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Abstract: The objective of this study is to demonstrate the successful functionalization of the surface
of a chalcogenide infrared waveguide with the ultimate goal of developing an infrared micro-sensor
device. First, a polyisobutylene coating was selected by testing its physico-chemical compatibility
with a Ge-Sb-Se selenide surface. To simulate the chalcogenide platform infrared sensor, the detection of benzene, toluene, and ortho-, meta- and para-xylenes was efficaciously performed using
a polyisobutylene layer spin-coated on 1 and 2.5 µm co-sputtered selenide films of Ge28 Sb12 Se60
composition deposited on a zinc selenide prism used for attenuated total reflection spectroscopy. The
thickness of the polymer coating was optimized by attenuated total reflection spectroscopy to achieve
the highest possible attenuation of water absorption while maintaining the diffusion rate of the
pollutant through the polymer film compatible with the targeted in situ analysis. Then, natural water,
i.e., groundwater, wastewater, and seawater, was sampled for detection measurement by means
of attenuated total reflection spectroscopy. This study is a valuable contribution concerning the
functionalization by a hydrophobic polymer compatible with a chalcogenide optical sensor designed
to operate in the mid-infrared spectral range to detect in situ organic molecules in natural water.
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1. Introduction
The research in the field of photonics for chemical sensors to detect water pollutants is
ecologically appealing [1]. The increase in the number of marketed chemical compounds
has led to a growing demand for monitoring systems with high enough stability, large
sensitivity, broad range of detection, a compact format, and low response times [2–4].
With absorption being related to the vibration of organic pollutant compounds in the midinfrared (MIR) spectral range (2.5–25 µm), the optical chemical sensors have seen advances
recently [5]. Currently, the detection of aromatic hydrocarbons in water is usually carried
out using gas chromatography–mass spectroscopy (GC-MS) analysis, which has some
disadvantages such as high cost, artifacts related to sample handling, and long analysis
times [6,7]. On the other hand, the exploitation of attenuated total reflection (ATR) or
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evanescent wave infrared spectroscopies is a promising field for in situ sensing [8]. Promising first results for the detection of aromatic hydrocarbons were obtained using different
internal reflection elements, such as a trapezoidal zinc selenide (ZnSe) prism [9–11], a silver
halide fiber [9,12,13], or a single reflection diamond waveguide [14]. These demonstrations
have paved the way for the development of thin-film sensing devices devoted to MIR
chem/bio sensing and assay platforms.
Given the completion of the integration on a chip of photonic sensors operating in
UV-visible or near-IR [15], a miniaturization approach can also be seriously considered in
mid-IR sensing. The development of a micro-sensor based on thin-film waveguide allows
the miniaturization of the photonic device. Multi-analyte detection with a low volume of
analyte requires the integration of MIR photonic components and should benefit from a
relative low-cost production with a view of mass production. The MIR micro-sensor can
use the evanescent field for detection, i.e., the fraction of IR light that is outside the optical
waveguide. This evanescent field is very sensitive to variations due to the presence of
organic compounds such as absorption with a much higher efficiency than a conventional
ATR system [16]. Recent progress has made possible to combine on the same chip an MIR
light source (such as Quantum Cascade Lasers) and waveguides as well as a transducer
and a detector [17–20].
A large choice of waveguide material is available for a platform spectroscopy in the
MIR [5,21]. Among them, chalcogenide thin films are suitable materials for many MIR
photonics applications, including sensing [21–30]. They offer particular optical properties (broad window of transmission in the infrared and tailored refractive index), which
make them interesting for integrated photonics devices. In previous papers, the authors
reported the practicability of chalcogenide-based waveguides preparation targeting the
MIR detection of some organic molecules, which can be present in water [16,30,31]. The
first step toward the production of an integrated photonic sensor working in the MIR range
was performed for Ge-Sb-Se selenide slab waveguide employing radio-frequency (RF)
magnetron sputtering. Thus, single-mode selenide-based ridge waveguides in different
configurations (for example spiral, Y-junction, S-bend) exploiting RF sputtering and reactive ion etching coupled with inductive conductive plasma process was designed and
fabricated [31–33] (Figure 1a). Furthermore, the light injection efficiency experiment was
performed in the MIR at 7.7 µm, and the light confinement was observed. Waveguide
losses measurements resulted in encouraging values of ≈2.5 dB·cm−1 at this specific MIR
wavelength. One of the important obstacles when detecting pollutant compounds dissolved in aqueous media is the heavy absorption of water in the MIR. In fact, it is almost
impossible to detect aromatic hydrocarbons, even at high concentrations, when the internal
reflection element is directly submerged in water [34]. The detection of pollutants using
MIR spectroscopy requires surface functionalization of the optical component by a hydrophobic film. A membrane based on polymers is applied to extract organic compounds
from water as well as to lower the volume of water along the beam. Various materials have
been considered regarding their ability for molecules extraction, for example Teflon® AF
2400 [10], poly(acrylonitrile-co-butadiene) (PAB) [10], polydimethylsiloxane (PDMS) [10],
ethylene/propylene copolymer (EPco) [13,35,36], and polyisobutylene (PIB) [9]. Due to the
good extraction of small aromatic hydrocarbons (benzene, toluene, or different xylenes, i.e.,
BTXs), the PIB has been firstly selected to functionalize Ge-Sb-Se chalcogenide thin-film
waveguide to detect and quantify BTXs in water. The feasibility of deposition of PIB on a
selenide ridge waveguide has already been demonstrated, as presented in Figure 1.
The objective of this study is to perform the functionalization of a selenide surface
with the goal of developing a Ge-Sb-Se micro-sensor device [27,29] (Figure 1) for the in situ
detection of selected organic compounds in real natural waters. First, the thickness of the
PIB coating is adjusted experimentally to obtain the highest possible attenuation of water
absorbance and at the same time maintain the diffusion rate of the pollutants through the
PIB films adequate for in situ analysis. To simulate the selenide infrared waveguide, BTX
detection is performed using PIB spin-coated on 1 and 2.5 µm Ge28 Sb12 Se60 co-sputtered
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films deposited on a ZnSe prism. The use of the ZnSe selenide prism is explained by
the perfect compatibility in terms of refractive index and chemical composition with
Ge-Sb-Se co-sputtered films in order to use, as a first approach, ATR spectroscopy for
the convenience of detection before moving onto infrared spectroscopy on a selenide
micro-sensor that is more complex to implement but allows a significantly increased
sensitivity. This optimization of the selenide waveguide functionalization by a hydrophobic
polymer is a crucial step contributing to the fabrication of the photonic micro-sensor
working in the MIR spectral range to the detection of organic molecules in water. Then,
to determine if pollutants can be detected in real aqueous matrices using this PIB layer
with the characteristics selected to be potentially suitable for the selenide spiral waveguide
(Figure 1), natural water is sampled for detection measurement. This study aims to
detect aromatic hydrocarbons in several real natural complex waters with and without
Sensors 2021, 21, x FOR PEER REVIEW
3 of 17
spiking: hydrocarbons polluted groundwater, water from a wastewater treatment plant,
and seawater sampled above a shipwreck.
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homogeneity, uniformity, thickness, and refractive index of chalcogenide films were characterized by ellipsometry in near infrared (NIR) and MIR wavelengths (total measured
spectral range of 300–30,000 nm). For illustration, the refractive index values measured at
6.3 µm were similar on all prism surfaces (2.58 ± 0.01 and 2.55 ± 0.01 for prisms with 2.5
µm and 1 µm chalcogenide film thicknesses, respectively). The ZnSe prism of the 4lower
of 16
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a too thick layer limiting the response time of the infrared sensor but to prevent water
absorption as much as possible in this spectral range. Therefore, this study will try to find
this optimum to guarantee the efficiency of the future selenide micro-sensor. IR spectra
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2.5. Fourier Transform Infrared Measurements
ATR-FTIR (Fourier transform infrared) experiments were performed using a Nicolet
6700 spectrometer equipped with a horizontal ATR accessory (PIKE Technologies), a ZnSe
prism, and a fluidic flow cell. Aqueous solutions containing BTXs were brought over the
functionalized surface of the ZnSe prism and GeSbSe:ZnSe prism with a peristaltic pump
(Figure 4). Data were recorded within the spectral range of 400–4000 cm−1 using a spectral
resolution of 2 cm−1 . To avoid hydrocarbon losses caused by evaporation, all the solutions
were freshly prepared and stored in quasi-hermetic glass bottles before and during the
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resolution of 2 cm−1. To avoid hydrocarbon losses caused by evaporation, all the solutions
were freshly prepared and stored in quasi-hermetic glass bottles before and during the
measurements. Spectral data were recorded every 10 min for 90 min. The characteristic
Spectral
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690every
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741 cm−1 for ortho-xylene, 767 cm−1 for meta-xylene, and 794 cm−1 for para-xylene [40].
characteristic infrared absorption of ethylbenzene, present in low amounts in the xylene
The characteristic infrared absorption of ethylbenzene, present in low amounts in the xylene
mixture, is located at 696 cm−1, and thus overlaps
the toluene peak and must be considered
mixture, is located at 696 cm−1 , and thus overlaps the toluene peak and must be considered
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refractive index vs. wavelength in the IR domain. Thus, the ATR/IR intensities were
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In Equation (3), y is the signal intensity for each i wavenumber, z is the baseline, λ is
In Equation
is the
signal intensity
for each
i wavenumber,
the baseline, λ is
the smoothing parameter,
and (3),
p isy the
asymmetric
parameter
with
𝜅 = 𝑝 if yi > zzis
i and
the
smoothing
parameter,
and
p
is
the
asymmetric
parameter
with
κ
=
p if yi > zi and
i
𝜅 = 1 − 𝑝 otherwise. The last term of Equation (3) is given in the following way:
κi = 1 − p otherwise. The last term of Equation (3) is given in the following way:
∆ 2 z i = ( z i − z i −1 ) − ( z i −1 − z i −2 )

(4)

The two variable parameters required for the calculations were set to p = 10−2 and
λ = 105 . All spectra reported below underwent the same background correction. For
the extraction and identification of the spectra, the SIMPLISMA algorithm was used [42],
which was however modified for the automatic data processing in MatLab 7.0.1 [43]. The
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SIMPLISMA algorithm was able to extract the contribution of each compound. The relation
exploited by SIMPLISMA is:
D = CP + E
(5)
where D is the experimental data matrix, and C is the contribution matrix, which is
proportional to the concentration. P is the variable matrix containing the pure spectral
data and E is the residual error matrix. The determination of pure variables was stated
within Equation (6).
pi,k = (wi,k .σi )/(µi + α)
(6)
pi,k is the purity value of variable i from which the kth pure variable is selected, µi and
σi are the mean and standard deviation of variable i. α is an offset taking into account
the noise range. The weight factor wi,k is a determinant-based function. It is corrected for
previously chosen pure variables. The Q dispersion matrix was first calculated from d(λ).
The data were scaled by the length to give an equal contribution for each variable. d(λ) is
given by:
1/2

d(λ)i,j = di,j /(µi 2 + (σi + α)2 ) .

(7)

Then, the dispersion matrix was
Q = (1/n) D (λ) D (λ) T .

(8)

where n is the spectral number. The determinants were finally calculated according to Equation (9):
Qi,i
Qi,P1
. . . Qi,Pk−1
Q P1,i Q P1,P1
. . . Qi,Pk−1
wi,k =
.
(9)
...
...
...
...
Q Pk−1,i . . .
. . . Q Pk−1,Pk−1
P1 is the first pure variable. The i index is the variable for which the determinant was
calculated. The k index indicates the index of the pure variable for which this determinant
was calculated. The relative contributions of the different species were obtained when the
residual error delta was minimized according to Equation (10):
v


u n
u spec nvar d − dcalc 2
u ∑i=1 ∑ j=1 i,j
i,j
∆ = t
.
nspec nvar
2
d
∑i=1 ∑ j=1 i,j

(10)

In Equation (10), di,j is the ith row and jth column element of D; di,j calc is the ith row and
jth column element of D calculated by the SIMPLISMA algorithm; nspec is the number of the
mixture spectra, and nvar is the number of the recorded intensities. Some supplementary
programming was carried out to automatically identify the different known chemicals
based on their characteristic bands.
3. Results and Discussions
3.1. Optimization of the Polymer Coating
The optimization of the polymer coating was carried out to maximize the attenuation
of the water absorption signal located between 3000 and 3700 cm−1 , which are values
that can be assigned to the O-H stretching vibration modes. Different thicknesses of the
hydrophobic polymer coating were deposited by varying the spinner rotational rate on the
ZnSe prism surface. All spin-coated depositions were performed with a constant rotational
time set to 30 s. Figure 5a presents the MIR-ATR absorption water spectra collected after
an enrichment time of 10 min and for different rotational rates (400–650 rpm). According
to Equation (11) (with t representing the thickness of polymer, η representing the initial
viscosity of the solution, m representing the solvent evaporation rate, ρ0 representing
the initial mass concentration of solvent, and ω representing the rotational rate) [37], the
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thickness of the polymer layer increases with lowering the rotational rate. Two types
of behavior were observed: (i) at low rotational rates (400 rpm), the attenuation of the
water absorption signal is insufficient, even though the PIB thickness is expected to be
the highest. In this case, the hydrophobic coating is probably inhomogeneous, i.e., with
different thicknesses and even cracks across the prism surface, resulting in areas of strong
water absorbance. (ii) At higher rotational rates (650–600 rpm), the PIB film thickness was
lower around 2.5–3 µm (Equation (11)). Then, water is detected by the evanescent wave,
although the PIB thickness is greater than the penetration depth at these wavelengths.
According to these results, it seems necessary to have a thickness of the hydrophobic
polymer that is much greater than the wave penetration of the medium when considering
the wavelengths of water absorption without however risking being inhomogeneous when
making a single thick film without making a multilayer to thicken the polymer, which
generates other manufacturing constraints. Therefore, the optimum rotational rate allowing
the higher attenuation of the water signal appears to be around 500 rpm depending on the
experimental chemical conditions (PIB concentration and nature of the solvent).
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To simulate the chalcogenide optical waveguide of the IR micro-sensor, IR spectra
of BTX mixtures were measured by means of a PIB coating on 1 and 2.5 µm Ge28 Sb12 Se60
thin films sputtered on a ZnSe prism. Figure 6a gives the MIR-ATR absorption spectra
of the benzene, toluene, ortho-, meta- and para-xylenes mixture solution considering a
concentration of 5 ppm at various times of detection. All aromatic hydrocarbons present in
solution were simultaneously and immediately detected. Enrichment versus time curves
for the BTX mixture are shown in Figure 6b; after 20–30 min of enrichment, a plateau was
observed for each BTX. The diffusion rate of mono-aromatic hydrocarbons in the PIB polymer is comparable whatever the thickness of the selenide film composing the chalcogenide
planar waveguide. Therefore, the development of an infrared micro-sensor composed of a
Sensors 2021, 21, x FOR PEER REVIEW spiral chalcogenide waveguide can be considered for mono-aromatic hydrocarbons
10 of 17
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3.2. Analysis of Natural Waters—Groundwater
Detection experiments have been carried out on groundwater to prove the suitability
of the PIB functionalization with natural complex water. For these measurements, the PIB
polymer was deposited by drop casting onto the surface of the ZnSe prism. The dropcasted polymer may be thicker and more inhomogeneous than its spin-coated deposition
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3.2. Analysis of Natural Waters—Groundwater
Detection experiments have been carried out on groundwater to prove the suitability
of the PIB functionalization with natural complex water. For these measurements, the PIB
polymer was deposited by drop casting onto the surface of the ZnSe prism. The drop-casted
polymer may be thicker and more inhomogeneous than its spin-coated deposition counterpart. This was done in order to consider in situ analysis conditions where the regeneration
of the coating would potentially be carried out directly on site and would not allow the use
of a spin-coater. Therefore, the most drastic operating conditions of functionalization were
tested for natural water. BTEX (E stands for ethylbenzene) concentration of groundwater
was determined by GC-MS analysis, and the results of the two samples (Piezometers 1
and 2) are presented in Table 1. The MIR-ATR absorption spectra of groundwater sampled
are given in Figure 7a (for Piezometer 1) and Figure 7b (for Piezometer 2). Hydrocarbon
compounds in the groundwater were all detected as soon as the enrichment lasted 10 min,
which is encouraging with the objective of a short response time for a field measurement
(Figure 7a,b). The characteristic bands of BTEXs were located at 674, 690, 696, 727, 741,
767, and 794 cm−1 and were assigned to benzene, toluene, ethylbenzene, toluene, ortho-,
meta-, and para-xylene, respectively. These results are in agreement with the BTX mixture
previously studied. MIR-ATR absorption spectra of groundwater sampled in Piezometer
2 (Figure 7b) show a peak attributed to ethylbenzene. Despite the higher ethylbenzene
concentration in water sampled in Piezometer 1, the compound was not observed in
Figure 7a. Owing to the high concentration of toluene (i.e., 18.2 ppm), an overlap of toluene
(at 690 cm−1 ) and ethylbenzene (at 696 cm−1 ) indeed interferes with molecule detection.
Figure 8 presents the enrichment curve of BTXs in water sampled in Piezometer 1. In
contrast to our previous experiment, a plateau was not reached, except for benzene that
showed very low peak area values. In fact, the peak area for toluene and xylenes increased
over time during the measurement. Moreover, although BTXs were detected using PIB
deposited onto the ZnSe prism surface by drop casting, peak area values were much lower
than the previous analysis with spin-coating deposition. Thus, owing to the drop-casting
deposition of PIB, the hydrophobic layer is probably inhomogeneous, leading to slower
diffusion of the pollutants in the polymer. The spin-coating deposition of PIB seems to
allow a better diffusion and detection of hydrocarbons. It should also be kept in mind that
this is a complex natural water that can also alter the diffusion of hydrocarbon molecules
within the polymer regardless of its quality and will require further investigation.
Table 1. BTEX (E stands for ethylbenzene) concentrations (ppm) of groundwater sampled in Piezometer 1 and Piezometer 2 measured by GC-MS.

Piezometer 1
Piezometer 2

Benzene

Toluene

Ethylbenzene

Xylenes

1.70
12.90

18.20
2.46

6.16
2.25

25.97
6.85

Table 1. BTEX (E stands for ethylbenzene) concentrations (ppm) of groundwater sampled in Piezometer 1 and Piezometer 2 measured by GC-MS.
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Thus, concentrations were below ppb levels. To check the appropriateness of the spincoated PIB polymer layer for the detection of hydrocarbons in a complex matrix, BTXs
were dissolved in input wastewater, which is the most complex matrix. Spiking concen-
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concentrations were below ppb levels. To check the appropriateness of the spin-coated
PIB polymer layer for the detection of hydrocarbons in a complex matrix, BTXs were
dissolved in input wastewater, which is the most complex matrix. Spiking concentrations
of benzene, toluene, and ortho-, meta- and para-xylene are presented in Table 2. The
MIR-ATR absorption spectra of wastewater spiked with BTXs are presented in Figure 9.
The location of the peaks assigned to BTXs is in good accordance with those published in
the literature [40] and our previous measurements; hydrocarbons were located at 674 cm−1
for benzene, 690 and 727 cm−1 for toluene, and at 741, 767, and 794 cm−1 for ortho-, meta-,
and para-xylene, respectively. As soon as spiked wastewater was in contact with PIB,
hydrocarbons were detected. Thus, the MIR-ATR system with spin-coated PIB allows a
fast detection of BTX despite the complexity of the aqueous matrix and without any prior
treatment of the wastewater.
Table 2. Benzene, toluene, ortho-, meta-, and para- xylenes (BTX) concentration (ppm) of the spiked
wastewater determined by GC-MS.
Benzene

Toluene

OrthoXylene

MetaXylene

11.48

0.76

3.08

6.04
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3.4. Analysis Natural Water—Seawater
Finally, a third real natural water was analyzed using the spin-coated PIB functionalization. Two seawater samples were studied by MIR-ATR spectroscopy and SBSE/GCMS. Similar to the wastewater analysis, there was no evidence of pollutants. The concentration of the molecules found in seawater was below ppt levels. Thus, seawater was
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3.4. Analysis Natural Water—Seawater
Finally, a third real natural water was analyzed using the spin-coated PIB functionalization. Two seawater samples were studied by MIR-ATR spectroscopy and SBSE/GC-MS.
Similar to the wastewater analysis, there was no evidence of pollutants. The concentration
of the molecules found in seawater was below ppt levels. Thus, seawater was spiked
with BTXs (Seawater 1) and with polycyclic aromatic hydrocarbons (PAHs), i.e., naphthalene, fluoranthene, and benzo[a]pyrene (Seawater 2) that are more commonly found
in contaminated seawater. Concentrations are given in Table 3. Figure 10a presents the
MIR-ATR absorption spectra of Seawater 1 spiked with BTXs. The location of absorption
peaks assigned to BTXs is in agreement with previous results. The detection of benzene,
toluene, and xylenes was instantaneous: from t = 0, all spiking compounds were detected
in the seawater sample. Likewise, Figure 10b shows the MIR-ATR absorption spectra of
Seawater 2 spiked with PAHs. Peak absorption at 781 cm−1 was observed as soon as
seawater was in contact with the polymer coating, i.e., t = 0 min. Peaks were assigned
to naphthalene, due to its high concentration, with a possible overlap with fluoranthene
and benzo[a]pyrene. Peak absorption at around 780 cm−1 is characteristic of =C-H outof-plane bending modes in PAHs. To conclude, the MIR-ATR system using ZnSe prims
spin-coated with PIB is promising for the detection of hydrocarbons in seawater; salinity
nor the presence of organic matter in seawater do not interfere with measurements.
Table 3. Concentration (ppm) of seawater spiked with mono-aromatic hydrocarbons (benzene,
toluene, ortho-, meta- and para-xylene) and spiked with polyaromatic hydrocarbons (naphthalene,
fluoranthene and benzo[a]pyrene) measured by SBSE/GC-MS.
Spiked Seawater 1
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Table 3. Concentration (ppm) of seawater spiked with mono-aromatic hydrocarbons (benzene,
toluene, ortho-, meta- and para-xylene) and spiked with polyaromatic hydrocarbons (naphthalene,
fluoranthene and benzo[a]pyrene) measured by SBSE/GC-MS.

Spiked Seawater 1

Spiked Seawater 2
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The detection limit obtained during this study using PIB coating directly on a ZnSe
prism or on GeSbSe planar waveguide on a ZnSe prism for ATR-FTIR spectroscopy still
needs to be improved, but it is of the same order of magnitude as other results found in
the literature concerning the detection of hydrocarbons in aqueous media by means of
infrared spectroscopy. Indeed, if detection techniques based on gas chromatography and
microextraction allow detecting hydrocarbons at concentrations lower than 1 ppb [7,44,45],
the detection of these molecules using ZnSe-ATR prism [11,36] and waveguide (planar [14],
fiber [9,46]) in aqueous media (distilled and natural water) reaches limits of detection
(LODs) ranging from a few tens to several hundreds of ppb. It is important to underline
that the detection limit should be lower when using the chalcogenide waveguide, opening
interesting perspectives for infrared microsensors based on the chalcogenide platform. For
instance, a preliminary theoretical study aimed at detecting toluene molecules in aqueous
media by an IR micro-sensor shows that the detection threshold will reach a value equal
to 26 µg/L at λ = 6.66 µm [16,30], while by IR-ATR or IR fiber spectroscopy, an LOD of
60–339 µg/L was demonstrated for toluene [18,47].
4. Conclusions
In this work, the feasibility of an operational functionalization of the chalcogenide
waveguide surface with the ultimate goal of developing an infrared micro-sensor device
for the in situ detection of organic compounds in real natural waters was demonstrated. To
lower the high water absorbance and to extract the polluting compounds from the solution,
PIB was deposited by spin-coating on a ZnSe prism in order to deduce the optimum
thickness, which corresponds to 4–5 µm. Then, to detect BTX in solution, MIR attenuated
total reflection spectroscopy was performed using a ZnSe prism on which a selenide
thin film of Ge28 Sb12 Se60 was deposited by RF magnetron co-sputtering to simulate the
chalcogenide spiral waveguide of the final infrared micro-sensor. Different natural waters,
i.e., groundwater, wastewater, and seawater, were analyzed. Despite the complexity of the
aqueous matrices (turbidity, salinity, and organic matter), no interference was observed. In
conclusion, the functionalization of planar Ge-Sb-Se selenide waveguides by a PIB layer
seems perfectly adequate for the detection of pollutants in water, taking into account the
optimized thickness of the PIB, the reproducibility, the uniformity and homogeneity of
the PIB deposition obtained by spin-coating, the short response time (only a few minutes),
and the non-influence of the complex matrix. These experiments confirm the feasibility of
detection in real waters using a hydrophobic layer of PIB for the functionalization of the
chalcogenide optical waveguide. Thus, the BTX detection obtained with PIB in this study
should allow the development of an optical microsensor device based on chalcogenide
films for in situ monitoring of pollutants in environmental waters.
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