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a  b  s  t  r  a  c  t

In  order  to improve  the  sensitivity  of an  interferometric  humidity  sensor  based  on a photonic  crystal  fiber
with  a sputtered  SnO2 nanocoating,  a study  of  the  effect  of its  thickness  on  the sensitivity  is presented  in
this  paper.  Sensors  with  coatings  of different  thickness  were  performed  by applying  distinct  sputtering
times  in  order  to  obtain  an optimal  thickness:  the  resulting  nanofilms  ranged  from  470  to  1800  nm.
Sensors  were  tested  increasing  the  relative  humidity  from  20%  to 90%,  finding  that  the  thickness  was
eywords:
hotonic crystal fiber
nterferometer
puttering
hickness
umidity sensor

a  key parameter  which  has  to  be optimized  at nanometer  scale  to get the  best  sensitivity.  The study
points  that there  is  an  optimal  thickness  and  higher  or lower  thicknesses  worsen  the  sensitivity  of  the
sensor.  The  optimal  sensor  showed  a humidity  resolution  of 0.067%HR,  a wavelength  shift  of  67 nm and
a  negligible  sensitivity  with the temperature.

© 2017  Elsevier  B.V.  All  rights  reserved.
vanescent field

. Introduction

A high number of papers have been published in the field of
ptical fiber optics in the last decades. This fact is due to that fiber
ptic sensors have several advantages over other devices such as
lectromagnetic immunity, light weight, low transmission losses in
he communication window, low cost or wavelength multiplexing,

aking very interesting its use in many applications [1–4].
In this context, new optical fibers have been developed in order

o improve the characteristics of the traditional fibers such as the

uidance of the polarization, unprecedented dispersion or non-
inear properties. It is the case of Photonic Crystal Fibers (PCFs),
lso called holey fibers, which contain arrays of tiny air holes along

Abbreviations: PCF, photonic crystal fiber; PCF-I, photonic crystal fiber interfer-
meter; SMF, single mode fiber; LMR, Lossy mode resonances; RH, relative humidity;
SA, optical spectrum analyzer.
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arregui@unavarra.es (F.J. Arregui).
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their structure [5–7]. This kind of fibers has attracted an intense
research activity because of the possibility of fabricating new opti-
cal fiber sensors; devices based on the evanescent field interaction
in the holes inside these microstructured fibers is an example [8].

The holey structure of photonic crystal fiber (PCF) allows to
detect many parameters such as gases [6], volatile organic com-
pounds (VOCs) [9], temperature [10], strain [11] or humidity [12].
To enable the interaction, the holes of the PCF are collapsed making
possible that the modes of the fiber can interact with the evanes-
cent field and with the environments [13]. Previous papers show
interesting results in these fields which encourage to work in them
as is the case of humidity sensors [14,15]. The measurement of
humidity is required in a range of areas, including meteorological
services, chemical or medicine industry, food and beverages pro-
cessing industry, civil engineering, air-conditioning, horticulture,
and electronic processing [16,17]. These sensors, compared with
their conventional electronic counterparts, offer specific advan-
tages such as the possibility to work at high relative humidity values

avoiding the risk of short circuit or corrosion resistance, among
others mentioned above.

Most of these fiber optic humidity sensors work on the basis of a
hygroscopic material coated over the optical fiber to modulate the
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ig. 1. (A) Scheme of the photonic crystal fiber interferometer (PCF-I): (B) Detail of t
eometry and dimensions of the PCF used in this work.

ight propagating through the fiber. In [18], a relative humidity sen-
or based on an agarose coating is reported. This study shows that
he technique used to deposit this type of materials, dip-coated,
oes not ensure a repeatable coating in different sensors. Because
f this, it is necessary to monitor the spectral shift during the coat-
ng process to achieve an optimal thickness for the coating. For this
eason, in this paper the use of a hygroscopic material that can
e deposited by an electrostatic self-assembly onto the fiber with a
epeatable thickness is proposed as a good alternative in the future.
n [19], this subject is tackled with very interesting results using the
ayer-by-Layer nanoassembly technique [20].

With the aim to improve the sensitivity of previous devices, the
urrent work proposes an interferometric humidity sensor based
n a PCF with a sputtered semiconductor nanocoating (tin oxide,
nO2) [21]. SnO2 is highly sensitive to changes on the humidity [22]
nd, when used onto optical fiber, it does not have to be heated to
perate. Among different methods to deposit it, sputtering tech-
ique allows nanofilms to be fabricated with a high uniformity,
eproducibility and with short construction times [23]. Further-
ore, the nanofilm thickness can be controlled at nanometer scale.

his feature is critical in the case of sensors based on the interac-
ion of the evanescent field with the coating because the thickness
hould be always below its penetration depth [18,19]. Moreover,
hanks to the interferometric nature of the proposed device, the
rowing of the coating can be monitored on real time by registering
he transmission spectra of the sensor and observing any red or blue
hift. The resulting sensor characterization can be also expressed in
erms of spectral shift, which is more robust than intensity based

easurements.
The sensor developed in this paper improves the sensitivity and

he wavelength shift of previous works, has a good repeatability
nd it is relatively easy to made. Also, to our knowledge this is the
rst time that a SnO2 nanocoated has been deposited by means of
puttering technique on a PCF as humidity sensor.

. Experimental details
.1. Sensing material

SnO2 has various specific and unique properties, which make
his material very useful for many applications [24]. The structure
ice between PCF and SMF showing the collapsed region of the PCF: (C) Cross section,

of SnO2 is an isotropic polar crystal which crystallises in tetrag-
onal rutile structure. The unit cell contains six atoms (2-tin and
4-oxygen, respectively). Each tin atom is at the center of six oxy-
gen atoms placed at the corners of a regular slightly deformed
octahedron [25,26]. Thanks to this geometry, the interaction with
water molecules is possible but in different ways depending on
the temperature. The majority of metallic oxides need to work at
temperatures higher than 150 ◦C [27] but this paper proposes to
perform the study at room temperature (25 ◦C). At this tempera-
ture, below 60 ◦C, water molecules interact with SnO2 by means of
physisorption (the adsorption with the least possible interaction
due to the dipole/dipole interactions) [26]. Based on these proper-
ties and knowing that SnO2 is highly sensitive to relative humidity
changes, chemically stable and it can be deposited by sputtering
technique, it was  chosen as sensing material.

2.2. Theoretical background of the PCF-I

The dimensions of the PCF used are shown in (Fig. 1). The air
holes pattern are distributed in a hexagon (with a radius of 20 �m)
centered at core fiber: each hole has a diameter of 7.5 and the
distance between two  neighbor holes is 4.3 �m (Fig. 1C). The inter-
ferometric sensor was built by splicing 1 cm of PCF between two
standard single mode fibers (SMF) (Fig. 1A). Due to the splicing, the
voids of the PCF were collapsed completely along the two transi-
tions SMF-PFC-SMF [28]. These transitions were named micro-hole
collapsed region (Fig. 1B).

To understand how the interferometer works, it is necessary to
analyze the optical signal when it gets into the interface between
SMF  and PCF and vice versa. At this point, part of the fundamental
SMF  mode is coupled to the PCF cladding modes which are affected
by the external refractive index. The propagation constants of PCF
cladding modes are different and consequently, the cladding modes
accumulate a phase difference as they propagate along the PCF
section. Once these cladding modes reach the second PFC-SMF tran-
sition, they interfere with the remaining fundamental SMF  mode,

producing an interferometric response. Fig. 2 shows a design of the
light beam to make easier the understanding. This is the transduc-
tion mechanisms of the device and it is based on a Mach Zehnder
interferometer [29].
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Fig. 2. Operating mechanic of the PCF-I. The arrows show the behavior of the
cladding and core modes trough the PCF; in blue are drawn the holes of the PCF
and in black the micro-hole collapsed sections; along the PCF the SnO2 nanocoating
is  represented with a grey rectangle. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Interference pattern of the PCF-I from 1200 nm to 1400 nm with a difference
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ing spectrums during the 100 min  sputtering were recorded every
minute: all of them were displayed in a 2D graph. Every spectrum
etween peaks of 55 nm.

Fig. 3 shows the interferometric response obtained before the
eposition of the SnO2 thin film. It can be seen that the transmission
f the PCF-I exhibits a series of periodic maxima and minima with a
eriod of 55 nm.  The transmission spectrum of the interferometric
attern can be expressed with the next mathematical formula [30]:

(�) = Ico (�) + Icl (�) + 2[Ico (�) Icl (�)]1/2 + cos
(

2��nef L/�
)

here Ico and Icl are the intensities of the cladding and core modes,
 is the length of the PCF-I segment and � is the wavelength
f the guided light. These parameters are constant but the term
os(2�Dnef L/�) changes, specifically �nef: this parameter is the
ifference between the refractive index of core and the effective
efractive index of cladding modes. In our case, the effective refrac-
ive index of cladding modes is influenced by the change in the
ffective refractive index of the nanofilm as well as by the working
avelength. This theory can be applied if the nanofilm thickness is

elow the penetration depth of the evanescent field: otherwise, the
anofilm acts as an infinite medium because any thickness increase
oes not modify the effective refractive index of the cladding. Due

o this fact, it is necessary to make a study with different nanofilm
hicknesses in order to obtain an optimal value.
uators B 251 (2017) 1059–1067 1061

2.3. Experimental set up and instrumentation

As it can be observed in Fig. 4, the set up used for the construction
of the SnO2 thin film was performed in transmission mode. A multi-
LED light (HP83437A) source was  used to illuminate a standard
SMF  (Corning SMF-28) whose emission spectrum range was from
1200 nm to 1600 nm.  A Pulsed DC-Sputtering System (Nadetech
Inc.) was used to fabricate the SnO2 thin film and an optical spec-
trum analyzer (OSA-HP86142), controlled by a computer, was  used
to analyze the PCF-I interferometric response during the construc-
tion process as well as during the characterization of the sensor.

Fig. 4 also shows the set up used to the interrogation of the
humidity response of the sensor. This set up was  similar to the pre-
vious one only replacing the Pulsed DC-Sputtering System instead
of the climatic chamber (Angelantoni, CH 250) where de PCF-I
was located. The sensor humidity response was performed plac-
ing the PCF-I into the climatic chamber where the humidity was
increased/decreased from 20% to 90% RH at a constant temperature
of 25 ◦C.

2.4. Construction of the nanofilm

The PCF-I was placed into the vacuum chamber of the sputter-
ing machine, where it was  coated with SnO2. An advantage to use
a DC-Sputtering System is that the material is deposited homoge-
nously around the entire surface of the fiber avoiding the necessity
to rotate it. The two  SMF  pigtails were placed in the sputtering
machine through wall bushings which ensured the vacuum, so that
the transmission spectrum could be tracked in real time. In this way,
an increase in the nanofilm thickness should produce a red shift in
the interference pattern, making possible to follow the growing as
well as preparing PCF-I in a reproducible manner.

The SnO2 target, 99.99% of purity, was  purchased from
ZhongNuo Advanced Material Technology Co. The sputtering
machine was set to a power of 90 mW,  a current of 140 mA  and a
chamber pressure of 6 × 10−2 mbar. Four sensors were carried out
with different thin films and different construction times: in every
case, the distance between the SnO2 target and the PCF-I was 5 cen-
timeters. The resulting thickness of the nanofilm is determined by
the construction time in such a way that the thickness increases as
the time passes. In order to confirm that the nanofilm construction
process is reproducible, three different constructions (with a depo-
sition time of 5 min) were carried out on three different days with
the same construction parameters mentioned above. The resulting
nanofilm thicknesses (337 nm,  334 nm and 328 nm, respectively)
were measured with a quartz crystal microbalance (QCM)  located
at a 9 cm from the SnO2 target. Consequently, a standard devia-
tion of 3.74 nm (less than 1.15%) was  obtained, confirming in this
manner that the sputtering technique can be considered highly
reproducible. Several authors have studied the effect of post pro-
cessing in metallic oxide, such as heat curing, with interesting
results but this effect will be studied in future works due to the main
objective of this paper is to study the feasibility of the humidity
sensor [31].

3. Study of the optimal nanofilm thickness

First of all, a sputtering construction of 100 min  was carried out
with the intention of studying the behavior of the PCF-I during
construction in terms of the wavelength shift. Fig. 5A shows the
evolution of the PCF-I peaks along the construction time. The result-
was represented in the vertical axis and their respective magni-
tudes (expressed in dB) were indicated by a color map. Each peak of
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ig. 4. In yellow, the transmission set up used to monitor the deposition process b
esponse of the sensor towards humidity. (For interpretation of the references to co

he interference pattern has associated a wavelength shift. For cer-
ain areas for the graph, the shifts describe a slope: this parameter
an be used to determine the optimum point to stop the construc-
ion [19]. At the point where the slope is high, small changes in the
efractive index of the coating will give high spectrum shifts, or in
ther words, will yield into a high sensitivity.

As it can also be appreciated in Fig. 5A, there are zones (indicated
y dashed black circles) where the interference pattern disappears.

t is due to the presence of a certain electromagnetic resonance
nown as Lossy Mode Resonance (LMR) [32]. Briefly, an LMR  con-
ists of the coupling of the light traveling through the core to
he cladding when certain boundary conditions (related with the
efractive index and the thickness of the coating) happen. In the
ase of the PCF-I, when these conditions are fulfilled, the core mode
long the PCF segment loses its intensity, in such a way the inter-
erence between cladding modes and it is negligible at the second
ollapsed region [33]. As it can be noticed in Fig. 5B, LMRs appear at
0 min, 40 min, 60 min  and 80 min  during the sputtering process.

t is critical to avoid this phenomenon to obtain a proper interfer-
metric pattern. In light of these results, the sputtering time was
imited to 20 min.

It is also noticeable that there is not slope change and therefore
o wavelength shift when the construction last longer than 40 min.
his is because sputtering times above this value yield to a thickness
igher that the penetration depth of the evanescent field: in this
anner, the coating acts as infinity medium. As a consequence, no

hift in the interferometric pattern is observed beyond this time.
With the aim to locate the point which the highest peak slope,

he evolution of the spectral shift during the first 20 min  of con-
truction process were studied in details. To make its evaluation

asier, three different sections were considered (they are delim-
ted in Fig. 5B with a vertical dashed black line), each one with a
pecific slope (red shift in every case):
on sputtering method; in orange, the transmission set up used to characterize the
n this figure legend, the reader is referred to the web version of this article.)

• Up to the first 10 min  the total shift is 25 nm,  and it is the lowest
observed.

• Between 10 and 15 min  the slope of the peaks shift was  increased
up to 53 nm

• Beyond 15 min  the total wavelength shift is 79 nm but as the
deposition time gets close to 20 min, the amplitude of the peaks
tends to decrease and finally, the interferometric pattern disap-
pears. It is due to the presence of a zone where the interference
pattern disappears, and consequently this period of time is not
the best option to stop the construction

Taking these considerations about the sputtering time into
account, four sensors were performed with different times: the first
two sensors with a construction time of 5 and 10 min, the third
one with 15 min  and the last one with 20 min. The corresponding
thicknesses for each one were measured by Scanning Electronic
Microscope (SEM): 470 nm,  800 nm,  1150 nm and 1800 nm,  respec-
tively.

As it can be seen in Fig. 5C, the spectrum of the PCF-I showed sev-
eral peaks with different amplitudes and transmittances. To make
the study easier, only one peak of them was selected although every
peak had its own  wavelength shift; the peak centered at 1295 nm
(in Fig. 5C is highlighted by a red circle). This peak was selected
because it was the narrowest and had the highest dynamic range.
The spectral shifts of this peak with the four different thicknesses
are showed in Fig. 6. In each case, initial pattern is plotted in blue
(left vertical axis) and the shifted one is drawn in orange (right ver-
tical axis). The sensor with a construction time of 20 min  showed
the highest wavelength shift but it had some drawbacks: as it can

be seen in Fig. 6.D, the dynamic range of this peak was reduced con-
siderably because of the proximity of the LMR. Due to this fact, a
small red wavelength shift when it was exposed towards humidity
changes would cause the loss of the interference pattern. Taking it
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Fig. 5. (A) Spectra red shift observed along the construction process of the nanofilm: a black dashed circle indicates the zones where the interference pattern disappears: (B)
D fts: th
t ion sp
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etail  of the first 20 min  to show three different sections with distinct spectral shi
he  PCF-I spectrum along the first 20 min  of the construction process (C) Transmiss
nterpretation of the references to colour in this figure legend, the reader is referred

nto consideration, it was decided to choose the sensor prepared
ith 15 min  sputtering time (and a 1150 nm coating thickness):

he shift produced by the coating is 53 nm and at that point, the
igh slope and the narrower and deeper valley guaranteed a high
ensitivity and a better way to register spectral shifts.

. Results and discussion

The behavior of the four sensors towards humidity was studied
y placing them in a climatic chamber where relative humidity was

aried from 20% to 90% RH while the temperature was kept con-
tant to 25 ◦C. The shifts observed for the peak initially located at
295 nm for each sensor are displayed in Fig. 7A. It can be observed
hat the highest shift is obtained for the sensor with a thickness of
e dashed turquoise blue lines show the wavelength shifts of the different peaks of
ectra of the PCF-I which the peak selected for the study in a red dashed circle. (For
e web version of this article.)

1150 nm,  specifically, 67 nm:  it confirms the hypothesis exposed
before about the optimal sputtering time. To our knowledge, this
wavelength shift improves the previous results reported in other
papers [34,35]. These experimental results showed a sensitivity of
0.96 nm/HR% for this sensor and a relative humidity resolution of
0.067%HR (with an OSA resolution of 0.06 nm). Lower sensitivities
were obtained for the rest of thicknesses, 0.23 nm/HR% (480 nm);
0.31 nm/HR% (800 nm); and 0.19 nm/HR% (1800 nm), respectively.
It is remarkable that for a lower thickness, the total spectra shift
was lower (16 nm and 22 nm,  respectively); this is because of the

nanofilm thickness is thinner than the one of the optimized sensor
and a smaller part of the evanescent field interact with it. Regarding
to the sensor with a thickness of 1800 nm,  the wavelength shift was
13 nm.  The reason of the low wavelength shift has been exposed
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Fig. 6. Spectral red shift of an interferometric valley centered at 1295 nm along the sputtering: (A) 5′ , (B) 10′ , (C) 15′ and (D) 20′ . In each case, initial pattern is in blue (left
vertical  axis) and the shifted one in orange (right vertical axis). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of  this article.)
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ig. 7. (A) Wavelength shift for different relative humidity registered from the opti
he  highest sensitivity. All the spectra are normalized for the sake of clarity. (For in
eb  version of this article.)

bove and it is due to the nearby presence of LMR  which makes the
nterference pattern disappear, worsening the response of the sen-
or. Taking into account that the main phenomenon of interaction
etween SnO2 and H2O molecules is the physisorption [27] and as

t is explained and studied in [36], the response and recovery times
f sensors with thinnest films are supposed to be faster.
Fig. 7B shows the detailed spectra centered at the transmission
alley used as reference of the best sensor obtained for different
alues of RH. The sensor showed a red shift due to the effect of the
 sensor; (B) Detailed red shift of a certain transmission valley from the sensor with
tation of the references to colour in this figure legend, the reader is referred to the

humidity on the thin film [37]. All the spectra in the figure were
normalized for the sake of clarity. Furthermore, it can be appre-
ciated that when the RH is high, close to 80%, the spectra shift
was also higher (with a sensitivity of 3 nm/%HR) than the spectra
shift at lower RH values (from 20% to 80% HR the sensitivity was
∼1 nm/%HR). In the range 80% −90% HR, the behavior of the sensor

can be considered as exponential behavior. This result is very inter-
esting because the sensor can be used in applications which a high
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ig. 8. (Up) Humidity cycles performed by the climatic chamber which the relative
hen  it was placed in the climatic chamber. The Y axis represented wavelength and

 nanofilm thickness of 1150 nm.

elative humidity is required to work. Also, due to the features of
he sensor, the risk of short circuit with these conditions is avoided.

The response of the optimized sensor was studied with more
etail by plotting the complete spectral evolution during differ-
nt humidity conditions on real time by sampling the transmission
pectra every minute: specifically, the device was  exposed to
hanges between 20% and 90% HR three times. The results obtained
re displayed in Fig. 8: the graph above shows the temporal evo-
ution of relative humidity, whereas the spectra registered along
he test are shown in the graph below. In this manner, the horizon-
al axis of the spectra graph, although expressed in time units, is
irectly related with the relative humidity value. It can be observed
ow the spectral shift follows the change in humidity along time:
ctually, the higher sensitivity above 80% is also noticeable. Fur-

hermore, no hysteresis is observed and what is more, the response
f the sensor is repetitive and stable in time (there is no shift when
elative humidity is 20% between the cycles).
idity is increased from 20% to 90% RH; (Down) Transmission spectra of the sensor
 axis time. The black dashed line represents the wavelength shift of the sensor with

The temperature effect on the sensor under study was  also
checked: it has been studied using the same climatic chamber as
before but was  increased from 15 ◦C to 40 ◦C, setting the RH at 40%.
Furthermore, the stability of the sensor towards temperature was
studied with a cycle of 200 min  at constant temperature (40 ◦C)
once this value was  reached. As it can be observed in Fig. 9, the
wavelength shift of the peak was  below 1 nm,  which can be math-
ematically compensated.

5. Conclusions

Thanks to the study that it has been carried out in this paper,
these conclusions can be derived. Firstly, oxide metallic (in our case

SnO2) can be use as sensing material in sensors based on an inter-
ferometric pattern. Also, this kind of materials can be work at room
temperature which is a high advantage over other devices such as
electronic sensors.



1066 D. Lopez-Torres et al. / Sensors and Act

F
n

b
t
s
t
t

t
p
T
a
s
p
a
v
g
a
(

a
w
p

g
t
r
c
o

C

A

C
U
e
a
i

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ig. 9. Study of the wavelength shift of the selected peak of the sensor with a
anofilm of 1150 nm when it was  exposed to different temperatures.

Whit the aim to obtain the best sensitivity for the sensors, it has
een confirmed that the nanofilm thickness is the key parameter in
his process. But to achieve it, it is necessary to work at nanometer
cale, where nanofilm thickness is below the penetration depth of
he evanescent field. The sputtering technique allows to work at
his scale making very interesting its use in this work.

The operating mechanism of the sensor is based on the interac-
ion between cladding modes and the SnO2 nanofilm. To make it
ossible, a suitable nanofilm has to be deposited along the PCF-I.
his study concludes that there is an optimal thickness, 1150 nm,
nd higher or lower thicknesses worsen the sensitivity of the sen-
or. It has been found that there is a tradeoff related with this
arameter: as it increases, the interaction between cladding modes
nd nanofilm also increases but when the thickness reaches the
alue of the evanescent field, the device loses sensibility as the film
rows. Moreover, during the construction process of the nanofilm
nother phenomenon occurs, the presence of magnetic resonances
LMR) which have to be avoided.

Due to the features of the PCF-I spectrum, the sensors were char-
cterized by following the wavelength shifts. These measurements
ere robust and they allowed to control the nanofilm construction
rocess as well as the characterization of the sensor.

To summarize, the resulting sensor offers a repeatable response,
ood repeatability in terms of thickness, low hysteresis, long-
erm stability and a humidity resolution of 0.067%HR. Taking these
esults account, this paper encourages to continue studying the
onstruction of nanofilms based on metallic oxide to develop fiber
ptic sensors.
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