speed is reduced. This can be seen by comparing the red @, light blue @, and green ® curves in
Figure 6. Note that the spike in the red curve labelled @ in Figure 6 is a particle on the PDMS surface. If
the planarization time is extended to 72 hours (as is the case of the PDMS sin coated at 250 rpm here—

see the dark blue curve ®, the edge bead height is still further reduced indicating that reflow is

not complete at 24 hours.

Interestingly, if a doubly coated/planarized layer is used to achieve at thickness of 1194.3 um
(see above), then a relatively larger edge bead is obtained—see the yellow curve @ in Figure 6. As a
comparison the black dashed curve ‘®’ in Figure 6 shows the mathematical sum of the profiles obtained
at 250 rpm and 350 rpm. The large edge bead that is obtained when the processes are combined
suggests the planarization is slowed when a PDMS films is planarizing on a PDMS surface compared to a
silicon surface. The thickness dependence on the underlying surface observed by Koschwanez et al [20]

could also be a factor.

Figures 7 plots extracted data from Figures 5 and 6. A guide to where these dimensions are
measured is given in Supplementary Figure S3 in the Supplementary Information. First, the edge bead
peak height reduces non-linearly with increasing planarization time—see filled red circles in Figure 7(a).
The edge bead peak position moves towards the centre of the wafer [37] and then back to the edge of
the wafer as the planarization time is increased—see filled blue triangles in Figure 7(a). Kheshgi and
Scriven [37] also predicted that viscous films can damp periodically rather than monotonically—this may
be what we are observing here after a 5 hour planarization period—see yellow curve ® in Figure 5. As
the spin speed is increased, the peak edge bead height increases—see filled red circles in Figure 7(b). The
edge bead position also increases (i.e. a shift towards the centre of the wafer) as the spin speed is

increased—see filled blue triangles in Figure 7(b). Figure 7(c) plots the edge bead height and position as a
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function of PDMS thickness (using Figure 2) to give a practically useful figure. The edge bead height

diminishes non-linearly as the total PDMS thickness is increased.
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Figure 7. Plotted data from the surface profiling measurements of the planarized PDMS films spin coated
onto silicon wafers. (a) Maximum edge bead height and position (from the edge of the wafer) versus
planarization time. (b) Maximum edge bead height and position versus spin speed for a planarization

time of 24 hours. (c) Maximum edge bead height and position as a function of PDMS thickness.

3.3. Comparison of the results with a model for planarization

The modelling of the fluid dynamics of reflow planarization of a viscous liquid film is somewhat
involved [37]—even for a liquid having time-invariant physical properties reflowing on a smooth surface
[35]. However, the experimental observations of the planarization of the spin-coated PDMS films can be
compared to an analytical solution of liquid reflow on a smooth surface [35]. In the case of a gravity-
driven reflow, the variation of the height d of a liquid wave-like perturbation having an initial height dj is

given by:
d =dge=" (1)
where the characteristic reflow relaxation time t is given by the following formula:

_ 3n2?
" an?pgh3

(2)

n and p are the viscosity and density of the liquid, A is a wavelength of the perturbation, g is the
acceleration due to gravity, h is the average film thickness over the period of the planarization, d is the
height of the perturbation at time t, and d,, is the initial height of the perturbation. The larger the
characteristic reflow relaxation time 7, the longer the planarization time. Although this model considers
a constant viscosity (which is not the case here—see the discussion below), it allows us to compare the

experimental results with the predictive trends of the model. First, the model predicts that thinner PDMS
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films should take longer to planarize for a given initial edge bead thickness—this is observed in the
experimental results. The PDMS film thickness range planarized in the study suggests that the
characteristic relaxation time can vary considerably (t « h™3). This implies that the planarization of the
edge beads will be very sensitive to the thickness of the PDMS—this is observed in the experimental
results. The model predicts that wider edge beads should take longer to be planarized. In our
experimental results, a shorter edge bead (~25 mm) is associated with a thicker film—see Figure 3(c)—

thus both reduce the characteristic reflow relaxation time 7.

Looking at the experimental results we can take A = 25 mm, h = 430.5, pppys ~970 kg m=>. We
can use the above equations (1) and (2) to estimate the average viscosity 14, and characteristic time
constant 74, of the PDMS which would be required to enable the experimentally observed reduction in

the edge bead height (see Figure 5). These average values are plotted below in Figure 8.
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Figure 8. The average viscosity and characteristic time constant of the PDMS base/curing agent mixture
obtained from the experimental results of the edge bead reduction. The dashed line corresponds to a

power law fit: 4, = 24.64t%73.
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We know from the literature that when curing PDMS the viscosity varies considerably and non-
linearly from ~4 Pa s to ~1x10* Pa s from the beginning to the end of the curing. At room temperature
the curing time of PDMS is 48 hours [38]. By using the experimental results and the model we are able to
estimate an average viscosity for a given planarization period—this is shown in Figure 8. However, we
note that to go further in the analysis a more detailed treatment of the problem is necessary. Let us now
return to practical issues and demonstrate an advantage of planarized PDMS films using

photolithography.

3.4. Photolithographic resolution on planarized and non-planarized spin-coated PDMS films

The following section studies the influence of the non-planarity of a PDMS film on the
photolithographic resolution of a photoresist deposited onto the PDMS surface. In order to prove the
benefits of the planarization technique expounded here we have conducted standard photolithographic
steps on the surface of the spin-coated PDMS films. In order to do this a commercial positive photoresist
was employed (AZ®1518). A patterned standard chromium/quartz photomask—fabricated in our
laboratory—containing square holes having side dimensions of 10 um down to 2 um was employed for
the ultra-violet photolithographic exposure (A = 365 nm) in a commercial mask aligner. In the practical
example here, the thickness of the AZ®1518 photoresist layer is ~¥1.7 um (measured using a DektakXT
surface profiler — Bruker, USA). The masking produced photolithographic ‘holes’ in the photoresist all
over the surface of the PDMS film—importantly right up to the edge of the wafer—in order to
experimentally determine the resolution of the photolithography. In practice, in photolithographic ‘soft
contact’ mode—as used here—the pressure of the mask-to-wafer contact is set to 0.2 bar (2x10* Pa).
The compression of the PDMS edge bead can thus be estimated if we consider that this pressure acts on
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a PDMS ring having width equal to the edge bead lateral dimension and a thickness equal to the edge
bead height. By taking the Young’s modulus of the PDMS mix/process used here to be ~2 MPa [3], one
can compute that the PDMS is compressed ~5 um—this is ~1% of the total PDMS thickness and is
effectively negligible. Figure 9 shows optical micrograph (VHX-5000 digital microscope) of the

photomasks used, and the patterning of the photoresist resulting from the photolithography.
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Figure 9. Photolithography of a positive photoresist deposited onto spin-coated PDMS films. (a)
Photographs of the chromium/quartz photomask—the mask openings (squares) have a side length of 10
um (upper image), 5 um (middle image), and 2 um (lower image). (b) Results obtained using the non-
planarized PDMS film. (c) Results obtained using the planarized PDMS film. In (b) and (c) the upper,

middle, and lower images correspond to photolithographic openings in the photoresist obtained using
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the corresponding photomask shown in (a). The PDMS films were spin coated at 250 rpm. The positive
photoresist is AZ1518 (thickness ~1.7 um). The photographs are taken at ~10 mm from the edge of the
wafer—except the inset to the middle image of (b) which was taken at ~5 mm from the wafer edge. The
photographs were taken using a VHX-5000 digital microscope (Keyence, Japan). All white scale bars

indicate 10 um.

Figure 9(a) show the size and shape (squares) of the openings in the photomask. Figures 9(b) and
9(c) show the resulting photolithographic patterning of the AZ1518 on non-planarized and planarized
spin-coated PDMS. In all cases (except the inset to Figure 9(b)—middle image) the photographs were
taken at 10 mm from the edge of the wafer. For the inset to Figure 9(b), the photograph was taken at 5
mm from the wafer edge. By comparing Figures 9(b) and 9(c) one can see that a photolithographic
resolution of 2 um is possible using the photomask at 10 mm from the wafer edge. In contrast, a poor
resolution is obtained using the non-planarized films—except when images are taken at 5 mm from the
wafer edge. In the latter case, this is approximately the position of the peak edge bead height. These
results can be understood if the theoretical photolithographic resolution is calculated using the surface

profiling data—this is shown in Figure 10.
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Figure 10. The photolithographic resolution using the non-planarized and planarized PDMS films. The
spin coating speeds are (a) 500 rpm, (b) 350 rpm, and (c) 250 rpm. A zoom of the data presented in (c) is
shown in (d). The non-planarized results are indicated by the red @ curves—the planarized data is

indicated by the other coloured @-@ curves. The planarization time in all cases is 24 hours.

The resolution R of photolithography is the minimum feature size which is transferable from the

mask to the photoresist—it is computed using the following equation [39]:
3
R = E A (S + —) (3)

Where A is the wavelength of the light used for the exposure, s is the gap distance between the
mask and the top of the photoresist layer, and z is the photoresist thickness. In the present work, the

gap is due to the presence of the edge bead and the non-uniformity of the cured PDMS film. The
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photolithographic resolution can be computed as a function of lateral distance from the wafer edge from
equation (3) above by equating s to the difference between the PDMS surface and the edge bead height.
The experimental results above (see Figure 9) enable us to estimate the photolithographic resolution in
the two cases of non-planarized and planarized PDMS. In this way, we can explain the photolithography
experimental observations. In all non-planarized PDMS films the photolithographic resolution is poor
apart from at the position of the edge bead where the mask is in good contact with the photoresist layer.
In the case of the planarized PDMS films, the photolithographic resolution remains < 5 um up to within 5
mm of the wafer edge—i.e. 87.3% of the PDMS surface. When performing photolithography of
planarized PDMS film thicknesses ~1000 pm obtained using multiple coatings (two here)—the
photolithographic resolution is poorer than planarized single coatings but still better than non-planarized

PDMS films.

In Figure 10 the red curves @ correspond to the computed photolithographic resolution on the
non-planarized PDMS films—the light blue @, green ®, and yellow @ curves correspond to the
computed photolithographic resolution obtained when using planarized PDMS films. First, for the non-
planarized films the photolithographic resolution is poor (~10 um) except in the locality of the maximum
of the edge bead where the photomask is in contact with the PDMS—see Figures 10(a)-(c). Second,
planarization evidently improves the obtainable photolithographic resolution to <3 um—see blue curves
@ in Figures 10(a)-(c). In the case of the thickest films (spin speed = 250 rpm), the photolithographic
resolution <2um—with the lowest achieved for the planarization period of 72 hours, see the green curve
® in Figure 10(d). A double coating, used to achieve a thicker film >1000 um, leads to a poorer

photolithographic resolution—see yellow curve @ in Figure 10(d).

4, Conclusions
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Spin coating polydimethylsiloxane (PDMS) onto silicon wafers at spin speeds between 250-500 rpm
results in PDMS film thicknesses in the 200-500 um range. Multiple spin coatings are shown to achieve a
total thickness of ~1200 um. Rapidly-cured, ‘non-planarized’ PDMS films have large edge beads which
extend ~30 mm from the wafer edge towards the centre of the wafer. The edge beads are as much as
~150 um thicker than the PDMS film thickness at centre of the wafer. Reflow at room temperature is
clearly demonstrated to be an excellent technique for the successful planarization of such spin-coated
films—achieving a planarity between 2 um and 15 um depending on spin speed. It is shown that a
planarization time of 24 hours is required to achieve good planarity at room temperature.
Photolithography has been used to demonstrate the level of planarity of the PDMS films. A
photolithographic resolution of 2 pm is achieved on planarized spin-coated PDMS films—the
photolithographic resolution is >10 pm on non-planarized PDMS films due to poor mask/surface
contacting. The study has demonstrated an optimised method for reflow planarization of spin-coated
PDMS films and how such films can be used for near-micrometre resolution photolithographic planar
processes. In terms of the multiple PDMS coatings, the planarized edge bead remains relatively high,
leading to a poorer observed photolithographic resolution. We conclude by saying that if spin-coated
thickness >1000 um are sought, we suggest spin coating in the very low spin speed range of 50-200 rpm

where reflow planarization will be enhanced by a thicker viscous film.
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