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Summary. — Confinement of light into small volumes has become an essential
requirement for photonic devices; examples of this trend are provided by optical
fibers, integrated optical circuits, semiconductor lasers, and photonic crystals. Op-
tical dielectric resonators supporting Whispering Gallery Modes (WGMs) represent
another class of cavity devices with exceptional properties, like extremely small mode
volume, very high power density, and very narrow spectral linewidth. WGMs are
now known since more than 100 years, after the papers published by John William
Strutt (Lord Rayleigh), but their importance as unique tools to study nonlinear
optical phenomena or quantum electrodynamics, and for application to very low-
threshold microlasers as well as very sensitive microsensors, has been recognized only
in recent years. This paper presents a review of the field of WGM resonators, which
exist in several geometrical structures like cylindrical optical fibers, microspheres,
microfiber coils, microdisks, microtoroids, photonic crystal cavities, etc. up to the
most exotic structures, such as bottle and bubble microresonators. For the sake of
simplicity, the fundaments of WGM propagation and most of the applications will
be described only with reference to the most common structure, i.e. microspherical
resonators.

PACS 42.60.Da – Resonators, cavities, amplifiers, arrays, and rings.
PACS 42.25.Bs – Wave propagation, transmission and absorption.
PACS 42.55.Sa – Microcavity and microdisk lasers.
PACS 42.79.Gn – Optical waveguides and couplers.
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1. – Introduction

Optical resonators play an extremely important role in modern optics, being funda-
mental not only in any laser device, but also as etalons for optical filtering and as tools
for very accurate measurements and for nonlinear optics experiments [1-5]. Bulk optical
resonators, however, have a number of limitations due to their size, weight, alignment
and stability problems. Most of these problems were overcome by the integrated optics
approach, and a particular class which has emerged in the recent years and has found its
way into many applications is that of integrated ring resonators [6].

Another rapidly emerging class of miniaturized optical resonators, also exploiting the
confinement of light beams, is constituted by dielectric structures having circular sym-
metry, which sustain the so-called Whispering Gallery Modes, that can be interpreted
as electromagnetic waves that circulate and are strongly confined within the structure.
In terms of geometric optics, the confinement is described by the optical rays which are
totally internally reflected and focused by the surface itself. The definition of whispering
gallery modes is due to John William Strutt (Lord Rayleigh), who studied the character-
istics of the so-called Whispering Gallery, namely the circular gallery, 32 m in diameter,
running around the interior of the dome of St Paul’s Cathedral in London, at about 30 m
above the floor. It had got this name because a whisper against its wall at any point is
audible to a listener with an ear held to the wall at any other point around the gallery.
Lord Rayleigh correctly attributed this phenomenon to the refocusing effect of the curved
surface as the sound travels along the gallery, and in the years 1910-1912 published The
Problem of the Whispering Gallery [7,8]; he also suggested that such propagation modes
would exist for electromagnetic waves as well, and could find practical applications due to
the extreme confinement of the field. The phenomenon is now well known; for instance,
the Museum of Science and Industry in Chicago opened in 1938 a Whispering Gallery
as a permanent exhibit to demonstrate the wonders of sound wave communication, and
nowadays a popular place is the ceramic arches gallery located on the Grand Central
Terminal, New York (and one can find several “demonstration” videos on Youtube!).
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As the optical resonances in these structures are a function of their morphology (i.e.
their geometry) and dielectric properties (refractive index), they are sometimes referred
to as MDRs (Morphology-Dependent Resonances) [9,10]. Due to minimal reflection losses
and to potentially very low material absorption, these resonators can reach exceptionally
high-quality factors Q = λ/Δλ (where λ is the wavelength at which a resonance occurs
and Δλ the linewidth of the resonant wavelength), up to 1011, compared to values around
105 for the best Fabry-Perot resonators. As an example, a theoretical analysis indicated
values of Q close to 105 for ideal lossless photonic-bandgap Fabry-Perot resonators, re-
ducing to Q > 2000 for real dielectric materials [11]. The extraordinary high-Q values
of WGM resonators lead to very high energy density (of the order of GW/cm2), very
narrow resonant-wavelength lines (< 100 KHz at 1550 nm), and a lengthy cavity ring-
down: these properties make these structures of great interest for lasers, optical and RF
communications, quantum optics and electrodynamics, and sensing [12-14].

Since Lord Rayleigh’s papers hundred years ago, WGMs have been deeply studied at
sound, optical and microwave wavelengths in various systems, including cylindrical and
toroidal geometries, micrometer-sized liquid droplets, and glass and crystal spheres. A
pioneering approach to the study of the resonances in a suitably shaped object made of
a dielectric material was published by Richtmyer in 1939 [15]; he showed that a spherical
microparticle could sustain high-resonance modes. Garrett et al., in 1961, first noticed
that spherical resonators for optical waves could be used as laser resonators; they ob-
served pulse laser oscillation in highly polished Sm+3-doped CaF2 spheres with diameter
between one and two millimeters [16].

In recent years WGM resonators (WGMRs) have attracted an increasing attention,
and a growing number of papers have been published, investigating structures from the
simplest ones, namely cylindrical optical fibers [17] and microspheres [18, 19] to fiber
coils [20], microdisks [21-24], microtoroids [25-28], photonic crystal cavities [29-31], mi-
crocapillaries [32, 33], etc., up to the most exotic structures, such as bottle [34, 35] and
bubble [36-38] microresonators. The goals of circuit integration and cost-saving mass-
manufacturing processes have addressed much of the research towards planar structures,
like ring- and disk-resonators, which can be microfabricated onto wafer substrates using
conventional integrated-circuit deposition and etching techniques. Microspheres, on the
contrary, appear to be less easily integrable but, on the other hand, they have the advan-
tage of being the simplest three-dimensional WGM resonator. Microspherical resonators
are typically ten to hundred micrometers in diameter, and they are often fabricated in
silica glass by simply melting the tip of a conventional single-mode fiber; such a spherical
cavity can support very complicated modes with equatorial, radial, as well as polar field
dependencies. Liquid microspheres have also been investigated, and indeed early exper-
iments studied WGMs and laser emission in liquid microdroplets flying in air [39-42].
Tzeng et al., for instance, observed laser action from individual ethanol droplets (60μm
diameter) containing Rhodamine 6G dye and pumped by a cw laser at 514.5 nm; laser
emission was at wavelengths corresponding to the morphology-dependent resonances of a
spherical droplet [39]. Micrometer-sized droplets of Rh-6G solution in water and ethanol
were also investigated by Biswas et al. [42], who irradiated the droplets by high-intensity
nanosecond pulses from a frequency-doubled Nd:YAG laser. Coupling of the spontaneous
fluorescence emission with natural resonant modes of the spherical droplets resulted in
stimulated emission, with each droplet behaving like a laser cavity with a value of Q of
the order of 7 × 104. In a recent paper, the fluorescence and lasing characteristics of
Rh-6G-doped water microdroplets have been exploited for the identification and sizing
of these particles in a spray [43].
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Another advantage of microspherical resonators is the easiness of applying a functional
coating; covering silica microspheres with polymers, dyes or nanoparticles has proved
very effective in enhancing their optical properties or adding new functions [44-55]. All
these characteristics motivate our choice to focus the present review on microspherical
structures, even if other geometries will be considered as well.

After reviewing the basic concepts of WGM propagation (sect. 2), we will discuss the
problems of efficient coupling of light into/out a microresonator and of measurement of
the Q-factor (sect. 3). A brief review of fabrication processes of microspherical resonators
is given in sect. 4, while sect. 5 is devoted to the specific problems and properties of coated
microspheres. Finally, among the possible applications, specific attention will be focused
on microspherical biosensors (sect. 6).

2. – Whispering gallery modes: Basic properties

The electromagnetic surface oscillation in optical cavity is traditionally termed whis-
pering gallery mode. These modes are commonly imagined as closed-trajectory rays
confined within the cavity by almost total reflections from the curved surface of the
resonator. Whispering gallery modes are not only supported by sphere but also by
cylindrical-, spheroidal- and toroidal-shaped open dielectric resonators. These WGM
resonators can have an extremely high-quality factor Q that makes them promising de-
vices for applications in optoelectronics and experimental physics. Table I gives some
examples of measured Q-factors for different kinds of WGM resonators and different
materials (fused silica or crystals).

For the sake of clarity we consider in this section only the case of spherical resonators
and their associated properties. A simple geometric picture (fig. 1) leads to the concept
of resonances associated with WGMs. We consider (fig. 1(a)) a dielectric sphere (with
refractive index N) of radius a � λ placed in vacuum and a ray of light propagating
inside, hitting the surface with angle of incidence i. If i > ic = arcsin(1/N), then total
internal reflection (TIR) occurs. Because of spherical symmetry, all subsequent angles
of incidence are the same, and the ray is trapped. If this ray strikes the surface at
near-glancing incidence (i ≈ π/2), the trapped ray propagates close to the surface, and
traverses a distance ≈ 2πa in a round trip. If one round trip exactly equals � wavelengths
in the medium (� is an integer), then one expects a constructive interference to occur.
In terms of size parameter the resonance condition is x = 2πa/λ ≈ �/N . The number
of wavelengths � in the circumference can be identified as the angular momentum in the
usual sense. Indeed, let us consider the ray in fig. 1(a) as a photon. Its momentum is
p = h̄k = h̄2πN/λ, where k is the wave number. At near-glancing incidence (i ≈ π/2),
the angular momentum, denoted as L (fig. 1(b)), is L ≈ ap = a2πh̄N/λ = h̄�. As an

Table I. – Order of magnitude of measured Q-factors associated with passive Whispering Gallery
Resonators differing in shape and materials.

Resonator Material Q-factor Reference

Sphere silica 108–109 [56, 57]
Torus silica 108 [25]
Truncated spheroid CaF2 1011 [58]
Truncated spheroid MgF2 108 [59]
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Fig. 1. – (a) Ray of light propagation by TIR in a spherical cavity. (b) Angular momentum L
associated with WGM and its M projection on the polar axis.

example, if we consider a 50 μm radius silica sphere at λ ≈ 1.5 μm, we obtain � > 300
and consequently, in the optical domain, whispering gallery modes can be viewed as high
angular momentum electromagnetic modes in which light propagates by repeated total
internal reflection at grazing incidence with the proper phase condition after circling
along the resonator surface.

Investigation of the optical phenomena occurring in dielectric spheres has a long and
vast history. The Lorentz-Mie theory [60-62] gives us a strict analytical solution to the
problem of scattering of electromagnetic wave by a homogeneous sphere of arbitrary
radius and with arbitrary dielectric constant. This theory can be applied to calculate
parameters of scattered radiation. Using this theory, other optical phenomena such as
the morphology-dependent resonances [9, 10] in fluorescence spectra can be understood.

In the framework of classical electrodynamics we can use the so-called Hansen’s
method [63] where solutions of the vectorial Helmholtz equation have angular depen-
dence described by vectorial spherical harmonics [64] defined as

(1)

⎧⎪⎪⎨
⎪⎪⎩

�Xm
� = �∇Y m

� × �r/
√

�(� + 1),
�Y m

� = r�∇Y m
� /

√
�(� + 1),

�Zm
� = Y m

� r̂.

In this picture, each WGM field { �EP
�m(�r ), �BP

�m(�r )} is numbered by a set P , �, m. The
index P describes the polarization of the oscillation, that can be transverse electric
(TE) (namely �r · �E = 0) or transverse magnetic (TM) (namely �r · �B = 0). The mode
number � indicates the order of the spherical harmonic Y m

� that describes the angular field
distribution. This function is the eigenfunction of the square of the orbital momentum
operator (i.e., L2Y m

� = h̄2�(�+1)Y m
� ). The index m is called the azimuthal mode number

(with LzY
m
� = h̄mY m

� , i.e. the projection on the polar axis). It can take 2� + 1 values
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from −� to �. Formally we can express the fields for both polarizations as

⎧⎪⎨
⎪⎩

�E
TE

�m(�r ) = E0
f�(r)
k0r

�Xm
� (θ, ϕ),

�B
TE

�m(�r ) = E0
ic

(
f ′

�(r)

k2
0r

�Y m
� (θ, ϕ) +

√
�(� + 1) f�(r)

k2
0r2

�Zm
� (θ, ϕ)

)
,

(2)

⎧⎪⎨
⎪⎩

�E
TM

�m (�r ) = E0
N2

(
f ′

�(r)

k2
0r

�Y m
� (θ, ϕ) +

√
�(� + 1) f�(r)

k2
0r2

�Zm
� (θ, ϕ)

)
,

�B
TM

�m (�r ) = − iE0
c

f�(r)
k0r

�Xm
� (θ, ϕ),

(3)

where a is the radius of the sphere, N the relative index of refraction. f�(r) = ψ�(Nk0r)
for r < a and f�(r) = Aψ�(k0r) + Bχ�(k0r) for r > a are solutions of a Riccati-Bessel
radial equation. ψ�(ρ) = ρ j�(ρ) and χ�(ρ) = ρn�(ρ), where j� and n� are, respectively,
spherical Bessel and Neumann functions.

We can note that the radial equation

(4)
d2f�(r)

dr2
+

[
N2(r)k2 − �(� + 1)

r2

]
f�(r) = 0

is very similar to the Schrödinger equation of a particle with a mass M in a pocket-like
pseudo-potential Veff (depending on energy)

(5)
[
− h̄2

2M
Δ + Veff(r)

]
ψ(r) = Eψ(r),

where E = h̄2k2

2M and

(6) Veff(r) =
h̄2

2M

{
[1 − N2(r)]k2 +

�(� + 1)
r2

}
,

This pseudopotential takes into account the refractive-index discontinuity N − 1 at the
surface of the sphere and its curvature. This effective-potential approach thoroughly
analyzed by Nussenzveig [65] provides good physical insight into many properties of the
WGMs which appear as quasi-bound states of light. The number of peaks in the radial
distribution of the field inside the sphere (fig. 2) leads directly to the definition of a radial
number n. The lowest-lying state is confined near the bottom of the potential well, i.e. as
close as possible to the surface of the sphere, and is expected to occur for � ≈ Nka ≈ Nx,
the maximum value of the angular momentum. Light trapped into this mode can escape
out of the sphere only by tunneling across the potential barrier which extends as far
as Na for this state. The very long evanescent tail of this quasi-bound state implies a
very weak coupling to the outside N = 1 medium and extremely high Q-factors. The
quasi-bound state energy domain is limited, thus only few n values correspond to WGMs.

2.1. Approximated positions of resonances . – The whispering gallery modes are modes
of an open system. In such a system a dissipation of energy occurs because the electro-
magnetic fields leak from the optical cavity. Expressions (2) and (3) should satisfy the
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Fig. 2. – Effective potential and associated radial functions for an equivalent particle and turning
point for fundamental energy E1 (n = 1) and E7 (n = 7) in the case of a TE mode (� = 100) in
a silica microsphere (a = 10 μm, N = 1.45).

conditions on the sphere boundary. The condition of continuity of tangential components
of the fields allows us to find equations for the positions of resonances.

(7)

{
ψ�(Nk0a) = Aψ�(k0a) + Bχ�(k0a),

Pψ′
�(Nk0a) = Aψ′

�(k0a) + Bχ′
�(k0a),

where P = N for TE polarization (P = N−1 for TM). The exact solutions go through
the determination of constants A and B and lead to complex frequencies. As we consider
resonators with diameters large relative to λ the radiative leakage of the energy is small.
A good approximation consists in assuming the radiative part outside the sphere as
negligible; thus, the resonance condition expressed in size parameter x = 2πa/λ can be
written as

(8) P
ψ′

�(Nx)
ψ�(Nx)

=
χ′

�(x)
χ�(x)

and translating the spherical Bessel and Neumann functions to their cylindrical counter-
parts we obtain

(9) P
J ′

ν(Nx)
Jν(Nx)

=
N ′

ν(x)
Nν(x)

,

where ν = � + 1/2.
The characteristic equation (9) determines in fact the relation between the wave

number k and the sphere radius a. Because these equations have many roots, they
determine an infinite set of wave vectors (eigenfrequencies) for a given radius of the
sphere. In this case, it is necessary to introduce the third index n (radial number), which
indicates to what number of the root of eq. (9) one or another value of the wave vector
(eigenfrequency) corresponds. Note that this characteristic equation is independent of
the index m, so that the modes of a dielectric body of an ideal spherical shape prove
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to be degenerated over this index. This degeneration is removed when the shape of a
dielectric body deviates from a sphere.

The study of the properties of WGMs involves first of all the calculation of the roots
of characteristic equations and, even under this approximated equation, the solutions
x have to be numerically evaluated. In order to obtain analytical expressions for the
resonances positions and because we deal with modes associated with large index �, it is
convenient to use the appropriate approximation of Bessel functions for calculations of
these roots. An appropriate approximation should be chosen bearing in mind that the
argument of the Bessel function for a WGM near the sphere surface is of the order of
its index. In this case, the Bessel and Neumann functions Jν(Nx) and Nν(x) as well as
their derivatives J ′

ν(Nx) and N ′
ν(x) in eq. (9) can be expressed as asymptotic series in

powers of ν−1/3 and Airy functions [66]. This method first developed by Lam et al. [10]
and also presented in a previous paper [18] allows the resonance positions to be obtained

(10) NxP
�,n = ν + a1nν1/3 + a0ν

0 + a−1nν−1/3 + · · · ,

with a1n = 2−1/3αn, a0 = − P√
N2−1

and a−1n = 3
102−2/3α2

n where αn are roots of the Airy
function Ai(−z) and associated with the radial order n. Using a similar development,
the WGM resonances were experimentally studied by Schiller and Byer [67], where an
excellent agreement of the observed spectra with the prediction of the Mie theory was
pointed out.

For larger sphere radii we can use an eikonal approach [56, 68, 69]. Under this semi-
classical approach we find naturally a radial index n bounded as

(11) 0 < n − 1
4

<
1
π

(
� +

1
2

)(√
N2 − 1 − arccos(1/N)

)
,

with xeff < � + 1/2 < Nxeff (xeff = 2πaeff/λ) where aeff is the sum of the sphere radius
a and the additional optical path δP associated with the Goos-Hänchen effect depending
on the polarization P . In this case we find the same development as in eq. (10) for the
approximated positions of resonances where we have to replace the root αn of the Airy
function by its semiclassical approximation

(12) αn →
[
3π

2

(
n − 1

4

)]2/3

.

In a recent paper Gorodetsky and Fomin [69] analyzed, as a practical example, a
spheroidal dielectric cavity and they showed how this geometrical interpretation allows
the expansion of the method on arbitrarily shaped axisymmetric bodies.

As mentioned above, the eigenfrequencies for modes with the same index ν (i.e.
� + 1/2) but different indices m are degenerated. This degeneration is removed when
the shape of a dielectric body deviates from a sphere. For a spheroid (prolate or oblate)
with a small eccentricity e = (rp − re)/a, where rp and re are, respectively, the polar
(rp) and equatorial (re) radii, we can calculate a correction to the resonance frequency.
Considering a prolate spheroid (fig. 3), the perimeter (p0 = 2πa) of an ideal sphere is
changed into

(13) p = p0

(
1 +

Δp

p0

)
≈ 2πa

[
1 +

e

6
(1 − 3 cos2 α)

]
,



WHISPERING GALLERY MODE MICRORESONATORS: ETC. 443

Fig. 3. – Prolate spheroid, re = r(π/2), rα = r(π/2− α) where r(θ) = a[1 + e(3 cos2 θ − 1)/3] is
the parametric radius of the ellipse.

with cos α = |m|/(� + 1/2). Finally, we obtain

(14) NxP
�,m,n ≈ NxP

�,n ×
[
1 +

e

3

(
1 − 3

� − |m|
�

)]
.

Expression (14) shows that the deviation of the shape of a dielectric body from a sphere
not only removes the degeneration over the index m but also shifts the WGM frequency.
This deviation does not remove the degeneracy in sign of m (i.e. the counterpropagating
waves have the same frequencies). This type of degeneracy is removed by the coupling
that appears between the frequency-degenerated waves due to their scattering. Scattering
can be caused both by the resonator surface roughness and by the inhomogeneities of the
substance density. This type of scattering is commonly called the Rayleigh scattering.

From eq. (14) we deduce the main properties of a WGM spectrum. By analogy with
a Fabry-Perot interferometer, we can define a pseudo-Free Spectral Range (pseudo FSR)
of the cavity ΔνΔ�

n,� = c(xn,�+1 − xn,�)/2πa, which corresponds to the spacing between
two modes with the same polarization and with the same n but which only differ by one
unit of their quantum number �. To a first approximation

(15) ΔνΔ�
n,� �

c

2πNa
.

We can also derive the spacing between two adjacent modes labeled as TE and TM and
with fixed values of n and �

(16) ΔνTE,TM
n,� � c

2πNa

√
N2 − 1

N
.

For given n and � values, considering a low ellipticity and |m| ≈ � the relative frequency
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Fig. 4. – (a) WGM fluorescence spectrum of Er:ZBLAN microsphere coupled by prism; (b) fine
structure of the TM peak at 1.562 μm.

shift with respect to the spherical shape is

(17)
Δνn,�,m

ν0
n,�

= −e

6

(
1 − 3

(
|m|

� + 1/2

)2
)

,

where ν0
n,� is the resonance frequency of a (n, �) mode at a given polarization P associ-

ated with an ideal sphere. All these properties are clearly pointed out with experiments
on erbium-doped resonators [70, 71]. Figure 4 presents results obtained with a 56μm
diameter microsphere doped with 0.2% by weight of erbium. The spectral character-
istics of the emission around 1.55 μm were analyzed with a 0.1 nm resolution optical
spectrum analyzer. The fluorescence spectrum (fig. 4(a)) presents a discrete feature (the
digitalization of the fluorescence spectrum associated with the bulk material), which is
characteristic of the collection through WGMs, with mainly two series of peaks associ-
ated with TE and TM modes and at this resolution apparently associated to the n = 1
radial order. According to eq. (15) the FSR can be approximated by Δν = 1137 GHz
(measured as 1120 ± 20 GHz) and the spacing between TE and TM is 810 ± 20 GHz
close to the calculated ΔνTE,TM

n,� . A close examination of the TM peak at 1.562 μm was
possible using a Fabry-Perot (FSR = 10 GHz, finesse = 170) and we obtained (fig. 4(b))
4 peaks distinguished by (n, �,m) and (n′, �′,m′) values revealing an eccentricity of the
order of 0.01%.

2.2. Quality factor of a whispering gallery mode. – The imaginary part of the eigen-
value of the wave number associated with a resonance (n, �, P ) determines the decay
caused by the fact that, unlike a flat surface, the total internal reflection from a curved
surface does not exist and leads to a radiation of the wave from the dielectric sphere.
Such decay can be called the radiative decay. Corresponding to this phenomenon we
define a radiative quality factor

(18) Qrad =
Re(k0,n,�)
Im(k0,n,�)

.
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Using a semiclassical (Wentzel Kramers Brillouin; WKB) approximation for the Riccati-
Bessel radial solutions, one can find [56]

(19) Qrad ≈ x exp
[
2ν g

(x

ν

)]
,

with g(y) = −
√

1 − y2 + arg cosh(1/y), x the size parameter and ν = � + 1/2. Taking
into account low radial orders, we can assume x/� ≈ 1/N and the function g can be
replaced by its tangent, which leads to

(20) Qrad ≈ �

N
exp

[
2� g

(
1
N

)]
× exp

[
−2

√
N2 − 1

Nx − �

N

]
.

Using eq. (10) we can develop an expression depending on the radial order n and polariza-
tion P . This approximation shows that Qrad decreases as n increases and that for a given
mode the radiative Q-factor associated with the TM polarization is slightly lower than
the value associated with the TE polarization. Table II presents results obtained with
eq. (20) assuming Nxn,� ≈ � + 1/2, � = 117 (sphere diameter D = 40 μm) and � = 294
(sphere diameter D = 100 μm). For higher � values the radiative Q-factor increases as-
tronomically. This means that, although the internal reflection is not total, it is close to
the total reflection for sufficiently large values of �, and the intrinsic Q-factor (noted Q0

in the following) of the WGM is determined by other mechanisms that cause losses in
WGMs. In this connection, it is convenient to introduce the partial Q-factors Qj related
to each type of losses and to describe Q0 by the well-known expression Q−1

0 =
∑

j Q−1
j .

Table II. – Examples of Qrad at λ = 1.55 μm for a N = 1.5 microsphere. D = 2a is the
diameter of the sphere.

Qrad = 4.24 × 1023 D = 40 μm
Qrad = 2.51 × 1057 D = 100 μm

The main limit of the WGM Q-factor is related to the contribution Qmat associated
with absorption and bulk Rayleigh scattering in the material constituting the microres-
onator. Considering an attenuation β in dB/km, Qmat can be approximated by

(21) Qmat ≈
4.3 × 103

β

2πN

λ
.

For the undoped silica glass used for optical fibers (β ∼ 0.2 dB/km at λ = 1.55 μm) it
turns out that Qmat ≈ 1011. The experimental Q-factor of silica microspheres is much
lower (between 108 and 109) [57,72,73] and we have to take into account a contribution
Qcont which denotes the losses introduced by surface contaminants during the fabrication
process. Gorodetsky et al. [57] explained this effect by absorption of radiation by a
nanolayer of molecules (first of all by water molecules) adsorbed on the microsphere
surface. This fact was later confirmed experimentally [73].

As last contribution to Q0 we have to introduce Qs.s which denotes scattering losses
due to residual surface inhomogeneities. In the literature we can find many expressions
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for Qs.s. In 1989, Braginsky et al. [74] gave a model derived from planar optics [75].
This expression takes into account only the root-mean-square (r.m.s.) size σ of the
inhomogeneities.

(22) Qs.s ≈
3λ2�10/3

16π5σ2N2n5/2
.

Introducing the correlation length of the inhomogeneities B and the diameter of the
sphere D, Gorodetsky et al. [57] gave in 1996 the following expression:

(23) Qs.s =
λ2D

2π2σ2B
.

This model was refined in 1998 by Vernooy et al. [73], who wrote a new expression

(24) Qs.s ≈
3N2(N2 + 2)2λ7/2D1/2

(4π)3(N2 − 1)5/2σ2B2
.

In 2000, Gorodetsky et al. [76] obtained the factor Qs.s for a TE mode in the following
form:

(25) Qs.s =
KTE

KTE + 1
3λ3a

8N π2B2σ2
,

where KTE is the ratio of the complete scattered power over the power scattered into
the angles satisfying definite angular cutoff conditions. These expressions of Qs.s were
given without derivation or only partial derivation except those of Vernooy et al. [73]
grounded in a review [77]. At fixed values of σ and B, the Qs.s factor increases with the
resonator radius. Nevertheless, any residual roughness on the surface of the resonator

Fig. 5. – Comparison of the evolution of Qs.s versus σ, with B = 5 nm and D = 100 μm, as
given by eq. (22) noted Braginsky89, eq. (23) noted Gorodetsky96, eq. (24) noted Vernooy98
and eq. (25) noted Gorodetsky00 (see [68].)
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results in serious limitation on the achievable WGM Q-factor. With amorphous host
material, the resonator formed by surface tension forces during the fusion has nearly
a defect-free surface characterized by molecular-scale inhomogeneities. For instance a
fused silica resonator easily presents scattering parameters σ ≤ 3 nm and B � 5 nm [73]
but in this case the diffusion of atmospheric water into the material fixes the upper limit
for the intrinsic Q-factor Q0 to Qcont (fig. 5). This figure presents a comparison of these
models considering 100 μm diameter sphere in a N = 1.45 dielectric material (silica). The
calculations correspond to the best confined (n = 1, �, �) TE-polarized WG mode with
� = 293. For millimeter-sized resonator, Savchenkov et al. [58, 14] have fabricated with
polishing techniques crystalline optical resonators with very high Q-factor (Q > 1011),
limited in value only by the absorption of the material (Qmat), and exceeding that of
surface-tension-formed resonators.

3. – Microresonator light coupling

3.1. Coupling and dispersion regime. – WGM microcavities are intrinsically high qual-
ity resonators and the key point for applications is the efficiency of light coupling from
the outside. Figure 6 shows a schematic view of a spherical WGM resonator and its
associated access line which represents any coupling system as will be discussed later.

Due to the high finesse of the resonator, we can consider each resonance ω0 individually
(the angular frequency ω0 corresponds to a νP

n,�,m defined using eq. (17)). The input
signal field sin is coupled to the resonator mode (whose amplitude is noted as u) with
a characteristic lifetime τe. The light trapped inside the resonator can escape from the
cavity i) through radiative or absorptive processes with a characteristic duration τ0 and ii)
through back coupling to the output field sout in the access line, still with a characteristic
duration τe.

The intrinsic photon lifetime τ0 is related to the intrinsic Q-factor by Q0 = ω0τ0/2
and we can now define the external Q-factor Qe by Qe = ω0τe/2. The overall Q-factor
Q is deduced from the intrinsic and external Q-factors values by

(26)
1
Q

=
1

Q0
+

1
Qe

the photon lifetime τ in the cavity is then defined by Q = ω0τ/2. Using the coupled mode

Fig. 6. – Sketch of a WGM resonator coupled to its access line.
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theory (CMT) [78] the dynamic evolution of the system can be calculated by integrating

(27)
du

dt
=

(
jω0 −

1
τ

)
u(t) +

√
2
τe

sin(t),

and the output field can be deduced from the mode amplitude by

(28) sout(t) = −sin(t) +
√

2
τe

u(t).

In the stationary regime at the angular frequency ω, the input field can be written
sin(t) = s0e

jωt; the mode amplitude is thus given by

(29) u(t) =

√
2
τe

s0e
jωt

j(ω − ω0) + 1
τ

.

Using eq. (28) and eq. (29), we can define the linear transfer function x(ω) of the com-
pound system by

(30) x(ω) =
sout(t)
sin(t)

=
√

Tejφ,

where T is the intensity transfer function and φ is the phase shift introduced by the
system. Introducing the frequency detuning 2πδ = ω−ω0, we can express the amplitude
transfer function x(ω) as

(31) x(δ) =
1/τe − 1/τ0 + 2πjδ

1/τe + 1/τ0 + 2πjδ
.

The intensity transmission spectrum T = |x|2 thus reads

(32) T (δ) =
(1/τe − 1/τ0)2 + 4π2δ2

(1/τe + 1/τ0)2 + 4π2δ2
.

In fig. 7, we report the value of the intensity transmission at resonance T (δ = 0) for
different values of optical losses. The relative values of τ0 and τe determine the resonator
coupling regime [59]

– τ0 < τe, the losses predominate and the resonator is undercoupled.

– τ0 = τe, the losses are equal to the coupling rate, the transfer function drops to
zero: the resonator is critically coupled. For a given optical loss value, the amount
of transfered power from the access line to the resonator is maximal.

– τ0 > τe, the resonator is overcoupled.

– 1/τ0 → 0, the resonator is lossless and the coupled system is fully transparent:
T (δ) = 1.

– 0 > τ0 > −τe, there is gain inside the resonator and the system acts as an amplifier
operating in a narrow frequency band.
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Fig. 7. – Linear intensity transmission at resonance T (δ = 0) as a function of resonator intrinsic
lifetime τ0 corresponding to intrinsic losses.

In the passive regime, the sole measurement of the transmission function T (δ) cannot
give coupling regime since τ0 and τe play the same role in eq. (32). If one wants to fully
determine the coupling regime, the dispersive properties associated to the phase shift part
of the transfer function must also be measured. Figure 8 shows the group delay defined
as τg = dφ/dω as a function of optical losses in the resonator. With our definition,
τg(δ = 0) < 0 corresponds to a positive delay referring to the slow light regime whereas
τg(δ = 0) > 0 corresponds to a negative delay referring to the fast light regime [79]. For
passive resonators (defined by τ0 ≥ 0), the dispersion regime unambiguously gives the
coupling regime. The fast light regime corresponds to the undercoupling regime and the
slow light regime refers to the overcoupled regime [59].

Fig. 8. – Group delay at resonance τg(δ = 0) as a function of resonator intrinsic lifetime.
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Fig. 9. – a) Prism coupling using frustrated total internal reflection. b) Slant-cut optical fiber
coupling. c) Tapered fiber or optical waveguide coupling.

As a conclusion, from an experimental point of view, stationary transmission mea-
surements can reveal the coupling regime only for a critically coupled resonator [80]. In
the other cases, the coupling regime can be discriminated by phase shift measurements
using interferometric methods [81] or pulse propagation delay measurements in the time
domain [82].

3.2. Overview of coupling method . – WGM optical coupling using propagative free
beams is not efficient because of the really weak radiative transfer to WGMs which can
be seen as quasi-bound state of light trapped inside a dielectric material. Several meth-
ods have been developed to overcome this drawback. They all rely on energy exchange
between a WGM and the evanescent part of guided modes or total internal reflection
waves. The prism coupling configuration described in fig. 9(a), based on frustrated
total internal reflection, is the oldest method used to couple light in WGM microres-
onators [74, 83, 84]. This approach can be compacted using an angle polished optical
fiber instead of a prism [85] as schematized in fig. 9(b). More recently, tapered fibers
(see fig. 9(c) with micrometer or smaller diameter have been used to critically couple
high-Q-factor WGM resonators [80, 86]. Using this latter technique, it is possible to ob-
tain the total transfer of the incoming power to the microresonator mode [80]. In the
domain of integrated optics, optical waveguides are used to efficiently couple light inside
WGM disks or microspheres [87-89]. In the latter case the coupling efficiency can be
adjusted by controlling the gap between the optical waveguide and the resonator.

3.3. Experimental methods to measure coupling parameters. – In this section we
present a simple and accurate high-Q-factor measurement method well adapted to WGM
resonators, based on the analysis of the intensity transmission transient profile.

3.3.1. Stationary approach. The most common method used to measure the Q-factor for
high- and ultra-high-quality microresonators consists in linearly scanning the frequency
of a narrow probe laser at the input of the resonator and to simultaneously record its
transmission T (t) (fig. 10). The amplitude |sin(t)| is kept constant whereas the central
frequency of the laser ν is linearly swept. The source is thus modeled by a monochro-
matic signal whose instantaneous frequency is written as ν(t) = νi + ṼSt, where ṼS is
the frequency sweeping rate. The laser probe is attenuated only when it is tuned to
the resonator frequency ν0. Experimentally, we observe, in the time domain, a dip in
the transmission of the resonator. An accurate calibration of ṼS allows the frequency
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Fig. 10. – Schematic view of the Q-factor measurement method.

spectrum to be measured. In particular the measurement of the width δt in the time
domain gives the bandwidth of the resonator by δ1/2 = δt × ṼS .

3.3.2. Dynamical approach. The previous method is valid only for very low sweeping
rates ṼS � Ṽ0 = 2/(πτ2) in order to record the stationary response of the resonator. Ṽ0

is the scanning rate corresponding to a frequency band 1/(πτ) which is the bandwidth
of the resonator swept during τ/2. For higher-frequency sweeping rates, the excitation
cannot be considered as stationary anymore and a ringing phenomenon strongly modifies
the profile of the transmission [58,90,91]. This effect comes from the beating of the input
and the intracavity fields. In this case the mode amplitude reads

(33) u(t) =
√

2
τe

s0 exp
(

jω0t −
t

τ

)
·
[
f(t) − f(0) +

1
j(ωi − ω0) + 1

τ

]
,

with ωi = 2πνi and where f(t) can be expressed using the complex error function erf(z)
with z ∈ C and VS = 2πṼS

(34) f(t) = −
√

jπ

2VS
exp

[
−j(2πδi − j/τ)2

2VS

]
· erf

(
j/τ − 2πδi − VSt√

2jVS

)
.

The ringing effect can be used to obtain the phase of the field inside the resonator and
thus to determine the coupling regime. Figure 11(a) shows the transmission of a given Q
resonator in the over- and undercoupling regimes in the stationary or very-slow-frequency
sweeping regime. Since τ0 and τe play the same role in the transmission function T the

Fig. 11. – a) Stationary transmission profile for a resonator in the undercoupling (τe = 3τ0) and
overcoupling (τ0 = 3τe) regimes: the two curves are perfectly superimposed. b) Transmission in

the two regimes in the dynamic case, when the frequency sweeping rate is ṼS = 2.25Ṽ0.
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two responses are exactly the same. By increasing the frequency sweeping rate, the
responses of each coupling regime are strongly different, which allows the coupling or
dispersion regime to be known as shown in fig. 11(b).

3.3.3. Experiments. The experimental method consists in numerically comparing the
transient response of the resonator to the analytical model (eqs. (33) and (34)) and
then deducing the experimental parameters: ṼS , τ0 and τe. Note that in this method
ṼS does not need to be calibrated and its value is given by the numerical procedure.
We performed two sets of measurement to characterize i) a lithium niobate (LN) disk
and ii) a silica microsphere. The physical characteristics of the two devices are given in
table III. Light is coupled in the resonator using a LN waveguide in the case of the LN
disk and a tapered single-mode fiber in the case of the silica microsphere.

Table III. – Physical description of the LN disk and the silica microsphere experimentally tested.
The characterization results are presented as well.

LN disk Silica microsphere

Diameter 4.7 mm 145 μm

Thickness 1 mm -

Coupling method LN waveguide (width 6 μm) Tapered fiber (diameter < 3 μm)

τ0 193 ns 360 ns

τe 6930 ns 1290 ns

ṼS 10.4 MHz/μs 4.75 MHz/μs

Coupling regime Undercoupling (τ0 < τe) Undercoupling (τ0 < τe)

Q 1.12 × 108 1.71 × 108

Figure 12 represents the experimental set-up used to measure high-Q-factors. The
probe is a tunable narrow external cavity laser diode. The device under test (DUT) is the
LN disk or the silica microsphere. We used different optical detectors whose bandwidths

Fig. 12. – Q-factor measurement experimental set-up. The probe laser is a tunable narrow
linewidth (150–300 kHz) laser. PC is a polarization controller, D is a photodetector. The DUT
(device under test) is either a LN microdisk coupled using a LN waveguide or a silica microsphere
coupled using a tapered fiber.
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Fig. 13. – Experimental transient profile of the transmission T (t): a) for the LN disk, and b) for
the silica microsphere. We have also drawn the numerical fit from which the values of τ0, τe and
ṼS are inferred.

are larger than 10 MHz. The experimental profiles obtained for the two devices are shown
in fig. 13. We also give the numerical fit from which we have deduced the values of τ0,
τe and ṼS : these values are given in table III. In the two cases, taking into account the
sweeping rates, the resonator must be undercoupled in order to reach the highest value
of the overall Q-factor which corresponds to the intrinsic Q-factor (Q0).

As a conclusion, the proposed method allows the Q-factor and the coupling regime of
a passive WGM resonator to be measured. The method can be extended to amplifying
resonators [59]. For high-finesse resonators with modal coupling coming from enhanced
Rayleigh backscattering [72,92], the method can be modified to also measure the coupling
rate between co- and contra-propagative modes [93].

4. – Fabrication of WGM microresonators

As anticipated in the previous sections, there is a variety of geometries of WGMRs,
each of them having its pros and cons; three major parameters must be considered in
order to assess the impact of a given type: the achievable value of the Q-factor, the
easiness of fabrication, and the integrability. In this section we will briefly review the
fabrication techniques of the most common resonating structures.

As concerns the materials, glasses, and in particular pure silica, are the most widely
used, even if crystalline materials would guarantee higher performances and additional
advantages to these resonators as compared to their amorphous counterparts. As an
example, ultimate Q-factors of silica microspheres (108–109 at about 1.55 μm) rapidly
decrease in usual environment due to diffusion of atmospheric water into the material,
while a number of crystals do not absorb moisture. High-purity crystals theoretically
have a perfect lattice without inclusions or inhomogeneities and typically have very low
intrinsic absorption within their transparency window; Q-factors exceeding 1011 and
finesse F > 107 have been achieved in calcium fluoride crystalline disks by the JPL
group [94]. The same group also analyzed the fundamental limits of Q-factor of crys-
talline dielectric resonators, and showed that spontaneous Raman scattering is the main
limitation of the quality factor at low temperatures, while stimulated Raman scattering is
important at any temperature [95]. Crystals, moreover, often exhibit enhanced nonlinear
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or electro-optical properties, which may play an additional role for the implementation
of high-performance devices. Crystalline materials, on the other hand, are not suitable
for the fabrication of microspherical resonators, which usually requires melting of the
material. Melting, in fact, would destroy the crystalline structure and the stoichiometry
of the material, also adversely affecting the initial purity. Glasses remain, therefore, the
best material for WGM microspheres.

4.1. Cylindrical WGM microresonators. – Cylindrical WGMRs may be very easy to
fabricate, but have the disadvantage that, due to the longitudinal degree of freedom in
such a structure, a coupled beam here, as opposed to the WGM in a microcavity, spreads
along the cylinder length and eventually vanishes, even if there is no material loss. One of
the earliest experiments, intended to show in the most visual manner possible that spiral
whispering mode propagation exists within closed optical bodies of circular cross section,
was done using machined cylinders from commercial grade polymethyl methacrylate [96].
The simplest cylindrical WGMR, however, is constituted by a small piece of a conven-
tional telecom single-mode optical fiber (chosen due to its high material quality), stripped
from coating and suitably cleaned [17,97]. In this case, too, an experimental analysis has
shown that if the fiber is tilted (i.e. not exactly perpendicular to the in-coupled beam)
“spiral” WGMs, tracing a helical path along the fiber, are triggered [98].

Strong WGM resonances can also be obtained with jacket-removed cladding-thinned
bent optical fibers [99]. In such a structure, a ray radiates along the tangent from
the radiation caustic where the core mode loses its confinement and then is subject
to total internal reflection at the boundary between the cladding and the air. Thus,
the ray propagates along the fiber wall, forming a WGM. The reason for reducing the
cladding thickness is due to a compromise between the need of keeping the mechanical
flexibility necessary for tight bending of the fiber without breaking and the capability of
controlling the optical path length of the WGM, which depends on the cladding thickness.
As to the preparation process itself, first the polymer jacket of a portion of the fiber is
removed using a stripping tool and then the cladding is thinned by chemical etching with
hydrofluoric acid.

More generally, a very recent paper presents a quantum interpretation of whispering
gallery modes in a cylindrical optical microcavity in analogy with quantum mechanical
theory [100]. Miniature optical fiber and microfiber coils also exhibit propagation of
whispering gallery modes; their fabrication, however, is challenging [101]. The set-up
sketched in fig. 14 enables simultaneous drawing, tapering, and coiling of a silica optical
fiber. It consists of: i) a rotary gear motor, which performs the rotation of the central
rod and coiling of the fiber around it; ii) translation stages for initial positioning of the
fiber with respect to the rod; iii) a CO2 laser to soften the fiber at the initial area of its
contact with the rod.

4.2. Toroidal and microdisk WGM resonators. – Some of the early solid-state
lasers [102,103] have to be considered among the first devices effectively exploiting WGM
light confinement. Röss, in Germany, fabricated two lasers in cylindrical toroids of ruby
(or, more precisely, in rings with polished cylindrical surfaces parallel to the toroid axis),
the material being a 0.035% Cr+3 ruby of medium quality, with c-axis oriented at 90◦ to
toroid axis. The size of these compact lasers was 13 mm outer diameter, 9 mm or 11 mm
inner diameter, 5 mm height [102]. He underlined the outstanding property of this ap-
proach which made it possible to combine an extremely high resonator Q with a moderate
mode selection leading to quasi-continuous oscillations in an inhomogeneous material like
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Fig. 14. – Sketch of the experimental set-up for fiber coil fabrication: 1 a rotary gear motor;
2, 3, 4 translation stages; 5 a wheel supporting the incoming fiber; 6 a weight; 7 a fiber clamp.
(Reproduced with permission from [101].)

ruby. In the same year (1963) Walsh et al., in U.S.A., also reported pulsed laser operation
at room temperature in a ruby ring, exploiting total internal reflection [103]. One of their
ring lasers had external diameter 15/16′′ (23.8 mm), internal diameter 7/8′′ (22.2 mm),
and height 1/8′′ (3.18 mm); the other one 5/8′′, 9/16′′, and 1/8′′, respectively. The c-
axis was perpendicular to the plane of both rings, and Cr2O3 concentration was 0.05%
by weight. The rings were fabricated and mechanically polished by a commercial man-
ufacturer; all surfaces except the inside diameter surface were optically polished. The
authors estimated that the Q-value of these cavities was between 108 and 109, and noted
that these values were about two orders of magnitude larger than those measured in sil-
vered rods. Much more recently, efficient Raman lasing has been demonstrated in CaF2

WGM disk resonators [104,105]. A low continuous-wave emission threshold of 3μW was
observed in a 5 mm cavity, made possible by its ultrahigh optical quality factor, of the
order of Q = 5 × 1010.

All these millimeter-sized resonators were produced by mechanical polishing, possibly
followed by thermal annealing, but the actual procedure could be different. The JPL
group, for instance, has developed a fabrication technique which relies on diamond turn-
ing (which exploits computer control of a precision lathe) of the crystalline workpiece,
followed by a conventional polishing technique [104]. By using the diamond turning
process they were also able to realize a special single-mode cavity, formed by a small
5μm × 3 μm waveguide on top of a cylinder. Such a waveguide supported only one
WGM per cavity FSR, and Stokes lasing modes were experimentally observed [105]. Al-
ternatively, a more conventional and simpler polishing technique could be used, starting
from a small cylinder cut from a CaF2 blank. The cylinder may be glued onto a cap
installed onto a high-speed motor, while a thin thread with a diamond abrasive is used
to create a region that supports the whispering gallery modes. Polishing has obviously
to be performed in several steps with decreasing diamond grit size; after each step an
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accurate cleaning is necessary. The authors underlined that such a technique can be
automated, and can allow one to produce disks with a curvature radius down to 10μm
and below [105].

A similar procedure was used, and reported in a very recent paper [106], to produce
high-Q lithium niobate disks of 4.7 mm in diameter, made from commercial 3′′ × 1 mm
thick Z-cut lithium niobate wafers by core drilling a cylinder and thereafter polishing
the edge into a spheroidal shape. The polishing procedure of crystalline disks was in this
case optimized by using a home-made lapping station, which is shown in fig. 15. The
almost spherical profile was obtained through a rotational stage whose pivot point could
be finely adjusted. Six successive polishing steps were performed, starting with abrasive
disks with grit of 12 and 9 microns, respectively, followed by a finer polishing phase,
based on polycrystalline diamond suspensions with decreasing grit sizes (3, 1, 0.25, and
0.05 microns, respectively). After each step a rather critical cleaning procedure using
organic solvents was implemented. In this way, it was possible to achieve an intrinsic disk
Q-factor of 1.3× 108, as measured from resonance linewidth and confirmed by ringdown
measurements (see table III and fig. 13) [106].

Even if mm-sized disks are more easily integrable than microspheres, still they re-
main discrete objects, possibly to be coupled to optical integrated circuits; moreover,
optical polishing cannot be easily adapted to sub-mm devices. For the development of
micron-sized robust integrated devices a much more effective approach is the one first
proposed by Vahala’s group, demonstrating a process for producing silica toroid-shaped

Fig. 15. – Photo of the lapping station for mm-sized disks; a lithium niobate disk, glued to a
metal rod, is visible (magnified image in the inset). It is polished by the abrasive (black) cloth
pasted onto the rotating plate. The disk axis can be finely tilted, and the contact pressure
between the disk edge and the abrasive cloth may be carefully controlled [106].
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Fig. 16. – Scanning electron micrograph of a silica microdisk after selective reflow treatment
with a CO2 laser. The inset shows the microdisk prior to laser treatment. (Reprinted with
permission from [25].)

microresonators-on-a-chip with Q factors in excess of 108 [25]. Figure 16 shows a scanning
electron micrograph of a silica microdisk, fabricated upon silicon wafers prepared with a
2 μm layer of silicon dioxide (SiO2). The fabrication process was composed of four steps:
photolithography (creating disk-shaped photo-resist pads typically 160μm in diameter);
pattern transfer into the silicon dioxide layer; selective dry etch of the exposed silicon;
and selective reflow of the patterned silica. By using this process, the group shortly
thereafter demonstrated a chip-based (monolithic) microcavity Raman laser, exhibiting
ultralow threshold, high efficiency, and single-mode emission. For a microtoroid with
diameter ∼ 61 μm and thickness ∼ 3.7 μm they measured a quality factor 108 and a
threshold power (at 1550 nm) ∼ 74 μW for Raman lasing near 1680 nm [107].

Stimulated emission could be achieved by incorporating erbium (or another rare earth)
ions into the toroidal microcavity; this goal has been pursued by a group in Grenoble,
that developed a process for the integration of silicon-rich oxide (SRO) layers doped
with Er into toroidal microcavities [108]. The SRO:Er thin film was obtained by co-
evaporation under NH3 atmosphere of silicon monoxide and erbium in a high vacuum
vessel. Each sample was annealed under forming gas (95% N2 - 5% H2) to activate
emitters. First, silica microdisks on circular silicon pillars were fabricated by defining
the discs by optical lithography in photoresist and transferring them to the silica or
SRO layer by wet chemical etching using buffered HF; the silicon substrate was then
selectively etched by SF6/Ar reactive ion etching, forming arrays of silica microdisks on
silicon pillars. In a second step, selective reflow treatment with a CO2 laser was used to
form the toroidal microcavities, by taking advantage of the much larger (100:1) thermal
conductivity of silicon than silica. Thus, during reflow treatment, only the silica layer
is heated, the silicon pillar acting as a heat-sink and cooling the centre of the silica
microdisk. This results in a selective melting and smoothing of the edge of the silica
disk, without affecting its centre. The final surface roughness of a toroidal microcavity
produced in this way is close to that of a liquid droplet, as can be seen in the micrograph
of fig. 17.
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Fig. 17. – Scanning electron micrograph of a toroidal microresonator of diameter 13 μm after
selective reflow. An SRO:Er layer 200 nm thick had previously been deposited on top of a 2.7 μm
silica layer. (Reprinted with permission from [108].)

4.3. Microspherical WGM resonators. – One of the great advantages of microspheres is
that they may be very easily produced in the laboratory from a large variety of materials,
organic and inorganic. As already said, liquid microspheres or microdroplets have been
the subject of investigation since the very beginning of this field. Nowadays, polymer
microspheres and their dispersions (namely polymer colloids or latex) are widely used,
more than in photonics, in medical and biochemical applications, including absorbents,
latex diagnostics, affinity bio-separators and drug and enzyme carriers [109]. Polymer
colloid chemists are now able to prepare truly monodisperse microspheres, i.e. having a
monodispersity (ratio of weight-average diameter to number-average diameter) less than
1.005. Polymer microspheres can be prepared either by physical methods, such as emul-
sification, coacervation and spray-drying, or by chemical methods such as heterogeneous
polymerization. Kawaguchi [110] published a review of these methods and of the proper-
ties and applications of polymeric microspheres: even if not fully up to date, it remains of
large interest. Two recent papers concerning the application of polymer microspheres as
WGM resonators also provide indications for their fabrication [111,112]. One of the possi-
ble routes consisted in fabricating first a PMMA fiber and then a microsphere by melting
the tip of the fiber, just as in the case of silica microspheres; the polymer powder (with a
particle size of a few micrometers) was placed in a container inserted in a hot oil bath at
a temperature just above the PMMA melting point (∼ 150 ◦C), then PMMA fibers were
stretched to a diameter of 125 μm or smaller. The Q-factor of the microspheres prepared
this way was found to be not so high (∼ 5×104), most probably due to impurities in the
material and surface irregularities caused by uneven heating [111]. The same authors,
however, improved the Q-factor up to 106 by using another approach: first, impurities in
the polymer were removed by dissolving it in chloroform and adding it to a solution of
methyl alcohol where the polymer precipitated. Then, the material was passed through a
paper filter and again dissolved in chloroform; finally, using a microsyringe, a controlled
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drop of the so purified PMMA was placed at the tip of a PMMA fiber. Hollow PMMA
spheres could also be obtained by injecting a controlled amount of air into the liquid
polymer before depositing it onto the fiber tip.

Polydimethylsiloxane (PDMS) microspheres were also fabricated with a slight mod-
ification of the process described above [112]. In order to be able to prepare spheres of
diameter smaller than a few hundreds microns, the tip of a tapered fiber was used; thus,
the end of a fiber with diameter in the range of 2–10μm was inserted into, and quickly
withdrawn from, a prepared PDMS liquid (RTV 184, Dow Corning 5:1). Due to surface
tension, a spherical-shaped PDMS cavity supported by the tapered fiber stem was formed
with extremely smooth surface. By utilizing fiber tapers with different diameters and
adjusting viscosity of the precured PDMS, microspheres with diameters ranging from
100 μm to 1 mm could be fabricated.

A completely different approach has been reported by Li et al., involving the fab-
rication of dye molecule-doped microspheres in a microfluidic channel, which can also
create arrays onto a chip [113]. A schematic diagram explaining the basics of this pro-
cess is shown in fig. 18; the upper stream part is a channel junction for spontaneous
formation of dye containing droplets based on the well-known hydrodynamic focusing
technique. Mineral oil (oil phase) is used for the focusing flow whereas a UV-curable
resin (NOA81, Norland) mixed with 10−2 mol/L R6G and 5% (volume ratio) of ethanol
is used as “aqueous” phase. The down stream is a collection chamber in which the
polymer droplets coming from the left side through the connection channel are solidified
by UV exposure. Once fabricated, the microspheres, which are highly monodispersed
(monodispersivity ±2.1%) and size controllable, in a range between 20 and 80μm, can
be collected and placed in another PDMS chamber, having in- and out-channels. In an

Fig. 18. – Sketch of the microfluidic device for microsphere fabrication. The upper stream part
is a cross-channel junction allowing spontaneous formation of dye containing droplets which
are photo-curable and monodispersed in size. The down stream part is a collection chamber,
in which UV exposure solidifies the droplets coming from the left side connection channel.
(Reproduced with permission from [113].)
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Fig. 19. – Experimental set-up for microsphere excitation and laser output observation. The
open chamber is obtained by bonding a PDMS frame (10 mm × 20 mm in size and 3 mm in
height) to a glass wafer. The pulse width of the pumping laser was less than 10 ns and the
frequency was 20 Hz. (Reproduced with permission from [113].)

experimental test, single microsphere were randomly selected and excited with a pulsed
frequency-doubled Nd:YAG laser. The experimental set-up for microsphere excitation
and characterization is shown in fig. 19. Laser excitation was achieved by focusing the
pump beam though a microscope objective, and fluorescence signal was collected by a
multimode optical fiber and transferred to a fiber spectrometer. The optical quality of
these R6G-doped WGMRs was poor (a Q ∼ 103 was experimentally inferred, probably
limited by the resolution power of the spectrometer used) but high enough to observe
lasing in a microsphere of radius 73.87 μm at a threshold of about 16μJ/mm2.

The largest number of WGM microspherical resonators, however, is made in glassy
materials; pure silica is the first choice, because of the available material purity, but
there are several examples of microspheres fabricated in multi-component glasses and in
particular in functional glasses. Two main techniques for the fabrication of glass micro-
spherical resonators can be taken into consideration, one based on melting processes, the
other one on sol-gel chemistry, and will be briefly described in the following.

4.3.1. Melting of glass microspheres. General-purpose processes, which can be used
to fabricate microspheres from a large range of glass compositions, imply either directly
producing a glass by melting or using the powder obtained by crushing an available glass.
In the former case, several paths can be followed: a very simple one, which has also been
used to fabricate Er3+-doped tellurite glass microlasers, consists of melting the oxide
components in a furnace and dropping the viscous glass onto a spinning plate [114]. An-
other process, adopted for a multi-component fluoride glass based on ZrF4, started from
melting the raw materials in a vitreous carbon crucible at 1000 ◦C, inside an induction
furnace; then, the molten batch was poured in a fine stream into liquid nitrogen, and
the spherical particles which passed through a 50 mesh sieve were collected from the
quenched glasses [115]. A problem occurring in such a case was the easy contamination
of the sphere surface, in particular by oxidized products, such as Zr-OH and Zr-O; a
chemical polishing was therefore required, and it was performed by using an ultrasoni-
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cally agitated bath of ZrOCl2 − 8H2O dissolved in water. All the operations, except the
chemical polishing, were carried out in a dry-nitrogen gas atmosphere.

A different approach, with higher degree of complexity, was involving the use of mag-
netic levitation to keep the glass sample suspended while heated: containerless melting
of glass and fabrication of microspheres from a cubic glass sample (e.g. with a size of
4 or 6 mm) in a furnace constructed of a CO2 laser and a solenoid-type magnet were
demonstrated [116, 117]. The glass cube, placed in a platinum cage at the edge of the
inner magnet, is made to levitate and there it is melted by the effect of the focused laser
beam: a complete glass sphere was thus obtained after cooling. Subsequent polishing to
optical grade seems, however, to be necessary [117].

The other general fabrication process implies crushing the selected glass material: as
an example, high-Q microspheres were produced by dropping the glass powder through
a microwave plasma torch [118]. The re-melted glass grains acquire spherical shape by
surface tension before being hardened by the air flow and falling into a proper container.
By adjusting the microwave power and the gas flow, it is possible to reach the desired
temperature (around 2000 ◦C for silica-based glasses, 800-900 ◦C for fluoride glasses), and
to produce spheres with a low eccentricity.

Another technique used to produce glass microspheres for general applications made
use of a rotating electric arc: microspheres with diameters between 2 and 24 μm were
fabricated with a good yield; in fact, by processing of the glass powder, 85% of particles
were transformed into microspheres [119]. A number of patents are also covering the
subject of glass microsphere fabrication, especially in view of medical applications. With
the exception of the magnetic levitation method, which on the other hand requires the
previous preparation of a cube with the desired size, a disadvantage of these techniques
is that one obtains a number of free spheres with a rather large size distribution and
difficult to manipulate. It is therefore necessary to place the produced spheres under an
optical microscope and to sort them by size, while also checking their surface quality.
The selected spheres may be picked up with a glass capillary connected to a vacuum
pump, and then, one at a time, stuck on a tapered fiber.

A very simple and effective method to produce single spheres with the desired diameter
is based on the melting of the tip of a glass fiber (see, for instance [18]). It presents the
disadvantage of requiring a glass in form of rod or fiber and of permitting the fabrication
of only one microsphere at a time, but it is very cheap and allows one a very good control
of the microsphere diameter. Upon heating the distal tip of a fiber, e.g. a standard
telecommunications silica fiber, the glass reflows to form a spherical volume under the
influence of surface tension. Due to the high viscosity of silica, the reflowed structure
becomes highly spherical (eccentricities of the order of 1–2%), and extremely uniform.
The spherical surface has very low intrinsic roughness (measured r.m.s. roughness of the
order of 1 nm or lower), and thus presents very small surface scattering losses. Figure 20b)
shows a typical silica microsphere, obtained in this way and therefore attached to the
fiber stem from which it was formed. The presence of the stem does not affect the
resonator’s operation because the excited optical modes typically lie in the equatorial
plane and thus have negligible overlap with this perturbation region; on the contrary, it
is useful for an easy handling of the microsphere.

The reflow process may be induced using different heating sources: an oxygen/butane
(or similar) torch [120], a high-power (e.g. a CO2) laser [122,112], or an electric arc as in
a commercial fiber splicer [121]. Fiber splicing is a mechanic-thermal process in which
the cleaved fiber ends are heated to a temperature at which they soften. A cleaved tip of
the fiber is inserted in one arm of the splicer and a series of arcs are then produced; the
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Fig. 20. – a) Size of the microspheres produced at the tip of a standard 125 μm telecom fiber,
as a function of the arc shots in a fiber fusion splicer. b) Optical image of a microsphere with
a diameter of about 250 μm. In the background (out of focus) one can see the coupling tapered
fiber [121].

tip partially melts and surface tension forces produce the spherical shape. By accurately
controlling the operating parameters of the splicer, reproducible spherical shapes are
easily obtained; the size of the spheres increases with the number of arc shots, till it
tends to saturate at a diameter of about 350μm in the case of standard 125μm single-
mode fibers [121]. Figure 20a) shows the growth of the sphere diameter with the number
of shots; the photo of a typical microsphere, 250 μm in diameter, is shown in fig. 20b).
All these techniques allow one to produce microspheres with diameters usually in the
range d to 2d, where d is the outer diameter of the uncoated fiber; smaller spheres, say
from 20 to 100 μm in the case of conventional telecom fibers, may be obtained by first
tapering the fiber in order to reduce the diameter of the tip. The minimum diameter we
obtained by using the fiber splicer on tapered fibers was about 40μm [121].

4.3.2. Sol-gel processes for microsphere fabrication. Sol-gel chemistry is attracting a
growing interest as a very flexible and cheap method for producing optical materials. The
possibility of starting from molecular precursors and elementary building blocks permits
to tailor structures at the molecular level and to create new materials with enhanced
performances. Two major approaches can be followed when using sol-gel processes to
produce spherical microresonators. In fact, besides synthesizing a “bulk” glass with a
spherical shape, one can deposit a uniform sol-gel film onto a microsphere previously
produced by heating process; the following section is specifically devoted to the coating
of microspherical resonators.

Many protocols can be used to realize sol-gel silica spheres: monodisperse silica
nanoparticles, in particular, can easily be synthesized via the base-catalyzed hydroly-
sis of tetraethylorthosilicate (TEOS) [123]; the silica spheres may have a diameter in the
range from 150 nm to 2μm, with typical size dispersion around 3%. This method cannot
be used if one wants to incorporate rare earths into the glass, because lanthanide salts
form insoluble lanthanide hydroxides in basic environments. The problem, however, may
be overcome by using acid catalysts [124,125]: in this case one obtains silica microspheres
with different diameters, ranging from hundred nanometers to approximately 150 micron,
always with a very high surface quality.

The synthesis of high-purity dense silica microspheres from organic and inorganic acid
hydrolysis of TEOS has been demonstrated using a variety of acid and water mixtures
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in the pH range 1.35 to 2.25 with the only restriction of the molar ratio of water/TEOS
which varies in the ranges 1.0–1.5 for strong acids and 1.5–4.0 for weak acids [126].

One can also combine the synthesis of a specific glass via sol-gel process with the
fabrication of microspheres by melting process; as an example, WGM microlasers were
produced by fabricating microspheres with diameters from 40 to 200μm by electrical
arc, starting from sol-gel silica-alumina glasses doped with high concentration of erbium
ions Er3+ (from 1250 to 15000 ppm) [127]. In general, sol-gel produced spheres present
the advantage of material’s very high purity; moreover, composition of bulk and film
microresonators may be easily tailored according to the application.

4.4. Microbottle and microbubble WGM resonators. – Considering that WGMs can
survive smooth deformation of spheroids, and that two stems, instead of one as with the
conventional fiber-based microsphere, make the tuning of a WGM microresonator easier
by stretching it [128], Sumetsky et al. suggested to use highly oblate resonators, that
they called WGM bottles (WGB) because of the similarity of their shape to that of the
magnetic bottles used in plasma fusion [34]. The properties of highly prolate- or oblate-
shaped dielectric microresonators were also theoretically studied by other authors in the
following years [129,69]. The free spectral range (FSR) of such resonators was predicted
to be about one order of magnitude smaller than that of microsphere resonators of equal
diameter. Bottle microresonators can be fabricated from standard optical fibers in a
two-step heat-and-pull process by sequentially microtapering the fiber in two adjacent
places to form the bottle [130]; by accurate positioning and stretching the fiber, WGBs
of diameter in the range 30 to 40μm exhibited Q factors up to 3.6 × 108.

Another effective, and simpler, fabrication technique was developed by following a
soften-and-compress approach and using a fiber splicer [131]. The fiber was softened while
simultaneously compressed; the use of multiple electric arcs of duration ∼ 1 s allowed to
controllably soften the glass and to produce robust, double-neck bottle fiber microres-
onators. Typical geometrical parameters were stem diameter ds of 125 μm, neck-to-neck
distance Lb of the order of 400μm and bottle diameter db around 185μm; the bottle
shape was defined by the softening temperature profile and the applied compression.

An important step towards the integration of devices, especially for sensing applica-
tions, was made with the suggestion to use capillaries instead of bulky optical fibers:
liquid-core optical ring-resonators (LCORRs) use the evanescent field (in the core) of the
WGMs, which are excited into the exterior surface, to detect the refractive-index changes
near the interior surface [32]. In this way the liquid or gas under test flows inside the mi-
crocapillary and does not perturb the coupling condition of the WGMs with the external
tapered fiber; cylindrical resonators, however, as already cited, have the disadvantage
of the very critical coupling alignment condition, with the risk of exciting spiral modes
(delocalization of WGMs). A further advance was therefore made when bubble WGMRs
were demonstrated [36, 37]; in fact a microbubble resonator (MBR) (fig. 21) combines
the microfluidics advantage of a microcapillary with the characteristics of a microbottle
(namely, the presence of real localized WGMs, and the two-stem structure), without
introducing significant insertion losses. A fully tunability was demonstrated for a silica
MBR, which exhibited a tuning range more than two times larger than the azimuthal
FSR of the resonator [36]. As to the fabrication of such structures, the blowing of a silica
microbubble is based on the same principle as traditional glass blowing: a gas pressure
is applied while the capillary is heated; the control of gas pressure and the uniformity
of heating, however, are quite critical, and the fabrication of MBRs with the desired
characteristics is challenging [37].
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Fig. 21. – A microbottle resonator (MBR). (a): Optical micrograph of the device. (b) (inset):
Optical micrograph of the cross-section of the capillary from which the MBR was created.
(c): Sketch of the set-up used for the tuning of the resonances by stretching. (Reprinted with
permission from [36].)

5. – Microspheres coating by passive or active films

Coating of spherical microresonators is a very promising technique for optimizing
their optical properties. Uniformity of the coating is a necessary requirement in order
to preserve the high-Q factor of the microresonator, so most of the work done in this
field has concerned methods which lead to uniform coatings (fig. 22), although some
inhomogeneous coating techniques have been employed too, to produce either half-coated
microsphere arrays (spheres which have the coating only on one side of the sphere) [50]
or terrace-shaped microresonators (fig. 23) [47].

There are basically two categories of coatings that can be deposited on a micro-
sphere, having lower or higher refractive index than the microsphere itself. A lower-index
cladding makes the microsphere insensitive to the surrounding environmental conditions
and ensures the stability of the whispering gallery modes. The WGMs stay confined
inside the microresonator and can interact with the cladding only through the evanes-
cent wave. As an example, low-index (N = 1.49) sol-gel NaO2-CaO-SiO2 thin films were
deposited onto high-refractive-index (N = 1.93) BaO-SiO2-TiO2 glass microspheres for
the development of Raman lasers [47]. A problem with this kind of system is finding
an efficient way of coupling light into the WGMR: in fact, since the evanescent field of
the WGMs extends in the cladding but not in the surrounding medium (usually air),
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Fig. 22. – A sketch of a uniformly coated microsphere where Nsphere is the refractive index of
the sphere, Ncoating is the refractive index of the coating, R is the sphere diameter and d is the
thickness of the coating.

evanescent coupling is impossible for such a structure, and direct excitation is required.
Then, the reflections at the air-cladding and the cladding-core interfaces become a lim-
iting factor for the efficient coupling of light to the WGMs; a possible solution may be
offered by the use of a terrace-microsphere to waveguide coupling scheme, as already
demonstrated (fig. 23) [47].

Although the isolation of the microsphere from the environment is an important issue
to be addressed for ensuring the applicability of the microresonators in practical devices,
from a more fundamental point of view the coating of microresonators with materials
having a refractive index higher than the core is much more interesting. Opposite to
the previous case (Ncoating < Nsphere), where the electric field inside the cladding is an
evanescent field, here the electric field of the WGMs in the coating is a propagating
field, which means that, for a transparent coating, the penetration depth in general is
the entire thickness of the coating. The WGMs of such a core-shell structure can have

Fig. 23. – A sketch of the terrace-shaped microsphere coupled with a waveguide, adapted
from [47]. The arrows indicate the direction of light propagation in the waveguide and in
the microsphere and the shaded part indicates the coupling area between the waveguide and the
microsphere.
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superior characteristics than simple uncoated microspheres, in particular as concerns
the thermal stability of the WGM modes. Moreover, the coating can add novel optical
functions; the only limitation may be due to the fact that the Q-factor of a microsphere
coated with an optically active material is generally reduced compared with the Q-factor
of the uncoated one, due to the absorption in the coating and to the scattering on the
sphere-coating interface.

The whispering gallery modes of a core-shell structure may be well described by
the Aden-Kerker generalization of the Lorentz-Mie scattering theory [132]. Like for the
uncoated spheres, the WGMs have spherical symmetry and are characterized by the
labels �, m and n. The only difference is that now, to determine the radial part of the
WGM fields, three different regions have to be taken into account: the microsphere core
—where the fields are propagating waves (represented by the spherical Bessel function
only, since the spherical Neumann function would have a singularity in the center of the
sphere); the coating —where the fields are also propagating waves, but represented by a
linear combination of the spherical Bessel and Neumann functions; and the surrounding
medium (usually air) —where the fields are exponentially decaying functions. To solve
the eigenfrequency equations, the boundary conditions for the tangential components
of the field at the air-coating and sphere-coating interfaces have to be matched. In
general, the positions of the WGMs are a function of the refractive indices of the core,
shell and surrounding medium, of the radius of the core and of the thickness of the
coating. Recently, the exact calculation and comparison of the WGM resonances with
the experimental spectra of dye-coated silica microspheres were made and the Aden-
Kerker theory was found to accurately reproduce the WGM resonances for small sphere
diameters (less than ∼ 14 μm) [51]. Looking at spheres having diameter in the range 15 to
33 μm, coated by RhodamineB (RB) with concentration 10−4 M (in methanol solution),
it was found that an inhibition of the radiative decay time of RB did exist for smaller
diameter microspheres. In the presence of the WGMR the electric field of the photon
radiated by an oscillating electrical dipole interacts with the microsphere, causing the
change of linewidth of the dipole and hence also of the radiative lifetime. The change of
the decay times with the size, however, was not observed in spheres coated with a higher
(10−3 M) RB concentration [51].

Besides Rhodamine-doped coatings [51,48], spherical microresonators have also been
coated by nanocrystalline silicon [50], silica-hafnia glasses and glass-ceramics [133, 134,
18,135,136], and HgTe quantum dots [46]. The nanocrystalline silicon is a very promising
material for application in optoelectronic devices because of its size-dependent lumines-
cence [137]. A thin (20–100 nm) film of nano-crystalline silicon (nc-Si) was deposited
on the top of a fused silica microsphere by using an electron-beam evaporation system,
while the bottom of the microsphere was left uncoated [50]. The coated microspheres
exhibited WGMs when excited using a 442 nm laser line, but the intensity of the reso-
nances was found to depend strongly on the coupling point because of the inhomogeneity
of the coating. To make full advantage of the optical properties of silicon nanocrystals
in combination with the spherical microresonators, a deposition method which can guar-
antee nc-Si coating’s uniformity has yet to be developed. A good candidate could be the
LPCVD (Low Pressure Chemical Vapor Deposition) method; its advantage over other
CVD methods is that here the reactant gases reach the substrate by diffusion rather
then by direct flow, and this should make it possible to deposit uniform homogenous
films on arbitrary shaped surfaces. The LPCVD method was found to produce films of
very low surface roughness, an important requirement for the films to be usable onto
WGMRs [138]. Recently, thin LPCVD silicon-rich oxide films (SiOx , 0 < x < 2), which
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Fig. 24. – SEM image of the surface of a 160 nm thick silicon-rich oxide (SiOx , x ≈ 0.3) thin-
film–deposited on a silica substrate using the LPCVD method [138].

lead to nc-Si films by thermal annealing, were successfully produced with a very smooth
surface (r.m.s. vertical surface roughness less then 3 nm, with lateral surface structures
below 50 nm) [138]. Figure 24 shows the SEM image of a silicon-rich oxide thin film [138].

HgTe quantum dots were deposited as a thin layer on the surface of a silica microsphere
to act as the active element of a low-threshold laser [46]. Colloidally prepared spherical
HgTe nanoparticles were used for the microlaser’s active medium coating because of
their intense and broad room temperature luminescence spectrum covering the 1200–
2000 nm wavelength range. The silica microspheres were coated using a layer-by-layer
dip procedure [18, 133]. In particular, polyelectrolyte macromolecules, that adjust their
coverage on the silica surface to form transparent shells around the HgTe nanoparticles,
were employed to reduce photoinduced corrosion and improve their adherence to the
microsphere. Two HgTe-coated microlasers were reported, one having a diameter of
650 μm, pump Q of 2 × 106 (pump wavelength 830 nm), and lasing Q of about 107, at
around 1620 nm. A threshold pump power of Pth = 9.41 ± 2.35 μW was estimated. The
other microsphere had a diameter of 950 μm, pump Q of 2 × 107, and lasing Q of about
108 around 1670 nm, with a threshold absorbed pump power estimated to be less than
200 nW. This work highlights the role of nanostructured coating for the development
of very-low-threshold microlasers; their emission wavelength could also be changed by
varying stoichiometry and size of the quantum dots.

5.1. Sol-gel coatings. – Sol-gel–based coatings are effectively exploited in microspher-
ical resonators due to the fact that the sol-gel process allows for precise control of rare
earth ion concentration and high solubility, as well as easy control of the refractive index
of the coating. As an example let us mention two papers [139, 127]. Gain functionaliza-
tion of silica WGMRs was demonstrated by Yang and Vahala [139]. A laser output power
of 6μW was obtained in continuous wave operation for a doped shell of silica activated
by an Er3+ ion concentration of about 1019 cm−3. Hoi et al. reported the long-band
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lasing in microspheres based on sol-gel silica-alumina glasses doped with a concentration
of Er3+ ion ranging from 1250 to 15000 ppm [127]. The Q-value of the microsphere was
estimated to be more than 108 and a maximum laser ouput power of about 10μW was
obtained at the wavelength of 1561 nm with a pump power of 40 mW at 976 nm.

Silica-hafnia glasses and glass ceramics have been shown to be a good host for the
erbium ions whose luminescence at about 1.5 μm is widely employed in the telecom-
munications systems [140]. Recently [135], silica-hafnia glass-coated microspheres were
produced and were found to exhibit similar luminescence properties like their planar
waveguide counterparts as to the 1.5 μm emission peak shape and position and to the
luminescence decay lifetime. Starting from silica microspheres fabricated by melting a
conventional telecommunication fiber, Er3+-activated silica-hafnia layers were prepared
by sol-gel route and dip-coating technique [134]. The starting solution, obtained by
mixing TEOS, ethanol, deionised water and hydrochloric acid as a catalyst, was pre-
hydrolysed for 1 hour at 65 ◦C. The molar ratio of TEOS : HCl : EtOH : H2O was
1 : 0.01 : 37.9 : 2. An ethanolic colloidal suspension was prepared using as a precur-
sor HfOCl2 and then added to the TEOS solution, with a Si/Hf molar ratio of 70/30.
Erbium was added as Er(NO3)3 × 5H2O with a Er/(Si + Hf) molar concentration rang-
ing from 0.3 to 1 mol%. The final mixture was left at room temperature under stirring
for 16 h. The obtained sol was filtered with a 0.2μm Millipore filter. Erbium-doped
silica-hafnia layers were deposited on cleaned silica microsphere by dip-coating, with a
dipping rate of 40 mm/min. Before further coating, each layer was annealed in air for
50 s at 900 ◦C. After a 10-dip cycle, the films were annealed for 2 min at 900 ◦C; the final
coating, which could be the result of different numbers of dips (20 to 60), was stabilized
by a last treatment for 5 min in air at 900 ◦C. Figure 25 shows the SEM image of the
1% mol Er3+-activated 70SiO2-30HfO2 film produced on top of the microsphere by 20
coating dips. No cracks are visible on the outer surface, but some defects appear, which
could well be already present on the surface of the sphere before the deposition process; a
roughness as low as about 1 nm was measured, suggesting that the global quality factor
Q of the WGMR will not be limited by the surface quality of the coating.

Figure 26 compares the photoluminescence (PL) spectra relative to the 4I13/2 →
4I15/2 transitions of Er3+ ions for a coated microsphere (fig. 26(a)) and a planar waveg-
uide (fig. 26(b)) based on the 0.3 mol% Er3+ activated 70SiO2-30HfO2 system. The
PL spectra in fig. 26 exhibit a main emission peak at 1.53μm with a shoulder at about
1.55 μm and a bandwidth of 42±1 nm. It is worth noting that no differences in shape and
bandwidth are evident between the two PL spectra, indicating the full reproducibility of
the sol-gel protocol.

Figure 27 shows the luminescence decay curves of the Er3+ 4I13/2 metastable state ob-
tained upon 980 nm excitation for microspheres coated by (a) 0.3, (b) 0.5, and (c) 1 mol%
Er3+-activated silica-hafnia films, respectively. The decay curves are single-exponential
with lifetimes of 6.5, 4.7, and 3.3 ms, respectively. These values are compatible with the
results obtained for 70SiO2-30HfO2 planar waveguide doped with the same Er3+ con-
tent. In fact, as observed in the case of silica-hafnia planar waveguides, when the erbium
concentration increases, the measured lifetime of the 70SiO2-30HfO2 metastable state
decreases. When increasing erbium content, the average distance between neighboring
Er3+ ions decreases and the interaction between pairs of Er-Er ions becomes significant.
The energy migration and upconversion processes can take place under this condition,
lowering the fraction of excited Er3+ at a given pump power. Therefore, the decrease
of the luminescence lifetime of the 4I13/2 state as a function of the increasing Er3+

concentration occurs [141].
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Fig. 25. – SEM image of 1% mol Er3+-activated 70SiO2-30HfO2 films deposited on a silica
microsphere using the sol-gel method (above) and the SEM image of the coated fiber on top of
which the microsphere is located (below). The bar in the two photos is 50 μm [134].

Fig. 26. – Photoluminescence spectra relative to the 4I13/2 → 4I15/2 transition of the Er3+ ions

for (a) 0.3 mol% Er3+-activated 70SiO2-30HfO2-coated silica microsphere and (b) planar waveg-
uide obtained using the sol-gel method. Spectra were obtained upon excitation at 980 nm [134].
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Fig. 27. – Decay curves of the 4I13/2 metastable state of Er3+ ions in the 70SiO2-30HfO2-coated

microspheres activated by (a) 0.3 mol% Er3+, (b) 0.5 mol% Er3+, and (c) 1 mol% Er3+ [134].

Figure 28 shows the 1.5 μm emission spectra of a 250 μm silica microsphere coated by
a 70SiO2-30HfO2 film of 0.8 μm thickness, activated by 1 mol% Er3+. Excitation of the
WGMs was performed by a tapered fiber. The spectra were obtained for increasing values
of the current of the pump laser at 1480 nm [133]. As the temperature of the spherical
resonator is directly linked to the pump power at 1480 nm injected in the sphere, we
would expect a shift in the resonance wavelengths. In the present case, however, the
WGMR behavior seems to be quasi-independent on the pump power, at least in the
range of interest, i.e. tens of mW. This important effect of the coating will be discussed
further on in the next subsection.

Fig. 28. – Fluorescence spectra measured for a 250 μm microsphere coated by a 70SiO2-30HfO2

film of 0.8 μm in thickness, activated by 1 mol% Er3+ for different values of the exciting pump
power. In the figure the values of the exciting laser current are indicated [133].
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We also coated a 430 μm silica microsphere by a 70SiO2-30HfO2 film of 1.1 μm thick-
ness, activated by 0.1 mol% Er3+. Looking at the luminescence spectrum, obtained upon
1480 nm excitation, where the two polarizations TE and TM for the mode n = 1 can be
well resolved, from the spacing of the modes it was possible to calculate the refractive in-
dex N = 1.56 and the sphere diameter, which was confirmed to be D = 430μm± 10 μm,
by using the formulas

(35) Δλ�,�+1 =
λ2

πND
, ΔλTE,TM = Δλ�,�+1

√
N2 − 1

N
,

where D is the diameter of the microsphere. By looking closer at the emission spectra of
this sphere we could also notice a degenerating effect of m. The maximal value of |�−m|,
the azimutal index, can be estimated at 4. This degenerating effect finds its origin in
the ellipticity of the sphere produced by the coating process. By measuring the spectral
difference in wavelength between the two values of m, the ellipticity of the sphere can be
deduced, and a value of 0.12% was found [133,18].

5.2. Sol-gel glass-ceramic coatings. – Glass-ceramics (GC) are nanocomposite mate-
rials which offer specific characteristics of capital importance in photonics. This kind of
two-phase material is constituted by nanocrystals embedded in a glass matrix, and the
respective volume fractions of crystalline and amorphous phase determine the properties
of the glass-ceramic. Transparency is of particular importance when confined structures,
such as dielectric optical waveguides and microresonators, are considered, and several
works have been devoted to this topic [142, 143]. Silica-hafnia glass-ceramic coated mi-
croresonators were produced [136] with a procedure similar to that of the corresponding
amorphous ones, the only difference being in the final heat treatment of the coated
microspheres at 900 ◦C which lasted 20 minutes.

The PL spectrum of the GC-coated microsphere in fig. 29 (curve a) shows well-resolved
Stark components typical of Er3+ emission in a crystalline-like environment. Moreover a

Fig. 29. – Room temperature photoluminescence spectra of the 4I13/2 → 4I15/2 transition of Er3+

ion for (a) spherical microresonator coated by a film of 70SiO2-30HfO2 activated by 0.3 mol%
Er3+, annealed for 20 min in air at 900 ◦C; (b) 70SiO2-30HfO2 glass-ceramic planar waveg-
uide activated by 0.3 mol% Er3+; (c) 70SiO2-30HfO2 amorphous planar waveguide activated by
0.3 mol% Er3+ [136].
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Fig. 30. – Decay curves of the luminescence from the 4I13/2 metastable state of Er3+ ions for (a)

70SiO2-30HfO2 glass-ceramic planar waveguide activated by 0.3 mol% Er3+; (b) spherical mi-
croresonator coated by a glass-ceramic film of 70SiO2-30HfO2 activated by 0.3 mol% Er3+ [136].

significant narrowing of the emission bandwidth is observed. These features are the fin-
gerprint of a glass-ceramic system, as confirmed by the PL spectrum of the glass-ceramic
waveguide (curve b). The bandwidth measured at 3 dB from the maximum of the inten-
sity was 51, 17, and 12±1 nm for the amorphous waveguide (curve c), the GC waveguide,
and the GC microresonator, respectively. The PL spectrum of the GC microresonator
exhibits a more significant narrowing compared to that of the GC waveguide, indicating
that in the case of microresonator there is a better homogeneity of the local environment
where the Er3+ ion is accommodated. The decay curves of the metastable level 4I13/2 are
shown in fig. 30 for the glass-ceramic waveguide (fig. 30(a)) and the glass-ceramic micro-
sphere (fig. 30(b)). Both the decays exhibit a single-exponential profile with a lifetime of
7.4 and 9.7±0.3 ms for the waveguide and the microsphere, respectively. The observation
of a single decay is a further indication of the high homogeneity of the rare earth local
environment and in particular of the absence of a multi-site structure. A further evidence
of the crystalline environment around erbium ions comes from the visible luminescence
spectra, as shown in fig. 31. The important narrowing of the emission bands assigned to
the 4S3/2 → 4I15/2 and 2H11/2 → 4I15/2 transitions of Er3+ ion and the well-evidenced
Stark structures demonstrate that erbium ions are embedded in hafnia nanocrystals.
Infrared and visible emission spectra, which do not exhibit any broadening typical of
glasses, as well as single-exponential luminescence decays, are a strong indication that
practically all the Er3+ ions are imbedded in HfO2 nanocrystals.

5.3. Thermal effects of coatings. – Another important application of transparent coat-
ings onto spherical microresonators concerns the possibility of reducing the thermal shift
of the WGM resonances due to microsphere heating by the dissipated pump energy. Ac-
tually, the shift is due both to the temperature-induced change in the refractive index
(the thermo-optic coefficient) and to the temperature-induced increase of the diameter
of the particle (coefficient of thermal expansion) [144]. Since the size parameter of the
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Fig. 31. – Room temperature luminescence spectra of the 4S3/2 → 4I15/2 and 2H11/2 → 4I15/2

transitions of Er3+ ion for a 100 μm microsphere coated with 70SiO2-30HfO2 glass-ceramic
layer [136].

WGM is equal to x = 2πNR/λ, where λ is the WGM wavelength, the increase of either
the refractive index or the diameter of the microsphere must lead to the increase of the
resonance wavelength for the size parameter to remain constant. Therefore

(36)
1
λ

dλ

dT
= α +

1
N

dN

dT
,

where α is the thermal-expansion coefficient and N is the refractive index of the micro-
sphere. One can also take advantage of this characteristic of the spherical WGMRs to
accurately measure the thermo-optic coefficient of the material of which the microres-
onator is made [145]. For silica, which is the material most widely used for the production
of microresonators, the thermo-optic coefficient (dN/dT ≈ 10−5) and the thermal ex-
pansion coefficient (α ≈ 10−6) are both positive. Therefore, to compensate the thermal
shift of the WGMs of the silica microsphere, a coating with a negative thermo-optical co-
efficient needs to be used. Again, there are two different mechanisms responsible for the
temperature-induced change of the refractive index of a given material: the temperature-
induced change of the absorption resonances of the material and the change of the density
of the material (thermal expansion) [146]. If we suppose a simple oscillator model for
the dispersion of the refractive index (Sellmeier equation)

(37) N2 − 1 ∝ ρ
1

E2
0 − E2

,

where ρ is the density of the material, then the thermo-optic coefficient is given by

(38)
dN

dT
=

N2 − 1
2N

[
−3α − 1

E0

dE0

dT

2E2
0

E2
0 − E2

]
,



474 G. C. RIGHINI, Y. DUMEIGE, P. FÉRON, ETC.

where E is the photon energy and E0 is the energy of the oscillator (for glasses E0

corresponds to the energy of the band gap). Since for most glasses the position of the
energy gap exhibits a red shift with the increase of temperature [147], the second part
of eq. (38) will generally be positive in the transparent region of the glass absorption
spectrum (E � E0), becoming negative close to the band gap. Because of the low thermal
expansion coefficient of most glasses, the second part of eq. (38) is usually dominant over
the much smaller negative contribution of the thermal expansion contribution [147]: as
a result, in most glasses the thermo-optic (TO) coefficient is positive, and therefore,
according to eq. (36), the resonances of a glass microsphere will in general experience a
red-shift upon the increase of temperature. On the other hand, the TO coefficient of most
polymers is negative, because of the large value of their thermal expansion coefficient;
measurements for a number of polymers have confirmed it and have shown that TO
coefficients are directly proportional to their coefficients of thermal expansion [148].

Polymers can thus be considered good candidates for the stabilization of the WGMs;
indeed, theoretical calculations have shown that polymer coatings as thin as 230 nm can
fully compensate the thermal shift of the WGMs of a 100μm silica microsphere [149].
Although there have been no attempts so far to experimentally confirm these theoretical
calculations, a number of papers have recently been published on the thermal compen-
sation of WGM resonances of microtoroids by both PDMS (polymethilsyloxane) [150]
and by polymethylmethacrylate (PMMA) and polystyrene (PS) [151] coatings. The PS
and PMMA coatings were demonstrated to be able to completely compensate the ther-
mally induced shifts of the WGM resonances. As for the PDMS-coated microtoroids,
since the refractive index of PDMS is lower than the refractive index of silica (unlike PS
and PMMA, whose refractive indices are larger than silica), the compensation effect was
found to strongly depend on the WGM resonance confinement inside the silica core of
the microresonator. The more a given mode extends into the PDMS cladding, the more
the compensation will be effective; it means that the compensation is much reduced for
the fundamental WGM compared to higher-order modes.

Together with the efforts to use negative TO coefficient materials to stabilize the
WGMs, efforts are also being made to coat the microspheres with highly positive TO
coefficient materials, to be exploited for optical switching. In a material like silicon,
with high thermo-optic coefficient (dN/dT ≈ 10−4) the temperature-induced shifts of
the WGMs are large enough to ensure a complete transition from the resonant to the
non-resonant condition at a given (signal) wavelenght. To test it, nanocrystalline silicon
has been deposited on a silica microsphere [152]; depending on the 488 nm pump power,
the 1450 nm WGM was demonstrated to shift from resonant to non-resonant condition.
In the resonant condition, the incident 1450 nm signal is coupled to the microresonator
resulting in zero transmission along the fiber (critical coupling). In the non-resonant
condition the signal does not couple to the microsphere, resulting in almost complete
transmission. Switching times of 25–30 ms have been measured with a very low switching
peak power (3.4 μW) [152].

In addition to the improvement of the thermal properties of WGMRs, the polymer
coatings can also be usefully employed as a means of functionalizing the surface of a
microresonator for immunosensing applications. In this case, the thickness and quality
of the coating have to be optimized so as not to degrade the Q-factor of the microsphere.
As an example, tests carried out with thin layers of different polymers have demonstrated
that the microresonators still retain values of Q-factor high enough for use in sensing
applications [52]. Further details at this regard are provided in the next section.
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6. – Applications

In the previous sections we have already referred the reader to a number of possible
applications of WGM resonators, such as narrow-band and add-drop optical filtering [153,
154, 35], feedback elements for external lasers [155-157], and multiwavelength and low-
threshold lasers [144,158,159], just to mention a few examples.

An area, however, where WGMRs exhibit unique properties is that of sensing. The
main advantage of a WGMR sensor is the fact that, if scattering losses by TIR at the
boundary of the resonator are minimal and absorption of light in the material is very low,
the trapped photons are able to circulate on their orbit several thousand times before
exiting the WGMR by loss mechanism. This long lifetime of the confined photon is asso-
ciated to a long optical path length because of the resonant nature of the phenomenon,
namely to a very long interaction path. Detection of small forces, either mechanical or
optical (optomechanics), is possible with very high sensitivity; the interested reader is
referred to the review paper by Ward et al. [19].

Here we will focus on a specific area, that of biosensing by microspherical resonators,
where very significant results have been achieved in the last years. When a micro- or
nanoscopic object (of biological type too, like a bacterium or a molecule) is brought in
contact with the confined circulating light, the interaction will be resonantly reinforced
(reactive mechanism). The resulting change in radius and/or refractive index of the
surface of the sphere induces, through the interaction with the evanescent part of the
WGM field, a change in the Q-factor of the resonator or a shift in the resonance fre-
quency: the sensitivity can be very high, such to detect single nanoparticles or single
molecules.

6.1. Biosensors. – The requirements for a biosensor are selectivity, sensitivity, stability
and reversibility. These are mostly provided by the biochemical receptor (antibody,
antigen, DNA, enzyme, aptamer), the sensitivity being also provided by the quality
of the optical platform. Of the same importance are high signal-to-noise ratio (SNR),
short response time, low limit of detection (LOD), integration capabilities and high
sensitivity at low cost in real samples. For example, a common noise source in a WGM
resonator is the temperature fluctuation, which results in undesirable thermo-optic and
thermo-mechanic effects. Even though some authors claimed that the thermo-optic effect
can greatly enhance the LOD, permitting to go down to single molecules, it has been
proven that thermo-optic effects are far too small for enhancing the LOD [160]. A self-
referenced WGM biosensor has been employed in order to reduce noise (thermal, non
specific binding, etc.) [161].

Of critical importance for producing effective biosensors is the surface functionaliza-
tion or chemical modification of the transducer’s surface. Protein adheres to any glass
surface increasing the unwanted non-specific effects. This crucial layer, however, has to
be very thin, between 10 and 100 nm (below the evanescent penetration depth), and ho-
mogeneous in order to preserve the high quality of the transducer. There are several ways
of functionalizing the surface of a biosensor, and the choice of the technique should take
into account: high specificity, high affinity, stability and being detectable by an optical
signal. The most common techniques are based on the silanization of the glass surface
through covalent binding of the silane groups with the glass surface, and the use of biotin
and/or streptavidin layers. The former shows a reduced non-specificity and enables a
further functionalization with ligands or receptors [162-165], whereas the latter is based
on a high-affinity binding with streptavidin and biotinylated molecules [166-168]. Very
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Fig. 32. – Scheme of the functionalization of a WGM sensor with: a) a silane agent; first,
the microsphere surface has to be functionalized with primary amine groups, and later the
receptors can be covalently bound to these groups. b) Eudragit; the carboxyl groups (COOH)
are activated with EDC/NHS chemistry. Eudragit is a family of anionic copolymers based on
methacrylic acid and methyl methacrylate.

recently, we demonstrated the feasibility of using polymer thin layers as functionalizing
agents [52].

After silane and/or polymeric functionalization, the surface can be further modified
for attachment to the recognition element of interest. This bioconjugation protocol is
usually based on ester chemistry. 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hy-
drochloride (EDC) and N-hydroxysuccinimide (NHS) are commonly used to activate the
functionalized surface [169, 52]. NHS reacts with primary amines on a recognition ele-
ment to form a stable amide bond. Figure 32 shows an example of silanization process
(fig. 32a) and the EDC/NHS bioconjugation protocol (fig. 32b).

Figure 33 shows a sketch of a biosensor based on WGM resonators, after the function-
alization, interfaced with the biological recognition element. The middle row in fig. 33

Fig. 33. – Top: schematic representation of a WGM biosensor, resulting from the combination of
a WGMR with a sensing layer. Middle row: main ligands or receptors (antibodies, streptavidin,
aptamers, enzymes). Bottom: main analytes (antigens, biotin(ylated) proteins, aminoacids).
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shows a schematic representation of the most commonly used biological recognition ele-
ments: antibody, streptavidin, aptamer and enzyme; whereas the bottom row sketches
the corresponding analytes: antigen, biotin/biotinylated proteins, proteins, and amino
acids. Antibody-based sensors are called immunosensors while aptamer-based sensors are
called aptasensors. The antibody shows high affinity and specificity towards the antigen,
as conferred by their molecular complementarities. Enzymes are specific in both the
reaction they catalyze and the substrate they recognize, and are subject to regulation
of their activity by other molecules. Therefore, the use of enzymes can be advantageous
owing to enzyme specificity and to the amplification phenomena given by enzyme catal-
ysis. A major disadvantage is the dependence of the enzyme activity on physical and
chemical environments. Aptamers are functional molecules exhibiting high specificity
and affinity; even small changes in the target analyte may disrupt the binding. As they
can in principle be selected in vitro for any given target, ranging from small molecules
to large proteins and even cells, it is possible to develop a wide range of aptasensors.

Biosensors can also be classified on the basis of their assay format, either direct or
indirect. A label-free biosensor is a direct assay [166] while an indirect assay is a labeled
biosensor [167].

A quick analysis of the effect of an analyte on the WGM propagation can be performed
by simply using geometrical optics. As we have already seen, at the sphere surface the
condition to have resonance is that the optical path length, which is approximately equal
to the circumference of the sphere, corresponds to an integer number of wavelengths:

(39) 2πa = �
λ

N
,

with � integer number, a the radius of the microsphere, N the refractive index and λ the
wavelength of radiation. Therefore, the resonant wavelength changes can be written as

(40)
Δλ

λ
=

Δa

N
+

ΔN

N
.

Such a heuristic approach is not valid when considering random coverage by complex
molecules like proteins [170, 171]. Biomolecules binding to the WGMR surface shift the
resonance due to their excess of polarizability, αex that is proportional to the molecular
weight

(41)
Δλ

λ
=

αexσ

ε0(N2
s − N2

m)a
,

where σ is the surface density of molecules forming a layer, Ns and Nm are the refractive
index of the sphere and the medium, respectively. Equation (41) describes only the shift
but not the LOD. More detailed discussions about first-order perturbation theory for
obtaining the shift can be found in [172, 173]. Assuming that the field of a particular
biomolecule is not influenced by its neighbors [174] and taking into account that the
lowest surface density that can be detected depends on the resonance linewidth δλ (or
a fraction F of the linewidth) which in turn depends on the quality factor Q [175], the
LOD of surface density can be written as [169,175]
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Fig. 34. – A schematic diagram of the experimental arrangement to follow resonance shifts of a
microspherical WGMR in a liquid environment.

(42) σLOD =
(ε0a(N2

s − N2
m)F )

(αexQ)
.

By using a narrow linewidth laser and scanning over a range of wavelengths, resonant
wavelengths can be selectively excited and detected. Such laser can be finely swept at
very low frequency around a resonance by a few GHz. The light transmitted through
the coupler-WGM resonator system can be monitored at the output of the taper using a
detector connected to an oscilloscope, as in the experimental set-up sketched in fig. 34.

Sample delivery is also a critical step in a biosensor device. Biochemical samples
typically are in the form of aqueous solution; microfluidics is one of the most commonly
used methods of sample delivery. Ideally, fluidics design should take into account sample
injection and drainage, reduction of sample volume and detection time. Microsphere and
taper integration are a quite challenging task; however, several attempts to integrate flu-
idics have been made. In early works [176,163] small cuvettes and fluidic cells were used.
The microsphere and the coupling taper were immersed in 1 cm3 of buffer solution, the
fluidic system being temperature controlled and magnetically stirred for sample mixing
(see fig. 35). Small fluidic cells have also been fabricated by using as a bottom window
the coupling system itself, in that case constituted by either a fiber prism [177] or a bulky
prism [168,178].

A microfuidic flow system that incorporates the microsphere and the taper system is
shown in fig. 36 [179, 169]. In this system, the taper is bound to a glass slide by an UV
adhesive and acts as a foundation. This foundation is placed on top of a thermoelectric
stage for temperature control. The microfluidic cell is made by replica moulding of a
master in poly-dimethyl siloxane (PDMS). The cross-section of the microfluidic channel
is 1.5mm×2.5 mm and has a total volume of 100μL [169]. Two computer-driven syringe
pumps flow the sample and the buffer for washing between two sample injections, in
order to avoid cross-sample contamination.



WHISPERING GALLERY MODE MICRORESONATORS: ETC. 479

Fig. 35. – Experimental setup based on a disposable cuvette of 1 cm3 volume, temperature
controlled and magnetically stirred. (Reprinted with permission from [176] c© 2005, American
Institute of Physics.)

Fig. 36. – Microfluidic system for biosensing, incorporating a microsphere resonator and a cou-
pling fiber. (Reprinted with permission from [179], c© 2007, American Institute of Physics.)

6.2. Biomedical applications. – The first experiment that demonstrated the quan-
titative use of WGM spherical microsensors in biomedicine dates back to 2002 [166].
In this early paper, specific detection of proteins was proven. A year later, the same
group demonstrated the feasibility of multiplexed DNA quantification [162] and single
nucleotide polymorphism analysis by hybridization. An unprecedented LOD of 6 pg/mm2

was demonstrated. Specific and multiplexed DNA detection was performed by using two
microspheres, allowing to discriminate a single nucleotide mismatch. Such technique
could be of great use in detection of mutation of genes involved in cancer develop-
ment without target labeling. In fig. 37 the time response of the two microspheres
is shown. Sphere S1 was modified with a biotinylated 11-mer oligonucleotide (5′-biotin-
CTATCTCAGTC), and the oligonucleotide immobilized on sphere S2 differed by a single
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Fig. 37. – Single nucleotide mismatch detection. Left: time traces of the two microspheres, the
shift for the perfect match sequence is 10 times larger; right: difference signal (SNR = 54).
(Reprinted with permission from [162] c© 2003, Elsevier.)

nucleotide (5′-biotin-CTATATCAGTC). The arrow indicates when the complementary
oligonucleotide to the sequence of the one immobilized on S1 is injected (fig. 37, left).
Spikes are due to transient temperature and refractive-index fluctuations, the difference
of both signals allowing to indentify the mismatch with a signal-to-noise ratio (SNR)
of 54 (fig. 37, right). The advantage of using two microspheres is obvious, as one can
remove all common noise in experiments.

A similar scheme has been reported very recently [161]. The authors have theoretically
demonstrated the capabilities of a biosensor consisting of two microspheres coupled to
each other in a way that they behave as “photonic molecules” and can discriminate
between bulk index changes and specific/non-specific surface binding events. The authors
proposed as detection method the tracking of the bonding and antibonding optical modes.

An important clinical application for WGM biosensors is to detect proteolytic activ-
ity [163]. A number of neurotoxins, metabolic and cardiovascular markers participate
in physiological processes through protein cleavage. In the work by Fan et al. [163], the
BSA-trypsin pair is taken as a model system to model protein or peptide cleavage. BSA
contains 60 lysine and 26 arginine residues that can be cleaved by trypsin. Partial re-
moval of BSA molecules in the presence of trypsin results in a blue shift in the resonances.
The LOD is equal to 10 pg/mL within 15 minutes.

An aptamer-based microspherical biosensor has been demonstrated for thrombin de-
tection [164]. The minimum LOD experimentally tested was 5 NIH/mL (National Insti-
tute of Health units/mL) of thrombin, but a LOD of 1 NIH/mL could be estimated from
the measurements performed. Control experiments to confirm the specific binding were
carried out.

Identification of whole viruses has also been demonstrated [169]. The format used in
this work is a direct immunosensor with the complementary antibody anchored to the
surface of the microsphere. The model system here is a RNA virus known as MS2 that
kills E. coli but is harmless to humans. The negative control is another E. coli virus,
Phix174. Phix174 and MS2 are icosahedral viruses like HIV and their coat proteins
contain different epitopes; Phix174, therefore, should not specifically bind to the surface-
anchored anti-MS2. Figure 38 shows both sensorgrams. Phix174 was injected into the
fluidic cell at 2.5 pM: the frequency shifted toward longer wavelengths and reached equi-
librium before switching off the pump; 100 seconds later, PBS was injected into the cell
and the wavelength dropped to the baseline, indicating the lack of covalent binding to the
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Fig. 38. – (Colour on-line) Comparison between Phix174 (blue line) and MS2 (red line) experi-
ments on the same sphere. (Reproduced by permission of The Royal Society of Chemistry [169].)

anti-MS2. In the case of specific binding, after washing with PBS, there is no evidence
of desorption. The arrows indicate the time when the pump is turned off and/or PBS
was injected. The authors pushed further the LOD in the case of influenza A down to
single virions, but in this latter experiment the sensing was non-specific [180].

WGMs can be excited with a polarized optical field. Such versatility can be very useful
for measuring anisotropies in the biological layers covalently bond or adsorbed to the
surface of the WGM resonator. Molecules attached themselves in preferred orientations:
by comparing the measured shift ratio between the fields parallel and perpendicular to the
surface with the theory, this preferred orientation can be determined [181]. The technique
has been applied to study conformational changes in self-assembled monolayers such as
biological membranes [182]. Even though the demonstration has been performed in a
model system like bacteriorhodopsin, it has a very exciting future application: protein
folding studies. Indeed, there are many diseases that result from misfolding of proteins or
anomalous aggregations, like Parkinson’s and Creutzfeldt-Jakob’s disease, among many
others. WGMRs can be combined with other optical techniques like, for instance, surface-
enhanced Raman scattering (SERS) in order to measure the fingerprint of the bound
molecules. It has been demonstrated theoretically that SERS can happen in WGM
resonators without plasmons [183]. The feasibility has been proven for microspheres of
high refraction index and small radii.

Microspherical resonators also provide a useful tool for studying larger biological ma-
terial, such as micrometer-sized cells and bacteria. Analytic results were obtained for rod-
like bacteria, relating the shift in wavelength and the broadening of the linewidth [184].
These results were confirmed by measuring E. coli (model system) with sensitivity of
about 100 bacteria/mm2. In this case the measurement was based on non-specific ad-
sorption.

Active microspheres were proposed as sensor transducers with enhanced sensitiv-
ity [185]. The first demonstration was based on polymer microspheres doped with a gain
medium, namely, a fluorescent dye like Rhodamine 6-G. The idea behind it was that
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such microspheres could achieve narrower linewidths at lasing condition, and therefore
increase the Q-factor by several orders of magnitude. The authors calculated that the
LOD of active polystyrene microspheres could be 10−10 RIU (Refractive Index Units),
beating Surface Plasmon Resonance sensors.

Specific detection of oligonucleotides was demonstrated by using silica microspheres
functionalized with a fluorophore (tetra-methyl Rhodamine) and a dense monolayer of
single strands of oligonucleotides [165]. The specific binding of the complementary strand
caused shifts in the emission spectrum of the microsphere, being detected by an optical
microscope and a CCD detector. The hybridization kinetics and the denaturation of
the double-strand DNA was monitored at elevated temperatures; the hybridization was
reversible. The authors obtained similar results with Q-dot-embedded microspheres: the
WGMs were broader and less sensitive, but no photobleaching occurred.

Very recently, a new absolute WGM-based sensing method has been proposed, that
does not require calibration, reference measurements or any prior knowledge about the
microsphere radii [186]. Only one spectrum acquisition per fluorescent microsphere is
needed. The authors proposed the use of free-floating functionalized fluorescent mi-
crospheres available commercially, reducing significantly the sample preparation. The
proposed analytes are elongated spores of Bacillus atrophaeus subsp. Golbigii (B. gol-
bigii). The authors used two different parameters for successful detection of the spores:
the apparent refractive index and the calculated mean TE-TM mode spacing.

7. – Conclusions

In this review we have tried to summarize the main developments in the area of com-
pact, mm- or μm-sized, whispering gallery mode resonators, characterized by extremely
high-quality factors Q, up to 1011. Their applications span from photonic engineering
to quantum electrodynamics, to optical sensing and optomechanics. If spherical micro-
droplets and ring resonators have been among the first WGMRs, in the last few years
microtoroids and microdisks have gained an increasing importance, also thanks to their
good integrability; microspherical resonators, however, have continued to be widely in-
vestigated, due to their simple fabrication but also to their versatility. The choice of the
material, in fact, allows one to produce either passive (e.g. narrow-band frequency filters)
or active (e.g. microlasers) components; moreover, coating a microsphere with homoge-
neous, inhomogeneous, amorphous, or nanocomposite layers leads to the possibility of
finely tuning the WGMR’s thermodynamic, morphological, and optical properties.

Optimization of the coupling efficiency between the microcavity and a range of optical
waveguides including fiber tapers and bulky prisms is still investigated, even if the use
of the tapered fiber is considered to be one of the most efficient and flexible coupling
means.

Several excellent results have been achieved in the last years, and the examples re-
ported here represent only a very limited selection from the huge number of works per-
formed in this field. In the telecommunications area, for instance, potential for all-fiber
add-drop filters was demonstrated by using a bottle microresonator [35]. A number
of rare-earth-doped and Raman microlasers with very low threshold have been demon-
strated [187, 105]. Also, due to the very high power density of the electromagnetic field
of a WGM, and to the ongoing search for materials with higher and higher Kerr nonlin-
ear coefficients and suitable for coating processes, very interesting perspectives exist for
the development of nonlinear optical devices as key elements for the implementation of
dense, ultra-fast all-optical signal processing [188,189].
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Outstanding results have also been obtained in the field of optical sensing, and in
particular in biosensing, where, for instance, single-virus detection from the frequency
shift of a resonant WGM was demonstrated [180]. The success of the WGM approach
arises from the combination of the exceptional sensitivity of the WGM resonances to
refractive-index changes and from the long effective path length of the WGM within
the resonator, which permits strong interaction between the circulating light and the
adsorbed species. Finally, among the most recent advances, one can underline the in-
tegration of microresonators with microfluidics through the use of microcapillaries [38]
and bubble microresonators [36,37].
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Ferrari M., Féron P., Chiasera A., Chiappini A. and Armellini C., Phys. Status
Solidi A, 206 (2009) 898.

[136] Alombert-Goget G., Armellini C., Berneschi S., Chiasera A., Cosi F., Nunzi
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55 (2001) 499.
[157] Sprenger B., Schwefel H. G. L. and Wang L. J., Opt. Lett., 34 (2009) 3370.



488 G. C. RIGHINI, Y. DUMEIGE, P. FÉRON, ETC.
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