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PDMS-BASED NANOIMPRINT LITHOGRAPHY FOR PHOTONICS

Implementation of planar surface photonic crystal (PhC) structures leads to improvement of optical properties of optoelectronic devices.
Application of such structures can be attractive for overall and local enhancement of light from patterned areas of the light emitting diode
surface and for lightwave-guiding devices. We present techniques useful for PhC patterning and for patterning of different optic structures in
surface of new promising material polydimethylsiloxane (PDMS). Paper proposes nanoimprint technology for fabrication of PhC in the surface

of thin PDMS membranes for possible application in light emitting diodes. By PDMS patterning and its positioning on the device surface one

can achieve original optical properties of optoelectronic devices. We also present new technique for fabrication of surface-relief fiber Bragg

grating (SR FBG) based on PDMS waveguide.
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1. Introduction

Photonics has recently become an intensively evolving area
where the possibilities of photonic structures or crystals (PhC)
for integrated optoelectronics were found. PhCs have a periodic
change of refractive index at the interface of two materials,
which causes the creation of photonic band gap in the crystal
[1 and 2]. These features of PhCs cause the effects that are
not possible to obtain by means of conventional optical and
optoelectronic devices. From the application point of view,
there is a wide range of PhCs applications with perspective of
significant improvement of features of optoelectronic devices as
light emitting diodes, lasers and optical waveguides with photonic
structure [3 - 5]. Typically, a photonic light emitting diode (LED)
shows enhancement of light extraction efficiency due to the
improvement of total internal reflection on the semiconductor-air
interface diffraction light on surface roughness or photonic band
gap [6]. Also PhC in lightwave-guiding applications increased
the transmission of sharp bended waveguides and Y-splitters [7].

There are different ways how to fabricate optical elements
and devices with patterned surface for application in optics and
optoelectronics. This paper summarizes few techniques useful for
PhC patterning and for patterning of different optic structures
using new promising material polydimethylsiloxane (PDMS),
with significant optic and elastic properties. In visible range of
spectrum, PDMS shows high transparency and is well formable
by imprinting techniques. By PDMS patterning and its positioning

on the device surface one can achieve original optical properties
of optoelectronic devices [8]. The paper proposes technology for
fabrication of PDMS membranes which were patterned by PhC
in the surface. Such PhC PDMS membranes can be attractive for
application in optoelectronic devices. Using direct laser writing
(DLW) technique, Fresnel zone plate (FZP) was prepared in
the surface of thin PDMS membrane. We also present a new
technique for fabrication of surface-relief fiber Bragg grating (SR
FBG) embedded in PDMS waveguide.

2. PDMS membranes with PHC

Typically, PhC are prepared on different metal and
semiconductor surfaces. Here, we present a technique for surface
patterning of thin PDMS membranes. In this experiment we used
interference lithography in combination with PDMS imprinting
to prepare planar two-dimensional (2D) PhC at the PDMS
membrane surface.

2.1 Experimental

The patterned PDMS membranes are fabricated using
interference lithography in patterning process of a thin
photoresist layer and followed by imprinting of liquid PDMS.
First, 2-3 um thin layer of positive photoresist AZ 5214E was
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spin coated on GaAs (100) substrate using SPIN 150 coater. The
photoresist layer was patterned by interference lithography in
Mach-Zehnder configuration using multiple exposure process [9].
The interference optical field is formed by the interference of
two coherent beams of Toptica laser operating at wavelength
of 403 nm. Interference optical field exposed the thin photoresists
layer. Its period can be simply adjusted by anlge of incident beams.
For this experiment the angle was 48 degree, corresponding to
wavelength of 495 nm. The 10x expander was used for exposure
homogeneity improving in the exposed area with diameter of
5 mm and exposure intensity of 25 mW/cm? in both laser beams.

2D PhC structure of square symmetry was achieved by double
exposure process, with a sample perpendicular rotation between
exposures [10]. After exposure, the sample was developed
in AZ 400K developer for 10 s and rinsed in deionized water.
Using the interference lithography process we obtained patterned
surface in thin photoresist layer in area of 5x5 mm?2.

Fig. 1 PDMS membrane fabrication process using imprinting process

with patterned positive photoresist AZ5214E deposited
on GaAs substrate

In the next process, polydimethylsiloxane layer was deposited.
Liquid PDMS was prepared from components of Sylgard 184
elastomer and curing agent at ratio 10:1. For a uniform surface,
the 30 um thin PDMS layer was spin coated at 4000 rpm on the
patterned photoresist layer. Subsequently, the sample was cured
for 45 min at 75°C. After PDMS curing, the PDMS membrane
was mechanically removed from the sample (Fig. 1). The
original patterned photoresist structures and imprinted PDMS
membranes were finally investigated in optical microscope and
atomic force microscope (AFM).

2.2 Results and discussion

Quality of imprinted PDMS membranes as well as original
structures prepared in the photoresist layer was analyzed in AFM

microscope as is shown in Fig. 2. In Fig. 2a, AFM image of
original photoresist master prepared in the thin photoresist layer
is shown. Fig. 2b shows surface of imprinted PDMS membrane.
Period of the photoresist structure is 495 nm and imprinted
structure in PDMS preserves the photoresist pattern with the
same period. Thickness of prepared PDMS membranes is app.
30 um. Membrane thickness can be controlled by PDMS viscosity
and speed of coating process. Much thinner membranes could be
prepared, however, manipulation of thin PDMS membrane is then
complicated. More detailed in-depth analysis was investigated
from line profiles of AFM analysis taken at diagonal direction
of 2D structure (Figs. 2¢ and 2d). Depth of app. 140 nm was
observed from AFM line profile for the patterned photoresist
layer (Fig. 2¢) and nearly 100 nm for imprinted PDMS membrane
surface (Fig. 2d).

Such patterned PDMS membrane can be directly applied
on optoelectronic devices, e.g. on top of a LED chip or other
elements. Such PhC structures have capability to significantly
improve their optoelectronic properties as light extraction
efficiency and far-field radiation pattern [10].
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Fig. 2 AFM images of surfaces: a) original patterned photoresist layer
and b) imprinted PDMS surface. Line profile of patterned c) photoresist
layer and d) imprinted PDMS membrane taken at diagonal direction

3. PDMS membranes for microptics

Improving of light divergence from small light emitting
sources motivates to fabrication of micro-optic devices. The
main idea of this part is to fabricate Fresnel zone plate for
improvement of beam divergence from a LED chip using
experimental experiences with PDMS membrane fabrication.
PDMS is appropriate material on which FZP can be prepared
and directly applied in a LED surface. For the FZP fabrication
we used direct laser writing (DLW) method for a thin photoresist
layer patterning and followed by Al etching process on PDMS
membrane surface [11].

FZP is a structure where alternate transparent and opaque
zones. These zones are defined by concentric circles with defined
radius. Appropriate radius is given so, that the incident light
constructively interferes at the focus of FZP. It follows that the
arrangement of zones depends on the collimated light wavelength
and desired focus distance. Radius of individual circles is then
given by following equation

R,l=,/n/1f+"4’1 1)
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where # is integer describing order of circle, 4 is wavelength and f
is focus distance. With respect to this equation and desired focal
length, we prepared FZP on glass and PDMS substrate.

3.1. Experimental

Patterning of a thin photoresist layer was achieved by
scanning of a focused laser beam on a sample surface. High
resolution dual-axes galvanometer mirror system GVSMO002
controlled by computer was used for DLW technique. To control
scanning system, the LabView program automatically calculates
desired radius of FZP circles and applies them to control
scanning process of galvanometer mirrors. In arrangement with
10 x objective the scanning range of the system is few hundreds
of micrometers and the focused laser spot in the photoresist layer
achieves resolution better than 3 um [12].

For resolution optimization and focusing capability, the glass
substrate with a thin deposited Al layer was used. In order to
create opaque zones on glass, a 50 nm Al layer was evaporated on
the glass surface using K975X turbo-pumped thermal evaporator.
Positive photoresist was used as a mask for Al layer patterning
(Fig. 3a).

Using 405 nm laser beam, the sample was irradiated through
the objective at desired positions. After exposure, the sample was
developed and subsequently wet etched in solution of H,PO, and
ethanol at the ratio 1:10 at 50°C, where uncovered Al parts were
etched (Fig. 3b). Finally, the remaining photoresist was removed
in solvent (Fig 3c).

photoresist —

Fig. 3 FZP fabrication process: a) exposition and developing
process of thin photoresist layer deposited on Al layer
b) Al layer wet etching c) photoresist removing

Transparent parts of created FZP are shown in optical
microscope image in Fig. 4a. Fabricated FZP structure was
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designed for wavelength A = 600 nm and for focal length
f =10 mm. In order to apply FZP directly on LED chip we
prepared FZP on a thin PDMS layer. For uniform surface, the
30 um thin PDMS layer was spin coated at 4000 rpm on a glass
substrate. Subsequently, the sample was cured for 45 min at 75°C.
FZP based on PDMS layer was patterned by the same lithography
process using thin positive photoresist layer (3um) followed by
exposure using DLW technique. The FZP prepared on PDMS
membrane is shown in Fig. 4b.

AN\

b)

Fig. 4 Optical microscope image of FZP structure prepared
on a) glass and b) PDMS surface

The focal length of prepared FZP was measured in simple
experimental arrangement LED source-FZP-CCD camera and
calculated using standard lens equation. The measured focal
length was approximately 9.5mm, which nearly corresponds
to the designed FZP with /= 10mm. The real image of orange
LED source with central wavelength A = 612 nm using prepared
FZP is shown in Fig. 5. Due to a wide spectral range of LED
source the real image is not perfectly contrasted, because the
FZP focal length shows dependence on the used wavelength. The
orientation of the image is reversed in comparison with original
object as is shown in inset figure in Fig. 5, which fulfils the basic
optical imaging principle and lens equation. We conclude that
FZP based on PDMS can be directly applied on the LED surface
and can lead to modification of beam shape.

Fig. 5 Real LED image after imaging using FZP and
original object (inset figure)

4. Surface-relief fiber bragg grating in PDMS

In this part, we describe a new fabrication method for SR
FBG based on PDMS waveguide fabricated by combination
of interference lithography process and imprinting technique.
PDMS shows unique elastic properties allowing elongation for
more than 100%, which may be attractive in tunable optic devices
based on FBG [13 and 14].

4.1 Experimental

For the fabrication of SR FBG in the PDMS layer, the
combination of interference lithography and imprinting technique
with liquid PDMS was used. Individual steps of the whole
process are described in Fig. 6. The first step is hand made fiber
drawing process from positive photoresist AZ5214E that will
finally form a core of waveguide (Fig. 6a). It was necessary to
achieve appropriate fiber diameter in the range 10-100 um. In
the next step, the prepared fiber was placed on a PDMS layer
(Fig. 6b). For fabrication of the PDMS layer, we used PDMS
Sylgard 184. It was prepared in the same way as described in
PDMS membrane fabrication. It is necessary to achieve partial
curing of the PDMS at temperature of 60 °C for about 20
minutes which ensures appropriate viscosity. If a photoresist fiber
is placed on such a PDMS layer, the fiber is slightly immersed.
Subsequently, the photoresist fiber is exposed by one dimensional
interference optical field (Fig. 6c). Interference workplace
based on Mach-Zehnder configuration was used to create one-
dimensional interference pattern. Exposed structure photoresist
fiber - PDMS layer was developed in AZ400 K developer to
remove exposing parts of photoresist and rinsed in deionised
water. One-dimensional periodic surface structure with length of
app. | mm was patterned on the photoresist fiber surface with
normal orientation to the fiber axis (Fig. 6d).
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Fig. 6 Schema of SR-FBG fabrication process in PDMS layer

The patterned photoresist fiber was covered with an additional
layer of PDMS in order to form a waveguide core (Fig. 6¢). One-
dimensional structure from the photoresist fiber was imprinted
into the covered PDMS layer. After curing PDMS in the next
step, photoresist was removed in Microposit Solvent EC 11 in
a long time process (app. 24 hours) (Fig. 6f). By this process, the
SR-FBG is obtained in the PDMS material.

4.2 Results and discussion

After removing the photoresist from PDMS waveguide, we
obtained air core waveguide structure in PDMS material with
SR-FBG. Fig. 7 shows microscope image of SR-FBG patterned in
thin photoresist fiber placed on PDMS layer.

Fig.7 Optical microscope image of prepared SR-FBG on surface of

photoresist fiber
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The prepared air core waveguide is not appropriate for
further low-loss guiding application. Then the core was filled
with material which refractive index greater than PDMS cladding
(n > 1.45). For this purpose, a different mixture of PDMS was
used. Such prepared PDMS structure can be used in waveguide
applications for light filtration in specified region.

5. Conclusion

We presented few patterning techniques leading to fabrication
of PDMS based micro- and photonic structures. We prepared
PDMS membranes with 2D PhC patterned surface of period
495 nm and depth of 100 nm using interference lithography and
imprinting technique. Such membranes can be simply applied on
different optoelectronic device surfaces and could modify final
optical properties.

We also described fabrication of PDMS membranes for
micro-optics. We presented fabrication of Fresnel zone plate
structure prepared on PDMS substrates using direct laser writing
technique. We favor this FZP prepared on PDMS substrate for
direct application on LED chips, which may be attractive for
output beam collimation.
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