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Abstract

Inthiswork, we have studied the suitability of graphene oxide -based thin filmsto be not only excellent
sensitive coatings but also lossy mode resonance (LMR)-generating materials. Thin films of graphene
oxide (GO) and polyethylenimine (PEIl) fabricated by means of layer-by-layerassembly were selected
in this study. Two optical fiber devices with 8 and 20 bilayers of the LMR-generating coating were
fabricated and characterized as refractometers. Both devices show no hysteresis and high sensitivity,
improving previously reported values. This research opens very promising and exciting possibilities in
the field of optical fiber sensors based on LMR, strategically including specific recognition groups to
the device surface to exploit this high sensitivity for monitoring a range of target analytes. The
carboxylate functional groups at the edgesof the GO sheetsshould provide excellent attachment sites
for the required coupling chemistry torealize such devices.

Index Terms
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1. Introduction
Optical fiber resonance-based sensing devices have attracted the attention of the scientific
communityinrecentyears due totheirversatility, high sensitivity and robustness [1], [2].

Amongthe different existing configurations of optical fibersensors, those based on electromagnetic
resonances are the most popular ones. Devices based on Surface Plasmon Resonances (SPR) have
become a well-known standard in the field of optical fiber sensors due to the extremely high
sensitivities they can reach [1]. However, this family of sensors presents some important drawbacks
that limittheiruse in commercial applications. Forexample, fewspecificand costly materials, such as
gold or silver, are able to generate these resonances and therefore more complicated deposition
techniques are necessary [1]. Moreover, the sensing setup required for SPR-based sensors involves
the use of complex equipment to control the optical polarization, as this parameter has a dramatic
influencein the generation of SPR[1].

Conversely, inthe particular case of the emergent Lossy Mode Resonance (LMR) -based sensors, a wide
range of materials can support this type of resonance, such as metal oxide s and polymers, making
these devices more versatile and cheaper[2], [3], [4]. Furthermore, LMR can be excited with both TE
and TM polarized light, which crucially simplifies the interrogation scheme [2], [3]. Additionally, a
single LMR-based device can produce a multiple-peak response enabling multiple measurementsand
making the sensors response more robust [3]. Consequently, LMR-based optical fiber sensors can be
a promising approach forsome applications.



When an optical waveguide is coated with athin-film, the propagation of light is affected. Depending
onthe properties of the materialsinvolved in the system (the waveguide, the coating and the extermal
medium), different cases of electromagneticresonances can be distinguished [1], [2]. If the real part
of the thin-film permittivity is positive and higherin magnitude than both its own imaginary part and
the permittivity of the material surrounding the thin film, a LMR is generated [2], [5]. These LMRs
produce an absorption bandin the transmitted spe ctrum at a determined wavelength. A shiftin this
resonance peak can be observed when the optical conditions of the system change, thatis, when there
isa variationin the refractive index(Rl) of the coating or the surrounding medium. Consequently, if a
thin-film sensitive to a target is deposited onto a waveguide and used as resonance -supporting
coating, a variationinthis target will produce ameasurable shift of the LMR peak [6], [7], [8].

As previously mentioned, LMRs enlarge the range of materials available for sensor surface coating
from noble metals, asin the case of SPR, to metal oxides, polymers and many others[3], [9], [10], [11],
[12], [13], [14]. In thisregard, graphene hasinspired significant interest in sensing of various chemical
speciesdue toits superior properties such as thermo-electric conduction, surface area and mechanical
strength [15], [16], [17], [18].

Graphene is a monolayer of hexagonally arrayed sp2-bonded carbon atoms, extremely sensitive to
the external environment. Thus, graphene-based nanostructures have vast potential for developing
sensordevices [19] and, consequently, are excellent candidates for the fabrication of the supporting
coating required by LMR-sensors. However, the development and applicability of graphene-based
sensorsis strongly hampered due to the lack of effective methods forscalable graphene production.
Fortunately, its precursor material, graphene oxide (GO), can be cheaply mass produced by the
chemical exfoliation of inexpensive graphite powder [20]. GO is described as a graphene sheet
interrupted by oxygen surface groups in the form of carbonyl, hydroxyl and epoxy groups with
carboxylicgroups located at the edges[21], [22]. In addition to being easierto produce than pristine
graphene, the oxygen-containing functional groups of GO give hydrophilicity, which can be very
important, asitenablesits dispersioninto somesolvents for film deposition [23], [24], crucial for LMR
sensors.

Several authors have explored the potential of GO in different types of optical fiber sensors [19], [25].
However, very few works have investigated the ability of GO as sensitive coatingin LMR sensors [26],
[27], [28]. In these works, the LMR-based optical fiber sensing scheme consisted of a multimode
optical fiberwith alayer of SnO2 directlysputteredonto the core, which performed as LMR-generating
coating, and a GO-based thin film deposited ontop, acting as sensitive coating. Inthose studies, very
good sensitivities to different targets were achieved, demonstrating the suitable properties of GO to
act as an excellent sensitive material.

In our current study, we aim to demonstrate not only the appropriateness of GO as an exceptional
sensitive coating, butalsoits suitability to generate LMRs. This approach simplifies the fabrication of
the devices, asit is possible toavoid the sputtering of a metal oxide layer onto the fiber, required in
previous works to generate the LMR. In addition, the present work opens exciting possibilitiesin the
field of optical fiber sensors based on LMR, as the carboxylate functional groups at the edges of the
GO sheetsshould provide excellent attachment sites forthe required coupling chemistry to monitor
a wide variety of analytes.

Two devices were fabricated and characterized as refractometers, improving the sensitivity achieved
by other LMR-generating materials in similar schemes previously reported. To the best of our
knowledge, thisisthe firsttimethata GO-based thin filmis used as LMR-generating coating in optical
fibersensors.



2. Materials and methods

2.1 Materials and Fabricationofthe Sensitive Layer

To fabricate the sensors, a 200 um-core multimode optical fiber (FT200EMT, Thorlabs, Inc.) was used
andits cladding was thermally removed. Afterward and priorto the depositionof the LMR-generating
layer, the core was sonicated and washed in detergent and acetone and rinsed sufficiently with
ultrapure water.

The LMR-generating coating consisted of PEI-GO cross-linkedfilms. GO and PEl were assembled on an
interchangeable layer-by-layer basis, by depositing alternating layers of both materials with wash
steps in between [26], [27], [28]. The GO powder used was purchased from Graphenea (Spain). The
uncladded optical fibers were first hydroxylated by immersion in 1M KOH (Sigma Aldrich, UK) for 30
minutestoinstigate anegative charge in the fibers followed by rinsingand drying. The layer-by layer-
assembly commenced with an immersion for 5 minutes in a positively charged 2.0 mg/mL
polyethyleneimine (PEIl, product number 03880, Sigma Aldrich, UK). The positivelycharged fibers were
then rinsed in ultra-pure water and dried before immersion for 5 minutes in the negatively charged
0.5 mg/mL GO suspension. GO nanosheet separation was enhanced by a 30 minute pre-assembly
sonication (Ultrawave limited Cardiff CF2 1YY, Hz — (50-60)). The final LMR-generating coatings of the
two fabricated sensors were obtained by repeating these steps 8and 20 times respectively.

2.2 Characterizationofthe LMR-Generating Layer

To study the LMR-generating coatings in more detail, 8and 20 bilayers of PEI-GO were also deposited
onto silicon-based substrates, following the same assembly procedure previously explained, to
examine their quality and thickness. The uniformity and texture of the films were investigated by
means of an FEI NanoSEM 450 FEG scanning electron microscope (SEM) and the thickness was
measured using a profiling system (DektakXT, Bruker). Ten measurements were taken per sample,
calculatingthe final thickness as the average of all of them.

2.3Sensors Characterization

Two fragments (at around 3 cm each) of the 200 um-core multimode optical fiber were cleaved
(NorthLab ProCleave LDl cleaver) and spliced (Fitel S178A fusion splicer) to 200 um optical fiber core
pigtails and connected to the characterization setup (Figure 1). This setup consisted of a halogen white
light source (HL2000, Oceanoptics Inc.) as the excitation source, connected at one end of the fiber
while the other end was connected to a spectrometer (Oceanoptics USB2000), which collected the
spectra of the transmitted light through the sensor.

The deposition of the sensitive layer onto the core was carried out following the stepsstated insection
I.LA. Dip assisted layer by layer was carried out on the pre-assembled devices, characterizing the
response aftereach layerand before depositingthe nextone. The generation and movement of the
LMR absorption bands during the deposition of the LMR-generating layer were monitored using the
configurationin Figure 1.

Light was launched into the system from the white light source (Oceanoptics HL2000) and, having
passed through the sensitive device, its intensity spectrum was collected by the spectrometer
(Oceanoptics USB2000) and shown on the PC screen using OceanView (Oceanoptics), the software
developed by the spectrometer manufacturerto control the operation of the device and the capture
of the spectra. Areference spectrum (10) was saved before starting the coating construction. After the
deposition of each bilayer of PEI/GO, the optical signal (I) was collected, once the sensor was dry in



air. OceanView automatically calculated and showed in real time the transmission spectra using the
following expression:

T(dB) = 10 logy, (i) (1)
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Fig. 1. Sensorscharacterization setup.

Once both sensors were fabricated, their static and dynamic responses as refractometers were
characterized. With this aim, a batch of glycerol-water solutions with glycerol concentrations of 0%,
20%, 40% and, 60% v/v were prepared. These concentrations correspond to Rl values at room
temperature of 1.333, 1.362, 1.392 and 1.420, respectively [29], [30].

The first experiment consisted in the static characterization of the sensors as refractometers. In this
case, the sensor was sequentially immersed in the different glycerol solutions. Initially, the
transmission spectrum whenthe sensorwas dryin air was captured and saved. Then, the sensor was
immersed intothe first glycerolsolution. After waiting fewsecondsto allow the signal to stabilize, the
transmission spectrum was collected and observed on the PC screen. Subsequently, the device was
withdrawn, thoroughly rinsed with water and dried in air until the captured transmission spectrum
moved back to itsinitial position. This procedure was repeated with all the glycerol solutions, firstly in
Rl-increasingorderand, successively, in RI-decreasing order.

A Matlab routine was created to consistently approximate the obtained absorption band by a
polynomial function of degree 2, minimizing the difference between the real peak and the calculated
function. With this approach, the results were optimized and it was possible to track shifts of 1 nm of
the LMR absorption bands.

The dynamicperformance of the sensors was also studied by sequentiallyimmersing and withdrawing
them into two alternating solutions of 40% and 60% of glycerol in water every 30 seconds. The
transmission spectra were automatically captured every 250 ms using OceanView.These spectra were
post-processed using the above-mentioned MatLab routine to obtain an accurate estimation of the
shift of the LMR absorption peaks during the experiment.



3. Results

3.1 Monitoring of the Generation and Shift ofthe LMR Absorption Peaks

As previously mentioned, the deposition of the LMR-generating layer was monitored to follow the
generation and shift of the different absorption bands associated with this resonance. These peaks
initially appeared in the UV-visible region and moved to the infrared region as the thickness of the
deposited PEI-GO thin filmincreased.

Fig. 2 shows the transmission spectra recorded in air during the construction of the devices. After
depositing 4 bilayers of PEI-GO, it is possible to observe the appearance of the first LMR absorption
band at 400 nm. This first LMR peak can be seen at 600 nm with 6 bilayers of the selected coating,
while the second LMR band is positioned at 530 nm once 8 bilayers have been deposited. It was
decided to stop the deposition of one of the devices at this point because the position of this peak
indicates thatthe coating thickness is sufficient to make the sensor suitable for further examination.
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Fig. 2. Transmitted spectra in air during the construction of the LMR-generating coating.



Onthe second optical fiber the depositionwas resumedup to 20 bilayers. Fig. 2shows the movement
of the second LMR peak from 530 nm to 898 nm, which is instigated by 11 bilayers of coating. The
third LMR absorption band appearsat 472 nm, after depositing 16 bilayers of PEI-GO and it shifts to
546 nm with 20 bilayers.

3.2 Characterizationofthe LMR-Generating Layer

Asdiscussedinthe previous section, two devices with 8and 20 bilayers of the LMR -generating coating
were selected for further characterization as refractometers. To study the texture, morphology and
thickness of these coatings, 8 and 20 bilayers of PEI-GO were also deposited onto silicon-based
substrates. The deposited thin films are uniform and homogeneous (Fig. 3) with average thicknesses
of 102 nm and 330 nm and standard deviation of 11.7 nm and 30.0 nm for the 8 and 20 bilayers,
respectively. InFig. 3, itisalso possible to see the thin filmsin more detail, where the typical wrinkles
characteristic of graphene materials can clearly be observed.
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Fig. 3. Top: Pictures of the coatings deposited onto silicon-based substrates. Bottom: SEM images of
the coatings deposited onto silicon-based substrates.

3.3 Characterizationofthe Devices as Refractometers

The fabricated optical fiber devices have been statically characterized by immersingthem in glycerol-
water solutions with different Rl and capturing the generated transmitted spectra. Fig. 4 shows the
shiftof the LMR peaksfromthe 8 and 20 bilayerdevices.
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Fig. 4. Wavelength shift of the LMR absorption bands generated by both sensors when they are
immersed in solutions with differentRI.

Both devices exhibit very good reversibility under Rl variations. Their responses to increasing and
decreasing Rl practically overlap, which demonstrates that they display almost no hysteresis in their
responses. LMR absorption bands are highly sensitive to variations in the Rl of the surrounding
medium, especially inthe case of the 8 bilayers refractometer.

This device experiences ashift from 590 nmto 935 nm withincreasing Rland from 930 nm to 579 nm
with decreasing RI. These values correspond to refractive indices of 1.420and 1.392. When this sensor
is immersed in solutions with Rl of 1.333 and 1.362, the LMR peak falls beyond the scope of the
spectrometer, which suggests an outstanding sensitivity over the whole range of measurement. For
this reason, there are no wavelength values for those concentrations in the graph. However, to
confirmthe lineartrend, it was decided to submerge this device in a 50% v/v glycerol -water solution
with Rl 1.407, obtainingavery consistenttrend.

The sensitivities for the 8 bilayers device obtained in this range are 12247 nm/RIU and 12460 nm/RIU
for increasing and decreasing refractive indices, respectively. These values improve significantly the
sensitivity reached by refractometers based on LMR with coatings of TiO2 [3], ITO [31], In203 [32] or
eventhe high sensitivity achieved by a thin-film of sputtered Sn02[33]. In that study, the maximum
sensitivity reported was 5390 nm/RIU, less than halfthe value reported here. The estimated resolution
of oursensoris 8x10-5 RIU or 0.08 % of glycerol concentration.

The second device with 20 bilayers of the LMR-generating coating exhibits good sensitivity, although
it is lower than the previous one. This is consistent with previous studies where the sensitivity
decreases when the order of LMR increases [33]. The 20 bilayers refractometer achieves sensitivity
values of 2517 nm/RIU (immersingitinto solutions with RI from 1.333 to 1.420) and 2631 nm/RIUinto
descendingRI dissolutions. These values correspond to an estimated resolution of 3.8x10-4 RIU or, in
terms of glycerol concentration, 0.27 %.



The linearity of both devices (8 and 20 bilayers) is excellent with correlation factors of R2=0.9998 and
0.9992 respectively.

Both refractometers were also dynamically characterized. The performance of the devices was
monitored and captured while they were introduced alternately into solutions of 40% and 60% of
glycerol in water. Fig. 5 shows the observed wavelength shift versus time.

Both devices respond well and show good repeatability. They completely recover and exhibit very
good baseline stability. The response and recovery times were estimated as the required periods to
go from 10% of the wavelength shiftand achieve 90% of maximum signal change and vice versa. The
8 bilayers device is very fast with an average reaction and retrieval time of 1.56 s and 1.36 s,
respectively, while the rise time for the 20 bilayers refractometeris 3.20 s and it requires an average
of 3.81 s to recoverdue to the slower diffusion rate though the thicker coating [6].
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Fig. 5. Dynamicresponse of both sensors when they are alternatively immersed in solutions with Rl of
1.392 and 1.420.



4. Conclusion

Insummary, itis possibletofabricate rapid, stable and verysensitive LMR optical fiber refractometers
where GO-based thin films act as sensitive and as LMR-generating coatings. Two optical fiber devices
with 8 and 20 bilayers of PEI-GO were made and statically and dynamically characterized as
refractometers. LMR bands are very sensitive to changesin the Rl of the surrounding media, moving
fromthe UV-visible to the infrared region when the Rlincreases. The fabricated refractometers show
no hysteresis and sensitivity enhancement in comparison with other materials studied in the
literature.

To the extent of the authors’ knowledge, thisis the first work that studies the suitability of GO -based
thin films as LMR-generating coatings and the very high sensitivities achieved offer exciting
opportunities to add new analyte-selective functionality to the device surface to exploit this high
sensitivity for monitoring a range of target analytes. The carboxylate functional groups at the edges
of the GO sheets should provide excellent attachment sites for the required coupling chemistry to
realize such devices.
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