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Abstract

The character of the modal coupling strength 8 between clockwise (CW) and
counterclockwise (CCW) whispering gallery modes (WGMs) represents an intrinsic property
of a microsphere cavity, which is an important factor for the application of both micro-laser
and cavity QED. Depending on a fibre taper coupled microsphere with quality factor larger
than 107, modal coupling has been observed, while reflection spectra have been captured to
derive the practical modal coupling strength. Upon obtaining results the modal coupling
strength is confirmed to be a constant determined only by a microcavity and modes under
excitation. This measurement system and results enable ways not only to acquire the
material character of a microcavity, but also to analyse microsphere-based cavity QED

research.

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

Silica microsphere cavities [1] with ultra-high quality factor
(Q) and relatively small mode volume have attracted growing
attention in fields of highly sensitive bio-sensors [2], add—
drop filters [3], low-threshold lasers [4, 5], nonlinear optical
elements [6] and quantum information processing units
[7]1. As reported in [8], the microsphere has already been
applied in research of cavity QED to realize the strong
coupling between a cavity and a single quantum dot (QD).
However, as distinct from microcavities which are adopted
in prior strong coupling experiments [9], the microcavity
basing on the whispering gallery modes (WGMs) always
simultaneously exists as a pair of travelling wave modes
propagating clockwise (CW) and counterclockwise (CCW)
[10, 11], and they will bring about so-called modal coupling
phenomena.

The clockwise mode can usually be excited by a near field
coupler such as fibre taper [4] and prism [1]. Simultaneously,
due to the backscattering in a microsphere [12], which
arises from surface roughness, scatterers on surface, refractive
index inhomogeneity and dopant in material, energy could be
reflected to another travelling WGM in the counterclockwise
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propagating direction. The backscattering will cause coherent
coupling between CW and CCW modes, and that can be
described by the factor of modal coupling strength. Above
a certain coupling strength, a doublet WGM [13] from
mode splitting appears in the frequency spectrum. From
the information of these spectra, the fundamental property
of both material and mode in a microsphere can be obtained
and studied.

In the present work, the modal coupling between the CW
and CCW modes in a microsphere is analysed theoretically
and experimentally with the assistance of fibre taper. From
the experiment results, the practical coupling strength of the
modal coupling can be derived within our system. Moreover,
the coupling strength would help to analyse the interaction
between microcavity and QD in a strong coupling regime
including the influence of the modal coupling.

In theory, for the purpose of getting a simple and clear
picture, we focused on a coupling system with only one fibre
mode, while the interaction between CW and CCW travelling
modes was considered simultaneously (shown in figure 1(a)).
Here the CW and CCW modes interact with a coupling strength
B. The fibre taper serving as an in—out coupler has a coupling
efficiency 7 to the microsphere. Therefore, the amplitude of

© 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-4075/42/8/085401
mailto:zfhan@ustc.edu.cn
http://stacks.iop.org/JPhysB/42/085401

7. Phys. B: At. Mol. Opt. Phys. 42 (2009) 085401

X-W Wu et al

(a)

—
o
=

CW mode

=
o
1

o
©
1

e
o
1

modal
coupling

=
ES
f

reflected light 0.2

Reflected Intensity

o
o

transmitted light incident light

Reflection

2

0 #y

osf 20y |

0.4 |

0.2 F P
0.0

-2

00-150-100 -50 0 50 100 150
A, Detunig (MHz) B| ¢

©

microsphere

single mode fibre

10:90
splitter

772,

772675 772700 772725 T72.750

Wavelength (nm)

650

fibre taper

| photon
detector

Figure 1. Experiment setup of a microsphere—taper coupling system and a typical reflection spectrum. (a) Description of coupling between
CW and CCW modes in a microsphere. (b) Three WGMs are scanned in this range, each of which has a Q-factor larger than 107. The inset
image describes the detail of mode B. The mode splits into two peaks with a frequency deviation of 2w,. The FWHM of the double peaks is
labelled as 2wy,. (c) Diagram of experiment, utilizing an optic fibre beam splitter in order to capture the backscattering signal.
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where Aw is the new carrier frequency detuning from the
original degenerated frequency [12—14], when the mode
splitting occurs. The cavity decay rate k is defined as «
Ko + K1, where kg = w/2 Q) associates the resonant frequency
with an intrinsic quality factor of the microsphere. And if
the photon has a travelling time 7 taken to be a circulation
of the cavity, the fibre taper will have a coupling strength
K1 In(y/1 — |n|?)/7 [15] with the microsphere.

Equation (1) gives the travelling wave form of the modal
coupling. In a stable system, the original travelling wave

modes in the microsphere would generate two standing wave
fields, as the energy expression of

6]

E* = Eey + Ecow = i Eip /(iAw +i + 1) and
T
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T

It reveals that if the loss in the microsphere is low enough,
the coupled CW and CCW modes comprise a pair of standing
wave modes with different frequencies upon which the mode

splitting occurs. Considering equation (1) and E, = inEqcy
[14], the reflection rate is
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This expression for R reveals that the coupling strength
(B) is closely related to the quality factor. In the
experimental part of this work, the light at the 770 nm
wavelength band was coupled into the microsphere, and
the absorption from surface-attached water vapour is almost
negligible on the quality factor of a microsphere in this
band compared to some inferred band, e.g., of 1550 nm
[5, 16]. Therefore, in our experiment Qp was almost constant.
Figure 1(b) is a typical reflected spectrum of WGMs in a
microsphere taken from the photon detector. Three groups of
modes with individual intensity were swept in the range, all of
which kept a quality factor larger than 107. When mode B was
examined in detail, the double-peak structure was observed
easily (inset of figure 1(b)).

For a practical mode splitting spectrum of reflected light
as shown in figure 1(b), the two peaks correspond to the
standing wave modes coming from the modal coupling as
the explanation of equation (2). As shown in the reflection
spectrum, it is apparent that the split double-peak provides
a frequency detuning 2w, = +2,/(B? — «?) deriving from
equation (3); in addition, the full width at half maximum of the
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Figure 2. (a) Normalized reflection of a fibre taper coupled microsphere versus the air gap between the microsphere and the fibre taper. The
sphere is 50 um in diameter. The inset of (a) shows the reflected intensity of the focused mode. (b) The detail of the mode splitting with
variation of fibre taper coupling, and the splitting modes keep the Q-factor about 2 x 107. Four spectra disposed vertically for clarity,
besides the mode splitting, are 35.42 MHz, 37.34 MHz, 40.54 MHz, 35.55 MHz from (i) to (iv), respectively. The asymmetric double peaks

are revealed clearly in (iii) and (iv).

whole double-peak is 2w, = 2,/(w? — Bk). Consequently S
satisfies

g% = %(\/w;‘) +4(w} — a?)’ +0d), 4)

and all the parameters in equation (4) can be accessed from
the mode splitting spectrum directly. Beyond that, each «
will generate a new group of w, and w, like presentations in
the equations, so that it will be applied as a basic tool in the
experimental process. Utilizing this consequence, it would be
a precise and direct method to derive the coupling strength in
different kinds of WGM microcavities.

Referring to the theoretical scheme, we have surveyed
microspheres following the experimental scheme as shown in
figure 1(c). The microsphere was fabricated by preparing a
tipped optical fibre taper using a CO; laser, and then reheating
the tip to achieve a spherical shape with the help of surface
tension. Considering that we have used a bare microsphere
to survey in a clean room, the backscattered light is generated
mainly from surface roughness, material defects and refractive
index inhomogeneity in the experiment. As anear field coupler
is needed here, the fibre taper is made by hydrogen flame
heating and pulling a standard single mode fibre [4]; at the
same time, the diameter of the taper’s waist was approximately
1 pm in order to reach phase matching.

A tunable laser ranging from 764 nm to 781 nm was
used as a light source (50 GHz precise scanning and linewidth
smaller than 300 kHz) to excite and scan the resonant WGMs
via the fibre taper. In practice, the microsphere was placed on
a 3D piezoelectric transition (PZT) stage with a positioning
accuracy of 10 nm, so that the air gap between the fibre
taper and the microsphere could be controlled precisely. For
receiving the backscattering light, a fibre optic beam splitter
(splitting ratio of 10:90) was adopted in the system. During
the experimental procedure, the fibre taper effectively coupled
light into and out of the microsphere. When the backward light
in the microsphere transmitted through the fibre, the photon

detector could capture the signal; afterwards an oscilloscope
recorded the reflected spectra.

Using a fibre taper as the coupler to detect WGMs without
splitting has already been stated elsewhere [17], and it is
known that the coupling condition of a microsphere—taper
system could be modified by continuously adjusting the air
gap between the fibre taper and the microsphere [18]. In
our experiment, we observed that WGMs involving modal
coupling caused splitting by monitoring the reflected light.
Figure 2(a) demonstrates the normalized reflection intensity
of a mode varying with the air gap between a fibre taper and
a microsphere in the experiment. The numerical simulation
result established on a given coupling strength is also shown
in figure 2(a) for comparison with the measured data. During
variation of the microsphere—taper coupling, the spectra of
modal coupling have been captured later on. As exhibited
in figure 2(b), the four spectra were captured in the course
of moving a fibre taper. In the exploration of each mode,
all of them provided a quality factor of about 2 x 107. The
pattern of mode splitting was modified by the selected modes;
beyond that, the asymmetry presented in this group of modes
is shown explicitly in (iii) and (iv), since the split peaks
give notable disparity in width and height. The behaviour
of the asymmetrical peaks originates from the environment
difference between the two standing waves. Because the field
distributions of the two standing waves have spacing in the
microsphere, they could be located in a dissimilar environment
which would lead to a difference in loss for the two modes. As
a result, the quality factor would not be equal. Depending on
that, the two modes also may bring a diverse phase-matching
condition for the fibre taper coupling [14], which would also
vary the collecting efficiencies of the fibre taper for these two
standing modes.

For a certain pair of CW and CCW modes, the coupling
strength between them is constant unless the environment
changes or the mode hops. As stated before, the variant
mode splitting spectra of the fixed modal coupling strength
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Figure 3. Value of coupling strength (8); the microspheres in the
experiment are typically 30 um in diameter. (a) Fifteen data points,
which are calculated from backscattering spectra, are used for
fitting. The horizontal axis represents the spectrum from which the
coupling strength is calculated. The result of 8 is 16.4 MHz with the
standard error of 0.15. (b) and (c) are from another microsphere, but
with different modes. (b) Eight data points for fitting. 8 is

10.5 MHz and the standard error is 0.24. (c) Even in the same
microsphere, as the exited mode has changed, the coupling strength
shifted simultaneously. For this mode, g is 9.2 MHz with nine data
points for fitting, and the standard error is 0.20.

can be achieved by modifying the coupling of a microsphere—
taper system in the experiment, generally following the method
depicted in figure 2(a).

Therefore coupling strength was derived following the
approaches of collecting the reflected spectra and fitting
the constant. w, and w, were read directly depending
on experimental spectra, and then they were applied in
equation (4) to calculate 8. Diverse groups of w, and w;, were
adopted in linear fitting for g at the definite mode. Figure 3
shows the measured values of 8 in the silica microsphere.
Figure 3(a) demonstrates a value of 16.4 MHz for the coupling
strength 8 between CW and CCW modes. There are 15
spectra which are collected and used in fitting, while the
standard error is 0.15. The microsphere is almost 30 xm in
diameter together with the measured quality factor over 107,
For another microsphere (figures 3(b) and (c)) approximately
30 pm in diameter, § is measured to be 10.5 MHz and 9.2 MHz
towards two groups of modal coupling. The standard errors in
fitting from two groups of coupling strength are 0.24 and 0.20,
respectively. It is evident that in a different microsphere, the
coupling strength between the CW and CCW modes changes
remarkably directly by virtue of disparity resulting from the
fabricating process. Even if the two microspheres have the
same material and a similar shape, the internal character of
some micro domain is enough to make distinct scattering and
coupling in the cavity. This mainly results from refractive
index uniformity in a microsphere and the surface roughness
status here; they cannot be identical under the fabricating
process for every microsphere. On the other hand, in a certain
microsphere the change of WGMs can still be reflected in the
modal coupling strength for the same microsphere, such as is
shown in figures 3(b) and (c). The two excited modes for (b)

and (c) correspond to the respective wavelength at 772.90 nm
and 778.49 nm; nevertheless their coupling strength retains a
comparatively close value in one microsphere in contrast to
16.4 MHz from the first microcavity.

The motivation for obtaining the modal coupling strength
is to utilize it in the study of cavity QED with strong
coupling. In recent years, strong coupling has attracted great
attention for its potential application in quantum information
processing units. Other than the F-P-type cavity and photonic
crystal microcavity, the WGM-based microsphere can easily
be fabricated and relatively simply controlled, and the cavity
decay rate « can be adjusted by air gap tuning conveniently.
However, the microsphere exhibits modal coupling induced
splitting; the distribution of splitting depends on the modal
coupling strength, and sometimes it will remodel the form of
strong coupling in the frequency domain. In order to obtain
a clear picture, we consider a CdSe quantum dot [19] on a
microsphere with a diameter of 30 «m and quality factor 2 x
107 such as has been produced in the experiment. Here the
cavity—QD coupling strength gg is 1.5 GHz, the dephasing rate
y of the QD is 326 MHz at about 10 K [20] and « is 12 MHz.
In addition, the modal coupling strength has been measured to
be 16.4 MHz in our experiment. Comparing the parameters
including the modal coupling strength, the system stands as
8o > y > (k, B), which will reveal vacuum Rabi splitting with
normal splitting with 4.24 GHz (equal to Zﬁgo) [9]. Here B
is approximate to k. The simulation for the quantum master
equation may present a triple peak structure in the optical
spectrum. Since the modal coupling will lead the QD to be
coupled with neither standing mode in the cavity fully, the
uncoupled parts of both modes are unchanged and contribute
the third peak, contrasting with the standard J.C. modal [9].

In summary, we have demonstrated a practically
measured modal coupling strength which is induced from the
backscattering in a bare microsphere. Due to the existence of
scattering in microspheres, the modal coupling strength is an
intrinsic parameter that is unchanged whenever the external
coupler modifies the coupling condition. The work provides
an efficient method to analyse the modal coupling in a WGM-
based microcavity. And depending on the measurements of
the modal coupling strength, the actual parameter is provided
to help estimating phenomena for cavity QED in a strong
coupling regime between a WGM microcavity and a QD.
Furthermore, the material character of the microcavity such
as attenuation ratio could also be inspected by this method
with a precise and sensitive outcome in future.
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