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Abstract

For several reasons and in many fields, the replication of structures or
nanostructures is realized. Actually, a lot of techniques exist, and the quality
evaluation of the replication process is generally realized after replication process.
In such conditions, the determination of adequate duration is a challenge.
Diffraction grating replication realized by solvent vapor assisted imprinting
lithography (SVAIL) process, on convex substrate, is here reported. Photoresist
coating on convex substrate is also a challenge. It is treated in this paper before
going on with replication and experimental measurement. Next, with that coated
convex substrate, diffraction grating replication is realized. And the diffraction
efficiency is monitored in real time during the replication process. The monitoring
indicates the variation of diffraction efficiency during the evolution of SVAIL
process. The comparison of monitored diffraction efficiency to theoretical
simulations of diffraction efficiency for various steps of SVAIL process, allows to
deduce the value of diftraction efficiency for optimal replication; and finally, the
required duration of the replication process for optimal result is deduced.
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Introduction

Diffraction gratings are key elements in imaging spectrometers. Diffraction
gratings are generally fabricated on flat substrate. However, their realization
on standard convex substrates provides an additional degree of freedom for
optical designs. Diffraction grating of a spectrometer based on convex substrate
allows high spectral and spatial resolution of the entrance slit which yields to
high performance of optical system. In fact, for entrance wavefront, diffraction
gratings realized on convex substrates are able to diffract, collimate and focus it,
simultaneously, in the focal plane [1-4]. They also have the advantages of large
field-of-view, compact structure and low distortion of spectral line. So, they are
particularly important for some applications such as aero-spatial, geological
exploration, environmental monitoring, biochemical analysis, clinical medicine
and spaceborne remote sensing, where compact optical system and small volume
arerequired [5]. But, if such diffraction grating can be ruled mechanically on convex
substrate, the realization of holographic diffraction grating needs necessarily to
prepare a photosensitive layer on a convex substrate before holographic recording,
which is a challenge. The details related to the coating process will be developed
in the following sections.

Original diffraction grating realization takes generally a long time. Once
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master grating has been manufactured according to the ruled
or holographic techniques, it can be replicated to produce exact
copies of the original. The replication technique has the added
advantage of using a single master to produce large quantities
of replicas which are then low cost. It is a technique that
results in the transfer of the three-dimensional topography
of master grating to other substrate, allowing reproduction of
master in full relief to extremely close tolerances. As a result,
this reliable, cost effective and repeatable process facilitates the
widespread use of gratings in various domains, spectroscopic
and laser applications.

'The reproducibility of replica gratings makes them ideal
for high-volume production, and for scientific experiments
in which a smaller quantity of absolutely identical gratings is
required.

Many techniques of replication have been developed:
replica molding [6-8], microtransfer molding [6, 8, 9],
microcontact printing [6, 8, 10], micromolding in capillaries
[6, 8, 11], solvent-assisted micromolding [6, 8, 12] solvent-
vapor-assisted imprinting lithography [13], and microparticule
screen printing [14].

The common key element of such replication techniques
is an elastomer mold. The most common material used for soft
lithographic stamps is made of polydimethylsiloxane (PDMS),
a commercially available, thermally curable and elastomeric
polymer [6, 8-10, 14, 15]. According to [8], PDMS has three
properties that make it ideal for many applications: (a) It is
elastic. One of the primary advantages conferred by elastomeric
stamps is the ability to produce patterns on nonplanar
substrates. This characteristic, combined with its low surface
energy, enables it to make reversible conformal contact with
non-planar substrates with minimal applied pressure to curved
surfaces. (b) It is mostly transparent down to wavelengths of
280 nm. It can therefore be used as a mold for UV-imprint
lithography. (c) It is commercially available in bulk quantities.

And there must be a conformal contact between the
PDMS mold, polymer layer and the substrate. However, due to
shear stress during the application of pressure, the edges of the
masks can lose conformal contact with substrate [14]. Factors
such as molds, solvents, pressure, temperature, duration and
size, of the pattern structures can influence the final molded
patterns [16]. For replication process using microparticule
screen printing, it is important to consider the surfaces
properties of the substrates and particles in order to optimize
printing efficiency [14]. In the solvent-assisted molding, the
solvent molecules diffuse into the polymer thin film as a
result of the solvent concentration gradient between the two
surfaces, top and bottom [17]. The thickness of a PDMS mold
plays an important role in solvent vapor assisted imprinting
lithography (SVAIL) process. Rabibrata Mukherjee et al.,
combined solvent vapor-assisted swelling and patterning of
polymers with the idea of using a flexible and water-soluble
stamp, to develop an extremely simple, rapid, pressure-less,
room temperature patterning technique for high fidelity
patterning of films coated on non-planar surfaces [18]. Vinod
et al. developed a method which uses macroscopic mechanical
deformations of chemically modified silicone films to realize

the rational assembly of microscopic polymer structures of
various substrates [19].

But to control all those parameters (pression, temperature,
mechanical deformation, etc.) at the same time remained a
challenge. In our previous work, we realized the replication
of a diffraction grating by SVAIL on flat substrate [20]. In
the present work, we proposed to replicate a diffraction
grating, by SVAIL, on convex substrate. The advantage to
realize a diffraction grating on convex substrate is indicated
above [1, 5]. We used PDMS mold and we evaluated in real
time the diffraction efficiency in the negative first diffraction
order, during the replication process. According to theoretical
simulations of different steps for SVAIL process, theoretical
diffraction efficiency at optimal replication was deduced,
and the reference value was predicted to stop the replication
process. By performing this monitoring during the replication
process, the fundamental question to be answered is the
following: “at which moment the replication of the diffraction
gratings by SVAIL is it optimal? And the main target of the
latter is: “not to extend unnecessarily the replication process,
or not to underestimate the duration of the SVAIL process”.
The other major challenge that must be overcome in this
process of diffraction grating replication on convex substrate is
the coating of photosensitive layer (photoresist s1805) on the
latter. More details related to all these challenges are discussed
in the following sections.

Experiment Description

This section describes the replication of a diffraction
grating with high fidelity. A commercial diffraction grating,
from Thorlabs factory, with known parameters was chosen for
commodity: Ruled grating GR13-0605, 12.7 mm x 12.7 mm x
6 mm; 600 lines/mm, blaze angle = 8°37’, blaze wavelength =
500nm [21]. The starting point is the preparation of PDMS
mold (Sylgard 184 and curing agent respectively 10:1) of the
original diffraction grating. It has been prepared classically
as indicated by [15]. The thickness of the PDMS mold was
here 500 pm for more flexibility. Before going on with the
replication, let’s first talk about photoresist coating on convex
substrate.

Spin coating process on curved surfaces

Spin coating is the best way for a uniform coating,
particularly for flat substrate. To apply spin coating of thin
films on substrates in practice, more experiments and models
were built on the basis of Emslie’s model, Meyerhofer’s
model, and Bornside’s model [22, 23]. After these models and
experiments were reviewed, it was found that they were all
suitable for flat surfaces without considering other geometries.
'The models were suitable for spin coating on spherical surface
with a small central angle. When the central angle of a sphere
surface is small, the sphere surface is close to a flat surface. This
conforms to the prediction in Emslie’s paper about spin coating
on spherical surfaces with the central angle no larger than 20°
[24]. The theoretical research of spin coating was extended to
curved surfaces with increasing applications of optical elements
including curved gratings [25, 26]. Spin coatings of various
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types of viscous liquids on curved surfaces have been studied
[27-30]. Spin speed is one of the most important factors in
spin coating. Film thickness is largely a balance between the
force applied to shear the fluid resin towards the edge of the
substrate and the drying rate which affects the viscosity of the
resin. As the resin dries, the viscosity increases until the radial
force of the spin process can no longer appreciably move the
resin over the surface [31]. Film thickness is easily changed
by changing spin speed or switching to a different viscosity
photoresist. Another advantage of spin coating is the ability
of the film to get progressively more uniform as it thins, and if
the film ever becomes completely uniform during the coating
process. According to Reichle R. et al.,, spin-coating with
standard parameters can produce good photoresist coatings
also on the convex surface of a lens in spite of a maximum
inclination angle of about 28" at the edge [32]. It means that a
< 28° (Figure 1). The maximum was at a < 20° [24, 33], before
reaching that performance.

Figure 1: Plano-convex substrate.

In fact, in this paper, convex glass substrate coated with
photoresist s1805 (from MICROPOSIT® 51800 Shipley
Company) was prepared by spin coating. The prepared
thickness film was +300 nm, in agreement with grating groove
height h = 250 nm, deduced from given grating parameters.
For photoresist coating on convex substrate, the parameters
of the spin coater (speed and duration) were of course taken
into account according to the desired thickness. In our case,
the thickness needed for replication is 300 nm. And to obtain
a layer of photoresist s1805 of such thickness (300 nm), spin
coating is carried out at a speed of 3500 rpm, for two minutes

(Figure 2) [34].
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Figure 2: Relation of the spin speed versus film thickness [34].

Replication and diffraction efficiency measurement in real
time

During the solvent-assisted molding process for example,
due to the permeability of the PDMS mold, the solvent is
capable to evaporate uniformly and the air bubbles between
the interfaces can expel from the mold [15, 16]. The solvent
molecules diffuse into the polymer thin film as a result of the

solvent concentration gradient between the two surfaces, top
and bottom [17]. The thickness of a PDMS mold plays an
important role in SVAIL process.

Ethanol was used as solvent. That solvent was conditioned
in a glass box. The latter contained at the same time a “small
glass box” one. All the two glass boxes were transparent to
LASER source @ 532 nm. Plano-convex substrate coated
with photoresist s1805 and the PDMS mold in perfect contact
were placed inside the small box. The external box (great box)
was hermetically sealed, so the solvent gas could not escape,
but entered inside the small box. In such conditions, the gas
reached the top face of the PDMS mold in perfect contact
with photoresist, and the replication process started. Finally,
SVAIL process was controlled through diffraction efficiency

measured in real time (Figure 3).
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Figure 3: Monitoring set-up of diffraction efficiency during replication
process of diffraction grating on convex substrate by SVAIL.

The Nd-YAG LASER source (532 nm) used in the
measurement of the diffraction efficiency in real time, is
polarized mainly in TE (parallel polarization). And we will
base in our theoretical simulations, on the parallel polarization
data, shown in the figure 4, provided by the manufacturer
[21], reproduced with permission. Indeed, the qualitative
analysis was carried out initially on the basis of observation of
the evolution of the diffraction efficiency for several samples:
light stability at the first moment (around six first minutes),
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Figure 4: Diffraction efficiency of GR13-0605 (Thorlabs), reproduced with
\permission.
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followed by a sudden drop of diffraction efficiency, and finally
a slight increase of diffraction efficiency before its stabilization
for the rest of the experiment! From these observations, the
similarity for these various replicated grating samples emerged.
The stability of the LASER source has also been analyzed.
This allows us to postulate that the variation of diffraction
efficiency is due to the replication process itself; and not to
LASER fluctuations. In a second step, knowing the maximum
groove height (theoretically 250 nm), we also postulate that
the replicated grating has zero groove height at the beginning
of the replication process; and groove height is maximum
at the end of the optimal replication. The simulation of the
diffraction efficiency for these two steps (initial and final) and
the intermediate ones make possible to theoretically predict
the curve of the diffraction efficiency during the replication
process. These theoretical predictions (simulations) curves are
then compared to the experimental results obtained in real
time.

Results and Discussion

Various parameters of the diffraction grating to be
replicated are hereunder.

GR13-0605 parameters: dimensions = 12.7 mmx 12.7 mm x
6mm; groove density = 600 lines/mm, blaze angle = 8°37’, blaze
wavelength = 500 nm. Different steps of replication process
are theoretically simulated according to commercial PC grate
software, taking into account a correlation factor related to the
possible real profile obtained after manufacturing which could
be different to the ideal profile; so, the manufacturer gave the
diffraction efficiency curve obtained according to real groove
profile. It means that at 500 nm wavelength, reference to
grating’s parameters above, ideal groove profile of diftraction
grating has normally 82% of theoretical diffraction efficiency,
for parallel polarization (TE) (Figure 5). But the manufacturer
gave 67% of diffraction efficiency (TE) (Figure 4). Indeed, only
the difference of groove profile can explain that discrepancy
of diffraction efficiency, so we used a correlation factor and
obtained figure 6, which is similar to that given by Thorlabs
manufacturer.

Figure 6: Correlation of diffraction efficiency (estimating real groove
\proﬁle).

/

The main steps of the SVAIL replication process (Figure 7)
are theoretically simulated (in transmission mode) considering
the correlation factor; and the results are shown in figure 8.
Even if original diffraction grating is used in reflection mode,
theoretical simulations are realized in transmission mode

POMS.
Air
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Figure 7: Evolution representation of replicated groove (RG) height during
SVAIL replication process.
.
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Figure 5: Theoretical diffraction efficiency for 600 lines/mm, blaze angle = Figure 8: Theoretical simulation of the diffraction efficiency (transmission
\8°37’, blaze wavelength = 500 nm. \mode) during SVAIL replication process. )
J
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because the monitoring of diffraction efficiency during the
replication process is realized in transmission mode (Figure 3).

Theoretical variation of the diffraction efficiency, related
to various steps of replication process, at 532 nm, is deduced
from figure 8 which covers a large spectral range [400 nm —

800 nm].

Theoretical results at 532 nm, (Figure 9) are compared to
experimental results monitored in real time using Nd-YAG
LASER @ 532 nm, during the SVAIL replication process,
(Figure 10).

Theoretical simulation of diffraction efficiency, for various
replicated groove height, @ 532nm, transmission mode,
order #-1

Replicated groove he

Figure 9: Theoretical simulation of diffraction effficiency, at 532nm, for
various replicated groove height.

As it can be seen on the figure 10, the SVAIL replication
process has three main subdivisions: (a) System stability at the
first moment of the beginning of replication itself (0 - 400
sec). (b) High activity of replication process where solvent
vapor pressure is optimal (450-1200 sec). (c) Searching of
final system stability at the last moment of replication process,
where it will remain relatively stable (from 1500 sec — end).

Evolution of diffraction efficiency measured in real time at
order -1 (transmission mode) during SVAIL process

500 1000 1500 2000 2500

Duration [sec)

Figure 10: Experimental monitoring of diffraction efficiency during SVAIL
replication process.

The inflexion point observed at around 1200 éme sec
is maybe related to PDMS elasticity, solvent pressure and
the search for system stability. The same behavior was also
observed for all samples tested (more than ten samples). The
effect of PDMS compression has been theoretically simulated,
from 0 nm to 50 nm (50 nm is 20% of total groove height,
250 nm, and that is just an example for illustration).

In fact, if the PDMS is compressed, the groove height
decreases, and the diffraction efficiency also decreases. And

that is confirmed by theoretical simulation, figure 11A. At
the other side, if the PDMS returns at its initial shape (as
elastic), it means zero deformation, the diffraction increases.
With figure 11B, we can represent the PDMS compression -
decompression effect (decompression as symmetrical effect of
compression) as a function of duration. However, the duration
indicated here, figure 11B is related to the PDMS groove
compression — decompression, but not to the replication
process duration. In this experimental measurement of
diffraction efliciency during replication process, we consider
the beginning of PDMS groove deformation due to solvent
pressure, at around 1040% second, and not to 0% second. We
also consider optimal PDMS groove deformation of 50 nm
for theoretical simulation.

1 Onim

L 10nm

1 25nm

Wavelength (nm)

Figure 11A: Theoretical simulation of PDMS compression effect on the
\diffraction efficiency (here in the first order).

20 40 &0 y 100

FDMS compression-

Figure 11B: Theoretical simulation of PDMS compression — decompression
effect on the diffraction efficiency.

Any other reason to explain that inflexion point has not
found yet, and we are still looking for it. Finally, different
durations were also tested, and the experimental diffraction
efficiency of the replicated grating was concordant to the
original grating for all the samples obtained in the final system
stability zone.

The combination of figures 9 and 10 makes possible to
deduce the evolution of replicated groove height as a function
of duration (Figure 12)

Indeed, in this present case, 40 minutes are enough to
realize an optimal diffraction grating replication by SVAIL
process. Three replicated gratings have been also fabricated
and tested experimentally (Figure 13).

Figure 13 shows a maximal discrepancy of 1.5% (and
a minimal of 0.5%) between theoretical and experimental
results. That is due to possible measurement errors; or the
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~

Evolution of replicated groove height during SVAIL
replication process.

Replicated groove height {nm)
2 . :

2000 3000 4000 5000
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Figure 12: Replicated groove height as a function of duration of SVAIL
replication process.

15A, are processed (by MATLAB) to obtain 2D grooves
profile and useful for theoretical simulations.
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Figure 14A: 3D representation of original (master) grating from Thorlabs,
measured at Centre Spatial de Liege (CSL).
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Figure 13: Comparison of diffraction efficiency of replicated gratings

measured experimentally and theoretical diffraction efficiency.
N J

groove profile used in theoretical simulation is not exactly the
same as that used in experimental measurements. And that
can be seen on the three samples which were replicated in
the same conditions, but their experimental measurements
of diffraction efficiency are not totally equal. Moreover, two
successive experimental measurements of diffraction efficiency
for the same diffraction grating are not always identical.

However, even if theoretical simulation of diffraction
efficiency for the replicated grating in transmission mode is
less than 10%, theoretical simulation of diffraction efficiency
in reflectional mode (metallized grating) for the same groove
profile is important (Figure 6) and is similar to that provided
by the industrial manufacturer (Thorlabs).

Qualitative surface analysis of original and replicated
gratings have been done with interferometric microscope at
Centre Spatial de Liege (CSL), figures 14 and 15, to complete
the above results.

The global images 3D representation, figures 14A and

v_tnean master]

20000

40000

20000

il 100 200 300 400 500 GO0

Figure 14B: The mean groove profile of the master grating, over Y-axis.

Figure 15A: 3D representation of replicated grating, sample #2, measured
at Centre Spatial de Liege (CSL).

As it can be seen on figures 14B and 15B, the image
acquisition is realized at two different inclinations. The mean
profile over X-axis, figure 16 is obtained with five successive
grooves profile for more profile friability. And each mean
profile will be used in the following theoretical simulations.

Figure 16 shows that a replicated groove profile can be
obtained with a slight left shift of the master groove profile.
And the diffraction efficiency of the replicated grating can be
obtained with a slight right shift of the diffraction efficiency
curve of the master grating (Figure 17). That shift is due to
the sample inclination during the profile measurement, and
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Figure 15B: The mean groove profile of the replicated grating, over Y-axis.
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Figure 16: Comparison of measured (real) grooves profile of original
(master) and replicated gratings.
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Figure 17: Theoretical simulation of diffraction efficiency according to

measured grooves profile of original and replicated gratings.

not to the replication process. Finally, reference to the previous
results, we can conclude that replication of diffraction grating
on convex substrate by SVAIL can be monitored during the
replication process, and the obtained results are concordant.
Experimental results related to replicated gratings are also
concordant to the theory. So, we can finally conclude that the
replication fidelity is sufficient.

Conclusion

In this paper, monitoring of diffraction efficiency during
the replication of diffraction grating on convex substrate by

SVAIL process have been realized. Spin coating of polymer or
photoresist on convex substrate have been treated. Monitoring
process have been explored, and experimental results have
been compared to theoretical simulations for various steps of
the replication process. The results are concordant and allowed
to indicate the useful duration for optimal diffraction grating
replication by SVAIL process; and we obtained a enough
fidelity replication. Theoretical simulation of diffraction
efficiency according to measured grooves profile (by
interferometric microscope) of original and replicated gratings
have been realized. The obtained results are concordant, so we
can conclude that the SVAIL replication fidelity is sufficient.

Finally, for the replication of a nanostructure of general
shape, a diffraction grating which grooves shape (profile)
are similar to the latter, can be used as control sample of
the nanostructure optimal replication, by controlling the
diffraction efficiency of this diffraction grating, in real time.
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