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We present a replication process, named reversal soft ultraviolet (UV) nanoimprint, to fabricate a high-
aspect-ratio flexible subwavelength grating (SWG) on a polyurethane acrylate (PUA). This nanopatterning
technique consists of casting, reversal UV imprint, and dry release. The UV curing process of PUA to
avoid pattern collapse is investigated. Revalpha film acts as the supporting and sacrificial layer during
the whole process due to its special surface energy property. The free-standing PUA structures with a
period of 200 nm and a depth of 350 nm can be automatically released from the Revalpha film by heating.
The PUA resist is well suited to replicate fine patterns of the mold with high aspect ratio and large area
precisely and uniformly for low surface energy and low viscosity. The measured transmittance is compared
with the calculation results based on rigorous coupled-wave analysis in the wavelength region ranging from
500 to 800 nm. The experimental results agree well with the theoretical calculations.
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Subwavelength gratings (SWGs) with a period smaller
than the wavelength of light suppress undesired reflec-
tions over a wide spectral bandwidth, similar to an an-
tireflection (AR) surface. AR is widely used to reduce
insertion losses at the interfaces between different opti-
cal medial'?/. Optical devices such as solar cells, polar-
izer light-emitting diodes, and photodetectors integrate
SWGs as components®4.  To introduce the effective
refractive index gradient required for AR applications,
subwavelength-structured patterns with tapered profiles
and high aspect ratios are highly desirable. These pat-
terns are of interest for many applications, including
drug delivery and immunoassay chips. Future flexible
electronics and optoelectronics call for the use of flexible
substrates. Polymer devices are inexpensive and dis-
posable, thereby being highly desirable for cost-effective
applications!® =7

In recent years, nanoimprint lithography (NIL) has
become as a promising technique for forming polymer
patterns by pressing a mold into a polymer layer because
of its high throughput and low cost. Using conven-
tional NIL, two-dimensional SWGs have been fabricated
successfully on polymer (PMMA or polycarbonate, as-
pect ratio<1). High-aspect-ratio gratings have also been
fabricated in SU-8 and PMMA on hard substrates using
nanoimprint and casting!®~%. However, some challenges
remain in achieving highly replicated patterns. A release
agency is usually necessary to decrease the surface energy
of the mold, thereby complicating the process. Higher
temperature, bilayer resist process, and higher imprint
pressure are needed to make the melt resist fill the trench
completely. During the demolding step, the mold breaks,
resulting in resist pattern collapse and release failure for
the large contact area between the interface of the mold
and polymer. In addition, a wet etching process should
be used to release the hard substrate from patterned
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polymer to obtain free-standing structures. However,
such processes are time-consuming. Free-standing, flexi-
ble high-aspect-ratio structures can be used widely, such
as for covering curved surfaces or other components in
devices.

In this letter, we present a novel method that uses
reversal soft nanoimprinting and enables fabrication of
flexible polyurethane acrylate (PUA) SWGs with high
aspect ratio (aspect ratio>3), high density, and high reso-
lution in the visible wavelength. The advantages of PUA
material are high resolution, low cost, and, most impor-
tantly, optical transparency in the visible wavelength.
This method overcomes the difficulties and limits of soft
lithography and hard-mold-based imprint lithography,
such as collapse and release failure due to high mod-
ulus and low surface energy of the cured PUA resist.
In this replication technique, a multi-step nanopattern-
ing process that includes casting, reversal ultraviolet
(UV) imprint, and dry release is developed to achieve
the free-standing PUA grating structures. The release
agency and wet etching process are not necessary in our
method. First, rigorous coupled-wave analysis (RCWA)
was used to optimize the parameters of the gratings.
Then, the reflectivity for wavelengths ranging from 500
to 800 nm in the visible region was measured.

To calculate the parameters of SWGs, the RCWA
method was used to evaluate the transmittance. Figure
1 shows the calculated results of the binary SWGs shown
on the right of Fig. 1(a) for several grating depths (D) as
a function of incident wavelength. The materials of the
grating were assumed to be PUA as well. The PUA film
shows good optical properties, such as high transmission
(the absorption of the residual layer H was neglected)
and a high refractive index compared to PDMS (n=1.4)
in the visible region. A higher refractive index increases
the diffraction efficiency and minimizes the zero-order
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Fig. 1. (Color online) (a) and (b) Calculated transmittance
of the binary SWGs for several grating depths as a function
of incident wavelength; (c) transmittance as a function of the
depth when the incident wavelength is 550 nm.

transmission!!!]. In the calculation, the grating period is
200 nm and the line width is 100 nm. The refraction in-
dex of PUA is 1.577, compared to the air (n=1.0), which
is assumed as the surroundings. As shown in Fig. 1(a),
with the increase of the grating depth from 0 nm to 100
nm, the transmittance also increased for wavelengths
ranging from 500 to 800 nm. For fixed depth of the
grating, the transmittance decreases with the increasing
of the wavelength for visible wavelength region as the
reflection approaches the solution for the air-substrate
interface. Notably, the transmittance becomes flat once
the depth is zero without considering the dispersion of
the refractive index!?). With the increase of the depth
(d >100 nm), the peak of the transmittance shifts (Fig.
1(b)). Compared to the transmittance 95.5% of the flat
surface at the wavelength of 550 nm, the transmittance
of the SWG with 300 nm depth gains 3.5% (reaches
99%). With the increase of wavelength, the value in-
creases to the peak, after which it changes cyclically. To
realize the periodicity, transmittance as a function of the
depth is calculated (Fig. 1(c)). The result shows that
the transmittance changes periodically with the increase
of the depth. The sine shape clearly explains the shifts
of the peak in Fig. 1(b). In the calculation, the incident
wavelength is 550 nm and the period is close to 200 nm.

As a main step for the process, mold fabrication was
carried out by interference lithography and deep reactive
ion etching (DRIE) technique. First, the periodic line
patterns (200-nm period and 100-nm linewidth) were
obtained in the photoresist layer of 250-nm thickness
spin-coated on a silicon substrate. The principle of laser
interference lithography is the exposure over the pho-
toresist (PR) by double-beam interference system. The
laser used was a He-Cd laser (k=235 nm). By adjusting
the incident angle of the double beams, varied periods of
the patterns were fabricated. Next, using the patterned
resist as an etch mask, we fabricated the Si gratings by
using a C4Fg/SFg/02 gas mixture DRIE, followed by
removal of the residual resist using acetone and IPA to
achieve clean and vertical side walls. In this etching pro-

cess, O radicals can prevent the recombination reaction
of SFg plasma and increase the F-atom density when O9
gas of an appropriate amount is added to the C4Fg/SFg.
In addition, Si,O,F, film could be generated on the side
wall and act as passivation due to O radicals, thereby ini-
tially increasing selectivity by adding oxygen. We should
note that the sharp trench profile and etch selectivity
will drop with further increase of oxygen flow rate.

Grating patterns of 200 nm are merely a subwavelength
range for UV-visible light, which is the basis of our pro-
cess design. In this reversal soft UV imprint technology,
a silicon mold without modified surface was spin-coated
with an UV-curable polymer, then transferred onto a
flexible substrate during an UV imprint process. This
process was followed by the peeling-off step. High-end fa-
cilities are not necessary to make uniform pattern trans-
fer of the size of stamps. Figure 2 illustrates how our
process works. First, UV-curable polymer PUA was spin
coated or poured onto an etched silicon mold to obtain
various thickness of the PUA monomer, which was then
brought into contact with a flexible supporting layer.
For some special uses such as curved surface, the SWG
structure needs to be incumbent on another structure
or bonded with other substrate; however, it has to be
separable. In order to achieve this goal, in this exper-
iment, Revalpha sheet, a dry adhesive film from Nitto
Denko Co., was used as the supporting layer because of
its property of releasing automatically when heated at
120 °C. Moderate pressure was applied to induce slight
polymer wetting for adhesion to the Revalpha sheet.
After a couple of minutes, UV-light radiation was sup-
plied through the supporting layer to the PUA layer.
PUA monomers undergo cross-linking under UV expo-
sure to form a hard epoxy material. Afterwards, the
silicon mold was removed, and the molded PUA struc-
tures were left on the Revalpha sheet. Finally, the free-
standing PUA structures could be automatically released
from the Revalpha film by heating at a temperature of
120 °C.

Figure 3(a) shows the scanning electron microscope
(SEM) photograph of the silicon mold obtained in the
experiment section, with rectangular grooves, 200-nm
period and 350-nm depth SWG from the measurement
result. In the DRIE process, the Si side walls were
coated with passivation polymer from C4Fg dissociation,
whereas the bottom of the exposed trenches was etched
by ion bombardment. The side wall verticality could be
well controlled by the added oxygen gas. The replicated
SWGs on the PUA resist are shown in Figs. 3(b) and
3(c). The exact period (200 nm), duty cycle (1:1), and
depth (350 nm on average) demonstrate a successful and
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Fig. 2. Diagram of the process flow for PUA SWG fabrication.
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Fig. 3. SEM photographs of (a) Si mold and the (b) cross-
sectional view and (c) top view of replicated PUA SWG.

precise replication from the mold. The top and cross-
section views show the excellent replication property of
PUA. At room temperature, large-area PUA patterns
(Ix1 (cm)) can be replicated uniformly with high res-
olution and high precision because of the low viscosity
of the uncured PUA. The absence of breakings and air
bubbles in both molds and PUA patterns after ten ex-
periments shows the good repetitiveness of the process.
Routine application of a release agent to the templates
for easy demolding was not necessary to our work due to
the low surface energy of cured PUA. Because no pres-
sure was applied during the casting process, the etched
Si masters sustained no damage, even after numerous
replications. Even if some residue (i.e., a clogged hole,
uncured monomer) remained after the replication pro-
cess, thermal or chemical removal of the residue would
not degrade the master.

High-aspect-ratio nanopillar arrays can collapse under
their own weight (ground collapse) or through adhesion
to one another (lateral collapse) when adhesive force or
capillary force is sufficiently high to cause contact be-
tween them!'®!. Using the lateral collapse theory estab-
lished by Hui, Junyong Park et al. discovered that cured

PUA has a sufficiently high rigidity (~1.7 GPa), greater

than E;™, which theoretically means no lateral col-

lapse. However, during our experiments, collapse caused
by the low rigidity still occurred when the curing dose
was not sufficient to cure the PUA completely, as shown
in Fig. 4. Every two or more nanogratings adhered to
each other to form bundles and the pattern lost initial
grating color. With the increase in UV curing time, the
flexibility of the PUA monomer decreased only slightly.
To confirm the effect of the curing time precisely, we
used Fourier transform infrared spectroscopy to test the
sample, and found that the C=C double bond in PUA
decreased obviously with the curing time in the first 20
min. After 20 min, the C=C double bond decreased very
slowly, which meaned the best choice of the curing time
is 20 min. Actually, when the UV curing time is over 10
min, the PUA monomer shows sufficiently high hardness
and good flexibility to avoid the collapse issues.

For the complete transfer of PUA structures from the

silicon mold, the control of mold surface energy is impor-
tant. Polymer coating requires the mold surface energy
to be sufficiently high to ensure good adhesion of the
polymer to the mold surface. Primarily, the pattern
precision during the transfer is dependent on the PUA
being completely filled. The uncured PUA has low vis-
cosity, and its contact angle between PUA and Si mold is
sufficiently small to be filled completely. Furthermore,
during the release process, mold surface energy needs
to be lower than that of the substrate so that the PUA
will adhere more strongly to the substrate than to the
mold. Therefore, the mold surface energy must be tai-
lored to satisfy these requirements. After curing, the
surface energy of PUA (=25 dyne cm™') used herel'4
decreased dramatically and became smaller than that
of the Revalpha sheet; thus, transferring the PUA onto
the flexible substrate was easy. PET film could also be
used as the backing layer instead of Revalpha sheet. For
the complete transfer of the PUA structures, PET sur-
face should be pretreated with oxygen plasma for 30 s.
However, we could not separate the PUA layer from the
PET substrate to obtain the free-standing PUA gratings
because the bonding strength between PUA and PET
was too high.

Figure 5 shows the transmittance of the replicated
SWG as a function of wavelength. In the calculation, the
structure was replicated and attached on the PET sub-
strate. The sample was divided into SWG, residual PUA,
and PET layer. The theoretical transmittance calculated
based on RCWA is shown in Fig. 1(b) (D=350 nm). The
transmittance of the PUA residual layer and PET layer
was calculated by multi-layered thin-film program('®. As
a result, the calculated transmittance of the flat surface
was 95.5% on average. We measured the transmittance,
as shown in Fig. 5(a). According to the measured results,
a 2% fluctuation range of the transmittance around the
central was present because of the difference interference
between SWG and flat PUA. As shown in Fig. 5(b), the
calculated values can explain the phenomenon well. We
can see that the experimental values are equal to the
theoretical model in the visible wavelength. The slight
error, which may be caused by resist or system loss, is
acceptable. Because the PET is sufficiently thick, the
theoretical calculation does not consider the interference
in PUA and PET.

In conclusion the design and fabrication of antire-
flection SWGs of free-standing with the 200-nm pe-
riod and 350-nm depth are both studied based on a
reversal soft UV nanoimprint method. PUA shows
low surface energy, high modulus, and excellent op-
tical transmittance. We demonstrate that the above

Fig. 4. SEM of the replicated PUA SWG with lateral col-
lapses: (a) cross-sectional and (b) top views.
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Fig. 5. Transmittance of the replicated SWGs as a function
of visible wavelength: (a) experimental and (b) calculated
values.

method is a good way to replicate large-area and high-
aspect-ratio patterns precisely and uniformly. The cur-
ing process of PUA is studied to overcome the collapse
problem. We compare the experimental results of the
transmittance at wavelength from 500 to 800 nm with
the theory analysis based on RCWA, and find the error

to be acceptable and the results to be reasonable. The
increased transmittance by the SWG is 4% at most.
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