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Abstract

We theoretically and experimentally study the resonant transmission spectrum of light in a
fibre taper coupled with a single silica microsphere cavity system, where two
whispering-gallery modes (WGMs) are simultaneously excited. By changing the taper
position (correspondingly, tuning the resonant frequencies of the two WGMs and modulating
their coupling conditions with the fibre taper), a sharp electromagnetically-induced-
transparency-like window can be observed in the transmission spectrum. This line shape
origins from the taper-mediated interference between two co-existing WGMs in a single
microsphere. This measurement result agrees well with the theoretical analysis.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Whispering gallery mode (WGM) optical microresonators,
such as microspheres [1] and microtoroids [2], have attracted
lots of attentions due to their high-Q factors and small mode
volumes. The potential applications ranging from ultralow-
threshold lasing, highly sensitive sensing, to cavity quantum
electrodynamics have been reported (for example, see [3-6]).
The transmission spectrum of these microresonators can be
obtained by sweeping the resonances with tunable lasers,
which couple with the resonators through an evanescently
coupler. The shape of the transmission is related to the
sweeping speed [7-9] and the input power [10]. In addition,
the spectrum can be dramatically modified by utilizing a multi-
mode waveguide [11, 12], coupling two or more microcavities
[13-17] and changing the excitation conditions [18]. Fano-like
and electromagnetically-induced-transparency (EIT)-like line
shapes have been observed. These novel line shapes have been
proposed to enhance the slope sensitivity [19, 20], improve
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the optical switching [16, 21] and research on the ‘slow light’
[13,22,23].

In atomic systems, the EIT effect results from the
destructive interference between two excitation pathways to
the upper level. In a waveguide coupled microresonator
system, the ElT-like effect, also called coupled resonator-
induced transparency (CRIT), can be explained by the classic
destructive interference [24]. It is well known that the high-Q
modes in microcavities have very narrow linewidths, and their
resonant frequencies strongly depend on the physical size of
the microcavities. As a result, to achieve the EIT-like effect in
the coupled cavity system, it is still a huge challenge to match
the two modes (belong to different microcavities) in frequency.
In other words, the individual frequency tuning is essentially
required besides the precise fabrication.

Recently, the EIT-like resonance has been observed
in a single polydimethylsiloxane-coated silica microtoroidal
resonator [25] instead of a coupled cavity system. In this
paper, however, we report on the EIT-like resonance lineshape
in a single pure silica microsphere without coating. Here,
the fibre taper is not only used for the near-field coupler, but

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic illustration of a two-mode microcavity
coupled with a waveguide. (b) Sketch of the modes distribution in a
single microsphere.

also to tune the resonant wavelengths of WGMs instead of
temperature tuning in [25, 26]. Two WGMs in the single
microsphere, which are originally separated in frequency, can
be tuned together by changing the air gap between the fibre
taper and the microsphere. The indirect interaction between
these two co-existing modes can create a ‘transparent window’
in the transmission spectrum. A detailed theoretical analysis
allows us to uncover the basic features of interference in a
waveguide and single microsphere system.

2. Theory

The EIT-like effect has been theoretically and experimentally
in the system of two or more interacting microresonators
[13-16, 24]. Necessary conditions for the CRIT are as follows:
(1) the modes possess closely resonant frequencies, and (2)
they are coupled together. Similarly, to observe the EIT-like
effectin a single microcavity, the system must also satisfy these
two conditions. Here, we first provide some discussions about
the feasibility of the EIT-like effect in a single microsphere
coupled with an optical waveguide system, as shown in
figure 1(a).

On one hand, the WGMs in a microsphere with different
radial mode order (g) have various field distributions. For
example, the field of the first-order (fundamental) mode is
closer to the boundary than the second-order mode. Therefore,
the effective refractive index (n.¢) for the first- and second-
order modes is different. In other words, their free space ranges
(FSR) are different. As shown in figure 1(b), the FSR of mode
(g =2)1isslightly larger than the mode (¢ = 1) in the same band.
Obviously, the second-order modes approach to first-order
modes and separate again with increasing the dimensionless
parameter 2w r/A. Hence, with a certain wavelength band
and a microsphere size, we can always find two modes whose
resonant wavelengths are close or even overlapped

On the other hand, the presence of the fibre taper also
alters the resonant wavelengths of the WGMs, as studied in
experiments [26—28] and numerical simulations [29]. The near
field effect is easy to be understood as the fibre taper influences
the effective refractive index outside the microsphere.
According to the coupled-mode theory, the perturbation
of frequency can be described by Aw f |E|*dv [31],
where E is the normalized electrical field of the WGM,
and the integration is taken over the volume of the fibre
taper. The field outside the microsphere decays exponentially
with the distance to the boundary, so changing the position
of the fibre taper with a translation stage could give rise
to the resonant wavelength shift. It is well known that the
fundamental modes (¢ = 1) have stronger coupling than
the second-order modes (¢ = 2), so that the influence of the
fibre taper to the fundamental modes is larger. This allows
us to tune the resonance shift between the two modes in a
single microcavity by a fibre taper. For instance, as shown in
figure 1(b), the modes TE47,; (2nr/A = 36.786) and TE4; »
(2mrr/A = 36.807), which are slightly detuned, can be shifted
on-resonance with this method.

In a barely single microsphere, two WGMs with different
azimuthal numbers are orthogonal. Therefore, they have
no interaction. However, with the introduction of a fibre
taper, these modes are perturbed so that they are no longer
orthogonal. ~As shown in figure 1(a), we consider two
independent WGMs A and B. In an intuitive image, light in
mode A (B) could couple with the fibre taper, and part of light
could couple back to the microsphere. In other words, the
fibre taper introduces indirect coupling between modes A and
B. This situation is much similar to the three-waveguide direct
coupler in plane [32], which is different from the traditional
fibre taper coupled with a single mode in the microsphere [31].
Through the analysis of the propagation matrix, the three-mode
coupling could be described by coupled differential equations
in space which is approximately reduced to the input—output
relation:

Cy 1 —nap ina\ [Ca
Cp = | —"is 1 ing | {Cs) . (D
CF out in: iHE 1 CF in

where C 4 () is the A(B)th cavity mode with resonant frequency
wa); Cr is the mode in the taper fibre; na, np, nap are
the coupling coefficients of A-taper, B-taper, A-B coupling,
respectively. These coupling coefficients are independent
of each other and could be adjusted by changing the taper
position. Taking into account the resonant relationship of A
and B, the coupled mode equations can be expressed in time
as

dC4(w) )
- (—Koa — K14 +1Awa)Cyh(w)
in
—gCp(w) + TAEm@),
dCh(w) . 2
ek (—kop — K1p +1Awp)Cp(w)
— ' Ca(@) + " Ey(w),
T

where Aw4 ) = @ — @ 4(p) denotes the detuning of the input
carrier from the resonant frequency; t is the cavity round-
trip time; koaep) is the intracavity decay rate and ks =
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Figure 2. Experimental transmission spectrum (black lines) and theoretical calculation (red lines) obtained using equation (4). The fitting
parameters are set as (kKoas), K1), &) (@) 2 x (1.4(0.02), 0.8(0.014), 0.17) GHz, (b) 27 x (1.9(0.02), 1.2(0.015), 0.28) GHz, (c) 27 X
(2.0(0.02), 2.0(0.016), 0.27) GHz, (d) 27 x (2.0(0.02), 2.4(0.016), 0.29) GHz.

|r]2 Aam|/(27) is the external cavity decay rate; Ej, and Eqy
describe the input and output fields, respectively. g = nap/t
is the effective coupling strength between modes A and B.
Here, the equations show that the resonant modes could be
simultaneously excited and coupled with each other in the
single microresonator. The light input from the fibre taper
would interfere between the two optical pathways and finally
induce the EIT-like phenomenon.

We are interested in the steady-state regime of the system,
corresponding to dC4/dt = dCp/dt = 0. Thus, the internal
cavity modes can be expressed as

_ (inaXp —igns)/t

Cpr(w) = ,
Alw) XaXp — g2 5
(inpXa —ig"na)/7
Cp(w) = — )
XaXp — g*
where XA(B) = —K0A(B)—K1A®B) + iAwA(B). Considering the

coupling between the taper and the microsphere that gives
rise to standard cavity input—output formalism E,y = Ei, +
inaCa +1inpg Cp, we obtain the normalized output field:

kiaXp + k15X +2Re(g)/K1ak1p
XaXp— |2 '
This is a general description for propagation of light through

a single-cavity, waveguide system. With this formula, we can
get the output intensity and the phase.

Equ(w) =1+2 4

3. Experimental results

From the discussion above, by choosing proper cavity size
and changing the position of the fibre taper, an EIT-like

phenomenon in a single microsphere can be created. In
our experiment, a tunable, single frequency, narrow linewidth
(<300 kHz) external-cavity laser in the 780 nm band is used to
analyse the transmission. The microsphere with the diameter
about 14 um is fabricated by using a focused CO, laser beam.
A tapered fibre with a waist diameter of ~1 um is fabricated
by pulling a single mode fibre at 780 nm wavelength and
placed next to the microsphere to evanescently couple light
in and out of the microsphere. The output light is finally
detected by a 125 MHz low-noise photo detector, which is
connected to a digital oscilloscope to measure the transmission
spectra. The coupling strength between the tapered fibre
and the microsphere can be adjusted by changing the air gap
between them, which is controlled by translation stages, with
a step resolution of 20 nm.

The transmission spectra are found to be modified by
adjusting the fibre taper position. Figures 2(a)-(d) display
four typical experimental transmission spectra (black) with
different detunings Awap/27 = (—2.7, —1.35, 0, 0.8) GHz,
respectively. The theoretical fittings (red) using equation
(4) are also shown correspondingly. It is easily to find that
the experimental results have a good agreement with the
theoretical model. In detail, the linewidth of mode A (Qy
~ 2 x 10°) is broader than that of mode B (Qy ~ 107),
which indicates that mode A is a high-order mode. In our
experiment, mode A is operated from under-coupling to over-
coupling regime in figures 2(a)—(d), while mode B is in the
under-coupling regime. When the frequencies of modes A and
B are tuned to be overlapped (figure 2(c)), the transmission will
create a ‘transparent window’ in the spectrum. The different
line shapes, which are induced by the interference between the
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co-exciting WGMs in a single microcavity, strongly depend on
the coupling strength, intrinsic loss, external loss and resonant
frequency of the microresonator, i.e. the parameters g, Ko (5),
K1a)> @Ap)- In addition, we note that the fitting parameters,
especially koa(p), are changed with the different detuning.
It originates from the small thermal distortion when scanning
the excitation wavelength, and weak direct coupling among
the normal modes induced by backscattering.

4. Conclusion

In summary, the EIT-like effect is observed in a single silica
microsphere with the fibre taper tuning at room temperature.
This lineshape is derived from the taper-mediated interference
between two co-existing WGMs in a single microsphere.
The sharp transparency peak can be used in biochemical
sensing to improve the sensitivity. And it also holds potential
applications in modulating the light transmission, for instance,
fast light and tunable narrow-band filter in classical and
quantum information processing. In our experiment, the
fibre taper tuning provides a simple and available method
to get the controllable frequency instead of the complicated
tuning methods. In other words, this coupled system can
induce the stable ElT-like effect, which is immune to the
perturbation from the surrounding, for example, temperature
drifts. Therefore, the demonstration of optical transparency
provides an easy way to achieve integrated photonic devices
for applications requiring the EIT effect.
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