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Step and Flash Imprint Lithography (SFIL) is a high-resolution, yet low-cost nanopat-
terning technique that employs an acrylate-based, free-radical photo-polymerization to
replicate a patterned template onto a substrate. Modeling the photo-polymerization
requires knowledge of the values of several reaction parameters, which are unique to the
acrylate formulation used in SFIL. The values of these parameters were experimentally
determined for use in a previously described kinetic model. The rate coefficient for
initiation, k, was determined by measuring the absorbance spectrum of the initiator,
Darocur® 1173, and convolving it with the intensity spectrum from the irradiation source.
The reaction coefficients k, and k, were measured using the dark polymerization method.
The experimental values of both parameters were then mathematically modeled to reflect
the changes that occur as a function of conversion. Measuring the kinetic parameters
provides insight into the fundamental steps involved in the polymerization. © 2005
American Institute of Chemical Engineers AIChE J, 52: 777-784, 2006
Keywords: nanoimprint lithography, reaction kinetics, photopolymerization, free-radical

rate coefficients

Introduction

Photolithography is a technology that has enabled the mi-
croelectronics industry to print ever-smaller electronic compo-
nents. Step and Flash Imprint Lithography (SFIL), as shown in
Figure 1, offers a high resolution, low cost alternative to
conventional lithographic printing techniques.'-> The recent
inclusion of imprint lithography in the International Technol-
ogy Semiconductor Roadmap is indicative of the heightened
interest in imprinting technology.*

One of the distinguishing aspects of SFIL is the use of a
photo-curable acrylate-based etch barrier. During the exposure
step, as seen in Figure 1, the etch barrier is photo-cured via a
free-radical polymerization. Understanding the kinetics of the
photocuring step is critical for the optimization of SFIL pro-
cessing. The photocuring step impacts the imprinting through-
put and the mechanical properties of the resulting polymer.
Photocuring is significantly affected by oxygen, a well known
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free-radical inhibitor.> At the beginning of the polymerization,
atmospheric oxygen dissolved in the etch barrier causes an
inhibition period. Polymerization only proceeds once the dis-
solved oxygen is sufficiently consumed to allow the monomer
to compete successfully with the oxygen for initiating radicals,’
which ultimately lowers the throughput of SFIL. During the
polymerization, oxygen diffuses into the etch barrier from the
perimeter of the template, as seen in Figure 2a. This results in
a ring of undercured, tacky material surrounding the perimeter
of the etch barrier, as seen in Figure 2b. This under-cured
material may stick to the template, which could foul the tem-
plate and contribute to defect generation during subsequent
imprints. Recently, a model was described that can be used to
quantify the inhibitory effects of oxygen on the SFIL process.®
The model requires measurement of the kinetic parameters in
the SFIL process, which is the focus of this article.

Materials and Procedure

The composition of the current SFIL etch barrier is given in
Table I. The details surrounding this formulation are given
elsewhere.®

Real time — Fourier transform infrared (RTIR) spectroscopy
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Figure 1. The SFIL process.

A photocurable acrylate-based material is dispensed onto a
substrate. The material is pressed into a molded template and
irradiated through the template by UV light. The template is
removed, leaving behind a replica of the mold. A series of
selective etch steps results in high aspect ratio patterned
features. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

was used to monitor the etch barrier polymerization. RTIR
utilizes in situ IR measurements to track the disappearance of
acrylate double bonds during photocuring. A Nicolet Mag-
na-IR 550 was used at 8 cm ™' resolution, which allowed for
measurements every 0.07 s. Samples were prepared by placing
a drop of etch barrier solution on a double polished silicon
wafer. The drop was covered with a sodium chloride disk
(Wilmad). The salt disk forced the drop to form a thin film and
provided a barrier to prevent oxygen diffusion during curing.
Dissolved oxygen was not removed from the etch barrier.

0O;

Figure 2. (a) Oxygen diffuses into the perimeter of the
etch barrier under the template, and (b) Under-
cured material remains on template, poten-
tially affecting subsequent imprints.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. Etch Barrier Composition

Weight
Component Purpose Percent
Gelest SIA-0210 (SIA)  Silicon Containing Monoacrylate 44
for Etch Resistance
Ethylene Glycol Cross-linker 15
Diacrylate (EGDA)
t-Butyl Acrylate Reactive diluent 37
(TBA)
Darocur 1173 Photoinitiator 1-4

Monomers were used as received: TBA (98%, Aldrich
327182), EGDA (96%, Aldrich 480797), and SIA (Gelest
SIA0210.0). Typically, commercial acrylates contain a small
level (10-20 ppm) of MEHQ (Hydroquinone monomethyl
ether) inhibitor to provide stability during shipping. The inhib-
itor was not removed since the low levels of MEHQ in the
monomers do not have a significant impact on the kinetics. The
polymerizations were irradiated with a mercury lamp (Nova-
cure EFOS) at 31.8 mW/cm? to mimic the lamp in our SFIL
tool,” unless otherwise noted. The polymerizations were all
performed under normal, ambient atmospheric conditions.

Theory: SFIL Kinetic Model

A model for the SFIL kinetics described in a previous
article® is based on classical free-radical polymerization kinet-
ics.® The equations from that model are summarized for the
benefit of the reader

d[I]
Initiator: o — D'k 1] (1)

d[R]
Radicals: —— = 2®k[I] — koo[O,1[R] — 2k[R]*>  (2)

dt
dlo,] 070,]
Oxygen: dtz = Do, axzz — koo[O:][R] 3)
M]
Monomer: - —k,[M][R] 4)

Equations 1-4 account for the concentration of the four com-
ponents in the system, initiator (I), radicals (R), oxygen (O,),
and monomer (M). The brackets ([. . .]) in Eqgs. 1-4 are indic-
ative of concentration (mol/L). Equation 3 includes a term that
accounts for oxygen diffusion, based on Fick’s second law,
which requires knowledge of the diffusion coefficient for ox-
ygen, D (cm?/s) in the SFIL etch barrier.

The computer-based simulation of this model is summarized
elsewhere with the appropriate boundary conditions. The mea-
surement of the diffusion coefficient of oxygen and the oxygen
reaction coefficient, ky, are also discussed elsewhere.¢

The focus of this work is on determining the kinetic param-
eters. The reaction coefficient for initiation k,, represents the
amount of light absorbed per mole of initiator. We define the
quantum yield of initiation ®, as the product of two terms, ®=
&’ f, where f is the initiator efficiency (fraction of radicals
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produced that initiate propagating chains), and ®’, the number
of initiator molecules dissociated per photon absorbed.5° The
coefficient of polymerization k,, and the rate coefficient of
termination k,, are two critical rate coefficients for the model.
Note that these coefficients are not rate “constants” because
they are highly dependent on conversion.'® Consequently, ef-
fects such as autoacceleration and autodeceleration can be
accounted for by measuring these coefficients as functions of
conversion. These effects are explained thoroughly else-
where.10-11

Methodology: Determining Rate Coefficients

Determining the explicit values of the individual rate coef-
ficients k, and k, is not a trivial task.'? In fact, an IUPAC
committee has been working for the past 15 years to address
the most appropriate way to measure rate coefficients.'® The
committee recommends using a combination of the pulsed-
laser polymerization (PLP) method to find k, and a single
pulse-pulsed laser polymerization (SP-PLP) to find k,.'© PLP
typically determines k, only at low conversions, and then
extends those values over all conversions since propagation is
chemically controlled.'3'* The PLP method has proven to be
very reliable, but unfortunately is not applicable to the etch
barrier system due to the presence of crosslinker (EGDA),
which prevents the use of size-exclusion chromotagraphy
(SEC) necessary for the analysis.'> In addition, the PLP method
has proven to be difficult to apply to acrylates,'®!7 partly due to
the skew in molecular-weight distribution caused by chain
transfer.'s

Initial attempts to measure the reaction coefficients involved
using the “rotating sector” method. Unfortunately, this method
proved to have several limitations, including its tedious nature.
The rotating sector method has problems with unjustified as-
sumptions, primarily due to the fact that the reaction environ-
ment is not necessarily constant from experiment to experi-
ment.'%1719  An alternative Kkinetic analysis technique is
electron spin resonance (ESR), which directly measures radical
concentration, but it also has many challenges and difficulties
associated with it.!2

After evaluating several kinetic measurement techniques, the
individual coefficients k, and k, were determined using an
established two step procedure. The ratio k,/k;> can be ob-
tained from the slope of a RTIR polymerization profile using a
quasi-steady-state approximation, which was described else-
where.® A second expression for k, and k, was then obtained
using the dark polymerization method, which has literature
precedence for both monofunctional '!-22-24 and multifunctional
(that is, crosslinked) systems.!!-20-22.25-29 Thig nonsteady-state
method involves halting the UV exposure at a certain point in
the polymerization. The radicals that remain active after the
light is turned off continue to contribute to polymerization until
they are terminated. The resulting “dark” polymerization can
be tracked by RTIR. The analysis of the resulting dark poly-
merization data gives a second expression for the reaction
coefficients k,/k,. The individual coefficients k, and k, are
calculated by combining the measured ratios k,/k, and kp/k?‘5 .
The mathematical derivation for this method is explained by
Decker.?> Numerous runs were performed using this method,
each time turning off the light source at a new point in the
polymerization to allow for the measurement of the coefficients
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as a function of conversion. By taking measurements at various
conversions, effects such as autoacceleration and autodecelera-
tion can be accounted for in the model by establishing the
relationship between &, and k, and conversion.*® Fortunately, k,
and k, do not change significantly during an individual dark
polymerization measurement since the extent of conversion
during a measurement is quite small (2-4%). The low extent of
conversion during dark polymerization is due to the rapid rate
of radical termination associated with acrylates. Radicals ter-
minate most rapidly at low levels of overall conversion, where
they have relatively high mobility. As a result, the contribution
of RTIR noise to experimental error is largest when using the
dark polymerization method at the beginning of the reaction,
since the duration of the dark polymerization is relatively short.

The dark polymerization method requires assumption of the
applicability of classical free-radical kinetics. The use of tra-
ditional kinetics is often justified by considering polymeriza-
tion to consist of three main steps (initiation, polymerization,
termination), where k, and k, are composite values that repre-
sent processes contributing to propagation and termination,
which change with conversion to account for changes in reac-
tion environment.?! Previously,® it was shown that the etch
barrier rate of polymerization is proportional to (R/k,)®->, which
is also a requisite of classical free-radical kinetics. R; represents
the rate of initiation, as defined in Eq. 5.

In order to perform the dark polymerization analysis, the rate
of initiation must be known. Therefore, a portion of this work
is dedicated to characterizing the initiation properties of the
SFIL system.

Results: Determining Rate of Initiation

Understanding the rate of initiation, as shown below in Eq.
5, involves determining two terms, ® and k; The reaction
coefficient k, depends solely on the amount of light absorbed
by the initiator. Only a fraction of the absorbed photons result
in propagating radical chains, as described by the quantum
yield ®.

k; is derived in Eqgs. 5-7 using a thin film approximation of
Beer’s Law. The thin film approximation is justified since the
etch barrier thickness is only on the order of several hundred
nanometers

Rate of Initiation = 2dk,[I] = 2d1,, Q)

1, represents the moles of absorbed light per unit volume,
which is defined by the thin film approximation of Beer’s Law,
as seen in Eq. 6. Equation 6 is a modified form of Beer’s Law
since both sides of the equation have been normalized by film
thickness b. This approach makes the model insensitive to the

thickness of the etch barrier
Ly = Io(2~38[1]) (6)

1, is the incident light intensity upon the etch barrier film (mol
of incident light/cmz), and ¢ is the film’s extinction coefficient
(L/mol-cm). The factor of 2.3 derives from the conversion
between log base 10 and natural log during linearization.
Equations 5 and 6 can be combined to give k;
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Figure 3. Relative intensity spectrum of Hg arc lamp
used in prototype SFIL tool.

k= 1,(2.3¢) 7

Determining k;, is not trivial since both I, and ¢ are dependent
on wavelength. Thus, the absorbance spectrum of Darocur
1173, and the light intensity spectrum for the exposure source
must be convolved.?? The lamp used in our prototype SFIL
imprinting tool is a medium pressure mercury lamp, with the
relative intensity spectrum shown in Figure 3. The extinction
coefficient as a function of wavelength for Darocur 1173 ini-
tiator is shown in Figure 4.

The extinction coefficient was calculated after measuring the
absorbance of a 0.054 wt % solution of Darocur 1173 in
acetonitrile using UV-vis spectrometry. Since Darocur is
highly absorbing below 300 nm, two different measurements
were taken. A cuvette with a 0.1 cm path length was used to
measure absorbance below 300 nm, and a cuvette cell with a
path length of 1 cm was used to measure absorbance above 300
nm. The experimental values in Figure 4 agree with advertised
values given by CIBA, the manufacturer of Darocur 1173.

Convolving the extinction coefficients from Figure 4, with
the spectrum from Figure 3 gives the absorbed light intensity
for Darocur 1173, I,,,,,. Normalizing this value to thickness and
initiator concentration, which is justified by the Beer’s Law
thin film approximation, gives a k, value of 6.7 X 10> (mol-
photon/mol-I sec, where I represents initiator). It should be
noted that this value is for a 32 mW/cm? exposure dose using
a mercury lamp. However, this value scales linearly with
intensity. The benefit of using the k; format is that the value is

Extinction Coefficient
(cm?mmol)

200 240 280 320 360 400
Wavelength (nm)

Figure 4. The extinction coefficient (cm?/mmol) for Da-
rocur 1173 as a function of wavelength.
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independent of initiator concentration and film thickness as
long as the thin film approximation holds. In addition, the k;
format is convenient for modeling the effects of varying light
intensity and initiator absorbance on the polymerization with a
single parameter k;. The value of k; does not change drastically
with conversion, however efficiency does change.'?

The second parameter necessary for modeling the initiation
process ®, is generally very difficult to measure, and the few
values that are reported in literature are system specific.>* In
fact, direct measurements of initiator efficiencies are nearly
nonexistent.>* There are several possible measurement meth-
ods, but none of these methods are applicable for the SFIL etch
barrier (for example, end-group analysis, C'>* NMR, deduction
from emulsion studies using bulk data, RT-UV, and so on).!'?35
An unknown quantum yield is often addressed by putting data
in terms of a relative radical concentration.'® This has also been
done by lumping efficiency with k,.2> Unfortunately, to effec-
tively model the effects of oxygen on SFIL, the value of ®
must be known explicitly.

An estimation method was used to determine & for the SFIL
etch barrier. The method requires measuring both the inhibition
period at the beginning of the polymerization due to oxygen
and the dissolved oxygen concentration. The inhibition period
is due to the high reactivity of oxygen with free radicals (kg
~10° L/mol - 5).56 As radicals are generated by irradiation,
they are immediately quenched in the presence of oxygen.
Thus, an estimate of ® can be determined by measuring the
amount of time necessary to consume the oxygen (that is, the
inhibition period). This method requires removing any inhibi-
tor shipped with the monomers that would lengthen the inhi-
bition period. This was done using a commercially available
inhibitor remover (Aldrich 306312-1EA). Once purified and
formulated, the etch barrier polymerization reaction was
tracked using RTIR. The duration of the inhibition period was
estimated as the time necessary to reach 1% conversion. If it is
assumed that all active radicals are instantaneously consumed
by oxygen, the initial concentration of oxygen divided by
inhibition time gives the rate of initiation, as seen in Eq. 8. This
of course assumes that the initiator concentration remains con-
stant, which is a reasonable assumption for the rates of initia-
tion used in this process (changes ~2% during the inhibition
period).

d[0,]
dt

[0,
Inhibition Time

= 2@k [I] = ®)

The initial concentration of oxygen was 2.8 X 10~ * mol/L at
room-temperature, as measured using a dissolved oxygen
probe (YSI-5100, YSI Environmental). The average inhibition
time was 2.2 s for an incident intensity of 31.8 mW/cm?,
initiator concentration of 0.061 mol/L (~1 wt %), and k; equal
to 6.7 X 1072 s~ ', Therefore, ® is approximately 0.15 for the
etch barrier formulation. Note that there was no significant
difference in inhibition time for systems with removed inhib-
itor vs. those with inhibitor. This is consistent with literature
results, which show that the induction period is overwhelm-
ingly due to depletion of oxygen rather than MEHQ inhibitor
(~500 ppm).3¢ Thus, for the SFIL system there is no need to
make an extra effort to remove inhibitor.

Although ® is highly dependent on reaction environment, a
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Figure 5. k, and k,, (L/mol - s) measured for SFIL etch
barrier (1 wt. % Darocur 1173, 31.8 mW/cm?).

literature survey of @ values in similar free-radical systems
provides a valuable point of reference. The quantum yield of
Darocur 1173 in benzene was reported to be 0.163 for 313 nm
light.3” Fouassier reports the quantum yield of Darocur 1173 to
be 0.2 under practical conditions of bulk polymerization, based
on time-resolved laser-spectroscopy.?® Another study3® reports
a quantum yield of 0.25 for Darocur 1173, which is the value
used in a study of butyl acrylates.3*40 Irgacure 651 (dimethoxy-
phenylacetophenone, DMPA) is similarly structured to Daro-
cur 1173. One study, using a fluorescence probe technique,
showed that the quantum efficiency of Darocur 1173 is 0.73—
0.88 times the quantum efficiency of Irgacure 651.#' Thus, it
may also be instructive to list several values of efficiency for
Irgacure 651. Irgacure 651 has been shown to have quantum
yields of 0.1, 0.4, 0.24, and 0.7 for various systems.>21:40:42.43
On the basis of these separate findings, our measured quantum
yield (0.15) of Darocur 1173 in etch barrier is in the range of
previously reported values.

It is well known that efficiency decreases with conversion.**
As the network becomes more crosslinked and viscous, the
cleaved radicals are more likely to recombine than diffuse apart
to form new radical chains.*> However, a study on butyl
acrylate showed that k, x ® is constant well into the interme-
diate-conversion range, suggesting that @ is independent of
conversion over this range since k, is known to be relatively
constant.'? For simplicity, we assume that the measured quan-
tum efficiency of 0.15 is constant over the course of the
polymerization. This assumption should only introduce signif-
icant error toward the final stages of conversion, where effi-
ciency is known to drop rapidly. To compensate for this effect,
the model allows the quantum efficiency to drop rapidly at high
conversions to reflect the limited conversion observed experi-
mentally (80—90% conversion).

Results: Determining k,, and k,

Establishing the initiation properties for the etch barrier
system allows for the measurement of the reaction coefficients
k, and k, using the dark polymerization method. The resulting
values of these coefficients as a function of conversion are
displayed in Figure 5.

Figure 5 displays several trends typical of polymerization
reactions. As expected, the value of k, is relatively constant
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since the mobility of the monomer remains unhindered up to
high levels of conversion (that is, polymerization is a chemi-
cally controlled process!*#°). In contrast, k, decreases by sev-
eral orders of magnitude with increasing conversion due to the
reduced mobility of macroradicals caused by changes in the
reaction environment (that is, termination is a diffusion-con-
trolled process 2°).

The initial plateau in k, from O to 30% conversion is due to
the high mobility of macroradicals at low conversion.?® As the
polymerization proceeds, and the reaction environment be-
comes more viscous, translational diffusion (diffusion of the
center-of-mass of the polymer) begins to control the termina-
tion process, causing the k, value to decrease dramatically, as
seen between 30 and 40% conversion. The value of &, is known
to drop dramatically around the region where polymerization is
most rapid.?® After approximately 40% conversion, the value
of k, levels off, indicating a transition from translational diffu-
sion to reaction diffusion.!® The reaction diffusion concept was
first introduced by Schulz, 47 and is explained thoroughly
elsewhere.?>2¢ Reaction diffusion occurs when the chain mo-
bility is reduced to the point where termination primarily
occurs by radical chains propagating toward each other via
reaction with mobile monomer units. Since the termination
reaction occurs via propagation, the respective rate coefficients
become proportional. Thus, the reaction diffusion region is
characterized by a plateau in the ratio k/k, 2 which appears to
occur around 40% in the SFIL etch barrier system. As a basis
for comparison, reaction diffusion has been observed at con-
versions as low as 5% in multifunctional systems, but typically
occurs at ~50% conversion in linear systems.?° Thus, the
trends of Figure 5 are consistent for a system containing 15 wt
% crosslinker. Furthermore, the k, of typical crosslinked sys-
tems decreases drastically from 20-40% and then level out
until about 80% conversion, at which point it is expected to
decrease again.'® Our data do not show a dramatic decrease at
high conversion, but the error associated with determining rate
coefficients at high conversion using the dark polymerization
method is large when the slope (that is, rate of polymerization)
is nearly zero.

Comparison of k, and k; with Previous Results

It might be misleading to compare the k, and k, values in
Figure 5 with those in the literature, because the reported
coefficients are overall rate coefficients specific to the SFIL
etch barrier formulation. However, all of the components in the
etch barrier are acrylates and k, values of acrylates tend to
show a family-type behavior.*¢ Butyl acrylate is a commonly
studied homopolymer reaction system. Although k,, is generally
regarded as a chemically controlled process, it would be rea-
sonable to expect the etch barrier k, values to be slightly lower
than a pure butyl acrylate system due to reduced mobility of the
monomers in the etch barrier. In addition, the presence of the
EGDA crosslinker causes the system to vitrify more rapidly
than a monofunctional system. With that in mind, the PLP
measurement method recommended by IUPAC found the k, of
butyl acrylate to be ~14,000 (L/mol - s) at 20 °C.'8 This is slightly
higher than the k, of the etch barrier, which hovers just below
10,000 (L/mol - s), as seen in Figure 5. The k, for multiacry-
lates are typically on the order of 10,000 (L/mol - s), 2°48 which
is consistent with the values in Figure 5.
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Figure 6. k, data from Figure 5 fit with diffusion based
model.

In contrast to k, values, the k, values in acrylates do not show
a family-type behavior.*¢ Termination is a diffusion controlled
process, so it is reasonable to expect that the k, value for the
etch barrier will be between that of butyl acrylate, a highly
mobile molecule, and that of a multifunctional, highly
crosslinked system. The value of k, for butyl acrylate is esti-
mated to be between 107 and 10® (L/mol - s) at low conver-
sions.!¢ Typically, k, is on the order of 107 (L/mol - s) for
monoacrylate monomers at the beginning of reaction.'! These
values serve as a point of reference to understand the magni-
tude of k, for small, monofunctional acrylates. As a point of
contrast, k, is reported to be on the order of 10° (L/mol - s) for
multiacrylates.*® Thus, it is expected that the etch barrier’s &,
value should be between 10° (L/mol - s), which is the value for
multiacrylates, and 107 (L/mol - s) for a highly mobile mono-
functional acrylate. This is indeed the case at the beginning of
the reaction, where k, appears to be on the order of 10° (L/mol
- s), but decreases rapidly with conversion due to gelation. This
is clearly the case in the etch barrier polymerization, with k,
going from 10° at low conversions and decreasing to 10
(L/mol - s) after 40% conversion. Thus, it appears the results in
Figure 5 are within the bounds of literature precedent.

Modeling k, and k,

A primary goal of the work described in this article was to
develop an expression for k, and k, as a function of conversion
for use in a previously developed kinetic model (Equations
1-4).6 The value of k, is not expected to vary significantly until
high conversion (~80%) since it is a chemically controlled
process, '+ however, little experimental evidence is available for
high conversion k, values.'® The k, values in the etch barrier
are very consistent over the entire range of measured conver-
sion, showing only a slight decrease at higher conversions. This
trend is capturing using Eq. 9, where U is fractional conver-
sion.!® Equation 9 leads to a nearly constant value of k, until
high conversions. The constants k,, and b were found to be
10.1 and 1.8, respectively, using a least-squares fit.

b= )
(1 4 €M)
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Table 2. Parameters for k, Model

Parameter Value Units
In(n,) 28-U —
k9, 2.6 X 10® L/mol - sec
rp * k, 3.6 X 10* L/mol - sec
ksp 5.5 % 10° L/mol - sec

Although k, is relatively constant with conversion, k, varies
dramatically due to the extreme changes in reaction medium
over the course of the polymerization.'® The k, data from
Figure 5 can be fit with a model based on diffusion limited
termination, as seen in Figure 6.#° The model for k, is based on
a summation of the two dominant mechanisms that control
termination, diffusion (k, ;) and reaction diffusion (k, zp), as
seen in Eq. 10. The relative value of these two terms as a
function of conversion reflects the dominant termination mech-
anism. The maximum rate of polymerization can be thought of
as the point where a shift occurs from k, ,>> k, pp t0 k; gp=>>
k. p-2°

k, = kt,D + kr,RD (10

The diffusion component is a combination of segmental diffu-
sion (kgp), which is a constant, and translational diffusion
(krp), which is inversely proportional to relative viscosity (n,)
and directly proportional to translational diffusion at zero con-
version (k%))

=+ (11)
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Figure 7. Experimentally determined kinetic data with
model.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The reaction diffusion term is proportional to k,, since reaction

diffusion by definition involves propagating chain growth. Cg,
is a reaction diffusion parameter and U is conversion

kirp = Crp* kp' (1-0) (12)

The model in Eq. 10 was fit to the experimental data using a
least-squares regression method. The parameters are shown in
Table 2, and the resulting fit is shown in Figure 6. As seen in
Figure 6, the model captures the trends of the data well.

Of course, the ultimate test of the validity of the experimen-
tal measurements, and the kinetic model is to incorporate the
parameters into the model and compare the results with exper-
imental observation. The result of this exercise is a fit in
agreement with experimental data,® as shown in Figure 7. The
only exception may be the very beginning of the polymeriza-
tion (up to 20% conversion), where rate coefficients are diffi-
cult to measure due to the rapid rate of termination. A more
detailed analysis of the SFIL etch barrier polymerization,
which includes the incorporation of the kinetic parameters into
a computer based model, is presented elsewhere. ©

Conclusions

Values of the reaction parameters k;, k, k,, and & that are
required to effectively model the effects of oxygen on the SFIL
polymerization have been established. The rate coefficient for
initiation k;, was determined experimentally by measuring the
absorbance of the initiator (Darocur 1173), and convolving it
with the emission spectrum of the irradiation source. The
quantum efficiency, ®, was found to be 0.15 using an estima-
tion method, based on the measurement of the initial oxygen
inhibition period. The MEHQ inhibitor shipped with the com-
mercial monomers makes no observable differences in the
polymerization kinetics. The reaction coefficients k, and k,
were measured using the dark polymerization method. The
experimental values of both parameters were mathematically
modeled to extract the changes in the values as a function of
conversion, which helps account for effects, such as autoaccel-
eration. The reaction parameters were shown to be consistent
with literature precedent.
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