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ABSTRACT

In this work, we present a theoretical study on using high contrast grating (HCG) designs to enhance light-gas interaction in the mid-infrared
range. The optical behavior of a single layer HCG was studied under the presence of CO, gas. Through optimizing the structure parameters,
we could confine an intense electric field over the grating layer. Consequently, about 200 times of light-absorption enhancement was observed.
To further improve the performance, a coupled HCG (CHCG) was proposed to introduce another vertical photonic confinement mechanism.
We found that CHCG can restrict much intense light energy in the structure leading to over 600 times of light-absorption enhancement.
However, it is noticed that a significant part of the concentrated electric field was still trapped in the high index areas, where the gas cannot
interact. To address this issue, a modified CHCG with a thin substrate thickness was proposed. Through the optimization (T = 1.149 um), we
were able to redistribute most of the light energy into the void space of the CHCG layer which resulted in close to 1400 times of improvement.
This work clearly demonstrates that using HCG for enhancing light-gas interaction is a promising approach to make on-chip gas sensing

devices. Furthermore, it can also be integrated into other photonic components, e.g., fibers for advanced sensing system development.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091933

I. INTRODUCTION

Gas sensing has a variety of vital applications in environmen-
tal monitoring,] disease diagnosis,2 manufacturing control,” and
national security surveillance.” Among different sensing methods,
mostly thanks to advanced nanofabrication technology, chip-scale
photonic-based sensors have received increasing attention. They
offer multiple advantages, including faster response, higher sensi-
tivity, compact size, low power consumption, and relatively low
cost.” These properties make them a competitive candidate to be
used for many newly emerging technologies, such as the Internet of
Things (IoTs). High contrast grating (HCG) photonic technology
will lead to the development of a lab-on-chip small, low-power,
and low-cost gas sensing device. Such devices can be integrated
into current mobile devices and generate sensing data that can be
shared on the internet simultaneously. As such, the presented work
will be highly beneficial to the fast-developing IoT infrastructure.’

Generally, photonic-based sensing technologies can be
categorized into two groups: (1) refractive index-based”® and
(2) absorption-based.”'’ In refractive index-based sensors, by

introducing a gas or a liquid to a photonic structure, the refractive
index changes, and thus the spectrum resonant peak of reflected or
transmitted light shifts. Through measuring the shifted value, the gas
can be detected.'’ This sensor is sensitive to small changes in the
refraction index of the surrounding medium. However, since gas
species and the concentration factors can both affect refractive index
values, distinguishing between different gases can be challenging."
Fortunately, this issue can be addressed by the absorption-
based method. Due to the intrinsic molecular vibration modes, the
selectivity can be improved. As light passes through an analyte,
the reflection or transmission is attenuated at specific wavelengths,
due to molecule absorptions, which are unique for each gas species.
Increasing the gas concentration leads to an increased attenuated
value."” Nevertheless, to achieve proper sensitivity in the absorption-
based approach, we need to increase the light-matter interaction.
Traditionally, this goal was attained by increasing the interaction
path which led to the fabrication of large and costly devices.
Fortunately, in recent years, significant progress in the nanofabrica-
tion technology has inspired a significant number of scholars to
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introduce new photonic structures'*'® to increase the light-matter

interaction without extending the interaction path.

Among different microsize structures, simplicity and effective-
ness of gratings have drawn significant attention toward HCGs for
sensing applications. Gratings have been widely used in refractive
index-based sensors.'””'”"** However, very few works have been
reported on using this structure in absorption-based sensors.”
Normally, light tends to be confined to high index areas. This
tendency can make the grating optimization challenging for
absorption-based gas sensors.

In this work, we aim to combine HCGs and the absorption-based
method to investigate the light-matter interaction in the mid-
infrared range. Here, our test sample is CO, because of its signifi-
cant impacts on environmental, medical,”* and industrial”” areas.
The calculated absorption coeflicient for 1% of CO,, around 4.3 um N _
(the signature line absorption of CO, in the mid-IR range), was 4/\_)/(\_": ScoN 9@““95
reported to be 0.3cm™!Pa—!.*° It should be mentioned that by Dl [ )
adjusting grating parameters of the CHCG photonic structure, the
technology can be applied for detecting other gases as well.

* SiO; Substrate

Il. NUMERICAL DESIGN, DISCUSSION, AND RESULTS
FIG. 1. (a) A 3D schematic view of the SHCG, made of silicon with the SiO,

In this section, by using rigorous coupled-wave analysis substrate (relative to the grating thickness, the substrate thickness is infinite). (b)
(RCWA) method, the functionality of the single high contrast The cross-sectional view of the SHCG. The grating layer thickness Dy, the fill
grating (SHCG) and CHCG in enhancing light-absorption of CO, factor F, and the grating period A are demonstrated in the figure.

will be studied. RCWA is a well-known numerical method used to
solve Maxwell’s equations and to analyze the transmitted, reflected,
and absorbed waves from a planar grating restricted by two materi-

. . . . . 7.2 . . a i
als with different refractive indices.””** Effective parameters in the (@) i

0.024
grating design are grating thickness, air gap thickness, fill factor, 447 1
and the period which are optimized accurately in this study. Lastly, 453
it is noted that our numerical design is based on TE polarized .
modes, simply because light wave of TE modes has a much larger "
spatial coupling volume with gas molecules which could lead to an E 384 |
enhanced gas sensing performance. Specifically, when electromag- ¢ 36
netic (EM) field reaches to a dielectric boundary, TM modes tend 3]
to stay in high index areas because its nodal plane presents at the -
boundary which expels the EM displacement field back to the high G
index areas.”” However, such nodal plane for TE modes does not el J
exist at the boundary which allow the energy penetration into the ’
. . . 30-32 (b)
lower dielectric area having gas molecules. 0,024
06 7
A. Single HCG (SHCG)
The schematic view of the SHCG consisting of a grating layer
of silicon (ng; = 3.5) and a layer of SiO, (ngio, = 1.4) as a substrate .g
is illustrated in Figs. 1(a) and 1(b). The design parameters, includ- L oos .
ing the grating layer thickness Dy, fill factor F, and grating period A =
are indicated. Through optimizing the grating parameters, we aim
to restrict an intense light over the grating layer of the SHCG.
In this way, we are able to increase the chance of interaction
of light and the gas which leads to enhanced light-absorption phe- 0.4+ i =5
nomena. Besides, it is expected that by increasing electric field 4.29 4.30 431

. . . Wavelength (
intensity, the value of enhancement increases as well. Moreover, as gthum)

much as we could trap the light in low index areas over the grating
layer, we will have more effective light-matter interaction. However,
due to the tendency of light to be confined in the high index area,
the optimization process by using SHCG can be challenging.

FIG. 2. (a) Changing pattern of the light absorption given by manipulating the
period. The optimized period ~24.3 um. (b) Changing pattern of the light absorp-
tion given by manipulating the fill factor. The optimized fill factor ~0.57.
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One of the most effective parameters in the grating optimization
is the grating period. According to the grating period, the optical
gratings can be categorized into three regimes: (1) diffraction regime
(the period is greater than the wavelength),”” (2) deep-subwavelength
regime (the period is much less than the wavelength),”* and (3) near-
wavelength regime (the period is almost equal to the wavelength).
In the third regime, gratings behave entirely differently and show
unusual features such as a broadband high-reflectivity’”> and the
high-quality-factor resonance™ in which the later one can lead to
enhanced light-matter interaction. Hence, we selected the initial
value of the period equal to 4.3 ym.

The other notable design parameter is the grating thickness.
According to the incident light wavelength and the grating size,
several waveguide modes are excited. These modes propagate
through the grating and accumulate different phases. Due to the
extreme mismatch between these modes and the exit plane, modes
not only reflect but also couple to each other. The grating thickness
defines the phase accumulated by the modes and controls their
interference.”” Hence, to achieve a high-quality-factor resonator, we
need to choose the grating thickness such that at the exit and input
planes a constructive interference is obtained.

(a) 0.030
- - -W/O SHCG
ocisl —— With SHCG
0.020 |-
c
Q9
S o015
o
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FIG. 3. (a) The absorption spectra of CO, with and without SHCG from
4.29um to 4.31um (A = 4.336um, F = 0.5775, and Dy = 1.832um). The
bandwidth of absorption peak = 1.2nm. (b) The intensity and distribution of the
confined electric field at 4.3 um on the SHCG. The colored bar shows the inten-
sity of the electric field (V/um)?.
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FIG. 4. (a) A 3D schematic view of the CHCG, made of silicon with SiO, sub-
strate. (b) The cross sectional view of the HCG. The bottom grating layer thick-
ness Dy, the air gap thickness D, the top grating layer thickness D3, the
substrate thickness T, the fill factor F, and the grating period A are shown in the
figure. This structure is supposed to be located in the gas chamber.
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FIG. 5. (a) The absorption spectra of CO, with and without CHCG from 4.29 um
to 4.31um; Dy =1.832um, D; =1.14um, D3 =1.55um, T = infinite,
A = 4.336um, and F = 0.5775. The bandwidth of absorption peak = 0.25 nm.
(b) The intensity and distribution of the confined electric field at 4.3 um on the
CHCG. The colored bar shows the intensity of the electric field (V/.m)2.
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In order to achieve strong light absorption at the wavelength
matching with the CO, vibration mode, grating parameters of the
HCG structure needs to be modified and optimized. The rule of
thumb for the design is to establish constructive light waves in
the void low refractive index areas where gas molecules exist.”® In
this way, the strong resonating light energy will be able to spa-
tially couple with gas molecules effectively. Figures 2(a) and 2(b)
show the optimized value of the grating period ~4.3 um and fill
factor ~0.57 around 4.3 um, where the absorption has its highest

ARTICLE scitation.org/journalljap

value. The color in these figures indicates the light-absorption
strength. From dark black to bright yellowish color, the intensity
of the absorption increases. Clearly, it is shown that a strong light
absorption can be achieved with an optimized grating period and
fill factor. On the contrary, without any optimization, the absorp-
tion effect can barely be obtained in the grating structure. The
same process is done to optimize the grating thickness. It is nec-
essary to mention that all optimization parameters are correlated
with each other, changing one parameter changes the other.

(a) (b)
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FIG. 6. (a) The absorption spectra of CO,, given by optimization CHCG with a finite substrate, from 4.29 um to 4.31 um Dy = 0.99um, D; = 1.15um, D3 = 1.215um,
T =1.149um, A = 3.6378 um, and F = 0.5325. The bandwidth of absorption peak = 0.1 nm. (b) A comparison between the absorption value of SHCG, CHCG with
infinite substrate, and CHCG with finite substrate. (c) The intensity and distribution of the confined electric field at 4.3um on the CHCG with the finite substrate.
The colored bar shows the intensity of the electric field (V /um)>.
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Thus, this correlation makes the optimization process challenging and
time-consuming.

The given absorption spectra of CO,, via the grating optimiza-
tion (A = 4.336um, F = 0.5775, and D; = 1.832um) is shown in
Fig. 3(a). While the absorption value of CO, without the HCG is
approximately 107, the implementation of the optimized SHCG
enhanced this value to ~2 x 1072, This improvement (~200 times)
is emanated from confining the intense electric field to the grating
layer. The intensity and distribution of the electric field at 4.3 um are
demonstrated in Fig. 3(b). It is evident that if we can confine more
intense electric field over the grating layer, we will have more efficient
light-matter interaction. Thus, in Sec. II B, we propose a new coupled
HCG (CHCG) design in order to add in another vertical optical confi-
nement for concentrating more light energy in the device.

B. Coupled HCG (CHCQG)

Designing a new HCG layer with the same period and fill
factor but different thickness, and coupling this new layer with the
previous one to make a gap between them, gives us two more
parameters to optimize air gap thickness (D) and the thickness
of new HCG (Dj3). Figures 4(a) and 4(b) show a 3D and a cross-
sectional view of CHCG, respectively. In the simulation, a similar
optimizing strategy was used for these two new grating parameters.

Compared to Fig. 3(b), this design, through confining a more
intense electric field (~2.5 times stronger), as shown in Fig. 5(b),
gave us roughly 600 times enhancement. As demonstrated in
Fig. 5(a), the maximized absorption value of CO, increased from
0.025 in SHCG to 0.2 in the CHCG. Although the intense electric
field has not been confined completely in grooves, where CO,
exists, this amount of confinement could still lead to such improved
absorption enhancement. Therefore, it is expected that it could lead
to even further improvement. Later on, we found that through opti-
mizing the substrate thickness T, which had been considered
infinite so far, we could trap the light mostly in low index areas.
Our suggested explanation is that adjusting the thickness of the
SiO, substrate provides us an additional tuning factor to further
improve light confinement or the waveguiding effect in the vertical
direction, which leads to a strong constructive resonating effect that
infinite substrate cannot provide.

C. Modified CHCG

Figures 6(a) and 6(b) show the absorption spectrum of the
new CHCG design and a comparison between the enhanced
absorption value of the SHCG, the CHCG with infinite substrate,
and the CHCG with finite substrate. In this new design, we opti-
mized the substrate (the most bottom layer on which added layers
are mounted) thickness. Through this new design (D; = 0.99 um,
D, =1.15uym, D3;=1215um, T =1.149um, F =0.5325,
A = 3.6378 um), we could increase the absorption value to 1400 times
of its initial value where there was no HCG. Figure 6(c) shows
clearly the origin of this value of enhancement which comes from
trapping the intense electric field mostly in the gap between two
grating layers. It should be mentioned that, although the fabrication
of such a thin substrate is challenging, it is fortunately still possible,
due to advanced current technologies.

ARTICLE scitation.org/journalljap

lll. CONCLUSION

To conclude, we presented a theoretical approach to enhance
light absorption by an increased light-matter interaction for CO,
gas sensing applications. To attain this goal, we benefited from
unique properties of CHCGs for localizing an intense electric field
in the gap between the two grating layers. In this study, we demon-
strated the advantage of CHCGs and TE modes in confining the
light respect to a single layer of HCG. Hence, compared to SHCG,
the optimized CHCG can increase the light absorption by seven
times. Generally, by utilization of the optimized CHCGs, which
enables us to trap more intense light over the grating layer, we
could increase the absorption value from 3 x 10~ to 0.2. In other
words, we improved the light absorption by 600 times. Finally,
through optimizing the substrate thickness, we could confine the
intense electric field mostly to low index areas which led to more
effective light-matter interaction and 1400 times of light-absorption
enhancement. Our study demonstrated the capability of CHCGs in
enhancing the light absorption in the microsize level and introduced
a promising candidate for a new generation of on-chip absorption-
based detectors which can be integrated to other photonic compo-
nents in the future.
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