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We present a liquid refractive index sensor based on a photonic crystal waveguide slab structure. Sensing
mechanism employed in this study is based on the shift in cut-off wavelength as the lattice holes are selectively
infiltrated. Three-dimensional plane-wave expansion and finite-difference time-domain methods are used to deter-
mine the band structure and transmission spectra, respectively. First, the sensitivity of the device is analyzed for
the structure where only the first rows of holes adjacent to the line-defect are infiltrated. In addition, this analysis
is repeated for a range of hole diameters. Second, the effects of infiltrated holes which are placed in the line-defect
are investigated. As these infiltrated central holes are introduced, the proposed device exhibits 5.3 times improved
sensitivity.
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1. Introduction groups as bulk PCs, PCWs and PC cavities. While

Optical sensors have gained a lot of attention over time
due to their high sensitivity to detect small changes in
temperature, humidity, pressure, chemical composition,
etc. Besides, optical sensors eliminate the need for flu-
orescent or radioactive labeling of molecules, which are
relatively time-consuming, expensive and large area de-
manding [1]. Various label-free optical sensing techniques
are proposed which are based on surface plasmon reso-
nance [2], interferometry [3-5], waveguides [6, 7], optical
fibers [8] and ring resonators [9-11]. Although, some of
these techniques are now mature and even commercial-
ized, these techniques are not very practical for on-chip
integration with incorporation of light sources and de-
tectors. In contrast, photonic crystals offer smaller sizes
and mass fabrication of on-chip integrated circuits.

Photonic crystals (PC) are dielectric or metallic mate-
rials where a periodic modulation of the refractive index
gives rise to a range of frequencies with prohibited trans-
mittance in the PC. By changing the radius of central
holes or omitting them completely, localized states can
be created in the photonic band gap and a photonic crys-
tal waveguide (PCW) can be formed. The guided mode
propagates in the PC laterally by the intrinsic band gap
effect and vertically by total internal reflection.

Recently a large number of groups have employed pho-
tonic crystal refractive index sensors in various architec-
tures [12-23]. In general, the architecture of PC-based
refractive index (RI) sensors can be categorized in three

*corresponding author; e-mail: akaoglu@eng.ankara.edu.tr

the PC cavity sensors can have enhanced sensitivity and
smaller sensing area, mass fabrication of the PC cavity
sensors remain to be a challenge since any variation in
the defect size can alter the resonance frequency and af-
fect the sensitivity. In this respect, PCW designs remain
to be much more robust under fabrication tolerances and
can more easily be fabricated.

Detection of liquid or molecules in the PCW sensors
can be performed by surface-based sensing or bulk index
sensing [13]. In addition, rather than immersing the PC
slab in a low-index fluid (bulk-index sensing), the infil-
tration of selected holes, which interacts more with the
field, can be employed. The cut-off wavelength of a PCW
is observed to be very sensitive to the changes in the sur-
rounding environment [18]. Such a structure can be used
as a sensor, whose principle of operation is based on the
cut-off wavelength shift caused by the infiltration of the
holes. Infiltration can be performed by various selective
infiltration techniques, which have been experimentally
demonstrated, such as using an integrated microfluidic
circuit [24], an actuated microtip [25] or micropipette
[26] with a high precision and good reproducibility.

In this study, water, ethanol, isopropanol and xylene
are selected for analysis of the cut-off wavelength shift
with respect to the cut-off wavelength for air. In some
studies, the behavior of the cut-off or resonance wave-
length shift under RI change is not evaluated [18, 20, 21].
However, to gain maximum performance from the sensor
device, this characteristic should be revealed. In this
study, a linear relation in cut-off wavelength versus am-
bient RI change is obtained over a RI range of 0.5.

In an earlier study, isopropanol is distinguished from
xylene by a PC branched waveguide microfluidic detector
where the input waveguide is a W1 line-defect waveguide
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while the two branches consist of waveguides with holes
smaller than those in the bulk PC [22]. Buswell et al. en-
hanced the bulk index sensitivity 40% (from 88 nm/RIU
to 120 nm/RIU) by placing small size holes in the line-
-defect [20]. In this study, a much higher improvement of
sensitivity (5.3 times) is achieved by selectively infiltrat-
ing only the holes in the line-defect (central holes). To
the best of our knowledge, such a huge increase of sen-
sitivity by inclusion and infiltration of central holes has
not been reported.

2. Design and modeling

The investigated PC structures consist of circular air
holes in a triangular lattice symmetry with a hole diame-
ter (d) of 0.76a where a is lattice constant. The W1 wave-
guide is formed by removing a row of holes in the I'-K
direction. Recently, it has been shown that air-suspended
membrane-type PCs have a greater sensitivity than PC
slabs on a substrate due to the higher refractive index
contrast [21]. Therefore, the Si PC slab (n = 3.47) in
our study is suspended in air. Air-bridge photonic crys-
tal structures can be practically fabricated by using se-
lective wet etching techniques [27, 28] and can be easily
integrated with microfluidics [29]. The height of the PC
slab is selected as h = 0.6a and seven rows of holes are
introduced on each side of the line-defect. This design
enables a large photonic band gap for TE-polarized light
where the cut-off wavelength of the fundamental guided
mode can be chosen around 1.5 pym. The lattice holes
are selected to have a 0.76a diameter value because it
corresponds to larger photonic band gap as compared to
smaller diameter values [30].

In the simulations, the polarization is assumed to be
TE-even which has magnetic field component parallel to
air hole axis. In the determination of band structure
characteristics and mode field distributions, MIT’s pho-
tonic band package (MPB), which uses plane-wave ex-
pansion method with periodic boundary conditions, is
adopted [31]. The computations are carried out on a
a/16xa/64 grid in lateral and a/16 grid in vertical dimen-
sions. In the determination of the transmission character-
istics, the finite-difference time-domain (FDTD) method
is employed by using a commercial software, Crystal-
Wave [32]. In the finite-difference time-domain (FDTD)
simulations, the PC structure is arranged to have sixteen
holes along the I'-K direction. On all the surfaces of
the photonic crystal membrane, the perfectly matched
boundary layers with a thickness of 2a are imposed.
A broadband Gaussian source is launched at the begin-
ning of a 16a long line-defect. Two sensors are placed
inside the line-defect at 0.235a and at 15.7a away from
the light source. The closest sensor to the light source is
used as reference sensor and the other sensor is used as
output sensor. The normalized transmission spectra are
obtained by normalizing the flux data collected by the
output sensor to the flux data collected by the reference
sensor. All calculations are realized in three dimensions

to obtain a sufficient degree of consistency with experi-
mental observations.

The performance of the refractive index sensors are
evaluated using the sensitivity parameter, S, which is
defined as the magnitude in the shift of the cut-off wave-
length divided by the change in the refractive index of

the liquid
o))
5=, (1)

3. Results and discussions

In an earlier study, a good agreement between Crys-
talWave 3D FDTD simulations and measurements was
obtained for a PCW slab on SiO5 substrate with a nearly
linear sensitivity of 63.69 nm/RIU for four different cover
solutions [23]. By performing 2D FDTD calculations
with an effective index method for a PCW slab, it was
found that substitution of all the PC air holes with water
significantly enhances the sensing performance in com-
parison to substitution of the cladding layer [21]. Later,
it was reported that infiltration of only the first rows
of holes adjacent to the line-defect with water enhances
the sensitivity greater than the infiltration of all lattice
holes [18]. These reported studies indicate that selective
infiltration is more beneficial than cladding and all lat-
tice hole infiltration methods. Therefore, we follow this
selective infiltration method in our analysis.

3.1. Sensing characteristics of the PC' slab waveguide

The PC slab structure is illustrated in Fig. 1. The di-
ameter of the lattice holes is 0.76a and the slab thickness
is 0.6a. The first rows of holes adjacent to the line-defect
are remarked in yellow color to emphasize that only the
first rows of holes adjacent to the line-defect are infil-
trated.

Fig. 1. The triangular lattice PC slab waveguide with
only first rows of holes infiltrated.

The projected band structure for the 3D PCW struc-
ture is shown in Fig. 2. Four guided modes lie in the pho-
tonic band gap region outside the light cone. The PCW
is single mode between frequencies of 0.2865(a/\) and
0.31(a/A) which only contain the fundamental guided
mode.
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Fig. 2. The projected band structure for the PC slab
waveguide with a height of 0.6a and a hole diameter of
0.76a.
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Fig. 3. (a) Transmission spectrum of the PC slab
waveguide with a hole diameter of 0.76a for different
liquids. (b) The cut-off wavelength shift for different
refractive indices.

Figure 3a shows the TE mode transmission spectra of
the structure calculated by the 3D FDTD modeling for
four different liquids, water (n = 1.315), ethanol (n =
1.344), isopropanol (n = 1.363) and xylene (n = 1.5002).
The lattice constant is set to a = 460 nm, so that the cut-
-off wavelength of the guided mode corresponds to about
1.58 pm. The mode cut-off besides the slab modes causes
a drop in the transmission spectrum for the wavelengths
greater than 1.58 um. As the refractive index increases,

e

8

Sensitty (vVRIV) |

072 076 080
Diameter, d(a)

Normalized Transmission
°
=

4
°
Normalized Transmission

1.60 1.'64 1.‘89 1.‘72 1.'78 1.;!0 1.56 1.'50 |.é4 1.68 1.'72 1.76
Wavelength (um) Wavelength (um)

Fig. 4. (a) Transmission spectra of the PC slab wave-
guide for hole diameters of first rows changing from
d = 0.60a to 0.68a and (b) from d = 0.72a to 0.80a.
The sensitivities of the PC slab waveguides as a func-
tion of hole diameter are shown in the insets.

the transmission band is observed to be shifting to longer
wavelengths. This is expected, since the average refrac-
tive index that the field probes increases as a result of
infiltration.

Figure 4b shows the cut-off wavelength shift as a func-
tion of ambient refractive index change. The cut-off
wavelength, which has been read out at a normalized
transmission level of 0.3, shifts by 27.28 nm by the change
of the local refractive index from n =1 to n = 1.5. This
amount of shift in this RI range corresponds to a sen-
sitivity of 54.6 nm/RIU (RIU denotes refractive index
unit). The data points in Fig. 4b follow an almost linear
relation with the ambient index change leading a slope
of 53.3 nm/RIU.

3.2. Sensing characteristics for different diameters
of first rows of holes

The field distribution of the guided mode is observed to
be highest at the center of the waveguide and the magni-
tude of field diverges as the distance along the transverse
direction increases. Hence, the first rows of holes affect
the dispersion characteristics more than the second and
third rows [33]. The localization of field in the PCW
structure can be increased by selecting the first rows of
holes in a different diameter value than the background
lattice holes. With this approach, the sensitivity of the
sensor can be enhanced.

The transmission spectra of the PC slab waveguide are
given in Fig. 4 for diameters of first rows of holes, chang-
ing from d = 0.60a to 0.80a. Since a linear characteristic
response against RI change is observed, the transmission
spectra are examined for two different RI values, n = 1
and n = 1.5 for further analysis. From the shift of the
cut-off wavelength, the sensitivity of the device for each
diameter value is calculated. The cut-off wavelength is
observed at longer wavelengths as the diameter of the
first rows of holes decreases. The sensitivity parameters
for each diameter value are shown in the insets of Fig. 4a
and b. As the diameter of holes in the first rows in-
creases, the sensitivity shows an increasing behavior up to
d = 0.68a and a decreasing behavior with a saturation at
d = 0.76a. The highest sensitivity, S = 60.02 nm/RIU,
is obtained for the first rows of holes with d = 0.68a
diameter. This increase results from broadening of the
transmission band for d = 0.68a after infiltrating the air
holes with a liquid of n = 1.5.

The sensitivity of the PCW device, via 2D FDTD cal-
culations, is recently reported to be four times improved
by using larger holes in the first rows adjacent to the line-
-defect than the background holes [18]. However, in our
design the maximum sensitivity is obtained for smaller
holes for the first rows with a considerable enhancement
in sensitivity.

3.8. Sensing characteristics for optimized central row
of holes

Especially the waveguide region of the PC slab, where
the field is most intense, should be utilized in order to
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reach higher sensitivity parameters. Since the field of
the fundamental even mode is most intense in the cen-
ter, opening sensing holes in the line-defect would ben-
efit from the increased light-matter interaction. In this
sense, an alternative infiltration procedure is followed,
where only the central row of holes in the line-defect is
infiltrated (Fig. 5).

Fig. 5. The triangular lattice PC slab waveguide with
only central holes infiltrated.

The projected band structure for the 3D PCW struc-
ture with d = 0.60a diameter of central row of holes is
shown in Fig. 6. Four guided modes lie in the photonic
band gap region outside the light cone. The fundamental
guided mode is shifted to higher frequencies due to the
increase in air filling ratio with the inclusion of air holes
in the center. The PCW is single mode between frequen-
cies of 0.285(a/A) and 0.4(a/\) which only contains the
fundamental guided mode.
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Fig. 6. The projected band structure for the PC slab
waveguide with a height of 0.6a, background hole diam-
eter of 0.76a and central hole diameter of 0.60a.

The diameter of the holes in the line-defect is changed
from d = 0.40a to 0.60a. The transmission spectra re-
lated to various central hole diameters are given in Fig. 7a
and b with their sensitivity parameters shown in the in-
sets. In order to obtain minimum cut-off wavelength as
about 1.5 pm, the lattice constant is set to 560 nm. As

the diameter of central row of holes increases, the cut-off
wavelength shifts to shorter wavelengths due to the in-
crease in the low-refractive index ratio. In addition, the
spectral distance between the cut-off wavelengths belong-
ing to n = 1 and n = 1.5 increases with the increase of
the central hole size. The sensitivity, which is calculated
as S = 96.4 nm/RIU for d = 0.40a, shows a continu-
ous increasing behavior as the central hole size increases.
However, for sensing applications, not only the sensitiv-
ity parameter, but also the intensities near the cut-off
wavelengths are important to gain high sensitivity. Since
the sensitivity parameter is calculated at a normalized
transmission level of 0.3 in this study, the increase of the
central hole diameter more than 0.60a would make the
determination of sensitivity parameter difficult due to the
decrease in signal intensity via backscattering. There-
fore the central hole diameter is not increased beyond
d = 0.60a and the maximum sensitivity is obtained for
d = 0.60a.
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Fig. 7. Transmission spectra of the PC slab waveguide
for central hole diameters changing from d = 0.40a to
0.48a and (b) from d = 0.52a to 0.60a. The sensitivities
of the PC slab waveguide as a function of hole diameter
are shown in the insets.

Figure 8a shows the transmission spectrum of the PC
slab waveguide structure with central row of holes with
d = 0.60a under infiltration of different liquids. As the re-
fractive index of the liquids increase, cut-off wavelengths
shift to red. This shift, as shown in Fig. 8b, shows a
linear variation with the change of the refractive index
of the central holes. The slope of the best line represent-
ing the data points gives S = 282.4 nm/RIU, the highest
sensitivity parameter obtained among the investigated
structures in this study.
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The z-component of the magnetic field of the PC slab
waveguide with d = 0.76a lattice holes and its analogue
with an included central row of holes with d = 0.60a
diameter are illustrated in Fig. 9. The even-mode field
concentrates in the line-defect and in the first rows of
holes for the PCW structures with air and xylene infil-
trations (Fig. 9a and b). The regions where the field
is positive (red color) becomes negative (blue color in
Fig. 9) as xylene is infiltrated without any apparent dif-
ference in degree of field penetration. Therefore, we ob-
tained a relatively small sensitivity for this case. When
holes are included in the center, the field mainly concen-
trates between the central holes (Fig. 9c and d). At first
glance, there seems to be no difference in the field distri-
butions of Fig. 9c and d. However, if we closely examine
Fig. 9d it can be noticed that the field penetrates more
into the central holes when xylene is infiltrated. Even a
slight change in the penetration depth of the field causes
a large shift in the cut-off frequency, demonstrating a
much higher sensitivity.

Rsiisall e

Fig. 9. z-component of the magnetic field in the vicin-
ity of the liquid infiltration at the wave number of
0.5(27/a) for a PCW (a) without infiltration, (b) with
first rows of holes infiltrated with xylene, (c) with cen-
tral holes without infiltration, and (d) with central holes
infiltrated with xylene.

It is noteworthy to state that the effect of the position
of central holes on sensing performance is also investi-
gated here by changing the position of the holes along
and in the transverse direction to light propagation. In
both cases, shifting the central row of holes is found to
decrease the sensitivity. It should be noted that the im-
mersion of the slab to the liquid is also considered in
this study. However, the signal level and the sensitivity
are found to be lower and the bandwidth of transmission
band narrower.

The sensitivity of the PCW slab sensor with smaller
holes in the line-defect is reported to be 120 nm/RIU
after immersing the structure to deionized water [20]. In
this study, by infiltrating only the central row of holes,
the sensitivity parameter has reached to 282.4 nm/RIU.
In the light of literature, our calculations indicate that
infiltrating only the holes in the line-defect has a greater
impact to sensitivity than immersing the whole structure
to the liquid.

4. Conclusion

We have designed and investigated three different pho-
tonic crystal slab waveguide structures with triangular

array of holes by 3D plane-wave expansion and FDTD
calculations. For all cases, we have obtained a linear re-
sponse for the cut-off wavelength to changes in refractive
index. The first proposed structure, a W1 PCW, leads to
a sensor sensitivity of 53.3 nm/RIU when the holes adja-
cent to the line-defect are infiltrated. As we optimize the
radius of first rows of holes adjacent to the line-defect,
the sensitivity has increased and reached to a value of
60.02 nm/RIU. However, a remarkable improvement in
the sensitivity (282.4 nm/RIU) is obtained by the inclu-
sion of central row of holes and infiltration of these holes
only. These results indicate that the photonic crystal
slab waveguide structures with smaller infiltrated holes
in the line-defect have better sensing properties. Con-
sequently, this particular design and infiltration method
can be employed in miniaturized refractive index sensing
applications for better sensitivity.
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