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Abstract

A theoretical study of evanescent optical sensor for multipurpose detection in the Mid-Infrared of gases and pollutants in
water is presented in this paper. The opto-geometrical parameters of the transducers - ridge waveguides - have been
optimized in order to obtain the highest evanescent power factor for monomodal propagation in the Mid-Infrared. The
highest sensitivity has been obtained for a configuration with an optimal length of waveguide Lopt=4.3 c¢cm for intrinsic
propagation loss equal to 1 dB/cm. Then a spiral waveguide configuration is suggested to obtain this optical length path in
a monolithic structure. A numerical example is also included using a ridge waveguide based on chalcogenide glasses
(GeShsSe). In case of gas detection, a generic calculation of the minima concentrations to be detected as a function of the
molar absorption for any working wavelength is presented. Extremely low limits of detection can be achieved due to the
strong absorption coefficients of gases and chemical species in the Mid-Infrared spectral range, 268 ppb in case of carbon

dioxide at A=4.3 um, 1.848 ppm and 781 ppb for methane at A=3.31 pm and at A=7.66 um respectively. For the pollutants
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detection in water, an improvement of the integrated structure has been proposed to avoid water absorption in this spectral
region by deposing a polymer (PIB) as waveguide superstrate, thus the limit of detection for toluene is 26 ppb at 2=6.68
pum. These concentration minima that could be detected by the Mid-IR sensor are lower than the threshold limit values
determined in the international environmental and health standards. Hence this integrated optical sensor may be

considered as an attractive support tool in monitoring environmental and health fields.

Keywords: Mid-Infrared detection; optical integrated sensor; evanescent optical field; gas detection; liquid detection.

1. Introduction

The Mid-Infrared (MIR) is defined as the range of electromagnetic spectrum between 3 um and 20 um. In the
last years it has become a suitable solution for chemical sensing applications due to the excitation of
fundamental vibrational transitions of several molecules in the gas phase or in the liquid phase [1]. Exploiting
MIR has become a current topic for the industrial and research fields due to the wide variety of fingerprints
of gases including CO,, CO, NO,, NO, CH4 and liquids such as acetone and emerging pollutants (BTEX -
Benzene, Toluene, Ethylbenzene, Xylene, HAP etc) [2-4], allowing quantitative, sensitive and selective
detection.

The growing applications for optical sensors in the MIR have been based on novel low loss optical platforms.
The laser sources emitting in this range of wavelengths are mainly the Quantum Cascade Laser (QCL). The
mean light source providing a wide lasing wavelength beyond the near infrared [5,6] and they represent one of
the principal keys of development for spectroscopic applications in this spectral window. Moreover, the
miniaturization of sensors has been achieved through the integrated optical devices combining high sensitivity
and compactness, and a good degree of batch-production [7]. The optical integrated waveguides allow
integration of optical and electrical functions on a single substrate, therefore lab on chip schemes have been

proposed. Considering material optimization, these integrated systems have exhibited a strong transparence in



the MIR and a high quality fabrication for various optical integrated structures. For instance, a silicon slot
waveguide [8] with optical loss of 1.4 dB/cm and silica ridge waveguides [9] with optical loss of 0.6 dB/cm
both functioning beyond 3um. Even when several platforms for the MIR have been probed in the recent years,
such as germanium (Ge) [10] and gallium arsenide (GaAs) [11], the chalcogenide glasses (ChGs) present
attractive properties. Owing to complete transparence in the whole MIR spectral window, capacity for rare
earth doping and they are an excellent platform to manufacture photonic components because their feasibility
to be deposed as thin films they emerge as ideal material candidate for sensing [12-14]. Recent works present
integrated chalcogenide devices with MIR loss propagation, particularly ridge waveguides [15,16] and high
quality factor micro-cavities [1,17,18]. Furthermore, organic substances and antibodies have been detected
using chalcogenide optical integrated devices, ethanol dissolved in cyclohexane [1] at A=5.2 um and anti-
Salmonella — anti-E. coli [19] using a FTIR in reflexion mode..

Accurate gas sensing is nowadays a crucial application for environmental and health care field. Spectroscopic
based sensing techniques are the most employed, but they mean voluminous, complex and high costs setups,
nevertheless integrated optical sensors are proposed as miniaturization, integration and low cost solution,
beside an in situ and real time monitoring could be performed. In addition, optomicrofludic systems have been
envisaged in order to encapsulate the testing gas to set as the superstrate waveguide. These configurations
allow an efficient interaction with the evanescent optical field and it also furnishs of mechanical control of the
gas [20]. Furthermore, quantity of organic pollutants in the aquatic environment, such as hydrocarbon
compounds (aromatics, alkyl halides, phenols), has been increased in the last decades. Given the superlative
importance of water and air resources for human being, this research topic is one of the highest challenges
today facing scientists. Accordingly, there is a growing concern to develop detection systems to favor
miniaturized and in situ devices based on different technologies than usual sensors exploiting attenuated total
reflectance (ATR). Despite the enormous potential of detection of several water pollutant substances in the

MIR, the development of sensors has been limited by the strong absorption of water in this spectral region,



which causes a high attenuation in the transmitted optical signal. This fact represents a serious drawback to
detect ppb — ppm concentrations of pollutants, which are the typical concentrations ranges in water samples
and different strategies have been employed like using a layer of polymer associated with a detection by
evanescent field [21].

In this paper, an analytical design of an evanescent optical field sensor composed by a ridge waveguide
working in the MIR spectral domain is provided. This model can provide a general platform for multipurpose
sensing, being suitable to detect gas substances, as well as dissolved substances in aquatics media. The
objective is to present a generic calculation for all substances (molar absorptions ¢) and wavelengths A (um),
nevertheless it will focus on cases where strong absorption peaks are present for certain gas and liquid
substances at a single fixed wavelength. Low limits detection of concentration of gas and emerging water
pollutants are aimed to be achieved with the configuration proposed, particularly for methane and carbon
dioxide in gas applications and for toluene dissolved in water in the liquid medium case. A lower limit of
detection than the threshold limit value (TLV) determined by the international environmental standards is
expected: 0.7 ppm, 1000 ppm, 1000 ppm for toluene [22], carbon dioxide [23,24] and methane [25,26]
respectively. Thus, an optimization of the ridge waveguide optical and geometrical parameters will be
performed to set the best configuration in terms of evanescent field interaction for monomodal propagation.
The objective is to present a generic calculation for all substances (molar absorptions &) and wavelengths A
(um), nevertheless it will focus on cases where strong absorption peaks are present for certain gas and liquid
substances at a single fixed wavelength.

2. Theoretical Background: Evanescent optical detection in gas and liquid media

A commonly exploited operating principle in photonic chemical sensor is the optical absorption. The
absorbance A is a physical parameter which is a function of the concentration of substance C (mol L?) and the
molar absorption & (mol* L cm™): A = C ¢ (cm™). In optical integrated sensors, this sensing principle is useful

to associate the optical signal power P and the solute concentration C through the Beer-Lambert law [27]:



P =Rexp(~ 7 ¢ CL-ay,l) ®

Where Po (W) is the optical power at the waveguide input, oprop (CM™) is the waveguide intrinsic propagation
optical loss, L (cm) is the waveguide length (optical path) and # (%) is the evanescent power factor. Sensing
mechanism consists in monitoring the output optical signal power, which changes as a function of the
concentration C (mol L). Consequently, the power attenuation increases with higher levels of the solute
concentration, but also it is directly dependent of #.

The evanescent power is the part of optical field non-confined in the waveguide guiding layer and it
determines the interaction degree with the superstrate media [28]. It is expressed by the evanescent power

factor  and it is given by the expression:
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Where Pgyp and Proral are the Poynting vectors (representing the energy flux of the propagated electromagnetic
field in the superstrate) and the guided light total power respectively [29].
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Fig. 1. Schematic of a ridge waveguide and the interaction with the molecules in the superstrate.

The penetration depth d, is the interaction distance from the ni-n, interface where the intensity of the
evanescent optical field decreases at 1/e ratio into the superstrate medium [30]. Hence, the penetration depth
d, is proportional to #, and it may be defined as a function of the wavelength of incident light Ao, the refraction

index of the superstrate n, and guiding layer n1 (Fig. 1) and the angle of incidence 6, it is described in Eq (3).
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Thereafter, the sensitivity of the device is represented by the variation of output optical power as a function

of the solute concentration C, it could be calculated differentiating Eq. (1) with respect to C [29]:
dpP
S = ‘E =enLPexp(-e nCL - a,,l) @)

Sensitivity is also useful to determine the optimum waveguide length Loy, which is found at the maximum

of the S function, then Loy can be calculated as follows:
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The minimum solute concentration Cmin that could be measured by the sensor represents the limit of
detection (LOD). The goal of this theoretical study is to design of a device for which the LOD is lower than
the threshold limit value (TLV) determined by the international environmental standards. Therefore, the
minimum optical power Pmin that could be detected by the sensor is modeled as the difference between the
optical power for a null concentration P (C = 0) and the optical power for the limit of detection P (Crin):

P =P(C=0)-P(C,) (6)
The LOD is physically limited by the performance characteristics of the photodetector, then certains
parameters given by the employed photodetector in the experimental setup are consider to calculate the
minimum solute concentration Cuin, Such as the Noise Equivalent Power (NEP), the bandwidth (B) and
arbitrary Signal to Noise Ratio (SNR) which takes into consideration the coupling losses at the waveguide
input and output. Thus, using the Lambert-Beer law (Eq. 1), it is possible to develop the Eq. (6) and Cnin could

be expressed as follows:
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In a particular case, the solvent medium may be optically non-absorbing at the working wavelength, then a

simplification in Eq. (7) leads to the following expression:
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3. Simulation Results and Discussion

Several organic and inorganic substances such as gases and liquids are characterized by their strong
absorption in the MIR, in this work the detection of methane (CH.) at A=3.31 pm and A=7.66 um, and carbon
dioxide (COy) at A=4.3 um for sensing gases are analyzed. Furthermore, a study of detection in liquid medium
will be presented, in particular toluene dissolved into water at A=6.68um, but an analysis taking into account
high absorption of water must be firstly made in order to determine the feasibility of pollutants detection.

For the design of the MIR evanescent optical sensor, computer simulations based on the effective index
method were firstly performed in order to determine the geometrical dimensions for a single mode ridge
waveguide. Obtaining the highest evanescent power factor # and propagating simultaneously in monomodal
regime in the MIR was aimed. The structure of the integrated platform was composed by a guiding layer for
which the refraction index is n;=2.81 at A=4-8 um and a confinement layer with a refraction index of n;=2.40
at A=4-8 um, both layers were selected from different compositions of (GeSe2)100x (Sh2Ses)x chalcogenide
glasses [31]. A thickness of 5 um for the confinement layer was taken into consideration to avoid radiation
losses through the substrate. The superstrate is totally dependent of the substance to be detected, then the air
will be assumed as the superstrate for the gas sensor and the water for case of liquids detection. The refractive

index of the air [32] is n;=1.0002 at A=4-8 pum, for water [33] are 1.45 at A=3.31 pm and 1.329 at A=6.68 um.



The evolution of # as a function of the geometrical parameters (width and height) of chalcogenide waveguide
which allow a single mode propagation is presented below in Fig. 2(a), (b) at 2=4.3 um and A=7.66 um
wavelengths of interest for CO, and CHa, respectively. The Fig. 2(c) shows the case of water as superstrate at

A=6.68 um. TM polarization was considered for all these calculations.
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Fig. 2. (a) Evolution of the evanescent power factor ; as a function of w, h for monomodal propagation in the detection of any gas at
A=4.3 um, (b) at A=7.66 um and (c) for any substance dissolved in water at 2=6.68 pm. The fundamental mode TMO0 intensity profile for

the optima geometrical parameters (width w and height h) of chalcogenide waveguide is included for every case.

TM polarization represents an optimization in the sensor design by maximizing the evanescent power factor.
In this case, the vertical component of the electrical field enhances the interaction between the propagated
mode and the superstrate medium in the top of the guiding layer. TE polarization assumes a horizontal
electrical field which leads to a low interaction between the horizontal evanescent field of guided mode and
the superstrate due to the guiding layer widths are larger than the heights. Furthermore, the best configurations
were always found for a low thickness and high widths according to the fabrication feasibility. In this context,
the width and height for a monomodal ridge waveguide have been determined from the highest #. These
values are shown in the Table 1. The penetration depths d, have been also reported in Table 1, and it can be

seen that the penetration depth increases as the wavelength increases.



Table 1. Penetration distance, effective index and evanescent power factor # as a function of the optimum geometrical parameters of ridge

waveguide (w, h) for monomodal propagation in the detection of methane (CH,), carbon dioxide (CO,) and toluene dissolved in water.

Wavelength W h n Netf TM dp
Molecule to be detected (um) (um) (um) (%) (nm)
CO2 4.30 6 0.8 8 2.4046 313
CHa 3.31 5 0.6 8 2.4050 240
CH4 7.66 10 1.7 8 2.4338 550
Toluene 6.68 9 14 9 2.4223 547

The evanescent power factor is determined by the refractive index contrast of the media (superstrate,
guiding layer and confinement layer). Then, modifying the refractive index of chalcogenide glasses implies a
variation of the interaction ratio between the optical non-confined field in the guiding layer and the superstrate
medium, hence the sensitivity (Eqg. 4) and the LOD (Eq. 8) will be directly affected.

Using different values of propagation loss aprep, the sensitivity S as a function of the waveguide length L has
been plotted in Fig. 3(a) using Eq. (4). The calculation considers #=8%, Po =1 mW (a realistic waveguide
output power) and values of C, ¢ which fulfil the next condition: the product of evanescent power factor,
molar absorption coefficient and concentration of solute is always lower than the optical propagation loss
value. It is noteworthy that the design of sensor is focus in low concentration (order of ppm) and realistic

values of molar absorption are comprises between ¢=10* — 10* mol** L cm™.
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Fig. 3. (a) Sensitivity of the integrated sensor as a function of the waveguide length for several values of propagation loss in the detection
of low concentrations gas and liquids in the MIR; (b) Optimal waveguide length as function of propagation loss for the detection of low
concentration at A=MIR pm.

The importance of loss propagation of waveguide in the performance of the sensor is shown in the curves
of sensitivity (Fig. 3(a)). Lower propagation losses allow a better interaction between the propagated light
and the molecules in the superstrate and lead to a higher sensitivity. The propagation losses are decisive to
determine the optimum waveguide length Loy, this dimension is longer when apurp are weaker . From the
evolution of the optimal length Ly as a function of the propagation 10ss oprop, (Fig. 3()), it is possible to set
Lopt = 4.3 cm for oprop= 1dB/cm, which is a realistic but unfavorable propagation loss value of chalcogenide
glasses in the MIR. In order to reached a waveguide length about 4 cm, this length could be obtained by the
fabrication of a spiral waveguide of small dimension of small dimension [34]. Finally, determining the
optimal length L of ridge waveguide allows to define the dimensions of the transducer in chalcogenide to be
fabricated.

3.1 Gas detection
In this paper, the feasibility of sensing gas substances for very low detection limits will be demonstrated
thanks to strong absorption lines in the MIR. Thus, the detection of methane (CH.) at A=3.31 pm and A=7.66

pm, and carbon dioxide (CO.) at A=4.3 um (Fig. 4(a)) will be explored.



~1103 (@) e 1w R CH, at A= 3.31ym
‘c g8 —CO4 ] 1E-6 ACH, at 2= 7.66um
L 2 Ea €GO, at 4= 4.30um
© 664 —
= 5 1E-7; |
g4 1 £
2 221 ! 3 £ 1E-84 |
[42]
! o
< o,i
—————— : 1E-9 :
3 4 5 6 7 8 9 10 10 100 p ‘IOO(_)1 10000
A (Hm) e (L mol" cm™)

FIG. 4. (a) MIR absorbance spectra of (a) methane [35] — CH,—, carbon dioxide [28] - CO,- under normal conditions of pressure and
temperature (1 atm, T=273 K). (b) Minimum solute concentration of any gas detected in the MIR as a function of the molar absorption

coefficient detected by the evanescent optical sensor.

A generic calculation of the minimum solute concentration Cmin> (EQ. (8)) as a function of the molar
absorption coefficient ¢ is presented for any absorbing gas in the MIR detected by the evanescent optical
sensor (Fig. 4(b)). The results are valid for gas detection at any working wavelength. Then, in order to
estimate the limit of gas detection (limit of gas detection LOD) in a real experimental case in a real case, a
photodetector has been chosen, it is the DSS-MCT14 020L from Horiba for which size is 2x2 mm? and cooled
by liquid nitrogen. The operation spectral range of this MCT photodetector is from 3 to 12 pum, the noise
equivalent power is NEP=5x1012 W Hz'?, the bandwidth is B=5 KHz. The Signal to Noise Ratio (SNR) is
fixed equal to 10 for this calculation. This SNR value is unfavorable considering the coupling loss at the
waveguide input and output. An evanescent power factor previously calculated for gases #=8% (from Fig.
2(b), 2(c), a typical QCL’s output power of 1 mW (Po), propagation loss of chalcogenide glasses in the MIR
of 1 dB/cm (aprop) and the optimum waveguide length Loy= 4.3 cm are considered. The results of gas

minimum concentration (Cmin) are presented in Table 2.



Table 2. Limit of detection of the evanescent optical field sensor given by the minimum detectable concentration Cp, of carbon dioxide

and methane in the MIR.

Wavelength 3 Chiin Chiin TLV @
Molecule to be detected (um) (L mol*tcm?) (mol L) (ppm) (ppm)
CO; 4.30 2613 1.2x10°8 0.268 1000
CH, 331 382.5 8.25 x108 1.848 1000
CH, 7.66 904.22 3.489 x10°8 0.781 100

Hence, the higher absorption of the substance in the superstrate (¢), the lower minimum concentration Cpin
is. The LOD for carbon dioxide and methane (in ppm) are 3 orders of magnitude lower than the Threshold
Limit Value and then the LOD estimated for the Siebert’s configuration?® respectively. Then, the designed
sensor exhibits a remarkable performance in gas sensing and it could be implemented for any other absorbing
gas in the MIR. These results probe the great potential in the environmental monitoring field and they suggest
that the evanescent optical field sensor could be proposed as a threshold alarm tool.

3.1 Detection of substances in aquatic environment

To illustrate the detection of pollutant agents into water, o illustrate the detection of pollutant agents into
water, the toluene which is an aromatic hydrocarbon with solubility in water of 535 ppm [22], was selected
for this purpose was selected for this purpose. The toluene is used in the chemical industry as a solvent
especially for paints, oils and resins, and as a raw material in the production of benzene, phenol and other
organics substances. Long exposures to this substance could be related to different diseases of nervous
system, kidneys, liver and it has been identified as a carcinogenic agent [36, 37]. The World Health
Organization has determined 0.7 ppm of toluene in drinking water as the maximum contaminant level.

In order to guarantee the feasibility of detection of pollutants dissolved in water, an analysis of optical
attenuation caused by the water absorption in the MIR as a function of the waveguide length is required (Fig.
5(a)). Although the method is perfectly generalizable, this present study focuses, for instance, on the

absorption peak of toluene at A=6.68 pm presented in Fig. 5(b). For this calculation, Eq. (1) is used



considering the following set of realistic parameters: an evanescent power factor #=9% (from Fig. 2(c)), an
intrinsic propagation loss aprop=1 dB/cm, a concentration of water Cuaer=5.50 mol.L* = 100 v/v %, a molar
absorption coefficient of water ewaer=11.38 mol® L cm™ at 1=6.68 um. Once more, the performance
characteristics of the photodetector must be considered to set the lowest optical signal (LOS) to be detected,
which is given as follows: LOS = SNR*NEP*BY?= 3.5 nW. Lmx = 2.5 mm is obtained as the waveguide
length which causes an attenuation of output power equivalent of LOS, hence for detection of pollutant
substances in aquatic environments a ridge waveguide shorter than Lmax must be fabricated. Moreover, from

Eg. (5) the optimum waveguide length for detection in aquatic media is estimated to be: Lopt ag= 176 pm.
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FIG. 5. (a) MIR absorbance spectra of Toluene [38] at 100 % v/v and water [39] at T=278K. (b) Power transmitted response as a function
of the waveguide length taking into consideration the strong absorbance of water in the MIR. (c) Schematic of waveguide

functionalization: an optical non-absorbing in the MIR polymer is deposed as superstrate for detection of dissolved pollutants into water.

The minimum concentration of toluene dissolved in water at A=6.68 is calculated from Eq. (7) and
Chin_toluene=6.20x10° mol L= 5.7 ppm is obtained. This calculation considers a molar absorption of toluene
equal to etwene= 97.4 mol™ L cm™. A high concentration of water is considered Cuwater=55.4945 mol L = 99.99
v/Iv%, the complementary parameters such as Loyt ag=176pum. and Po, 7, aprop, SNR, NEP, B are the same values
from the previous calculation. Even when Cnmin toluene iS lower than the solubility threshold value (535 ppm),
this result is not enough to consider this sensor as a threshold alarm tool because its LOD is higher than the

maximum contaminant level in drinking water.



Therefore a second design for a sensor detecting in aquatic environments is presented, the LOD could be
enhanced by functionalizing the superstrate of waveguide. The concept restricts the water absorption in the
MIR by replacing water in contact with the surface of the chalcogenide waveguide by an optical non-
absorbing material, particularly by a polymer like the Polyisobutylene (PIB) [40], which is an hydrophobic
polymer with a high transmittance in this range of wavelength. The optimized waveguide structure takes
advantage of permeability of the polymer to extract the analyte molecules from the solution and to enable
them to diffuse to be in contact to the guiding layer, then it is possible to detect them by optical evanescent
field absorption [41], as it is shown in the Fig. 5(c). The structure of the hydrophobic polymer (PIB) is not
strongly modified after exposing to analyte, thus the detectivity remains in the same order of magnitude.
Moreover, the diffusion into the PIB leads to an accumulation effect of the solute molecules in vicinity of the
evanescent field increasing the sensor performance [42].

Thus, the expected minimum detectable concentration of toluene dissolved in water detected by using the
polymer functionalization is Crmin_toluene pie = 2.8345x 1077 mol L™t =26 ppb, it was calculated from the Eq. (8)
assuming only the absorption coefficients of toluene at A=6.68 pm, the coefficients Po, #, oprop, SNR, NEP, B
previously applied and the optimal length of waveguide for an optical non-absorbing medium Loyx=4.3 cm
(Fig. 3(b)). This optimization in the sensor design allows enhancing the LOD from ppm to ppb range. This
result is noticeably lower than the maximum level of concentrations suggested by the international standards
of quality of water and the MIR sensor could be furnished as an efficient monitoring tool.

4. Conclusion

A generic model of an evanescent optical field sensor able to detect gases and substances dissolved in water in
the MIR have been introduced. Ridge waveguides are proposed to be the transducers, and their optima
dimensions have been determined using the Effective Index Method in order to provide the highest
evanescent field factor for monomodal propagation. From the sensitivity of the device, it has been possible to

determine the optimal length waveguide for any value of intrinsic loss propagation. A numerical example has



been given using a ridge waveguide base on (Ge-Sb-Se) chalcogenide glasses in gas detection for carbon

dioxide at A=4.3 pm, methane at A=3.31 um and at A=7.66 pm, and the limits of detection have been

calculated as 268 ppb, 1.848 ppm and 781 ppb respectively. For these applications the optimal length

waveguide is Lop=4.3 cm for apop= 1 dB/cm, then a spiral waveguide configuration could be fabricated to

obtain this optical length path in an integrated sensor. In addition, a general calculation of minima gas

concentrations as function of the molar absorption is presented, it considers wavelength non-dependence.

For detection of substances dissolved in liquid media, an optimization in the integrated structure suggests to

deposit a functionalized hydrophobic polymer as a waveguide superstrate to avoid water absorption in the

MIR. Consequently, the LOD is enhanced is enhanced for the detection of dissolved substances in water, for

example, with this configuration 26 ppb of toluene can be can be achieved to be measured at A=6.68 pm.

All these numerical results allow to present this optical sensor as an alarm tool in the monitoring processes

because the resolution could operate under the threshold limit value determined in the international

environmental standards and they established the promising first step towards the development of integrated

optical sensor working in the MIR.
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