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ABSTRACT: Directional coupling of light in nanophotonic circuits has recently attracted
increasing interest, with numerous experimental realizations based on broken rotational or mirror
symmetries of the light−matter system. The most prominent underlying eﬀect is the spin−orbit
interaction of light in subwavelength structures. Unfortunately, coupling of light to such structures
is, in general, very ineﬃcient. In this work, we experimentally demonstrate an order of magnitude
enhancement of the directional coupling between two nanowaveguides by means of a whispering
gallery microcavity. We also show that both transverse magnetic and transverse electric modes can
be used for the enhancement.
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For the case of emitters, it was found that the coupling
eﬃciency reaches about 28% for atoms on the surface of a
single-mode nanoﬁber24 and 83% for quantum dots coupled to
a nanoantenna.6 However, the total η values remain very low,
due to the small size of the secondary source (that is the
emitter). This holds for any geometry with direct, nonresonant
coupling between the light source and the waveguide, see
Figure 1a. To the best of our knowledge, the most eﬃcient
directional coupler with this conﬁguration is the recently
demonstrated cross-ﬁber coupler (with the source being the
scattering from the ﬁber crossing point) where values of η ∼
10−3 were achieved.19
By introducing a resonator into the system, one may expect
an enhancement of the coupling eﬃciency. Indeed, it was
demonstrated that up to 94% (instead of 28%) of spontaneous
emission from atoms can be transformed into the guided
modes of a nanoﬁber by using two Bragg-grating mirrors to
form a Fabry-Pérot cavity (F−P in Figure 1b) around the
ultrathin waist region where the atoms interact with the optical
modes.25 However, such enhancement occurs due to
interference between multiply reﬂected modes, which have to
be quasi-linearly polarized. Consequently, the emission is
coupled equally into modes that are guided toward either end
of the waveguide and the coupler loses its directionality.

ngineering photon emission and scattering at subwavelength scales is central to many applications ranging from
near-ﬁeld microscopy to communication and quantum
technologies. It is well-known that emission and scattering
are not solely determined by the light source, but also by its
surrounding medium and electromagnetic environment.1 For
example, the lifetime of dipole emitters or the scattering crosssection of nanoparticles can be modiﬁed by micro- and
nanocavities,2−5 while the radiation directionality can be
controlled by nanoantennae.6,7 In contrast to macroscale and
free-space optical systems, geometries with strongly conﬁned
ﬁelds (e.g., nanowaveguides or on-chip photonic circuits)
feature an interaction between the spin and orbital angular
momenta of light.8 This eﬀect prompted the development of
various photonic devices based on directional coupling and
channeling of chiral light using plasmonic9−11 or dielectric12−15
material structures, in both the classical16−19 and the
quantum20−23 regimes.
Despite the above achievements, the demonstrated directional optical couplers are very ineﬃcient. For example, about
10% of light scattered by a dipole-like nanoparticle can be
collected by an optical nanoﬁber, as estimated in ref 16.
However, if one considers the incident optical power, Pin,
coupled to the ﬁber and the output signal, Pout, channeled
through the ﬁber, the eﬃciency is η = Pout/Pin ∼ 10−8
(calculated from the photon counts and the experimental
parameters given in the Supporting Information for ref 16).
Because the eﬃciency is so small, output signals from
nanophotonic couplers are typically measured via singlephoton detection.
© 2020 American Chemical Society
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free guided mode with an amplitude, s2; hence, the output
signal has a reduced amplitude, s1 < s0. Under the resonant
conditions (Figure 1e), a WG mode can extract more power
from the source and enhance the output signal: sout > s0. We
deﬁne the amplitude coeﬃcients, β = s1/s0 and γint = s2/s0
(both much smaller than unity, in general), and express the
cavity mode amplitude, a, as follows:28
a(t ) = Ta(t − τ0)exp(− αL /2 + i 2πneff L /λ) + γints0

(1)

where T is the transmission coeﬃcient of the cavity at the
coupling region, τ0 = neffL/c is the circulation time for the WG
mode, L is the circumference of the microsphere, λ is the
wavelength, neff is the eﬀective refractive index for the mode, c
is the speed of light in vacuum, and α is the linear attenuation
due to the intrinsic loss.
According to eq 1, we can write the mode amplitude in the
steady-state:
γints0
A=
(κ0 + κext + iΔω)τ0
(2)

Figure 1. Schematics of whispering gallery (WG) cavity-enhanced
directional coupling between a light source and a waveguide. (a)
Without a cavity, the light is coupled to a waveguide mode with an
amplitude, s0. (b) The coupling eﬃciency can be enhanced by a F−P
cavity resonance, but directionality is lost. (c) A WG cavity can
enhance the coupling eﬃciency and maintain the directionality. (d)
The cavity introduces scattering losses at the contact point, while, at
the same time, the light is coupled into the (cavity-free) guided mode
with an amplitude, s2. (e) When the resonance condition is satisﬁed,
the output mode amplitude, sout, is enhanced by a WG mode.

where κ0 = αc/(2neff), κext = (1 − T)/τ0, and Δω is the
detuning. Therefore, the amplitude of the output ﬁeld is
sout =

2κextτ0 A + βs0

(3)

Note that, near a resonant frequency, βs0 ≪
can be neglected, and we obtain

In order to enhance coupling and keep it directional, it is
logical to apply a directional resonator, such as a whispering
gallery (WG) cavity. Such cavities support pairs of degenerate
modes, circulating in opposite directions along loop
trajectories. The application of WG cavities for enhanced
coupling of light from single emitters has been proposed
previously (see ref 26 and references therein and also ref 27).
However, the cavity alone does not resolve the issue of low
total η values. In this work, we suggest a diﬀerent approach to
this problem: instead of coupling a chiral light source directly
to a WG cavity, we place an output waveguide between the
cavity and the source, as sketched in Figure 1c. In this
conﬁguration, the source (input ﬁber) does not hinder the Qfactors of the WG modes by scattering, and the output modes
are enhanced due to the high optical state density caused by
the resonance. This strategy enables us to achieve an order of
magnitude enhancement of the directional coupling between
two crossed optical nanoﬁbers, thus reaching η ∼ 10−2, with
some room for further improvement. Since the source is not in
direct contact with the cavity (in this work, a silica
microsphere), the latter maintains a high Q-factor. Moreover,
we found that both transverse magnetic (TM) and transverse
electric (TE) cavity modes experience the enhancement.
Previously, only TM modes were considered to have the
potential for enhancing the directional coupling between a
light source and a WG cavity, due to rolling of the electric
ﬁeld.13

γint 2κext
sout
=
s0
(κ0 + κext + iΔω) τ0

2κextτ0 A , βs0

(4)

The above derivation only exploits the directional resonant
property of the WG cavity. This result is universal and should
not be restricted to a certain cavity mode, such as TE or TM,
as long as there exists nonzero coupling between the
waveguide and the cavity mode. For the resonant case, the
enhancement is , = |sout|2 /|s0|2 ∝ (Q /Q ext)(Q /L), where Q
and Qext are the total and external quality factors, respectively.
It is similar in construction to the Purcell enhancement factor,
F ∝ Q/V.1,3,27 It is worth noting that the WG resonators
cannot be considered to be directional, in some cases, where
the two original, degenerate, counter-propagating traveling
modes are strongly coupled due to backscattering.29 In such
scenarios, the new eigenmodes are pairs of split standing-wave
modes and, in particular, if the splittings are larger than the
resonance line widths, the WG resonators behave similarly to
F−P resonators. To avoid mode splitting and to maintain high
Q values, a WG resonator with a smooth surface is preferred in
the experiment.
Our experimental setup, shown in Figure 2a, is enclosed in a
chamber under ambient conditions. The cylindrical waists of
two tapered ﬁbers are crossed at right angles to form a
directional coupler.30 The Cartesian coordinate system, (x,y,z),
originates in the middle of the input ﬁber waist and z is parallel
to this ﬁber’s axis. The waist diameters of 420 nm were chosen
in order to achieve a high coupling eﬃciency at the working
wavelength of 980 nm.19 In order to enhance the directional
coupling between the crossed nanoﬁbers, we use a silica
microsphere (with a diameter ≈ 120 μm) touching the output
ﬁber at the point lying on x axis. The microsphere is formed by
reﬂowing the tip of a tapered optical ﬁber using a CO2 laser.
To utilize the WG modes (red ring in Figure 2a) in the xy
plane, the microsphere’s stem is oriented along the z axis. A

■

RESULTS AND DISCUSSION
Let us ﬁrst consider the mechanism for resonantly enhanced
directional coupling. In the absence of the WG cavity (Figure
1a), a small portion of light from the source can be coupled to
an output waveguide mode with an amplitude, s0. When a
microsphere (nonresonant) is brought in contact with the
waveguide (Figure 1d), scattering losses are introduced by
radiation modes, and the light is partially coupled to a cavity362
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The spectra depend on the position of the microsphere;
therefore, it is kept ﬁxed while acquiring any complete data set.
The spectra normally show several Lorentzian peaks, with one
being the most prominent, see Figure 2c. Obviously, the peaks
correspond to the resonant condition. This resonantly
enhanced coupler can demonstrate almost complete directional output: for the HWP set at φ1, the peak power values are
equal (Figure 2c); for φ2 ≈ φ1 − 19°, the peak P1 is nearly at a
maximum, whereas P2 is close to zero (Figure 2d); and for φ3
≈ φ1 + 20°, the situation is reversed (Figure 2e).
By monitoring the output polarization states from the output
ﬁber, we can determine which type of WG modes (TE or TM)
contributes to the enhancement. For this purpose, we use
another compensator (PC2 in Figure 2a) and a linear polarizer
at one end of the output ﬁber. Before introducing the cavity,
we send the laser beam into the output ﬁber along y > 0 (see
the dotted arrow in Figure 2a), set the ﬁeld at the waist to be zpolarized (by means of PC1 and the power readings from the
input ﬁber), and adjust PC2 to reach the maximum P2 with the
polarizer’s transmission axis parallel to z. Once this is done, the
WG modes can be identiﬁed by checking whether the
maximum P2 corresponds to the transmission axis parallel to
x (TM mode) or z (TE mode). Tilted output polarizations
indicate nonequatorial (that is, not lying in the xy plane) WG
modes. These may occur if the microsphere and the crossed
ﬁbers are misaligned. We avoided such situations because they
usually resulted in weaker or less-balanced output signals.
A sample polarization dependent response of the cavityenhanced directional coupler is presented in the left side of
Figure 3, where the peak power values in a selected mode are
plotted as a function of the HWP orientation, φ. As a
reference, we initially characterized the crossed-ﬁber coupler
without the microsphere, see Figure 3a, where the measured

Figure 2. (a) Experimental setup, where the directional coupler is
represented by two optical nanoﬁbers (input and output) crossed at
right angles. Directionality manifests itself in generally unequal output
power values, P1 and P2, dependent on the polarization state of the
input laser beam, controlled by a half-wave and a quarter-wave plate
(HWP, QWP). Unknown polarization transformations in the ﬁbers
are reversed by compensators, PC1 and PC2 (the latter is adjusted
with the laser beam sent into the output ﬁber, see the dotted arrow).
By placing a microsphere cavity in contact with the output ﬁber
behind the ﬁber crossing point, we achieve resonant enhancement of
the output signals by coupling to WG modes. TE and TM cavity
modes are distinguished by means of a linear polarizer. (b) The input
polarization state traces the DLAR circle on the Poincaré sphere with
varying orientation of the HWP. (c) Measured spectra of P1 and P2
centered on the strongest peak. The Q of this cavity mode is around
106. (d, e) Zoomed-in spectral peaks at diﬀerent polarization states
deﬁned by the HWP orientation, φ.

collimated Gaussian beam from a tunable laser is launched into
the input ﬁber pigtail after passing through polarization
elements, namely a half-wave and a quarter-wave plate
(HWP, QWP), for generation of the desired polarization
states in free-space, and a compensator (PC1, consisting of two
QWPs and a variable retarder19) for translation of the
generated state to the waist region of the input ﬁber. With
the fast axis (FA) of the QWP being ﬁxed at 45° with respect
to the −x axis and the HWP having its FA oriented at a
variable angle, (φ − 22.5°), the input polarization state travels
on the Poincaré sphere along the circle passing through the
diagonal (D, linear at 45° to x), left-handed circular (L),
antidiagonal (A, at −45°), and right-handed circular (R) states,
see Figure 2b. The power values at the two ends of the output
ﬁber, P1 and P2, are measured with ampliﬁed Si-based
photodetectors. For circular trajectories concentric with the
Poincaré sphere, these values follow a sinusoidal dependence:
P1 ∝ sin2[2(φ + φ0)] and P2 ∝ sin2[2(φ + φ0 + Δφ)], where
φ0 and Δφ are constants deﬁned by the choice of the circle.19
In the case of the DLAR circle, the phase diﬀerence, Δφ, is
close to the maximum value of 45°, corresponding to the
complete directionality when the maximum of P1 occurs at the
minimum of P2, and vice versa.
With the laser frequency scanned in the range of 50 GHz, we
measure the spectra of P1 and P2 for every polarization state.

Figure 3. Experimental (left) and simulated (right) operation of the
directional cross-ﬁber coupler. (a, d) Output power values, P1 and P2,
measured without a cavity. (b, c) Same, measured in the presence of
the microsphere, for the case of enhancement with TM or TE WG
modes, respectively. (e, f) Simulated power values for x- and zpolarized fundamental modes of the output ﬁber without a cavity,
respectively. All the plots are normalized to the maxima of P1 and P2
obtained without a cavity.
363
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can reliably increase the directional signal from the coupler by
an order of magnitude. As conﬁrmed by polarization analysis,
both transverse magnetic and transverse electric modes of the
cavity can contribute to the enhancement. Our results suggest
that higher coupling eﬃciencies could be achieved when light
sources in cavity-based directional nanophotonic circuits are
placed on the output waveguide, instead of being brought into
direct contact with the cavity.

power values are normalized to the maximum. The measured
maximum coupling eﬃciency is η0 ≈ 0.15%. With the addition
of the microsphere, an order of magnitude increase to the
output signals is seen for both TM and TE modes (Figure
3b,c). The observed imbalance of the output (the maximum P2
being larger than the maximum P1) was reproducible over
multiple experimental attempts. We attribute this systematic
error to some structural asymmetries in the setup, for example,
the two-ﬁber crossing point being misaligned with respect to
the ﬁber-microsphere contact point. However, it is quite
challenging to tune the coupling continuously during experiments due to the static force. Therefore, we randomly set the
coupling and record diﬀerent resonances by tuning the laser
wavelength in the experiment. The data shown in Figure 3b,c
only represent one speciﬁc example. In general, we do not ﬁnd
any obvious diﬀerence between TM and TE modes with
regards to the magnitude of the enhancement. We expect that
if the coupler were built on a chip using ﬂat WG microcavities,
such as discs or toroids, the directional output would be more
symmetrical because of their simpler geometries. Notably,
when the microsphere was placed between the two nanoﬁbers,
no directional coupling signal was detected. We attribute this
result to the unmediated coupling between the input ﬁber and
the perpendicular WG modes being too weak compared to that
between two crossed ﬁbers. The scheme with a WG cavity
between the source and the output ﬁber is still viable if the
source is a small nanoparticle5,31 or an atom3,4,13,27 instead of a
nanoﬁber which may interact with the cavity over a relatively
large and elongated area.
To explain the phenomenon that the directional coupling
can be enhanced by both TM and TE modes, it is worth
revisiting the mechanism of directional coupling for the
simpler cross-ﬁber system, which we simulate using a ﬁnite
element method, see the results on the right-hand side of
Figure 3. In this light−matter system, the mirror symmetry can
be broken not only by the spin momentum locking eﬀect, but
also by a tilted linear polarization,19 a phenomenon which is
not expected for a point-like emitter scenario.16 Indeed, in the
cross-ﬁber coupler, light guided by the input ﬁber can be
directionally coupled to both the HEx11 and HEz11 fundamental
modes of the output ﬁber with similar amplitudes, see the
corresponding simulated power values in Figure 3e,f.
Consequently, both TM and TE modes of the microsphere
can be excited when it is coupled to the output nanoﬁber.
In our system, the enhancement, , , can be attributed to the
maintained high-Q value and the small size of the cavity.
However, , is still limited to the order of 10, because of the
small coupling coeﬃcient, γint. We found that with a thinner
output ﬁber, , can exceed 100. However, in this case, |s0|2 also
decreases dramatically, and the total coupling eﬃciency,
η = η0 , , is still limited to a few percent. We believe that it
can be further improved by redesigning the WG cavity. For
example, the solid microsphere could be replaced by a hollow,
thin-walled microbubble cavity.32 Since the latter has a lower
eﬀective refractive index, coupling with the waveguide could be
improved and scattering losses reduced.
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