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Abstract: The ability to detect CO, with the smallest possible devices, equipped with alarms and
having great precision, is vital for human life, whether indoors or outdoors. It is essential to know if
we are being subjected to this gas to establish the level of ventilation in factories, houses, classrooms,
etc., and to be protected against viruses or dangerous gas concentrations. Equally, when we are in the
countryside, it is useful to be able to evaluate if the greenhouse effect, caused by this gas, is increasing.
We propose a surface plasmon resonance (SPR) sensor for the measurement of CO, concentrations
taking into account that the refractive index of carbon dioxide depends on temperature, humidity,
pressure, etc. With our sensor we can measure (in air) in any type of environment and concentration.
Our sensor has a resolution of 5.15 x 107> RIU and a sensitivity of 19.4 RIU for 400 ppm.
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1. Introduction

One of the principal problems of CO;, besides being one of the main causes of the
greenhouse effect, is its presence indoors. The variation in the carbon anhidric quantity
has fluctuated in a cyclical way since 420,000 years ago and, in the last 100,000 years, at
a rate of between 180 ppm and 290 ppm. In the 1950’s, the rate of increase was 0.7 ppm
per year and in the last 10 years it has increased to 2.1 ppm. Since the end of the industrial
revolution, we have reached a global average of 400 ppm, i.e., an increment of 36% in the
last century and a half based on data from the Global Monitoring Division of NOAA’s
Earth System Research Laboratory in Boulder, Colorado [1].

Carbon dioxide affects animals in a harmful way (humans, pets, farm and wild
animals, etc.) it affects our homes, workplaces, schools or any other indoor place. CO,
levels between 2000-5000 ppm produce a diminishing level of concentration, headaches, an
increase in cardiac rhythm, somnolence, etc.; however, if levels are increased to 100,000 ppm,
humans will lose consciousness and at higher levels of 250,000 ppm, death occurs [2]. The
Occupational Safety and Health Administration (OSHA) limits the continuous exposure of
CO; to 5000 ppm for eight continuous hours, 30,000 ppm in short periods, and 40,000 ppm
instantly to cause as little damage as possible [3]. As a quick and first conclusion of the
above information it is evident that it is essential to have a sensor which is able to measure
both indoors and outdoors without having to modify it in any way.

There are sensors with alarms for gases (CO y CO;) produced for indoor fires for
different concentrations [4], although, there are others which detect only CO,.

Not all sensors are able to measure all ranges of concentrations, for instance, there is
an autoclavable CO; sensor which measures concentrations between 0-20%, the average
time of the response is 0.7 s, and it needs a recuperation time of approximately 2.0 min [5].

In 2014, Gorma et al. [6] designed and optimized an integrated hybrid surface plasmon
biosensor and simulated the results for a medium with refractive indexes between 1.33-1.34.
It had a very high sensitivity of around 3000 nm/RIU and a resolution of 3.34 x 10~¢ RIU.
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There is also an optical spectroscopic sensor based on reflectivity for CO; [7] which
measures concentrations of between 0.8-44.6%.

In 2016, two sensors were designed for the detection of CO;. The first one measures
concentrations in the range 0-500 ppm with a sensitivity of 6 x 10~ RIU/ppm and an
uncertainty of 20 ppm. It uses the refractometry principle and has the lowest uncertainty
of the market [8]. The second one uses a micro-cantiliver structure made of ZnO to detect
the CO,. This sensor is based on the former. The foundation is a crystalline structure of
ZnO nanorods. The response to the gas is produced when the resonance frequency of the
microcantiliver vibration is increased. It takes approximately 3 min for the gas desorption.
This sensor only measures the presence/no presence of CO, [9].

As for planar waveguide optical sensors, there is one made of planar waveguides
with a cladding made of extract of Alstonia Scholaris leaves. It takes 4-5 s for the mea-
surement and needs a period of about 5 s to measure again. The range of measurement is
0-62,500 ppm and it has a lifetime of 25-30 days. It is not able to measure with humidity
above 70% [10].

Another sensor is made of an ellipsoidal planar waveguide with which it is possible
study the dependence of the concentration and temperature. It has been demonstrated
that an increase of 80 °C produces a standard deviation of 5%. This sensor has a range of
0-3000 ppm [11].

An optical fiber sensor has been developed for detecting concentrations of CO; in
oceans. It requires a stabilization time of 5 min and has a sensitivity of 0.2371 RIU [12].

Another optical fiber sensor is based on fluorescence. It works in the mid-infrared
range and considers a minimum of CO; in 400 ppm (atmospheric average). The range is
500-3000 ppm and the resolution is 5% [13].

The next sensor is based on the absorption of transmitted light for an optical fiber. The
response time varies between 20 s and 100 s, depending on the thickness of the layer [14].

Based on the principle of the Fabry-Perot interferometer (with optical fiber), a CO,
sensor was constructed to measure concentrations of 0-700 ppm [15].

There is another optical fiber sensor which measures a range of 0-75% of CO, and has
a dynamic response of 6.1 min and 8 min when the up time is 2.12 min and the down time
is 2.95 min [16].

In 2009, the first sensor plasmon resonance (SPR) was introduced and it operated in
the mid-infrared range to detect CO;. It is based on the model of Kretschmann, with a
glass prism of CaF; and a layer of Ti and another of Au. The sensitivity is so far the highest
of all the CO, sensors, 107> RIU! [17].

Another SPR with a mixture of polymer is able to trap CO; in a reversible way. It
works with a wavelength of 640 nm and measures CO, dissolved in synthetic air. The limit
of concentration is 10 ppm [18].

In 2015, Nuryadi et al. manufactured a gas sensor with the Kretschmann configuration,
modifying the hemiprism, and after the layer of Au, they used a ZnO layer in a cylindrical
way where the CO, circulates. This is a sensor of presence; it is not able to measure
quantities [19].

It is interesting to mention some plasmonic optical fiber sensors as well, since they are
currently attracting a large amount of research interest for the detection of gases [20,21].

Table 1 summarizes the key characteristics of the studied sensors so that they can be
compared easily and quickly. The number in brackets corresponds to the reference number
of the paper.
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Table 1. Summary table with the essential characteristics of the sensors studied.

Indoor Outdoor Multigas Only CO; Wide Dynamic Short Dynamic
Range Range
[4] [12,19] [20,21] [5-13] [7,11,16] [5,6,8,13,15,18]
Wav?gulde/Optlcal Plasmonic sensor Others Instant. response Fast response Slow response
fiber sensor time time time
[10-16,20,21] [6,17-19] [5,7-9] [6,17-19] [5,10] [9,14,16]
High resolution Low resolution High sensitivity Low sensitivity
[17] [13] [8,17,20] [12]

In view of all the limitations of the sensors described above, we propose a CO, sensor
able to detect very high, high, normal, low and very low concentrations which could work
both indoors and outdoors without any modification of the structure, wavelength, etc.

2. Design of the Plasmonic Sensor

The operational principle is based on SPR [22,23].
Figure 1 shows a diagram of the sensor for the measurement of the concentration of
CO;. The experimental set up is schematically illustrated in Figure 1.

Optical fiber Optical fiber

Hemispherical
prism

LilOs

N
B>
N

~

CO:

Figure 1. Diagram of the plasmonic sensor. On the left of the hemispherical prism, the optical fiber
transports the incident radiation and, on the right, another optical fiber collects the reflected radiation.
The SPR are also shown propagating through the LilO3-Au and Au-medium interfaces.

It can be considered that the standard air is a mixture of 78% of Ny, 21% of O, and 1%
of Ar, CO; (0.04%) and H,O.

As we can measure the concentration of CO, both indoors and outdoors, we have to
know the variation of the refractive index of the carbon dioxide with atmospheric pressure,
temperature, height above the sea level, concentration, etc.

A slight variation in humidity of 2 mb may cause a variation of 14% in relative humid-
ity. This affects the eighth-decimal place of the refractive index of CO; in concentrations of
200-400 ppm.

The difference between the refractive indexes of the CO, when the atmospheric
pressure varies from 0.5 atm to 1 atm is 1.00025 to 1.0005, respectively, if we consider an
atmospheric pressure in the middle, 0.74 atm, the refractive index is 1.000375 [24].

From the Edlén equations, we can calculate the dispersion of the refractive index of
the carbonic anhydride for dry air, 1 atm, 15 °C and 300 ppm in volume. This variation is
around 10-8 from 200 nm up to the infrared.
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Another parameter which provokes variations in the refractive index is the tempera-
ture. For 1 atm and 20 °C, (n — 1) = 0.000271786 (a variation to the fourth decimal place
which we have to take into account). The variation in the refractive index with the water
vapour can be calculated with the correction of Birch and Downs [25].

The effects of other gases, such as Ar, N, and O, have no effect on the change in the
refractive index of carbon dioxide.

Due to all of the above, our sensor would be able to measure the refractive index for
different concentrations of CO,. As the variation of the refractive index with pressure is
very great, these sensors have to be designed taking into account the height above sea level
where they are going to be used.

The hemispheric prism is made of glass SUMITA (CaFK) (n = 1.4333) [26]. The
dielectric layer is lithium iodate (LilO3) with a thickness of 37.26 nm, and the refractive
index is 1.8807 [27]. The Au layer has a thickness of 51.48 nm and a refractive index of
(n =0.12517 + 3.3326i) [28].

The hemispherical prism has a radius of 1 cm.

The laser used is a continuous emission (to minimize consumption), with polarization
p and a wavelength of 632.8 nm. It strikes the spherical part of the hemiprism with a normal
incidence. The light is conducted from the laser to the prism by means of an optical fiber
and its endface is glued to the surface of the hemiprism. The incidence angle, compared to
the normal, in the LilOs3 is 0 (greater than the critical angle) (see Figure 1). The reflected
light in the interface prism-LilO3 reaches the other optical fiber and it transports the light
to the photodetector.

When the laser strikes the interface prism-Au with an angle greater than the critical
angle, an evanescent wave is produced on the surface. If both the thickness of the layers and
the geometry of the sensor are adequate, it is possible to excite two superficial plasmons
propagating through the surfaces.

The sensor we have designed is based on intensity interrogation. This allows us to
differentiate the refractive index of the medium with which our sensor is in contact. The
principal advantage this sensor offers, compared to the others which work with angle
interrogation, is that ours has no mobile parts, no friction hysteresis and backlash are
eliminated, the response time is minimized and we save energy. For the theoretical model
of surface plasmon resonance reflectance, the transfer matrix method was used to solve the
Fresnel equations for the multilayer [29,30] with the WinSpall software package.

This sensor has been designed to differentiate the quantity of CO, in ppm in air. For
a given angle of incidence 6, we obtain different reflectances for different concentrations
of carbon dioxide. These values are sufficiently different from one another to effectively
differentiate the reflectance with the photodetector in the endface of the optical fiber.

We know that the concentration of carbon dioxide is not distributed homogeneously
all over the planet. Our sensor is able to measure the concentration of CO, each instant,
it can measure the concentration at the moment of the installation to know the level of
CO; and decide from what amount of carbon dioxide the alarm signal will be given, either
indoors or outdoors. We do not need a sensor of reference.

3. Results and Discussion

Figure 2 shows the graphic for different concentrations of CO, for an incidence angle
close to 84° and, as for example, for 1000 m above sea level.

Depending on the reflectance in the photodetector, we can detect the concentration
of CO; in real time. It is essential to know the relative humidity and pressure of the air to
know the refractive index of the mixture of the air (therefore the CO, concentration) so that
the plasmonic sensor can accurately measure the refractive index and then know the CO,
concentration.
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Figure 2. Reflectance curves as a function of the angle of incidence of the light in the prism and different concentration of

CO;. The height above sea level is 1000 m. The sensor works with an incidence angle of 83.67°.

The sensitivity of our sensor can be calculated from the change in reflectance per unit
of change in refractive index (see Table 2 with more detail and data).

Table 2. The sensitivity and resolution values of the sensor as a function of altitude and gas concentration change.

Sensitivity (RIU-1) and

Altitude (m) Resolution (RIU) 400-450 ppm 450-500 ppm 500-550 ppm 550-600 ppm

Sensitivity 17.18 22.07 1953 1471

0 Resolution x 10~5 5.80 455 5.10 6.80
Sensitivity 13.39 20,54 2076 17.28

500 Resolution x 10~5 7.45 485 480 5.80
Sensitivity 19.37 24.89 2203 16.59

1000 Resolution x 10~5 5.15 402 454 6.05
Sensitivity 7.51 16.54 20.65 20.16

1500 Resolution x 10—4 133 0.61 0.49 0.50
Sensitivity 6.01 1475 19.70 2045

2000 Resolution x 10—4 1.67 0.68 0.51 0.49
Sensitivity 6.68 1437 18.98 20.12

2500 Resolution x 10—4 1.50 0.70 0.53 0.50
Sensitivity 5.09 1253 17.68 19.82

3000 Resolution x 10—4 1.97 0.80 0.57 0.51
Sensitivity 388 1091 16.28 19.16

3500 Resolution x 10~4 258 0.92 0.62 0.52
Sensitivity 3.02 9.56 14.92 1828

4000 Resolution x 10~4 331 1.05 0.67 0.55
Sensitivity 2.59 8.62 13.79 17.37

4500 Resolution x 10~4 3.87 1.16 0.73 0.58
Sensitivity 236 7.89 12.79 16.43

5000 Resolution x 10™% 4.24 1.27 0.78 0.61
Sensitivity 241 7.47 12.04 15.62

5500 Resolution x 10—4 416 134 0.83 0.64

The sensor resolution depends upon the accuracy with which the monitored SPR
parameter can be determined by the specific sensing device and, as such, is limited by
sensor-system noise [31]. To calculate the resolution of the sensor, we divide the accuracy of
the photodetector by its sensitivity. Considering an accuracy of 0.1% in the signal registered
by the photodetector [32,33], we achieve resolutions of 5.15 x 10~ RIU, 4.02 x 10~ RIU,
4.54 x 107° RIU and 6.05 x 1075 RIU for concentrations of 400 ppm, 450 ppm, 500 ppm,
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550 ppm and 600 ppm respectively. This resolution is more than adequate to accurately
measure the CO, concentration. With a variation of the fifth decimal place, we can assure
that the measurements of the refractive indexes are reliable, taking into account that the
variations of the refractive indexes due to pressure, temperature, humidity and concentra-
tion are to the third decimal place. The sensor of Herminjard et al. [17] has a resolution
similar to ours, but uses infrared while our laser is in the range of the visible; it is also
cheaper and more commercially viable.

The effect of the thickness of the Au and LilOj layers and the wavelength of the laser
influences the reflectance, sensitivity and the distance between the curves of each of the
concentrations.

The photodetector, which is at the end of the output optical fiber, has a reference signal.
This reference is the laser that has passed through all the optical media in the total absence
of CO;,. We will therefore have the response of the photodetector at a concentration of
0 ppm.

The refractive index of CO, increases concomitantly with increasing concentration. As
the concentration of CO, in the medium increases, the reflected radiation that is injected into
the output optical fiber and reaches the photodetector will decrease. When the refractive
index increases, the reflectivity decreases and we will get closer to the formation of the
SPR [22,23]. By comparing this photodetector output signal with the 0 ppm, we are able to
calculate the reflectivity. Once the reflectivity is known, as we see in the curves in Figure 2,
we are able to know the CO, concentration at each moment.

The sensor of Mi et al. [8] has a better resolution than ours, however, the range is only
0-500 ppm and our sensor has more range than the others [5,8,11,15,16].

The sensor measures continuously and there is no waiting time between measurements
as in the others [5,9,10,12,14,16,34].

The sensitivity of our sensor is greater than sensors which have satellites NOAA and
Aqua Terra [4,12,34,35] and the plasmonic sensors [8].

Our sensor is smaller than the UV Strip Resistive Thick GEM (S-RETGEM) [8] and
measures concentrations of carbon dioxide instead of measuring presence of this gas [9,19]
and is able to measure with any value of the humidity unlike the sensor of Vijayan et al. [10].

The sensor of Gorma et al. [6] had a very high sensitivity, of around 3000 nm/RIU and
a resolution of 3.34 x 10~° RIU, better results than ours, however, this design works in
wavelength interrogation, so we were unable to compare.

If we are measuring concentrations of CO, in a controlled ambient, it is not necessary
to take into account the variations of humidity, temperature or pressure because these are
minimum, therefore the results obtained from the sensor can be used without having to
take into account the Edlén or modified Birch and Downs equations. Therefore, our sensor
could measure concentrations of CO, indoors (houses, factories, motors, etc.) without
applying the Edlén and Birch and Downs equations.

If we are measuring outdoor CO; concentrations, as the variations of the variables
are not controlled, the changes in the refractive indices will vary with humidity, pressure,
temperature, etc. After using the sensor, very simple software modifies the measured
refractive indices based on these parameters and will give us the real concentration of the
gas based on the Birch and Downs equations.

4. Conclusions

We have designed an SPR sensor for the detection of concentrations of CO, which
works both indoors and outdoors. The sensor has a sensitivity of almost 25 RIU ! and a
resolution of 5.15 x 1075 RIU. It could have better sensitivity if the ambient conditions are
known because the refractive index of this gas depends on pressure, temperature, humidity
and concentration. This is an improvement compared to other SPR sensors designed to
work indoors and outdoors.

Measurements are made continuously and no time is needed to achieve the measure-
ment, and there is no time lapse between measurements.
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Today, it is vital to ventilate closed spaces to avoid the spread of COVID-19. We cannot
be sure if the ventilation time is correct or if a building is well ventilated because we do not
have sensors that measure the presence of the virus in the air, but we can indirectly know
the correct ventilation of the rooms from the measurement of CO, expelled by humans,
so we can know the distribution of this residual CO,. By placing our sensors in the right
places, we can know if the ventilation is adequate and, therefore, we will know if the
ventilation time is adequate. As our sensor is so tiny, many can be placed and at any point
in a room to see the data of concentration of CO, in real time.

The overall system can be connected to a 5G module to send data to a remote point
and there is an alarm if the data is superior and potentially damaging for health, the
environment, etc.

Finally, it is not necessary to carry out periodic calibrations.
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