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We present the results of a numerical analysis of a two-dimensional photonic crystal with line defect for
a laser gas sensor working in a slow light regime. The geometrical parameters of photonic crystals with
three different line defects were numerically analyzed: a missing row of holes, a row of holes with changed
diameter and air channel. Antireflection sections were also analyzed. The simulations were carried out
by MEEP and MPB programs, with the aim to get the values of a group refractive index, transmission
and a light-gas overlap as high as possible. The effective refractive index method was used to reduce the
simulation time and required computing power. We also described numerical simulation details such as
required conditions to work in the slow light regime and the analyzed parameters values’ dependency
of the simulation resolution that may influence the accuracy of the results.

© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Photonic crystals (PhCs) are artificial materials, optical proper-
ties of which can be engineered to a wide extent. Of interest for
the optical sensor is the possibility of forming absorption spectra
and dispersion properties [1-3] according to application require-
ments. In particular, through manipulation of dispersion the group
refractive index, the velocity of light can be slowed down, leading
to the so-called “slow light” phenomenon [4,5]. Operation of the gas
sensor may be based on absorption spectroscopy where the concen-
tration of the gas is measured through the analysis energy of light
absorbed by gas molecules. The use of a slow light phenomenon can
enhance the interaction between light and gas medium [6]. How-
ever, the increase of the group refractive index (ng) of the crystal
is accompanied by changes in the optical field distribution. This, in
turn, results in changes of the light-gas overlap () and the trans-
mission coefficients (T). The light-gas overlap coefficient is defined
as an energy ratio of the electromagnetic field which propagates in
air holes of a photonic crystal to the total energy. The coefficient is of
100% if we assume that light is guided outside the material forming
a photonic crystal. In this case, theoretically, interaction efficiency
is increased by a factor equal to the value of a group refractive
index. The third important parameter, for optical gas sensors, is
a transmission coefficient which should be maximized to maintain
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a good signal-to-noise ratio at the receiver. The unique feature of
gas sensors based on photonic crystals is the possibility to obtain
high values of all three (ng, n, T) coefficients by a proper design of
the photonic crystal structure.

In this paper we present results of an analysis and optimization
of the photonic crystal structure, aiming at maximizing the n, ng
and T coefficients, to make the crystal usable in optical gas sensors.
An additional calculation complication arises from the fact, that the
crystal has to be tuned to arequired wavelength of light and an opti-
cal band structure has to be taken into account. The band structure
should take into account defect modes useful for the optical sensor
design. Considering all mentioned requirements and parameters,
we define a working point of the device. We choose the working
point in the range of a defect mode localized within the photonic
band gap. The defect mode occurs because of a disorder introduced
into the periodic structure of the photonic crystal. We analyzed a
PhC with three types of line defects. For the photonic crystal, we
selected a triangular lattice of holes because it provides a greater
tolerance of work in the range of a chosen mode. The analysis car-
ried out in this article was performed to optimize the gas sensor,
but the method of the analysis can be used while constructing other
devices based on photonic crystals.

2. The concept of the laser gas sensor

A short description of the concept of the sensor is provided
below. Technological details of our laser gas sensor based on a
two-dimensional photonic crystal have been presented elsewhere

1896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Fig. 1. The design of gas sensor based on a two-dimensional photonic crystal fabricated in a silicon-on-insulator heterostructure.

[7]. Our sensor, based on a two-dimensional photonic crystal, was
fabricated in a silicon-on-insulator heterostructure (SOI) by an e-
beam lithography (EBL) and a reactive ion etching (RIE). The gas
sensor consisted of a tuneable semiconductor laser, a tapered opti-
cal fiber, a 2D photonic crystal working in the slow light regime,
and an infrared camera (Fig. 1). The principle of operation of the
gas sensor is based on measurements of a single-wavelength light
transmission through a photonic crystal which holes are filled with
gas. The wavelength of the source of light should correspond to the
wavelength of the absorption peak of gas undergoing the detection.
The wavelength selected for this work was suitable for a detec-
tion of acetylene for which a strong absorption peak occurs at
Ap=1531.588 nm [8].

The active element of the sensor included a photonic crystal
waveguide with input and output strip waveguides and tapered
sections between them (Fig. 2). Waveguides consisted of three
parts: initial, the widest one (W; =15 um and length L; =10 pm),
intermediate, the longest L, =800 wm and the final section char-
acterized by width W3 close to 1 wm and length L3 =10 pm. The
tapered optical fibre was used to improve the efficiency of light
coupling into an active element of the sensor. Parameters of all the
mentioned sections were analyzed and optimized by us for the best
sensor operation [7].

The numerical analysis was carried out for photonic crystals
with three sorts of line defects including one row of missing holes,
one row of holes with changed diameters and an air channel (Fig. 3).

We carried out the numerical analysis with the MEEP
(MIT Electromagnetic Equation Propagation) [9] and MPB (MIT
Photonic-Bands) [10] packages. The MEEP software, based on a
finite-difference time-domain (FDTD) method, was used for trans-
mission and group refractive index characterization of PhC. The
MPB software based on definite-frequency eigenstates of Maxwell’s
equations was used to get photonic band diagrams (PBD) of PhC and
to calculate a light-gas overlap.

3. Effective refractive index method

In general, the numerical analysis should be performed in three
dimensions, where length, width, and thickness of a structure are
defined. However, such approach is time-consuming and requires
substantial numerical power. The computational requirements are
lowered if a 3D model is replaced with a 2D one. For a planar waveg-
uiding structure, a photonic crystal waveguide exhibits refractive
index periodicity in two dimensions so that it can be modeled with
a good approximation as a two-dimensional structure. The three-
dimensional model can be approximated by two-dimensional one,
under the condition that refractive index of the guiding material is
replaced with an effective refractive index of a planar waveguide

[11,12]. The approach is called Effective Refractive Index method
and was used in our analysis. In that method, the photonic crystal
fabricated and analyzed numerically is characterized by the effec-
tive refractive index which represents both thickness and refractive
index of the structure.

The effective refractive indices of the waveguiding modes may
be calculated using the mode Eq. (1) of planar waveguides [11]. The
equation is solved by finding zeros of the function:

() Vo

(1)

where N is the effective refractive index of the guiding layer, ny,
ns, ne are the refractive indices of guiding, top and bottom layer,
respectively, A is the wavelength, h is the guiding layer thickness,
m is the mode number, C; =C, =1 for TE polarization, C; =ny2/nc2
and C;, =ny2/ng? for TM polarization.

The effective refractive index of a guiding layer in which PhC was
fabricated was calculated for the wavelength Ay = 1531.588 nm and
the refractive indices ng; =3.48 [13], nsjop =1.44 [14] (Fig. 4).

Single mode propagation of light through a photonic crystal was
obtained for the thickness of a guiding layer equal to or less than
275 nm. The thickness 220 nm was chosen for further analysis. The
effective refractive index Nz was close to 2.74 for the TE polar-
ization for which the gas sensor was designed. The TE polarization
was selected because of the availability of the defect mode inside
the photonic bandgap (for the triangular lattice 2D PhC) [15].

4. Numerical analysis of photonic crystals

The triangular-lattice photonic crystals with three different line
defects were analyzed numerically to obtain as high as possible val-
ues of transmission, group refractive index, and light-gas overlap.
The task definition is straightforward. However, the analysis itself
is intricate, extensive and poses several risks. Details on calculat-
ing light-gas overlap coefficient, establishing numerical resolution
and selecting a working point of the sensor within the slow light
regime are described in this paper. Further, a general methodology
of modelling photonic-crystal-based devices is provided.

4.1. Light-gas overlap coefficient
Modelling software, in general, is composed of three parts: input

functions, proper calculation engine, and output functions. The
output functions of the MPB software provide values of material
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Fig. 3. Illustration of structures and parameters discussed in the paper; three sorts of line defects are shown: (a) one row of missing holes, (b) row of holes changed diameter,

and (c) air channel.
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Fig. 4. Effective refractive index dependence on the thickness of guiding layer in which PhC was fabricated.

parameters (such as effective refractive indices) and information
about distribution of electromagnetic field (such as intensity). The
values of the effective refractive index and the intensity of electro-
magnetic field in each computing cell are stored in an hdf format,
designed to store and organize large amounts of data. The data are
organized in two groups of objects. The slave type is composed
of a dataset containing multidimensional arrays. The master type
holds datasets. The number of computing cells depends on the size
of the analyzed structure and the resolution of simulation. Gen-
erated data stored in an hdf format can be later processed by an
external program, in our case by Matlab software. Each comput-
ing cell can represent the free space around the structure, air holes
or the bulk material of the guiding layer. The integrals of electro-
magnetic field intensity over volumes of air holes and guiding layer
were determined. The ratio of these integrals is called a light-gas
overlap coefficient. The high value of this coefficient is essential for
high sensitivity of gas sensors and is a good illustration of the inter-
action area within a sensor, as illustrated in Fig. 5. Fig. 5a represents
the geometry of the structure, with e epsilon of the guiding layer
close to 7.51. Fig. 5b shows the distribution of the electromagnetic

field in the whole structure, while Fig. 5c illustrates how the field
looks like in the holes, where the interaction of light with gas takes
place.

4.2. Simulation resolution

We set the dimension of a single cell in the calculation grid
to 2 nm what corresponded to the program simulation resolution
of 200. This value of the resolution ensured convergence of the
numerical procedure. As an example, the overlap coefficient 7 vs.
simulation resolution is shown in Fig. 6, the result is converging
exponentially toward the final value. Additionally, to improve the
efficiency of calculations, the symmetry of the analyzed structure
is taken into account; this is done numerically by the introduc-
tion of a symmetry plane along the structure. Finally, “perfect
matched layers” (PML) were implemented. The PMLs eliminate
unreal “reflections” of the electromagnetic field from the bound-
aries of a calculation area. The use of PML layers in an FDTD method
was first proposed by Berenger [16]. The PML layers should sur-
round the whole analyzed structure and completely absorb light
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Fig. 5. Electromagnetic field distribution used for calculations of the light-gas overlap coefficient, (a) schematic of analyzed PhC structure, (b) the electromagnetic field
intensity in air holes and guiding layer, and (c) the electromagnetic field intensity in air holes only.

26 T
251
24

231 : R o s

) P —
R

* o SERPRES M e

[%]
NN
TM
N
\
by

N
®» © O
T

* ~
o

]
T

|

[3))

Light-gas overlap
ny Ef" IR

-
S
T

|

-
w

-
N
T

e
J\

-
o

| I I I I I 1 | | | | | 1 I |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500

Resolution

Fig. 6. Light-gas overlap dependency of the simulation resolution.

that reaches them, regardless of the frequency and the direction of
incidence.

4.3. The working point

Principle of operation of the gas sensor is based on the slow
light phenomenon, through which enhancement of the interaction
between the light and gas medium is obtained. Operation in the
slow light regime requires that the working point is selected in the
spectral range of the strong modal dispersion. Strong dispersion
occurs in the vicinity of the bandgap but is usually accompanied
by a significant attenuation. Another method of obtaining a strong
dispersion is the introduction of a defect into a perfect structure of
a photonic crystal and the use of the created defect mode. For using

the defect mode, a working point should be established, i.e. a point
of normalized frequency for a selected normalized wavevector. The
character of PBG and defect mode is dependent on geometrical
parameters of the structure. Two different situations are shown in
Fig. 7. The first one, when light propagates through a PhC waveg-
uide simply limited by the photonic-bandgap material (gray point,
low ng), and the second when propagation occurs in the slow light
regime (purple point, high ng).

4.4. Lack of work in slow light regime

Optical parameters the optical gas sensor, such as light-gas
overlap, transmission, and group refractive index are related to
geometrical parameters of the photonic crystal [7]. The parame-
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A general picture and (b) magnifies the region of interest.

ters should be tuned, to optimize the sensor behaviour. However,
the parameters cannot be changed independently. On one hand,
the requirements of manufacturing process impose some restric-
tions, e.g. the holes’ radius cannot be too high. On the other hand,
if the values of parameters are assigned arbitrarily, problems may
arise. For example, the degeneracy of the guided modes may arise,
as presented in Fig. 8. The normalized frequency of TEy mode cor-
responding to the wavevector k=0.47 was chosen for numerical
analysis (purple circle in Fig. 8). However, if due to the poor design,
the mode degeneracy occurs at this point, the eigenfrequency cor-
responds also to the lower values of a wavevector (k=0.27, k=0.29
and k=0.38) marked by a black circle in Fig. 8b. The dispersion char-
acteristics of TEg mode becomes increasingly flat with increasing
values of the wavevector k. Therefore, the closer to k= 0.5 the higher
probability to observe an undesirable phenomenon, like mode mix-
ing or lack of work in the slow light regime. Hence, the k=0.47 was
chosen to prevent this situation.

4.5. The methodology of numerical analysis

The numerical analysis was carried out for three different line
defects created in the triangular-lattice photonic crystals. In this
section, we present our methodology of analysis on the example of
a line defect including one row of missing holes (Fig. 3a).

The numerical studies were divided into three main steps
(Fig. 9). In the first, basic parameters of the structure, such radius
of holes r and the width of line defect Wpp,c were analyzed (Fig. 9a).
In the second step of the analysis, parameters of the line defect
(radius rq, rp of holes in two rows and the shift pq, p» of two rows
of holes) were modeled. In the final step, the parameters related
to the antireflection sections AR, such as the holes’ radius rag, the
length of these sections Lag and the width of line defect W, were
included into consideration. In all steps, geometrical parameters
were analyzed simultaneously.

In the first step, the radius of holes r was varied in the range
from 0.1a to 0.5a with step 0.01q, and the width of line defect Wpy,
varied from W0.80 (0.8¥3a) to W1.20 (1.20¥3a) with step 0.05"3a.
The PBDs were calculated for these values and areas in which an
undesirable phenomenon of mode degeneracy does not occur were
established (Fig. 10). The normalized frequency of the defect mode
for k=0.47 was also calculated. The values of the light-gas overlap
coefficient are shown in the figure also.

The photonic crystal built to work in the range marked in Fig. 10
may be used as an active element of gas sensors, as PhC designed in
that way allows to define unambiguously a working point for work
in the slow-light regime. The indicated contours show that with
increasing holes’ radius the light-gas overlap increases also. This
coefficient decreases with the width of the line defect. Based on this
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Table 1
The numerical results obtained after the first stage of the optimization process.

Optical parameters Maximum value Geometrical parameters

r Whic
Transmission T [%] 72 0.28a 0.98v3a
Light-gas overlap 7 [%] 19.2 0.39a 1.00+/3a
Group refractive index ng 685 0.35a 0.96v/3a

information it can be deduced that width of the electromagnetic
field distribution in a slow light regime is approximately constant
along the line defect.

The transmission and group refractive index characteristics
(Fig. 11) were determined for geometrical parameters’ values
included in a working area distinguished in Fig. 10 and for defined
normalized frequency.

Parameters of the photonic crystals, obtained after the first stage
of optimization process are presented in Table 1.

The maximum values of the optical parameters corresponded to
different values of geometrical parameters of the structure. There-
fore, to establish parameters of the maximum of the merit function
was found, with the weight of each optical parameter set to 1/3. So
that, the PhC defined as Wy, = 0.98¥3a and r=0.36a and charac-
terized by T=58.09%, = 14.73%, ng =577.98 was chosen for further
analysis.

The radius of holes in two rows (r¢, 1) and shift of two rows of
holes (p1, p2) near line defect were analyzed in the second stage.
This part of optimization was divided into two parts: first r; and
r, were changed, later p; and p,. The r; and r, parameters were
changed from 0.1a to 0.5a with step 0.01a and p;, p, parame-

ters from —0.1a to 0.1a with step 0.005a. The obtained results are
summed up in Tables 2 and 3.

The values of all three optical parameters from Table 1 increased
after an optimization process of r; and p4. The largest increase was
achieved in the case of a group refractive index (from 577.98 to
1375.20).

In summary, the group refractive index was increased from
1375.20 to 2031.09 after next stage of the optimization process,
while the transmission and light-gas overlap decreased. However,
the increase of ng parameter is much higher than the decrease of T
and n parameters.

The antireflection sections were added in the last stage of the
numerical optimization to obtain a higher transmission coefficient
[17,18]. These AR sections were defined as the region of PhC with
different geometrical parameters which included the width of line
defect Wy, length Lag and radius of holes 4. The values were ana-
lyzed as follows: Wy was changed from W0.80 (O.S‘Ea) to W1.20
(1 .20“/§a) with step 0.05‘/§a. Lag from 1 to 15 with step 1 and
rag from 0.1a to 0.5a with step 0.01a. The transmission coefficient
increased from 57.18% to 92.45% after the last stage of the optimiza-
tion process (Fig. 12). This result was obtained for Wy = 1.06‘/§a,
Lar=5 and ragr=0.22a.

The final results of the numerical analysis carried out for the
photonic crystal with three different line defects are collected in
Table 4.

The low value of the group refractive index ng = 187.50 obtained
for the air channel line defect, makes the structure uninteresting
for laser gas sensors. The PhC with a line defect defined by a row of
holes with changed diameter has a higher effective refractive index
but a lower transmission coefficient. Therefore, a 2D PhC structure
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Fig. 11. Transmission (a) and group refractive index (b) dependence of normalized holes’ radius for a different width of line defect (details explained in the legend).

Table 2
The numerical results obtained after the first part of the second stage of the optimization process.
r Weic
Starting geometrical parameters 0.36a 0.98+3a

defined based previous
optimization stage

1 Il L Il Il L 1 Il 1 1 1 Il 1 1 1 1 1 1 1 1 1
0'-2&11 -0.1 -0.09-0.08-0.07 -0.06 -0.05-0.04-0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11
Normalized holes shift (p4/a)

Working area

Best geometrical parameters after ri=037a p1=0.010a
first part of second optimization
stage

Transmission T [%] 64.32 (58.09)

Light-gas overlap 7 [%] 15.27 (14.73)

Group refractive index ng 1375.20 (577.98)

The bold values correspond to the maximum values obtained after each stage of the optimization process.
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Table 3
The numerical results obtained after the second part of the second stage of the optimization process.
r Whic r p1
Starting geometrical parameters 0.36a 0.98V3a 0.37a 0.010a
defined based on previous
optimization stage
0.43 -
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Working area Normalized holes shift (py/a)
Best geometrical parameters after r1=0.37a p1=0.010a
second part of second optimization
stage
Transmission T [%] 57.18 (64.32)
Light-gas overlap n [%] 14.59 (15.27)
Group refractive index ng 2031.09 (1375.20)
The bold values correspond to the maximum values obtained after each stage of the optimization process.
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Fig. 12. Transmission coefficient vs. normalized frequency; blue and red line - characteristics before and after optimization process of AR sections, respectively.
Table 4
The results of the numerical analysis carried out for the photonic crystal with three different line defects.
Line defect
Missing one row Row of holes with smaller/larger Air channel
of holes diameter than others
Optical T[%] 92.45 52.64 74.23
parameters ng 2031.09 1558.71 187.50
n [%] 14.59 15.99 14.62
Geometrical r 0.36a 0.44a 0.43a
parameters Wone 0.98+/3a 0.96+3a 1.06v3a
R - 0.21a -
I - - 0.125+/3a

The bold values correspond to the maximum values obtained after each stage of the optimization process.
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with missing one row of holes should be an active element of the
laser gas sensor.

5. Conclusions

We presented the procedure and results of numerical optimiza-
tion of a photonic crystal used as an active element of the laser gas
sensor [7].

The effective refractive index method was used to reduce the
simulation time and computing power required for simulations.
Based on the theory of the planar waveguide we obtained the effec-
tive refractive index N, of 2.74 for a 220 nm thick silicon guiding
layer, a 1531.588 nm wavelength, and a TE polarization.

The numerical analysis was carried out by MPB and MEEP for
three different line defects formed by a missing row of holes, a
row of holes with changed diameter and an air channel. The line
defect in the photonic crystal structure is necessary to work in the
slow light regime with a high transmission of the active waveg-
uide. Working point of the sensor was set in the range of a defect
mode localized in the photonic band gap. We did it by selecting
the normalized frequency of the mode which corresponds to the
value of a wavevector of 0.47. This working point location depends
on geometrical parameters of the PhC structure. However, not all
values of geometrical parameters can be considered because of the
undesirable phenomenon, i.e. the lack of work in the slow light
regime. We started our analysis by establishing the working space
of a slow-light sensor. Then, within the working space, we ana-
lyzed the geometrical parameters of the PhC to obtain the highest
possible values of the group refractive index ng, transmission T, and
light-gas overlap n. The light-gas overlap was calculated by the Mat-
lab software as the ratio of electromagnetic fields intensity in air
holes to electromagnetic fields intensity in a guiding layer.

The numerical procedure was divided into three steps. In the
first step, main parameters (holes radius and width of line defect)
were considered. In the second step, tuning of the line defect was
performed. This was done by modifying the diameter of some holes
and changing the width of the air channel. In the last step, the
radius and shift of the first and second row of holes were also taken
into consideration to create antireflection sections. The parameters
were analyzed simultaneously at all steps. Consequently, a big map
of parameters was obtained, and we chose the best structure which
is a photonic crystal with the line defect formed by missing one
row of holes characterized by the maximum values of interesting
parameters (ng =2031.09, T=57.18% and n = 14.59%). After the opti-
mization of the antireflection sections, the transmission coefficient
increased from 57.18% to 92.45%.

In this paper, we proved that it is possible to design a structure
of a two-dimensional photonic crystal which will have simulta-
neously high values of group refractive index, transmission, and
light-gas overlap. The obtained properties may be used for a signif-
icant reduction in the required length of the light-gas interaction
in a gas sensor working in the slow light regime [7].
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