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We propose a fiber-based environmental sensor that exploits the reflection-phase-shift tunability pro-
vided by the use of layered coatings composed of dielectric slabs spaced by conducting membranes.
A transfer-matrix study is done in a simplified theoretical model, for which an enhanced sensitivity of
the reflection interference pattern to the output medium is demonstrated, in the typical refractive index
range of liquid media. An experimental configuration using a cascaded Fabry-Perot microcavity coated
by a graphene oxide/polyethylenimine (GO/PEI) multilayered structure is demonstrated. Its cost-effective
chemical production method makes graphene oxide—based hybrid coatings excellent candidates for future

real-life sensing devices.
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I. INTRODUCTION

One of the main technological applications of optical
fibers is to fabricate sensing devices that can detect the
tiniest changes in physical or chemical parameters. Such
measurements can be very precise but are usually indi-
rect and exploit the effect of small parametric changes in
the propagation of guided light waves. The accuracy of
these sensors relies on interferometry that is made pos-
sible, for instance, by building hollow-core microcavities
(as small as 30 um [1,2]) using capillary tubes or photonic
crystal fibers (PCFs) at end of a cleaved optical fiber [1,3—
17], which act as miniature Fabry-Perot interferometers.
Fabry-Perot cavities in optical fibers have been fabricated
by Sirkis et al. for strain measurement [3] and, since then,
similar interferometric sensors have been proposed for cur-
vature [12], temperature [11], pressure [5], humidity [15],
and acoustic sensing [17], among others. Besides, fiber-
optic sensors based on Fabry-Perot interferometers have
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also attracted much attention in other fields of expertise,
ranging from medicine [10] to engineering [4,6].

The periodicity of the interference fringes can be made
dependent on the refractive index of the environment
(nou)- This can be achieved by endowing the output inter-
face with a reflection phase shift that is sensitive to the
wavelength (1), an effect that can be produced by a thin
coating that may feature an internal layered structure built
at the nanoscale [18]. Different kinds of coatings have
been used over the years, including dielectric multilay-
ered structures [19-21], porous metal-oxide films [22],
and metallic coatings based on thin metal films [23,24],
plasmonic nanostructures [25] or embedded nanoparti-
cles [26,27]. More recently, it has been reported [28]
that hybrid coatings made of lossy dielectrics (transpar-
ent narrow-gap semiconductors) deposited on very thin
highly conducting films can show nontrivial internal inter-
ference effects that allow for effective control over the sur-
face reflection coefficient of light at subwavelength scales.
With the advent of graphene [29,30] and other atomically
thin planar conductors (ATPCs), it has become possible
to realize similar ideas in hybrid optical coatings com-
prised of dielectric/ATPC/dielectric multilayered struc-
tures. In effect, if two-dimensional graphene precursors are
employed, such hybrid coatings can be produced by using
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layer-by-layer chemical methods [31,32] that take advan-
tage of intermolecular interactions between oppositely
charged electrolytes to self-assemble a multilayered struc-
ture [33]. This inexpensive thin-film assembly has already
proved to be a viable technique for real-life optical sensors
of pH [34], oxygen detection [35], and fluorescence [36].

In this paper, we propose a fiber-based environmental
sensor that consists of a Fabry-Perot microcavity coated
by a hybrid structure made of dielectric polymer slabs sep-
arated by conducting two-dimensional membranes. This
sensor makes use of the aforementioned nontrivial interfer-
ence effects inside hybrid coatings, significantly enhancing
the sensitivity of the reflection interference fringes to the
output refractive index, in a range typical of liquid media.
For concreteness, our theoretical analysis considers the
conducting membranes to be pristine graphene sheets,
the optical conductivity of which is real and roughly A
independent in the mid- to near-infrared range [37-39]
(in the operational regime of the sensor). However, the
precise nature of these membranes is insubstantial and
the conclusions presented here only require them to be
two-dimensional materials with sufficiently large real opti-
cal conductivities. Hence, more practical realizations of
these devices can use hybrid optical coatings based on
graphene oxide (GO) sheets [40—42], instead of actual
graphene monolayers. As referred, layered structures based
on these graphene precursors can be grown by inexpensive
chemical processes in controlled layer-by-layer [32,33,43]
procedures. Here, we employ this technique to experi-
mentally realize the proposed sensor in a cascaded Fabry-
Perot interferometer at the tip of a single-mode fiber that
is coated with stacked polyethylenimine/graphene oxide
(GO/PEI) layers. Such devices have recently been pro-
posed by some of us [44] although analyzed from a
different viewpoint.

The paper is organized as follows. In Sec. II, we review
the optical properties of pristine graphene and highlight
the similarities with existing studies on GO lattices. In
Sec. III, we devise our theoretical model for the sen-
sor, as well as the transfer-matrix formalism used to
investigate the reflection properties of the hybrid dielec-
tric/ATPC/dielectric coatings, as a function of the output
refractive index and the parameters of the system. We also
present the theory of interference in a low-finesse Fabry-
Perot cavity, which is a key ingredient to understand the
physics behind the operation of the sensor. In Sec. 1V,
we present our main theoretical predictions regarding the
operation and performance of our idealized environmen-
tal sensor. We also point out the chief advantages of using
graphene-based hybrid coatings over alternative setups. An
experimental realization of this sensing device is obtained
in Sec. V, including measurements that demonstrate the
operation predicted by our theoretical analysis. Finally, in
Sec. VI, we sum up our conclusions and speculate on future
applications of this technology.

I1. OPTICAL RESPONSE OF GRAPHENE AND
GRAPHENE OXIDE

The crucial ingredient of this sensor is the possibility of
coating the outward surface of the Fabry-Perot microcav-
ity with a layered structure of dielectric slabs interfaced
by conducting two-dimensional membranes. As explained
in Sec. I, the detailed nature of these membranes is not
important for our conclusions, which only depend on a
dissipative optical response that is sufficiently strong but
weakly dependent on the wavelength. In other words,
the membrane must behave as a two-dimensional metal
in the operational range of the sensor (i.e., the mid- to
near-infrared spectral range). Nevertheless, the simplest,
albeit paradigmatic, example of such a material is mono-
layer graphene, the optical response of which is concisely
reviewed here. In addition, recent studies on the opti-
cal response of (more complicated) GO are also cited,
highlighting the similarities with graphene that justify a
direct comparison between theory and experiments in this
paper.

When working around the mid- to near-infrared regime
(A 2 800 nm), it is known that the linear optical response
of graphene is isotropic (03" = 03" = o; are the only
nonzero terms of the conductivity tensor) and that it is well
described by continuum-limit calculations done within
a low-energy model having two uncoupled Dirac cones
[37,45,46]. More realistic modeling has also been done
[47—49], which confirms this approximation as appropri-
ate. Under this approximation, the low-temperature opti-
cal conductivity of graphene can be shown to have two
contributions,

o5 = O_)‘tntra + Ointer’ (1)
which stem from electronic intra- and interband transi-
tions, respectively. Both contributions can be analytically

evaluated and read [45]
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where y is a phenomenological scattering parameter, c is
the speed of light in vacuum, /4 is Planck’s constant, and
Ep is the Fermi energy of graphene. For these approxi-
mate calculations to hold, one must always consider that
|Er| < 0.3 eV, corresponding to a slightly doped graphene
monolayer. In Fig. 1, we show some representative plots of
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FIG. 1. Plots of the complex optical conductivity of a doped
pristine graphene sheet in the infrared [see Egs. (2a)«2b)]. The
plots consider the Fermi energy of Er = 0.25 eV and a relax-
ation scale of y = 0.001 eV. The optical gap and the operational
regime for our sensor are indicated.

these conductivities, where it is evident that 2 |Er| acts as
an effective “optical gap” that marks a boundary between
two response regimes. For A > whc/ |EFr|, the dissipative
interband response is suppressed by Pauli blocking and a
mostly reactive current appears in the system. In contrast,
for A < whe/ |EF|, the imaginary part of the conductivity
is almost zero and the response is mostly due to inter-
band transitions. Then, the optical response of graphene
becomes purely dissipative, with a A-independent univer-
sal conductivity [38]. The latter is the regime where our
proposed sensor will operate, such that we may take the
optical conductivity to be o}, & e?/4h.

As noted in Sec. I, although pristine graphene could
be used to realize our proposal, cheaper and more prac-
tical alternatives are provided by other two-dimensional
materials, such as graphene oxide monolayers. These func-
tionalized versions of graphene have considerably more
complex structures [41] and simple expressions cannot be
readily obtained for their electronic or optical response
properties. However, due to the interest in graphene for
optoelectronic applications [50], many density-functional
theory (DFT) studies have been published on the linear
optical properties of oxidized graphene sheets [42,51-53].
Most of the results demonstrate that, at least for moder-
ately oxidized graphene, the optical conductivity retains a
purely dissipative plateau in the midinfrared [53], with a
value approximating the universal conductivity found in
pristine graphene. Based on this, we argue that the theory
we develop for coatings based on pristine graphene mem-
branes also holds for GO, provided that the value of the
universal optical conductivity is adjusted as a phenomeno-
logical parameter.

III. THEORETICAL MODEL FOR THE
PROPOSED SENSOR

We propose a fiber-based interferometric sensor [see
Fig. 2(a)] that operates on the basis of a reflection inter-
ference pattern that is sensitive to its environment. Any
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FIG. 2. The scheme of our fiber-based sensor using a three-
wave micrometric Fabry-Perot cavity with an outside multilay-
ered hybrid surface coating (shown in green) made of conducting
membranes spaced by ideal dielectrics. We also define the dimen-
sions of the Fabry-Perot microcavity (D and d) and depict the
three primary waves reflected off the interfaces of the cavity (of
intensity Z, Z, and Z3).

changes in the physical or chemical properties of this
surrounding medium typically translate into slight alter-
ations in its refractive index. For a bare output interface,
the sensor would only be affected by variations in the
absolute reflectivity of the last interface, as the phase intro-
duced upon reflection is independent [54] of the incident
wavelength. This implies that the interference pattern in
the reflected spectrum is affected solely in the relative
strength of its Fourier components but not in their peri-
ods. To allow a shift in the fringe periods by environmental
changes, one must engineer the output interface so as to
give it a A-dependent complex reflection coefficient that
also depends parametrically on the refractive index of the
output medium. Such properties can be embedded into
the optical interface by deposing a nanostructured coat-
ing onto the outer surface of the cavity, as described in
Sec. L.

Here, we present the basic theoretical model employed
to simulate the operation of our device proposal. Before
proceeding with details, it is important to highlight that the
sensor is naturally split into two main parts: (i) the hybrid
coating on the output interface and (ii) the Fabry-Perot
microcavity at the termination of the fiber. Both compo-
nents work together to produce the interference effects on
which the sensor is based; however, they act at differ-
ent length scales. The hybrid coating is structured at the
nanoscale, with typical distances of approximately 10 nm
between successive conducting membranes. These lengths
are shorter than optical wavelengths and thus responsible
for the internal interference that causes nontrivial phase
shifts upon reflection. In addition, one also has the opti-
cal interfaces forming the Fabry-Perot microcavity. These
surfaces are distanced by tens or hundreds of microme-
ters, scales that far exceed those present in the internals
of the hybrid coating. The purpose of this cavity is simply
to generate a basic three-wave interference pattern in the
reflected spectrum, which is then shaped by variations in
the output refractive index. In the following, we consider
these two main parts separately.
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A. Optical modeling of a hybrid nanostructured
coating

The layer-by-layer assembly method creates optical
coatings where several (roughly parallel) conducting mem-
branes are separated by nanoscopic slabs of identical
dielectric material. In practice, the control over orienta-
tion, flatness, and distances between sheets is not perfect
but, for modeling purposes, we consider the conducting
membranes as mutually parallel planes, as shown in Fig.
3(a). Moreover, since our proposal is based on a single-
mode optical fiber, it is appropriate to consider that the
guided light wave has normal incidence on the coating,
which simplifies the following calculations. In short, our
aim is to evaluate the complex reflection and transmission
coefficients of a hybrid coating featuring a given number
(N) of conducting membranes spaced by a set of dielec-
tric slabs characterized by the widths, {d;, - - ,dy_1}. This
problem can be neatly solved by a transfer-matrix method
(TMM). With no loss of generality, we consider the mem-
branes to be pristine graphene monolayers working at the
universal optical conductivity regime, i.e., A ~ 1500 nm,
while the dielectric slabs are taken as being made up of the
same material (of refractive index np,;).

To devise a TMM that evaluates the complex trans-
mission (#,) and reflection coefficients (r,) of the entire
coating, we begin by considering a monochromatic wave at
normal incidence onto a single conducting plane [depicted
in Fig. 3(b)]. In this case, both the electric and magnetic
fields are parallel to the graphene sheet and the solution
of the four-wave scattering problem boils down to impos-
ing appropriate boundary conditions at the interface. Since
the interface is conducting, it supports surface currents
driven by the electric field of the crossing wave which, in
turn, alter the usual boundary conditions associated with
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FIG. 3. (a) The toy model used to investigate the optical coef-

ficients of the layered hybrid coating. For concreteness, we
consider the conducting membranes as doped pristine graphene
monolayers operating way above the optical gap. (b) The scheme
of a perpendicular scattering setup for a single graphene interface
between two bulk dielectrics.

a purely dielectric interface. The general electromagnetic
boundary conditions in the presence of a surface conduc-
tivity are derived in Appendix A. Meanwhile, the electric
field of the partial waves in Fig. 3(b) can be written as

2mc

>e’Tt 'ONE)

E' (r.1) = (E““ i —|—E“ )i

in the input medium (refractive index 7;) and

E2 (l', f) — ( (2+) l +E(2 =) 71 >ei%t % (4)

in the output medium (refractive index n;). The mag-
netic components of the wave are also harmonic and can
be readily obtained from Faraday’s law—B® = £z x
E® /v,—where v,, = ¢/n,, is the speed of light in the
corresponding medium. These magnetic fields read
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B2 (r,1) = (Ei2‘+)ei2ﬂfz
with their orientation also depicted in Fig. 3(b).

Since the wave is at normal incidence, all the fields
involved are parallel to the conducting interface. This leads
to two important simplifications in the boundary condi-
tions at z = 0: (i) only the conditions on field components
parallel to the surface are of importance; and (ii) despite
generating surface currents, the time-varying electric fields
do not induce any superficial charge-density waves. In this
case, the boundary conditions of the problem reduce to the
following simpler equations:

E =EZ, (7a)
B = B? + 11032 x E2, (7b)

where E, ), and B, ), are the monochromatic vector ampli-
tudes defined in Egs. (3)H6), o, is the optical surface
conductivity of the planar membrane, and p is the vac-
uum magnetic permeability [55]. By expressing Egs. (7a)
and (7b) in terms of only incoming or outgoing electric
field amplitudes, £, (729 "we cast the scattering problem in
the matrix form

E;2,+) G E(l ,+)

Eiz,f) Tl 2 ) - Eu -) > (®)
where the transfer matrix of a single conducting inter-
face between dielectrics of refractive indices n; and n, is
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given by

mptny _ K0CO,  mp—ny Q€O

2n 2n 2n 2n

Tle()") — . _2 2 2 2
; 2711y HoCoL np+ny 4 Boco,
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Having the linear relation of Eq. (8), it is triv-
ial to generalize the result and relate the input- to
the output-field components in the whole structure of
Fig. 3(b). For that, we recognize that a complex phase
factor—exp (£i2mn;d;/.)—is accumulated by right- and
left-traveling components, respectively, when traversing
the dielectric slab between layers i and i 4+ 1. Hence, the
electric field amplitudes at the input and output media can

be related as
E;jn,+) _ T E}(j)ut,ﬂ

() ()
where 7, isa2 x 2 transfer matrix characterizing the trans-
mission of monochromatic electromagnetic waves across
the entire coating. This matrix is defined in terms of the
interface matrices ']I‘f’: +1(4) defined in Eq. (9) and the matri-
ces P; = diag (exp (2w n;d;/)) , exp (—i2wn;d; /1)) describ-
ing the phase accumulation in each dielectric slab. The
general expression then reads

(10)

,Z;L = Tgl()\,) . ]P)l . sz()x) S ees ]P)Nfl ° Tg_]q]\/()")a (11)

where ny = ny, and ny = ngy.

Before moving on, it is worth remarking that the TMM
is suitable for extremely efficient numerical evaluation,
involving only successive products of very small (2 x 2)
matrices. In our case, by specifying ni,, nou, the list of
dielectric widths {d,...,dy_1}, and the corresponding
refractive indices {n1, ..., ny_1}, the transfer matrix of the
whole coating can be computed in a matter of seconds
on the average laptop. The complex reflection and trans-
mission coefficients can then be extracted from its matrix
elements:

E)(\m’f) (73112
ey S , 12
" E™Y (73] (12)
g (7012 [T
b= 22— =[T,] — —=12"421 12b
A E;n’+) [ }»]ll [,21]22 ( )

To recap, the TMM provides a convenient and fast
method to evaluate the reflection coefficient of a hybrid
coating, having any number of conducting membranes
with given interlayer separations and functioning at a given
wavelength. Hence, in what follows, we may take 7, as
a known quantity, which one can readily evaluate for a
specific case and that fully characterizes the reflection
properties of the output coated surface.

B. Reflection interference pattern in a three-wave
Fabry-Perot cavity

Besides the subwavelength processes within the hybrid
coating, there is also interference happening at larger
scales, between the waves reflected off the three interfaces
that make up the low-finesse Fabry-Perot microcavity at
the termination of the fiber (see the sketch in Fig. 2).
Dealing with this micrometer-scale interference is not fun-
damentally different from our previous analysis. However,
in the interest of gaining a greater insight into the operation
of the sensor, we approach the problem from a different
angle and approximate the reflected signal by the sum of
the three primary reflections (the ones shown in Fig. 2).
This approximation is justified by the low reflectivity of
all the surfaces in the cavity and further confirmed by a
direct comparison with the reflected spectra obtained by
the TMM applied to the whole system (see Fig. 4). Consid-
ering a three-wave approximation, the intensity reflected
by the microcavity is then given as

47D
I,A =L +L+ Zé — 21115 cos <nT>

A ngd !
)\’ c

472(D + nyd
42 IlIg\cos<w+93), (13)

— 2,/ 1, T} cos (

where n; is the refractive index of the silica, d and D are
the cavity widths (as defined in Fig. 2), and Z; ,3 are the
intensities reflected by each interface. These intensities can
be obtained from the Fresnel laws at normal incidence,

=70

= Exact pattern

Three-Wave appreximation
=== Linearized three-Wave appreximation

~100 1520 1540 1560 1580

Wavelength (nm)

FIG. 4. The intensity reflected by the sensor as a function of
the incident wavelength. The spectrum is obtained for a sim-
ulated microcavity (D = 100 m and d = 40 m) coated by
N = 20 graphene monolayers spaced by 20-nm dielectric slabs
(npo1 = 1.56). In blue, we have the exact interference pattern,
obtained from a transfer-matrix calculation on the whole system
(cavity + coating), while the red and black dashed lines show
the three-wave approximation [see Eq. (13)] and its linearized
version [see Eq. (15)] around A, = 1550 nm, respectively.
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As anticipated, effects from the output coating in the
interference pattern are encapsulated in its complex reflec-
tion coefficient, specified by the corresponding reflectivity
(R*) and the reflection phase shift (9%) in all previous
expressions. These parameters are crucially dependent on
the incident wavelength (1) and can be calculated by the
TMM described in Sec. III. As we shall see, the A depen-
dence of the reflection phase shift plays a pivotal role in the
operation of our sensor and is, in effect, the central concept
of this paper.

Regardless of coating details, one can point out some
generic features of the interference fringes. As is evi-
dent from Eq. (13), even within a three-wave approx-
imation, a Fabry-Perot interferometer does not yield a
periodic interference pattern upon reflection. Nevertheless,
if only a small neighborhood of a central wavelength (A.)
is observed, one can consider a lowest-order expansion
around ). and a three-component periodic pattern emerges:

I;nchA)u ~ Il + IZ + I;»c

2 AL 4w D
—2\/Ilfzcos< il _ )

A e
2 AL 4mngd
-2 IzIQC cos T g O
A, 22
2r Ar 4w (D + nyd
+2 Ilfg"cos nhk _dm@+n )—93" .
As A2

(15)

This pattern features three effective periods (A2 3) that
arise from the interference of any combination of the three
partial waves of Fig. 2. The three periods are then given as

22 2722
A] = —, A2 - 5
2D drengd + A2 dO}/dA|,
2 A2
and A; = The (16)

47 (D + nyd) + 22 do}/d3|, -

Unsurprisingly, Eq. (16) demonstrate that the effect of
coating the output interface is a slight change in A, and
A3, relative to their bare values. These are the components
of the pattern that arise from interference with the par-
tial wave reflected off the output interface. Interestingly,
they also show that the shift in the periods is due to a
A-dependent reflection phase shift, something that would

be absent in a bare dielectric-to-dielectric interface. These
shifts may increase (positive response) or decrease (neg-
ative response) the periods relative to their bare values,
depending on the sign of d6}/dx | Aot As we shall see, both
the sign and magnitude of this derivative can be tuned by
changes in the refractive index of the output medium, thus
providing the operational principle behind the sensitivity
of the cavity to the environment. Note that, in practice, the
individual periods of the interference pattern can be stud-
ied by band filtering the Fourier transform of the reflected
signal within a narrow enough spectral window [44].

IV. NONTRIVIAL REFLECTION PHASE SHIFTS
AND ENHANCED RESPONSE TO LIQUID
ENVIRONMENTS

The dependence of the reflected interference fringes on
the output medium is determined by the phase shifts intro-
duced when the wave is reflected off the last interface of
the microcavity. More precisely, Eq. (16) shows that a
A-dependent phase shift changes the periods in the interfer-
ence pattern, with respect to their bare values (determined
by the geometry of the microcavity). If the tip of the sensor
is a bare dielectric-to-dielectric interface, then the reflec-
tion dephasing is independent of both A and nyy. In this
case, any changes to the periodicity of the fringes can only
arise by geometrical alterations of the microcavity itself.
However, such a situation does not hold if a thin dielectric
coating (of index 7, and width A) is placed on top of the
output surface. Then, interference within the coating can
bring about nontrivial phase shifts on the last partial wave,
which usually depend on the wavelength. A straightfor-
ward transfer-matrix analysis of this simple setup reveals
the following complex reflection coefficient:

4im "ol A
(2 = (1 + 28) - (1 = B)(] 4 2o)e 7
Npol Mpol Npol Npol

c 4im "pol AC
(2 1)1+ 22) — (1 — 2o (] = 2ye
Mpol n Mpol Mpol

pol

(17)

From Eq. (17), one extracts the reflectivity and the
reflection phase shift as functions of the incident wave-
length. For our purposes, what really matters is to analyze
the variation of these quantities with nyy, provided that
the coating is nearly antireflecting (i.e., A ~ npgA/2). In
Fig. 5(a), we present such an analysis for a dielectric
coating (7,0 = 1.6), near antireflecting conditions, i.e.,
with the parameter x = 2Anp /A valued close to 1. The
main feature to be highlighted happens for an index n},,
for which the absolute reflectivity of the output surface
vanishes and is accompanied by an abrupt (“resonant-
like”) behavior of do? /d | e In the absence of conducting
membranes, this behavior appears around n},, = n,, which
signals that, even for a coating with precise dimensions for
destructive interference of the backscattered waves (i.e.,
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FIG. 5. (a) Simulated plots of Adf./d)\ (controlling the shift
of the reflected fringes) and reflectivity (in the inset), as a func-
tion of the output refractive index (n,,) for a purely dielectric
and nearly antireflecting coating of index n,, = 1.615 and total
width A = x\/2n,,. (b) The scheme of the deformed intensity
profile within the coating induced by the conducting membranes.
Simulated data are shown for a plain dielectric coating (bot-
tom) and the same coating intersected by 15 graphene sheets
(top). To aid visualization, the vertical axis is to be taken as
proportional to the actual reflected intensity. (c¢) The simulated
environmental dependence of Ldf./d\ for hybrid coatings with
N =0 — 20 graphene sheets, operating at a central wavelength
of A, = 1550 nm. The resonant response is shifted to lower 7,
as N is increased.

x = 1), the interference is only partial unless the reflec-
tivity is similar on both ends of the coating. This implies
opposite discontinuities of the refractive index in the two
interfaces. If the dimensions of the coating depart slightly
from this /2 condition (or x & 1), then a nonzero reflec-
tivity is obtained, accompanied by a broadening of the
“resonantlike” response of df} /dk| 5o 1O Mout [as depicted
in Fig. 5(a)].

The “resonantlike” behavior described above is of the
utmost importance for this work. In fact, Eq. (16) directly
implies that such a strong dependence of d6” /d | 5 ON Mgyt
leads to an enhanced sensitivity of the periods in the inter-
ference fringes, to the environment in which the Fabry-
Perot microcavity is placed. In passing, it is also relevant
to note that d@A /dA| A increases with ny, in this regime,
meaning that the perlods of the interference fringes would
have a negative environmental response. However, as the
closing of the microcavity is always silica (n; ~ 1.45), any
purely dielectric coating would only enhance its environ-
mental sensitivity for refractive indices n};, &~ 1.45, which
are typical of transparent solid media. In order to operate
this sensor in fluid environments, one must be able to shift
this “resonantlike” behavior toward lower values of nout
As will be demonstrated, this is the advantage of using
a hybrid coating with embedded conducting membranes,
instead of a dielectric one.

Inside a hybrid coating, there are conducting membranes
that act as segmentations of the bulk dielectric matrix in
which they lie embedded. Effectively, these membranes
split the dielectric coating into chunks of average width
38, performing as conducting interfaces. The presence of
these interfaces greatly affects the profile of a wave travel-
ing inside, as they introduce additional internal reflections
and also localized dissipation of field energy. The TMM
devised in Sec. III takes all these effects into account and,
as shown in Fig. 5(b), they lead to a nonhomogeneous field
intensity that decreases along the width of the coating. This
deformation of the field profile leads to a change in the con-
dition for the absence of a reflected wave, thus requiring
a larger discontinuity in the refractive index at the output
boundary As shown in Fig. 5(c), the main consequence
is a down shift of n ,, which now enhances the environ-
mental sensitivity at refractive indices within the range of
1.3 —-14.

Before moving on to the experimental proof of concept,
it is important to recognize that the shift in »} , depends
on the parameters of the coating. Namely, we show in Fig.
5(c) that n};, decreases monotonically with the number of
conducting membranes, provided that the full width of the
coating is kept roughly the same. Instead of looking at the
resonance, the changes in n}, can be conveniently and
fully characterized by tracking the reflectivity minimum.
According to our previous interpretation of this “resonant-
like” behavior, a minimum in the reflectivity must always
accompany the resonance in d6* /dk| , - This analysis is
done in Fig. 6(a) and, for low enough éonductivity of the
membranes, the minima depend on the coating parameters
as

. _ | n?—pocoung(N +1)
ot 1 — pocorns(N = 1)/nl)’

n

(18)
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FIG. 6. (a) Plots of the reflectivity minima for simulated coat-
ings having an increasing number of conducting membranes. The
position of the minimum coincides with the index n,, around
which the response of the sensor to environmental changes is
enhanced. (b) Examples of calibration curves that show the num-
ber of graphene-dielectric bilayers needed to obtain an enhanced
environmental response around a particular refractive index. The
different curves refer to using different dielectric matrices in the
coating and the relevant range in which to study typical liquid
media is shaded in blue.

where n; is the refractive index of silica, jtq is the vacuum
magnetic permeability, ¢ is the speed of light, and N is
the total number of conducting membranes. Finally, this
expression can be used to create approximate calibration
curves [see Fig. 6(b)] that serve to guide the engineering
of'a coating configuration that is appropriate to enhance the
environmental sensitivity around a pre-established value of
the output refractive index.

V. EXPERIMENTAL DEMONSTRATION

The theoretical proposal made in previous sections is
now put to the test on experimental grounds. Our prototyp-
ical device consists of a single-mode optical fiber (SMF)
terminated by a cascaded Fabry-Perot microcavity inter-
ferometer (FPMI). A photograph obtained from an optical
microscope is shown in Fig. 7. In order to assess the influ-
ence of an hybrid coating on the environmental sensitivity
of its interference pattern, we perform a comparative study
using two sensing devices: (i) an FPMI sensor coated by
a single layer of bulk dielectric polymer and (ii) a similar
sensor having a multilayered GO/PEI hybrid coating.

Circulator Fabry-perot interferometer

1C]2

ASE source 3

Optical spectrum analyzer Tooum

FIG. 7. The experimental setup, composed of an amplified
spontaneous emission (ASE) broadband source, an optical cir-
culator, and an optical spectral analyzer (OSA). A microscope
photograph of the fabricated Fabry-Perot interferometer, with an
air-cavity length of 258 um and a silica-slab length of 64 pm.

In the following, we begin by detailing technical aspects
of the production method of the device and the mea-
surement techniques. Afterward, we present experimental
measurements and compare them to the predictions of our
theoretical framework.

1. Fabrication of the Fabry-Perot microcavity
interferometer

To build the FPMI, a silica capillary tube with an inter-
nal (external) diameter of 75 um (125 um) is fusion
spliced (Sumitomo Type-72C) to the termination of the
SMF and then cleaved to the desired length (D), using a
fiber cleaver (Sumitomo FC-6RS). To close the FPMI, a
second SMF is fusion spliced to the free end face of the
capillary and then cleaved to a length d. The splicing pro-
cesses are all carried out by using electric arcs centered far
away from the capillary region. In this way, we can avoid
its collapse and thus keep straight enough sides in order to
minimize transverse optical losses.

2. Production of the PEI and GO/PEI coatings

For producing the optical coatings, we employ
polyethylenimine (PEI) as our dielectric medium (7o, =
1.615). This polymer is acquired from Sigma-Aldrich (cat-
alog number P3143) as a water-based solution with a 50%
concentration (w/v). The PEI solution is further diluted
using ultrapure water (Milli-Q water), achieving a lower
concentration of 2 x 1072 M. For producing the multi-
layered hybrid coatings, we use graphene oxide obtained
from a commercial GO solution (Sigma-Aldrich, catalog
number 777676) with a concentration of 4 mg/ml. The lat-
ter is then diluted in ultrapure water to match the same
concentration of the diluted PEI solution.

All FPMIs used in this study are coated using a layer-
by-layer dip coating method. For purely dielectric (PEI)
coatings, the fiber is dipped into the diluted PEI solution
for 1 min, followed by a brief rinse in ultrapure water
to remove nonadsorbed residues. This process is repeated
ten times, in order to reach a significant film thickness.

044041-8



MICROCAVITIES WITH HYBRID COATINGS

PHYS. REV. APPLIED 16, 044041 (2021)

In the case of the GO/PEI coatings, a similar procedure
is followed, with the FPMIs being dipped alternately into
the PEI and the GO solution, with a rinse and drying step
in between. Here, the repetition continues until the desired
number of bilayers (N = 10) is attained.

3. Optical measurement setup

The experimental setup used for the characterization of
the FPMIs is schematically depicted in Fig. 7. It consists
of an amplified spontaneous emission (ASE) broadband
source centered at A, = 1550 nm with a bandwidth of
(approximately) 100 nm, an optical circulator, and an
optical spectrum analyzer (OSA—Yokogawa AQ6370C).

A. Experimental results

The influence of coating the output surface of an FPMI
is studied by comparing the reflected spectrum before and
after the dip-coating process. In the presence of a PEI coat-
ing, no significant shifts or intensity changes are observed
in the reflected spectrum, as obtained within an air environ-
ment. In contrast, the GO/PEI FPMI shows visible changes
in the interference fringes, which appear shifted in wave-
length, with a decreased intensity but a larger visibility. In
Fig. 8(a), we plot the reflected signal measured before and
after a sensor is coated with ten GO/PEI bilayers. The shift
in the fringes is clearly marked.

Besides comparing the operation of coated and uncoated
FPMIs, we focus our analysis on the influence of such coat-
ings in their sensitivity to environmental changes. Namely,
we characterize the dependence of the reflected pattern
on the refractive index of the output medium by immers-
ing the sensors in calibrated liquids, with indices ranging
from ngy = 1.3327 to ney = 1.3830 [56]. The spectra of
reflected signals obtained with a GO/PEl-coated sensor
are shown in Fig. 8(b), where it is evident that chang-
ing the output medium induces measurable variations in
both phase and intensity of the interference fringes. No
such response is obtained using a PEI-coated FPMI, as
shown in Fig. 8(c), which indicates an increased environ-
mental sensitivity of the system in the presence of a hybrid
coating.

The variations in the reflected signal of the GO/PEI
sensor can be more finely evaluated by performing a spec-
tral decomposition [57] through a fast Fourier transform
(FFT). The result is shown in Fig. 9(a), where the FFT
amplitudes appear plotted as functions of vacuum optical-
cavity lengths. From our previous theoretical analysis, it
is not surprising that the FFT features exactly three peaks,
associated with the three Fourier components of Eq. (15).
The first peak (A), at a cavity length of 91.2 um (cor-
responding to a d = 63 um length for n, = 1.4444), is
related to the optical cavity composed of fused silica and
GO/PEI coating. The second peak (A»), related to the air
cavity, is located at a cavity length of D = 258.3 um, while
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FIG. 8. (a) The measured reflected spectrum before and after

the application of a coating with ten PEI/GO bilayers. The arrow
makes evident the overall shift of the interference pattern (in
wavelength) caused by introducing the output coating. (b) The
reflected spectrum from the FPMI coated with ten PEI/GO bilay-
ers, measured with the cavity immersed in liquid environments
that have different refractive indices (n,, = 1.3329 — 1.3603).
The sensitivity of the pattern is to be contrasted with (c), where
an identical analysis is done using a cavity coated with PEI of
roughly the same width. All the curves appear superposed.

the third peak (A3) is related to the optical cavity com-
posed of air, silica slab, and the GO/PEI coating. Note that
the estimated cavity-length values are in full accordance
with those determined by inspection of the microscope
photograph in Fig. 7. Furthermore, small intensity varia-
tions are observed in Fig. 9(a) for the first and third peaks,
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FIG. 9. (a) The Fourier transform (FFT) of the reflected spec-

tra measured with the sensor inside the outer liquid media with
varying refractive indices, coated by ten GO/PEI bilayers. (b) A
study of the dependence of the intensity in the third peak on the
output refractive index. The error bars are due to intrinsic spec-
tral resolution of the OSA, which appears as random fluctuations
in the measurements made over time, using the same device.

while the air-cavity peak remains unaffected by changes
in the output refractive index. These results are consistent
with the understanding that only A and A; [as defined in
Eq. (15)] can be affected by the reflection coefficient of the
output coating and thus be sensitive to the output medium.
As an example, we also plot the FFT peak intensity of A3
as a function of nyy in Fig. 9(b).

The changes in the shape of the interference pattern
depicted in Fig. 8(b) point toward an environmentally
induced variation not only of the FFT peak intensities but
also of their locations. Such changes in the periodicity
of the pattern are consistent with our earlier theoretical
predictions and therefore provide the sought-after connec-
tion between the experiments and theory presented here.
In order to analyze these shifts in the Fourier compo-
nents, we begin by isolating one of the sensitive peaks
using a band-pass filter in the FFT. For concreteness, we

FIG. 10. The fit of the spectral shifts in the shortest period (A ;)
measured from the filtered FFT of the reflected fringes to the
theoretical model. Two data sets are shown for identical sensors
coated with ten (blue points) and 40 GO/PEI bilayers (orange
points). The solid lines represent the corresponding theoretical
curves, obtained for reasonable values of the free parameters in
the model—& = 0.0188, n,,; = 1.617—and a distance between
consecutive GO monolayers of § = 95.8 nm and § = 95.6 nm,
respectively. For comparison, the corresponding curves in the
absence of GO membranes (i.e., & = 0) are shown as dashed
lines. The inset represents the band-filtered signal reconstructed
by an inverse FFT for the coating of ten bilayers. The error bars
are due to intrinsic spectral resolution of the OSA, which appears
as fluctuations in the measurements made over time.

isolate the first peak (A;) and obtain the filtered spec-
trum presented in the inset of Fig. 10. The filtered signal
now exhibits an evident phase variation, which actually
amounts to a shift of the period A induced by an increase
of the output refractive index. In Fig. 10, the shifts in
A are represented against our theoretical predictions for
two FPMI sensors coated with N = 10 and N = 40 con-
ducting membranes (GO) embedded into a dielectric (PEI)
matrix (npo = 1.617 PEI [58]). Surprisingly, by using the
simplified model of Sec. III and a real optical conduc-
tivity slightly smaller than pristine graphene (¢ = 0.0188
[59]), the agreement between the experimental data and the
theoretical curves is reasonably good for both cases. The
average distance between consecutive GO sheets is slightly
adjusted for the fit (6 = 95.8 nm and § = 95.6 nm, respec-
tively) but the values are close enough to indicate good
consistency in the production of the multilayered coat-
ing. Given the imperfections expected to be present in a
GO/PEI coating produced using a chemical layer-by-layer
technique, we can argue that our experimental results are
consistent with the down shift of a “resonantlike” behav-
ior in the reflection phase shift at the output surface of
the FPMI, as theoretically predicted for hybrid coatings in
Sec. IV.
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VI. CONCLUSIONS AND OUTLOOK

We propose and experimentally demonstrate an interfer-
ometric sensor, based on a Fabry-Perot microcavity built
at the end of a single-mode optical fiber and covered by a
thin multilayered hybrid coating made of two-dimensional
(graphenelike) conducting membranes embedded within a
dielectric matrix. Unlike more conventional Fabry-Perot
sensors, the proposed device is able to sense changes in
the refractive index of the output medium by translating
them to measurable shifts in the Fourier periods that com-
pose the reflected spectrum. Our theoretical study shows
that the aforementioned changes in the interference pattern
can be attributed to an enhanced environmental sensitiv-
ity of the reflection phase shift introduced by the output
coating. The latter is caused by complex internal reflec-
tion, interference, and energy-loss processes among the
different conducting surfaces contained within the coating.
Moreover, as the number of layers in the coating increases,
the sensitivity is enhanced for lower values of the output
refractive index, which allows the engineering of a sensor
that works within range of indices typically found on lig-
uid media (noy = 1.3 — 1.4). The theoretical predictions
are further tested against reflected spectral measurements
done on an experimental realization of this device that
employs GO/PEI multilayered structures produced using a
cost-effective layer-by-layer chemical dip-coating process.
Despite inherent imperfections in the structure of the coat-
ing and the possible influence of other external physical
parameters (e.g., thermal sensitivity), sensible agreement
is obtained between the measurements and the theoreti-
cal predictions. Besides demonstrating the concept, this
agreement further encourages investment in these types of
devices for future real-life sensing applications.

As a closing remark, we comment on the technologi-
cal applicability of the sensing devices described in this
work. In reality, for these hybrid coatings to be of practi-
cal use, a more consistent production method that creates
more resilient and/or durable hybrid coatings is imperative.
In particular, the interference phenomenon described here
is very sensitive to imperfections in the layered structure,
namely the film roughness shown in Fig. 11. This rough-
ness is a typical feature known to occur in polymeric films
produced using layer-by-layer techniques [60—62] and can

10x 50% 100x

(PEI/GO),,

FIG. 11. Optical-microscopy images of a film of ten GO/PEI
bilayers deposited on glass. The roughness of the polymeric film
is clear from the picture.

eventually be controlled. Surely, the use of vapor-phase
deposition techniques could potentially allow more per-
fectly structured coatings to be made. However, such meth-
ods would be highly inefficient, and likely more expensive,
ways to produce these multilayered coatings. Nevertheless,
the basic concepts underlying the operation of these hybrid
coatings are arguably more general than our current exper-
imental realization and this work could serve as a spark for
future technological developments.
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APPENDIX: ELECTRODYNAMIC BOUNDARY
CONDITIONS IN CONDUCTING INTERFACES

The existence of sharp interfaces separating different
dielectric media is known to introduce discontinuities in
components of electric and/or magnetic fields. In the sim-
plest case, these interfaces are electrically neutral and
cannot support charge currents. For this work, however,
we must consider cases in which this last condition does
not hold, because the interfaces are two-dimensional con-
ducting membranes (e.g., graphene monolayers). In this
appendix, we derive the general boundary conditions for
such a planar interface, assuming that the two dielectrics
have refractive indices n; and n,, while the interface is
a linear conducting membrane described by a complex
conductivity o, = o, + ioy.

To obtain these boundary conditions, we begin by con-
sidering the interface to be planar. Despite not involving
loss of generality, this geometrical arrangement allows the
construction of the usual pillbox Gauss surface [Fig. 12(a)]
and Ampere square circuit [Fig. 12(b)] that allow us to
apply Maxwell’s equations in integral form:

# D(r,t)-dS:/f/,o(r,t)dr,
Sy 1%

# B(r,7)-dS =0,
Sy

(Ala)

(Alb)
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FIG. 12. (a) A pillbox surface traversing the interface between

the two dielectric media. (b) The square circuit used to derive the
boundary conditions for the parallel components.
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where E, B, and D are the electric, magnetic, and elec-
tric displacement fields, respectively. In order to keep
the discussion as focused as possible, we assume that all
these fields are harmonic in space-time, e.g., E(r,?) =
Ejexp (ik - r — iwt), and that the interface is aligned with
the plane z = 0. Assuming an wavelength A = 27/ |K|, the
Ohmic surface currents at the interfaces are simply

K(r,7) = Koexp (k! - r — i), (A2)

where Ko = UAEg. Hereafter, we use || (L) to represent
vectors that are parallel (perpendicular) to the interface.
Since the current of Eq. (A2) is time dependent, the
condition of local current conservation implies that a
time-dependent change-density wave is also usually gener-
ated. The latter can be obtained from the two-dimensional
continuity equation,

dps(r, 1
0D _ g K., (A3)
at
which yields p,(r,7) = p? exp (ik* - r — iwt), where
ol =B}k (Ad)
w

If we now use the surface current and charge densities
of Egs. (A2) and (A4) and apply the integral Maxwell’s

equations to the constructions of Fig. 12, we obtain the fol-
lowing general conditions for the fields in the two sides of
the planar interface:

Ey, =E,, (A5a)

e1BL, = e,EF + %Eg,l K, (A5b)
By, = By,, (A5c)

B! =B} + p00:i x E (A5d)

where &, are the dielectric constants of the two media.
Finally, if we consider the case of perpendicular inci-
dence, then the perpendicular components are zero and

n x Eg,l = E ;. In this way, we recover the special case
quoted in Egs. (7a)~(7b).
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