Optical Fibre Humidity Sensors
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Abstract This chapter attempts to approach the fibre optic humidity sensing tech-
nology to scientists unfamiliar with the field. A general review of this type of sensors
is presented here with emphasis in the techniques based on nanostructured coatings.
These devices have been classified according to the sensing mechanism and taking
also into account the different methods of fabrication and the sensing materials they
are based on.
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1 Introduction

The monitoring of humidity is a necessary activity in numerous fields of industry
because it may affect both the product, and the health and security of the work-
ers; for instance humidity measurement can be of vital importance in chemical and
biomedical industries. Also, humidity sensing is frequently monitored in big struc-
tures such as bridges or planes to control possible risk of leakage due to corrosion
[1, 2]. Therefore relative humidity measurement has been extensively studied and
a great variety of sensors, including capacitive, resistive, thermal conductivity and
optical have been developed along the last decades.

So far, electronic humidity sensors cover the main part of the sensors market
because their technology of fabrication is very established. However, the field of
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optical fibre sensors has grown enormously since the 60’s and at the present time
there exist niches of application where optical fibre humidity sensor technology can
advantageously compete with traditional (mainly electronics) technologies.

Fibre optic humidity sensors (FOHS) use optical fibre technology to guide a
light signal which is modulated with the ambient humidity and then collected
back by a detector, conditioned and processed. Thanks to the low attenuation
and large wideband of fibre it is possible to transmit large sensor data quanti-
ties over kilometre distances; in addition, the use of several interrogating tech-
niques enable the existence of distributed humidity sensors configurations [3]. There
are also a high number of applications where the possible electric hazard pro-
duced by the electronic sensor itself or the electromagnetic interferences of the
surrounding environment makes difficult the utilization of electronic type humid-
ity sensors. In some fields it is needed a measurement of humidity where the ac-
cessibility is limited in space and an electronic sensor could be more difficult to
locate. The small dimensions and simple geometries of optical fibre make possi-
ble the implementation of light-weight systems that can be easily embedded into
construction materials. Finally, the sensitivity, dynamic range and resolution can be
potentially much greater than conventional sensors with the use of interferometric
techniques.

A number of different approaches have been used in the fabrication of optical
fibre humidity sensors. Fibre optic sensors are commonly subdivided into intrin-
sic (if the transduction between the light and the measurand takes place inside
the fibre) and extrinsic (if it takes place outside it). In practice, most of humid-
ity sensors are of extrinsic type because the fibre is immune to humidity, with
the exception of special fibres fabricated using porous materials such as sol gel.
Depending on the sensing architecture, transmissive and reflexive humidity sen-
sors can be found and more subdivisions are possible depending on the sensing
mechanism.

In this chapter, a summary of the most representative architectures for the con-
struction of optical fibre humidity sensors based on nano-films will be presented.
Due to the complexity of this field, this text will try to approach the FOHS to en-
gineers and scientists unfamiliar with the field. Classical architectures will be pre-
sented here as well as the state of art related to FOHS. Prior to this, an introduction
to the sensitive materials and deposition techniques that are usually employed in the
fabrication of these sensors will be described next. Among these techniques, nan-
otechnology has recently emerged as a new and challenging discipline where the
scientific community is being greatly involved. One of the more promising tech-
niques included in the commonly called ‘botton-up nanotechnology’ is the LbL
technique. As this one can summarize by itself the different fibre optic sensing ar-
chitectures using sensitive nano-films, this chapter will be mainly focused on the
LbL technique. Furthermore, since its rediscovery in the nineties, the layer-by-layer
(LBL) self-assembly has found a great acceptance between the optical fibre sensor
community.
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2 Humidity Sensing Materials and Deposition Techniques

Direct detection of water vapour is possible without the use of any sensing material,
for instance with the employ of specialised optics to determine the refractive index
of air [4] or the air density changes [5]. However these techniques require the use of
expensive systems such as radioactive alpha-ray sources.

Otherwise, relative humidity (RH) can be measured through the properties of
some bulk material such as the change in either its physical dimensions or refractive
index. Because of that, the vast majority of FOHS developed require the presence
of a sensing film whose properties change as a function of the ambient humidity. In
addition to this, the material should readily absorb and desorb water.

Both organic and inorganic polymers are used for optical sensors fabrication
including silicones, PVC, PTFE, PMMA, nafion, nylon, agarose, sol-gels, etc.
[6, 7, 8]. These materials usually give good robustness to the sensor design. The hu-
midity sensing can be achieved by the incorporation of a reagent or by the polymer
structure itself. The reagent is a dye which reversibly changes its optical properties
with the humidity. Several humidity sensors have been reported based on such well-
known reagents. Ideally the wavelengths used for detecting the changes are in the
visible or near-infrared region which permits the use of low cost instrumentation
and standard fibres. This change is marked in complexes of transition metals. CoCl,
is one of the most commonly used materials for this purpose because it can ab-
sorb water and form coordination complexes which change its characteristic colour
[9, 10, 11, 12, 13]. When dry, it has strong absorption in the wavelength range 550—
700 nm showing a blue colour, while it does not absorbs when it gets wet (forming
an hexa-hydrated compound) which results in a pink colour. Other type of humidity
sensors are those based on fluorescent and phosphorescent materials such as rho-
damine [14, 15] or Al-Ferron [16]. The main advantage of these sensors is that
lifetime based measurement can be used, which does not depend on the light-source
intensity changes caused by the sensing molecule, the transducer, or the optical
path [16]. However, these types of sensors have an important cross sensitivity with
temperature.

On the other hand, instead of using a reagent, another different strategy con-
sists of using hygroscopic polymers which, as a general rule, swell when water
enters the structure. Hydrophilic gels, such as agarose [17], have a high porosity
which determines the quantity of water that the gel is capable of absorbing and
therefore its performance as working as humidity sensor. When the water content
increases, it induces the gel film to swell which generates a reduction in the re-
fractive index. High refractive index materials increase the interaction between the
light guided in the fibre and the sensitive film and hence it increases the sensitivity
of the sensor; for instance, PMMA has been used for humidity sensing [6, 18] re-
porting fast response times (5 s) operating in the range 20-80% RH with complete
reversibility.

Among the deposition techniques, it could be said that the classical ones, such as
physical vapor deposition or spin coating are intended usually for flat semiconduc-
tor substrates and cannot deposit easily uniform films on complex geometries, like
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in optical fibres. Actually, to our knowledge, there are three techniques that have
been successfully used for the deposition of uniform coatings onto optical fibres
such as the dip-coating (DC) technique, the Langmuir-Blodgett (LB) technique and
the layer-by-layer (LbL) technique. The first one is usually associated to sol-gel or
hydrogel coatings, but it is not useful for controlling the thickness of the coatings
on the nanometer scale. In contrast to this, using the former techniques it is possible
to deposit coatings of specific nanometer thickness.

2.1 Nanostructured Films

A recently open line of research of suitable humidity materials is focused on nanos-
tructured materials. The use of these materials confers several advantages for hu-
midity sensing like shorter response times and enhanced sensitivity [19, 20, 21, 22,
23, 24, 25]. These fibre optic sensors are based on the deposition of a controlled
thickness layer onto the surface of the fibre. The light passing through the fibre is
modulated by the thin layer whose refractive index changes as a function of the
external relative humidity [26]. As it has been previously commented, the LB and
LbL techniques can be used for the fabrication of nanostructured films controlling
the thickness of the coatings on the nanometer scale. The LbL process has been
successfully proved as a useful tool for the fabrication of nanostructured materials
that include many diverse species, such as colorimetric dyes, fluorescent indicators,
inorganic semiconductors, conducting polymers, ceramics, metals, quantum dots,
enzymes, antibodies or even DNA strands.

The use of nanometric scale films enable the fabrication of sensor heads based on
nano-films in which the humidity easily interacts with the film and provoke changes
in the entire effective detection zone. In particular, using one of these techniques,
speeds of response below 1s have been reported [19].

Layer by layer process was reported for the first time by R. Iler [27] and almost
thirty years later the technique was rediscovered by G. Decher and co-workers [28],
and extended to the layering of polyelectrolytes and many other systems [29, 30, 31,
32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. In the last seven years the
number of works on this topic has increased exponentially and some reviews permit
to understand the current state of the art [47, 48, 49, 50, 51, 52]. The versatility of
LBL method for the synthesis of materials permits the application of this technique
to design or fabrication of different structures on the tip or the cladding of the optical
fibre.

The deposition procedure for all cases is based on the construction of molecular
multilayers by the electrostatic attraction between oppositely charged polyelec-
trolytes in each monolayer deposited, and involves several steps. The LbL film de-
position method is schematically depicted in Fig. 1.

First, a substrate is cleaned and treated to create a charged surface. Then, the
substrate is exposed to a solution of a polyion of opposite charge for a short time
(minutes) and, by adsorption, a monolayer of polyions is formed on the surface.
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Fig. 1 Schematic representation of the LbL method. (a) Adsorption of a cationic monolayer and
inversion of the surface charge. (b) Washing with ultrapure water. (¢) Adsorption of anionic mono-
layer. (d) Washing with ultrapure water

Subsequently, the substrate is alternately dipped into solutions of cationic and an-
ionic polymers (or appropriately charged inorganic clusters) to create a multilayer
thin film, a polyanion-polycation multilayer. After each monolayer is formed, the
sample is rinsed in pure water to remove the excess of molecules that are not bound
and that do not contribute to the monolayer structure.

The molecular species of the cationic and anionic components and the long-range
physical order of the layers determine the resulting coating properties. It is important
to notice that the polyanions and polycations overlap each other at the molecular
level and this produces an optically homogeneous material.

The individual layer composition and thickness can be controlled with different
parameters. The most important ones are the temperature, the pH and the concen-
tration of the solutions, the dipping time, the drying time and the substrate where
the structure is being deposited. Typical individual layer thickness values range be-
tween 0.5 and 15 nm [53]. However, it has been studied with other materials that the
range can be widened to 60 nm [54].

An interesting property from the point of view of humidity sensor design is the
hydrophobicity and hydrophilicity of the films. If adequately designed, the film can
be used for the fabrication of sensors with fast response and low hysteresys.

In addition, other deposition procedures are available; this is the case of the above
commented Langmuir-Blodgett technique. This method is based on the deposition
of layers with hydrophobic and hydrophilic behavior [55, 56]. Each bilayer to be
deposited is spread onto ultrapure water, forming a nanometric surface; when the
substrate, in this case the optical fibre, is introduced in the solution, a new layer gets
deposited onto the surface [57]. Unfortunately, the LB technique is limited to very
specific molecules with combinations of lipophilic and hydrophilic parts.

In any case, most of the sensors based on sensitive nanocoatings, deposited ei-
ther using sol-gel, LB or LbL techniques, are evanescent wave based sensors. An
evanescent wave is a standing harmonic wave located at the core/cladding interface.
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This wave penetrates over a small distance (typically below one micron) into the
surrounding medium. The evanescent wave and can be described by the exponential
decay [58].

E = E,exp(~z/d,) (1)

where 7 is the distance normal to the interface and E,, is the wave amplitude at z = 0.
The penetration depth is given by

dp = = \Jsin2 0 (na/m)? @)
Zﬂnl

where A is the wavelength of the light in the fibre core, n; and ny are the refractive
indices of the core and cladding materials, respectively, and 6 is angle of incidence.
The thinner is the coating, on the order of the penetration depth, the faster and more
efficient its reaction will be.

3 Optical Techniques Used In Fibre Optic Humidity Sensors

Basically, any optical fibre sensor can be classified into a reflexive or transmis-
sive structure. In a reflection-type configuration, the sensing material is located
at the end point of the fibre, being especially adequate for applications where the
sensor head dimension is important, because it can be easily miniaturized and
handled.

In general a higher sensitivity can be obtained with the use of a transmissive con-
figuration. A more important part of the guided power, with respect to the reflective
configuration, enters in contact with the sensing film and is modulated and trans-
mitted by the output fibre. There are many possible implementations of evanescent
wave sensors. There not exist also other architectures based on wavelength or phase
changes, but are no so popular.

3.1 Reflective Sensors Based on Coating Deposition on the Tip
of the Fibre

In this scheme, the incident light travels along one optical fibre and illuminates the
humidity sensing material. The light reflected or emitted in this case is collected
back and transmitted along the same fibre. The sensor head consists of a cleaved
or polished end of an optical fibre, onto which the humidity sensitive material is
deposited.

In Fig. 2 it is represented the scheme of a fibre tip coated using the LbL. method.
The thickness of the interferometric cavity increases as the number of adsorbed
layers is higher. The refractive index of the film (n,) can be higher or lower than the
fibre (n1). For example, the nanostructured material [PDDA/PolyR] gives refractive
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Fig. 2 (a) Coating deposition on the tip of the fibre forming a nanoFabry-Pérot cavity (b) Photo-
graph of a fibre tip humidity sensor

indexes higher than that of the fibre (1.55-1.60), while other porous films based on
SiO; nanoparticles gives values of n; around 1.2-1.25.
The reflected power when n; is higher than n; is given by [60],

Ix  Ri+Ry-(1-A)?- e @42 VR Ry-(1-Ay)- e -cos¢
Iy 1+R;-Ry-e @+ 2. \[R|-Ry-e 2 .cos¢
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where ¢ is the round-trip phase shift of the optical beam in the cavity formed by
the coating with thickness d, and R; is the reflection coefficient at the first interface
(optical fibre—coating) and R; is the reflection coefficient at the second interface
(coating—air), « is the absorption coefficient of the coating and A; is a factor associ-
ated to the scattering losses.
The following expression permits to estimate the thickness of each nanocavity
bilayer [59, 60]:
_Amydn
2

where n; is the real refractive index of the coating, and A is the wavelength of the
LED. The destructive interference occurs when ¢ is an odd multiple of x, which
indicates that it appears for a lower length d.

As can be seen in Fig. 3, the light is coupled from the source and is guided
until the sensor head, where the light interacts with the humidity sensing material.
The reflected signal from the sensitive film is transmitted to the optical detector.
To achieve this, an optical coupler is necessary to drive the response signal to the
detection system. Since the cavity created at the end of fibre is much shorter than
the coherence length of a LED source, this permits to avoid the necessity of an
expensive laser device to monitor interferometric phenomenon caused by changes
in the refractive index of the material deposited.

“4)
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Fig. 3 Experimental set-up used for monitoring the reflected optical power during the LBL process
deposition at the end of the fibre. The same scheme is used for humidity monitoring

In addition to the measurement of the target parameter by means of the variation
of the output optical power, it is also important to note that with the same scheme it
is possible to monitor the power fluctuations during the building of the nanocavity.
As most of the materials deposited in the nanocavity are highly lossy, the reflected
power changes with a sinusoidal shape during the construction process, which is
caused by the light interference in two beams nanoFabry-Pérot (or Fizeau) cavity.
Using an optimization algorithm it is possible to estimate the film growing ratio
each layer is deposited.

In [60] this scheme was used to measure RH using a solution of poly (dially-
dimethyl ammonium chloride) (PDDA) as the cation solution and the molecular
dye PSS for the anionic solution. The combination of PDDA+ and PSS- was de-
posited onto the sensor head using the LbL technique, creating a nanoFabry-Pérot
cavity which attracts water molecules. Consequently, the thickness of the device is
a function of the humidity. As the refractive index and the thickness of the nanocav-
ity get modified by the environmental humidity, there is a change in the reflected
optical power detected. The response time is so fast that these sensors can be used
even for human breathing monitoring [60], as can be seen in Fig. 4. In addition, the
sensors showed a repetitive response.

In [61] the same structure was used, but changing the coating by a super
hydrophilic nano-film based on SiO, nanoparticles, and thus highly sensitive to
humidity.

The response time of a fibre optic humidity sensor based on SiO, nanoparticles
[61] is shown in Fig. 5. In this case, the rise and fall times are only 150 ms and



Optical Fibre Humidity Sensors Using Nano-films 161

Heno At
L

T T

j
1

=

—

|

14
it

TTTT T T

— ]
| —
-+

b
L
JIN N

---edeeeodecedeo o< Channel 1
S 2 s .1V

IENEAREENAN RN RN SRR RN

T T

'
1
|
i
L
|
1
Il

Ll

Chi .1 V
T/div 2 s Ch2 20mV

Trig 5.00div +CHAN 1~

i

Fig. 4 Response to human breathing of an optical fibre humidity sensor based on a LbL nanoFabry-
Perot formed. As indicated in the lower part of the figure, every division along the horizontal axis is
25, and every division along the vertical axis is 0.1 V. The materials used were [Au:PDDA/PSS],.
It has been taken from [60]

100 ms, respectively. The main improvement of the sensor proposed here is that the
recovery time after an increase of the relative humidity is much shorter than other
sensors based on polymeric films.

In Fig. 6 an AFM image gives an idea of the morphology of the film deposited
using SiO; nanoparticles. In this image the nanoparticle nature of the film is clearly
seen and also the roughness of the sensitive coating.

150 ms

i 10 dB

Reflected Power (2 dB/div)

100 ms

Time (500ms/div)

Fig. 5 Dynamic performance of a SiO»-based optical humidity sensor taken from [61]
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Fig. 6 AFM height image of a film composed by 20 bilayers of 20 nm nanoparticles and 3 bilayers
of 7nm nanoparticles of SiO;. It has been taken from [61]

3.2 Transmissive Evanescent Wave Sensors

Intrinsic fibre optic humidity sensor can be fabricated using a porous segment of
fibre. This can be accomplished using sol gel which when dried has a refractive
index similar to that of the fibre. The special segment of fibre can be doped with
a humidity sensing material when it is synthesized, for example using CoCl; [12].
The main drawback of these sensors is the effect of sol gel aging.

On the other hand, a widely employed method to modulate the transmitted power
consists of modulating the evanescent wave. The passive cladding of the optical fibre
is replaced along a small section by a humidity sensitive material; so any change in
the optical or structural characteristic of the chemical dye due to the presence of the
humidity, provokes a change in the effective index of the optical fibre, changing its
transmission properties [62, 63]. There are several manners to do this; for instance,
it is possible to polish the fibre [64] or to use etching with hydrofluoric acid [65]. An
easy to implement alternative consists of using plastic cladding fibres (PCS) [66].
In these fibres, the cladding can be removed easily by mechanical methods allowing
highly reproducible sensors [67].

The transmittivity is characterized by the refractive index of the dye, the length
and the thickness of the new cladding among other parameters. If the new cladding
has a lower refractive index than the core the sensor response is governed by the
intensity modulation caused by light absorption of the evanescent wave which is
guided through the cladding [68]. Otherwise, for higher refractive index, part of the
light is refracted into the cladding and part is reflected back to the core [63].
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A bent fibre is also an interesting choice to increase the power coupled in
the evanescent field and hence the penetration depth in the humidity sensing area
[18, 63]. An important part of the light comes out at the curved portion of the fibre,
so a bent probe can lead to higher sensitivities in less exposed regions [15].

In the following sections, three structures that use evanescent waves to modulate
the transmitted power and whose performance has been studied for nanostructured
material are described: tapered optical fibres, hollow core fibres and long period
grating fibres.

3.2.1 Tapered Optical Fibres

In this case, the transducer element is a single mode tapered optical fibre coated
with a humidity sensitive material. By tapering of the fibre, it is possible to obtain a
more fragile but much more sensitive sensor [17].

In the light guided by an optical fibre it can be distinguished two components,
the component inside the core, and the evanescent component propagating through
the cladding. However, as the cladding is much thicker than the core, the interaction
of the exponentially decaying component with the external medium is insignificant.
When a single mode fibre is tapered the core/cladding interface is redefined in such
a way that the single mode fibre in the central region of the taper (Zone II in Fig. 4)
can be seen as a new waveguide formed by the tapered fibre (which acts as the core
of the new structure) and the surrounding medium (which acts as the cladding of this
waveguide). In consequence, the evanescent field interacts with the outer medium
changing the optical power transmitted.

The shape that the fibre acquires after the tapering process, which depends on
the method employed in its fabrication, has a high impact on the light transmission
properties. The tapering of the fibres can be achieved by heat pulling or chemical
etching [69]. Usually chemically etched tapers are characterized by the removal
of part of the cladding, while heat pulling tapers maintain the geometrical ratio
between cladding and core. Heat pulling tapers can be fabricated using a flame, a
laser or an electrical arc. In Fig. 7 a profile of a typical taper is shown. The transition
zones have normally different lengths because of the technique used for tapering.
As shown in Fig. 7, a tapered fibre can be divided into three regions: a contracting
tapered region L, a central region (waist) L., and an expanding tapered region L.

From now on it is supposed a conical distribution taper with step refractive-index
profile. Nevertheless, assuming the refractive-index of the optical fibre core as a
parabolic distribution, a more realistic theoretical study could be done [70]. An-
other supposition is that the ratio S = pclaading/ Pcore = 12.7 remains constant under
tapering and the V-parameter is defined as

2r

1
2 2 2
Veore = 1 *Peore * (ncore - ncladding) ’ o)

where A is the wavelength, pcore the radius of the core, neore and ncladding are the
refractive indices of the core and the cladding respectively. The V-parameter is the
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Fig. 7 (a) Optical fibre taper profile. (b) Photograph of a tapered fibre humidity sensor

normalized frequency of the fibre, a dimensionless parameter, and it gives informa-
tion about the number of modes propagating in a fibre [71]. When V = 2.405 only
the lowest order mode is propagating.

Stretching the fibre diameter leads to decrease the value of V, consequently the
intensity distribution of the fundamental core mode LP(y; changes from a narrow
profile to a broader one. If V continues decreasing it can reach its cut-off value (V)
and pc. will be the radius of the core when V = V.. This V. is the minimum value
of V to have light guided through the core, for smaller values of V the light cannot
be confined in the core. The numerical value of V.. has been determinate as [72]

Vee = 2/ In(S). (©6)

From this equation and for typical single-mode fibres with S > 10 it is predicted
Vee = 0.93. Thus, therefore a good approximation for the following experimental
results is to suppose a value of unity for V. [73].

In other words, for V = V.. the modal field expands and reaches completely the
cladding producing a set of cladding modes. Thus, the effect of tapering (for p = pcc)
is to create a region where cladding modes exist with a V value much greater that
2.405 [72]. For this reason in a taper we can find a singlemode-multimode transition
and a multimode-singlemode transition. This gives us the classical modal domain
interferometric structure (singlemode-multimode-singlemode). The coupling mech-
anism is determined between modes of same angular eigenumbers (LPg; to LPy,),
mainly between LPy; and LP;. It should be remarked that the total optical power
(core + cladding) in the taper remains constant [74]. Once the light passes through
the waist, the remaining light in the LPy; cladding mode is transferred to the LPy;
core mode which propagates through the conventional optical fibre. The remaining
light in other modes gets lost. Theoretical aspects of this phenomenon have been
exhaustively studied in [72, 73, 74, 75, 76].
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The cladding modes that are the cause of the power loss can be modulated once
the tapering process has finished by the deposition of an overlay surrounding mate-
rial. Small changes in the index of refraction or the thickness of this overlay greatly
influence the transmission properties in the multimode central region. The sensitive
overlay is used both for creating a humidity sensing surface and for adjusting the
working point of the sensor at the point of optimal sensitivity.

As can be seen in the experimental set-up of Fig. 8, the light is coupled from the
laser source and is guided until the sensor head, where the light interacts with the
humidity sensing material. The signal is transmitted to the optical detector.

In [19, 20, 21, 22] LBL was used to fabricate an optical fibre humidity sensor
based on [PDDA/ Poly R-478] nanostructured overlay.

In this work it was shown that the thickness can be controlled in order to optimize
the sensor sensitivity, by stopping the deposition process at the maximum slope of
the transmitted optical power, achieving 26.8 times better sensitivity with half the
thickness.

In Fig. 9(d) the transmittivity of a 20um waist diameter taper, coated with the
humidity sensitive polymer [PDDA-+/Poly-R-] is shown. When the working point
is located at a zone of high derivative in the transmission optical power curve, the
final sensor was much more sensitive. In Fig. 9(a—c) the experimental response to
relative humidity of the three sensors corresponding to the three working points is
shown. It is deducted that a higher slope of the transmission characteristic results in
sensors with a higher sensitivity. By using the experimental output optical transmis-
sion characteristics curve it is possible to find out the maximum slope zone of the

Date Adquisiiion

Optical
powermeter

Laser source

o [

Fig. 8 Transmission set up with a tapered optical fibre based evanescent wave sensor
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Fig. 9 Experimental response of 20 wm waist diameter TOF based humidity sensors to RH cor-
responding to three working points of coating thicknesses: (a) 23 bilayers, (b) 26 bilayers and
(c) 62 bilayers. (d) Transmitivity as a function of the sensitive deposited nano-film thickness. Ta-
per length: 2.2 mm. Nano-film: [PDDA+/Poly-R-]. A = 1310nm [19]

potential sensor in order to fabricate an optimized sensitivity sensor with a coating
thickness tuned around this working point.

3.2.2 Hollow Core Fibres

Another possibility for increasing the amount of optical power coupled in the
evanescent field is by using new types of fibres that have appeared a few years ago.
Among then, one can mention hollow core fibres. The simpler type of hollow core
fibres, consist basically of tubular fibres where the optical signal is guided mainly by
the cladding, and hence, it is easy to reach the evanescent fields. If a short portion of
a hollow core fibre is spliced spliced to a multimode fibre (MMF) using the appro-
priate electric arc conditions, the HCF collapses, forming a tapered solid fibre in the
interface between both fibres (see Fig. 10). In these devices, the light that is guided
in the core of a lead-in MMF can be coupled to the cladding of the HCF due to the
tapered region instead of being confined in the air core. When the light reaches the
lead-out MMEF, it is coupled into the silica core again. Because the light is guided
by the silica cladding in the HCF region, these devices, called MHM, can be used as
evanescent field sensors that are sensitive to any coating deposited onto this region
and have been also used to build optical fibre humidity sensors in [22, 23, 24].

In order to understand the influence of some important parameters on the behav-
ior of the MHM, in this and case in contrast to the previous architecture, a ray model
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Fig. 10 (a) Hollow core fibre with microstructurated cladding, connected between two standard
multimode optical fibre sections. A sensitive material can be also fixed onto the cladding. (b) Pho-

tograph of a MHM sensor

for a one-dimensional waveguide is developed (see Fig. 11). This model calculates
the transmitted power in the HCF after the multiple reflections of light at the inter-
face between the HCF and the exterior. The light source is assumed to be a lamber-
tian one oriented in the direction of propagation of the waveguide. The transmitted
power when no deposition has been performed on the HCF will be taken as a ref-
erence value (0 dB). This one-dimensional simple model is enough to qualitatively

Surrounding

medium (n=1)

ESAoverlay

0 Cladding(n

=1.45)

Core (n =1)

Fig. 11 Theoretical model: a lambertian light source impinges on a one-dimensional slab waveg-

uide with an LBL overlay on one side
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demonstrate the behavior of the structure. If more accuracy is required, a more com-
plex two-dimensional model is necessary.

Working with evanescent field sensors one important characteristic of the ma-
terial deposited is the refractive index. In this work it has been only deposited
[PDDA/Poly R], which refractive index is higher than that of the fibre. In order
to know what response the devices will have with different refractive index coat-
ings some simulations were done. The simulations were done with three different
refractive indexes, the one obtained in the experiments, another lower and the other
one higher; exactly 1.54 +0.004i, 1.37 +0074i and 1.67 + 0.004i, respectively. The
length of the HCF section used for the simulations was 20 mm and the wavelength
of the light source was 1310 nm. The results are shown in Fig. 12.

The response of the device is very different when the refractive index changes.
The transmitted optical power of the devices when n = 1.65 and n = 1.54 falls os-
cillatory as the thickness of the material deposited is increased unlike the power of
the device when n = 1.37 which has no oscillations. As can be seen, the depth and
period of the theoretical curve are bigger when n = 1.54 than when n = 1.65. On the
other hand, although the fall of the theoretical curve for n = 1.37 is not the biggest
one, since its transmission slope in the first few nanometers of thickness is very
high it could be used to develop very sensitive sensors, depositing materials with
the appropriate refractive index and with a thickness of few decades of nanometers.

Some experimental results are presented in Fig. 13; the HCF segment used in the
MHM has a length of 20 mm, and diameters of 50/150 um.

The power transmitted by MHM structures follows an oscillatory way as the
number of nano-bilayers deposited gets increased. As it can be seen, the period
of this oscillation depends, among other parameters, on the wavelength of the
light source as expected due to the modal interferometer behaviour it exhibits.
Furthermore, it is observed a gradual decrease of transmission due to the non-zero

n=1.67+0.04i

7

Transmitted Optical Power (dB)

2 AN

18 n=1.37+0.074i

0.00 0.50 1.00 1.80 2.00 250
Thickness of Overlay (microns)

Fig. 12 Theoretical optical power transmitted by three MHM devices 20 mm long when the refrac-
tive index of the material deposited are: 1.54 +0.0044, 1.37 +0074i and 1.67 +0.004: at 1310 nm.
Waveguide thickness: 50 microns [23]



Optical Fibre Humidity Sensors Using Nano-films 169

ok
=
)

@ -5 A

= 4 a . 2=1310nm

- 9

g 10 L/ T,

o Y £ N

= \ £ Y

E 15 L ‘r i\ p s,

-3 s P A e,

9 20 4 £ s

2

£ £

£ 25 2—850nm N4

£ Bt

s —30

-35
0 20 40 60 80 100 >

Bilayers

Fig. 13 Experimental data of the optical power transmitted by one MHM device 20 mm long with
HCF 50/150 um inner and outer diameters at two different wavelength: 850 nm and 1310 nm [23]

imaginary part of the refractive index of the nano-film deposited. The amplitude of
the oscillatory behaviour of the transmitted power trends to reduce when the inner
diameter decreases because the evanescent field ratio respect to the total transmitted
optical power is higher. There exists others parameters that also affect to the opti-
cal power transmission of this device as the length of the HCF section, the splice
machine parameters used to tapered the multimode fibres (that is, the slope of the
taper) the index of refraction of the overlay, etc.

Also, to evaluate the response of these proposed sensors, we exposed the sensor
head to rapid changes of the RH. Human breathing contains more water vapour
than the normal room environment. Accordingly, the sensor was set 3 cm from
a subject’s mouth. The results obtained are shown in Fig. 14. The observed rise
response times were around 300 ms. The fall times were less than a couple of
seconds.

I Breathing

[ ¥

Transmittivity (0.2dB/div)

.
>

Time (10s/div)

Fig. 14 Experimental response to human breathing using a 20 mm-long HCF. Taken from [77]
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3.2.3 Long Period Fibre Bragg Grating

Long Period Fibre Gratings (LPFGs) are based on a periodic index modulation of
the refractive index of the core of a single mode fibre (SMF), with a period between
100 microns and 1 mm. LPFGs induce attenuation bands in the transmission spec-
trum based on the coupling between the core mode and the copropagating cladding
modes. Because of that, the influence of the surrounding medium on the LPFGs
transmission is more important than in fibre Bragg gratings (FBGs), where there is
a contrapropagative coupling only between core modes. It has been experimentally
proved that the deposition of thin layers onto the surface of the fibre using Langmuir
Blodgett (LB) technique, LBL or dip-coating, can induce important changes in the
resonance wavelengths [78, 79, 80, 81, 82, 83, 84, 85]. In this way, long-period fi-
bre gratings (LPFGs) can used for the construction of evanescent wave sensor; the
changes of the deposited overlay due to the humidity induce changes in position of
the attenuation bands that are collected in the OSA.

In Fig. 15 it is represented the typical setup used for monitorization of the trans-
mission spectra in a long-period fibre grating (LPFG). The flat spectrum from a
broadband source is launched into the optical fibre and at the output, the transmis-
sion spectrum with the attenuation bands generated due to the coupling of light from
the core mode to the cladding modes, is collected in an optical spectrum analyzer
(OSA).

There are two key points that define each attenuation band. The first one is its
depth. This can be approximated with this expression [86]:

T; = cos” (kL) (7

where i is the cladding mode order, k; is the coupling coefficient and L the length of
the grating.

The second key point is the resonance wavelength. Though the simple phase
matching condition is sufficient to give an approximation of the central wave-
length of the attenuation band, the modified phase matching condition is often pre-
ferred [87] :

INPUT SIGNAL TRANSMITED SIGNAL
Light_ Light
Intensity Intensity
A A
A
=-> -
g /?L B
S —
Wavelength (nm) Wavelength (nm)

Fig. 15 Schematic working principles of LPFG
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27N
Bot (D) + 001,01 (D) = (Bos (D) + s00j.0(A)) = ——~ (8)

A
where Bo1 and By are the propagation constants of the core and the j cladding modes
respectively, 1,01 and 6o 0; are the self-coupling coeflicients of the core and the j
cladding modes, s is the coefficient of the zero-frequency Fourier component of the
grating, A is the period of the grating, and N is the diffraction order.

The development of numerical methods has helped to understand the phenomena
involved in these experiments. The wavelength shift of the attenuation bands was
explained in [88] with a scalar analysis of modes (LP mode approximation) and the
application of coupled mode theory [87]. If an overlay of higher refractive index
than the cladding is deposited on this LPFG, as the overlay thickness increases,
cladding modes shift their effective index to higher values. When the overlay is
thick enough, one of the cladding modes is guided by the overlay. This causes a
reorganization of the effective index of the rest of modes.

In Fig. 16 the effective index of the first ten cladding modes are represented as
a function of the coating thickness. The notation used is LPg for the first cladding
mode, LP3 for the second cladding mode and so on. Cladding modes with lower
effective index than the one that is guided by the overlay will shift their effective in-
dex value towards the effective index of the immediate higher effective index mode.

As more material is deposited, the effective index distribution before deposi-
tion is recovered. The effective index of the eighth cladding mode will be now that
of the seventh one, the effective index of the seventh cladding mode will be that
of the sixth mode, and so on. During the first redistribution there is a sudden ef-
fective index increase for the LPp, mode. The same is true for the LPg3 mode
during the second redistribution, for the LPg 4 in the third one, and for the LP 5
in the fourth one. A more detailed explanation of these statements can be found
in [88].
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Fig. 16 Effective index of the first ten cladding modes as a function of the overlay thickness of the
nano-film deposited
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The same phenomenon observed for the effective index of the modes is true for
the resonance wavelength values because there is a close relation between the reso-
nance wavelength of each attenuation band and the effective index of its correspond-
ing cladding mode.

Several studies have been developed in the last years related to the experimen-
tal behaviour of the LPFG to thin layers [25, 78, 79, 80, 81, 82, 83, 84, 85, 89].
When an intermediate external medium (a coating) is added between the surround-
ing medium and the cladding of the LPFG two additional parameters are added: the
overlay refractive index and the overlay thickness which can be controlled using
the appropriate deposition technique. By adequate parameterization of the overlay
thickness and overlay refractive index the device can be optimized for a maximum
wavelength shift, thus a maximum sensitivity, as a function of specific parameters
[90, 91]. An usually employed method for improving the sensitivity is based on the
deposition of a thin overlay on the cladding of an LPFG. In this way, it is possible to
design a device with optimal sensitivity. The phenomenon has also been experimen-
tally analyzed with an improvement in the sensitivity of the device by more than ten
times [85].

In [92] a humidity sensor using a long-period fibre grating (LPG) and a SiO»-
nanospheres coating was developed. Figure 17 shows a humidity cycle. The dashed
line represents the relative humidity variation, and the straight line represents the
peak of absorption of the LPG. At different humidity values, the polymeric over-
lay changes its optical properties yielding to a shift in the resonance wavelength
of the LPG. Wavelength shifts up to 12nm in a range from 20 to 80% of humid-
ity level were obtained. When the relative humidity increases, the resonance wave-
length peak shifts to lowers wavelengths. This effect is due to changes accomplished
in the refractive index of the SiO,-nanospheres film.
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Fig. 17 Resonance wavelength shift for different relative humidity levels. It has been taken
from [94]
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4 Conclusions

The field of optical fibre humidity sensors has been reviewed, with special attention
to those coated with nanostructured films. The basics of the LBL method applied to
the fabrication of humidity sensitive coatings have been described. The main sensing
mechanisms and architectures have been studied paying attention to the different
methods of fabrication; both reflection and transmission configurations have been
taken into account. The first one is based on the deposition on the tip of optical fibre
creating a nanocavity, while the second group is based mainly on evanescent field
based modulation.
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