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ABSTRACT

Copper oxide (CuO) allows the generation of lossy mode resonance (LMR) in a wide wavelength range of the
optical spectrum, both in the visible and the near-infrared (NIR). For this, it is necessary to use a configuration
based on the lateral incidence of light on the edge of a planar waveguide structure. On the other hand, the use of
additional coatings of tin oxide (SnO5) and agarose allows an increase in the sensitivity of the sensor, in response
to the breathing monitoring. The sensors were characterized, both in intensity and wavelength. In both cases
their behavior depends on the position of the LMR in the optical spectrum. Therefore, it is convenient to extract
the design rules that allow an optimal behavior of the sensor. In this sense, sensors located in the NIR presented a
better behavior in terms of sensitivity and quality of the signal. In addition, the devices were tested in different
conditions: repetitive tests at different distances, oral and nasal breathing, and breathing after doing physical

exercise.

1. Introduction

Scientific research in biology, genetics and medicine have focused on
improving the quality of life of people through the study, diagnosis and
monitoring of physiological variables. One of the variables that arouses
the most interest is breathing [1].

Through breathing, it is possible to evaluate the physiological state
of the human body by recording some of its characteristic parameters,
such as respiratory rate [3]. The respiratory rate is the number of breaths
taken in a certain period. This physiological parameter, together with
heart rate and blood pressure, are used to estimate the basic health
status of patients [4]. Abnormalities in respiratory rate and breathing
patterns are predictors of disorders such as cardiac arrest, lung disease
(such as pneumonia), and sleep apnea syndrome (SAS), among others
[2-6].

Several methods have been implemented for the breathing moni-
toring, such as the use of precision biomedical instruments based on
sound, airflow, the use of wireless communication technologies, data
analysis and sensors [4-7]. In the field of sensors, there exist several
types, such as temperature sensors (which detect the temperature vari-
ations between inhaled and exhaled airflow), pressure sensors (which
detect the expansion and constriction of the chest or the airflow from the
nose), and acoustic sensors (which monitor breathing based on sound)
[2-4]. There are also electronic breathing sensors based on different

approaches such as piezo-electric films, dry textile electrodes and flex-
ible capacitive electrodes [7]. However, electronic sensors are some-
times not stable and are sensitive to electromagnetic interference, which
inhibits their application in magnetic resonance imaging (MRI) and in
oncological treatments requiring the administration of radiation or high
electric or magnetic fields [3-8], for example.

Other sensors that have been used to monitor respiration are optical
fiber sensors and these possess certain characteristics, such immunity to
electromagnetic interference, lightweight, small size, high sensitivity
and large bandwidth [8,9].

Optical fiber sensors can be classified in three main groups: in-
terferometers, grating based sensors and sensors based on resonances
generated by a thin-film [10]. Within the latter group, one can find two
main groups: surface plasmon resonance (SPR) [11] and lossy mode
resonance (LMR) based sensors [12]. However, though both phenomena
are generated under the presence of a thin-film, the conditions for
excitation of the resonance are quite different: SPRs are obtained when
the real part of the thin film permittivity is negative and higher in
magnitude than both its own imaginary part and the permittivity of the
material surrounding the thin film, whereas LMRs occur when the real
part of the thin film permittivity is positive and higher in magnitude
than both its own imaginary part and the material surrounding the thin
film [12,13]. These conditions are mathematically expressed in Table 1
under the assumption that the outer medium presents a lower refractive
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Table 1

Conditions for generation of SPRs and LMRs (g1, €, ny, no, k; and ko represent
the permittivity, refractive index and extinction coefficient for the substrate (1)
and the thin film (2) respectively).

Type of resonance Conditions (&) Conditions (n,k)

SPR £, <0 ko> (V2+1)ny
€3l > leh] ks —n3 > n
ley| > [¢

LMR £, >0 ko < (V2-1)ny
lea] > e nj —kj > nj
ley| > [¢

index than the substrate. The equations for the refractive index and the
extinction coefficient clearly show why SPRs are typically obtained with
metallic thin-films whereas LMRs are generated with metallic oxides and
polymers [12]. In addition, unlike SPRs, generated only at TM polari-
zation, LMR based sensors have the ability to operate with resonances
generated at both TE and TM polarized light [14] and are typically
excited with angles of incidence approaching 90° (grazing incidence)
[12]. This explains its success in the domain of optical fiber sensors,
where they have been used to detect humidity [15], gases [16] and
antibodies [17].

Regarding the structures that are used for obtaining LMR-based
sensors, D-shaped fiber is preferred than cylindrical geometry based
structures such as multimode fiber and tapered single mode fiber [12],
because it permits to separate the TM and TE components of the optical
spectrum [18,19]. However, D-shaped fiber is not easy to obtain or
handle. For this reason, planar waveguide structures (slides and cover-
slips) have been used in this work with lateral incidence of light on the
edge of the waveguide [20]. Unlike D-shaped fiber, these structures are
easier to use and do not limit the range of operation of the optical
spectrum, and at the same time they permit to separate the TM and TE
components. Moreover, the waveguide can be coated on both sides,
which makes it possible to obtain a sensor that can measure more than
one parameter at the same time [21].

Taking into account the advantages of using planar waveguide
structures in the manufacture of LMR sensors, in this work an LMR based
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sensor has been developed for breathing monitoring. The basis for the
development of the sensor was the utilization of a CuO coating, which
was used in a previous work for generating LMRs both in the visible and
NIR wavelength for humidity sensing [22]. Here, taking into account
that a shorter response time is required in breathing monitoring, one step
forward was followed by comparing the performance of the device in
wavelength and intensity based configurations. Considering the results
obtained in both configurations, it is possible to extract some conclusions
towards optimization of the performance of the final device, whose
behavior also depends on the deposition or not of a final agarose layer.

2. Methods
2.1. Sensor design

The experimental setup of the breathing monitoring sensor structure
is shown in Fig. 1. It consists of a light source (ASBN-W halogen tungsten
broadband from Spectral Products), two multimode optical fibers from
Ocean Optics (200/225 pm of core/cladding diameter) and two
USB2000 FLG and NIRQUEST spectrometers (from Ocean Optics Inc.),
for the breathing monitoring in both visible and infrared regions. By
replacing the spectrometers with a photodiode with a wide spectral
range (200-1100 nm), model PD300-UV P / N7Z02413 from Ophir
Photonic, the optical signal can be obtained in intensity, instead of in
wavelength. The fundamental objective of this second intensity measure
is its potential use in an industrial application.

The light source is connected to one end of the multimode fiber and
the other end is positioned in front of one edge of the planar waveguide
(coverslip). The light that comes out of the waveguide is coupled to
another fiber which, in turn, is connected to either the USB2000 FLG and
NIRQUEST spectrometers or to the photodiode, depending on whether
the wavelength or intensity is to be measured, respectively. Two sensors
were manufactured, S1 and S2. In S1, the coverslip was supported on a
base of polymethyl methacrylate (PMMA) and covered with two thin
films of metal oxide: first with copper oxide (CuO) to generate the LMR
and, subsequently, with tin oxide (SnO,) to avoid the degradation of the
first film and to make the surface sensitive to humidity from the breath.
In addition, the tin oxide target was oxygen depleted and strictly

by

photodiode

Visible

A

Fig. 1. Experimental setup for breathing monitoring in real-time. The proposed setup allows obtaining the sensor response in wavelength, using a visible and NIR

spectrometer, or in intensity, using a photodiode.
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Fig. 2. Scanning electron microscope (SEM) image obtained for the charac-
terization of the thickness of each deposited coating for the sensors: (a) S1
(CuO + Sn0y); (b) S2 (CuO + SnO, + Agarose 0.5% w/v).
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speaking is SnOs, though for the sake of simplicity it will be referred
throughout the manuscript as SnOa.

Both CuO and SnO, were deposited by using a DC sputtering machine
(K675XD from Quorum Technologies, Ltd.). The parameters used in the
deposition of CuO were 6 x 102 mbar argon partial pressure, 75 mA of
current intensity and deposition time 6 min. Regarding SnO,, the pa-
rameters were 7 x 1072 argon partial pressure, 90 mA of current in-
tensity and deposition time 40 s. The evolution of the spectrum during
the deposition of the thin-films was monitored with Spectra Suite pro-
gram (Ocean Optics Inc.) and the experimental configuration imple-
mented is shown in Fig. 1.

The deposition was implemented so that the TM mode was located in
the visible region and the TE mode in the infrared, in order to be able to
compare the performance of the sensors in both spectral ranges. This
capability to monitor an LMR in both the visible and the infrared regions
is due to the fact that the refractive index and extinction coefficients of
CuO meet the conditions for generation of LMRs in all this wavelength
range: n ranges from 2.2 to 2.3 whereas k ranges from 0 to 1 [23].

S2 consists of the same structure as S1 but presents an additional
agarose layer at 0.5% w/v. For the preparation of the agarose, the
method described by Arregui et al. was followed [24] while, for its
deposition, the spin coating technique was applied, (WS-650SZ-6NPP/
LITE from Laurell was used at 700 rpm 3 min).

The thickness of the coatings deposited on sensors S1 and S2 was
characterized using a field emission scanning electron microscope
(model UltraPlus FESEM from Carl Zeiss Inc.) with an in-lens detector at
3 kV and an aperture diameter of 30 pm. Fig. 2 shows a microscopic
image of these coatings. S1 has a coating with a total thickness of 44 nm
(Fig. 2a), where the SnO3 coating (5-10 nm) cannot be distinguished due
to its thinness and because both CuO and SnO5, are metallic oxides. In S2,
the SnO3 layer cannot be distinguished either. However, now there are
two regions for a total thickness of 89 nm: an upper region, corre-
sponding to agarose, and a lower region corresponding to the set of SnOy
together with CuO (Fig. 2b).
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Fig. 3. Characterization of the resonances and responses of S1 and S2 to the monitoring of normal breathing at a distance of 2 cm: (a) optical spectrum of S1, visible
region, TM; (b) optical spectrum of S1, NIR region, TE; (c) optical spectrum of S2, visible region, TM; (d) optical spectrum of S2, NIR region, TE.
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Fig. 4. S1 and S2 wavelength responses to breathing: (a) S1, visible region, TM; (b) S1, NIR region, TE; (c) S2, visible region, TM; (d) S2, NIR region, TE.

2.2. Breathing monitoring

In order to evaluate the response of the S1 and S2 sensors to
breathing, two types of tests were performed. The first one consisted of
monitoring the breathing as a wavelength shift in the central LMR peak
for both the visible region (using the USB2000 FLG) and the infrared
region (using the NIRQUEST), whereas the second one consisted of
monitoring the breathing intensity as a function of the output optical
power response of a Photodiode PD300-UV P/N7Z02413 (Ophir Pho-
tonic). In view of the faster response time of the second setup, S1 and S2
sensors were placed at different distances from an individual’s mouth
and were subjected to oral breathing tests at different distances, whereas
the best sensor was also tested after doing physical exercise and for nasal
breathing. The response time of the sensors was also analyzed in detail.

3. Results and discussion
3.1. Characterization of the sensor

In Fig. 3a and 3b it is possible to see the spectral bands (TE and TM
polarization) corresponding to the LMR peaks obtained after the
manufacture of S1. Likewise, in Fig. 3c and 3d, it is possible to observe
the spectral bands corresponding to the LMR peaks obtained after the
construction of S2, where an additional layer of agarose was deposited.
It is important to indicate that the LMR at TE polarization is located in
both sensors in the infrared, whereas the LMR at TM polarization is
located in the visible spectral region. This is the typical behavior in LMR
based sensors: the LMR at TE polarization is located at longer wave-
lengths because the cutoff wavelength for TE modes is located at longer
wavelength than for TM modes.

3.2. Evaluation of the sensor response to breathing

In Fig. 3 it is also possible to observe, for all the cases analyzed, the

wavelength shift generated during the breathing cycle (inhalation and
exhalation), when sensors S1 and S2 were located at a distance of 2 cm
from the mouth of a subject. A wavelength change in the LMR peaks is
observed in both sensors when the subject exhales air. S1 showed a
wavelength shift of 94 and 133 nm in the visible region and NIR
respectively, which demonstrates that the wavelength shift is greater in
the NIR region according to what has been observed in the literature
[17]. This behavior was also observed in S2, which presented a wave-
length shift of 95 and 167 nm at TM and TE polarization, respectively.
These results indicate that the presence of the agarose layer induces a
higher wavelength shift in the infrared compared to sensor S1, while this
effect is diminished in the visible region.

In addition, it must be pointed out that in the literature the figure of
merit (FOM) is rather used for assessing the performance of an optical
sensor [10], and the FOM is typically the ratio between the sensitivity
and the full width at half minimum (FWHm). If the FWHm is evaluated,
the results show that this parameter is lower in the visible region (TM)
than in the NIR region (TE): 195 nm and 229 nm at TM and TE
respectively for S1. This indicates that the FOM is quite similar in for
both TM and TE LMRs: the improvement in terms of wavelength shift in
the infrared is balanced by the reduction of the FWHm in the visible
region.

Fig. 4 shows the wavelength response of sensors S1 and S2 for 6
consecutive inhalation/exhalation cycles. As shown in Fig. 3, after each
breathing cycle, the LMR moves towards longer wavelengths. The lower
part of the wavelength response to breath, corresponding to shorter
wavelengths, corresponds to the state of inhalation, while the upper part
indicates exhalation. It should be noted that the measurements were
taken with a high sampling time because the spectrometer used required
an increase in this parameter to achieve a sufficient optical intensity in
the wavelength range analyzed. This implies that it is convenient to use
an intensity scheme where the sampling time is much shorter and the
response of the sensor can be better characterized, in terms of rise and
fall times.
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Fig. 5. S1 and S2 intensity responses to breathing: (a) S1, visible region, TM; (b) S1, NIR region, TE; (c) S2, visible region, TM; (d) S2, NIR region, TE.
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Fig. 5 shows the signals corresponding to 7 consecutive inhalation/
exhalation cycles applied to S1 and S2 when located at a distance of 2 cm
from a subject’s mouth (this time the measurement is in intensity). It can
be seen that, during the exhalation process, in both S1 and S2 the power
received by the detector decreases in the visible region considering the
TM polarization (Fig. 5a and 5¢) and it presents an irregular evolution of
the signal (in some cases the signal exceeds the base line before the
initial state is recovered). Therefore, focus will be centered on the TE
polarization (Fig. 5b and 5d), where the change of the signal is higher
and the behavior is less irregular.

Fig. 5b and 5d show the change of power generated in S1 and S2 in
the NIR region at TE polarization (the base line represents the inhalation
and the upper peaks the exhalation for each breathing cycle). In S1, the

output optical power increases from 0.353 to 0.491 nW with an average
rise time of 2.14 s and an average fall time of 21.4 s with a standard
deviation (SD) of 0.23 and 5.03 s, respectively. In the case of S2, the
output optical power increases from 0.644 to 0.726 nW at an average
rise time of 1.63 s and an average fall time of 7.55 s with an SD of 0.16
and 2.42, respectively. It should be noted that sensor S2 recovers faster
than S1.

The different intensity behavior of TE and TM sensors is explained by
Fig. 6, where it is shown that the spectral response of the photodiode
used in the experiments has an upward curve below 1000 nm and a
downward curve above 1000 nm. This is the reason why when the LMR
is located in the visible region (TM polarization) the output optical
signal intensity decreases when air is exhaled; the LMR absorbs power in
the region where the photodiode captures more energy, hence the
output optical power decreases. On the other hand, for the LMR ob-
tained in TE polarization (approximately 1100 nm), the exhalation of
the air causes the LMR to move to a region where the photodiode cap-
tures less energy and, therefore, the output optical power increases.

Fig. 6 also shows two photodiode curves, with and without a filter. In
the experiments, the unfiltered photodiode was used, where the signal
drop is more abrupt at longer wavelengths than at shorter wavelengths.
This explains why the LMR obtained with TE polarization exhibits a
better response. In view of these results, the best design is to position the
LMR in a region where the photodiode relative sensitivity response
signal as a function of wavelength has a more pronounced slope, in order
to obtain a greater dynamic range.

Once this has been explained, it seems clear that the best option is to
monitor the LMR located in the infrared, i.e. for TE polarization. So,
from now on, we will work on this case.

Fig. 7 shows the results obtained in the monitoring of the breathing
of a subject at rest in real time, when sensors S1 and S2 in TE were placed
at different distances: 2, 4, 6, 8, 10 and 12 cm from the subject’s mouth.
It is observed that both S1 and S2 are capable of monitoring the
breathing at different distances (Fig. 7a and 7c), responding adequately
to each inhalation (base line) and exhalation process (peak) for each
breathing cycle. Fig. 7b and 7d show the relationship that exists between
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the distances at which the sensors were located and the optical power
obtained by the detector. It can be concluded that the signal decreases as
the exposure distance increases from the sensor to the subject’s mouth.
This is explained by the fact that the power intensity is directly related to
the position of the LMR in the optical spectrum, as explained before.
Therefore, the decrease of the power variation is due to a smaller shift of
the LMR, because the thin film of agarose or tin oxide captures less water

molecules. As a result, the effective refractive index is modified to a
lesser extent.

Fig. 8 shows the values corresponding to the rise and fall response
times of the sensors S1 and S2 in the monitoring of the breathing when
placed at different distances. It is evident that, in both sensors, both the
rise and the fall times decrease as the exposure distance of the sensor to
the subject’s mouth increases. S1 has a response rise time between 1.67
and 0.65 s and a fall time between 17.4 and 3.44 s. S2 has a rise time
from 1.71 to 0.7 s and a fall time from 6.4 to 1.2 s, respectively for
distances between 2 and 12 cm. Hence, it can be concluded that both
sensors have a similar rise time but, in the case of the fall time, S2 re-
sponds in a shorter time than S1, i.e. it recovers faster. Indeed, according
to the normal human breathing rate, between 6 and 30 breaths per
minute, it presents adequate response times for human breathing at
distances 10 and 12 cm from the sensor [25].

Fig. 9 shows an exhalation/inhalation cycle for both S1 and S2
sensors at a distance of 2 and 12 cm from a subject’s mouth in the
exhalation (rise) and inhalation (fall) phases for each breathing cycle. In
Fig. 9a it is observed that sensor S1, at a distance of 2 cm, shows a rise
time of 1.65 s and a fall time of 17.41 s, whereas it shows a rise time of
0.65 s and a fall time of 3.44 s when located at 12 cm (Fig. 9b).
Regarding sensor S2, when located at a distance of 2 cm it shows a rise
time of 1.71 s and a fall time of 6.54 s (Fig. 9¢), whereas for a distance of
12 cm it showed a rise time of 0.7 s and a fall time of 1.2 s (Fig. 9d).
These results confirm that sensor S2 has a better recovery time than
sensor S1.

Regarding the comparison with other breath sensors, the response
time of the interferometer based breath sensor of [8] was assessed by
inducing humidity variations from 0 to 30% and analyzing the rise time
and the recovery time, 0.4 and 0.5 s respectively [26], whereas the thin-
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film based sensor analyzed in [3] shows 0.07 and 2.4 s rise and recovery
time. Finally, regarding LMR based sensors, there is a precedent with
thin-film coated multimode optical fiber where the response time is 0.1 s
[27]. The difficulty with all these sensors is that no information on the
distance is given, which is critical for an accurate comparison of the
sensor performance.

Finally, Fig. 10 shows the real-time experimental response of S2 in
TE polarization to breathing, both by breathing through the nose (nasal
breathing) and after a physical activity, when the sensor was located at a
distance of 2 cm from the subject. The nasal breathing is constant and
the power reached by the detector experiences an output optical power
change from 0.613 to 0.685 nW (Fig. 10a). However, the sensor response
after exercise shows similar variations in power, from 0.619 to 0.696
nW, but the evolution of the signal is more irregular (Fig. 10b).

4. Conclusions

It has been demonstrated that deposition of coatings using different
materials, such as semiconductor oxides and polymers, can be combined
for the development and optimization of LMR-based sensors. In the
specific case presented in this work, copper oxide (CuO) has been used in
order to generate the LMRs in a wide spectrum, from the visible to the
NIR. Due to this optical property, as well as to the use of lateral incidence
of light on the edge of a coverslip for a glass slide, it has been possible to
study the LMR in TE and TM mode in the same sensor and at very
different wavelengths. This is something that is not possible neither with
D-shaped fiber due to its narrow working wavelength range, nor with
multimode fibers, where TE and TM cannot be separated.

Two cases have been analyzed with the aim of monitoring the human
breathing: sensors where tin oxide has been deposited onto a CuO layer
and sensors with an additional layer of agarose. It has been observed
that the recovery time of the sensor with agarose is faster than the one
without agarose, which indicates that this sensor is more appropriate for

the monitoring of breathing.

In addition, the sensors were characterized in both wavelength and
intensity, the latter case being demonstrated as a better option since the
response time of the photodetector is faster than the spectrometer,
allowing to follow the breathing signal more precisely.

Furthermore, it has become clear in the work that the response of the
sensor depends on the alignment of the LMR with the spectral response
of the photodetector used.

As proof of the performance of sensors in the infrared region, which
show better sensitivity than those in the visible region, their response at
different distances was studied. In this sense, the power received by the
detector decreased as the exposure distance from the sensor to the
subject’s mouth was increased. Furthermore, taking into account that
the best response time was obtained using the sensor with agarose, this
sensor was analyzed for different breathing states: oral breathing, nasal
breathing and post-exercise.

As a final remark, it has been demonstrated that the response in in-
tensity is similar to that in wavelength for LMR based sensors, with the
advantage that their response time is much faster. This is one more
option for the use of this technology in industrial applications. In fact,
intensity detection is much more economical as it allows the use of an
LED source and photodetector instead of a broad-spectrum light source
and a spectrometer.
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