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Abstract. The evanescent field—based polymeric planar waveguide refractive index sensors hav-
ing a high Q Fabry—Pérot (FP) cavity between identical dual Bragg gratings corrugated on the
surface of the planar waveguide were developed. The FP Bragg gratings cavity was fabricated
with a cavity size of 5 and 7 mm, respectively. The spectra of light reflected from fabricated
Bragg gratings, which were butt joined, were measured and compared with different indices of
surrounding media. It was obtained that the FP Bragg gratings cavity is more sensitive than
the single Bragg grating. The sensor developed shows much promise in the application of
biomedical diagnostics such as a biosensor and/or environmental monitoring systems. © The
Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOIL [DOI: 10.1117/1.JNP.7.073792]

Keywords: polymeric planar waveguide; Bragg gratings; Fabry—Pérot cavity; refractive index;
sensors; biosensors.

Paper 13044SSP received Jun. 20, 2013; revised manuscript received Nov. 4, 2013; accepted for
publication Nov. 5, 2013; published online Dec. 16, 2013.

1 Introduction

Planar optical waveguide gratings have been used in variety of applications for optical compo-
nents like couplers, beam splitters, modulators, filters, and sensors, etc.'? These devices are used
to control lasers, spectrometers, and the measurement of the wavelength of light in a wide variety
of fields. Since the 1990s, optical waveguide Bragg gratings have also been employed in optical
sensors to measure both the mechanical and electrical conditions. This allows for the smaller
footprint, lower weight, and simplification of measurement systems, in particular, because
the resultant measurements can be encoded by Bragg resonance wavelength.

Authors have recently developed high sensitivity, high selectivity fiber Bragg grating
sensors.”™ For these sensors, we completely removed the cladding and even part of the core of
the fiber. We have demonstrated sensors with sensitivity to changes of the index of refraction of
order 7 X 10~7. We typically etch our sensor down to a diameter of 5 gm and can detect a wave-
length change of 1 pm or less in the center frequency of our Bragg grating sensor. We have used this
sensor to detect monolayer deposition of small molecules of mass of order 250 Da. In particular,
we have studied the real-time attachment of one monolayer of 3-Aminopropyltriethoxysilane
(APTES) and 3-aminopropyl-methyl diethoxysilane (APMDS) on the sensor and have demon-
strated the formation of a water layer on the sensor. We have also studied the covalent monolayer
attachment of glucose to the sensor and the hybridization of DNA.
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The application of Bragg grating technology has expanded to other areas, such as temper-
ature sensors based on the silica-based etched gratings® reacting to thermo-optic effects. Yoon
et al.'” fabricated a biopolymeric planar waveguide Bragg grating by synthesizing gelatin and
chitosan that could be generated into optical materials having two different refractive indices to
form an optical planar waveguide. Bragg grating technology has been expanding into other
physical measurement applications for the potential devices to be used as diagnostic tools
for biological and medical services.'!

We extend this work by converting our fiber sensor to a planar single-mode ultra-high
O microcavity sensor on polymeric waveguides by forming a single-mode planar Bragg
grating Fabry—Pérot (FP) cavities. In order to realize high finesse planar Bragg grating FP
cavities, we will have to develop the technology for fabricating two spatially separated identical
gratings.

With regard to biosensors, label-free biodetection is possible by measuring the varying
effective refractive index of the optical waveguide that occurs from biointeraction between
antibodies/probe and antigen/target molecules. This takes place on the surface of the core
layer of the optical waveguide. This occurs by means of the evanescent field penetrating the
optical waveguide Bragg grating when light is incident on the optical waveguide Bragg grating.
This sensor for biodetection can be made by carving the grating on the surface of the core layer
of the optical waveguide to multiplex the Bragg grating wavelengths. Thus, the characteristics of
Bragg grating sensors can be used to diagnose human diseases by detecting proteins in the
human blood as biomarks. In addition, Bragg grating technology has the potential to be applied
in a variety of other areas as well, such as the monitoring of food quality in manufacturing
processes in the food industry, chemical and biological weapons-related measurement and detec-
tion activities in the military, and air and water quality measurements in the environmental
protection industries.

The results from this investigation will also be used to develop a small sensor device with
ultra-high sensitivity, which is achieved by forming an FP cavity between two Bragg gratings on
the planar waveguide that has not been reported yet although an optical fiber FP Bragg grating
cavity sensor has been developed.!! The FP Bragg grating cavity structure allows for the devel-
opment of ultra-high sensitive sensors. The sensitivity of the sensor has the potential to be further
improved by generating sharper resonance peaks than a single Bragg grating. Shifts in optical
resonant peaks due to the change of optical path length between two identical gratings arise from
the change in the effective refractive index of an FP Bragg grating cavity. In this investigation,
this is caused by binding immobilized antibodies and antigens, which can then be detected
and measured. In this study, FP Bragg grating cavity sensors will be designed, fabricated, and
characterized as potential biosensors.

2 Experiment

Figure 1(a) illustrates a schematic of two identical gratings for forming the FP cavity. The length
of a single Bragg grating inscribed on the single-mode core channel waveguide is 2.5 mm.
The length of the FP Bragg grating cavity formed by the identical dual Bragg grating is
5 and 7 mm, respectively, to compare the effect of cavity length on sensitivity of a sensor
by varying the cavity length.

For a planar waveguide grating, the center wavelength of the reflection of a grating, A3, is
given by’

Ap = 2nggd, (D

where A is the period of the Bragg grating determined by the two beam interference, and n.
is the effective refractive index of the waveguide. For the FP Bragg grating cavity formed by
two identical planar waveguide Bragg gratings, we assume that the effective cavity length Lgp is
constant and that the wavelength of a resonance mode, Ap, must satisfy”

MmAg/2 = negLpp, ()
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Fig. 1 Schematic of Fabry—Pérot (FP) Bragg grating cavity with 5-mm cavity (a) and its typical
spectrum (b).

where m is the modal number. When the refractive index of the ambient medium on the bio-
sensitive area is changed, the effective index of the effective cavity length Lgp is changed and
thus the resonance wave of m’th mode is shifted.

The period of the single grating was designed to be 538 nm so that the Bragg wavelength of
the single grating should be obtained to be around 1550 nm. The length of the single grating was
2.5 mm, and the depth of the grating with a sine-waved pattern was designed to be ~150 nm so
that about 30% of the light can be reflected from the single grating.

Polymeric materials are used to form the planar optical waveguide which consists of the core
layer (ZPU 13-440, n = 1.440, Chemoptic, South Korea) and the cladding layer (ZPU 13-436,
n = 1.436, Chemoptic, South Korea). A cladding material, ZPU13-436, was spin coated on a 4
in. silicon wafer to be 20-um thick. After 3 min of UV curing under a H lamp with 9 mW /cm? at
370-nm peak wavelength, the polymer was hard baked at 160 °C for 30 min. An optical wave-
guide pattern was defined on the cladding layer by conventional photolithography using an
AZ5214 photoresist. After the cladding layer with a thickness of 20 ym was deposited on
the silicon substrate, the core channel groove of 8-um wide and 8-um high on the clad layer
was made by a reactive ion etching to implement single-mode optical waveguide. The etch rate
of the AZ5214 was slower than that of the ZPU polymer. Then Chemoptic’s material, ZPU 13-
440, was spin coated on the clad layer to form a core channel waveguide. The core layer was
holographically exposed by two equal beams to form Bragg gratings on the core layer of
the optical waveguide and then the exposed substrate was dry etched to form the corrugated
gratings by the conventional lithographic technique, as shown in Fig. 2.

To measure the shift in the optical Bragg grating wavelength when the FP cavity sensor is
covered by fluids to be measured, erbium-doped fiber amplifier (LiComm, South Korea) and
optical spectrum analyzer (ANDO, Japan) with a 0.05-nm wavelength resolution were used.
Fluids were dropped by a pipette on the surface of the cavity between the FP grating cavities
because of measuring the fluid-induced change in optical path length of FP cavity.

| Grating : He-Cd Laser |

I Spin coating : TSMR I - .”"'

I ‘
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I UV Mask exposure I

I3
AR « <l
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Fig. 2 Schematic of fabrication procedures for FP Bragg grating cavity.
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Fig. 3 Fabricated FP grating cavity and its AFM image.

3 Results

Figure 3 shows the photo of the fabricated FP cavity sensor. Atomic Force Microscopy (AFM)
image of Bragg grating was also shown with magnification. The length of the FP cavity (Lg,)
formed by the two identical Bragg gratings is 5 mm. The reflected spectral resonance was mea-
sured by coupling the reflected light from the Bragg grating cavity to the detector through
the 2 x 1 optical fiber coupler. Before fabricating the 2.5-mm grating, the 5-mm grating was
fabricated as a preliminary experiment. However, it was found that the long-length grating
caused significant reflection of light from the first Bragg grating and thus the interference
between two gratings could not be made without sufficient light transmission from the first gra-
ting. To overcome this problem, the Bragg grating length was designed to be 2.5 mm, preventing
too much back-reflection from the first grating and thus transmitting ~60% to 70% of light from
the first Bragg grating to the second Bragg grating. After passing the first Bragg grating, the light
travels to the second Bragg grating and is then reflected to the first grating enough to have inter-
ference between two gratings, obtaining a high reflectivity from the FP cavity. The measured
spectra of the fabricated FP Bragg grating cavity sensor were shown in Fig. 4.

The full-width at half maximum (FWHM) of the highest peak of spectrum formed by multi-
ple reflection arisen from Bragg grating FP cavity was measured to be 0.036 nm with maximum
reflectivity of 20 dB at wavelength of 1547.9 nm, whereas that of the single grating was
0.228 nm. Free spectral range of FP cavity was measured to be about 0.12 nm, which was
made by interference between the optical waves from the first Bragg grating and the second
Bragg grating. In addition, the spectrum was formed symmetrically around the highest peak,
as shown in Fig. 4.

To measure the sensitivity of the sensor, shifts in the wavelength of the FP cavity sensor
were measured when dropping water and isopropyl alcohol (IPA) on the region (so called
the biosensitive area) between the two Bragg gratings. At this moment, no surrounding liquid
was dropped on the surface of the grating. A shift in wavelength of spectral resonant peak can
be induced by changing the effective refractive index of optical waveguide due to varying
the surrounding medium.

Figure 5 shows the spectral change of a single Bragg grating. Each spectrum was measured in
air (n = 1.00), water (n = 1.33), and IPA (n = 1.37). The shifted wavelength was measured to
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Fig. 4 Measured spectrum of Bragg grating FP cavity formed on planar waveguide (a) 5-mm
cavity length and (b) 7-mm cavity length.
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Fig. 5 Shift in wavelength of single-mode Bragg grating.

be 1547.099, 1547.307, and 1547.341 nm in air, when water was dropped on the single grating,
and in IPA, respectively. Water- and IPA-induced shifts in the wavelength to the right were mea-
sured to be ~0.208 and 0.242 nm, respectively. The difference in wavelength between water- and
IPA-induced shifts was 0.034 nm. The sensitivity of a sensor (A1/An), i.e., wavelength on the
refractive index unit (RIU) between air and water, was 0.63 nm/RIU. The sensitivity between
water and IPA was 0.85 nm/RIU.

Figure 6(a) shows the spectral shifts of the FP cavity sensor with a 5-mm cavity length. The
wavelength at the highest spectral reflectance was measured to be 1547.251 nm when the sensor
was soaked in air. A shift in wavelength was measured to be 1547.411 nm when water was
dropped in the cavity and 1547.513 nm at IPA. Water- and IPA-induced shifts in wavelength
to the right by ~0.16 and 0.263 nm were measured, respectively. The difference in wavelength
between water- and IPA-induced shifts was 0.103 nm. The sensitivity of a sensor (A1/An), i.e.,
wavelength on the RIU between air and water, was 0.48 nm/RIU. The sensitivity between water
and IPA was 2.58 nm/RIU. It is shown that the closer the refractive index of the medium to that
of the waveguide, the larger the movement of the peak. This phenomenon is more dominant
for an FP cavity than a single grating.

Figure 6(b) shows the spectral shifts of the FP cavity sensor with 7 mm of a cavity length. The
shifted wavelength at the highest value for each spectral reflectance was 1548.7 nm at air,
1548.9 nm at water, and 1549.0 nm at IPA. A water-induced shift in wavelength was 0.2 nm,
and IPA-induced shift in wavelength was 0.3 nm. The difference in water- and IPA-induced
shifts in wavelength was 0.1 nm. The sensitivity of the sensor between air and water is
~0.61 nm/RIU and that of the sensor between water and IPA is ~2.5 nm/RIU.

Figure 7 shows the plots of shifts in wavelength of the Bragg grating sensor and FP Bragg
grating cavity sensors with 5 and 7 mm length by air, water, and IPA. Due to the change in
refractive index resulting from the change in the surrounding medium, the wavelength of the
spectrum was shifted. The shifts in wavelength for the single Bragg grating and FP cavity sensors
have a similar movement in water, but FP cavity sensors revealed more rapid movement than
the single Bragg grating in IPA. Through these movements, when the refractive index of the
surrounding medium approaches closer to the effective refractive index of the waveguide,
the wavelength of the FP cavity sensors could be rapidly changed. The inset in Fig. 7
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Fig. 6 Shift in wavelength of spectrum for FP Bragg grating with 5-mm cavity (a) and 7-mm
cavity (b).
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Fig. 7 Shift in wavelength of FP Bragg grating cavity sensor with low difference in refractive index
between core and clad layers.

shows a comparison of shifts in resonance spectra for three sensors between water and IPA.
FP Bragg grating cavity sensors revealed a rapid change of resonant wavelength compared
to the single Bragg grating sensor. In addition, a shorter cavity length sensor showed more
sensitivity than a longer cavity length sensor.

By comparison with the results of the sensor fabricated earlier, the planar waveguide with
high difference in refractive index between the core and clad layers was made by using the ZPU
12-480 (core layer, n = 1.480) and ZPU 13-436 (clad layer, n = 1.436). Then the core layer
was holographically exposed by two equal beams to form Bragg gratings on the core layer
of the optical waveguide and the exposed substrate was dry etched to form the corrugated
gratings by the conventional lithographic technique, as shown in Fig. 2.

Figure 8 shows the spectral reflectance of the FP cavity sensor with 5 mm of length with
a high difference refractive index between core and clad layers when surrounded by air, meth-
anol, and water. The shifted wavelength at the highest value for each spectral reflectance was
1578.332 nm in air, 1579.24 nm in methanol, and 1579.321 nm in water, respectively. This result
indicated a 10 times greater shift than low refractive difference cavity sensor by air and water,
as compared with the results shown in Fig. 7. Figure 9 shows the plot of shifts in wavelength of
FP Bragg grating cavity sensors by air (n = 1), methanol (n = 1.326), and water (n = 1.33).
The curve of sensor sensitivity sharply increases between methanol and water because the
refractive indices of surrounding media get close to that of the sensor.
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Reflection (dB)

—65
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Fig. 8 Shiftin wavelength of FP Bragg grating cavity sensor with high difference in refractive index
between core and clad layers.
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Fig. 9 Shift in wavelength of FP Bragg grating cavity sensor with planar waveguide with high
difference in refractive index between the core and clad layers.

The FP Bragg grating cavity may have much better sensitivity than the single Bragg gratings.
These results indicate that an FP Bragg grating cavity sensor may detect low volume of mol-
ecules with higher sensitivity as biological sensors when employing the immune-sensing
schemes such as antibody and antigen reactions.

4 Conclusion

The purpose of this study is to develop biologically compatible high-sensitivity sensors for the
detection of a biomedical substance for medical diagnostics through telemedicine via a body-
mountable tiny small biochip and environmental monitoring. In this study, a polymeric optical
planar waveguide was made by using Chemoptics company’s ZPU13-436 for the cladding layer
and ZPU13-440 for the core layer. As a preliminary study, we fabricated the sample which has
a grating length of 5 mm. As a result, it was confirmed that the shallower depth and the shorter
grating length could develop the interference arisen from multiple reflections between two iden-
tical Bragg gratings.

We fabricated two single gratings to form a FP Bragg grating cavity that has 5 and 7 mm of
cavity lengths. The Bragg wavelength of the single grating that forms the FP Bragg grating
cavity was designed to be a 1550-nm wavelength.

As a result, spectral characteristics for the 5 and 7 mm of the Bragg grating cavity revealed a
sharp-pointed peak that is finger shaped, whereas the single Bragg grating has a round-shaped
peak. In addition, reflectivity of the single Bragg grating is about 10 dB, but that of the 5 and
7 mm of Bragg grating cavities have about 20 dB, which is two times larger than the single Bragg
grating. Furthermore, the resonance spectra of the FP Bragg grating cavity sensors with the 5 and
7 mm Bragg grating cavity have 0.036 and 0.064 nm of FWHM as compared to 0.316 nm of
FWHM for the single Bragg grating. This fact confirms that the resolution of the FP Bragg
grating cavity sensor could be enhanced by 10 to 20 times over that of the single Bragg grating.

It is shown that the higher the refractive index of the medium, the more the resonance peak of
a sensor moves. The Bragg grating cavity is more sensitive than the single Bragg grating at
the same wavelength area. Therefore, a Bragg grating with a cavity area is more sensitive than
the single Bragg grating. In addition, the shorter FP cavity waveguide could reveal much more
sensitivity than the longer one.
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