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Abstract:

This paper deals with the study of spin coating processes for the deposition of
polysiloxane-based thin films. Specific developments are proposed in order to adapt the
hydrodynamic laws theory to the spin coating of Maxwellian liquids. Theoretical and
experimental results are compared, evidencing a good fit and enabling to define the
Maxwellian law for the studied polysiloxane polymer. Finally, the theoretical developments

are successfully extended to the BCB 4026 and SU-8 3050 photosensitive resins.
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1. Introduction

Within the framework of micro/nanotechnologies, polymer-based materials such as
polymethylmethacrylate (PMMA) [1,2], poly-vinyl chloride (PVC) [3-5], poly-vinyl alcohol
(PVA) [6,7], polysiloxane (PSX) [8], SU-8 epoxy resin [9-12], polydimethylsiloxane (PDMS)
[13-17], benzocyclobutene (BCB) [18-22],..., have shown very promising potentialities for a
wide range of applications: sacrificial layers techniques, surface micropatterning,
micro/nanomaterials integration, dielectric insulation, packaging (from wafer to system
level),... Nevertheless, whatever the polymer chemistry, the mass-fabrication requirement has
been carried out through the development of specific micro/nanolithography processes based
on inkjet printing, spray coating, micro/nano contact printing, micromoulding, serigraphy
shadow mask patterning and of course photolithography. This last process is well adapted to
wafer level packaging techniques. It is fully compatible with microtechnologies but requires a
spinning process in order to deposit the photosensitive polymers layers on the wafer. This
spin coating process has therefore to be studied in order to reach reproducibility and
reliability for the realisation of specific microdevices. Such study has been performed for
polymer-based Newtonian liquids [23] and has to be further developed for now-Newtonian
ones.

This paper deals with the spin coating process theory applied to polymer-based
Maxwellian liquids. The theoretical and experimental results are compared for the deposition
and patterning of polysiloxane thin films by spin coating and photolithography techniques.
Finally, the proposed theory is extended to two others commercial photosensitive polymers,
i.e. the BCB 4026 and SU-8 3050 resins, currently used for wafer level packaging

applications.



2. Experimental

The polysiloxane (PSX) copolymer RMS-033 containing methacrylate groups was
purchased from ABCR. The 3-(methacryloxy)propyl trimethoxysilane (MPTS), the 2,2-
dimethoxy-2-phenylacetophenone (DMPA) photo-initiator, the tetrahydrofuran (THF) solvent
as well as the others standard chemical products used were obtained from Sigma-Aldrich.

According to previous studies [24,25], the photosensitive polymer was formed from
99% of PSX and 1% of DMPA photo-initiator, and then dissolved into THF to reach different
dilutions xo. The volumic mass of the different polysiloxane solutions obtained was finally
estimated by accurate weighing while their hydrodynamic properties, and more precisely their
static and dynamic viscosity, were characterized using a Haake VT550 viscometer (table 1).
The polysiloxane thin films were patterned according to the following process. After an
MPTS/toluene silanisation step at 80°C to promote adherence on the silicon substrate, the
PSX-based solution was deposited by spin coating using a SUSS GYRSET RC-8 spin coater.
Then, after the THF solvent evaporation under nitrogen atmosphere, ultraviolet (UV) exposure
was performed under a non-oxidising ambient using a Karl Suss MA-6 contact alignment
system. Finally, after development into xylene, the PSX pattern thicknesses were studied using
a TENCOR scan profiler. Thus, different spin coating deposition conditions were tested for
different polysiloxane solutions in order to compare experimental and theoretical results.

Finally, the commercial BCB 4026 and SU-8 3050 photosensitive resins were
respectively purchased from Dow chemical and Microchem. Then, according to the technical
specifications, spin coating deposition processes have been used in order to pattern thick layers

by photolithography.



3. Results and discussion

3.1. Theoretic study of the spin coating process applied to Maxwellian liquids

According to the Ostwald law, a typical relation between the sheer stress t and the

sheer velocity [} characterizes the rheology-based properties of Maxwellian liquids:

with 0 <n<1 (1)
Starting from previous studies [23], the hydrodynamics of the spin coating process has

been developed while taking into account equation 1. Thus, when a film of Maxwellian

solution is deposited on the horizontal surface of a circular substrate, the force balance yields

(while neglecting the gravity forces):

2)

where z is the rotation axis, r stands for the radial parameter, v is the radial speed, ® is the
rotation speed, n and p are the static viscosity and the volumic mass of the studied liquid.

For a given r value, equation (3) can be integrated two times in order to determine the

radial speed v as a function of z:

€)

where v =1/p is the dynamic viscosity and h is the Maxwellian solution thickness.

Then, the equation of continuity gives:
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where q(r) is the total radial flow by circumference unit:
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According to equations (3) and (5), equation (4) becomes:

E “The linked image cannt be displayed. The fle may have been moved, renamed, o deleted. Verlfy that the lnk points to the correc file and location.

(6)
In order to solve equation (6), the variable separation method has been chosen. Thus,
the Maxwellian solution thickness h(r,t) has been written as following: h(r,t) = R(r). T(t). This

leads to:

E “The liked image cannot be displayed. The fle may have been moved, renamed, o deleted. Verify that the lnk points to the correct file and location.

()

The two differential equations respectively relative to the R(r) and T(t) functions
defined in equation (7) can finally be solved in order to determine the solution thickness

h(r,t):

®)
In order to have a better definition of the constant parameter A, it has been assumed
that, as a starting point, a solution thickness ho is defined for an arbitrary radial parameter ro.

Therefore, equation (8) becomes:
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The solution h(r,t) given by equation (9) for the Maxwellian solution thickness can be
criticized according to several points of discussion.

First, since the n parameter ranges between 0 and 1, the h(r,t) function tends towards
an infinite value when the radial parameter r tends towards 0, i.e. h(0,t) = +o. Such behaviour
is not realistic and should be related to the non-consideration of the gravity forces in the

theoretic model.



Second, the h(r,t) solution involves an arbitrary parameter ro (as a mathematical
consequence of the first point).

Third, the h(r,t) function tends towards 0 when the time tends towards an infinite
value, 1.e. h(r,+ o) = 0. Again, such behaviour is not realistic and should be related to the
non-consideration of the solution evaporation phenomena in our theoretic model.

In order to take into account these evaporation phenomena, the method developed by
Meyerhoffer for Newtonian solutions [26] has been used. Indeed, for such liquids (n = 1),

equation (9) becomes (in agreement with Meyerhoffer calculations):

e may have been moved, renamed, o deleted. Veriy tha the ink points

The
the

(10)

Thus, the polymer-based Maxwellian solution has been considered as a mix between a
solid solute and a liquid solvent. To simplify with the theoretical aspect, the solute and
solvent will be characterised by their equivalent thickness s(r,t) and 1(r,t) respectively. With

these definitions, the solution total thickness h(r,t) and the solute concentration c(r,t) will be

given by:
| ] = (11)
EE
(12)

By taking into account evaporation phenomena, since the kinematic viscosity v
depends on the solute concentration c(r,t) and therefore of the solution thickness h(r,t),
equation 6 can no longer be solved. However, taking into account the outflow and the

evaporation terms, it can be separated as follows for the solute and the solvent:

(13)

(14)



where e is the solvent surfacic evaporation per unit time.

The resolution of this mathematical system is not possible. However, Meyerhofer has
shown numerically that the solution can be approximated thanks to two different
hydrodynamic regimes [26].

First, the solution is characterised by high thickness h(r,t). The evaporation term is
therefore negligible, i.e. e << |F(r,t)|, and the solution thickness decrease is controlled by the

outflow term. According to equations (13) and (14), this initial hydrodynamic regime is

characterised by:
(15)
(16)

According to equations (12), (15) and (16), the concentration c(r,t) is found to not
depend on the time parameter, i1.e. c¢(r,t) = co(r) where co(r) is the initial concentration for a
given radius parameter.

Second, with the thickness h(r,t) decreases, the outflow term also decreases and
becomes negligible, i.e. |[F(r,t)| << e, and the solution thickness decrease is finally controlled
by the evaporation term. Thus, integration of equations (13) and (14) leads to the description

of the final hydrodynamic regime:

(17)
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where si(r) and l«(r) are integration constants related to the transition between the initial and
the final regimes.
For the arbitrary radius parameter ro, the final thickness hr will be reached when there

is no longer solvent in the Maxwellian solution, i.e. when lf = 0. Therefore, it will be given

(19)



The transition between the initial and the final regimes is assumed to occur when the
outflow and evaporation terms are equal in absolute value, i.e. (1-c)|F(ro,t)| = e. This leads to

the determination of the transition thickness h:
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Finally, according to equations (19) and (20), the final thickness hr is given by:
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Thus, the equation (21) allows the determination of the final thickness hr deposited by

spin coating. For a Newtonian solution (n =1), it is equivalent to the relation defined by

Meyerhofer [26]:

(22)

For a Maxwellian solution (0 <n < 1), equation (21) still involves the arbitrary radius
parameter 1o (as a consequence of the non-consideration of the gravity forces in the theoretic
model, see below). This mathematical consequence prevents from having any information on
the solvent surfacic evaporation per unit time parameter e. Nevertheless, equation (21) can be
simplified in order to highlight the relation between the final thickness hf and the main

parameter of the spin coating process, i.e. the rotation speed w:

E “The linked image cannot be displayed. The fle may have been moved, renamed, o deleted. Verify that the ink point to the correct file and location.
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Thus, by studying the variation of hr with , it will be possible to determine the n

parameter and therefore to define the Maxwellian properties of a liquid solution.



3.2. Study of polymer-based solutions

In previous papers, the spin coating deposition and patterning of different polymer-
based solutions have been presented. For the polyvinyl alcohol (PVA) polymer diluted in its
solvent, i.e. water, the final thickness hr has been found to vary with ®??3, in agreement with
the Meyerhofer model developed for Newtonian solutions (npva = 1) [23,26]. Nevertheless,
for the polysiloxane (PSX) polymer diluted into tetrahydrofuran (THF), no such agreement
was obtained [25].

The different results obtained for the different polysiloxane-based solutions have been
reported in table 2. However, in order to analyse them, the logarithm of the final thickness hr
(given in microns) has been represented as a function of the logarithm of the rotation speed ®
(given in radians per second) on figure 1. Thus, whatever the polysiloxane dilution into THF
and in agreement with the proposed theory, experimental results evidence a power law as

following:

| |—| “The linked image cannot be displayed. The fle may have been moved, renamed, o deleted. Veriy that the ink points to the
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Finally, by fitting the theoretical equation and the experimental one (equations 23 and
24), it is possible to estimate for the polysiloxane RMS-033 the Maxwellian parameter n of

the Ostwald law (equation 1):

=

In order to validate our theoretical model, similar studies have been performed on two
other commercial photosensitive polymers developed for thick-layer deposition: the BCB 4026
and the SU-8 3050 resins (table 3). Again, by representing the logarithm of the final thickness
hr (given in microns) as a function of the logarithm of the rotation speed ® (given in radians

per second), a power law has been evidenced for the two resins (figure 2). Finally, as

9



previously, the Maxwellian parameter n of the Ostwald law has been estimated for both
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4. Conclusion

A theoretical model has been proposed for the spin coating of Maxwellian liquids. It is
based on the hydrodynamics theory and includes the solvent evaporation phenomena. Even if
some mathematical drawbacks prevent from determining some parameters like the solvent
surfacic evaporation per unit time, a good fit has been obtained between experimental and
theoretic results for different polymer-based, i.e. PSX RMS-033, BCB 4026 and SU-8 3050,
Maxwellian solutions, enabling to define the Ostwald law main parameter. Such
developments will be used in order to understand and optimise the thick photoresists spin

coating and photolithography processes for wafer level packaging applications.
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Figures captions

Table 1: Characteristics of the different polysiloxane-based solutions

Table 2: Deposited thickness hr for the different polysiloxane-based solutions

Table 3: Deposited thickness hr for the BCB 4026 and SU8 3050 photoresists

Figure 1: Variations of the final thickness logarithm with the rotation speed logarithm

for the different polysiloxane-based solutions

Figure 2: Variations of the final thickness logarithm with the rotation speed logarithm

for the BCB 4026 and SUS8 3050 photoresists
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PSX solution Sl S2 S3 S4
PSX/DMPA (99/1) volume (mL) 15.15 15.15 15.15 15.15
THF volume (mL) 1 3 5 7
dilution xo 0.94 0.83 0.75 0.68
volumic mass p (kg.m) 983 972 963 956
static viscosity 1 (kg.m'.s’") 1.70 0.90 0.47 0.30
kinematic viscosity v (x 103 m?.s!) 1.73 0.925 0.49 0.315

Table 1: Characteristics of the different polysiloxane-based solutions
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Rotation speed (rd/min) | 1000 | 1750 | 2000 | 2500 | 3000 | 4000 | 5000
deposited thickness for
49.0 | 34.0 240 | 20.0 | 145 | 120
the S1 solution (um)
deposited thickness for
44.0 215 | 18.0 | 13.5 | 10.5
the S2 solution (um)
deposited thickness for
41.0 21.5 | 19.0 | 15.0 | 12.0 9.5
the S3 solution (pm)
deposited thickness for
36.5 | 22.0 15.0 | 13.5 | 10.0 8.5

the S4 solution (um)

Table 2: Deposited thickness hr for the different polysiloxane-based solutions
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Rotation speed (rd/min) | 750 | 850 | 1000 | 1450 | 1500 | 2000 | 2500 | 3200 | 5000

BCB 4026 deposited
35.0 22.5 16.7 | 11.8 | 7.9 3.9
thickness (um)

SU8 3050 deposited
500 100 50.0
thickness (pm)

Table 3: Deposited thickness hr for the BCB 4026 and SU8 3050 photosensitive polymers
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Figure 1: Variations of the final thickness logarithm with the rotation speed logarithm

for the different polysiloxane-based solutions
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Figure 2: Variations of the final thickness logarithm with the rotation speed logarithm

for the BCB 4026 and SUS8 3050 photosensitive polymers
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