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Optical interferometric structures
for application in gas sensors
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In the paper, a gas optoelectronic sensor based on interferometric structure has been presented.
Active polymer Nafion® layer deposited at the top of the optical fibre forms the Fabry—Perot
interferometer. Interaction with gas changes the physical properties of sensing layer, hence the
interference conditions are fulfilled for different wavelengths. Sensor performance for different
humidity levels has been measured. The influence of humidity variations on sensing layer is
investigated as well. In order to suppress the moisture induced instability of the sensor different
inhibiting layers have been deposited and their performance has been investigated. In the paper,
a wide investigation of the sensor in ammonia atmosphere has been shown.
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1. Introduction

Optical methods in sensor systems have become popular since optical fibres,
waveguides and other optoelectronic components became commercially available.
Their distinct advantages, including electromagnetic noise resistance, high sensitivity,
fibre optics compatibility, have proved their efficiency in many fields, to mention
the most widely studied: temperature, strain and pressure sensors [1, 2]. Also, the gas
sensor applications make the optical methods very challenging for researchers.
The sensing principles of optical sensors are similar to the widely studied and commonly
used electrical gas sensors. Namely, the interaction between gas and sensing layers
changes the physical properties of layers.

The difference is in the properties which are to be monitored. In electrical solutions,
it is usually monitored the resistance or conductivity, the capacitance, the electric field
itself. In optical case, it is usually monitored the refractive index (both the real and
imaginary part) that determines many measurands and different methods including
reflected or transmitted light intensity [3, 4], interference spectra [5], surface plasmon
resonance conditions (angle) [6], evanescence wave intensity [7], differential
interference [8—13].
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Both electrical and optical gas sensors exhibit the same features and problems
to overcome for the researchers. The sensitivity to the chemical agents seems to be
the most important factor. Also the selectivity must not be omitted in considerations,
because it determines the sensor effectiveness in real environment. Another important
factor is the ease with which the sensor recovers, which allows it to work continuously
not only as a disposable indicator. The regeneration of the sensing layer can be
achieved by exposure to an agent of opposite influence on the layer. The simplest way
is the thermal annealing widely used in electrical sensors, which usually operate at
high temperatures up to a few hundred degree centigrade. Unfortunately, the method
requires external heating or equipping the sensor structure with a heat source. But this
solution makes the sensors no longer all-optical, and it loses its main advantages.
However, in some cases the process of recovery is intrinsic after the agent exposure
has been discontinued.

The last but not least problem that will be taken into account, as far as the gas
sensors are concerned, is the influence of moisture. Most of the designs reported have
shown their good sensing abilities in low humidity. In electrical designs the problem
vanishes with a high operating temperature. But in the case of low temperature optical
devices, especially with organic layers, the humidity fluctuations are sometimes
crucial for sensor operation.

The presented ammonia sensor is the optical fibre Fabry—Perot interferometer
structure. The sensing Nafion®-layer exhibits the sensitivity to ammonia gas.
Unfortunately, it is not immune to the humidity influence. The main task of this
research was to observe the interaction with ammonia both at low and high humidity
levels, as well as to analyze the response upon moisture variations, and to suppress
this unwanted effect. In order to attenuate the influence of humidity, a few inhibiting
layers (poly(methyl methacrylate) - PMMA, polyethylene, poly(isobutylene) — PIB,
chitosan, polyvinyl acetate) have been deposited on the sensing layer and their
efficiency has been measured.

2. Experimental

2.1. Sensor structure and operation

The sensor structure is presented in Fig. 1. The sensing Nafion®-layer deposited at
the head of the fibre forms the Fabry—Perot resonant cavity. The mirrors are the
boundaries between the air-Nafion® and Nafion®fibre, respectively. Two beams
reflected from both mirrors (including multiple reflections) interfere and the image is
observed by the spectrometer.

In the case of Fabry—Perot interferometer the maximum location satisfies the
equation:

mA = 2dncos« (D)
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where d and n denote the cavity thickness and the refractive index of material,
respectively. The angle of incidence « relative to the fibre axis can be taken as 0°,
making the cosa equal unity, m stands for interference order (m =1, 2, 3, ...).

The interaction with gas changes the optical properties and the thickens of
the cavity. According to Eq. (1) the change in optical thickness affects the location
of current maximum in wavelength domain. The variation of this location yields
the sensor response to the changing environmental conditions. The exact analysis is
performed by fitting the parabolic curve to measurement points and defining the vertex
location.

2.2. Experimental setup

The measurements were performed in a setup presented in Fig. 3. The light source
was an incandescent lamp. The gas flow system allows a stable moisture level to
be provided by mixing dry (straight from the cylinder) and wet (passed through
the bubbler) air in the appropriate ratio. The humidity sensor controls the moisture
conditions.

3. Results

3.1. Response to ammonia at low humidity level

The results of measurement of the influence of ammonia on the sensing layer are
presented in Figs. 4 and 5. The gas was a mixture of synthetic air and ammonia.
The relative humidity level of air was about 4%.

The above results show that ammonia affects the Nafion® layer. The effect is almost
fully recoverable after discontinuing the NH; exposure. The response is not a linear
function of NH; concentration but it is unique and repeatable. The change in maximum
location of about 3 nm, as show in Fig. 5, corresponds to the change of layer thickness
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Fig. 4. Response to various NH; concentrations at low humidity level.
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Fig. 5. Response to various NH; concentrations at low humidity level.

of 4 nm, or the change of refractive index of 0.003. It has not been determined
yet which process takes place. The character of interaction is not clearly understood.
The probable change in thickness is due to water absorption from NH,OH, the presence
of which is natural in the case of ammonia [9].

3.2. Response to ammonia at higher humidity

The interaction between ammonia and sensing layer at higher humidity is quite
different. Figures 6 and 7 show that the optical thickness of the layer decreases with
increasing NH; flow. According to the chemical reaction:

R-SO,H + NH,OH < SO;NH, + H,0 )
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Fig. 6. Response to various NH; concentrations at 35% humidity level.
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the thickness should increase as the salt SO;NH, expands the polymer. The opposite
change suggests that the refractive index changes. The problem will be investigated
in further research.

The drift seems to be caused by saturation with ammonia. The response can be
improved by differentiating the function of location versus time. The relative response
is a linear function of NH; concentration, Fig. 8. The sensitivity for a current sample
depends on humidity level, Fig. 9.

The second feature measured was ammonia permeability. Polyethylene is not
transparent for NH; as well. Poly(methyl methacrylate) and poly(isobutyl) seem
not to change the properties of Nafion® based structure. Chitosan reacts with ammonia
in a similar way as Nafion®, hence it is meaningless using it as an inhibiting layer.
The above results show that the layers measured are not suitable for moisture blocking.

4. Conclusions

The undesirable influence of humidity variations on a polymer sensing layer is crucial
in the proposed low temperature optical sensor. Ammonia molecules bond water
molecules and it is difficult to divide the effect of NH; and water reaction on organic
layer. Under high humidity conditions the layer is saturated with water, and additional
moisture from NH,OH does not expand the layer as shown in Figs. 6 and 7. A better
solution to moisture induced disturbances than blocking layer, might be to provide
a stable humidity level. As shown on Figs. 8 and 9, the response to ammonia is a linear
function of gas concentration. The sensor is a self-recovering structure. The stable
moisture level would ensure good sensor performance. Better sensitivity to lower NH;
concentrations can be achieved by differentiating the maximum location function or
by other analysis methods such as neural network.

Acknowledgments — The work was sponsored by the Polish Ministry of Science nd High Education,
within the Grant R01 039 01.

References

[1] SHu X.,Liu Y., ZHA0 D., GwaNDU B., FLOREANI F., ZHANG L., BENNION 1., Dependence of temperature
and strain coefficients on fiber grating type and its application to simultaneous temperature and strain
measurement, Optics Lettres 27(9), 2002, pp. 701-3.

[2] PustELNY T., Physical and Technical Aspects of Optoelectronic Sensors, Monograph, Eddition of
SUT, Gliwice 2005.

[3] Gu Z., LianG P., Novel optical film sensor design based on p-polarized refectance, Optics and
Laser Technology 36(3), 2004, pp. 211-7.

[4] Jn Z., Su Y., DuaN Y., Development of a polyaniline-based optical ammonia sensor, Sensors
and Actuators B: Chemical 72(1), 2001, pp. 75-9.

[5] Maciak E., OriLski Z., PusteLNy T., UrBANCZYK M., Pd/V,05 fiber optic hydrogen gas sensor,
Journal de Physique IV — Proceedings France 129, 2005, pp. 137-41.



194 T. PUSTELNY et al.

[6] AgBor N.E., CresswiLL J.P., PETTy M.C., MONKMAN A.P., An optical gas sensor based on
polyaniline Langmuir—Blodgett films, Sensors and Actuators B: Chemical 41(1-3), 1997,
pp. 137-41.

[7] ViLLaTorO J., LUNA-MORENO D., MONZON-HERMANDEZ D., Optical fiber hydrogen sensor for
concentrations below the lower explosive limit, Sensors and Actuators B: Chemical 110(1),
2005, pp. 23-7.

[8] Gur K., PusteLNyY T., Attenuation planar waveguides with an absorbing cover, Journal de
Physique IV — Proceedings France 129, 2005, pp. 113-6.

[9] PustELNY T., OpIiLsKI., Maciak E., BEDNORZ M., STOLARCZYK A., JAMIEC M., Investigation of optical
structures applied in toxic gas sensors, Buletin of Polish Academy of Sciences 2, 2005, pp. 201-7.

[10] Tyszkiewicz C., PusTteLNy T., NowiNowskI-KRUSZELNICKI E., Investigation of a ferronematic cell
influenced by a magnetic field, Journal de Physique IV — Proceedings France 137, 2006, pp. 161-4.

[11] Maciak E., OpiLski Z., PUSTELNY T., Effect of humidity on NH; gas sensitivity of nafion/WQO; sensing
structure of SPR sensor, Molecular and Quantum Acoustics 26, 2005, pp. 205-15.

[12] Karasivski P., Maciak E., PusteLny T., Tyszkiewicz C., Determination of the refractive index of
the SEI1211 resin using an SPR spectroscopy, Molecular and Quantum Acoustics 26, 2005,
pp. 267-71.

[13] JakuBik W., Maciak E., UrBANCZYK M., Sensor properties of cadmium sulphide (CDS) thin

films in surface acoustic wave system — preliminary results, Molecular and Quantum Acoustics 26,
2005, pp. 273-81.

Received November 16, 2006



