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Abstract: Hybrid-material optical fibers enhance the capabilities of fiber-optics technologies,
extending current functionalities to several emerging application areas. Such platforms rely on
the integration of novel materials into the fiber core or cladding, thereby supporting hybrid modes
with new characteristics. Here we present experiments that reveal hybrid mode interactions within
a doped-core silica fiber containing a central high-index nanofluidic channel. Compared with a
standard liquid-filled capillary, calculations predict modes with unique properties emerging as a
result of the doped core/cladding interface, possessing a high power fraction inside and outside
the nanofluidic channel. Our experiments directly reveal the beating pattern in the fluorescent
liquid resulting from the excitation of the first two linearly polarized hybrid modes in this system,
being in excellent agreement with theoretical predictions. The efficient excitation and beat of
such modes in such an off-resonance situation distinguishes our device from regular directional
mode couplers and can benefit applications that demand strong coupling between fundamental-
and higher-order- modes, e.g. intermodal third-harmonic generation, bidirectional coupling, and
nanofluidic sensing.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical fibers represent one of the most successful devices in photonics, having revolutionized a
number of fields such as telecommunications, nonlinear frequency conversion, and bioanalytics
[1-3]. The transverse light confinement in commonly used cylindrical step index fibers is
provided by a larger refractive index in the core than in the cladding leading to the formation
of guided modes in the central core region. Depending on material distribution and geometric
parameters, higher-order modes (HOMs) with distinct intensity and polarization patterns that
cut-off under certain condition can form in addition to the Gaussian-like fundamental mode [4].
One benchmark figure that characterizes these modes is the waveguide V-parameter, which in

the case of a cylindrical geometry is defined by V = 2maky ln% — n% (core radius: a; vacuum
wave vector: ko = 27m/4; vacuum wavelength: A; refractive index of core and cladding: n;
and ny). The most successful material platform that is currently being used in the context of
step index fibers is silica glass, where dopants such as germanium (GeO;), alumina (Al,O3),
phosphorus pentoxide (P,Os), or fluorine are used to increase or reduce the refractive index
of silica [5-8]. In particular, cores composed of GeO,-doped silica are globally employed as
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step-index fibers with wide transparency windows in the visible and near infrared spectral domain.
In spite of its great success, doped silica step-index fibers with one material interface show
limited capabilities for modal engineering due to the small number of parameters that can actually
be varied. Increasing the accessible parameters space is crucial in applications that demand
precise modal engineering, such as phase-matching, ultra-fast nonlinear frequency conversion, or
mode coupling, all of which clearly benefit from fibers with extended modal tuning opportunities.
One approach to increase the flexibility of optical fibers is the integration of novel materials,
leading to so-called hybrid optical fibers (HOFs) [9]. During that last decade, a great variety
of materials including metals [10,11], semiconductors [12—-14] and high index glasses such as
chalcogenides [15,16] have been incorporated into fiber for applications in a multitude of fields
including plasmonics [17], optoelectronics [18] or nonlinear frequency conversion [19,20]. A
novel class of HOFs that has recently emerged relies on the inclusion of liquids in silica fiber or
capillary. Compared to fibers containing only solid materials, liquid-based HOF implementation
is considerably more straightforward, since it relies on liquid infiltration of fiber nanochannels
via capillary action. This type of HOF is a particularly attractive in terms of tunability, since
liquids can be exchanged in real-time, and because their thermo-optic coefficients can reach
those of semiconductor materials (e.g., CSy: dn/dT ~ 8 X 10‘4K_1) [21]. Due to these unique
properties, liquid HOFs have opened up new areas of applications in fiber optics, including micro-
and nano-object detection [22-24], refractive index sensing [25-29], lab-on-a-fiber technology
[30], chemistry [31,32], nonlinear optics [33—37], optoelectronics and lasing [38,39], as well as
the observation of new physics (e.g., hybrid solitons [40]). The inclusion of novel materials, and
liquids in particular, therefore greatly enhances and extends the capabilities of optical fibers to
fields that would otherwise be challenging to address.

Here we experimentally demonstrate that the inclusion of a high refractive index nanofluidic
channel in the center of a doped silica fibers leads to a novel type of a HOF supporting hybrid
modes that have different modal properties than the modes of regular step index fibers (Fig. 1(a)).
Simulations indicate a characteristic mode hybridization, which leads to mode formation that only
emerge due to the presence of the additional material interface. The mode hybridization in this
off-resonance situation is confirmed via mode-coupling experiments, whereby the fluorescently
emitted and microscopically detected light reveals a spatially alternating intensity distribution
due to the interference between the modes supported.

NBF mode
O core

fundamental
liquid mode

(a)

hybrid mode

claddin:
g nanofluidic

channel

Fig. 1. (a) Schematic diagram of the hybrid optical fiber, relevant modes, and experimental
concept: the fundamental NBF mode excites the two hybrid modes in the nanofluidic channel
region, resulting in periodic power exchange between the silica and liquid. (b) Scanning
electron microscope image of the central region of the fiber andrelevant parameters as
labelled.
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2. Device Analysis

The HOF considered here consists of a step-index fiber geometry with silica cladding (outer
diameter 180 pm, refractive index n3 [41] and a GeO,-doped core region (diameter d, = 3.2 um,
doping level 11 mol%, refractive index ny = n3 + 8 x 10-3) that includes a central nano-channel
(diameter dj, = 1.0 um, refractive index n) that can be either air or a liquid. An illustration of
the HOF and a scanning electron microscope (SEM) image of the central region of the nanobore
fiber (NBF) are shown in Fig. 1(a) and (b), respectively. The fundamental condition to obtain the
modal hybridization targeted here is the use of a refractive index inside the nano-channel that is
higher than that of the surrounding core (n;>n,) preventing the formation of evanescent fields
inside the liquid. Based on a preliminary analysis, we choose a liquid bore material consisting of
a solution of 0.45 molar fraction of ethanol (C,HsOH) in benzyl alcohol (C7HgO), which can be
integrated into the fiber via capillary action. Using a one-resonance Sellmeier fit, the refractive
index of the solvent mixture at 20° is given by

) 1.1520122
Mm@ =1+ 5 016166° M
where the wavelength A is expressed in um.

In order to reveal the properties of the modal hybridization, the effective indices of the relevant
modes nes have been calculated as a function of the relative refractive index of core and cladding
An = ny — n3 at a constant wavelength (4 = 532 nm, Figs. 2(a) and (b)), using Finite Element
modeling and a semi-analytic approach [42]. Note that the situation An = O corresponds to
a step-index fiber with a liquid core and a homogeneous silica cladding, which supports a
single mode since V = 1.75<2.401. Increasing the core index imposes a second dielectric
interface into the system, leading to the appearance of higher-order modes with distinct intensity
patterns in the doped region. In the case discussed here, three higher-order modes emerge at
An = 4.2 x 10-3, which resemble the characteristic polarization patterns of the first set of
HOMs from a regular step index fiber [42] (Fig. 2(f)-(h)). At An = 5.9 X 10-3 the formation of
another mode with a HE|,-like intensity and polarization pattern is observed (Fig. 2(e)). This
mode is particularly interesting since it shows a linear polarization and a Gaussian-type intensity
distribution, comparable to that of the fundamental mode in the central liquid region (2(d)). As
a result, in the subsequent analysis we focus on the interference of the HE{; and HE >, modes,
which will be experimentally revealed by microscopically monitoring the side-wise emitted
fluorescent light. Note that for a decreasing bore diameter, the beat length increases up to a
maximum of 56.3 um at a bore diameter of 756 nm. For smaller bore diameters, the HE;, mode
cuts off and the fiber supports only one linearly polarized mode.

One main difference between the modes of the nanofluidic channel enhanced fiber and a regular
step-index fiber is the transverse power distribution in the different materials and the related mode
field diameter (MFD), which is revealed here by simulating the fraction of power inside the liquid
Jiiquia = fA S,dA/ fA S.dA (S;: longitudinal Poynting vector) (Fig. 2(c)): In the nanofluidic
channel enhanced fiber, the fundamental liquid mode (HE;;-mode, Fig. 2(d)) has a MFD that
is determined by the size of the liquid filled bore, leading to about half of the electromagnetic
power being localized inside the liquid (fjizui« = 0.5, green curve in Fig. 2(c)). For the TEo,
TMy1, HE;; and HE |, modes (Fig. 2(e)-(h)), however, the mode diameter is significantly larger
and is determined by the size of the doped glass region. As a consequence the mentioned modes
show a significantly smaller fraction of power inside the liquid (f;;qui¢ < 0.1, Fig. 2(c)) compared
to a liquid core fiber that has no second glass interface.

Following an earlier approach that can be applied to any kind of dual-waveguide coupler
[43], the beating between the two modes leads to a well-known periodic intensity distribution
along the z-direction. The distribution of the power in the liquid bore is determined as follows.
The first step involves the calculation of the electric and magnetic fields (E and H) of the two
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Fig. 2. Modal properties of the hybrid fiber. (a) Effective index (relative to the index of
silica) of the relevant modes as function of refractive index difference of the core relative
to the cladding An. The plot shown in (b) displays a larger spectral range in order to show
the properties of the HE||-mode. (c) Corresponding fraction of power inside the liquid.
The images on the right show the Poynting vector distributions of the modes discussed at
An = 8 x 10-3 which corresponds to the experimentally investigated configuration ((d)
HE|1, (e) HE 5, (f) TEq;, (g) TMg1, (h) HE1). The HE|;- and HE,- modes ((d) and (e))
that are addressed in the mode beating experiments are highlighted by the dashed gray frame.
The pattern shown in (i) refers to the fundamental mode of the empty nanobore fiber. All
calculations are conducted at a wavelength of 4 = 532 nm.

relevant Eigenmodes in the liquid-filled fiber section (Exg,, =E| and Exg ,=E,), as well as those
the fundamental mode of the empty nanobore fiber (Expr=E3, Fig. 2(g)). The latter represents
the incoming mode (i.e, the mode that is launched at the fiber input) exciting the two hybrid
Eigenmodes in the liquid-filled section. At the beginning of the coupling (i.e., liquid) section, the
fraction of modal power transferred to each of the two Eigenmodes is calculated via the overlap
integral

1 2
fi= [ /A (B y) x B dA @)

where A, is the entire cross section, and N; = %I fAm E; x H;dA| are the modal normalization
constants (i = 1,2,3 as defined above, x and y: transverse coordinates). For the parameters
considered here f| = 0.17 and f, = 0.54 showing that the HE |, mode is more efficiently excited,
due to its larger overlap with the fundamental mode of the empty nanobore fiber (Fig. 2(i)).
Note that the fundamental mode of the empty nanobore fiber is linearly polarized and has an
annulus-type intensity distribution due to the evanescent decay of the fields towards the center
of the channel overall resulting from the low refractive index of the air bore. Since the beating
between the modes is experimentally confirmed on the basis of side-wise detection of fluorescent
light, it is important to analyze the longitudinal power distribution inside the liquid region. To
calculate this, we consider the transverse electric- and magnetic- fields as a function of the
longitudinal coordinate z,

E(x,y,2) = VAiEi(x,y)exp(ikones 12) + V2Ba(x, y) exp(ikones. 22), 3)
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H(x,y,2) = VfiHi(x,y)exp(ikones. 12) + V2Ha(x, y) exp(ikores, 22). 4

with the effective indices of the HE ;- and HE|>-modes neq | and neq 2, respectively. At each z,
the Poynting vector S,(x, y, z) = %Re(E(x, y,z) X H*(x,y,z)), has been determined, which in the
present case is given by

So(x,y) = % [flch(x,y) +Hq2(x,y) + Vfifaqia(x, y) cos(ABz) |, %)

where g;(x,y) = EYH) — E}H is an intensity factor, q12(x,y) = ~EH} + E3H| — E\H} + E{H,
is a modal cross-overlap factor, and AS = A/Aneg is due to Eigenmode dephasing, where
Anegr = nesr1 — ne2- The fraction of power in the nanofluidic channel p;(z) is then given by

‘//:‘bore SZ(x’ y, Z)dA

pi(2) = ;
wa S:(x,y,2)dA

(6)

where Apore is the area of the central liquid-filled bore region. The results for the fraction of
power p>(z) in the combined doped core and cladding region are obtained analogously, where we
have verified that p;(z) = f1 +f> — p1(z). The results of the calculation are shown in Fig. 3(b)
revealing a clear beating pattern and a periodic modulation of the power inside the liquid
core region with the beat length Lp that is correlated to the difference in effective index by
Lg = A/Ang. The emergence of a periodic beat pattern is a remarkable feature of the nanofluidic
channel enhanced fiber given the fact that it operates in a non-phase-matched (i.e., off-resonance)
configuration. This behavior is in stark contrast to commonly used directional mode couplers,
requiring phase-matching to obtain a sufficient fringe contrast (e.g., [44]). Our calculations
show distinctly different effective indices for the two relevant modes (HE: neg 1 = 1.473556,
HE>: nes 2 = 1.460798), leading to an effective index difference of An.g = 0.012758 at
A = 532 nm resulting in a beat length of Lp = 41.70 um. To compare with experiments, we fit
our experimental data using,

2
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Fig. 3. (a) Intensity distribution of the three modes considered along an arbitrarily chosen
line through the center of the fiber (red: HE{, blue: HE;, dark yellow: fundamental
mode of the nanobore fiber). The top rectangles show the regions of liquid filled bore (light
red), doped core (dark green) and cladding (light green). Each curve is normalized to its
maximum value. (b) Fraction of power in liquid (purple) and core (green) as function of
propagation distance calculated using Eq. (2), normalized to the beat length Lg = 41.6 um.
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where Py is a power offset, and AP quantifies its maximum oscillation. Note that Eq. (7) has the
same form as Eq. (5), with the addition of a phase offset ¢ to account for the fact that the images
were not taken at the beginning of the coupling section.

3. Experimental procedure

Figures 4(b) and (c) show two examples of recorded frames at two different points of time, both
of which reveal a clear periodic oscillation of the fluorescent light along the direction of the fiber.
To obtain the axial distribution of power P;(z) of the recorded fluorescence light per unit length as
a function of the longitudinal position, the intensity I(y, 7) at a fixed z-position was transversely
integrated within the liquid domain P;(z) = _AA“‘;)O I(y, 7)dy (Ayy: extension of liquid region). In
this case the integration domain was considered as 7 pixels (Ayg = 3), referenced to the middle of
the intensity pattern (y = O corresponds to the center of the nanochannel region). The resulting
power distribution normalized to its maximum value Py, (z) is shown in Figs. 5(a) and (b), for
the frames displayed in Figs. 4(b) and (c), respectively, and was fitted by Eq. (7) (dashed lines in
Fig. 5) to obtain Lg. For both frames beat lengths of 42.42 um and 41.30 um were determined,
which are close to the simulated value of 41.70 um. This excellent agreement unambiguously
confirms the modal interactions between the fundamental liquid HE ;- and the HE - modes,
emerging as a result of the boundary between doped- and undoped- silica. The fitting parameters
Py, AP, and ¢ are 0.437, —0.461, and 1.24, respectively for the pattern represented in Fig. 5(a),
and 0.599, 0.365, and 1.34 for the pattern shown in Fig. 5(b). Note that photobleaching of the
dye has not been observed and can entirely be ignored, since only the relative intensity of the
interference pattern is relevant for the determination of the beat length. Additionally the laser was
turned off during filling and only switched on once the liquid reached the domain of observation.

(a) interference 100x liquid
pattern oil mixture
=B

pattern 1

pattern 2

Fig. 4. (a) Schematic of the experimental setup to measure the beat length between the HE
and the HE|;-modes. The modal interference creates an oscillating fluorescence pattern
(examples of two frames are shown in (b) and (c)) that is collected perpendicularly to the
fiber with a microscope objective.

The key feature that distinguishes our device from a typically directional mode coupler is that
it operates in off-resonance (i.e., in non-phase-matched) mode while showing a substantial fringe
contrast (Fig. 3(b)). This allows for wavelength independent refractive index sensing via the
determination of the beat length Ly = Lg(n)), since the beat length which is directly correlated to
the refractive index of the liquid nlis always determined at the same wavelength. Therefore this
scheme can for instance be used to determine the thermo-optical coefficient of a particular liquid
at one wavelength. Measuring a refractive index related quantity at a single wavelength is in
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Fig. 5. Spatial distribution of the fluorescence power of the two patterns shown in 4(b)
and (c) obtained by transversely integrating the intensity in the domain of the nano-channel
(blue). The pink curves represent fits to the data points in order to determine the beat length
Lp using Eq. 7.

contrast to the sensing principle of regular directional mode couplers which typically operate
on-resonance, i.e., require phase-matching between the modes involved and therefore change the
resonance wavelength in case the refractive index is modified [44].

To quantify the potential of the proposed wavelength-dependent refractive index sensing
scheme from the simulation perspective, we have calculated the dependence of the effective
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Fig. 6. (a) Dependence of the effective mode index of the two relevant modes (green: HE {1,
pink: HE{») as a function of analyte index n{ (1 = 532 nm). (b) Corresponding beat length.
(c) Resulting beat-length related refractive index sensitivity (slope of the curve shown in (b))
S =dLg(n;)/dn;.



Research Article Vol. 11, No. 2/1 February 2021/ Optical Materials Express =~ 566

= B
{ g

mode index n.g of the two relevant modes (green: HE, pink: HE,) on analyte index n; and
determine the corresponding beat length via Ly = A/n.s and the beat-length related refractive
index sensitivity S = S(n;) (Fig. 6).

The results show that particularly the effective index of the fundamental core mode (HE;-
mode) strongly increases in case the analyte index n; is increased (green curve in Fig. 6(a)), an
effect that is much less pronounced for the HE|,-mode (pink curve in Fig. 6(b)). This different
behavior results from the different relative concentrations of electromagnetic power of the two
modes in the various materials (Fig. 6(c)) and in particular emphasizes the strong localization of
the HE|; mode in the liquid analyte. The related beat length Lg(n|) therefore shows a strong
dependence on the actual value of n; and thus a measurement of the beat length allows to
directly determine the refractive index at the wavelength the measurement is performed. The
beat-length related sensitivity S = S(n;) (Fig. 6(c)) can then be defined via the derivative of
the beat length on refractive index S = dLg/dn, reaching values of the order of 1 mm/RIU.
Therefore, the proposed scheme can be employed in refractive index sensing applications using a
single wavelength with off-the-shelf fiber components, requiring no additional equipment (e.g.,
spectrometer) besides the ability to observe the side-scattered light using a regular microscope.
Note that other wavelengths can be chosen by using another dye.

4. Conclusions

The integration of novel materials into fiber allows to access unusual modal properties, offering
new pathways for dispersion management, both of which allow to substantially increase the
capabilities and application areas of optical fibers. We have presented a novel type of hybrid
optical fiber that enables modal hybridization by including a high-index nanofluidic channel
in the center of a doped silica core. The formation of higher-order modes with characteristic
features that solely result from to the presence of two material interfaces is observed. The
intensity and polarization patterns of the formed modes resemble those of higher-order modes in
regular step-index fibers, with modal patterns that spatially overlap both with the nanofluidic
channel and the doped core. In accordance with simulations, formation of hybridized modes was
experimentally confirmed by directly measuring the beating (i.e,. the beat length) between the
fundamental liquid HE;-mode and one selected mode (here HE|>-mode) via side-wise detecting
the periodically modulated fluorescence of the dye-doped nanofluidic channel. The excitation
of such modes transfers 20% of the input to the nanofluidic channel, over a beat length of only
41.7 pm.

In order to compare our device to a commonly employed coupler design consisting of two
parallel running waveguides, we have performed preliminary calculations comparing the presented
device to an directional coupler formed by a 1 ym diameter nanochannel filled with the same
liquid, in a silica cladding, adjacent and in contact with a doped core (index contrast: 8 x 10-3)
of diameter 3.2 um (4 = 532 nm). In the off-resonance (i.e., non-phase matching) case, the beat
length is 93 um (two times longer than the structure presented here), and the maximum power
transfer that can be achieved is only 2%, which is ten times less compared to our device. Resonant
directional coupling with 100% power transfer is achieved for an adjacent liquid channel diameter
of 0.76 um, reaching Ly = 230 um. This suggests that the beat lengths of commonly used
directional couplers are longer compared to our device as a result of the weak coupling that
occurs solely via the evanescent tails.

A key difference to commonly employed couplers is that our multi-material hybrid fiber
allows for the implementation of a directional coupler operating in off-resonance (i.e., in non-
phase-matched) mode while still showing a substantial fringe contrast. This principally allows
for wavelength independent refractive index sensing of liquid analytes (e.g. for investigating
thermo-optic coefficients) as confirmed in simulations, representing a sensing scheme being in
contrast to resonantly operating directional couplers typically employed.
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An alternate approach for coupling light to a liquid nanostrand using end-fire coupling
[45], e.g., between a step-index fiber and a liquid-filled nano-capillary, is likely to result in
comparable coupling efficiencies and no beating. However, such fiber/capillary interfaces are
more challenging to produce, requiring multiple additional fabrication steps [35]. In contrast,
producing the hybrid device presented here simply requires placing an off-the-shelf nanobore fiber
in contact with a liquid. From the application perspective, the HE|, mode particularly interesting,
since its polarization and intensity patterns in the nanofluidic channel correspond to those of
the fundamental liquid (HE{;-) mode. This will likely benefit applications that demand strong
coupling of the fundamental mode to a higher-order mode such as intermodal third-harmonic
generation [36] or bidirectional coupling [43,46].
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