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In  this  paper,  we  propose  and  design  a new  type of an integrated  optical  sensor  that  performs  sensing
in  a wide  wavelength  range  corresponding  to mid-infrared  (mid-IR)  spectrum.  By  engineering  the  struc-
tural parameters  of square-lattice  photonic  crystal  (PC)  slab  incorporated  with  a  T-shaped  air-slot,  strong
light  confinement  and  interaction  with  the  analytes  are  assured.  Numerical  analyses  in the time  and  fre-
quency  domain  are conducted  to determine  the  structural  parameters  of  the  design.  The direct  interaction
between  the  slot  waveguide  mode  and  the analyte  infiltrated  into  the  slot  gives  rise  to highly  sensitive
refractive  index  sensors.  The  highest  sensitivity  of  the  proposed  T-slotted  PC sensor  is 1040  nm/RIU
within  the  range  of analytes’  refractive  indices  n =  1.05–1.10,  and  the overall  sensitivity  corresponding
to  the  higher  refractive  index  range  of n  = 1.10–1.30  is  around  500  nm/RIU.  Moreover,  for  a  realistic  PC
slab  structure,  we  determined  an  average  refractive  index  sensitivity  of  530  nm/RIU  within  the  range  of
n = 1.10–1.25  and  an  average  sensitivity  of  390 nm/RIU  within  the  range  of n =  1.00–1.30.  Furthermore,

we speculate  on  the  possible  approach  for  the  fabrication  and  the  optical  characterization  of  the  device.
The  assets  of  the  device  include  being  compact,  having  a feasible  measurement  and  fabrication  technique,
and  possessing  label-free  sensing  characteristic.  We  expect  that the  presented  work  may  lead  to  the  fur-
ther  development  of  the mid-IR  label-free  biochemical  sensor  devices  for detection  of  various  materials
and gases  in  the  near  future.
. Introduction

Within the last decades, photonic sensors have been an inten-
ive research subject since a tremendous demand for sensing
latforms has occurred especially in the detection of biological,
hemical/bio-chemical and nuclear agents [1]. Different types of
hotonic devices have been proposed as an optical sensor such
s microring resonators [2], plasmonic metamaterials [3], and
nterferometers [4]. The recent developments in the photonic tech-
ologies allow realizing high-performance sensing devices in terms
f sensor sensitivity, limit of detection and response time. To pro-
uce commercial and low-cost photonic bio-chemical sensors, the

ollowing properties should be satisfied; reliability, portability,
ompactness and the fabrication feasibility with available CMOS
nd Silicon-on-insulator (SOI) technologies. In general, the oper-
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ational principle of optical sensors is based on different sensing
mechanisms such as spectral [5], phase-shift [6], and amplitude
sensing [7]. Specifically, the detection criterion in spectral sensing
case is based on the rate of resonance wavelength shift (�l) with
respect to the change in the refractive index (�n), so that the sen-
sitivity parameter is defined as S = ��/�n with the corresponding
unit of nm/RIU. Sensors based on the spectral sensing are designed
such that they support waveguide or cavity modes. On the other
hand, phase-shift and amplitude sensing mechanisms are based on
the detection of phase and amplitude changes of the light detected
at the output, which depends on the refractive index of the analyte.

As a state-of-the-art sensor technology, photonic crystals (PCs)
[8] can be nominated as a potential candidate for various opti-
cal sensing applications due to their highly dispersive nature and
high sensitivity to the material index variations. A variety of PC
based sensors with the following sensing mechanisms have been

realized: Refractive index (RI) modification [9,10], optical absorp-
tion modification [11], opto-mechanical modification [12], and
the modification in the non-linear effects [13]. RI-based sensors

dx.doi.org/10.1016/j.snb.2017.02.016
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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re widely-studied class of PC sensors among above-mentioned
ensing mechanisms. Two fundamental principles are employed
n RI-based sensors; homogeneous sensing due to effective index

odifications of the covered medium [14,15] and surface sensing
epending on immobilized target molecules on the surface. In the

atter case, a thickness change occurred in the vicinity of the sen-
or surface because of the captured bio-molecular layer, which in
urn induces an effective refractive index change [16]. Apart from
C-based sensors, micro-structured optical fibers have also been
mplemented for different applications such as strain [17] and bio-
hemical sensing [18].

In this study, a T-slotted PC slab waveguide is designed by
ntroducing inner line-defects and an air T-slot in perfect square-
attice air holes. The optical sensitivity of the proposed PC sensor
s investigated in both spectral and spatial domains based on the
efractive index variation of infiltrated analyte. Several advantages
ay emerge due to using an air-slotted section: One is the strong
odal confinement achieved by the slotted PC waveguides, which

nables strong light-matter interaction with the analysed samples
19,20]. The slotted architecture may  also promote single-mode
ptical guiding that avoids inter-mode crosstalk arising from mul-
imode input beam [21]. The dimensions of the sensor system is
rranged to operate at mid-infrared (MIR) wavelengths. The MIR
egime gathered great interests especially for sensing applications
ince the absorption resonances – so-called vibrational “finger-
rints” – of many bio-chemical molecules are involved in this
pectral range [22–24].

The paper is organized as follows: in Section 2, the schematic of
esigned PC slab sensor and its operating principles are explored.
hen, temporal and spectral analyses of the proposed PC based
ensor are presented in Section 3. Next, the possible fabrication
rocedure of these structures is given in Section 4, together with a
ransmission measurement setup as a potential platform to char-
cterize these slotted PC waveguides. Finally, the summary of the
tudy is provided in Conclusion section.

. The design approach and principle of operation

The MIR  wavelength range corresponds to 2–20 �m and this
pectral range is useful for biological and gas sensing applications
25]. It was reported in Ref. [26] that Si could be considered a suit-
ble low-loss material at MIR  wavelengths and thus, it could be
tilized for the fabrication of passive integrated photonic devices.
or this reason, the proposed PC slab sensor is designed to operate
n the 2.0-2.5 �m window of MIR  spectral range and realized on
ilicon-on-insulator (SIO) substrate by taking the advantage of the
egligible refractive index variation of Si in this wavelength range.
s a result, the material dispersion is neglected in the numerical cal-
ulations. The three-dimensional (3D) schematic of the designed
C-based sensor is shown in Fig. 1(a). In order to explore opera-
ional principle of proposed sensor device, it is important to clarify
he crucial sections and geometrical parameters of the PC sensor
esign. The top-view of the proposed sensor is presented with
olour-shadings of different regions in Fig. 1(b). As can be seen
rom the figure, the structure consists of three different operat-
ng sections: multimode guiding, sample detection, and filtering
egion. The multimode PC guiding region includes square lattice PC
oles in dielectric background where wide line-defects are intro-
uced that allow light to propagate inside PC waveguide with a
trong volume confinement. Such type of a PC waveguide supports
ultimode guiding in certain wavelengths and the guided beam
ncounters interactions with the bio-chemical samples inside the
-slot, which will result in the peak frequency shifts in the trans-
itted light spectrum depending on the samples’ refractive indices.

y the help of the last section of the PC sensor platform, i.e. the
ators B 245 (2017) 765–773

slotted PC waveguide filtering region, the guided light is filtered
to a single resonant mode at operating wavelengths. Since the res-
onance peaks are directly related to the material characteristics
of infiltrated analytes, slight variations on their refractive indices
may  provide substantial resonance peaks’ shifts in the transmission
spectra. It should be noted that even though T-shaped slot intro-
duced into the PC slab has already been discussed in one of our
previous works [27], the sensing mechanism where the focusing
capability of graded-index PC (GRIN PC) is utilized is rather dif-
ferent than the present study, where the guided multimodes are
excited at the guiding region and filtered to a single mode at the
filtering region.

The geometry of T-slot, where different samples will be infil-
trated, is represented with its dimensions in Fig. 1(c). As can be
seen from the figure, the structure is composed of Si having the
refractive index of nSi = 3.47. The radii of the square lattice PC air
holes in the designed structure are equal to r = 0.35a, where “a” is
the lattice constant. The periodicity is broken by introducing line-
defects in guiding and filtering regions in order to create input and
output waveguide channels. Corresponding widths of the in-/out-
channels are equal to {win,wout} = {4a,2a}. The structural param-
eters of T-shaped slot within the detection and filtering regions
are optimized to be {sx,sy,wslot} = {0.8a,14.4a,0.5a}, see Fig. 1(c).
The purpose of the introduced T-slot can be elucidated as follows:
The vertical slot in detection region as in Fig. 1(c) operates as a
feedback mechanism that enables strong wave-matter interaction
within the T-shaped slot. The propagating modes that enter the T-
slot are initially forced to a partial beam splitting in the transverse
y-direction. Then, the splitted portion of beam reflects back from
the vertical ends due to Fresnel reflection and interferes either con-
structively or destructively at the input of the horizontal (parallel
to propagation direction) slot depending on the refractive indices
of the analytes. The beam propagation path is illustrated with the
red arrows in Fig. 1(b). As can be seen from Fig. 1(c), the transi-
tion between the vertical and horizontal slots is maintained with
a smooth bending region with a bending radius of R = 1.35a to
increase the delivered power amount from the detection region
to the filtering region. That condition makes a field enhancement
in the resonance peaks’ shift obtained at the output channel. Since
the designed PC based sensor device is desired to operate in the
MIR  spectrum, the lattice constant is fixed to a = 500 nm.  Hence, the
entire dimensions of proposed 2D/3D sensor system are calculated
to be {Lx,Ly} = {6.1 �m,7.0 �m}.

3. Spectral and spatial analyses of 2D slab photonic sensor

PC based devices have gathered great attention within the last
decades and pushed the “manipulation of light” ability to higher
levels due to their underlying light confinement mechanism based
on photonic bandgap phenomenon. Multiple scattering of light
due to the periodically modulated dielectric constant of the PC
leads to creation of photonic bandgaps, where light propagation
is forbidden for certain frequency intervals. Thus, by introduc-
ing line- defects inside a periodic PC lattice, one can form optical
waveguides with considerably low-loss [28]. Spectral properties
of designed PC sensor can be examined separately for each spec-
ified region as in Fig. 1(b) using classical plane-wave expansion
method [29]. Corresponding 2D band structures are calculated for
transverse electric (TE) polarization, in which the magnetic field
is perpendicular to the plane of periodicity. In this case, disper-
sion relations of an ideal square lattice 2D PC holes having radii

of r = 175 nm are analyzed for TE polarization and the results are
demonstrated Fig. 2(a). A photonic bandgap in the normalized
frequency region of 0.1628–0.2456 (a/�) is calculated along the �-
X direction (light propagation is in the x-direction). Introducing
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Fig. 1. (a) 3D Schematic representation of bio-chemical photonic slab sensor. (b) The top-view of the bio-chemical photonic slab with corresponding parameters. The wave
propagation within the slot is explored by arrows. (c) The structural parameters of the introduced T-shaped slot.
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ig. 2. (a) TE mode band structures of square-lattice circular PC holes with the rad
chematics of analyzed PCs are given as insets in the figures. The corresponding ma
quare  markers in (b).

ine-defects in unperturbed square-lattice PC geometry provides
uided multimodes to exist within the photonic bandgap, which
s the basic approach to W3-type waveguide design as guiding
egion of the studied PC based sensor system. The filtering region,
owever, is formed by introducing an air slot having a width of
slot = 250 nm in order to maintain single guided mode at stud-

ed frequencies. Dispersion relations for such type of slotted PC
aveguide are calculated depending on different refractive indices

f analytes and the results are represented in Fig. 2(b). Single
uided modes are generated in cases of varying analyte’s refrac-
ive indices n = [1.0,1.2] in the frequency range of 0.1647–0.2576
a/�) and slight frequency shifts occur to lower (dielectric) bands
hile increasing the analytes’ refractive index. That situation may

e attributed to a frequency shift at the output transmission peaks,
hich will be discussed in detail in the next sections. The magnetic
eld (Hz) mode profiles at specific k-points A and B are represented

n Fig. 2(c) and (d), respectively. It can be inferred from these figures
hat despite changing the analytes’ refractive indices, a strong field
ocalization occurs in the vicinity of the slotted section for certain
requencies by means of the slotted PC waveguide.

The physical aspect of optical sensing in PC media can be asso-
iated with electromagnetic perturbation theory. According to the
rst order electromagnetic perturbation theory, the spectral shift
ω due to a small non-dispersive perturbation �ε  in the dielectric

unction can be expressed as [28]:

ω = −ω

2

∫
d3r�ε(r)|E(r)|2∫
d3rε(r)|E(r)|2

(1)
here ω and E(r) are the angular frequency and mode profile for
he dielectric permittivity �. The perturbed dielectric function, i.e.
(r) → ε(r) + �ε(r), can be expanded into first-order Taylor series
or �ε  < < ε. In this case, the small changes in the refractive index
 r = 175 nm and (b) slotted PC waveguide with air slot width of wslot = 250 nm.  The
c mode profiles at the interested k–points of (c) A and (d) B, which are signed with

of PC media �n  can be approximated as �n ≈ �ε/2n.  The filling
fraction of energy in perturbed region f can be defined by:

f =

∫
s

drE(r) · D(r)
∫

drE(r) · D(r)
(2)

where D(r) = ε(r)E(r) is the displacement field. The integral in
the numerator of Eq. (2) is restricted to the perturbed analyte-
infiltration region (denoted by s), while the denominator is
integrated over all PC media. Combining both Eqs. 1 and 2, the spec-
tral shift for small perturbations can be mathematically expressed
such as the following:

�ω

ω
∼= −�n

n
· f (3)

The (−) sign implies that the mode frequencies tend to decrease
while increasing the refractive index of the sample. Changing the
variable ω into �, one can reformulate Eq. (3) in terms of the optical
wavelength � propagating inside the PC medium:

��

�n
= f · �

n
= S (4)

It can be deduced from this relation that the sensing capability
of PC based sensors directly depends upon the overall filling frac-
tion. Thus, the sensitivity equation, Eq. (4), can be considered as
assessment criteria of PC waveguide sensors.

In order to explore light matter interaction and sensing per-
formance of designed PC slab sensor, time domain analyses are

carried out by using finite-difference time-domain (FDTD) method
[30]. The designed PC slab sensor is illuminated by a broadband
Gaussian pulse through the input channel of guiding region and
the transmitted beam is detected at the output channel of the
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ig. 3. (a) The transmittance vs. normalized frequency variation for the given refr
nalytes’ refractive indices. (c) Corresponding sensitivity variation according to the

ltering region. In the following time-domain simulations, the
xamined analytes that have refractive indices ranging from 1.0
o 1.3 are assumed to be infiltrated inside the T-shaped slot. In
his regard, the light-matter interaction behaviour of transmit-
ed wave can be observed from the extracted 2D transmission
eaks’ map, see Fig. 3(a). As can be understood from Fig. 3(a), light
ransmission up to 22% is detected at the output channel and a
ell-apparent shift in the transmission peaks is observed, which is

hown with the yellow region in Fig. 3(a). Especially for incident
avelengths lying in the range of 2.2–2.6 �m,  the output trans-
ission is subjected to a red-shift while increasing the refractive

ndex of infiltrated sample. The transmission cross sections are
aken from the map  in Fig. 3(a) for fixed analytes’ refractive indices
f n = {1.00,1.05,1.10,1.15,1.20}and superimposed in Fig. 3(b). The
ed-shift in the transmission peaks indicates that the proposed PC
ensor is very sensitive to the refractive index variation of analytes.
he sensitivity of the proposed sensor structure S is calculated for
he case of n = 1.0–1.3 and the results are represented in Fig. 3(c).
t can be inferred from this figure that the best sensitivity is cal-
ulated within the range of n = 1.05–1.10 with an average value
round S = 1040 nm/RIU which is a rather good value as compared
o PC cavity based optical sensors, where the highest reported
alue of sensitivity is S = 1500 nm/RIU [21]. The overall sensitivity
n higher refractive indices n = 1.10–1.30 is still around the value
f S = 500 nm/RIU, which is fairly good compared to PC waveguide
ensors in literature [31–34].

In addition, the magnetic field intensity distributions are cal-
ulated for the resonance wavelengths �={2.32 �m,2.48 �m}  at
ifferent samples having refractive indices n = {1.0,1.2} in order to
bserve light-matter interaction inside the PC based sensor. Corre-
ponding intensity profiles in the cases of different analytes with

 = {1.0,1.2} are represented in Fig. 4(a) and (b), respectively. It can
e seen from the figures that the guided light firstly travels through
he vertical slot and then, a portion of field power oscillates in
ertical direction through the vertical slot. By means of the light
eedback mechanism due to back-reflections at the ends, magnetic
eld enhancement occurs and light is guided inside the horizon-

al slot. The origin of the wavelength shift may  be related with the
hange in the wavelength resonant Bloch modes inside the verti-
al slots, which is formulated as �n = �0/n. In that relation, �0 is the
ncident wavelength in free space and n is refractive index of inves-
 index values. (b) The cross sections of transmission map  superimposed for fixed
tive index changes of analytes.

tigated analyte. Comparing both cases n = 1.0 and n = 1.2, a strong
confinement is achieved inside the horizontal slot as can be seen
in Fig. 4(a) whereas weak light leakage is obtained in Fig. 4(b) as
the effective index of the slot is increased. We  should note that, the
effect of the vertical slot’s dimensions {sx,sy} (see Fig. 1(c) for sx and
sy) on the output field intensity I variation is also investigated. It is
found from the variation of {sx,sy} parameters that the dimensions
of the vertical part (in y-direction, see Fig. 1(c)) of the T-shaped
slot have a strong impact on the intensity at the output and that
characteristic is described by the following equations:

Iout = 0.0029 · sx − 0.01 (sy = constant)

Iout = 0.064 · e−1.08·Sy (sx = constant)
(5)

According to Eq. (5), changing the vertical size sx leads to a change
in the linear field intensity whereas the horizontal size of the ver-
tical slot sy provides an exponential change of the field intensity
detected at the output channel. Thus, in the light of above results
one can say that underlying sensing mechanism of the T-slot PC
design is proven by performed time-domain analyses.

Till now, time-domain analyses are utilized for ideal 2D PC
sensors, which are assumed to be infinitely thick. 3D FDTD calcula-
tions are also performed to be able to design practical photonic
sensors with accurate dimensions. In order to obtain a further
quantitative comparison for varying slab thicknesses, the peak
wavelengths are calculated for slab thicknesses ranging between
h1 = {0.4 �m,  4.0 �m}  with incremental steps equal to 0.1 �m,  and
corresponding peak wavelength map  is shown in Fig. 5(a). The peak
wavelength is defined as the wavelength with the largest trans-
mittance value within the frequency range of interest. Fig. 5(a)
shows that a smaller slab thickness yields a lower peak wavelength
variation, since the operating guided mode in the band structure
will become squeezed as the slab thickness decreases. To com-
pare the 2D ideal case with structures with several different slab
thicknesses, the cross sectional profiles taken from Fig. 5(a) are
superimposed for h1 = {1.5 �m,  2.3 �m,  3.1 �m,  3.9 �m}  together
with h1 = ∞ (ideal 2D case), and presented in Fig. 5(b). The 2D

simulations demonstrate that a relationship between the wave-
length and the refractive index of the infiltrated sample exists,
which can be numerically fitted by a second-order polynomial
function; �(n) = A · n2 + B · n + C. In this relation, the constant param-
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Fig. 4. Steady state electric field intensity distributions for incident wavelengths of (a) � = 2.32 �m and (b) � = 2.48 �m which correspond to the peak detection wavelengths
of  the structure filled with analytes, having a refractive index equal to n = 1.0 and n = 1.2, respectively. Furthermore, steady state movies of the time varying instantaneous
intensity distributions are prepared (see Vis. 1).
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ig. 5. (a) Peak wavelength variations’ map  for different slab thicknesses is shown. 

1; 1.5 �m,  2.3 �m, 3.1 �m,  3.9 �m and ∞ (2D case).

ters are fixed as A = −1.90 �m,  B = 5.03 �m and C = −0.81 �m.  As
xpected from Fig. 5(b), increasing the slab thicknesses causes the
eak wavelength dependency to converge to that of the 2D case.
urthermore, one can also deduce from Fig. 5(a) and (b) that a
lab thickness larger than h1 = 2.0 �m provides a satisfactory peak
avelength sensitivity. Consequently, to meet both the fabrication

equirements and the need of a high peak wavelength sensitivity,
e have chosen h1 = 2.3 �m as the optimum slab thickness based

n the 3D FDTD analyses.
Fig. 6(a)–(d) are prepared corresponding to the selected thick-

esses in Fig. 5(d) and show the variations of the transmittance
epending on the refractive index of the sample for slab thick-
esses equal to h1 = {1.5 �m,  2.3 �m,  3.1 �m,  3.9 �m}. As can be
een from Fig. 6(a), there is not an apparent wavelength shift in
he case of h1 = 1.5 �m since the propagating mode may  not be
ufficiently confined inside the PC slab, which weakens the light-
atter interaction providing the transmission peak shifts. On the

ther hand, as the slab thickness increases, the sensitivity of the
eak wavelength dependency onto the refractive index increases
s well (see the transmission maps in Fig. 6(b)–(d)).

Since the vertical guiding will rely on the total internal reflec-
ion, one should calculate the bandstructure of the PC slab case
nd determine whether the modes are confined at the slab-air and
lab-substrate interface. Fig. 7(a) shows the projected bandstruc-
ure for the optimized 2.30 �m slab thickness. It can be inferred

rom this figure that while the waveguide mode is well-confined
t the slab-air interface, the confinement at the slab-substrate will
e relatively low. However, we performed a loss analysis to quan-
itatively predict the losses occurring at the slab-substrate. The
e cross sectional peak wavelength profiles are superimposed for different values of

determined out-of-plane losses into the substrate are within the
range of 0.01-0.05 dB/�m depending on the wavelength and the
analyte. It is found that a total substrate loss throughout the whole
structure is within the acceptable range of 3–8%. We  should note
that further losses are also present in the proposed configuration,
such as coupling losses, polarization mixing losses due to structural
asymmetry, cross sectional mismatch between the source and the
structure. Despite such losses we obtained a transmission efficiency
around%20 for the optimized slab thickness (see Fig. 6(b)). Further-
more, the magnetic field profiles of the waveguide mode, given in
Fig. 7(b)–(d) for various cross sectional planes, show that the guided
mode is mainly concentrated at the slot region, allowing sufficient
interaction between the analyte and the propagating wave.

Another key point that should be taken into account in a real-
istic slab PC case is that the waveguide mode dispersion will differ
from its 2D counterpart. Due to the effective index differences
between the slab and 2D case, the waveguide mode will become
squeezed and the refractive index sensitivity, which depends on
the spectral shift of the mode dispersion, is expected to decrease.
Fig. 8 shows the refractive index sensitivity analysis of the slab
PC case. The mean sensitivity values are calculated as 530 nm/RIU
and 390 nm/RIU for refractive indices in the range of 1.10–1.25 and
1.00–1.30, respectively.

4. Potential fabrication platform for proposed PC based

sensor

The fabrication of the proposed T-slotted PC slab sensor can be
realized on a silicon-on-insulator (SOI) substrate utilizing electron-
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Fig. 6. Transmission spectra of structures with different analytes’ refractive indices, for slab thicknesses equal to (a) h1 = 1.5 �m, (b) h1 = 2.3 �m, (c) h1 = 3.1 �m and (d)
h1 = 3.9 �m.

Fig. 7. (a) Projected bandstructure of the slab PC slot waveguide structure on a silica substrate. The red curve denote the dispersion curve of the fundamental waveguide
mode.  The yellow and green colored areas indicate the air and silica light cones, respectively. (b) xy-, (b) xz- and (c) yz-  cross sectional magnetic field profiles of the guided
mode  at the peak transmission frequency of analyte refractive index equal to 1.00 (a/� = 0.22, shown with a black circle in (a)) are given. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 8. Refractive index sensitiv

eam lithography (EBL) tool. Among the simulated slotted PC

aveguides, the most promising structure providing highest sen-

itivity has h1 = 3.9 �m and r = 175 nm,  giving rise to an aspect ratio
f ∼11, where aspect ratio is defined as h1/(2r). A possible fabri-
ation flow is given in Fig. 9. A good choice of e-beam resist for
riation of the slab PC structure.

such high-aspect-ratio PC holes is ZEP 520, which can also be used

as a mask during the dry etching process after it is exposed with
e-beam followed by development in ZED-N50. Based on the etch
rate selectivity between silicon and ZEP 520 reported in Ref. [35],
a 300 nm-thick layer of ZEP 520 can serve as a mask to etch 3.9-
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Fig. 9. The potential fabrication flow

m-thick silicon through holes that are 350 nm in diameter. It is
ssential to ensure that the etching is anisotropic, to be able to
btain high-aspect-ratio PC holes with vertical sidewalls. There-
ore, inductively-coupled plasma (ICP)-type of dry etcher can be
sed to etch silicon in a gas environment of SF6 and C4F8. SF6 will
tch the silicon down to the oxide surface while C4F8 will provide
nisotropic etching through passivation of the sidewalls [36].

The optical characterization of the fabricated structure can be
arried out via optical transmission measurements by introducing
everal different analytes into the air slot of the waveguide. The
olydimethylsiloxane (PDMS)-based microfluidic channels can be
abricated and bonded on top of the slotted waveguides as reported
n Ref. 20, so as to deliver different analytes into the nanoscale slot.
he opposite facets of the waveguide, where light will couple in-
nd out- via tapered fibers residing on 6-axis nano-positioning flex-
re stages, should be mirror polished for the purpose of reducing
he scattering losses [37]. The alignment of the fiber tips to the input
nd output facets of the waveguide can be controlled by mounting
he slotted PC waveguides under a magnification system. As illus-
rated in Fig. 10, the input light can be introduced from a broadband

IR  light source to the input facet of the slotted waveguide through
 polarization-maintaining tapered fiber that will allow controlling
he input polarization. The transmitted TE-polarized light will be
oupled into another tapered fiber and sent into an optical spec-
rum analyser with a built-in monochromator and photodetector
hrough the fiber.

The basic detection methods in optical bio-chemical sensors
an be listed as: flourescence-based and label-free detection. In
he first method, flourescent labels are utilized in order to identify
he presence of target molecules. Nevertheless, such a flourescence
etection technique may  require isolation of target molecules as
ell as additional labelling procedures. On the other hand, label-
ree detection technique does not require the modifications of
arget molecules, which provides easier and cheaper bio-chemical
ensing. Refractive-index based sensors are amongst label-free
ptical sensors. Most of the label-free optical sensors are designed
e simulated slotted PC waveguides.

to work at the telecommunication wavelengths or mid  infrared
wavelengths. Such type of optical sensors has different structural
properties and is made of a diverse combination of materials for
sensing various objects such as gases, solutions and organic parti-
cles. For instance, a PC microring resonator [38], a PC nano slotted
parallel cavity [39] and a PC nanobeam cavity [40] structures have
already been introduced. The common properties of such sensors
are performing refractive index based sensing and operating at the
telecommunication wavelength of 1550 nm.  Reported sensitivity
values of these sensors are below 460 nm/RIU, which is less than
the presented PC slab sensor case. In most of the recent studies, the
PC based sensors that operate at MIR  wavelengths are selected to
be Si-based due to being suitable for organic and inorganic chem-
icals or liquids. For example, a sensor structure consists of parallel
PC waveguides has been designed for fluid sensing and chemical
imaging in Ref. [41]. Moreover, a holey and a slotted PC waveguide
structures that are based on Si are designed to detect Triethylphos-
phate at MIR  wavelength [42].

5. Conclusion

In this study, we presented an optical refractive index sensor
design for mid-IR photonics, with a special emphasis on air-slot
photonic crystal waveguide to have a strong on-chip field confine-
ment. Numerical methods based on finite-difference time-domain
and plane-wave expansion method are performed to evaluate the
refractive index detection sensitivity of the designed sensor. In
order to correlate the sensor performance in terms of strong light
confinement parameter, analytical derivations are presented. The
best calculated sensitivity of the proposed T-slotted PC sensor
is around 1040 nm/RIU in the case of analytes’ refractive indices
ranging from n = 1.05 to n = 1.10. Besides, an overall sensitivity is

calculated to be around 500 nm/RIU for the case of higher refrac-
tive indices of analytes n = 1.10–1.30. Additionally, for a realistic PC
slab structure we determined an average refractive index sensitiv-
ity of 530 nm/RIU within the range of n = 1.10–1.25 and an average
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Fig. 10. The potential optical characterization s

ensitivity of 390 nm/RIU within the range of n = 1.00–1.30.Possible
abrication and characterization methods are provided in the

anuscript. The reported results show that the highly sensitive
efractive index sensing in the mid-IR region is feasible as long as
ffort to optimize the structural parameters of the photonic plat-
orm is conducted.
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