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Fano resonance in a multimode tapered fiber coupled with a microspherical
cavity

Akito Chiba,a! Hideki Fujiwara, Jun-ichi Hotta, Shigeki Takeuchi, and Keiji Sasaki
Research Institute for Electronic Science, Hokkaido University, N12W6, Sapporo 060-0812, Japan

sReceived 11 April 2005; accepted 23 May 2005; published online 21 June 2005d

Fano resonance in a tapered optical fiber in contact with a high-Q microsphere is demonstrated.
Multimode waves propagating in a 2.3mm diameter taper were coupled with a single whispering
gallery mode of a 220mm sphere, and their coherent interaction resulted in Fano resonance. The
asymmetric line shapes of the transmission spectra changed periodically with scanning of the
coupling position along the taper. The observed 24mm period was due to modal dispersion in the
tapered fiber. ©2005 American Institute of Physics. fDOI: 10.1063/1.1951049g
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Fano resonance, originating in the interference betw
a discrete energy state and a continuum of states, is obs
as a characteristically asymmetric line shape in transmi
and reflection spectra.1,2 Anomalies occurring in diffractiv
grating and photonic crystal spectra have been explaine
the Fano effect.3,4 Fano resonance leads to a drastic cha
in transmittance and reflectance over a narrow spectral r
this has application in fine frequency tuning, spectral fi
ing, light modulation, and highly sensitive sensors.5–7 Re-
cently, it has been shown that, in theory, Fano resonanc
also be induced in a single-mode waveguide coupled w
microcavity.8 This has been demonstrated experimentally
ing a polymer microring resonator fabricated
nanoimprinting.9 In this waveguide/cavity coupling syste
two partially reflecting elements are placed in the waveg
to control the phase difference between the resonant fiel
the transmitted wave, which is indispensable for the for
tion of the asymmetric line shape.

In this letter, we report that Fano resonance can b
duced in a multimode tapered fiber waveguide coupled
a high-Q microspherical cavity without the use of any ad
tional elements, such as reflectors and delay optics. Th
pered optical fiber, fabricated by heating and stretchin
standard single-mode fiber, is a highly efficient coupling
ement for a microspherical resonator.10,11 By adjusting the
taper diameter, the number of modes propagating in
pered fiber can be restricted and the coupling modes o
tapered fiber and the microsphere can be selected.12,13

When the multimode waves in the taper are couple
the microsphere with the resonant angular frequencyvc and
the free-spectral rangenc ssee Fig. 1d, the cavity field at th
position just before the coupling point is approxima
given by

Ec =
iacnc

sv − vcd + is1 − actcdnc
o

j

pjE0, s1d

whereac and tc are the round-trip factor and the transm
tance in the coupling region of the microsphere, respecti
E0 is the input field introduced into the fiber waveguide
pj sj =1, 2,…d are the coupling coefficients from the inp
field to the microsphere through the individual taper mo
that include the phase components depending on the p

ad
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gation length. The output field from the fiber waveguid
expressed as

Et = o
j

stjE0 + qjEcd, s2d

where tj sj =1, 2,…d are the complex transmittances of
fields passing through the individual taper modes wit
coupling to the cavity andqj sj =1, 2,…d are the comple
coupling coefficients from the cavity to the output fi
through the multimodes. From Eqs.s1d ands2d, the intensity
transmittance is given by

T = U Et

E0
U2

=
ut̄u2sv − vcd2 + C1 + C2sv − vcd

sv − vcd2 + s1 − actcd2nc
2 , s3d

C1 = us1 − actcdt̄ + acp̄q̄u2nc
2,C2 = 2ac Imbt̄sp̄q̄d* cnc, s4d

wheret̄=o jt j, p̄=o jpj, q̄=o jqj and* denotes a complex co
jugate. The first and second terms in the numerator of Eqs3d
represent a symmetric Lorentzian dip of the whispering
lery mode, while the last term exhibits an asymmetric
shape. In the case of a single-mode tapered fiber, the a
metric component does not appearsC2=0d, while the inter
action among the multiple taper modes givesC2Þ0, which
induces the Fano resonance.

When the coupling position is shifted by the distancx
along the fiber axis,tj is not changed butpj andqj are phas
shifted ast̄sp̄q̄d* ux=o j ,k,lhtjspkqld* ux=0exps−isbk−bldxdc, where

FIG. 1. sColor onlined A sketch of a multimode tapered fiber wavegu
coupled with a microspherical cavity. The microsphere was scanned
the tapered fiber in the direction indicated by arrowx. The inset shows

micrograph of the system.
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b j sj =1, 2,…d are the propagation constants of the ta
modes. Supposing that two taper modes are coupled wit
cavity, the asymmetric line shape is periodically chan
with the shifting of the coupling position, with the peri
being given by 2pub1−b2u−1. It is noted that the coefficie
C1 containing the parameterp̄q̄ also changes with the di
placementx.

A tapered fiber was prepared from a fused-silica sin
mode optical fiber. After stripping the polymer coating,
fiber was heated using a ceramic heater and stretched
fine thread with a waist diameter of 2.3mm. This permitted
the propagation of not only the fundamental propaga
mode sHE11d, but also some higher-order propagat
modes.12 Scanning electron micrographs indicated that t
was no appreciable variations,0.1 mmd in the taper diam
eter over a 100mm length. A microsphere having a stem w
also fabricated from a single-mode fiber as follows. The
of a fiber from which the coating had been stripped
irradiated with a CO2 laser causing the fiber to melt and, d
to surface tension, to form into a sphere. A sphere wi
diameter of 220mm was used. The lowest radial-ord
modes of such a sphere satisfy the phase matching con
for coupling with the HE11, HE21, TM01 and TE01 modes o
the 2.3mm tapered fiber.12,13 A micrograph of the spheric
microcavity attached to the multimode tapered fiber is sh
in the inset of Fig. 1.

A tunable external-cavity laser diode with a linewidth
300 kHz was coupled to the tapered fiber waveguide an
output light at the other end of the fiber was detected us
photodiode. The output intensity from the fiber when
coupled to the microsphere was 50mW. The laser frequenc
was scanned over a range of 18 GHz around a waveleng
780 nm in order to observe the transmission spectra.
frequency was precisely calibrated by simultaneous mea
ment of rubidium vapor D2 lines as well as by means of
Fabry–Perot etalon sfree spectral range=2.5 GHzd. The
52S1/2sF=3d→52P3/2 transition peak of85Rb was set to th
origin of frequency detuning. In order to control the rela
position of the sphere and the tapered fiber in three dim
sions, the microsphere was mounted on a piezoelectric s

FIG. 2. Typical transmission spectra of a multimode tapered fiber in co
with a microspherical cavity measured at the coupling positionsx= sad 0 µm,
sbd 6 µm, scd 12 µm, andsdd 18 µm. The spectra were normalized at o
resonant frequency.
The microsphere was kept in contact with the taper waist and
Downloaded 21 Jun 2005 to 133.50.96.232. Redistribution subject to AIP
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the contact point was scanned along the tapered fiber
microsphere/tapered-fiber-waveguide system was place
chamber which was filled with dry airshumidity,1.0%d to
reduce water adsorption that may cause adhesion forc
the surfaces. The chamber was kept at a stable tempe
which is necessary to avoid any resonant frequency sh
the microspherical cavity.14

Figure 2 shows typical transmission spectra of the
timode tapered fiber/microsphere coupling system. T
spectra were measured at different coupling positionx
=sad0 mm, sbd 6 mm, scd 12 mm, andsdd 18 mm. The spec
tral intensity was normalized using the signal at off-reso
frequency. The spectra exhibit an intense resonance at
tuning frequency of 4.7 GHz, as well as two small dips at
GHz and 4.0 GHz. The shapes of the resonant dips ar
pendent on the coupling position. The dip at 4.7 GHz in
2sad has a symmetric line shape with a linewidth of 160 M
corresponding to aQ value of 2.43106. Characteristicall
asymmetric Fano resonance line shapes were clearl
served in Figs. 2sbd and 2sdd. One shoulder of the dip com
prises a steep slope including an overshoot, while the
shoulder has a moderate slope followed by a long tail.
dip in Fig. 2scd is symmetric and much deeper than tha
Fig. 2sad. The width of the left-side shoulders, which
defined as the frequency width required for a change in t
mission from 90% to 10% of the dip depth, aresad 320 MHz,
sbd 130 MHz,scd 290 MHz andsdd 550 MHz. The two sma
dips at 3.8 and 4.0 GHz, which possessQ values o
4.13106 and 1.03107, respectively, exhibit the sam
change in shape as the dips described above, in spite
difference in their widths and depths. It was confirmed
the spectral shapes did not change on increasing and de
ing the laser power. This indicates that, in the present ex
ment, thermal nonlinear effects caused by the introductio
the laser were negligibly small.

The coupling-position dependence of the resonant s
tra is shown as a three-dimensional plot in Fig. 3. Trans
sion spectra were measured at every 1mm displacemen
within a scan range of 45mm. The shapes of the spec
gradually change over the scan range. Clearly, the t
dimensional plot shows a periodicity in the change in
spectra with respect to the displacement. The intensity a
dip and the side peaks varies sinusoidally with a perio
24 mm. The data were highly reproducible on backw
scanning.

Theoretical analysis12 has shown that, at a 780 nm wa

t

FIG. 3. sColor onlined A three-dimensional plot of the position-depend
transmission spectra. For the spectral measurements, the coupling p
was scanned at intervals of 1µm over a 45µm range.
length, the fundamental HE11 mode and the HE21, TM01, and
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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TE01 modes of the 2.3mm tapered fiber possess propaga
constants of 1.1543107 m−1, 1.1293107 m−1, 1.1273107

m−1, and 1.1313107 m−1, respectively. For the mode pa
HE11/HE21, HE11/TM01 and HE11/TE01, the calculated per
ods 2pub j −bku−1 are 24.5mm, 23.1mm, and 27.1mm, re-
spectively. Since a single whispering gallery resonanc
either a TM or TE mode, coupling from both TM01 and TE01
taper modes into a single cavity mode of the microsp
cannot occur simultaneously. The experimental results s
the period to be 24mm, falling between 23.1 and 24.5mm.
This suggests that the dip observed in Fig. 3 can be asc
to the TM microspherical resonance mode coupled with
HE11, HE21 and TM01 taper modes but not coupled with t
TE01 wave. Furthermore, this suggests that the period is
termined by the amplitude ratio between the HE21 and TM01
mode waves which are coupled to the cavity. The detai
this analysis, which is based on the theory developed
multiple-input-output cavity systems,15 will be presente
elsewhere.

In conclusion, Fano resonance in a multimode ta
waveguide coupled with a microspherical cavity has b
demonstrated. Dependent on the coupling position, the a
metric line shape of the transmission spectrum was obs
to change. This phenomenon is due to the modal dispe
in the tapered fiber and the multimode coupling between
taper and the microsphere. The steep transmission ch
originating from the high quality factor of a microsphere
be further enhanced by the Fano effect. In comparison t
single-mode-waveguide/cavity system using partially refl
ing elements,8,9 the present system has the advantage
simplicity of device fabrication and controllability of th

Fano resonance line shapes.
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