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Mid-infrared optical sensing using
sub-wavelength gratings
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Abstract: Optical sensing has shown great potential for both quantitative and qualitative analysis
of compounds. In particular sensors which are capable of detecting changes in refractive index at
a surface as well as in bulk material have received much attention. Much of the recent research
has focused on developing technologies that enable such sensors to be deployed in an integrated
photonic device. In this work we demonstrate experimentally, using a sub-wavelength grating the
detection of ethanol in aqueous solution by interrogating its large absorption band at 9.54 ym.
Theoretical investigation of the operating principle of our grating sensor shows that in general,
as the total field interacting with the analyte is increased, the corresponding absorption is also
increased. We also theoretically demonstrate how sub-wavelength gratings can detect changes in
the real part of the refractive index, similar to conventional refractive index (RI) sensors.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently there has been much research interest in optical sensing technologies. Such technologies
measure changes in the optical properties of the light in a sensing system following interaction
with an analyte. There is also much commercial interest in the development of these technologies
for applications such as bio-sensing, food and beverage, pharmaceutical, air & water quality,
security and mining.

In particular, refractive index (RI) sensors have attracted much attention. When designed and
configured appropriately these devices exhibit resonant features such as reflection peaks or dips
which are affected by the RI of the analyte material. While devices such as the Surface Plasmon
Resonance (SPR) sensor [1-3] have become a popular choice for many sensing applications, there
has been considerable interest in sensors such as the Bloch Surface Wave (BSW) sensor [4-6],
micro-ring resonator sensor [7, 8] and the Mach-Zender Interferometer (MZI) sensor [9, 10].
Furthermore, these devices have been realised based on silicon structures and as such can be
deployed in integrated photonic devices.

While Sub-Wavelength Gratings (SWG) have been the focus of research for some time [11,12]
they have attracted much attention lately because of their interesting and useful properties. With
the appropriate design and fabrication these devices can be used as broadband reflectors [13, 14]
or also as optical filters with ultra high Q-factors [14, 15]. In [16, 17], focusing mirrors and lenses
were developed using this grating structure by spatially controlling the phase of the reflection. In
recent work [18] we have shown how SWGs can be deployed at longer wavelengths around 10
pm using suitable materials. We have also shown that the Zero Contrast Grating (ZCG) structure
can be slightly modified to allow for more robust fabrication, without significant penalty in terms
of grating performance [19].

At present the standard technology for sensing applications where the absorption band of
a given material is to be interrogated is the Attenuated Total Reflector (ATR) [20,21]. This
technology works by coupling light at an angle into a high refractive index bulk medium on
which sits a lower index analyte material such that total internal reflection occurs.
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Fig. 1. (a) Logq of time averaged E2 field in ATR device, §; = 25°, TM polarisation.
(b) Logq of time averaged E2 field in HCG, normally incident TM polarised light. Field
values are calculated at 9.54 um using Rigorous Coupled Wave Analysis (RCWA).

As shown by Harrick [22] an exponentially decaying evanescent field extends into the analyte
material. When the analyte material which sits atop the ATR is lossy the overlap between this
analyte and the evanescent field results in the internally reflected light becoming frustrated. This
manifests as a drop in the reflectivity from the device throughout the material absorption band.

A notable feature of SWGs is the high field strengths that are established around the grating
bars in the low index region. Fig. 1(a) shows the time averaged E? field for a germanium ATR
under TM polarised incidence at 25°. Figure 1(b) shows the time averaged E? field for a HCG
under normally incident TM polarised light. It should be noted that for the grating structure a
larger field resides in the analyte. For illustrative purposes the log)o of the field was plotted to
allow for a clear visual interpretation of the difference in the field interacting with the analyte.

From this plot it is clear that the SWG allows for a greater overlap between field and analyte
and accordingly a larger sensitivity to absorption is expected when compared to an ATR. This
highlights the promise of such grating structures for absorption based sensing. Absorption
based sensing is of particular interest at wavelengths around 10 gm where many materials have
vibrational fingerprints. In this work we demonstrate how SWGs can act as a probe in an optical
sensing system and we experimentally use our modified ES-ZCG device [19] to interrogate the
absorption bands of ethanol at wavelengths from 8 um - 10 pum.

2. Simulations and grating sensor design

The Etch Stop ZCG (ES-ZCG) as reported in [19] is shown in Fig. 2(a). In this structure an
etch-stop layer of thickness (d,) is sandwiched between the two high index layers, one of which
is a periodically spaced grating layer. The duty-cycle (DC) is defined as the ratio of the grating
bar width (w) to the period (A) (DC = w/ A). Additionally in Fig. 2(b) we show a schematic
diagram of a HCG with high index bars of thickness t, on top of a low index substrate. For
the grating sensor it is proposed that light incident from beneath the substrate will interact with
analyte residing between and above the grating bars and the resulting reflectivity will be altered
depending on the composition of the analyte solution.

Rigorous Coupled Wave Analysis (RCWA) [23-26] was used to numerically calculate grating
performance. Our grating materials, Germanium (Ge) and Strontium Fluoride (SrF;) are shown
to have negligible dispersion and loss in our wavelength range [27-30] and for ease of simulation
were assumed to be lossless and non-dispersive. The wavelength dependant loss and dispersion
values for our water and ethanol analyte materials [31,32] were included in simulations.

In this work two types of responses are investigated. Frustrated reflection resulting from the
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Fig. 2. (a) Schematic diagram of ES-ZCG structure. (b) Schematic diagram of HCG
structure.

interaction between the evanescent field and the analyte will first be investigated. In addition,
a shift in the central wavelength of a narrow reflection feature which results from a change in
the real part of the index of the analyte will be investigated. These effects will be demonstrated
through numerical simulation and verified through experimental measurement.

Ethanol has been shown to have a large absorption peak at 9.54 um [32]. Ideally an absorption
based grating sensor should be designed such that it has maximum sensitivity to changes in
extinction coefficient (k) at the wavelength for which k is a maximum. In order to identify a
grating with optimum parameters, an extensive parameter scan was conducted. This scanning
procedure was expedited by only considering HCGs as they have fewer geometric parameters than
the ES-ZCG. Reflectivity values were calculated for water and different ethanol concentrations in
the superstrate (between and above the grating bars).

Each reflectivity measurement of an analyte (Runaiyse) solution was normalised against the
reflectivity for pure water (R, 4r¢,-). This normalised reflectivity (NR) value was calculated as
shown in Eq. (1).

Ranalyte

NR = (1

Rwater

The grating parameter set yielding the largest drop in normalised reflectivity (ANR =1 -
NR) was taken as an optimum grating parameter set. Consideration should also be given to the
raw reflectivity of the grating. When the grating reflectivity values are low it was possible to
obtain large changes in normalised reflectivity for small changes in absolute reflectivity. While
theoretically this should improve sensitivity it may not be possible to measure such small changes
in reflectivity and the resolution of the device may be compromised. To mitigate this, only the
grating parameter sets which have a minimum raw reflectivity value of 40% for water solutions
at 9.54 ym were considered.

2.1. TM polarised grating sensor simulation

A sensitive design identified in the scan for TM polarised light was, A = 6450 nm, DC = 0.54, t,
= 2415 nm is shown in Fig. 3(a). In terms of fabrication tolerance, a +100 nm error in barwidth
and a £50 nm error in grating thickness did not cause significant penalty to sensor performance
in terms of ANR, nor did a +7° incident angle.

For this optimised HCG, when the superstrate comprises a 20% ethanol solution the normalised
reflectivity from the grating was 0.4411, a relative reflectivity drop of almost 56%. Furthermore,
as demonstrated by comparing Fig. 3(a) and Fig. 3(c) the response from this single reflection
HCG sensor is comparable to an ATR with 6; = 25° and 5 internal reflections.

Figures 3(b) and 3(d) show the raw reflectivities of the HCG and ATR respectively. Furthermore
comparison of Figs. 3(b) and 3(d) shows that the absolute reflectivity from the HCG is greater
than that of the ATR. In terms of device performance this should allow for a superior Signal to
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Fig. 3. (a) Normalised reflectivity spectra for TM polarised optimised HCG with ethanol
concentration between 0 - 100%. (b) Reflectivity from optimised HCG with ethanol
concentrations between 0 - 100%. (c) Normalised reflectivity spectra for a 5-reflection
ATR with ethanol concentration between 0 - 20%. (d) Reflectivity for 5-reflection ATR
with ethanol concentration between 0 - 100%. (e) Extinction coefficient (k) for ethanol
and water as a function of wavelength.

Noise Ratio (SNR) when incorporated into a full sensing system.

In comparing Figs. 1(a) and 1(b) it is clear that in the case of the grating structure there is a
greater overlap between the field and the analyte compared to the ATR structure. For a number of
different grating geometries the total time-averaged E? Field in one unit cell was computed and
normalised to an input wave with the same unit cell. A sensitivity value (ANR/AC) describing
the relative drop in normalised reflectivity (ANR) for a given change in ethanol concentration
(AC) was also computed for each grating geometry. The resultant plot shown in Fig. 4 shows
that for the most part, as the field residing in the analyte increases, so too does the sensitivity.



Research Article

Optics EXPRESS

Grating sensitivity vs normalised time-averaged Electric field

0.035 |- o 1

0.02 o o b

0.015

Sensitivity (
o

001k c mc e e o - O = mm e e e e ]
0.005

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Normalised total E2 field

Fig. 4. Sensitivity vs total, normalised, time-averaged E? field for various grating
geometries and a reference line showing sensitivity of an ATR with 6; = 25° at
wavelength of 9.54 ym.

The field values displayed in Fig. 4 comprise the total field belonging to both the transmitted
and reflected modes for each grating geometry. While this approach does not reveal the precise
nature of the relationship between device sensitivity and the amount of field interacting with
analyte it does highlight the general trend which forms the basis of our experimental work.
While other literature has investigated the use of SWGs as refractive index sensors [33,34]
these works interrogate the real part of the refractive index. To the best of our knowledge, SWGs
have not been proposed as a means of interrogating the imaginary part of the refractive index
before. This work highlights the potential for SWGs to be deployed as sensing transducers in a
very important spectral region as a viable alternative to the Attenuated Total Reflector (ATR).

2.2. TE polarised grating sensor simulation

In [35] the authors explain that the strong confinement of TE modes in the waveguide can be
useful for refractive index sensing. In this section we numerically demonstrate that SWGs can be
used as RI sensors. For an appropriately designed grating, a change in the real part of the analyte
index can induce a wavelength shift in a narrow reflection or transmission feature. Furthermore
we demonstrate the superior sensor performance that can be realised when this reflection or
transmission feature shifts near or at a material’s absorption band. Following a parameter scan, a
grating with parameters (A = 4463 nm, DC = 56%, t, = 2723 nm) was identified as having a
useful reflectivity response to ethanol in the superstrate for TE polarised input light.

Figure 5(a) shows the simulated reflectivity response for this grating. As with simulations
shown in Fig. 3 the reflectivities for different ethanol concentrations are normalised with respect
to the reflectivity for pure water in the superstrate. Fig. 5(a) shows that for a solution with 20%
ethanol concentration the normalised reflectivity drops to 25.2%, a significant improvement over
its absorption based counterpart.

To gain insight into this enhanced response it is useful to consider the un-normalised reflectivity
profiles for the different solutions as shown in Fig. 5(b). While there is a drop in reflectivity
at 9.54 um due to the ethanol absorption there is also a shift in the reflection profile due to
the change in real part of refractive index. Interestingly as the feature is shifted it moves to
wavelengths where the absorption due to water is larger than absorption due to ethanol and the
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Fig. 5. (a) Normalised reflectivity spectra for TE polarised HCG with ethanol concen-
tration between 0 - 100%. (b) Raw HCG reflectivity profiles for ethanol concentration
between 0 - 100% under TE polarised incident light. (¢) Raw HCG reflectivities where
imaginary part of the refractive index remains constant for all ethanol concentrations.
(d) Normalised reflectivity of TE polarised HCG as a function of ethanol concentration
at 9.54 um.

magnitude begins to increase for increasing ethanol concentration.

In order to confirm that the wavelength shift is being driven by the real part of the refractive
index, a calculation was made where only the real part of the index was updated and the imaginary
part was kept at 0. While this is not physically possible it does allow for a certain level of insight
into the mechanism governing the shift in reflection profile. Figure 5(c) shows the raw reflectivity
profiles of the grating sensor with k=0 for all analyte solutions. With only the real part of the
refractive index changing from one ethanol concentration to the next, there is a clear shift in
reflection peak.

By utilising the impact of both the real and imaginary components of the index on the reflected
light, enhanced sensitivity can be obtained as shown in Fig. 5(a). The sensor, in this instance is
quite sensitive to changes for small ethanol concentrations as shown in Fig. 5(d). While the limit
of detection for a sensing system using SWGs will depend on the spectral & noise properties of
the source and detector and thus the SNR of the system, the HCG described here can be shown
to be most sensitive at lower concentrations. Normalised reflectivity as a function of ethanol
concentration is shown in Fig. 5(d).

3. Experimental measurements

While the numerical simulations above describe optimised grating geometry performance, we
used a previously fabricated ES-ZCG which had been designed and optimised as a reflector in
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air [19]. While this grating was not designed with absorption or RI based sensing of ethanol in
mind, a significant sensitivity for this grating was simulated. In this section we will show that
our fabricated grating is capable of operation as both a RI sensor and an absorption based sensor.

Reflectance measurements were made using a commercially sourced Quantum Cascade Laser
(QCL) with an operating wavelength range of between 6.1 um and 10.7 um (Block Engineering
LaserTune QCL). A gold coated 90° knife-edge prism was used to guide light appropriately as
shown in the schematic diagram in Fig. 6(a). In this setup the ES-ZCG was placed a distance
from the prism such that the angle of incidence was approximately 1°. The analyte lay on the
ES-ZCG surface as shown in the schematic.

The ES-ZCG used here had the following geometric properties (A = 4000 nm, DC = 56%,
dg = 2295 nm, dj, = 395 nm, d, = 95 nm). Reflectivity measurements were taken for ethanol
concentration which increased in intervals of 20%. The reflectivity from the grating for each
ethanol solution was normalised against the grating reflectivity for a pure water sample. These
reflection measurements were made using both TM and TE polarised light. As with the gratings
described in the simulation section, for TE polarised reflection our fabricated grating was affected
by both the real and imaginary part of the analyte index. A direct measurement of the absorption
band was realised through measurements with TM polarised light.

Figures 6(c) and 6(d) show the predicted and measured reflectivities for TM polarised input
light. There is good agreement between numerically predicted and experimentally measured
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Fig. 6. (a) Schematic diagam of experimental setup. Quantum Cascade Laser (QCL),
Gold-Coated Prism Reflector (GCPR), Longwave InfraRed (LIR) detector (MSL-12
HgCdTe commercially sourced from Infrared Assoicates). (b) Simulated reflectivities
of measured grating for ethanol and water under TM polarised light. (c) Simulated
normalised reflection spectrum for HCG with ethanol concentration between 0 - 100%
for TM polarised light. (d) Measured NR spectrum for HCG with ethanol concentration
between 0 - 100% for TM polarised light.
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reflectivity values in terms of shape and magnitude of the overall response. The simulated raw
reflectivity of this grating for both ethanol and water is shown in Fig. 6(b). As expected two
clear reflection dips are visible for the ethanol absorption bands showing that this ES-ZCG sensor
operates as an absorption sensor in TM polarisation.

Figures 7(a) and 7(b) show the predicted and measured reflectivities for TE polarised light.
These Figs. also show good agreement between numerically predicted and experimentally values.
For the TE polarised response the normalised reflectivity dip is not at 9.54 um where ethanol
absorption occurs. Figure 7(c) shows the raw reflectivity curves for water and ethanol. There is a
clear shift in the reflection dip to higher wavelengths as the ethanol concentration increases and
this prompts the large dip in the normalised reflectivity at 9.68 um as shown in Fig. 7(b).

Simulated grating response R Measured grating response

—
(2

—
(a4

—

0% ethanol 0% ethanol

Normalised Reflectivity
Normalised Reflectivity

——20% ethanol ——20% ethanol
[ |—40% ethanol —40% ethanol
0.5 60% ethanol 0.5 60% ethanol
——80% ethanol —80% ethanol
——100% ethanol| ——100% ethanol
0 n L L 0 ! n L
8 8.5 9 9.5 10 8 8.5 9 9.5 10
Wavelength [pm] Wavelength [pm)]
(@) (b)

R vs A for ES-ZCG Filtered ES-ZCG measurement

1 Z15
5
2
g 1 =
o~ 0% ethanol
= ——20% ethanol
Q 0.5 —40% ethanol
= 60% ethanol

2 H/—0% ethanol g ——80% ethanol

—100% ethanol 5 —100% ethanol
0
8 8.5 9 9.5 10 “ 8 8.5 9 9.5 10
Wavelength [pm)] Wavelength [pm]
(©) (d)

Fig. 7. (a) Simulated normalised reflection spectrum for ES-ZCG with ethanol concen-
tration between 0 - 100% under TE polarised light. (b) Measured normalised reflection
spectrum for ES-ZCG with ethanol concentration between 0 - 100% under TE polarised
light. (c) Raw reflectivities of fabricated ES-ZCG for pure water and pure ethanol under
TE polarised light. (d) Measured normalised reflectivity spectra after use of filtering
algorithm in Unscramblr software.

As reported in [19] an interference pattern is observed in the grating reflection spectrum. Light
reflected from the grating interferes with Fresnel reflected light at the air-substrate interface.
This interference pattern is clearly visible in our measurements as shown in Figs. 6(d) and 7(b).
For the numerical simulations shown in section 2 the substrate was assumed to be infinite. For
accurate comparison with our measurements this finite substrate of thickness 1 mm was included
when calculating the numerically predicted reflectivities shown in Figs. 6(c) and 7(a).

While this interference pattern can be predicted it is a concern in terms of grating performance
as a sensor. While a re-design of the physical structure of the grating could address this issue,
commercial software packages such as unscrambler [36] can be used to mitigate the impact of
this interference as shown in Fig. 7(d). In this Fig. the measured data is presented after it has
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been filtered within the unscrambler software. This post-processing of the grating measurements
can thus be used to overcome the impact on sensor performance by removing the interference
pattern.

4. Conclusion

We have investigated the potential of SWGs for use as absorption based sensors. We have shown
numerically that gratings can be designed such that their performance can equal or surpass
that of an ATR which employs 5 internal reflections. We also numerically demonstrated how
absorption based sensing performance can be enhanced by native resonant shifts due to changes
in the refractive index of the analyte. These native resonant shifts are well documented for
sensing purposes, however it was not desired to measure them directly, rather it was desired to use
them to enhance the normalised reflectivity response as shown in Section 2.2. Experimentally,
we employed a previously fabricated ES-ZCG for the measurement of a number of analyte
solutions, each with a different ethanol concentration. These measurements agreed with numerical
predictions in terms of overall shape and magnitude of response. As with numerical simulations,
the measured reflectivity response for TM polarised light was in response to the material
absorption bands of ethanol and water. Measurements made with TE polarised light demonstrate
the use of a resonant wavelength shift owing to interaction with the real part of the refractive
index in addition to absorption based sensing to enhance the normalised reflectivity response
of the sensing probe. This agreement between experiment and theory as well as our numerical
simulations highlights the promise of using these sub-wavelength structures for absorption based
sensing, particularly in such an important wavelength range.

That being said, the interference patterns visible in Figs. 6(d) and 7(b) require attention in
terms of their impact on the performance of the SWG sensing transducers. With post processing,
as shown in Fig. 7(d) this interference pattern can be removed, however there is still an attendant
noise signal which would impact the sensing capabilities of the device. When comparing Figs.
7(b) and 7(d) a similar noise profile for pure water solutions is present in both cases, indicating
that the noise present is attributable to the light source and detector used in this experiment.

In this work, SWGs are proposed as sensing probes for use as part of a larger sensing system.
Currently the ATR is the sensor probe of choice for absorption based sensing in the fingerprint
region. Sources and detectors commonly used with the ATR include QCL and Quantum Cascade
Detector (QCD) as well as the FTIR. For a realistic comparison with the sensing potential of an
ATR sensor, peak to peak signal to noise values (12500:1) [37] for the Agilent Cary 670 FTIR
spectrometer when used with an ATR in the 1000 cm™' region was used to calculate a potential
limit of detection value of the ES-ZCG sensor used for experimental measurements. Using the
filtered measurements from Fig. 7(d) where a 24.24% drop in normalised reflectivity occurs
between 0% and 20% ethanol solutions. Using the condition that a sample is detectable if it
induces a change which is 3 times greater than the p-p noise a potential limit of detection value
of 0.02% ethanol is calculated.

As well as having a superior reflectivity response to absorptive species, SWGs use a single
reflection at normal incidence and typically have much smaller footprints than ATR crystals.
Operating at normal incidence also allows optical components such as fibres and waveguides
to be used with a SWG sensor. Considering the continued appetite for advancement towards
integrated photonic sensors, devices such as the gratings described herein should be seen as
promising enabler for future absorption based sensing devices.
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