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ABSTRACT

In this paper, an ormocomp polymer nanowire with possible use in integrated-optics sensing applications is presented.
We discuss the structure design, the fabrication process and present results of the simulation and characterization of the
optical field profile. Since the nanowires are designed and intended to be used as integrated optics devices, they are
attached to tapered and feed waveguides at their ends. The fabrication process in this work is based mainly on the
nanoimprint technique. The method assumes a silicon nanowire as an original pattern, and polydimethylsiloxane
(PDMS) as thesoft mold. The PDMS mold is directly imprinted on the ormocomp layer and then cured by UV light to
form the polymer based nanowire. The ormocomp nanowires are fabricated to have various dimensions of width and
length at a fixed 500nm thickness. The length of the nanowires is varied from 250 um to 2 mm, whereas the width of the
structures is varied between 500nm and 1um. The possible optical mode field profile that occurs in the proposed polymer
nanowire design is studied using the H-field finite element method (FEM). In the characterization part, the optical field
profile and the intensity at the device output are the main focus of this paper. The various lengths of the nanowires show
different characteristics in term of output intensity. An image processing is used to process the image to obtain the
intensity of the output signal. A comparison of the optical field and output intensity for each polymer nanowire is also
discussed.
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1. INTRODUCTION

Nanowires have been a good candidate for nanotechnology applications due to their unique chemical and physical
properties [1-3]. In the optics and photonics area, silicon-on-insulator (SOI) based nanowires are used as a waveguide in
many sensing applications [4-8]. The SOI technology has been used in optical sensors because it has the advantage of
improving the light confinement in the waveguide, thus sensitivity of the sensors is enhanced [9, 10]. However, polymer
nanowires are alternatively used as optical waveguides nowadays in sensing applications due to their mechanical
flexibility over the semiconductor nanowires such as silicon nanowires. The polymer nanowires are biocompatible
materials which can have a various functional dopants [11, 12]. Therefore, they can be used in many different areas of
sensing applications. For example, the polymer nanowires are used as chemical sensors, biosensors, organic light
emitting diodes, and organic solar cells [13-16]. It has been reported that the polymer nanowire can be used in humidity
sensing, and NO, and NH; detection with response time 30ms and high sensitivity [17]. The utility of fluorescent
polymer nanofibers to detect the metal ions (FE** and Hg?") is also possible [18]. In this work, polymer based nanowires
are proposed to detect the effective index difference when there is the change of refractive index of the cladding material.
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The sensing region of this polymer nanowire structure is at the interface between the guiding area and the cladding
region where the evanescent wave takes place. In order to achieve a highly sensitive polymer nanowire the structure
dimensions of width and height need to be optimized to enhance the power confinement in the sensing area. There are
several methods to fabricate polymer nanowires, such as using electron beam lithography, electro-chemical deposition,
anodic aluminum oxide, nanosphere lithography, and nanoimprint lithography [19-23]. In this work we have used the
nanoimprint lithography method to fabricate the ormocomp nanowire. This method is a top-down process, which can
precisely control the dimensions and uniformity of the structure. The nanoimprint technique promises a simpler, less
time consuming, and lower cost process compared to other fabrication techniques of polymer nanowires.

This paper consists of three main parts; (i) the design and simulation of the polymer nanowire structure, (ii) the
fabrication process, and (iii) the imaging experiment. The ormocomp nanowire is designed to be used as an integrated
optics sensor. The structure dimensions of width and height are optimized to achieve maximum sensitivity. The
simulation part is used to study the possible mode field and power confinement in the sensing region over the width and
operating wavelength. Water is used as a cladding medium in this experimental work. The fabrication part includes the
master silica nanowire fabrication and the fabrication of the ormocomp nanowire using the nanoimprint method. Finally,
the experimental results focusing on imaging the optical output signal are studied.

2. DESIGN AND SIMULATION
2.1 Design of nanowires

In this work, nanowires are proposed to be used in an integrated optics sensing application. Therefore, the nanowires are
designed to have feed and tapered waveguides attached at their ends. The feed waveguide is later connected to other
optical devices, such as an optical coupler, and an interferometer. The tapered waveguide also plays the important role of
reducing the power loss when the light couples from the feed waveguide to the small dimension nanowires. Thus, the
power of light interacting with the sensing material is enhanced. The design of the nanowire structure and its cross
section is shown in Figure 1.
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Figure 1: A schematic of the nanowire structure connected with a feed waveguide and a tapered waveguide, and its cross
section. The feed waveguide has width W4, and length L. The nanowire (L,,) with width W and height H is attached to
the tapered waveguide Ly,. The total length of the nanowire structure (L) is 5000 um.

From Figure 1, the integrated nanowire structure consists of the nanowire with length L, the tapered waveguide with
length L,=270 um and the feed waveguide with length L4 The overall structure has a length of L,=5000 pm. The
nanowire itself has width (W) 0.5 um to 1.0 um and height (H) 0.5 um. In this work, the nanowires are designed to have
different lengths (L) in one set. A set of nanowires consists of one reference feed waveguide, one reference tapered
waveguide and four different lengths of nanowires which are 250 um, 500 um, 100;0 um and 2000 pum. The various
lengths of nanowires are used to study the absorption coefficient of the polymer nanowire (an,). The aim of the two
reference waveguides is to eliminate the effect of the feed waveguide and the tapered waveguide in the calculation of the
absorption coefficient of the nanowires (any). The set of nanowires containing two reference waveguides and four
nanowires is shown in Figure 2.
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Figure 2: A designed set of nanowires which consists of four different lengths of nanowires ((1) to (4)), a tapered waveguide
reference wire ((5)) and a feed waveguide reference wire ((6)).

The concept behind this sensing application is to have high effective index difference with a small index change. In
order to have a high sensitivity nanowire the key parameters that need to be optimized are the width (W) and the height
(H) of the nanowires. The variations of the width and height are studied over the effective index and power confinement
of the structure as a function of the structure width and the operating wavelength. The ormocomp nanowire (n=1.52) is
fabricated on glass substrate (n=1.45). As in a conventional waveguide, the light is highly confined in the high-index
material which is the ormocomp in this case. However, the sensing region is at the interface between the core and the
cladding material where the evanescent wave takes place. The change of refractive index of the cladding medium causes
the effective index difference. The larger the effective index difference the better the device as far as sensitivity is
concerned. Therefore, the parameters are designed in order to enhance the evanescent wave at the boundary of the
guiding region and the surrounding medium. The enhancement of the evanescent wave increases the light interaction,
and consequently it increases the sensitivity of the device. The cladding material considered in this paper is water
(n=1.33).

2.2 Numerical calculations

To study the behavior of this ormocomp nanowire, the full vectorial H-field finite element formulation [24] has been
applied for the modal analysis of the nanowire structure, to determine the propagation characteristics of the fundamental
optical mode. There are two methods used in the FEM, the Raleigh-Ritz variational method and the Galerkin method of
weighted residuals. In our case, the variational approach is used and the governing differential equation is not solved
directly, but the variational expression is formulated as a functional, as shown in Equation 1. The functional used to
solve the problems is related to the standard eigenvalue problems, and the modal characterization is obtained by
minimizing the functional in Equation 1,

*, o—1 *
Ww? = J[(vxH)*-e (|7><l;l)+p(\7><H) (7xH)|dxdy 1)
[H*-uH dxdy

where H is the full vectorial magnetic field, * represents a complex conjugate and transpose, w is the angular frequency
of the wave, w? is the eigenvalue, and & and u are the permittivity and permeability respectively.

In this paper, the possible mode fields and power confinement of ormocomp nanowires are studied over the wavelength
and the width of the nanowire structure. First, the structure is designed to be a single mode nanowire. Therefore, the
nanowire is assumed to have a fixed dimension with the width and height of 0.5 um and 1.0 um, respectively. The H-
field vector formulation of FEM is used to calculate the modal properties of this waveguide structure by varying the
wavelength of excitation. In this case, the cold white light with the operating wavelength between 400 nm to 700 nm is
used as a light source, and the cladding medium is assumed to be water with refractive index of 1.33. With this structure,
both the TM mode (H,') and the TE mode (H,') are considered. The variation of the effective index of these allowed
modes and the power confinement in each region of the nanowire with respect to the operating wavelength are shown in
Figure 3a) and Figure 3b) respectively.
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Figure 3: a) The change of effective index over the operating wavelength which is in a visible region for both TM and TE
mode. The insets are the mode field profile excited at a wavelength 400 nm of TM (left inset) and TE (right inset) mode in
the ormocomp nanowire with 1.0 um width, and 0.5 um height. b) The variation of power confinement in the cladding

region (sensing region), and the guiding region (ormocomp) with respect to wavelength for TM (10) and TE mode (H;l).

The effective index of the allowed modes is decreased when increasing the wavelength for both TM and TE modes. The
graphs in Figure 3a) show that the TM mode has higher effective index compared to the TE mode. The insets in Figure
3a) show the comparison of the fundamental mode field (H,',H,') in the 1.0 um width and 0.5 pm height ormocomp
nanowire. In the TM mode, the optical field is confined more in the substrate whereas the TE mode has a portion of the
field confined in the guiding region. Consequently, higher power confinement in both the cladding and the guiding
region is obtained in TE mode as shown in Figure 3b). The higher power confinement in the cladding medium, which is
water, leads to the higher sensitivity of the nanowires. The power confinement can be enhanced by exciting the optical
mode field at a higher operating wavelength. Thus, the 650 nm wavelength (red region) is used as the operating
wavelength in the next study to obtain the maximum power confinement possible.

With the fixed operating wavelength of 650 nm (red light source), the effect of the structure width to the allowed mode
field and power confinement has been studied, and the results are shown in Figure 4. The study assumed that the
structure had height of 0.5 um and the width was varied from 0.5 pum to 1.0 pm.
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Figure 4: a) The change of effective index over the structure width which is in a range between 0.5 pum and 1.0 um for both
TM and TE modes. The insets show the mode field profile excited at 0.5 um width nanowire of TM (left inset) and TE (right
inset) mode. b) The variation of power confinement in the cladding region (sensing region) and guiding region (ormocomp)
with respect to the structure width for TM (10) and TE mode (H;l).

When the structure width is larger, the effective index of the fundamental TM and TE modes are slightly increased.
Similarly to the previous results, the TM mode has higher effective index than the TE mode. However, the TE mode has



greater power confinement in both the cladding and the guiding regions compared to the TM mode as presented in Figure
4b). The large nanowire tends to have a small power confinement in the cladding region because there is more volume
for the light to be confined in the core region. Hence, the evanescent wave is extended less into the cladding medium,
which is the sensing region in our work. The optical mode field profiles for the TM and TE modes are demonstrated in
the insets of Figure 4a). The insets show the field in the 0.5 um width and 0.5 pm height nanowire. Even though the
small nanowire provides a higher power confinement in the sensing region and enhances the sensitivity, our work has a
limitation in the fabrication process. Therefore, the nanowire with width 1.0 um and height 0.5 um is considered in the
next section.

3. FABRICATION PROCESS

The polymer nanowire is fabricated using the nanoimprint method. It is basically the method to transfer the pattern from
the silica master nanowire onto the ormocomp layer. Below, the fabrication process of the silica master and ormocomp
nanowires are discussed. As mention earlier, the dimensions of the nanowires to be fabricated are fixed at the width of
1.0 um and height of 0.5 um. The nanowires are fabricated as a set at different lengths. The four different nanowires
legnths are 250 um, 500 um, 1000 um, and 2000 pum. In addition, the feed waveguide and tapered waveguide references
are included in the set.

3.1 Silica nanowire fabrication

The ormocomp nanowire can be obtained by transferring the pattern from the silica nanowire. Therefore, the master
silica nanowire needs to be hard mold in the nanoimprint technique. The main fabrication process of silica nanowires
includes photolithography and wet etching. The silica nanowires are fabricated on a 6-inch silicon wafer. First, the oxide
layer is deposited on the substrate using low pressure chemical vapor deposition (LPCVD) at 1000°C. Then 1.09 um
thickness of sumitomo PFI-34A photoresist is spin-coated on the oxide layer. The pattern of the set of nanowires is
transferred onto the photoresist layer by UV exposure for 340 ms. The power of the UV lamp in this treatment is 350.81
mW/cm?. After post-bake at 110°C for 3 mins, the photoresist is developed using tokuyama SD-W for 60 s. The hard
bake then needs to harden the photoresist pattern, and prepare it for the next oxide etch. Buffered oxide etch (BOE) is a
chemical used to etch the oxide layer. It is a wet etch made of 40% ammonium fluoride (NH4F) and 49% hydrofluoric
acid (HF) in the volume ratio of 6:1. Finally, piranha solution is used to remove the residual photoresist on the silica
nanowire pattern. Piranha is the solution made of 70% sulfuric acid (H2SO4) and 30% hydrogen peroxide (H202) in the
ratio of 4:1. The fabricated nanowire is shown in Figure 5.
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Figure 5: a) SEM image of nanowires in one set including two reference waveguides and four different lengths of
nanowires. b) The magnification SEM image at the part of the nanowire involving the sidewall surface and cross section.

The fabricated set of silica nanowires consisting of four different lengths of nanowires and two reference waveguide can
be seen in Figure 5a). Figure 5b) shows the magnification part of silica nanowire including the sidewall surface and cross
section. The surface roughness is clearly seen in the Figure 5b). Even though, the silica nanowire is designed to have a



vertical sidewall, the wet etching makes the nanowire to have non-vertical sidewalls. Measurements show that the
sidewall angle is around 75°.

3.2 Ormocomp nanowire fabrication

The polymeric material used to fabricate the polymer nanowire in this work is the ormocomp. It is a UV curable material
for the nanoimprint process with refractive index of 1.52. To perform the nano-imprint process, the nanowire pattern is
transferred from the master silica nanowire onto the ormocomp layer using PDMS (Polydimethylsiloxane). The silica
nanowire is considered to be the hard mold whereas the PDMS is considered to be the soft mold in the nanoimprint
technique. First, PDMS has to be prepared by mixing the silicone elastomer base and curing agent with the ratio of 7:1
by weight. This ratio can be varied depending on the desired hardness of the PDMS mold. The mixture is then coated on
the desired master silica nanowire and goes under the degas process for 30 minutes in order to remove all the bubbles. To
harden the PDMS, it is cured at the temperature of 100 °C. After the curing process, the PDMS is removed from the
silicon substrate. The pattern created on the PDMS soft mold is the reverse pattern of the silicon nanowire. The process
flow to obtain the PDMS soft mold is shown in Figure 6.
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Figure 6: The preparation of PDMS soft mold from the master silica nanowire. The reversed pattern of silica nanowire is
obtained in the PDMS soft mold.

The next step is to transfer the pattern from the PDMS soft mold onto the ormocomp layer. The ormocomp nanowire is
fabricated on a glass slide substrate. First, the ormocomp is dispensed on the substrate. Next the PDMS mold is used to
stamp the nanowire pattern on the ormocomp layer. Then, the ormocomp is cured with UV light for 5 minutes. After that
the PDMS is removed. The same pattern with the silica hard mold is now appearing on the ormocomp layer. The nano-
imprint process using PDMS stamped on ormocomp layer is shown in Figure 7.
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Figure 7: A schematic showing the process flow of the nanoimprint technique used to obtain the ormocomp nanowire.

However, the fabricated ormocomp nanowire is considered to be a rib waveguide instead of strip waveguide. This is due
to the leftover of ormocomp layer on the glass substrate. The image of the ormocomp nanowire obtained from using the
nanoimprint technique is shown in Figure 8.
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Figure 8: An optical image of a) a set of nanowires, b) larger magnification of the nanowire set consisting of the feed
waveguide, the tapered waveguide, and four different lengths of nanowires, c) feed waveguide and tapered waveguide, and
d) 1 um width nanowire. The inset is the AFM image of 1 pm width ormocomp nanowire and its cross section.

The optical microscope images of the ormocomp nanowire at different magnifications are seen in Figure 8. The non-
vertical sidewall structure can also be observed from the optical microscope as shown in Figure 8d). The inner width is
measured to be 1.03 um, and the outer width is measured to be around 1.55 um. This result matches the image obtained
from the AFM as shown in the inset. From the AFM, the width at the top surface is 1.0 um whereas the width at the
substrate is 1.6 um.

4. EXPERIMENTAL RESULTS

In this section we present the results of the experiments performed to image the optical field at the output of the signal
guided along the nanowire. The intensity of the output signal is obtained using a computer program. The optical setup to
image the signal consists mainly of a red LED light source connected with a single mode optical fiber, the sample stand
and two CCD cameras. The light source and the CCD cameras are places on a xyz stage. The schematic of the optical
setup to image the optical output signal is demonstrated in Figure 9.
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Figure 9: a) A schematic showing the optical setup to image the optical field output signal. b) The actual optical set up.

As shown in Figure 9, the red LED is connected to a single mode optical fiber and it is used as a light source (650 nm).
The objective lens with magnification of 20x is used to focus the light, and also enhance the input signal. In an alignment
process, the objective lens with the magnification of 10x connected with CCD camera is placed on the top of nanowire
stand. It is used to align the optical fiber and the ormocomp nanowire. With the alignment, the focused light is coupled
into the specific nanowire, and then propagates along the wire. The output signal is detected by another CCD camera
connected with the 20x objective lens which is used to magnify the output image. The image of the optical field output is
programmed to extract the intensity. The images and their average intensity of feed waveguide reference and the longest
nanowire obtained from the programming are shown in Figure 10a), and Figure 10b), respectively. The actual images
obtained from the CCD camera are shown in the insets.
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Figure 10: A CCD camera image of the output signal of a) reference waveguide and b) nanowire with the length of 2000 pm.

In order to obtain the average intensity, the highest intensity in the image needs to be found and also locate the point
first. After that, the points, where the intensity is more than 70% of the maximum intensity, are located. The high
intensity points are scattered. Therefore, the center of scattering is marked, and enclosed by the square boundary. The
average intensity is finally calculated from the high intensity located in the boundary. Further experiments are needed to
study the scattering effect, the absorption coefficient, and the effect of surface plasmon resonance when the ormocomp
nanowire is coated with a metal layer.



5. CONCLUSION

In this paper we discussed the study of polymeric ormocomp nanowires including the structure design, the simulation of
the possible mode field guided in the nanowire, the fabrication process using the nanoimprint technique and the imaging
of the optical output signal. The ormocomp nanowire is designed to be used in an integrated optical sensing application
with the maximum possible sensitivity. To enhance the sensitivity, the power confinement in the cladding region has to
be maximized. This can be done by optimizing the key parameters of the nanowire structure which is the width in this
case. The ormocomp nanowire is designed to have four different lengths which are 250 pm, 500 um, 1000 um, and 2000
um. The optical mode field and the power confinement in the nanowire are studied over the structure width and the
operating wavelength in the visible range. The cladding material is water (n=1.33). From the simulation results, the small
nanowire excited with high operating wavelength (red=650 nm) is the most sensitive structure. However, the optimum
parameters are at 1.0 um width and 0.5 um height in order to have high power confinement in the sensing region and still
be under the fabrication limit. In the fabrication process, the nanoimprint technique is used to transfer the pattern from
the silica nanowire onto the ormocomp layer. To image and measure the output signal a CCD camera is used in the
optical setup connected to a computer for processing the intensity from the image. The issues of the scattering effect and
the absorption coefficient of the ormocomp nanowire will be further studied.
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