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We demonstrate the excitation and detection of whispering
gallery modes in optical microresonators using a “point-
and-play,” fiber-based, optical nano-antenna. The coupling
mechanism is based on cavity-enhanced Rayleigh scattering.
Collected spectra exhibit Lorentzian dips, Fano shapes, or
Lorentzian peaks, with a coupling efficiency around 13%.
The spectra are characterized by the coupling gap, polari-
zation, and fiber tip position. The coupling method is
simple, low-cost and, most importantly, the Q-factor can
be maintained at 10® over a wide coupling range, thereby
making it suitable for metrology, sensing, or cavity quan-
tum electrodynamics experiments.  © 2019 Optical Society of
America
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The past decades have seen intense research efforts for the
development of whispering gallery resonators (WGRs) using
different materials and geometries [1-3]. The combination
of the extremely high optical quality (Q) factor and small mode
volume makes WGRs especially suitable for studying lasing
behavior [4-6], nonlinear optics [7,8], quantum optics [9], op-
tical information processing [10], optomechanics [11], sensing
[2,12], fundamental physics [13], etc. To take WGRs out of
the research laboratory and increase their functionality for real-
world applications, it is critical that a simpler way to couple
light into and out of the resonator be found. In general,
free-space beams cannot be used to excite high Q-factor modes
efficiently due to phase mismatching [14] between the beam
and the cavity modes. This limitation can be overcome by
introducing cavity deformation, allowing chaotic rays to assist
in the coupling [15]. Alternatively, the phase-matching condi-
tion can be satisfied using evanescent-wave coupling, achieved,
for example, via a prism [16], a side-polished fiber [17], a ta-
pered fiber [18], or a grating-based fiber coupler [19]. High
coupling efficiency from the near-field interaction is achievable,
but each of these methods has its own advantages and
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disadvantages; the prism method is limited by its bulky size,
while it is difficult to satisfy the phase-matching condition
for side-polished fibers. For this reason, tapered optical fiber
coupling is widely used, as it provides a fiber-integrated solu-
tion to the coupling problem, and near-ideal coupling is attain-
able [18]. There are also limitations with this technique,
e.g., the length of the tapered regions cannot be arbitrarily
short, since the adiabatic condition for efficient mode propa-
gation must be satisfied [20]; this leads to tapered fibers being
fairly fragile, and they easily deteriorate due to dust accumu-
lation on their surface. Previous works have demonstrated
packaging of the tapered fiber and microresonator into glue
or low refractive index materials [21-23] to overcome this
problem; however, the cavity Q-factors decrease by such mod-
ifications. Another possible drawback of such a packaging
method is that the resulting device has two pigtails—one input
and one output port—making it somewhat cumbersome.

In recent years, there have been several attempts at injecting
light into, and collecting light from, WGRs using single-ended
waveguides, including on-chip [24,25] and fiber-based con-
figurations [26,27]. The waveguide considerably modifies
the geometry of the system and high-Q modes cannot be main-
tained (limited to about 10°). Very recently, a single-ended
waveguide configuration was demonstrated by Shu er al.
[28]; they placed a small Rayleigh scatterer, acting as a
nano-antenna, on the surface of the microsphere. Light was fo-
cused onto the antenna using a graded-index (GRIN) fiber-
coupled lens, and coupling between the free-space beam and
the WGMs was shown. The collected light was in the far-field
and coupled back into the launching fiber. Due to the Purcell
effect, a coupling efficiency of 16.8% was achieved. Even
though feasible, this configuration relied on a commercial
GRIN lens and tricky alignment, since the focused beam must
overlap with the nanoparticle. Note that WGMs can be directly
mapped using a fiber-based optical nano-antenna such as a
near-field probe [29]. However, to date, there is no report
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Fig. 1. Schematic of the coupling system. 4/2, half-wave plate;
TLS, tunable laser; Circ., optical circulator; DSO, digital signal oscillo-
scope; SG, signal generator; DAQ, digital acquisition card; WGM,
whispering gallery mode. Inset: SEM image of the fiber-based

nano-antenna.

on complete use of both illumination and collection modes
using the fiber-based antenna for WGRs.

In this Letter, we propose and demonstrate an alternative
WGR coupling scheme that is easy to make, requires little
alignment, and is both convenient and stable. This is the first,
single-ended, fiber-based optical nano-antenna that can be used
to simultaneously excite and collect light from the WGMs of a
microresonator, making it very promising for optical sensing
applications or strong coupling with quantum emitters.

Figure 1 shows a schematic of the coupling system. A fiber-
based optical antenna is brought into the evanescent field of a
spherical WGR. The inset of Fig. 1 is a scanning electron mi-
croscope (SEM) image of the antenna, which was developed on
the tip of a highly Germanium-doped single-mode optical fiber
by etching in 48% hydrofluoric acid solution in a hydrophobic
capillary tube. The etching process exploits surface tension and
capillary action, an interaction between contacting surfaces of a
liquid and a solid, and different etching rates for the
Germanium-doped optical fiber core and cladding materials.
Full details of the fabrication can be found in Refs. [30,31].
The end-face of the antenna has a curvature with a typical ra-
dius of 50 nm. The etching process produces two results that
make this device unique. First, the etching does not alter the
core diameter where protected by the cladding; only the clad-
ding and exposed tip of the core are tapered. Secondly, the
nano-antenna is formed directly above the core. These two fea-
tures ensure good coupling between the antenna and the
guided mode of the fiber, and eliminate the imprecise process
of depositing a nanoparticle on the fiber tip. The microsphere
resonator was fabricated from standard silica fiber using a CO,
laser [10]. The diameters of the microspheres ranged from 50
to 200 pm.

Light incident on the microsphere can excite WGMs that
travel in both the clockwise and counterclockwise directions
via Rayleigh scattering from the antenna [32]. At the same
time, some of the light can be coupled back into the fiber pigtail
through the antenna. A tunable laser (Newport TLB 6700) in
the C to L band wavelength range was used. A half-wave plate
mounted on a motorized rotation stage controlled the polari-
zation of the incident field prior to launching into the optical
fiber. An in-line optical circulator (Circ.) facilitated both the
excitation of, and collection from, the WGMs. The reflected
signal was monitored on a photodiode. The antenna was kept
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Fig.2. Typical spectrum of the reflected signal when the fiber-based
antenna is used for the excitation of resonances in a 186 pm diameter
microsphere. The two arrows indicate modes that were recorded as the
gap was varied; see Fig. 3.

fixed during experiments, whereas the movement of the micro-
sphere was controlled using a three-axis piezo stage (Thorlabs
NanoMax). The microsphere was moved towards the antenna
until a reflected signal was detected. A typical spectrum (see
Fig. 2) contains not only Lorentzian dips, but also peaks
and Fano resonances. An interesting feature is the change in
the mode shape as a function of the gap between the antenna
and the microsphere. The Lorentzian dip and Fano resonance
highlighted in Fig. 2 were monitored as the gap between the
antenna and the sphere was reduced to zero. The resulting
spectra are plotted in Fig. 3.

From top to bottom, the gap between the antenna and mi-
crosphere increases from 0 to approximately 2.2 pm. Note that
there are three effects occurring with a change in the gap size:
(1) the line shape of the cavity modes changes from a Fano
shape to a Lorentzian peak and from a Lorentzian dip to a
Fano shape; (2) the base line changes, i.e, the amplitude of
the reflected off-resonant signal varies with the gap size; and
(3) a redshift of modes due to dispersion. The first phenome-
non can be explained as an interference between two
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Fig. 3. Evolution of the modes highlighted in Fig. 2. Top to bot-
tom: the gap between the antenna and microsphere increases from 0 to
2.2 pm. The solid red lines are fitted using Eq. (1). The x-axis scale on
the top two plots of (A) was adjusted to account for the broadened
mode shape.
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back-coupled fields through the fiber [24], one of which is a
direct reflection from the surface of the microsphere, whereas
the other is the field scattered from the cavity modes by the
antenna. Hence, the total reflected field, £, is composed
of two parts such that

KE;
—, 0]
i(w - o) -7
where re is the reflection coefficient, 8 is the phase change be-
tween input and output fields, k is the coupling loss due to the
antenna, @y is the resonant frequency, and y is the total decay
ratio of the cavity mode, corresponding to a cavity Q = @/2y.
Both the coupling loss and the reflection coefficient depend on
the gap between the antenna and resonator. The collected field is
negligible when the antenna is far from the sphere, since the
evanescent wave diminishes exponentially with distance from
the tip surface [33]. Note that the field reflected from the surface
of the sphere corresponds to a continuum spectrum, while the
scattered cavity field corresponds to a discrete spectrum. As a
result, Fano line shapes are formed [34].

The antenna has both dispersive and dissipative effects on
the modes, resulting in a mode shift and broadening. By
extracting ¥ and the laser detuning from the fitted curves in
Fig. 3, we can determine the corresponding Q-factor and mode
shift as a function of the gap. These are plotted in Fig. 4. For the
modes, the shifts induced by the antenna are quite small, only
20 MHz for the resonant dip and 90 MHz for the Fano mode.
As the Lorentzian dip changes to a Fano shape with a decreasing
gap (from 2.2 pm to zero), the linewidth increases from 0.8 to
15 MHz. A similar linewidth change was observed as the Fano
resonance changed to a Lorentzian peak. The effect of the an-
tenna on the Q-factor is comparable to that of a tapered optical
fiber. Thus, it is possible to maintain a high-Q with this “point-
and-play” coupler, unlike the previous end-fire coupler, which
had a significant impact on the cavity Q-factor [25].

The base line change with the gap may also result from an
interference between the scattered and reflected light fields.
From the samples under test, we found that the reflected
off-resonant signal had a sinusoidal dependence with the
gap, see Fig. 5. Besides the spectral dependence on the gap,
the amplitude of the reflected off-resonant light and the
mode spectrum also depend on the input polarization. The
polarization angle of the light launched into the fiber was used
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Fig. 4. Fitted Q-factors and mode shifts for the modes in Fig. 3.
The Q-factors (mode shifts) of the Fano and Lorentzian resonances
are represented by solid and empty triangles (squares), respectively.
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Fig. 5. Amplitude of the reflected off-resonant light as a function of
the gap (red circles and upper x-axis) and polarization (black squares
and bottom x-axis).

to strongly modify the mode shape and baseline transmission. A
half-wave plate was used to rotate the polarization input to the
optical fiber. The off-resonant amplitude and polarization-
dependent spectra are shown in Figs. 5 and 6, respectively.
These phenomena can be understood if we consider the follow-
ing two points: (1) the fabricated antenna is not rotationally
symmetric, and the transmittance through the antenna depends
on the polarization; and (2) the excitation of WGMs depends
on the polarization of the excitation light. In general, we can
assume that the angular momentum of light from the nano-
antenna includes both longitudinal and transverse spin compo-
nents, and may even contain some orbital angular momentum
[35]. However, it is not easy to measure these components of
light, particularly in the near-field, as would be required.
Nonetheless, WGM spectra were recorded for different polari-
zation angles for two different modes, see Fig. 6. A Lorentzian
dip transforms to a Fano every 45 deg and then back to a dip
every 90 deg, whereas the modes that were initially Fano con-
vert to a Lorentzian peak every 45 deg and then back to Fano
every 90 deg. Changing the polarization changes the coupling
rate and the reflection coefficient, and excites the modes with
slightly different Q-factors and wavelengths, thus giving rise to
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Fig. 6. Polarization-dependent reflected spectra for a Lorentzian dip
and Fano-shaped resonance. The polarization is changed by rotating
the half-wave plate shown in Fig. 1.
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Fig. 7. Spectra for different polar positions of the fiber tip.

the variety of modes which can be recreated by Eq. (1). By
optimizing the polarization and the coupling gap, the power
of the highest measured peak, i.e., the maximum peak in
Fig. 6, was 1.8% of the input power. Assuming that the input
coupling equals the output coupling, the maximum coupling
efficiency to the WGMs, in principle, should exceed 13%.

Finally, if one considers that the microsphere resonator can
support different azimuthal modes and that Rayleigh scattering
need not satisfy the phase-matching condition, it should be
possible to achieve coupling over almost the entire surface of
the resonator except for a small region around the support stem.
To confirm this experimentally, the reflected spectrum was re-
corded for different polar positions on the sphere; see Fig. 7.
The fiber tip was placed into contact with the sphere at each
point, whereas neither the polarization nor angle of the fiber
were controlled. At each position it was possible to excite
WGMs and there was even some consistency between succes-
sive points, implying that the coupler should be relatively ro-
bust against mechanical vibrations. This could prove to be
particularly convenient when the system is in a noisy environ-
ment, where a standard tapered fiber coupler may not be fea-
sible. As a final point, it was also noted that the fiber tip did not
degrade over time (at least one week) unlike tapered optical
fibers which are exceptionally prone to dust accumulation.

Based on our results, we propose that the fiber-based optical
antenna coupling method is suitable for building an ultracom-
pact WGR-based sensor. There are a number of improvements
that could be explored, e.g., a more symmetric tip, a specific tip
design via FIB milling, or metallic coatings to provide plas-
monic enhancement. Geometric considerations such as the
tip height, tip base diameter, fiber core size, and core/tip over-
lap could also be studied to improve coupling efficiency.
Ultimately, the microresonator and the antenna could be pack-
aged together as a minuscule probe, with a lateral size of
125 pm, depending on the fiber. Such probes hold promise
for producing low-cost, portable, and highly sensitive
point-of-care diagnostic devices.

Funding. Okinawa Institute of Science and Technology
(OIST) Graduate University.
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