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Tuning of Fiber Optic Surface Reflectivity through
Graphene Oxide-Based Layer-by-Layer Film Coatings
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Abstract: The use of graphene oxide-based coatings on optical fibers are investigated, aiming to tune
the reflectivity of optical fiber surfaces for use in precision sensing devices. Graphene oxide (GO)
layers are successfully deposited onto optical fiber ends, either in cleaved or hollow microspheres,
by mounting combined bilayers of polyethylenimine (PEI) and GO layers using the Layer-by-Layer
(LbL) technique. The reflectivity of optical fibers coated with graphene oxide layers is investigated for
the telecom region allowing to both monitor layer growth kinetics and cavity characterization. Tunable
reflective surfaces are successfully attained in both cleaved optical fibers and hollow microsphere
fiber-based sensors by simply coating them with PEI/GO layers through the LbL film technique.
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1. Introduction

Graphene is a very compelling material that has recently become a trending topic [1]. Optical,
mechanical, and thermal properties of graphene have been explored in many applications [2] such as,
field effect transistors [3], transparent conductive films [3], production of clean energy devices [4,5],
and sensor devices [6,7]. Graphene nanosheets with single- or multi-layers can be obtained through
mechanical exfoliation and epitaxial chemical vapor deposition [8]. However, these fabrication
methods, although yielding high-quality graphene, are not effective for large scale manufacturing.
As an alternative, graphene oxide (GO) has been revealed to be a feasible alternative with outstanding
properties offering easier synthesis methods. Actually, GO is a graphene precursor which can be
synthesized by several methods such as those used by Brodie [9], Staudenmaier [10] or Hummers [11].
The oxygen-containing functional groups of GO creates hydrophilicity, which allows GO to be exfoliated
in many different solvents and dispersers, including water [2]. Additionally, hydrophilicity allows GO
to be used for uniform thin-film deposition onto solid supports [12].

Recently, the properties of graphene and GO have been explored in optical fiber sensing, offering
many advantages over conventional sensing strategies due to its electromagnetic noise immunity;,
biocompatibility, resistance to harsh environments and electromagnetic passiveness [13]. Graphene
and GO conductivity are modified as a function of surface adsorption, resulting in an effective refractive
index variation. This feature was explored for gas [14,15], volatile organic compounds [16,17], biological
compounds [18,19], and humidity [20] detection. Additionally, graphene also has been explored as
diaphragm material for fiber sensors based on Fabry—Perot interferometry. Chemical vapor deposition
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(CVD) synthesized graphene, adsorbed to a sensing structure through Van der Waals forces, was
addressed for pressure [21], temperature [22], and acoustic pressure sensing [23], for example.

Here, the possibility of using GO layers as a coating material for enhancing the sensing properties
of optical fiber-based sensors is studied. To achieve that, multilayers of polyethylenimine (PEI) and
GO are deposited onto cleaved single-mode optical fibers, using the layer-by-layer technique, and
layer adsorption kinetics is accessed by in-situ reflectivity measurement. To investigate the possibility
of using GO as an enhancer material in optical fiber sensors, hollow fiber microspheres are used as
supports for GO layer deposition. This sensing structure is widely explored in literature for hydrostatic
pressure [24,25] lateral load [26], and strain [27,28] sensing. Under this compliance PEI/GO multilayers
are deposited in hollow microsphere-based sensors and the reflective features of these layers are
obtained. Taking a more general point of view, we demonstrate that, with the methods used, one can
attain the in situ adsorption kinetics curves of GO layers, meaning that this method can be applied to
other molecules.

2. Materials and Methods

2.1. PEl/Graphene Oxide Deposition

Graphene oxide deposition was achieved using the layer-by-layer (LbL) technique. This is
a simple and fast thin-film fabrication technique that uses intermolecular interactions between
oppositely charged polyelectrolytes to assemble a multilayer structure. It was shown that the main
driving force accounting for the formation of LbL films arises from electrostatic interactions between
oppositely charged polyelectrolytes, although Van der Waals, hydrogen and covalent bonding also
are known to contribute, depending on the molecular species involved [29,30]. Noteworthy, the LbL
technique presents a major advantage over other techniques of allowing for thin-film deposition in
highly complex support geometries, as in the case of hollow microspheres.

The deposition process was started by removing biological residues together with surface
hydrophilization of the substrates using a solution composed of sulfuric acid (H,SO4) and hydrogen
peroxide (H,O,). This procedure promotes the adsorption of positively charged polyelectrolytes.
Afterwards, the air-dried substrates were immersed in a polycationic solution of PEI, with a concentration
of 2 x 10™* M, for around 60 s. The excess of polyelectrolytes that were not adsorbed were removed
by rinsing in Milli-Q water for around 20 s. After air-drying for around 2 min, the substrates were
immersed in the polycationic solution of GO, of the same concentration as the PEI solution. This process
was repeated to build the required PEI/GO bilayers.

Graphene Adsorption Kinetics

GO adsorption kinetics was investigated using cleaved optical fibers. The fibers were coated with
PEI as previously described, and then immersed in the GO solution for about 15 h. The reflectivity
was measured in intervals of 5 min. The experimental setup, presented in Figure 1, was composed by
a broadband optical source, with a bandwidth of 100 nm centered at 1550 nm, an optical circulator
that allowed us to attain the reflected light, connected to an optical switch and an optical spectrum
analyzer (OSA). The optical switch allowed us to guide the input light to the corresponding fiber and
to receive the reflected light back from the circulator, which was connected to the OSA. A reference
fiber also was connected to the optical switch to eliminate the influence of optical source fluctuations
on the output signal.
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Figure 1. GO adsorption kinetics experimental setup.

2.2. Hollow Microsphere Fabrication and Operation Principle

The fabrication process of hollow fiber microspheres involves several steps, as presented previously
in the literature [31]. The first step consists of fusion splicing a standard single mode fiber (SMF)
to a silica capillary with an outer and inner diameter of 125 and 57 pum, respectively. To minimize
optical losses in the spliced region due to deformation of the capillary, the fusion splice was done using
a manual mode with the electric arc displaced from the capillary. Afterwards, the capillary was cleaved
to the desired length, partially controlled using a stereo microscope. By applying two successive
electric arcs with higher electric arc time and power at the top of the capillary, the microsphere was
formed. The final structure is presented in Figure 2.

100 um

Figure 2. Microscope image of the fabricated hollow microsphere.

Considering that the reflectivity at each air/silica interface was very low (less than 4%), the
hollow microsphere was approximated to a three-mirror Fabry-Perot interferometer, since higher-order
interferences can be neglected. The reflected intensity signal can be approximated by Equation (1) [32]:

IR(A) = I + I + I = 2§11 cos(¢) — 2 D15 cos(¢ha) + 2 I1 I3 cos(p1 + ), 6))

where I, represents the intensity of the reflected signal at each interface. The phase differences ¢; and
¢ are given by (47"4nuird) and ( 47"11 Hsphm), respectively, with 15, and 1sppere being the refractive index
of air and microsphere respectively, d the air cavity length and 6 the thickness of the microsphere silica
wall. The reflected spectrum, in Figure 3a, of the fabricated hollow microsphere was acquired using
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a broadband optical source, an optical circulator, and an optical spectrum analyzer (OSA—Advantest
(08384) with 0.1 nm resolution, as presented in Figure 1. By performing a fast Fourier transform (FFT),
it is possible to calculate the air cavity length as well as silica wall thickness. Prior to applying the FFT,
the spectrum wavelength data was converted to optical frequency since the free spectral range was
uniform in optical frequency but not in wavelength [33]. Seen in the FFT, in Figure 3b, two main peaks
are visible. The first peak is related to the air cavity (d) of approximately 120 um and the second peak
is related to the cavity formed by air and silica (dy,,1), of approximately 180 um. Studying the two
values, it is possible to estimate the silica wall thickness (0) considering that dy,; = 15i1i0,0+1,ird and
assuming that the refractive index of the silica cavity is 1.444, then the silica wall thickness is 6 ~ 40 um.
The peak corresponding to the cavity composed only by silica is not visible in the FFT signal due to
low resolution provided by the short bandwidth of the optical source.

198 F T ' T T T ] 1200 T T T T
. -21.6 ‘ b ~ 900 | 120 180 i
) | 3 ‘
z | [ s I
o ™ \ | | =
$ omal V) | | | g
o Vil o | ]
= | | “ £ 600} E
8 V1 \ [ | \/ | 5
2 2t || || Vo] |1
S \| | v || E
| | || | | [
\/ || | || 300 - 1
270 F ) I || |
1 L 1 1 L 0 1 1 1 1
1520 1530 1540 1550 1560 1570 1580 100 200 300 400 500
Wavelength (nm) Cavity Length (um)
(a) (b)
Figure 3. (a) Reflected spectrum of the fabricated hollow microsphere and (b) corresponding FFT.
3. Results

3.1. Bilayer Deposition

3.1.1. Cleaved Fibers

Mentioned before, bilayer adsorption kinetics was accessed by measuring the variation in surface
reflectivity with the number of deposited PEI/GO bilayers in the cleaved fibers according to the
deposition method previously described. Concerning the deposition of the GO layers, the fibers were
immersed for 5 min. The reflected light from the cleaved fibers was measured using the experimental
setup presented in Figure 1. To reference, an uncoated cleaved fiber was used to eliminate the influence
of optical power fluctuations of the optical source. The coating process of the fibers was carried out
simultaneously to minimize experimental errors. The mean variation of surface reflectivity with the
increased number of bilayers is presented in Figure 4, where a consistent increase of the reflected
optical power with the bilayer number can be observed. The increase of surface reflectivity presented
some dispersion due to surface roughness variations that resulted from the cleavage process. These
results also corroborate the applicability of the LbL technique to provide controlled thickness GO
coatings onto an optical fiber cross-section.
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Figure 4. Reflectivity variation with the number of PEI/GO bilayers, for the cleaved fibers.

3.1.2. Hollow Microspheres

The coating process was replicated in hollow microspheres to evaluate the potential of using the
LbL technique to provide GO-coated microsphere-based fiber sensing structures. Considering the
complexity of the reflected spectra, the PEI/GO coating influence was studied using the FFT of the
reflected signal. Shown in Figure 3b, two dominant peaks are present in the FFT signal. The first
peak that corresponds to the air cavity was expected to remain constant during the coating process as
no modifications were being applied in this cavity. The second peak, corresponding to the air plus
silica cavity, could vary in magnitude due to variations of the outer surface reflectivity. Figure 5a
shows the different FFT signals for the different bilayer numbers. Foreseen, the magnitude of peak 1
remained constant during the process. Peak 2 magnitude varied during the coating process, as shown
in Figure 5b.
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Figure 5. (a) FFT signals for each bilayer number; (b) Peak 2 magnitude value, for each bilayer number.

The signal component that corresponds to the air plus silica cavity can be extracted from the
total reflected spectrum applying band-pass filters centered at the corresponding frequency peak.
Analyzing the filtered signal that corresponds to the air plus silica cavity, it is possible to attain the
influence of the PEI/GO coating on the reflectivity of the outer surface. Figure 6a shows the filtered
signal associated to each bilayer number. The PEI/GO coating led to a linear wavelength shift of
254 + 7 pm/bilayer number, shown in Figure 6b. An amplitude variation that follows a similar tendency
as the FFT peak presented in Figure 5b also was attained, presenting a maximum increase of around
4 dB when compared to the filtered signal from the uncoated fiber. Considering that the filtered signal
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presented in Figure 6a corresponds to the component air plus silica cavity from Equation (1), one has
I(A) « cos(%”(nmd + nmicmsphereé)). Assuming that the component #,;d is constant during the coating
process and that thickness variations can be neglected; the signal is only dependent on refractive index
variations of the outer surface. Therefore, wavelength shift is caused by a variation of the effective
refractive index due to PEI/GO coating.
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Figure 6. (a) Filtered signal corresponding to peak 2; (b) Wavelength shift of the peaks.

3.2. Graphene Oxide Adsorption Kinetics

The hollow microsphere configuration also can be used to obtain the in-situ adsorption kinetics of
the graphene oxide layer onto the optical fiber without and with an already adsorbed (PEI/GO);(/PEIL
LbL film. This is demonstrated in Figure 7, where the optical power variation is plotted as a function of
adsorption time for a fiber without—Figure 7a—and with PEI/GO coating, (Figure 7b). The results are
in accordance with the adsorption kinetics of polyelectrolyte molecules [34] or aggregates of molecules

with an electrical charge, as in the case of liposomes [35] being the kinetic curves to be fitted by
the equation:

I'(t) = l"max(l - exp(—%)), 2)

where I’ is the adsorbed amount per unit of area, ',y is the maximum adsorbed amount per unit of
area, t is the time of adsorption and 7 is the characteristic time of adsorption. Calculated values from
fitting with this equation reveal that adsorption characteristic times for adsorption of the GO layer is
120 + 20 min, while for the tenth it is 10 + 3 min.
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Figure 7. In-situ adsorption kinetics of a layer of graphene oxide onto a (a) optical fiber and
(b) (PEI/GO)10/PEI LbL film already adsorbed on the optical fiber.
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All the fitting parameters are included in Table 1. The obtained values reveal that adsorption of
the first GO layer is much slower than for the tenth GO layer, which is in accordance with the literature,
specifically for the case of kinetic curves of polyaniline, a conducting polyelectrolyte whose adsorption
characteristic time decreases strongly as the number of bilayers already adsorbed increases [33].
The adsorbed amount is seen to increase with the number of adsorbed bilayers already adsorbed due to
an increase in surface roughness of the LbL film, as demonstrated by Ferreira et al. [36] and, therefore,
also demonstrating that one cannot expect these GO films to be uniform.

Table 1. Fitting parameters of GO adsorption kinetics. R is the correlation coefficient.

First GO Layer Tenth GO Layer

T puax(%) 0.0013 + 0.0005 0.0055 + 0.0005
7 (min) 120 + 20 10+3
R 0.87 0.93

4. Conclusions

Here, graphene oxide was successfully deposited in optical fibers by mounting PEI/GO layers
using a LbL technique. Bilayer growth of PEI/GO LbL films onto an optical fiber end face was also
successfully obtained through reflectivity measurements. Results attained from two cleaved optical
fibers revealed an increase of the reflected optical power with the increased number of bilayers, up to
10 bilayers. Similarly, bilayer growth in hollow microspheres also was studied, attaining a linear
wavelength shift with the increase in bilayer number. Adsorption kinetics of GO layers was successfully
obtained through in-situ reflectivity measurement by placing two cleaved optical fibers coated with
PEI in a solution containing GO for 15 h. This technique can be applied for easy surface reflectivity
tuning for different interferometric fiber sensors, in particular ones with complex geometries. Finally,
we also demonstrated that one can achieve, by this method, the in situ adsorption kinetic curves of GO
layers, meaning that this method can be applied to other molecules.
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