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Photonic crystal structures have been received considerable attention due to their high optical
sensitivity. One of the techniques to construct their structure is the dip-pen lithography (DPN)
process, which requires a nano-scale resolution and high reliability. In this paper, we propose
a two dimensional photonic crystal array to improve the sensitivity of optical biosensor and
DPN process to realize it. As a result of DPN patterning test, we have observed that the
diffusion coefficient of the mercaptohexadecanoic acid (MHA) molecule ink in octanol is
much larger than that in acetonitrile. In addition, we have designed and fabricated optical
waveguides based on the mach-zehnder interferometer (MZI) for application to biosensors.
The waveguides were optimized at a wavelength of 1550 nm and fabricated according to the
design rule of 0.45 delta%, which is the difference of refractive index between the core and
clad. The MZI optical waveguides were measured of the optical characteristics for the
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application of biosensor.
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1. INTRODUCTION

Applications to biosensors tend to be made in a more
miniaturized and systemized fashion. Much research has
investigated the development of a small site, high
sensitivity and low cost biosensor using semiconductor
integration and nano technique, which enable the
detection of a very limited amount of samples.
Commercial biosensors, e.g., surface-plasmon resonance
(SPR) sensors[1], detect selective binding by measuring
the refractive index change on the sensing arm.

However, this method requires a relatively high
sensitive range (~1 mm?) in terms of the condition of the
exact direction or angle. The evanescent-wave sensor
based on the mach-zechnder interferometer (MZI)

principle has sufficiently high sensitivity to measure the
change of the refractive index on the surface of a
waveguide[2-5]. This is because the sensor is suitable for
directly recognizing an antigen that reacts to the
molecule of an antibody receptor adhered to the surface
of a waveguide.

Sensor applications using photonic crystals[5-7] are
attracting research attention because photonic crystals
have a photonic bandgap with a wide range of frequency
and they create a defect that can perform resonance for
the light of an intentionally internal single frequency.
Sensing is performed by measuring the wavelength shift
of the photonic band edge due to the change of
refractive-index distortion inside and around the
photonic crystal caused by the introduction or the
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adsorption of material. Since the change of transmittance
at the photonic band edge is extremely sharp, a high
sensitivity is expected. In particular, a very small micro-
cavity with a high (21uality factor (Q) has a very small
sensing area (~1 um”) and needs a very small amount of
sample to be measured. That is, photonic crystals are
very appropriate to the application of a biosensor. In
addition, it is possible to integrate many functions on a
chip. However, a reliable, nano-scale lithography
process with high resolution is required to realize the
photonic crystal structures necessary to increase the
sensor sensitivity. So far, existing photonic crystals have
been implemented mainly through electron-beam
lithography[8-10] and x-ray lithography[11]. However,
these methods suffer a resolution limitation, and are
accompanied by complex processes because they include
photo-resist development and substrate etching processes
[8-15]. Therefore, it seems that a new and reliable,
process technique should be developed for the next
generation photonic crystal technique. It is important to
secure a fabrication technique capable of fabricating a
nano-sized pattern and growing the desired photonic
crystals directly on a substrate without resist process.

Dip-pen nanolithography (DPN)[16-22] developed in
1999 is the nano patterning technique that coats
molecules in an atomic force microscope (AFM) tip and
imprints the molecules to a substrate.

Molecular ink coated
AFM Tip

Writing Direction
Melecular ink

transport
Water meniscus

Fig. 1. Schematic diagram of the dip-pen nanolithography.

DPN, as shown in Fig. 1, used an AFM tip as a “nib”, a
solid-state substrate as “paper” and molecules with a
chemical affinity for the solid-state substrate as “ink”
[16]. The principle of the DPN is to transport the
patterning materials from the AFM tip the solid-state
substrate because the humidity in the air would form a
water meniscus between them while the tip contacts with
the substrate.
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DPN is a new nano-patterning technique with a
maximum resolution of 15 nm.

In this paper, we present several experiment data for
the DPN process to implement photonic crystal array on
the sensor arm. In addition, we propose the design of
MZI-type optical waveguides for an optical biosensor
and discuss their characteristics.

2. EXPERIMENT

2.1 Process of dip-pen nanolithography

DPN patterning process and image measurement were
performed by using the CP-II AFM and micro cantilever
tip (sharpened Microlever A, force constant = 0.05 N/m,
Si3Ny).

All of the tips were then coated with the alkanethiol
mercaptohexadecanoic acid (MHA) by dipping into a
solution of MHA in acetonitrile or octanol. The cleaned
tips were placed in freshly prepared MHA solution for
10 s, and then blown dry N,. The substrate was prepared
by sputtering a layer of 25 nm Au on top of a (100)
silicon wafer with a Ti adhesion layer of 5 nm. To wash
the Au substrate, the first-step washing to remove
organic matters and the second-step washing to remove
the remnant are performed. For the first-step washing,
the Au substrate is dipped into boiling acetone for a
minute and ultrasonic washing is performed for the
substrate in isopropyl alcohol (IPA) for a minute. After
the procedures, the substrate is washed out in distilled
water. For the second-step washing, the Au substrate is
washed in the NH;OH : H,0, (1 : 1) solution at 75 ~ 85
°C for a minute and washed out in distilled water. After
the procedures, the substrate is dried in N; gas.

The DPN process was performed in a glove box that
can control humidity and temperature to 38 ~ 40 % and
24 ~ 26 °C, respectively.

The scan rate of the tip during DPN patterning process
was set to 1 Hz. To compare the diffusion coefficients
when MHA ink with a different solvent was used, the
contact time between the tip and the substrate during the
DPN patterning was set to 4, 6, 10, and 15 s. After
patterning, MHA dots were immediately imaged with the
same tip in lateral force microscopy (LFM) imaging
mode. The pattern was read by the same tip with high
scan rate {4 Hz) to avoid depositing MHA ink over entire
area during obtaining images.

2.2 Design and fabrication of MZI waveguides

The design and fabrication conditions used to prepare
the symmetric and asymmetric MZI waveguides for
application to the biosensors are summarized in Table 1.
The waveguide was optimized at a wavelength of 1550
nm and the difference of the refractive index between
core and clad was 0.45 delta%.
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Table 1. Design and fabrication condition of symmetric
and asymmetric optical waveguide.

Parameter Symmetric Asymimetric
Input light source (nm) 1550 1550
Core (Neore) ~1.451 ~1.451
Clad (nieiag) ~1.444 ~1.444
Core size (um’) 6 6
Sensor arm length (pum) 1200 1000
Sensor length (mm) 10 17.5

The fabrication of symmetric and asymmetric MZI
optical waveguides was performed by a conventional
planar lightwave circuit (PLC) fabrication process and
DPN process. The fabrication procedure is shown in Fig. 2.

The schematic structures of the MZI sensor fabricated
for application to the biosensors are shown in Fig. 3,
where (a) and (b) indicate the symmetric and asymmetric
MZI optical waveguide structure and result of simulated
light strength depending on the location of light
penetration when light is transmitted to the input block
of a waveguide, respectively.

An input signal is branched into two parts through the
first Y-branch waveguide, and each part passes through
the reference path of interferometer and the path for
sensing. Subsequently, they are combined in the second
Y-branch and exit through the output waveguide.

The MZI waveguide consists of under-clad, core and
over-clad, as for a general integrated optical device. For
one path of the interferometer, the over-clad is removed
and then the part contacts with a cover layer. If the
refractive index of the sensing arm cover layer is
changed, the phase of the light transmitted through this
path differs from that of the light transmitted through
another path reference part. Thus, the two paths which
transmit through each other are interfered at the output
port. The output intensity generally follows the
relationship of [ o< [1+¥VcosA®d], and the phase difference
between the two paths, A®, is represented by
AD=2nLANclad/A.

Here, A is the wavelength of the light, AN the change
of effective refractive index according to the cover layer
material, and L the length of the sensing arm. Thus,
measuring the light intensity through MZI strongly
depends on the change of the effective refractive index
according to the cover layer material. The pulses shown
in Fig. 3 represent the field distribution in several ports
on the MZI waveguides.

An auto alignment system is used to measure the
characteristics of the fabricated symmetric and asymmetric
MZI optical waveguide devices. To evaluate the
insertion loss (IL) and polarization dependent loss (PDL),
the interface of the PLC device and optical fiber was
pasted by index matching oil.

Lithography

Over-clad
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Fig. 2. Fabrication procedures of symmetric and
asymmetric MZI optical waveguides containing PLC and
DPN processes. Silica planar waveguides are patterned
by photolithography process. Channel waveguide for
PLCs are ctched by using reactive ion etching and
inductively coupled plasma etching. Patterned cores are
covered with thick SiO, claddings (over-cladding) using
chemical vapor deposition (CVD) or frame hydrolysis
deposition (FHD) method to bury the waveguides for
high efficiency and safekeeping.
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Designrule : 1:1 coupling
@i=1550nm

1, I, Coupling length

Path difference ~ 1,026 mm

(b)

Fig. 3. Schematic diagrams of an MZI sensor fabricated
for application to the biosensors. (a) Symmetric MZI
optical waveguide structure, and (b) asymmetric MZI
optical waveguide structure.

3. RESULTS AND DISCUSSION

The diffusion coefficient of the molecule ink was
measured for its reproducibility and the pattern with the
desired size through the DPN patterning process. The dot
area after the DPN patterning can be calculated
according to the following relationship:

A=rm-#=C- At

where A, r, C and Ar are the area, radius, diffusion
coefficient and dwell time, respectively.

Figure 4 shows the result of the DPN patterning test
performed by using the MHA molecule inks. Figs. 4(a)
and 4(b) indicates the LFM image of the dot pattern by
using the MHA in acetonitrile and octanol respectively.
The LFM image showing the pattern based on
measurements as the contact time between the tip and
substrate increased (4, 6, 10, and 15 seconds). Fig. 4(c)
indicates the relation between the dot area and the dwell
time based on the measurement result.

& Octanol
0.7 7 O Acetonitrite

Dot Area (um”2)

Dwell Time (s)

©

Fig. 4. Result of the DPN patterning performed by using
the MHA molecule ink with a different solvent. (a)
Lateral force microscopy image of dots patterned using
the MHA molecule ink with acetonitirle at the solvent.
(b) Lateral force microscopy image of dots patterned
using the MHA molecule ink with octanol as the solvent.
(c) Plot of relationship between the dot area and dwell
time.

4] Bum

Fig. 5. Result of the DPN patterning test for 4 x 4 MHA
dot by using the MHA molecule ink in octanol.
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Fig. 6. Optical characteristics of symmetric and
asymmetric MZI optical waveguides devices measured
at a wavelength of 1550 nm. (a) Insertion loss and
polarization dependent loss of symmetric MZI optical
waveguide. (b) Insertion loss of asymmetric MZI optical
waveguide. (c) Polarization dependent loss of
asymmetric MZI optical waveguide.

According to the LFM measurement result, the dot
pattern of MHA molecules was formed on the Au
surface. The diffusion coefficients of the MHA molecule
ink in acetonitrile and octanol was 0.0895956 um®/s and
0.04139023 pm?/s respectively. According to the analysis
indicating that the diffusion coefficient of the MHA

molecule ink in octanol is much larger than that in
acetonitrile. Thus, if octanol is used as the solvent of the
MHA molecule ink, many patterns can be created more
efficiently and rapidly.

Figure 5 shows the result of the DPN patterning test
for the 4 x 4 MHA dot using the MHA molecule ink in
octanol, in which the formation of a dot pattern with the
same size is evident.

The fabricated MZI optical waveguide device was
measured while the sensor was not etched. The results
appear in Fig. 6. According to the measurement result,
the insertion loss of symmetric MZI optical waveguide
device was below 1 dB and the PDL was within 0.1 dB.
For the asymmetric MZI optical waveguide device, the
branch rate was about 3 dB when each channel of the
input and output ports was measured.

In future research, the Au thin film will be deposited
in the sensor ports of an existing MZI optical waveguide
device and the optical characteristics that depend on the
thickness of the thin film will be compared and
evaluated. In addition, the optimized condition for the
DPN process will be secured to fabricate a two-
dimensional photonic crystal structure.

4. CONCLUSION

This research has proposed the DPN process that
presented to implement the two-dimensional photonic
crystal structure with the benefit of greatly enhancing the
sensor sensitivity. By using octanol as the solvent of the
MHA molecule ink, which is used during the DPN
patterning test, it was evident that many patterns were
created more efficiently and rapidly. However, to
establish the optimized process condition for the
fabrication of a stabilized pattern, many preliminary tests
under various process conditions are required. We
therefore consider that if the optimized DPN process
condition is secured in the future, it will be possible to
fabricate a reliable two-dimensional photonic crystal
arrangement with high resolution.

In addition, we have fabricated the symmetric and
asymmetric MZI optical waveguides for application to
the biosensors. As a result, we were able to obtain that
optical characteristic of MZI waveguide devices was low
insertion loss and low PDL. It is therefore possible to
apply these facts to be optical-biosensors. For the
fabrication of an optical biosensor with an integrated
MZI configuration, the optical waveguides must have a
high surface sensitivity.
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