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Simulations of volume fraction profiles formed during the lithographic preparation of polymer
gratings are made with a reaction/diffusion model, based on the Flory–Huggins theory. Monomer
migration is driven by a gradient in the chemical potential rather than a gradient in the
concentration. If the chemical potential is used as the driving force, monomer migration is not only
driven by a difference in concentration, or volume fraction, but also by other entropic effects: the
differences in monomer length and the degree of crosslinking of a polymer network. The monomer
volume fractions are simulated as a function of position for different ultraviolet intensities and
various grating pitches. Profound edges of the monomer volume fractions caused by the fact that the
reaction rate is high compared to the diffusion rate are both measured and simulated. An excellent
agreement with nuclear microprobe measurements on the polymer gratings is obtained. ©2004
American Institute of Physics.@DOI: 10.1063/1.1751237#

I. INTRODUCTION

Optical applications for polymers with a modulation in
the refractive index or film thickness are found in data trans-
port, storage, and displays.1–3 Patterned ultraviolet~UV! il-
lumination is a technique that is used to prepare polymer
structures having a modulation in monomer unit concentra-
tion from a homogeneous mixture of two monomers. Some
regions are illuminated by UV light and polymerization is
started, while other regions remain dark. Monomer migra-
tion, induced by difference in properties of the monomers,
during this polymerization process results in lateral differ-
ences in the monomer concentration. If two monomers with
an intrinsic difference in refractive index are used, these con-
centration modulations directly correspond to a modulation
of the refractive index. In previous articles,4–6 nuclear mi-
croprobe measurements were performed on polymer grat-
ings, prepared from two~meth!acrylate monomers. Each
monomer contains a marker element, e.g., Si, Cl, F, which
can easily be detected with proton induced x-ray emission
~PIXE! and proton induced gamma-ray emission~PIGE!. As
shown in these articles, the monomer migration process de-
pends not only on reactivity induced concentration gradients
but also on differences in molecular size, crosslinking prop-
erties of the monomers, and monomer/monomer and
monomer/polymer interaction parameters.

In this article, the dynamic reaction/diffusion model,6

based on the Flory–Huggins theory,7–9 is used to simulate
some specific grating preparation processes, where profound
edges of the monomer-unit concentration profiles are found
when the reaction rate is fast compared to the diffusion rate.

It was shown previously6 that for some combinations of a
mono- and a di~meth!acrylate, the total thickness is not a
constant due to polymer swelling and that the concentration
of the less reactive and three times smaller monoacrylate is
higher in the illuminated regions. In this article, it is shown
that profound edges in the obtained areal density and mono-
mer unit profiles can be correctly simulated when the reac-
tion time is fast compared to the diffusion time.

II. EXPERIMENT AND SIMULATION PARAMETERS

Gratings were prepared from mixtures of two
~meth!acrylate monomers by patterned UV illumination be-
tween a plain glass slide and one with a patterned photo-
mask. The cells were filled with the monomer mixture con-
taining 0.1 wt % of photoinitiator~Irgacure 651!. The
samples were then illuminated through the photomask by a
UV-light source~Philips PL10W/10! and fixed afterwards by
uniform illumination. A more detailed description of the
preparation procedure can be found in Ref. 4.

With the 3 MeV proton microprobe at Eindhoven Uni-
versity of Technology, the areal densities, i.e., the mass
summed over the entire film thickness per unit area of the
film, for C, O, Cl, Si, and F as a function of the lateral
position in the sample were determined by a combination of
Rutherford backscattering spectrometry, PIXE and PIGE.
The H content was estimated from the C/H and O/H ratios of
the monomers. An analysis method that combines these three
techniques and takes ion beam induced material loss during
the measurement into account was used.4 In this way, the
areal densities and mass fractions of all elements presenta!Author to whom correspondence should be addressed; c.m.leewis@tue.nl
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were determined quantitatively and were easily converted
into the monomer areal densities and mass fractions.

The reaction/diffusion model described in Ref. 6 is used
to simulate the reaction/diffusion process by a set of param-
eters: the reaction rate constants of the two monomersR1

and R2 , the diffusion coefficients of the two monomers
D1(0) andD2(0), a surface energy driven diffusion coeffi-
cient Ds(0), the relative size of the monomersn1 and n2 ,
and K1 and K2 , which are coefficients of the free volume
theory10,11 that determine how the diffusion coefficients de-
crease with monomer conversion. The monomer size ratio
n1 /n2 , was estimated from atomic Van der Waals radii of the
molecules. Crosslinking monomers are denoted byf 51, and
noncrosslinking monomers byf 50, which is related to the
amount of swelling of the illuminated regions. Additional
constants are the surface tensiong, the temperatureT, the
grating pitchl, the film thicknessh, the Flory–Huggins seg-
ment sizensegment, the initial volume fraction of monomer 1
w1(x,0), the molecular massesM1 and M2 , and the maxi-
mum illumination timetmax. Numerical parameters areDt,
the step size in time, andL, the number of spatial regions per
period. Of all these model parameters,K1 is used as a fitting
parameter and for simplicity,K250. The other parameters
are either known or were estimated or determined indepen-
dently.

The diffusion coefficients and reaction rates were deter-
mined from other experiments. The diffusion coefficients at
zero degree of polymerizationD1(0) andD2(0) were deter-
mined from nuclear microprobe measurements where two
monomers were made to diffuse into each other,12 and the
reaction ratesR1 and R2 were determined from differential
scanning calorimetry~DSC! measurements.6 With these val-
ues, a simulation of the monomer migration process is then
obtained.

In the model, the total illumination time is divided into
stepsDt. During each step, an amount of each monomer is
converted into polymer in the 1/2L illuminated regions, as
given by their reaction ratesR1 and R2 . Then, for all L
regions, the chemical potential of both monomers and the
diffusion coefficientsD1 , D2 , andDs are determined with
the monomer and polymer fractions in each region. After
that, the monomer migration of each monomer is determined
using the gradient in its chemical potential and the diffusion
coefficients. Then, the process is repeated from the beginning
for a next stepDt until the maximum illumination timetmax

is reached. More details are found in the previous article.6

First, the measurements of the system consisting of a
mono- and a diacrylate, i.e., 2-chloroethylacrylate~Cl
monoacrylate! and hexafluorobisphenol-‘A’-diacrylate~F
diacrylate!, is presented. This system shows profound edges
of the monomer unit and total areal density profiles when
prepared at a short UV light source distance that causes a fast
reaction rate. In the model, the diffusion coefficients andK1

were taken the same as in a previous reference.6 Second, in
order to study the effect of the grating pitch on the balance
between reaction and diffusion time, a system consisting of
the Cl monoacrylate and 1,3-bis~3-methacryloxypropyl!-
1,1,3,3-tetramethyldisiloxane~Si dimethacrylate! was con-
sidered. Measurements and simulations were done for a

number of different grating pitches varying from 23500
down to 2325 mm for two different UV light source dis-
tances. For the simulations, the grating pitch was varied and
two different sets of values of the reaction rate constants
were used, corresponding to the two different UV light
source distances. The diffusion coefficients andK1 , were
kept the same for all simulations.

III. RESULTS AND DISCUSSION

A. Monomer unit profiles

First, the grating prepared from a mixture of the Cl
monoacrylate and the F diacrylate is examined. This grating
is presented to show that the model can simulate the thick
edges observed in the measurement. The experimental areal
density and mass fraction profiles are measured with the mi-
croprobe and are shown in Figs. 1~a! and 1~b!.

In order to simulate the measured profiles, the overall
reaction rate constant measured with DSC is used:kov

grat

5(0.02460.005) s21. The ratesR1 and R2 in Table I are
derived assumingR252R1 and the overall rate is approxi-
mated by the weighted average of the reaction rate constants
R1 and R2 over the initial molar fractions of 0.88 Cl
monoacrylate and 0.12 F diacrylate. The same values for the
crosslinking parametersf 1 and f 2 , the diffusion coefficients
D1(0), D2(0), andDs(0), thesize parametersn1 and n2 ,
and theK1 andK2 values are used as in an earlier presented
similar system6 with the same monomers. An approximate
density of 1000 kg/m3 is assumed to convert volume fraction
directly into mass fractions. All parameters are shown in
Table I.

A comparison between simulation and measurement is
shown in Fig. 1 for both the areal densities and the monomer
mass fractions. It is shown that both the Cl monoacrylate and
the F diacrylate migrate towards the illuminated area and that
the less reactive Cl monoacrylate has a higher mass fraction
in the illuminated regions. The valley depths of the areal
densities in the dark regions of the simulation agree with
those of the measurement, as shown by Figs. 1~a! and 1~c!.
Because the UV light intensity in this system is much higher
than in the system of the previous article,6 the monomer
cannot reach the middle of the illuminated regions and thick
edges are observed, which were absent in the previous
system.6 The thick edges in the simulation are similar in size
to the ones in the measurements. The measurement shown in
Fig. 1~a! also suggests a maximum in the F diacrylate areal
density in the far left and right of the dark regions. The
simulations presented in Fig. 1~c! show a more distinct struc-
ture in the dark regions near the boundaries with the illumi-
nated regions. This behavior is explained by the fact that the
F diacrylate mass fraction is higher in the dark regions than
in the illuminated regions, as shown by the measurement and
simulation in Figs. 1~b! and 1~d! in combination with the
variations in total areal density caused by swelling, indicated
in Figs. 1~a! and 1~c!. The Cl monoacrylate and F diacrylate
mass fractions in the illuminated and dark regions and the
height and width of the thick edges, as shown in Fig. 1~b!,
are predicted correctly. Note that details of the diffusion and
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reaction processes are only revealed by considering the mass
fraction profiles.

B. Variations in grating pitch

Second, another set of simulations is made for a varia-
tion of the grating pitch for two UV light intensities. The first
set was prepared at a UV light distance of 7.5 cm and the
other one at 50 cm, where the UV light intensity is 34 times
lower and the reaction rate constant is about 5.9 times
smaller. The overall rate constant for the mixing ratio con-
sidered here is estimated bykov

grat5(0.00960.002) s21, for a
UV light source distance of 7.5 cm. This reaction rate con-
stant corresponds to the one obtained by averaging the cho-

sen reaction rate constantsR1 and R2 over the molar frac-
tions of 0.52 Cl monoacrylate and 0.48 Si dimethacrylate.
The best results were achieved usingR252.3R1 . This ratio
determines the height of the edges and is reasonable since the
Si dimethacrylate has two functional groups and methacry-
lates are in general more reactive than acrylates in
copolymerization.13,14 For a light source distance of 7.5 cm,
the parameters are as shown in Table II, whereas for 50 cm
the rate constants have to be divided by 5.9 and the total
illumination time tmax is multiplied by the same value.

A comparison between measurements with the nuclear
microprobe and the simulations is shown in Fig. 2. The mea-
surements clearly show that for larger pitches, the monomer

FIG. 1. Nuclear microprobe measure-
ment~a! and simulation~c! of the total
and the monomer areal densities of a
mixture of the Cl monoacrylate and
the F diacrylate, and measurement~b!
and simulation~d! of the correspond-
ing monomer mass fractions.

TABLE I. The parameters used for the simulation of a combination of the Cl monoacrylate and the F diacrylate for a UV light source distance of 7.5 cm.

Reaction rate constants, etc. R152.1231022 s21 n151 f 150
R254.6731022 s21 n253 f 251

Diffusion coefficients D1(0)54.5310210 m2/s K150.21
D2(0)51.5310210 m2/s K250
Ds(0)51.531026 m2/s g50.035 J/m2

Initial values f1(x,0)50.68 Parameters for numerical calculation tmax580 s
h(x,0)535.7mm Dt56.2531023 s
l5200 mm L520

Cl monoacrylate M15134.56 Other parameters T5298 K
Cl mass per unit 35.453 nsegment513431026 m3

F diacrylate M 25444.33
F mass per unit 6318.9984
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diffuses less deep into the illuminated regions because it is
converted into immobile polymer before it can reach the
middle of these regions. For the 50mm pitch structures, it is
most clearly observed that the thick edges are much more
pronounced for the 7.5 cm UV light source distance than for
the 50 cm distance for both the simulation and the measure-
ment. In the latter case, the reaction is slower and the mono-
mers have more time to diffuse towards the center of the
illuminated region. For the 23100 mm measurement in Fig.
2~a!, the Cl signal in the illuminated regions is not high
enough compared to the simulation. However, the mass frac-

tion profiles in the illuminated regions can be simulated well
with the measured diffusion coefficients12 when assuming a
K150.095.

The measurement of the 2325 mm grating at 7.5 cm
shows no thick edges while the simulation does. This is re-
lated to the fact that the UV light source is not a point source.
Consequently, the transition between maximum and mini-
mum light intensity becomes less sharp for smaller grating
pitches. In particular, for the 2315 mm pitch, the structure is
poorly defined and no simulation is attempted.

For all cases of the Si–Cl system, the simulations of the
mass fractions were insensitive to the surface tension driven
diffusion rate Ds(0). When it is varied betweenDs(0)
53.031026 and 1.231026 m2/s, the difference in the mass
fractions is less than 0.1%.

For the F–Cl system a value ofK150.21 was needed.
For the Si–Cl system, an even lower value was needed
(K150.095), which corresponds to a steeper decrease of the
diffusion coefficient with conversion than the F–Cl and the
Si–F systems.6 This steep decrease cannot be explained by
crosslinking alone.

In general, similar simulations are obtained for lower
initial diffusion coefficientsD1(0), D2(0), and Ds(0), if
these are compensated for by a slower decrease of the diffu-
sion coefficients with conversion, i.e., a higher value ofK1 .
For instance, assuming thatD1(0), D2(0), and Ds(0) of
Table I have an experimental error of a factor of 2, the cor-
responding error inK1 is 0.08. However, no suitable value of
K1 is found if the diffusion coefficients are changed by a
factor of 10 or more.

IV. CONCLUSIONS

A reaction/diffusion model based on the Flory–Huggins
theory is used to describe the preparation process of polymer
gratings by patterned UV photopolymerization of a mixture
of two monomers. The reaction/diffusion mechanism is de-
scribed using the chemical potential of the monomers in both
the illuminated and the dark regions. The chemical potential
incorporates the monomer volume fraction, which is deter-
mined by the reactivity, the monomer length, the crosslinking
ability and the monomer/monomer and monomer/polymer

TABLE II. The parameters used for the simulation of a combination of the Cl monoacrylate and the Si dimethacrylate.

Reaction rate constants, etc. R155.331023 s21 n151 f 150
R251.231022 s21 n253 f 251

Diffusion coefficients D1(0)54.5310210 m2/s K150.095
D2(0)51.5310210 m2/s K250
Ds(0)53.031026 m2/s g50.035 J/m2

Initial values w1(x,0)50.27 Parameters for numerical calculation tmax5300 s
h(x,0)530.0mm Dt5variable
l5variable L5variable

Cl monoacrylate M15134.56 Other parameters T5298 K
Cl mass per unit 35.453 nsegment513431026 m3

Si dimethacrylate M 25386.64
Si mass per unit 2328.086

FIG. 2. Measurements and simulations of the Cl monoacrylate mass fraction
of grating prepared from a mixture of the Cl monoacrylate and the Si
dimethacrylate at a UV light source distance of 7.5 cm~a! and 50 cm~b!.
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interaction. For the current systems, it was not necessary to
include interaction parameters. By inserting reaction rate
constants obtained from DSC, estimations of the monomer
length, and the experimentally measured diffusion coeffi-
cients into the dynamic reaction/diffusion model, simulations
for a number of combinations of mono- and di~meth!acrylate
monomers are obtained. These simulations correspond well
with nuclear microprobe measurements. They correctly pre-
dict which monomer unit eventually has the highest volume
fraction in the illuminated regions. In addition, they show
that different reaction rates and grating pitches lead to differ-
ent shapes of the monomer unit volume fraction and areal
density profiles. When the reaction rate is high compared to
the diffusion rate, the monomer cannot reach the center of
the illuminated regions and the total areal density in the il-
luminated regions shows profound edges. The balance be-
tween the reaction rate and the diffusion coefficient is de-
scribed correctly by the model.

The model contributes to the understanding of monomer
diffusion processes during photopolymerization processes
where the reaction rate constant depends on the position in
the monomer mixture.
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