12
Guided-Mode Resonance Filters
Fabricated with Soft Lithography
Kyu J. Lee1, Jungho Jin2, Byeong-Soo Bae2 and Robert Magnusson1
1Department

of Electrical Engineering, University of Texas at Arlington, Texas
2Department of Materials Science and Engineering,
Korea Advanced Institute of Science and Technology, Daejeon
1USA
2Republic of Korea

1. Introduction
Methods of microscale and nanoscale patterning can be applied to fabricate a variety of
optical devices. Periodic layered structures are found in integrated optics, communication
systems, spectroscopy, lasers, and in many other important optical systems. Diffractive
optical elements and photonic crystals consist of fine periodic patterns affecting the
spectrum, polarization, phase, and amplitude of light. Often, holographic interferometry, or
direct electron-beam patterning, is used to define the periodic structure. As an alternative
method, soft lithography is effective for fabricating and transferring periodic patterns and
structures as reported in recent papers (Xia & Whitesides, 1998) (Xia et al., 1999) (Schmid &
Michel, 2000) (Odom et al., 2002) (T.-W. Lee et al., 2005) (Tang et al., 2003) (Rogers & Nuzzo,
2005) (D.-H. Lee et al., 2007). Accordingly, using methods and processes associated with soft
lithography, new narrow-band resonant optical filters fabricated in hybrimer compounds
are presented.
In this work, a new material system for fabricating the resonant optical filters is
employed. Hybrimers are typical organic-inorganic hybrid materials fabricated using a
sol-gel process (Choi et al., 2005) (Kim et al., 2006) (Kim et al., 2005). Hybrimers have
several advantageous properties, including high modulus, low surface tension, low
shrinkage, and high etching resistance. In particular, they have excellent optical
properties including high transparency (>90% in the visible region), controllable refractive
indices, low optical loss (<0.2 dB/cm), low birefringence (~10-4), and low viscosity
compared to common ultraviolet (UV)-curable polymers (Kim et al., 2005) (T.-H. Lee et
al., 2006). These materials possess thermal stability beyond 300 ºC. The versatile
properties of hybrimers offer new options for practical applications related to microoptical devices. In the case of the fluorinated hybrimer used in this work, an
organoalkoxysilane precursor functionalized with a perfluoroalkyl chain is used in the
sol-gel reaction to lower the surface tension of the final compound. Hybrimers qualify
both as molds and as resists in nanoimprint lithography (Kim et al., 2006). Significantly,
there is no additional chemical treatment needed to release the mold due to the presence
of fluorine molecules in the hybrimer compound.
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We present guided-mode resonance (GMR) filters fabricated by soft lithography with
hybrimer materials. The term GMR refers to a rapid variation in the intensities of the
electromagnetic fields in a periodic waveguide, or photonic crystal slab, as the wavelength or
the angle of incidence of the excitation light varies around their resonance values. A resonance
occurs when incident light is phase-matched to a leaky guided mode allowed by the
waveguide-grating structure (Magnusson & Wang, 1992). Numerous potentially useful
devices based on resonant waveguide modes have been theoretically predicted and
experimentally verified (Magnusson & Wang, 1992) (Avrutsky & Sychugov, 1989) (Peng &
Morris, 1996) (Ding & Magnusson, 2004) (K.J. Lee & Magnusson, 2011)(Sharon et al., 1996)
(Brundrett et al., 1998) (Priambodo et al., 2003) (Liu et al., 1998) (K.J. Lee et al., 2008). However,
these devices were designed to work with conventional materials and processes. Therefore,
additionally, we provide example fabrication and characterization of GMR filters made by soft
lithography. As these resonant elements are highly sensitive to parametric variations, it is
important to develop methods for their reliable fabrication. Thus, we provide a fabrication
process that is consistent and simple, employing an elastomeric mold and a UV-curable
organic-inorganic hybrid material. A particular fabricated device exhibits measured spectra
showing ~81% reflectance and ~8% transmittance at a resonance wavelength of 1538 nm. The
filter’s linewidth is ~4.5 nm, and the sideband reflectance is ~5%. Experimental and theoretical
results are in good agreement. We conclude that soft lithography combined with hybrimer
media is an advantageous methodology for fabricating resonant photonic devices.

2. Fabrication of a surface-relief structure with optical polymers
Before hybrimers were considered UV-curable materials for surface-relief structures,
commercially available optical prepolymers such as J-91, SK-9 (Summers Optical), and
NOA-73 (Norland Products Inc.) were applied in soft lithography. Table 1 shows the main
properties of these materials (Summers) (Norland).
Product name
J-91
SK-9
NOA-73

Material
polyurethane
polyacrylate
polyurethane

Refractive index
1.55
1.49
1.56

Viscosity (cps)
250 ~ 300
80 ~ 100
130

Table 1. The properties of three commercial optical prepolymers
2.1 Fabrication process of GMR filters by microtransfer molding
Soft lithography uses soft elastomeric materials to make patterns and structures without the
use of complicated and expensive facilities that conventional photolithography uses.
Therefore, soft lithography has been shown to be a simple and cost-effective method for
pattern transfer. Xia and Whitesides reported several soft lithography methods including
replica molding (REM), microtransfer molding (µTM), micromolding in capillaries (MIMIC),
and solvent-assisted micromolding (SAMIM) (Xia & Whitesides, 1998). Of the four methods,
we choose to conduct preliminary fabrication using the µTM method. REM duplicates the
structure with a thick supporting layer, which is not desired for GMR device implementation.
MIMIC requires very low-viscosity materials and it cannot get capillary filling with the optical
prepolymers in Table 1. SAMIM is a method which applies a solvent that can dissolve or
soften the material to form the structure. It is also not proper for our application.
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Fig. 1 summarizes the procedure for fabrication of the GMR device using a µTM method.
The first step of the fabrication is making a master template, which has the requisite
grating structure on the surface of a silicon wafer. The silicon grating structure can be
made by photoresist spin-coating, holographic recording, photoresist development, and
plasma etching. These conventional fabrication process steps using photolithography are
described, for example, in (Priambodo et al., 2003). However, for the results reported here,
two types of commercial holographic gratings (Newport Co.) are used as master
templates. One has 556 nm grating period (1800 grooves/mm) and ~170 nm grating
depth for developing GMR devices operating in the near-infrared region (~850 nm
wavelength). Another grating has 1111-nm grating period (900 grooves/mm) and ~340
nm grating depth for the communication band (~1550 nm wavelength). These gratings
have sinusoidal profiles.

Fig. 1. Schematic fabrication process of a GMR device by TM
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As an elastomeric mold, polydimethylsiloxane (PDMS) is commonly used in soft
lithography. Sylgard 184 silicone elastomer from Dow Corning, which is commonly
used, is applied. Sylgard 184 silicone elastomer is mixed in a 10:1 ratio of base and curing
agent and its mixture is degassed in a vacuum to eliminate bubbles. The prepolymer of
Sylgard 184 is poured onto the top of the master template and cured at room
temperature for 48 hours. The result is a mold with the negative replica of the grating on
its surface. Atomic force microscope (AFM) images of the master template and the
replica are shown in Fig. 2. These AFM images are obtained by Asylum MFP-3D AFM
(Asylum Research).
A few drops of a UV-curable optical prepolymer are applied on the patterned surface of the
elastomeric mold. The excess prepolymer is scraped off using a flat PDMS block, such that
the grooves of the PDMS mold are filled with UV-curable prepolymer. Next, the filled
PDMS mold is put in contact with a silicon nitride (Si3N4) thin-film on a glass substrate. As a
waveguide layer, the Si3N4 thin-film is prepared by sputtering; this layer can also be
replaced by a high-refractive index polymer material, such as a titanium dioxide (TiO2)-rich
film made by spin-coating (Wang et al., 2005). The prepolymer is cured using a UV lamp
(central wavelength = 365 nm). Patterned grating structures are obtained on the Si3N4 film
after the PDMS mold is peeled off.

Fig. 2. AFM images of (a) the master template and (b) the replica. The size of the scanned
area is 5 m x 5 m
2.2 Discussion of the fabrication process
Fig. 2 shows AFM images of the master template and the PDMS stamp. Both images show
approximately sinusoidal profiles and a grating period of 556 nm. The average depths of
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the grating layer for the master template and the PDMS stamp are ~170 nm and ~168 nm,
respectively. Odom et al. demonstrated that soft lithography techniques are useful for the
patterning on the size scale of 500 nm and larger. However, the application of these
methods is limited in the sub-100-nm range because of the low modulus (2.0 N/mm2) of
PDMS (Odom et al., 2002). During the process, deformations such as roof collapse and
lateral collapse can occur in the PDMS stamp and details of deformations are discussed in
(Schmid & Michel, 2000) (Odom et al., 2002) (T.-W. Lee et al., 2005). This deformation is
also found in our processes reported here. For example, Fig. 3 shows AFM images of the
deformed area. This deformation is more evident if there are higher aspect ratios. Fig. 4
shows AFM images of a PDMS stamp having a 520-nm grating period and 220-nm grating
depth, which is prepared by photoresist grating. Pairings of grating lines are easily
observed in this image. Delamarche et al. discussed the stability of lines molded in PDMS
with different mold thicknesses and showed the limitation of shape formation in PDMS
without deformation (Delamarche et al., 1997). They also proposed that surface treatment
with 1% sodium dodecylsulfate in water and a heptane rinse could provide the
recuperation of the paired lines. Even though their method is applied to this stamp, it
shows little improvement.

Fig. 3. AFM image of a deformed area on a PDMS stamp. The size of the scanned area is
5 m x 5 m
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Fig. 4. AFM images of a PDMS stamp having a 520-nm grating period and 220-nm grating
depth showing grating-line pairing. The size of the scanned areas are (a) 5 m  5 m and
(b) 20 m  20 m
Schmid et al. formulated an alternative siloxane polymer, called hard-PDMS (h-PDMS), which
has a higher modulus (~9 N/mm2) than that of Sylgard 184 silicone elastomer (Schmid &
Michel, 2000) (Odom et al., 2002). Odom et al. and Lee et al. demonstrated improved results of
surface structure formation by using h-PDMS compared with Sylgard 184 PDMS (Odom et al.,
2002) (T.-W. Lee et al., 2005). In our research, we apply h-PDMS as described in Section 3.
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In addition, the UV-curable polymers can stick to the PDMS stamp and this causes
deformation of the structure during the process. To solve this problem, silane treatment is
widely used for the surface of the PDMS stamp and acts as a releasing layer. Tang et al.
reported that the modification of PDMS stamps by an adsorbed monolayer of bovine serum
albumin (BSA) can provide distortion-free separation between the PDMS stamp and molded
gel from the stamp (Tang et al., 2003). In our process, we find that the cured polymer does
not attach well to the waveguide but tends to remain on the PDMS stamp after separation.
Therefore, we apply the BSA treatment to improve the release. The PDMS stamp is
immersed in a 3% solution of aminopropyldimethylethoxysilane (Gelest, SIA0603.0) in
methanol for 2 hours. The modified PDMS is next rinsed in phosphate buffer saline (PBS,
Fisher Scientific, BP2438-4) solution for 90 seconds. A solution of BSA (100 mg/ml Fisher
Scientific, NC9806065) is applied over the patterned surface of the PDMS for 60 seconds.
The treated PDMS is then rinsed in a PBS solution for 90 seconds to remove any unbounded
BSA. After this BSA treatment, it is possible to successfully get the structure to adhere to the
waveguide layer with no remaining polymer in the PDMS stamp.
2.3 Fabrication results
Fig. 5 shows the experimental spectral response of a fabricated GMR device using the
NOA-73 prepolymer. A tunable Ti:Sapphire laser pumped by an Argon-ion laser is used
to measure its spectral response. The resonance wavelength (maximum point of
reflectance) is at  = 863.6 nm and the full-width at half-maximum (FWHM) linewidth is
4.0 nm. The reflectance at resonance is about 33%. This relatively low efficiency is
attributed to the loss of the Si3N4 thin-film (measured extinction coefficient, k ~ 10-3) and
imperfections on the grating surface. Even though the efficiency of the fabricated device
is low, it can be used in resonant sensor devices because high-efficiency is not essential
in GMR sensor application and the key quantity is the resonance wavelength shift. Fig. 6
shows AFM images of the GMR device fabricated with NOA-73. The cross-sectional view
shows that the thickness of the grating layer is not uniform. This thickness nonuniformity is due to the scraping process applied to remove excess prepolymer by hand.

Fig. 5. Experimental spectral response of a fabricated GMR filter for transverse-electric (TE)
polarization
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Fig. 6. AFM images of fabricated GMR devices with NOA-73 at two different locations. The
size of the scanned area is 5 m  5 m
The structure of GMR filters fabricated by J-91 and SK-9 is not much different from that of
the NOA-73 filter as shown in Fig. 6. The improved µTM method with a machine-controlled
system was reported by (J.-H. Lee et al., 2005). They used a dragging speed of ~30 m/sec
and a metal blade, which was controlled by mechanical actuators for scraping.

3. Improved fabrication of GMR filters using hybrimers and MIMIC
As described in section 1, hybrimers have many advantages, especially low viscosity, which
can be lowered to ~8 cps. This low-viscosity material is applied with the MIMIC method.
The combination of hybrimers and MIMIC to fabricate GMR filters is described in this
section. It is shown to provide much-improved GMR devices relative to the devices
reported above.
3.1 Fabrication process and characterization
Fig. 7 shows a schematic procedure for fabrication of a GMR device using the MIMIC
method. As described in section 2.1, MIMIC is one of several soft lithography methods
proposed by Whitesides and co-workers, and it is simple to apply (Xia & Whitesides, 1998)
(Xia et al., 1999). The first step of the fabrication is preparing a master template, which has
the grating structure on the surface of a silicon wafer or a glass substrate. In this section, a
commercial holographic grating, which has a 1111-nm grating period and ~340-nm grating
depth with a sinusoidal profile is used as a master template.
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Fig. 7. Schematic fabrication process of a GMR device using the MIMIC method

Fig. 8. Configuration of the composite stamp. The h-PDMS is spin-coated on the master
template followed by pouring Sylgard 184 PDMS
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Composite polymeric stamps as elastomeric molds are applied to achieve high-quality
patterning. The composite stamps consist of two parts as shown in Fig. 8; one part is hPDMS, which has different mechanical properties than the Sylgard 184 silicone elastomer.
The other part is Sylgard 184 PDMS to support h-PDMS and maintain the flexibility of the
stamp. The h-PDMS is prepared as follows (Odom et al., 2002): a vinyl PDMS prepolymer
(3.4 gram, Gelest Inc., VDT-731), platinum (Pt) catalyst (18 L, Gelest Inc., SIP6831.1), and
modulator (50 L, Sigma-Aldrich, Product No. 87927) are mixed and degassed in a
vacuum for 5 minutes. A hydrosilane prepolymer (1.0 gram, Gelest Inc., HMS-301) is
added into the mixture and stirred gently to avoid bubbles. Within 5 minutes after
stirring, this h-PDMS prepolymer is spin-coated (1000 rpm, 40 sec.) on a commercial
holographic grating and cured in an oven at 60 C for 30 minutes. Then a prepolymer of
Sylgard 184 silicon elastomer is poured on the h-PDMS layer and is cured in an oven
again at 60 C for 3 hours. Therefore, a pattern with a negative replica of the master
template is formed on the h-PDMS surface. AFM images of the surface of the master
template and the composite stamp are shown in Fig. 9. We obtain faithful replication and
a high-quality, scatter-free surface.

Fig. 9. AFM images of (a) the master template and (b) the composite stamp replica. The size
of the scanned area is 10 m  10 m
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To realize a GMR filter, the 10mm  10mm composite mold is placed in contact with a Si3N4
thin film on a glass substrate. The Si3N4 film, prepared by plasma-enhanced chemical vapor
deposition (PECVD, Surface Technology Systems), serves as the waveguide layer of the
GMR device. A diluted hybrimer is prepared to obtain a lower viscosity prepolymer. A few
drops of the UV-curable hybrimer are applied at one edge of the patterned surface of the
composite mold as indicated in Fig. 7. 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 the composite mold set is put into a vacuum chamber and is allowed to
remain in low vacuum (~450 Torr) for 12 hours so that the channels fill with the hybrimer
prepolymer by capillary force. Subsequently, the hybrimer in the h-PDMS channel is cured
using a UV lamp (central wavelength = 365 nm). The surface-relief type grating structure
remains on the Si3N4 film after the composite mold is peeled off. This easy-release process is
associated with the hybrimers medium.
A tunable laser source (HP 8168F) is used to measure the spectral response. The angle of
incidence (θin) is set at 10º to locate the resonance wavelength of the GMR device within the
operating spectral range of the laser source. Next, the reflected and transmitted power are
measured in the wavelength range of 1450 nm to 1590 nm, in 0.5 nm steps. A polarizer is
used to set the polarization state.

Fig. 10. Experimental spectral response of a fabricated GMR filter for TE polarization
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3.2 Results and discussion
Fig. 10 shows the experimental spectral response of the fabricated device. The resonance
wavelength (maximum point of reflectance or minimum point of transmittance) is = 1538
nm, and the reflectance at resonance is ~81%. The FWHM linewidth is ~4.5 nm, and the
sideband reflectance is ~5%. The transmittance at resonance is ~8%. These results pertain to
the TE polarization state of the input light.
Fig. 11 shows the calculated spectral response of the fabricated GMR device whose model is
shown as an inset. The calculations are performed with a computer code that we wrote
based on rigorous coupled-wave theory (Gaylord & Moharam, 1985). The device parameters
used in Fig. 11 correspond to the experimental values used in the fabrication. The calculated
resonance wavelength is = 1536 nm at θin = 10.0º, and the FWHM linewidth is 4.4 nm. The
calculated reflectance at resonance is ~82%. This non-100% reflection is due to the presence
of a higher-order transmitted wave at resonance as shown in Fig. 11 and noted as T+1.

Fig. 11. Calculated spectral filter response with parameters corresponding to those of the
fabricated filter for TE polarization. The parameters are as follows: thicknesses, d1 = 333 nm,
dR = 0 nm (No residue), d2 = 250 nm; refractive indices nH = 1.51, nL = 1.00, n2 = 1.87, nc = 1.00,
ns = 1.50; grating period Λ = 1111 nm; incident angle θin = 10º
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Generally, for this device class, there is good agreement between theory and experiment as
shown, for example, in (Priambodo et al., 2003) and by the results presented here. As
quantified in (Kemme et al., 2003), small variations in the device parameters can shift the
location of the resonance peak significantly. A residual layer, shown in the inset in Fig. 11
with thickness dR, can have significant effects on the spectrum and central filter wavelength.
By numerical modeling, the thickness of the residual layer can be estimated. This layer, in
this work, is an unwanted layer arising during the soft lithography process. Theoretical
calculation shows that the resonance wavelength shifts and the FWHM linewidth decreases
as the thickness of the residual layer increases as shown in Fig. 12. By comparing the
resonance wavelength and linewidth of the calculated data with the measured data, the
thickness of the residual layer is estimated to be ~11 nm.

Fig. 12. Calculated spectral response of the fabricated GMR filter with varying thickness of
the residual layer (dR)
Fig. 13 shows a cross-sectional view of the fabricated GMR filter obtained with a scanning
electron microscope (SEM, FEI Company, Quanta 3D FEG) indicating no apparent residual
layer for the fabricated filter. Moreover, the SEM confirms the parameters used in the
theoretical calculations in Fig. 11.
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Fig. 13. SEM images of the fabricated GMR device. (a) Top down view,
Magnification = 10,000. The size of the image is ~15 m. (b) Cross-sectional view,
Magnification = 25,000. Note that the white part on top is a platinum (Pt) layer for
protection during ion-beam sectioning

4. Conclusion
We presented fabrication and characterization of guided-mode resonant (GMR) filters made
by soft lithography. As these resonant elements are highly sensitive to parametric variations,
it is important to develop methods for their reliable, repeatable fabrication. Thus, a
fabrication process that is consistent and simple, employing an elastomeric mold and a UV-
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curable organic-inorganic hybrid material is provided. By combining MIMIC, a hybrimer,
and an h-PDMS mold, a photopolymer grating structure is readily fabricated. Measured
spectra show ~81% reflectance and ~8% transmittance at a resonance wavelength of 1538
nm. The filter’s linewidth is ~4.5 nm, and the sideband reflectance is ~5%. Experimental and
theoretical results are in good agreement. The use of hybrimer media yields improved
processes and high-quality photonic devices.
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