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a  b  s  t  r  a  c  t

A  macroporous  silicon  photonic  crystal  is  designed  and  optimized  theoretically  for  its  use  in gas sens-
ing  applications  and IR  optical  filters.  Light  impinges  perpendicularly  onto  the sample  surface  (vertical
propagation)  so  a three-dimensional  (3d)  structure  is used.  For  gas  sensing,  a sharp  resonance  is  desired
in  order  to  isolate  an  absorption  line  of  the  gas  of interest.  The  high  Q-factors  needed  mandate  the  use
of  a plane  defect  inside  the  PhC  to give  rise  to a resonant  mode  inside  the bandgap  tuned  to  the gas
absorption  line.  Furthermore  to allow  gas  passage  through  the device,  an open  membrane  is  required.
This  can  affect  the mechanical  resilience.  To improve  the  strength  of the  photonic  crystal  the  pores  are
extended  after  the  “active”  3d part.  The  number  of modulations,  and  the  extension  length  have  been
optimized  to  obtain  the  largest  Q-factor  with  reasonable  transmitted  power.  These  proposed  structures
have  been  experimentally  performed,  probing  an  enhancement  of almost  an  order  of magnitude  in the
Q-factor  in  respect  with  the  basic  case.  Simulations  considering  CO2 have  been  performed  showing  that
the  proposed  structures  are promising  as precise  optical  gas  sensors.

© 2017  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Photonic crystals (PhCs) exhibit photonic bandgaps (PBGs) in
their optical spectra [1,2], because of the periodical modulation of
their refractive index. This feature allows creating resonating cavi-
ties, and thus PhCs can be used to create IR filters and devices for the
optical detection of gases [3,4]. These cavities are created by placing
defects in the periodical structure of the PhC [5]. The detection can
be then performed by directly monitoring the absorption of light,
or by measuring a frequency shift of the peak. The direct measure
method is based on the Beer-Lambert law, which states that the
intensity absorption is an exponential function of substance con-
centration and optical length [6]. Gases, in particular, have strong
optical absorption bands at specific wavelengths unique for each
gas; its fingerprint [6]. Therefore to sense a certain gas, it is neces-
sary to measure the absorption at some of its specific wavelengths.
That imposes isolating the absorption line, which can be accom-
plished with a high Q-factor PhC filter. The main drawback of such
method is that to have good sensitivities, long interaction lengths
must be attained.
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An alternative to the previous methods was reported in other
studies [7–9]. In them, it is proposed the use of the slow group
velocities that the band structure of carefully crafted macroporous
silicon (MPS) PhCs have at the band edges of the PBG. Theoretically
this method was  shown to work well, but light coupling was shown
to be a major problem. Furthermore, losses due to scattering and
absorption were also very high as the signal had to traverse a very
long silicon structure.

In this paper we study a 3d MPS  structure as proposed elsewhere
[4,10] for gas sensing, using out-of-plane (vertical) propagation.
Although these PhCs are more complex, they can be fabricated using
cheap methods, such as electrochemical etching (EE), and are very
versatile structures. Furthermore, light coupling into and out of the
sample is simpler than for in-plane devices. Additionally, MPS  can
be made to be inert to ambient conditions and aggressive gases,
and are mechanically very stable.

The MPS  PhC device analyzed in this paper has a modulated pro-
file, and would be fabricated by EE. The proposed structure has a
cavity to induce a resonance state which has been engineered to
correspond with the absorption band of CO2 at � = 4.25 �m. This
device works as a filter to be placed in the optical path with an
embedded resonator that introduces a narrow passband in the
transmission spectrum to select the CO2 absorption band and to dis-
card other wavelengths. In order to optimize the optical response,
the number of periods used in the modulated part of the PhC is
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Fig. 1. (a) Schematic representation of the different structure variations. A broadband light impinges the sample and travels through the photonic crystal (i) the basic structure
consists of two  modulated areas separated by a cavity in the middle. (ii) The modulated pores have been extended with a length of constant diameter pores. (iii) The number
of  periods before and after the defect is changed. As shown, light propagates along the Z axis, i.e. aligned to the pores’ axis. (b) Comparison of simulated and etched basic
profiles.

changed from a few periods to a large number of them. Besides,
as the PhC structure is a membrane to allow the passage of gas
through its pores, the mechanical resilience has to be considered.
As these membranes are very thin, porosification is continued after
the 3d part of PhC is finished, consisting of straight pores. This
section forms the tail of the pores. This is done in the same fab-
rication step and results in a thicker and robust device. This tail
may  result in unwanted optical features, and therefore the effect of
its length is studied. The tail length is changed from non-existent to
about the double of the PhC depth, to determine its impact or pos-
sible benefits to the optical transmittance of the proposed device.
These proposed photonic crystals have been experimentally fab-
ricated, showing a good accordance with the theoretical study.
Although the experimental Q-factors are lower than the theoret-
ical ones (due to non-idealities in the fabricated design), we  report
an enhancement of almost an order of magnitude in the quality fac-
tor of the peak. This achievement shows that the new structures are
a promising option to be used in spectroscopic gas sensing. Finally,
an improvement of the sensitivity due to the increase in the peak’s
quality factor is theoretically predicted.

2. Numerical study

The simulations of the 3d photonic crystals were done in
Optiwave’s OptiFDTD software, which uses the finite-difference
time-domain method (FDTD). For the simulations, a single pore was
designed with its axis aligned to the Z axis, and with light propa-
gating along the Z axis. Periodic boundary conditions were applied
on the XZ and YZ walls while perfect absorbing layers were used for
the top and bottom of the simulation space in order to model an
ideal PhC. The base shape of this pore consisted in two  main parts:
the modulated areas and the defect. Modulations were done by an
number of periods composed, each one of them, by an ellipsoid and
a cylinder—whose radius were optimized in our previous works
[10]. —Simulations dimensions were normalized to the lattice XY
periodicity and each modulation period was defined in a normal-
ized cell box of size 1 × 1 × 1 units. The defect, embedded halfway
the pore depth, was introduced by removing a period, keeping
a constant radius and extending as needed its length. For a real
device, the lattice period would be plattice = 0.7 �m in order to make

the bandgap and defect state correspond with the carbon diox-
ide absorption line at � = 4.25 �m.  It should be taken into account
that the profile obtained experimentally shows certain variabil-
ity compared to the designed one. As it can be seen in Fig. 1(b),
these variations are small and have little impact on the bandgap,
as reported in [11]. However, small variations in the length of the
defect can lead to a mismatch with respect to the working fre-
quency for which it was  designed. However, the position of the
peak within the bandgap can be easily adjusted in few iterations in
fabrication [11].

The quality factor of the cavity is calculated using the usual def-
inition as Q = fpeak/FWHM from the spectral data, where fpeak is the
central frequency of the resonant state, and FWHM is the width
of the peak at half of its maximum value. In order to achieve the
strongest resonance and the highest Q-factor in transmission, and
enhance the optical features of the photonic crystal, two modifica-
tions of the initial structure were performed. The first one was to
introduce a region of porous silicon with a straight profile—i.e. with
a constant radius—as a continuation of the modulated pores, that is
a tail of the pores. The second was to increase the number of periods.
All the simulated structures are permeable membranes, both pore
ends open allowing the passage of gas. The studied morphologies
are schematically depicted in Fig. 1.

The illumination was done with a plane wave coming from the
top of the pore and impinging on the front face of the PhC. The
light wave was a Gaussian pulse with a linewidth of � = 4 mm  and
a central wavelength about 5 �m,  so to make it correspond to the
CO2 absorption line. The transmission spectrum was obtained by
placing a plane detector 5 �m after the pore end. The spectrum was
calculated by integrating the power flux through the detector plane
and normalizing to the incident wave.

To perform the simulations, the refractive index of the bulk
material was  set to n ≈ 3.43, which corresponds with the value of
silicon in the range of 4 �m–4.4 �m at room temperature [12]. As
reported in previous works [13], the absorption in low doped sili-
con has almost no effect in the propagation of light through the PhC.
So, in consequence, no losses were introduced in the bulk material
(imaginary part of its refractive index, � = 0). The pores were filled
initially with air. The structure optimization was performed under
these conditions. After optimization, the air was changed with car-
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