Fabrication of Guided-mode Resonance Devices by Soft Lithography in Hybrimers
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ABSTRACT

Fabrication of guided-mode resonance devices made by
the micro-molding-in-capillaries method is presented. The
fabrication process is simple and effective, using an
elastomeric mold and a UV-curable organic-inorganic
hybrid material. The fabricated GMR device shows ~74%
efficiency for reflectance and ~17% for transmittance at a
resonance wavelength of A = 1550 nm. The linewidth of the
device is ~5 nm and the sideband reflectance is ~4%. The
fabricated device can be applied as an optical filter. A
variety of resonant photonic devices can be created with
this process.

Keywords: diffractive optical elements, guided-mode
resonance, organic-inorganic materials, soft lithography.

1 INTRODUCTION

Diffractive optical elements and photonic crystals
consist of fine spatial patterns designed to affect the
spectrum, polarization, phase, and other properties of light.
Periodic layered structures are widely used in integrated
optics, communication systems, spectroscopy, lasers, and
other important optical systems. Leaky-mode resonance
effects in compact architectures enable new spectral device
properties. In this paper, we present new resonant narrow-
band optical filters fabricated by soft lithography in
hybrimer compounds.

Devices containing thin-film diffractive optical
elements can be manufactured by several common
processes such as thin-film deposition, patterning, and
etching. In this research, we apply nanoimprint lithography.
In particular, soft lithography uses soft elastomeric
materials to make patterns and structures without the use of
complicated and expensive facilities. Soft lithography has
been shown to be a simple and cost-effective method for
fabricating and transferring patterns and structures.
Therefore, the study of soft lithography has grown
remarkably during the last ten years [1-7].

We present guided-mode resonance (GMR) devices
fabricated by soft lithography with organic-inorganic
materials. Guided-mode resonance refers to a rapid

variation in the intensities of the electromagnetic fields, as
the wavelength or the angle of incidence is varied around
their resonance values. A resonance occurs when an
externally propagating wave is phase matched to a leaky
guided mode allowed by a waveguide-grating structure [8].
Devices based on resonant waveguide modes have been
theoretically predicted and experimentally verified [8-16].
However, these verified devices were made by
conventional photolithography processes.

Hybrimers are fluorinated organic-inorganic materials
fabricated using a sol-gel process [17-19]. Hybrimers have
several advantages. In particular, there is no additional
chemical treatment needed to release the mold due to the
presence of fluorine molecules in the hybrimer compound.
Also, these materials possess thermal stability beyond
300°C. Hybrimers have low optical loss, controllable
refractive indices, and lower viscosity compared to
common UV-curable polymers.

2 FABRICATION AND MEASUREMENT

Figure 1 shows a schematic procedure for fabrication of
a GMR device using the micro-molding-in-capillaries
(MIMIC) method [1]. The first step of the fabrication is
preparing a master template, which has the grating structure
on a surface of a silicon wafer or a glass substrate. For the
results reported here, we use a commercial holographic
grating (Newport Co., 900 grooves/mm) as a master
template. This grating has 1111 nm grating period and 333
nm grating depth.

As an elastomeric mold, polydimethylsiloxane (PDMS)
is widely used in soft lithography. We apply composite
polymeric stamps as elastomeric molds for improved
quality patterning [3,6]. The composite stamps consist of
two parts; one part is hard-PDMS (h-PDMS), which has
different mechanical properties than Sylgard 184 silicon
elastomer from Dow Corning, popularly used. The other
part is Sylgard 184 PDMS. H-PDMS is prepared as
described in Ref. [3]. Composite prepolymer is spin-coated
on a commercial holographic grating and cured in an oven.
Then we pour a prepolymer of Sylgard 184 silicon
elastomer on an h-PDMS layer and cure it in an oven again.
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Fig. 1. Schematic fabrication process of a GMR device by MIMIC [1].

Therefore, a pattern with a negative replica of the master
template is formed on an h-PDMS surface.

The composite mold makes contact with a silicon
nitride thin film on a glass substrate. The silicone nitride
film is prepared by plasma-enhanced chemical vapor
deposition (PECVD) and serves as the waveguide layer of
the GMR device.

A diluted hybrimer is prepared to obtain a lower
viscosity prepolymer. A few drops of UV curable hybrimer
are applied at one edge of the patterned surface of the
composite mold. The applied hybrimer spreads through the
channels, which are formed by contact between the
patterned mold and the thin-film layer on the substrate.
Then we put the composite mold set into the vacuum
chamber and let it remain in low vacuum (~450 Torr) for 12
hours. Finally, the channels are filled with the hybrimer
prepolymer by the capillary force. After taking the
composite mold set out of the chamber, the hybrimer in the
h-PDMS channel is cured using a UV lamp (central
wavelength A = 365 nm). Patterned grating structures on the
silicon nitride thin film are obtained after the composite
mold is peeled off.

A tunable laser source is used to measure the spectral
response. We set the angle of incidence (6;,) at 9.5° to
locate the resonance wavelength of the GMR device within
the operating range of the laser. Next, we measure the
reflected and transmitted power for the wavelength range of
1450 nm to 1590 nm in 1 nm steps. A polarizer is used to
select the laser’s transverse-electric (TE) polarization.

3 RESULTS

Figure 2 shows the experimental spectral response of
the fabricated device. The resonance wavelength
(maximum point of reflectance or minimum point of
transmittance) is at A = 1550 nm and the reflectance at
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Fig. 2. Experimental spectral response of the fabricated GMR device for
TE-polarization: (a) Reflectance (b) Transmittance.

resonance is ~74%. The full-width at half-maximum
(FWHM) linewidth is 5 nm and the sideband reflectance is
~4%. This sideband can be suppressed by changing the
device design [15]. The transmittance at resonance is ~17%.

Figure 3 shows the calculated spectral response of the
fabricated GMR device. The calculations are performed
with a computer code based on rigorous coupled-wave
theory [20]. The device parameters used in Fig. 3
correspond to the experimental values used in the
fabrication. The calculated resonance wavelength is at A =
1547 nm and the FWHM linewidth is 5 nm. The measured
spectral response (as shown in Fig. 2) and the calculated
response (as shown in Fig. 3) show good agreement.

The calculated reflectance at resonance is ~94%. This
non-100% reflection is due to the presence of the higher
order transmittance at resonance as shown in Fig. 3 (b)
noted as T,;. This higher order transmittance can be
eliminated and 100% reflection of the GMR device can be
achieved by changing the parameters of the GMR device
design.
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Fig. 3. Calculated spectral responses of the fabricated GMR device for
TE-polarization: (a) Reflectance (b) Transmittance.

The parameters are as follows: Thicknesses, d;= 256 nm, d,= 333 nm;
refractive indices ny = 1.51, n. = 1.00, n, = 1.88, n.= 1.00, n, = 1.50;
grating period A = 1111 nm; filling factor f = 0.50; incident angle 6;, =
9.5°. Note that T, is the transmittance of the 0-th order and T, is
the transmittance of the +1-st order.

To characterize the fabricated device, we employ a
scanning electron microscope (SEM). Figure 4 (a) shows a
top down view of the device. The device surface looks a
little rough and the roughness of the hybrimer layer causes
lower efficiency than that calculated. Figure 4 (b) shows a
cross-sectional view and permits comparing the parameters
of the fabricated device with the original design. The
parameters measured from the SEM images are very close
to the parameters used in the theoretical calculations.

4 CONCLUSION

In conclusion, a guided-mode resonance device
fabricated by the MIMIC method with a hybrimer has been
presented. The fabrication process using an elastomeric
composite mold is simple and effective. By using this mold,
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Fig. 4. SEM images of the fabricated GMR device. (a) Top down view,
Magnification = 10,000. The size of the image is ~15 um. (b) Cross-
sectional view, Magnification = 25,000. Note that the white part on top is
a platinum layer for protection during ion-beam sectioning and the dark
part is a hybrimer grating layer and a Si;N, waveguide layer.

the photopolymer grating structure is fabricated very easily.
Moreover, a hybrimer material does not require additional
chemical treatment to release a mold. Therefore, it is
possible to effectively fabricate periodic photonic devices
with this method and material. The fabricated GMR device
shows ~74% efficiency for reflectance and ~17% for
transmittance at a resonance wavelength of A = 1550 nm
and can thus be applied as an optical bandstop filter. This
simple fabrication process can achieve a variety of GMR
devices.

We gratefully acknowledge the NanoPort Applications
Team at FEI Company for providing the results shown in
Fig. 4.
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