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Optimizing Photo-Embossed Gratings: A Gradient Library Approach
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Laboratory of Macromolecular Chemistry and Nanoscience, and Polymers in Information and
Communication Technology Group, Department of Chemical Engineering, EiadHhdnwersity of
Technology and Dutch Polymer Institute (DPI), PO Box 513, 5600 MB EiretihoThe Netherlands

Receied April 14, 2005

Methodologies for the rapid screening of coating systems were developed and applied to photopolymer
lacquers for photoembossing applications. Continuous and discrete gradient libraries were prepared with a
gradient in grating period along the short axis and along the long axis, a gradient in exposure energy,
development temperature, film thickness, photoinitiator concentration, or monomer to polymer mass ratio.
Discrete gradient libraries consisted of arrays of rectangular films made by pipetting a certain amount of
sample onto a chemically patterned substrate consisting of hydrophilic patches surrounded by hydrophobic,
fluorinated barriers. The shape and height of the photoembossed gratings were measured using an automated
AFM. Optimum grating height was obtained for a 20t period at intermediate exposure energies,
photoinitiator concentrations, or both. Height improves with development temperature (maXC),10
monomer-to-polymer ratio (max 55 wt % monomer), and film thickness. Surface topography can also be
optimized, depending on any specific application.

Introduction gradient~* They used a second thermal or surface energy

Combinatorial materials research is a cyclic process thatgradient orthogonal to Fhe first, rgsulting in a.2-dimensional
essentially comprises four steps: (1) Parallel preparation ofhbrary of phase behavior or wetting properties.
materials, followed by (2) the fast preparation of sample Continuous libraries have two major advantages. The first
libraries of these materials. The term library refers to a is the information density of the samples. Second, it is
number of samples on a common substrate that are ordere@ometimes easier to prepare a continuous gradient than a
such that they can be conveniently and rapidly characterized.discrete one, in particular, when temperature is involved.
(3) Analysis of the data follows characterization. The goal However, extending the continuous approach to a three- or
is to build a statistical model and to find the optimum more dimensional composition space is difficult. On the other
composition, which is based on some performance criterion. hand, the variation of several compositional parameters using
(4) After that, the process should start from the beginning a discrete approach can easily be done. Another disadvantage
to validate the prediction of the model and further optimize Of continuous libraries is the fact that compositional param-
the composition. The combinatorial approach promises aneéters that yield the best results are not known a priori but
increase in the rate of discovery of new (polymeric) materials have to be determined in a separate experiment.
and the identification of quantitative structurproperty In the discrete approach, a number of different substances
relationships (QSPR), but can only be successful if all four or formulations are prepared and deposited onto a common
steps are addressed sequentially. With the advent of autosubstrate to form a rectangular array of films of known
mated facilities for synthesis, formulation, and characteriza- composition. The size of these films typically ranges from
tion, the bottleneck in combinatorial materials research has 10 to 1000 mra It is a major challenge to prepare arrays of
shifted to sample preparation, most notably if the properties films that are flat and homogeneous. Arrays of layered
to be characterized, such as thermal, mechanical or opticalstructures consisting of small molecules have been prepared
properties, require a solid sample. by vapor deposition in combination with clever masking

Most combinatorial studies in the field of polymer science strategies$.High-molecular-weight species, such as polymers,
concern polymer films and coatings. Here, two conceptually however, must be deposited from solution. This imposes a
different approaches to library preparation can be discerned,new problem, because a drying film usually produces a ring
i.e., continuous and discrete. Amis, Meredith et al. were the stain that contains almost all of the sol@iéhas been shown
first to prepare continuous libraries by doctor-blading of that using a centrifuge, ring formation can be overcome when
polymer films with a continuous composition or thickness the substrate dries in a gravitational fiéflAnother strategy
is to use mixtures of low- and high-boiling solvefitin
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V] thickness of the film. Here, we describe a set of combinatorial
experiments to study the influence of some of these para-
meters on the relief structure. We introduce new convenient

| u W H W methodologies for the preparation of 2-dimensional libraries,

p) W | |- | ——hoiomask both continuous and discrete, that do not depend on any

- - specific physical or chemical properties and that can easily

be applied to other coating systems, as well. Using these

new techniques, we prepared a series of 2-dimensional
€ gradient libraries, each with a gradient in grating period along

Figure 1. The principle of photoembossing. A film is casted on the one axis and_a gradientin exposure energy, deyelopment

some substrate (A). It is then exposed to UV radiation using a temperature, thickness, photoinitiator concentration, and

photomask, thereby forming a latent image of free radicals monomer-to-binder ratio along the other. We have limited
entrapped in the polymer matrix (B). By heating the sample, the our compositional studies to change the concentration of the
monomer locally polymerlzes,hresultmg in a d_|ﬁu5|ve flux ofl_ fdiﬁerent components of our blend; however, our combina-
gg;i?gid monomer toward the exposed regions and a relie torial methodology can easily be extended to other composi-
tions by changing the type of polymer binder, monomer,
of the deposited amount of solution, the thickness of the Photoinitiator or other additives as inhibitors, chain transfer
obtained film can be varied in a controlled way. Confinement 29ents, and others. We aim to obtain new insights into the
can be mechanical by using a hole-containing template. ~ Photoembossing grating formation process. As pointed out

Another very promising approach is to use a chemically @bove, these periodic structures can be used as light-

patterned substrate. Here, the hydrophobic surface has aifontrolling elements in certain display devices whose dif-

array of wettable, hydrophilic regions. Solutions are deposited fractive properties are determined by the height and shape
on the hydrophilic regions and spread until the hydrophobic Of the relief structures. We shall show that our combinatorial
border is reached. In the approach of Boussie and Devenney@Pproach allows us to identify conditions for the formation
the substrate is rendered hydrophobic through coating with Of an optimum grating. In addition, we want to demonstrate
organosilane&l2 In addition, the substrate has several that the large body of experimental data that is generated
regions that are covered with a thin film of a nonsilanizable Makes this combinatorial methodology a valuable tool in the
material, typically gold. The polymer solutions are then Study of any physicochemical phenomena.

deposited on the gold patches prior to characterization. Last, we want to point out a general advantage of

In this paper, we describe the preparation of both discretez'd'mens'onéll d|sgrete I|br_ar|es. Because m.ore th.an two
and continuous libraries to improve the performance of parameters are varied at a time, cross-correlations with other

Jarameters could be discovered. To this end, we work on a
designed experiment, the results of which will be published
in a separate papéi(see also ref 22 for a related publication).

Increase T

photoembossed coatings. Photoembossing is a new, versatil
and simple technique (as compared to classical photolithog-
raphy) for the large-scale, large-area production of well-
defined relief structures in thin polymer filnd%:1® Such Experimental Section
structures have a very large impact in different branches of  Materials. Polybenzyl methacrylatév,, 70 kD; Scientific
technology and find application as light-controlling reflectors  Polymer Products) was used as the binder, dipentaerythritol
in display devices or traffic signs, or they can be part of penta/hexa acrylate (Sigma-Aldrich, Steinheim, Germany)
biosensors and cell growth arrays? microelectronic, and  as a multifunctional monomer, and Irgacure 369 (Ciba) as
micro-optical element¥:?°A lacquer used for the purpose the photoinitiator. Propylene glycol methyl ether acetate
of photoembossing typically consists of a multifunctional (Sigma-Aldrich, Steinheim, Germany), ethoxypropyl acetate
acrylate, a photoinitiator, and a polymeric binder. A latent (Alfa Aesar, Hexsham, UK), isopropyl acetate (Acros
image of free radicals forms upon illumination at room Qrganics, Geel, Belgium), and methylbenzoate (Fluka Chemi-
temperature through a suitable mask. The lacquer must beka, Buchs, Switzerland) were used as solvents. Solutions of
glassy at room temperature to inhibit diffusion of radicals monomer, binder, and initiator either in a 50/50% w/w
and polymerization at this stage. In addition, contact masking propylene glycol methyl ether acetate/ethoxypropyl acetate
can be used without any deterioration of the lacquer. The (for the continuous libraries) or in a 90/10% w/w mixture
relief structure forms upon heating above the glass transitionof isopropyl acetate/methylbenzoate (for the discrete libraries)
of the lacquer. Polymerization occurs selectively in the were prepared by gentle stirring. In the past, it was shown
exposed regions. The consumption of monomer leads to athat the latter solvent mixture is particularly effective in
net flux of unreacted monomer from the nonexposed to the suppressing ring formatichAll solutions based on the
exposed regions. This swells the exposed regions and result$sopropyl acetate/methylbenzoate mixture contained 33.0 wt
in a relief structure. The process is shown schematically in 9, solid material (monomet binder+ photoinitiator). All
Figure 1. solutions based on the isopropyl acetate/methylbenzoate
The outcome of the photoembossing process depends ommixture contained 4.0 wt % solid material. Solutions were
a large number of parameters, for example, the chemicalfiltered through 5#m PTFE filters (Schleicher & Schuell,
nature of the monomer, polymer, photoinitiator, and potential Dassel, Germany) before use.
additives; their respective concentrations; period of the relief ~ Substrates.Continuous libraries were prepared on D263
structure; exposure energy; development temperature; andylass plates, thickness 1.1 mm and 15.2 xmi5.2 cm in
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size. After cleaning with a sponge and detergent (Teepol, min. Finally, to fix the surface relief structure, the samples
Orpington, UK), glass plates were subsequently refluxed with were flood-exposed for 10 min and heated to°80for an
2-propanol; ultrasonicated at 8% in demineralized water  additional 10 min. This step has negligible influence in the
for 10 min; and finally, dried in an oven at 8C. final relief structure.

Discrete libraries were prepared using D263 glass plates, To generate a discrete gradient in exposure energy dose,
thickness 1.1 mm and 12.7 cm 3 cm in size. The size of  arectangular, linearly variable neutral density filter (201
the glass plates was set by the size of the lithographic masks25 mm), divided into 11 sectors (2 25 mm) was used,
that will be discussed later. Glass plates were cleaned aswith the optical density (OD) increasing from 0.04 (no
follows. They were ultrasonicated in acetone for 5 min, absorption) to 2 in steps of 0.2. Alternatively, a temperature
rubbed with sodium dodecyl sulfate solution, ultrasonicated gradient heating stage (Leica VM HB) was used to inves-
in sodium dodecyl sulfate solution for 5 min, flushed with tigate the effect of the development temperature. The
demineralized water to remove the soap, ultrasonicated intemperature of the stage ranges from 50 to 26Qover a
2-propanol, dried with an air flow, and subsequently treated distance of 30 cm, corresponding to a temperature gradient
in a UV—ozone reactor (PR-100, UVP, Upland, CA) for 30 of 7 °C cnr® The size of our samples is 101 mm,
min to remove any remaining organic contamination. corresponding to a temperature difference of approximately

Immediately after cleaning and before discrete library 70 °C over the entire sample. .
preparation, the glass plates were chemically patterned. To 10Pography Characterization. We used an atomic force
generate this pattern, the glass plates were spin-coated witHnicroscope (Solver LS, NT-MDT, Russia) for characteriza-
a layer of NFR-016D4 negative photoresist (JSR, Tokyo, tion. The instrument has an automate@-3tage for position-
Japan) at 1000 rpm for 120 s using an RC8 spin-coates(Su NY- The access@le workspac_e |s_C|rcuIar with a diameter of
Microtec, Garching, Germany). The photoresist was dried 15 ¢M. The maximum scan size is 180100 x 10um. In
on a hotplate at 96C for 120 s and exposed to broadband addition, the Splver LS has an mFegrated.optlcaI system with
UV light (Philips) for 5 min (lamp-sample distance, 30 cm), 1.5.um resolution. Cantilevers W|th.a spring con§tant of 5.5
using a homemade steel mask. The sample was subsequenth) M~ (NSGO1, NT-MDT, Russia) were utilized. Al
baked at 90C for 5 min and, finally, developed using TMA- ~ Measurements were performed in tapping mode.
238WA developer (JSR, Tokyo, Japan). The substrate was 10 improve the quality of the data, we performed four
cleaned thoroughly by flushing with demineralized water and Maximum-sized scans per film, yielding a total of 44 =
subsequently treated in the W\bzone reactor for 30 min. 176 scans per I|bre_1ry. Scans were S|tua_ted at the edges of a
The substrate was then coated with (tridecafluoro-1,1,2,2- 1 x 1 mm square in the middle of the film. To reduce the
tetrahydrooctyl)trichlorosilane (ABCR, Karlsruhe, Ger- effect of scanner nonlinearity, the measuring time per scan
many)? The UV—ozone treatment in this case replaces the Was at least 3 min, the total measuring time per library,
treatment with the oxygen plasma. In a final step, the cross- therefore, almost 9 h. The roughness was analyzed with the
linked photoresist was removed with acetone using ultra- aid of.mtegrated §oftware tools based on the set of statistics
sonication. On each of the substrates prepared in this mannerguations according to 1SO4287/1 standard.
11 x 4 samples can be deposited. The dried films have a Thermal Characterization. DSC traces were measured
size of 8.5x 4.3 mm. on a high-throughput automated Phoenix DSC204 F1 dif-
ferential scanning calorimeter (Netzsch, Selb, Germany). The

Class 100 clean-room conditions. Continuous libraries were temperature ranged from 30 to 130; the heating rate was

prepared by spin-coating using the RC8 spin-coater at 100010 K min™. An (_empty a'“m'““m Siimp'e holder was used
rpm for 60 s (acceleration 200 rpnT3. Films with a as referenge. Prior to characterization, sgmples were subse-
thickness of 2.eum were formed. Discrete libraries were guen_tly dned_ on a _hotplate 1_‘or 20 min at 5T aqd
prepared by manual deposition of small amounts of solution illuminated with a h|gh-|nten3|ty UV illuminator (Criel,
(3—13 uL) onto the chemically patterned substrate using a Stratford, CT) for 10 min.
pipet (Brand Transferpette, Wertheim, Germany) and allowed Results and Discussion: Continuous Libraries
to dry under ambient conditions. This methodology does not Energy Dose-Grating Period ibrary. A precursor layer
depend on the nature of the photopolymer lacquer and can.consisting of 47.5 wt % polybenzyl methacrylate as binder,
in principle, be adapted to other systems, as well. Film 47.5 wt % dipentaerythritol penta/hexaacrylate as multifunc-
thicknesses were measured using a Dektak 3M stylus profilertional monomer, and an additional 5 wt % of photoinitiator
(Veeco, Woodbury, NY). was spin-coated from propylene glycol methyl ether acetate/
Grating Formation. A USHIO lithographic system (filter ~ ethoxypropyl acetate solution. A library with a discrete
at 365 nm) was used to generate the gratings in combinationgradient in grating periodicity/X) along the short axis and
with a rectangular lithographic mask (164 20 mm) that a discrete gradient in energy exposure ddsgalong the
was divided into four sectors (10 5 mm). Each sector long axis was prepared by simultaneous exposure through
has a line grating with a periodicities of 40, 20, 10, and 5 the grating mask and the variable density filter, as shown in
um, respectively (dark and transparent areas of the sameFigure 2.
size). This kind of mask allows generation of diffraction To determine both height and shape, the relief structures
gratings of potential interest as optical elements. The powerwere characterized by automated AFM measurements. Figure
reaching the sample was 5 mW ciAfter exposure, the 3 shows some typical results. It is seen that in the case of
gratings were developed on a hotplate at°’80during 10 the 5-, 10-, and 2@:m grating structures, the shape of the

Library Preparation. All libraries were prepared under
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1 UV sinusoidal shape is distorted by two extra upcoming peaks

near the edges of the exposed regions. We shall come back

_- to this point later. Some of the gratings efficiently diffract
light, showing their potential as optical elements. Figure 4

shows the grating height as a function of energy dose and

grating period. We defined the grating height as the differ-
% ence in height between the irradiated and the dark areas.
Unlike relief height, quantitative representation of the
changing shape of the photoembossed structures is not
= i i i // s straightforward. In an attempt to assign a scalar measure to
the shape of the relief structure, we applied Fourier analysis
Figure 2. An energy dosegrating period library is formed by  that leads to a parametes, that varies between 1 andl
illumination with UV radiation through a gray scale mask and a and that is independent of the relief height or grating period.
?gﬁg?gr'én;;rij'muétsges?#;g'sﬁeg?rary of 44 different samples is, F?rst, we processed 'Fhe two-dimensional AFM data (as in
Figure 3, left column) in such a way as to produce an average
relief structure resembles a sinusoid. In the case of the 40-one-dimensional surface curf(@) (similar to Figure 3, right
um grating structure, a higher-order modulation appears: Thecolumn). Second, we determined the first few Fourier

0 20 40 60 80 100
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w
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Figure 3. Relief structures with various grating periods formed by photoembossing of a sample containing 50% w/w polybenzyl methacrylate,

50% w/w dipentaerythritol pentaacrylate as multifunctional monomer, and an extra 5% w/w of photoinitiator. Grating period: (a) 5, (b) 10,

(c) 20, and (d) 4Qum. Shown are a quasi-3D image and a cross section.
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600 that the maximum height occurs at the upper end of this range
(for 40.um gratings). At higher energy dosesdecreases,
£ indicating deviation from a sinusoidal profile and corre-
£ 4004 sponding to the appearance of shoulders at the edges of the
E N irradiated areas. We also notice that the decreaSelosely
£ 200 corresponds to the decrease in height. After this decrease of
" the shape facto§, it slightly increases again. It seems that
ol the side shoulders, although clearly visible, decrease pro-
, . portionally more than the central part of the hills (decrease
10* 10" 10° 1o in height), makingS increase slightly. From this, we infer
E/J.cm? that shape imperfections do not occur for the 5- and the 10-
Figure 4. Grating height of exposure energy do$8-{grating um gratings, withS close to+1 for the range of energies
period library. Grating period, 40; ®, 20; &, 10; andv, 5um. under study, and only up to a limited extent for the2@-
Lines are drawn to guide the eye. gratings.
1.004 The results that are shown in Figures3can be explained
> with the help of Leewis’ diffusior-polymerization modé¥ 2’
0.75. that combines the effects of a polymerization-induced
: owte—— monomer concentration gradient with different mobilities of
n 050 g "‘3_/‘\/ the binder and monomer, degree of cross-linking, interaction
NI @ N\ between the different components, and surface free energy.
025 Z;/V\/ At room temperature, the polymer binder matrix immobilizes
o e | both the monomer molecules and the radicals generated
0.00 X/um : during exposure. Heat increases mobility, and polymerization
10° 101E /) cm'2100 10 starts selectively in the exposed regions, generating a gradient

- 5. Shape-fact 4ing o the data sh o i in composition. A diffusion flux of unreacted monomer
igure 5. Shape-factors corresponding to the data shown in Figure ; L ;
4. Grating period is 4@m. The inset shows typical cross-sections swells the exposed regions, resulting in a relief structure.

with energy dose increasing from top to bottom. At low energy doses, the height is quite smaipically
below 100 nm-because only part of the photoinitiator

series coefficientsa, = A~t ff(x) e (27m¥A) dx (where the molecules are activated. With increasing energy dose, the
integral occurs over one period). Finally, we compute a shapeconcentration of radicals and, thus, the height increase. In
factor (&), defined as this energy dose range, cross-linking does not hinder

monomer diffusion, and surface tension dictates a nearly

2 M 2 sinusoidal profile. Eventually, a maximum is reached, which
lay|” = A 1| increases with grating period (at least in the range of periods
S= Y (1) under study). This is due to surface tension effects, because
M ) for a given size, the total surface of a sinusoidal relief
|an| structure increases with the height of the structireand

n=

decreases with the period,.

whereM is the maximum number of coefficients used for ~ In the case of the 20- and the 4@a gratings, the height
the calculation (in practice, we & = 5, since the higher ~ decreases again with exposure dose after attaining a maxi-
Fourier terms were nearly 0 for all the topologies of our mMum. This phenomenon is known as overexposure: Exces-
samples). This shape factBwas inspired by the Michelson ~ sive cross-linking of the overexposed regions inhibits
contrast* used in image processing and information displays, diffusion of unreacted monomer toward the center of the
and has the following properties: surface relief profiles €xposed regions. Instead, monomer accumulates near the
similar to a sinusoid will lead to a value closetd, whereas ~ €dges of the exposed regions, resulting in the higher order
a decrease with respect to this value indicates deviation of modulation that was described above. The effect is particu-
the shape from a sinusoid, typically associated with the larly pronounced for 4@m gratings. Thus, the height at 40
appearance of the shoulders at the edge of the relief plateaugm is usually smaller than at 20m, despite surface energy.
(which are higher-order spatial frequencies). At smaller grating periods, the modulation appears at higher
As said above, the energy dose also influences the shapénergy doses, as compared to theu#@-case, or vanishes
of the relief structure. The inset of Figure 5 shows typical completely. This is due to the smaller diffusion lengths and
cross sections of the relief structures obtained with a@0-  the steeper monomer concentration gradient.
grating mask. We observe the following trend: At low Our methodology is not limited to the kind of lithographic
energy doses, we have a sinusoidal profile of small height mask used in this study (useful to produce efficient gratings),
that grows with energy dose. Eventually, shoulders begin to but other types of gratings could be used either looking for
appear near the edges of the irradiated areas, and the heigtdther diffractive elements or to further explore the diffusion
decreases. This is captured by @Giparameter. Results of  polymerization properties of the photopolymer system. Thus,
the shape analysis of the 40n gratings are shown in Figure Leewis has studied theformation of saw-tooth-type relief
5. Up to energy doses of 0.2 J ciSis close tot+1. Notice gratings using gray-scale periodic mask#Ve could also
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Figure 6. Grating height of development temperaturg@-{grating
period library. Grating periodm, 40; ®, 20; A, 10; andv, 5 um. -1.04
Lines are drawn to guide the eye. Inset: DSC traces of exposed 40 60 80 160 1é0 140
and nonexposed photopolymer lacquers. The exothermal peak of
the exposed lacquer corresponds to polymerization of the acrylate T/°C
monomer.

Figure 7. Shape factors corresponding to the data shown in Figure

explore very wide periods (well above the typical diffusion 8- Grating period is 4am. The inset shows typical cross sections
. . . with development temperature decreasing from top to bottom.
lengths) to try to simulate a simple shadow edge. This would
simplify the boundary conditions of the modeling (instead
of periodic boundary conditions), since we would have an
effectively infinite supply of monomer on the unexposed
areas and an effectively infinite sink on the exposed side.
Development Temperature-Grating Period Library.
Again, a lacquer consisting of 47.5 wt % polybenzyl
methacrylate as binder, 47.5 wt % dipentaerythritol penta/
hexaacrylate as multifunctional monomer, and an extra 5%
w/w of photoinitiator was studied. A two-dimensional library
with a discrete gradient in grating periodiciti) along the
short axis and a continuous gradient in development tem-
perature T) along the long axis was prepared using a
temperature gradient heating s@age. Within two Ii_braries Figure 8. Photograph of a substrate with 44 samples.
placed next to each other, the curing temperature varied from
50 to 135°C. <10 min. Sometimes films suffer from contact line depin-
Figure 6 shows the grating heights. For the 20- and the ning: During the drying process, the contact line of the film
40-um period gratings, they initially remain constant but does not remain fixed, but instead retracts to form a film
increase strongly above a critical temperature~g0 °C. with ill-defined thickness. If film thickness influences the
This is expected, because the mobility of the monomer process of relief structure formatietand we shall see that
increases with temperature. At very high temperatures, this assumption is correcthen contact line depinning is
however, the grating height often decreases again, inhighly undesirable. Its origin is unclear but probably depends
particular, for smaller periods (@m). This may be duetoa on impurities.
number of reasons, for example, an increased rate of the An important property of the casted films is the relative
termination reaction. The inset of Figure 6 shows DSC traces absence of ring formation, due to the use of a solvent mixture.
of the sample. The exothermal peak originates from the Figure 9 shows typical cross sections measured with the
polymerization reaction. Its onset at 6& closely corre- Dektak profiler. The sample in Figure 9A had a monomer/
sponds to the temperature at which the grating height startspolymer mass ratio of 60:40% w/w. The sample in Figure
to increase. From the featureless DSC trace of the nonillu- 9B had a monomer/polymer mass ratio of 30:70% w/w. The
minated sample, we conclude that grating formation starts degree of ring formation increases with polymer content, that
when the monomer mobility reaches a certain critical value is, the shape of the films depends on the solute composition;
without being related to a glass-transition. however, the middle of the films is usually flat. Grating shape
Shape factors were calculated according to eq 1. Resultsand height were analyzed here. The leftmost and rightmost
of the analysis of the 40m gratings are shown in Figure 7.  films are asymmetric in shape. Visual observation of the
Low development temperatures result in high peaks near thedrying process reveals a “vapor pressure” of drying neigh-
edges of the exposed regions, corresponding-factors boring films, which deforms the sessile droplet, since the
close to—1. The near-edge peaks gradually diminish with four droplets were deposited almost simultaneously. Both
increasing temperature and mobility. the leftmost and rightmost films experience an uncompen-
sated pressure from the right and from the left, respectively,
resulting in asymmetry.
Film Formation. Figure 8 shows a photograph of a typical It is seen that there is some thickness variation between
substrate with 44 films. Such a substrate can be prepared indifferent films. The methodology can certainly be improved

Results and Discussion: Discrete Libraries
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9 library. Grating period:m, 40; ®, 20; A, 10; andv, 5 um. Lines
% 1 are drawn to guide the eye.
E 6
=
2 ;] solution were dispensed, yielding films with a thickness of

o 7 um. Results are shown in Figure 11.

0 5 0 15 20 25 This library closely resembles the energy degeating
X/mm period library, because the concentration of radicals increases

Flngljurr\;ee?hwa(;;ors:ti OSZ%FESOS/ SJ/ v(\jr(()g)-ﬁg:leodmglrr/nsoll (rﬁzer'\/ri?;;‘n:ztri/o by increasing both energy dose and photoinitiator concentra-
20/);0% wiw. A 3ul p.ortioon of ;sample was deppo};ited per film. thn. An Impqrtant difference is the quh larger gratllng
height, which is probably related to the thickness of the films
(7 versus 2.6em). In the range £3 wt % initiator, the height
of the grating increases steeply with initiator concentration.
At higher initiator concentration values, grating height
increases much more slowly or stays constant. Only the 40-
um gratings behave differently: The height decreases with
initiator concentration, similar to the decrease with increasing
energy dose. The results can be explained in a similar way,
that is, a high concentration of radicals leading to a high
15 18 cross-linking density that hinders monomer diffusion to the

12
D/pm central area (overexposure).

Figure 10. Grating height of film thickness()—grating period . . . . .
library. Grating period:m, 40; ®, 20; 4, 10; andv, 5 um. Lines Monomer/Binder —Grating Period Library. Eleven dif-

are drawn to guide the eye. ferent samples were tested. The monomer-to-polymer mass
ratio varied from 70:30 to 20:80% w/w in steps of 5%. The

at this point, that is, drying the samples under a controlled photoinitiator content was 5 wt %. To prepare filmsyB

atm(_)sphere instead O,f ambient con.d|t|on_s;.however, We ar€yt solution was dispensed, giving rise to a film thickness of

confident that the quality of the data is sufficient to recognize

all important trends.

Film Thickness—Grating Period Library. A library with
a discrete gradient in film thickness was prepared by

g8 8

Height / nm
g

o
X

6 9

7 um. Before polymerization, the samples with a monomer
content of 60 wt % or more were tacky and turbid. The relief
structure was already partially developed at room tempera-
dispensing onto a hydrophilic patch of the substrate various & before the therma! development step. For applications,
amounts of lacquer ranging from 3.0 to 1D in steps of both effects are undesirable, because the lacquer becomes
1.0 uL. The sample contained 5% w/w photoinitiator and Unsuitable for contact masking and for generation of complex
had a monomer/polymer mass ratio of 1:1. Results are shownstructures through multiple exposure steps.

in Figure 10. The height of the 20- and the A period Results are shown in Figure 12. The height of the gratings
gratings increases approximately linearly with film thickness, generally increases with monomer concentration. Below 45

ngee‘f dgr:? gf' t?]?c?kn]éﬁ;z p:rlogregnr;ltm%\'lsh;r]e tr\:lertuarl!)t/in wt % monomer, the height increases linearly with concentra-
P - PP Y 9 g tion. Above 45 wt % monomer, the height increases more

period exceeds the film thickness, influence of the latter on :
strongly. Above 60 wt % monomer, a plateau value is

height is to be expected. An explanation for this phenomenon ) o
will probably involve the typical diffusion length of a reached..Thls can bg un'derstood within the framewqu of

Photoinitiator Content —Grating Period Library. Eleven  generally increases with monomer concentration because
different samples were prepared. Their photoinitiator content more material becomes available to form a grating, whereas
ranges from 0 to 10 wt % in steps of 1%. The monomer to the concentration of polymer that hinders the diffusion of
polymer mass ratio is 1:1. Three-microliter portions of monomer decreases.
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ool in terms of grating height and shape and arrived at the

LT e following set of conclusions: Largest heights are usually

=0 \ obtained at intermediate exposure energies. This optimum

2 e 75 energy is larger for the smaller periods. Smaller gratings (5
e monemer 10 um) result in smaller heights due to surface tension

| > effects. In the case of larger gratings (4f) overexposure

results in a nonsinusoidal shape (I8factor) of the grating
o and height reduction. The effects of higher exposure energy

' , . and a higher initiator concentration are qualitatively very
15 30 45 60 75

similar.
weight% monomer . . .
. . . g _ ) Grating height and shape gets more rounded with develop-
Figure 12. Grating height of monomer contengrating period . . I
library. Grating period:m, 40; ®, 20: &, 10; andv, 5 «m. Lines ment temperature. This is due to the increased mobility of

are drawn to guide the eye. Inset: Onset of polymerization reaction, the monomer. However, at too high a temperature, the
T, versus monomer content as determined from DSC trace. Aboveincreased mobility of the photoinitiator causes the height to
55 wt % monomer T, suddenly drops to room temperature. The decrease, in particular, in the case of arB-grating. For all

line is drawn to guide the eye. other gratings, 106120°C seems to be an optimum range.

8

Height / nm
8

Results of thermal analysis of the samples are shown in [ the case of the 20- and 40n gratings, the height
the inset of Figure 12. The onset of the exothermal peaks continuously increases with thickness. In the case of the 5-

corresponding to the polymerization reactioh, is ap- and 10um gratings, it is constant. Finally, the grating height
proximately constant up to 50 wt % monomer, then increases with monomer concentration; however, above 55
decreases. At 60 wt % monoma¥,suddenly drops to room Wt % monomer, the reaction temperature suddenly drops to
temperature. Reaction takes place during the irradiation 'oom temperature due to phase separation of the monomer/
before heating, showing that monomer mobility is high in polymer mixture. In applications, this should be avoided.
these blends at room temperature. Actually, the turbidity of  Finally, we have demonstrated the power of a combina-
the samples indicates phase separation. Microscopic observatorial methodology to improve the understanding of a
tion of a phase-separated sample containing 65 wt % complex process. We have also shown its power to optimize
monomer that was annealed for 10 min at €D clearly the height and shape of structures that are of great relevance
shows an internal structure of droplets embedded in a matrix.for numerous applications.

The drop inT, and the observation of the relief structure

already being partially developed at room temperature prove  Acknowledgment. The financial support of the Dutch
that this matrix consists of a low-viscosity compound, that Polymer Institute (DPI) and the Fonds der Chemischen

is, the monomer. Industrie is gratefully acknowledged.
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