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Abstract: A micro-optical Fabry–Perot cavity fabricated by non-linear laser lithography on the endface
of a standard telecom fiber is tested here as a microsensor for identifying oily liquids. The device
operates within the 1550 nm spectral region, while the spectra recorded in reflection mode correlate
to the refractive index of the oily liquids used, as well as, to the diffusion dynamics in the time
domain of the oily samples inside the porous photo-polymerized sensing head. The operation
of the microresonator sensing probe is explained by using a three-layer Fabry–Perot model and
basic diffusion physics to estimate diffusivities for three series of refractive index matching oils
with different chemical compositions that had been used in those experiments. The distinct
spectro-temporal response of this sensing probe to the different oil samples is demonstrated
and discussed.

Keywords: optical fiber sensors; Fabry–Perot resonators; porous surfaces; oils; diffusion in porous
layers; direct laser writing; multi-photon polymerization

1. Introduction

There is increased academic and industrial interest in the development of optical fiber sensing
devices with direct implementation into the high socio-economical impact value chains of food
quality monitoring, including taste monitoring, detection of adulteration, genetic modification and
micro-organism growth [1–3]. The small size of optical fibers, their capability of providing intrusive
sensing operation [4–6], and their straightforward interrogation in spectral or amplitude mode [7], has
prompted further investigation into their use in functional sensing schemes covering the above
horizontal and vertical applications. While the sensitivity of such types of photonic sensors is
always the first parameter to be considered-usually expressed as wavelength shift of nm/RIU (RIU:
refractive index units), corresponding to specific spectral features of the sensor monitored-, one
parameter that predominantly affects the practical implementation of those sensors and their potential
commercialization is selectivity. Selectivity of detection can be achieved through specific approaches
based on chemisorption, biofunctionalized markers, electro-chemical reactions or swelling effects
induced by in-diffusion processes [2,8–11]. In particular, in-diffusion processes are based on simple
physisorption surface effects [12], influenced by the surface affinity and nano-structure of the sensing
probe and the temperature of the analyte, while providing the advantage of simplicity in terms of the
transduction mechanism.

We have recently demonstrated a micro-optical, hollow cavity, Fabry–Perot (FP) resonator
accommodated onto the endface of a standard optical fiber for the high sensitivity tracing of organic
volatile substances, while exhibiting high sensitivity (down to 4 parts per million (ppm)) and
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specific selectivity capabilities [13,14]. This sensing probe was readily fabricated using multi-photon
polymerization laser processing, a method providing high fabrication flexibility, sub-micrometric
spatial resolution structuring and rapid prototyping characteristics. This sensing micro-probe was
tested against the vapors of different chlorinated methylenes, exhibiting distinct spectro-temporal
response to vapors of different chlorine coordination/number.

The results of these experiments demonstrate that the specific sensing head has specific advantages
compared to the existing art. In comparison with other fiber-optic Fabry–Perot refractive index
sensors, which are fabricated by combining standard optical fibers and microstructures optical fibers
(MOFs) [15–17]; or by using laser micromachining [18,19], the present sensing head offers an intrinsic
distinct transduction mechanism based on its porous surface facilitating the specie diffusion process.
As investigated before, its distinct sensing behavior based on physisorption phenomena, allows full
recovery after each sensing cycle and is reused several times without reducing its sensitivity and
selectivity, always compared to sensors that are based on chemisorption effects [20–23].

Herein, we are extending the operation of this optical fiber endface, Fabry–Perot sensing
probe, into the refractive index and substance-dependent sensing of oily liquids. The results
presented below show that beyond the typical refractive index sensing capabilities of this sensor,
monitored as corresponding wavelength shifts of the Fabry–Perot spectral notches, there is also a clear
spectro-temporal feature related to the diffusion of the oily liquids inside a thin porous layer of the
photo-polymerized cavity section. This spectro-temporal feature is manifested as a wavelength shift of
the Fabry–Perot spectral notches, with typical time scales spanning between 5 and 35 min, depending
on the chemical substances that the oily matrix used contains. By assuming a thin diffusion layer
(where the oily medium can penetrate) and using a simple diffusion equation, we estimated diffusion
constants for oils of different carrier materials and refractive index tuning additives. Therefore, the
novelty of the sensor presented is the exploitation of the porosity of the photopolymerised Fabry–Perot
light resonation structure, for monitoring the diffusion process of oily media into its volume, and
accordingly recording the speed of this in-volume diffusion of the oil samples by interrogating
modifications into the spectra of the Fabry–Perot resonator. Finally, the spectro-temporal data obtained
are discussed using a three-layer Fabry–Perot model, for understanding the role of the thin porous
layer underlying the particular transduction behavior of this optical sensing probe.

We believe that the sensing results presented in this work can constitute a first but solid basis
for the development of simple, easily interrogated and functional, optical fiber sensing probes for the
identification of adulteration processes in oily media [24,25]. Such a sensor can primarily target the
high market volume of olive oil, which is considered to be the absolute standard with respect to the
edible oils, with a proven positive impact on a balanced diet and prominent benefits to cardiovascular
health [26,27]. Adulterants may be introduced in edible olive oils in ratios between 1% and 80% per
weight [28,29]. Other substances that can affect the quality of olive oil are those of plasticizers in
relation with the storing container or the condition of the specimen [30,31]. Both adulterants and
plasticizers can be manifested in changes of the refractive index, optical absorption and physisorption
properties of the oily medium. The sensor presented here can measure changes related to the refractive
index and diffusion into a porous layer, for different compositions of refractive index oils that were
examined. Other possible applications of the present sensing head include the classification of engine
lubrication oils with respect to what the additives contain, the identification of possible regeneration
processing [32]; or tracing of adulteration in cosmetic oils [33].

2. Materials and Methods

The sensing probe was fabricated on a standard telecom optical fiber, SMF-28e, using the
two-photon polymerization process described in depth in previous work of the authors [13]. The
photopolymerized matrix was based on an organic–inorganic hybrid composite [13,34], previously
used for the fabrication of the “prism-like” microstructure suspended on pillars, attached onto the
endface of the cleaved fiber. This optical architecture allows the formation of a small hollow cavity,
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between the fiber endface and the photo-polymerized microstructure, which acts as a FP resonator,
providing interrogation capabilities of the intermediate optical medium.

The design of the optical fiber sensor is shown schematically in Figure 1a, while Figure 1b presents
an optical microscope image of the fabricated sensing head and finally Figure 1c shows the interference
spectrum of the resonance probe under ambient air. In order to avoid multiple FP resonations,
a 20◦ inclination is introduced in the outer reflection surface. This inclination directs the reflected
light of the outer surface, outside of the numerical aperture of the fiber used; thus, interference effects
related to this surface are fully suppressed, resulting in single FP interrogation spectra. A detailed
description of the operation principle and the capabilities, as well as the fabrication technique of this
endface FP sensing probe is presented in depth in reference [13]. The FP device has been optimized
for operation in the spectral region lying between 1440 and 1660 nm, while being interrogated in
reflection mode using a 50/50 AFC/PC optical fiber coupler. Measurements were performed using a
superluminescence source and an optical spectrum analyzer (OSA) ANDO AQ6317B (ANDO, Japan)
(Figure 2).
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Figure 1. (a) Design of the FP microprism resonator onto the endface of the SMF-28e fiber. Grey
dashed line corresponds to the reflected light that is recording, while red solid line and red dashed line
correspond to the guided light for the maximum angle of the Numerical Aperture (NA) of the core
and the reflected light from the outer surface of the microstructure respectively. The porous area on
the second reflection surface is also presented with light grey “dots”; (b) Optical microscope image
of the fabricated microprism resonator; (c) Interference spectrum on the resonant probe in ambient
air conditions.

In order to investigate the sensitivity of the fabricated optical fiber sensing device at the changes
of the refractive index inside the microcavity, as well as its surface affinity due to the fabricated porous
membrane and how this might be affected due to the filling of the pores by liquid materials with
different characteristics (i.e., chemical composition, viscosity), the FP sensing probe was tested by using
different series of refractive index oils. Three different series of refractive index liquids were used for
these experiments, namely SERIES AA, the refractive indices of which range between nD = 1.400–1.458;
SERIES A1 with nD = 1.460–1.570; and finally SERIES A2 nD = 1.572–1.640 (see Table 1). All the
aforementioned refractive index liquids were purchased from Cargille Laboratories, Cedar Grove,
NJ, USA. Information about the exact ratios between the substances used in these refractive index
matching oils were not disclosed by the manufacturing company.

Table 1. Series of Cargille refractive index liquids that were used for the experiments.

Refractive Index
Liquid Series First Basic Substance Second Basic Substance Refractive Indices

Range (nD)

SERIES AA
Mixture of

Aliphatic/Alicyclic
Hydrocarbons

— 1.400–1.458

SERIES A1
Mixture of

Aliphatic/Alicyclic
Hydrocarbons

Hydrogenated Terphenyl 1.460–1.570

SERIES A2 Hydrogenated Terphenyl 1-Bromonaphthalene 1.572–1.640
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A simple set-up was used in order to characterize the response of the sensing head to these
refractive index oils (Figure 2). Some droplets of the desirable oil were drop-casted on a microscope
slide which was lying on the experiment table. The optical fiber sensing head was immersed in the oil
and the FP resonance spectra were recorded in real time, i.e., every 2.5 min, while the microcavity of
the sensing head and as a consequence, the pores of the fabricated membrane, were getting filed with
the oil. All measurements were performed at an ambient temperature of 21.5 ◦C, while the sensing
behavior of the probe was tested up to 32.5 min after its exposure to the refractive index oils.
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Figure 2. Experimental set-up for Cargille refractive index liquids measurements.

All the series of the Cargille refractive index liquids were measured, with the step between
the refractive index changes from the one oil to the other being 0.01 (e.g., 1.40, 1.41, 1.42 etc.). After
measuring each one of the oils, the sensing head was immersed in 2-propanol for 5 min in order to rinse
the refractive index oil and the microcavity to be cleaned for the next measurement. Then, the sensing
head was left drying in ambient air for approximately 30 min before the next set of measurements
was started. In all measurements performed, the same sensing head was used, showing no spectral
hysteresis/distortion after repeated oil immersion and isopropanol cleaning process.

3. Results and Discussion

The wavelength shift versus immersion time in the oily samples, of the 1563 nm notch of the FP
resonator for three oils with the lowest refractive indices from the series AA, A1 and A2 are shown in
Figure 3.
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Figure 3. Wavelength shift versus immersion time in the oily sample, of the 1563 nm notch of the FP
resonator for three oils with the lowest refractive indices from the series AA, A1 and A2. The error bars
present the resolution of the optical spectrum analyzer during the recording of the measurements.

Figure 4 presents the strength visibility of the fringes versus the refractive index for all the
refractive index oily liquids that had been examined from series AA, A1 and A2. In the case that the
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refractive index of the oily liquid approximates the refractive index of one of the optical materials
constituting the FP cavity (RI of first reflection surface ncore = 1.4682, while RI of first reflection
surface nprism = 1.52) the fringe visibility reaches values close to zero; at those turning points, Fresnel’s
reflections at the corresponding interface almost vanish.
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Similar spectro-temporal sensing results presented in Figure 3 are also presented for refractive
index oils from one series (that of A1) in Figure 5a; a contour graph of the wavelength shift of a single
FP notch is presented in Figure 5b. The results of Figures 3 and 5a reveal that either oils of different
compositions and substances, or oils from the same composition but of different ratios of substances,
exhibit different temporal behavior with respect to the FP notch wavelength shifts. We attribute this
time-dependent spectral behavior to the diffusion effects occurring within the photopolymerized
material constituting one of the reflective surfaces of the FP resonator. Previous investigations have
shown that two-photon photopolymerized materials exhibit a surface roughness of the order of 30 nm;
this rough surface layer constitutes a place where oil diffusion effects can take place [35]. This
temporal varying effect has been observed before in our FP sensing system for chlorinated organic
vapors stimulation (although of more complex dynamics) [14]. The behavior presented here follows a
monotonic blue shift trend reaching a plateau of wavelength shift of the FP fringes after characteristic
times of a few tens of minutes. Accordingly, by considering only the maximum wavelength shift
obtained from the sensing head used, a refractive sensitivity of 66 nm/RIU is obtained between the 1.50
and 1.51 refractive index oils.

Again, the data of Figures 3 and 5a refer to an experimentally measured quantity, that of the
wavelength shift of the FP resonator notches, however, this does not constitute a direct physical
quantity/parameter that can characterize the effect of the oil diffusion into the porous section of the
photopolymerized prism. A first idea was the use of a penetration depth of the oil into the porous
section, versus time; this approach suffers from complexity since both the penetration depth and the
corresponding refractive index of it are considered unknown. A simpler approach is followed wherein
we assume an average refractive index of the whole porous section, defined as ndiffuse. While this
assumption does not describe in full detail the oil diffusion effect into the porous area, it provides a first
insight into the physical effect, which can lead to an easy parametrization of the sensing mechanism.

Therefore, in order to explain the specific spectro-temporal behavior and predict the diffusion
effects in the porous membrane of the fabricated sensing head, as described above, a three-layer
Fabry–Perot description model is used. Such types of multilayer FP models have been used in our
previous studies, for predicting the spectral shifts during the pores filling with the Cl-based volatile
organic compounds, as well as the formation of the physisorption liquid layer on the reflection
surface [14]. Herein, the three-layer model is applied in the data of the lowest refractive indices from
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each series, for calculating the ndiffuse refractive index within the porous layer, due to the diffusion of
the oil in the pores of the reflection surface of the photopolymerized section.
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Figure 5. (a) Wavelength shift versus immersion time in the oily sample, of the 1563 nm notch of the
FP resonator, for four oils with different refractive indices from series A1; (b) contour graph of the
wavelength shift of a single FP notch for 1.51 refractive index oil. The error bars present the resolution
of the optical spectrum analyzer during the recording of the measurements.

Initially, we divide the photopolymerized prism constituting the one reflection surface of the FP
into two layers: an outer thin porous layer with dimension of the order of the roughness of the material
(namely 30 nm), and a thick semi-continuum layer, nominally non-porous (Figure 6, inset schematic
representation). Using the same three-layer model for air medium within the empty cavity of the FR
resonator, the porosity of the thin porous layer is translated as a porous refractive index; in the present
case, this porous refractive index was estimated to be npores = 1.26, while introducing a filling factor G
of 0.5 describing the porosity of the thin diffusion layer [14].
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Assuming that by the immersion of the sensing head in the refractive index oil, the refractive
index of the open cavity is equal to that of the used oil ncavity = noil, the average refractive index ndiffuse
of the infiltrated porous thin layer can be calculated for each measurement that was recorded during
the time, until the porous layer is fully-filled and the wavelength shift reaches the plateau. The changes
of the ndiffuse versus immersion time into the oil were calculated from the above theoretical model are
presented in Figure 6, by taking ∆ndiffuse = ndiffuse − npores. A first quantification of the diffusion is
done by fitting the refractive index data of Figure 5 using an error function of the form:

f (t) = A + B × erf(t/tCh) (1)

where tCh is the characteristic time of the oil diffusion into the sensing head, and A and B are constant
factors. Equation (1) is the most commonly used error function for fitting diffusion data in order
to calculate the characteristic time tCh that a liquid needs to penetrate into a porous medium. The
estimation of the characteristic time tCh for each oil examined is then used in the approximate diffusion
equation [36]:

d =
√

2DtCh (2)

where d is the diffusion length (in our case the thickness of the porous layer, namely 30 nm), D is
the diffusion coefficient and tCh is the time that the liquid needs to penetrate and fill the length
of the diffusion layer [37], namely, the characteristic time tCh. By using the tCh from the fitting of
the error function to our data and Equation (2), the diffusivities for the three oils with the lowest
refractive indices from the series AA, A1 and A2 were calculated to be, D1.40 = 1.021 × 10−14 cm2/s,
D1.46 = 8.678 × 10−15 cm2/s and D1.58 = 8.870 × 10−15 cm2/s, respectively. Since the oily media
used are of non-/low-polar nature, and do not react with the photopolymerized porous material, we
consider the diffusivities estimated to be constant during the diffusion of the specimens into the porous
area [38]. The diffusivity figures estimated here are greater than those observed for the diffusion of
water in silica glass, which are ~10−17 cm2/s, at higher temperatures and at typical diffusion depths of
the order of 10 nm. This is not a surprising finding, since the photopolymerized glass is of “softer”
nature (porous surface, Young modulus ~3 GPa), containing also organic modifiers [39]; the last may
exhibit an improved affinity to the organic oils used in this study.

The above diffusivity data reveal that the addition of Hydrogenated Terphenyl (for its increased
refractive index ~1.56) into the mixture of Aliphatic/Alicyclic Hydrocarbons (which are the basic
substances for the AA series) for generating the series A1 of the index matching liquids used, introduces
a slower diffusion of these oils into the porous photopolymerized matrix. Hydrogenated Terphenyl also
has a high molecular weight (~238.36 g/mol) and a long triple aromatic hydrocarbon chain, facts which
can render its diffusion through the porous sites of the FP sensing head slower. On the other hand,
A2 series which is based on the Hydrogenated Terphenyl and the addition of 1-Bromonaphthalene—a
halogenated aromatic hydrocarbon of the higher refractive index (~1.65) of all substances examined
herein—marginally increases diffusion, possibly due to the polarity introduced by the bromide bond
which can underline physisorption.

Summarizing the sensing data above, one can use the probe presented here for proceeding to an
oil sensing protocol, while attributing two identification parameters to each oil sample: a characteristic
wavelength shift depending upon its refractive index, and a characteristic relaxation time or diffusivity
depending on the diffusion process into the photopolymerized section.

4. Conclusions

In this study, a simple and functional optical fiber endface Fabry–Perot sensor fabricated by
multiphoton polymerization was presented for the probing of the substances of oily media with respect
to their diffusion behavior in the porous reflection surface of the sensing head and refractometric
behavior. Results reveal that each of the oily liquids—either coming from the same series or from the
three different series that had been used herein—exhibits a distinct optical spectra signature versus



Fibers 2017, 5, 1 8 of 10

sensing time. Moreover, the findings are explained using a three-layer Fabry–Perot model, and by
using simple diffusion physics, the diffusivity factor of each oily liquid into the organic–inorganic
matrix is estimated.

Further summarizing, the characteristic and distinct wavelength shift profile—depending upon
the refractive index of each Cargille refractive index oily liquid—and the characteristic relaxation
time—depending on the diffusion process into the photopolymerized layer of the sensing head—can be
used in order to proceed to an oil sensing protocol, for the development of simple, easily interrogated
and functional, optical fiber sensing probes for the identification of adulteration processes in oily
media such as olive oil.

The implementation of additional identification parameters per sample including the optical loss
of the oil at a specific wavelength, as well as the use of temperature stimulus for speeding up diffusion
times are currently under investigation.
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