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Abstract: The sensitivity of traditional diffraction grating sensors is limited by the spatial resolution
of the measurement setup. Thus, a large space is required to improve sensor performance. Here,
we demonstrate a compact hexagonal photonic crystal (PhC) optical sensor with high sensitivity.
PhCs are able to diffract optical beams to various angles in azimuthal space. The critical wavelength
that satisfies the phase matching or becomes evanescent was used to benchmark the refractive index
of a target analyte applied on a PhC sensor. Using a glucose solution as an example, our sensor
demonstrated very high sensitivity and a low limit of detection. This shows that the diffraction
mechanism of hexagonal photonic crystals can be used for sensors when compact size is a concern.
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1. Introduction

Optical sensors have attracted a great deal of attention because they offer several advantages, such
as non-invasive measurement, high specification, high sensitivity, real-time monitoring, and low cost,
compared to other conventional analytical techniques [1]. Among various types of optical biosensors,
diffraction gratings can specifically or nonspecifically interact with target materials. Diffracted beams
are measured by correlating the change in optical properties to the geometrical parameters of the
gratings and the refractive index of the target material. For example, the wavelength shift, spatial
distance shift, and diffraction power efficiency of the diffraction patterns can be monitored to detect
types or even concentrations of the target. However, the performance of traditional diffraction grating
sensors is strongly dependent on spatial resolution. A large space is needed to obtain high sensitivity.
The periodic patterns of diffraction based sensors can also be implemented by photonic crystals (PhCs),
in which light interacts with the periodic structure.

PhC represents an intriguing solution to achieve high sensing performance. Sensors employing
photonic architectures include ring resonators [1], surface plasmon resonance (SPR) sensors [2],
microdisks [3], microspheres [4] and guided mode resonance (GMR) [5,6] sensors. For example,
based on GMR theory, PhC sensors can be used to detect immunoglobulinG antibodies [7], serve
as a grating coupler in SPR systems to monitor biomolecular interactions [8] and function as a gas
sensor [9]. Since PhCs can confine light to a very small volume, chemical species can be characterized
by nanometer dimensions [10]. In addition, PhC sensors can be integrated with microfluidic systems,
endowing compact sensor chips with advanced chemical surface functionalization techniques [11].

In this work, with the purpose of designing a miniature optical sensor for a handheld device [12]
and IoT (Internet of Things) sensing [13], we fabricated 2-dimensional (2D) hexagonal PhCs on a Si
substrate. The diffracted beams from the PhCs distributed at various azimuthal angles. They satisfied
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phase matching conditions in terms of optical wavelength, PhC period and material applied on the
surface. However, certain wavelengths of the incident beam became evanescent after diffraction
because they failed to satisfy phase matching. Based on the unique diffraction properties of hexagonal
PhCs, we benchmarked the sensitivity of the device according to refractive index change, using glucose
as the target analyte. By analyzing the spectrum of the diffracted beam, the onset of the wavelength
at which diffracted beams became evanescent was employed to correlate the refractive index of the
glucose solutions. Our sensor showed high sensitivity, while avoiding the problem of spatial resolution
compared to traditional grating sensors.

2. Materials and Methods

2.1. Design and Fabrication of the Hexagonal 2D Photonic Crystal

The PhC sensor was fabricated on a Si substrate. The process started from first depositing a
250 nm-thick layer by Plasma Enhanced Chemical Vapor Deposition (PECVD) as the hard mask.
The hexagonal 2D PhCs (nanohole arrays) were patterned by electron beam lithography. The patterned
hard mask enabled the precise transfer of the PhC pattern to the Si substrate by Reactive-lon Etching
(RIE). The dielectric was then removed by buffer oxide etchant (BOE) wet etching. A schematic
diagram of the PhC pattern is shown in Figure 1. The PhC nanohole arrays were hexagonally arranged,
with a period (a) of 350 nm, radius (r) of 140 nm, and depth of 500 nm. The geometry of the PhC was
designed so that the diffraction spectrum was in the visible wavelength. The size that the nanohole
PhC pattern covered was around 300 x 300 um?. The scanning electron micrograph (SEM) images are
shown in Figure 2.
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Figure 1. Schematic diagram of the 2D photonic crystal (PhC) sensor. The geometry of the nanohole
arrays is labeled.

Figure 2. SEM images of PhCs.
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2.2. Measurement Setup

There were two steps of measurement in this work. We first characterized the light diffraction
behavior of the PhC structure, then performed glucose sensing. In the first part, to analyze the
diffraction modes of the hexagonal lattices, broadband white light emission from a Xenon lamp
was coupled into a multi-mode optical fiber and then was collimated before shining on the PhC
surface. The incident plane of the light was chosen to be aligned with the I'-K direction, which
corresponds to a grating period of 350 nm (see Figure 2). The spot size of the incident light was around
1.5 mm in diameter. Only light diffracted by the PhC could be observed at various azimuthal angles.
The diffracted modes were analyzed by a spectrometer (Ocean Optics, Largo, FL, USA, HR4000).
Second, using the PhC structure as a sensor, we correlated the refractive index with the diffraction
spectra using a glucose solution. A syringe pump (Chemyx Inc., Stafford, TX, USA, Fusion 200) was
employed to control the flow rate and volume of the glucose solution. A schematic diagram of our
two-step measurement setup is shown in Figure 3.
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Figure 3. Experimental setup of the optical characterizations of the PhC arrays and detection of the
refractive index of the glucose solution. The target glucose solution was injected by a syringe pump
into the PhC surface.

3. Results and Discussion

3.1. Optical Bhavior of the Hexagonal PHC

For periodic optical grating, the reflective modes fell on the same plane as the incident light.
The 2D PhCs allowed incident light to be diffracted in various directions, as long as the conservation of
momentum was satisfied. For the hexagonal PhC structure, the diffracted beams appeared at various
azimuth angles above the PhC surface, in addition to the same incident plane. Figure 4 shows the
diffracted patterns taken by a digital camera under white light illumination. The incident angle is
marked at the bottom-left corner of each photo. Here, 90° is in the horizontal direction while 0° is from
the surface normal of the sample. With the increase in incident angle from 0°, the number of diffracted
beams decreased from six to two. To help visualize the diffraction behavior, schematic diagrams of the
diffracted beams are drawn in Figure 5. Here, we only show optical beams that are not aligned with
the incident light plane. When the incident angle was between 90° and 61°, two beams (beam 1 and
beam 2) existed that were not in the same incident plane (see Figure 5a). As we tilted the incident light
from 90° toward the surface normal of the device, beam 1 and 2 gradually moved to the direction of
the incident light plane (see Figure 5b(ii)). At an incident angle below 60°, two additional beams, beam
3 and 4, rose above the PhC surface at a location 50° away from the x-axis, as shown in Figure 5b(iii).
When we kept shrinking the incident angle, the diffracted beams had the tendency to move toward the
incident plane, making room for additional beams to appear. When the incident angle was between 0°
and 14°, there were a total of six diffracted beams that fell away from the plane of incident light.
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Figure 4. Images of diffracted beams under different incident angles, as labelled in the lower-left
segment of each photo.
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Figure 5. Illustrations of the diffracted beams that were deviated from the plane of incident light.
The diffraction behaviors are drawn from(a) a side view and (b) a top view.

The optical behavior of our 2D-PhC can be explained based on the phase matching equation given
by the conservation of crystalline momentum:

kin + me,y = kout,kin = 2% sin 0, (1)
where k;, is the incident in-plane wavevector; A is the wavelength of incident light; 0;, is the angle
between the surface normal and incident light; k,,; is the in-plane wavevector of the diffracted beam;
m is the harmonic order of diffraction; n is refractive index of the dielectric; and G is the reciprocal
lattice vector given by PhCs. Light can be extracted from PhCs and radiated into the air, which is
attributed to the coupling of the in-plane wavevector and the reciprocal lattice vector G ,. Because of
the symmetry of the lattice structure, the direction of the primitive cells in reciprocal space were a key



Materials 2018, 11, 549 50f8

factor of concern. Figure 6 shows the reciprocal lattice of hexagonal PhCs. In Figure 6, six reciprocal
lattice vectors (from Gy to Gyg) existed in the first Brillouin zone [14]. As the harmonic order of
diffraction (i.e., m) increased, the number of lattice vectors (from Gp,1 to Gpg) grew larger. When the
phase-matching condition was fulfilled, the guided light could be diffracted into the air. In our
measurement, as the incident angle (8;,) titled toward the normal direction, the in-plane vector (k;;,) in
Equation (1) was smaller so that more reciprocal lattice vectors satisfied the equation. The number of
diffracted beams appearing in space increased. Due to the hexagonal PhC pattern arrangement, at a
small incident angle (below 0° in our case), the number of diffracted beams was six.

Figure 6. Schematic diagram of the reciprocal space of the 2D hexagonal PhC. The incident beam k;,
interacted with the lattice vectors and was diffracted in six possible directions in the azimuthal space.

Equation (1) also implies that diffraction behavior is dependent on the refractive index of the
material applied on the PhC sensor surface. All of the diffraction patterns that were visible on top of the
sensor surface met the phase matching conditions. As the wavelength of the incident light increased to
a certain value where the corresponding k;, wavevector could not satisfy Equation (1), the diffracted
beam became an evanescent wave (imaginary number of the wavevector). We defined a cut-off
wavelength as a wavelength in the boundary between the solution of real and imaginary numbers
(see Figure 7). Since k;j, is proportional to the refractive index (n), the cut-off wavelength is correlated to
the refractive index. When the incident angle or refractive index increases, the cut-off wavelength will
shift to a longer wavelength. Traditional optical biosensors characterize the refractive index of target
materials by measuring the angular shift or wavelength shift of the reflected light. Spatial resolution
has a tremendous influence on sensitivity. It means that the longer the distance between the reflected
light and detecting instrument, the higher the sensitivity is. The cut-off wavelength approach in our
hexagonal PhC avoided the limits of spatial resolution. We were able to detect the refractive index
change by determining the cut-off condition from the spectra of the diffracted beams.
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Figure 7. Illustration of diffracted beam detection. The optical beam was collimated by the focal lense
before it was collected by a fiber. The spectrum of the optical beam was analyzed by a spectrometer.
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3.2. Principle of PhC Sensing

Figure 7 elucidates the principle of detection using a PhC sensor. The PhC structure scatters
the incident optical wave to different diffracted modes, including a zero-order reflected mode and
other diffracted beams. We analyzed the cut-off wavelength from the diffracted spectrum of one beam
by collecting optical power with confocal lenses. For wavelengths longer than the cut-off, since the
diffracted light became evanescent, we observed a roll-over at longer wavelengths in the diffracted
spectrum. Diffraction is modulated when a target solution is introduced on the surface of a PhC sensor.
Thus, the cut-off wavelength is dependent on the refractive index of the target solution.

3.3. Cut-Off Wavelength Measurement and Data Acquisition

We explored the detection capabilities of the hexagonal PhC structure using a glucose solution.
As shown in Figure 3, the glucose solution was injected to the PhC surface by a syringe pump.
We characterized the diffraction behaviors of glucose solutions with concentrations ranging from 0.1
to 1000 mM. Among the diffraction patterns at various incident angles, the diffraction of only two
beams possessed the highest light intensity. Thus, we set the incident angle of 70° for our sensing
experiment and diffracted beam 1 in Figure 5b(ii) was analyzed. The cut-off wavelength, defined as the
wavelength at half of the maximum intensity from the spectra in Figure 8, was employed to benchmark
the refractive index. When the glucose concentration increased, the refractive index increased, resulting
in a red shift of the diffraction spectrum.
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Figure 8. Diffraction spectra from the PhC sensor with the glucose solutions applied. The cut-off
wavelength shift, AA, indicated the capability of detecting the refractive index difference of target
analytes with a PhC sensor. Even though the diffraction spectrum covered the visible wavelength
range, we only collected longer wavelength (640~700 nm) results, where cut-off wavelength could
be determined.

3.4. Detection Limit and Sensitivity

The cut-off wavelength shifts of water and glucose solutions are shown in Figure 9. In this
experiment, six PhC devices were tested for each glucose concentration. The average wavelength shift
for 0.1 mM was 0.161, which was around four times the standard deviation, 0.044. The detection limit
of our sensor was about 0.1 mM, which was much lower than conventional blood glucose detectors for
Diabetes mellitus (DM) patients [15].
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Figure 9. Cut-off wavelength of glucose solutions with different concentrations.

The optical detection properties of the sensor could be quantitatively estimated by the sensitivity
parameter, S = %, which is defined as the ratio of wavelength shift (AA) to refractive index change
(An). We converted the glucose concentration to the corresponding refractive index. Figure 10 shows
the correlation between the cut-off wavelength shift and the refractive index. For the glucose solution
above 10 mM, the slope in Figure 10 was calculated to be 378 nm/RIU. As for the concentration below

10 mM, the slope was 3091 nm/RIU, which suggests the PhC sensors are capable of high sensitivity.

10 |

Wavelength shift (nm)
IS

0

1.330 1.335 1.340 1.345 1.350 1.355
Refractive index

Figure 10. Cut-off wavelength shift vs. refractive index of water and glucose solutions with
concentration ranging from 0.1 to 1000 mM.

4. Conclusions

We demonstrated the evanescent properties of optical diffraction using a 2D hexagonal PhC
structure. The device can be used for sensor applications by correlating the refractive index with
the measured cut-off wavelength. For glucose solution above 10 mM, the sensitivity was around
378 nm/RIU, while a much higher sensitivity of 3091 nm/RIU was achieved for concentrations below
10 mM. The limit of detection was 0.1 mM. The sensitivity of our PhC sensors was compatible or
even superior to that of other PhC-based sensors. The advantage of the cut-off wavelength approach
is that large spaces of measurement setup can be avoided in the high-resolution sensing of typical
grating sensors.



Materials 2018, 11, 549 80f8

Acknowledgments: This work was supported by the Ministry of Science and Technology the National Science
Council in Taiwan under Grant MOST 105-2218-E-005-003 and MOST 105-2221-E-002-131-MY3.

Author Contributions: Y.-Y.L. performed the sensor experiments and analyzed the data; Y.-T.C. conducted the
optical measurement and analysis; C.-C.C. fabricated the PhCs; and J.-].H. designed the optical and sensor
experiments and oversaw the progress of the research. All the authors wrote the paper.

Conflicts of Interest: Authors confirm that the content of this article has no conflict of interest.

References

1.  Hsiao, E-L.; Lee, C.K. Computational study of photonic crystals nano-ring resonator for biochemical sensing.
IEEE Sens. ]. 2010, 10, 1185-1191. [CrossRef]

2. Cullen, D.C.; Lowe, C.R. A direct surface plasmon—Polariton immunosensor: Preliminary investigation of
the non-specific adsorption of serum components to the sensor interface. Sens. Actuators B Chem. 1990, 1,
576-579. [CrossRef]

3. Kouno, T.; Sakai, M.; Kishino, K.; Hara, K. Sensing operations based on hexagonal GaN microdisks acting as
whispering-gallery mode optical microcavities. Opt. Lett. 2015, 40, 2866-2869. [CrossRef] [PubMed]

4. Miri, N.; Mohammadzaheri, M. Optical sensing using microspheres with different size and material.
IEEE Sens. ]. 2014, 14, 3593-3598. [CrossRef]

5. Wang, H.; Zhang, K.-Q. Photonic crystal structures with tunable structure color as colorimetric sensors.
Sensors 2013, 13, 4192-4213. [CrossRef] [PubMed]

6. Zhao, Y.; Zhao, X.; Gu, Z. Photonic crystals in bioassays. Adv. Funct. Mater. 2010, 20, 2970-2988. [CrossRef]

7. Choi, E,; Choi, Y.; Nejad, Y.H.P; Shin, K ; Park, J. Label-free specific detection of immunoglobulin G antibody
using nanoporous hydrogel photonic crystals. Sens. Actuators B Chem. 2013, 180, 107-113. [CrossRef]

8.  Cullen, D.C,; Brown, R.G.; Lowe, C.R. Detection of immuno-complex formation via surface plasmon
resonance on gold-coated diffraction gratings. Biosensors 1987, 3, 211-225. [CrossRef]

9. Jory, MJ,; Vukusic, PS.; Sambles, J.R. Development of a prototype gas sensor using surface plasmon
resonance on gratings. Sens. Actuators B Chem. 1994, 17, 203-209. [CrossRef]

10. Troia, B.; Paolicelli, A.; Leonardis, F.D.; Passaro, V.M.N. Photonic crystals for optical sensing: A review.
In Advances in Photonic Crystals; Passaro, VM.N., Ed.; InTech: London, UK, 2013; ISBN 978-953-51-0954-9.

11.  Scullion, M.G.; Di Falco, A.; Krauss, T.E. Slotted photonic crystal cavities with integrated microfluidics for
biosensing applications. Biosens. Bioelectron. 2011, 27, 101-105. [CrossRef] [PubMed]

12. Zhang, D.; Liu, Q. Biosensors and bioelectronics on smartphone for portable biochemical detection.
Biosens. Bioelectron. 2016, 75, 273-284. [CrossRef] [PubMed]

13. Gallegos, D.; Long, K.D.; Yu, H.; Clark, PP; Lin, Y,; George, S.; Nath, P.; Cunningham, B.T. Label-free
biodetection using a smartphone. Lab Chip 2013, 13, 2124-2132. [CrossRef] [PubMed]

14. Srinivasan, K.; Painter, O. Momentum space design of high-Q photonic crystal optical cavities. Opt. Express
2002, 10, 670-684. [CrossRef] [PubMed]

15.  OK Biotech Co., Ltd. OKMETER Direct Blood Glucose Monitoring System. Available online: http://www.ok

biotech.com/en/product-372268 /OKmeter-Blood-Glucose-Monitoring-System-Blood-Glucose-Meterhtml
(accessed on 3 April 2018).

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/JSEN.2010.2040172
http://dx.doi.org/10.1016/0925-4005(90)80276-6
http://dx.doi.org/10.1364/OL.40.002866
http://www.ncbi.nlm.nih.gov/pubmed/26076282
http://dx.doi.org/10.1109/JSEN.2014.2329191
http://dx.doi.org/10.3390/s130404192
http://www.ncbi.nlm.nih.gov/pubmed/23539027
http://dx.doi.org/10.1002/adfm.201000098
http://dx.doi.org/10.1016/j.snb.2012.03.053
http://dx.doi.org/10.1016/0265-928X(87)85002-2
http://dx.doi.org/10.1016/0925-4005(93)00871-U
http://dx.doi.org/10.1016/j.bios.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21764290
http://dx.doi.org/10.1016/j.bios.2015.08.037
http://www.ncbi.nlm.nih.gov/pubmed/26319170
http://dx.doi.org/10.1039/c3lc40991k
http://www.ncbi.nlm.nih.gov/pubmed/23609514
http://dx.doi.org/10.1364/OE.10.000670
http://www.ncbi.nlm.nih.gov/pubmed/19451920
http://www.okbiotech.com/en/product-372268/OKmeter-Blood-Glucose-Monitoring-System-Blood-Glucose-Meter.html
http://www.okbiotech.com/en/product-372268/OKmeter-Blood-Glucose-Monitoring-System-Blood-Glucose-Meter.html
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Design and Fabrication of the Hexagonal 2D Photonic Crystal 
	Measurement Setup 

	Results and Discussion 
	Optical Bhavior of the Hexagonal PHC 
	Principle of PhC Sensing 
	Cut-Off Wavelength Measurement and Data Acquisition 
	Detection Limit and Sensitivity 

	Conclusions 
	References

