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Abstract Whispering-gallery modes (WGM) on a spherical
surface were first described by Lord Rayleigh at the beginning
of the last century, but only after the invention of laser did they
start to have some scientific relevance and only during the last
two decades there has been a substantial move towards real de-
vices and practical applications. WGM resonators have peculiar
properties, the most notable being the potential of having an
ultrahigh quality factor Q, which makes them very appealing
both as laser cavities and as extremely sensitive sensors. Among
the different types of WGM resonators, the microspherical ones
represent a very important category, due to their simplicity, easy
fabrication, and very high quality. In this review we provide a
description of their fundamental properties and we summarize
recent works on their application as filters, sensors and lasers.
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1. Introduction

A set of two or more mirrors arranged to keep light propa-
gating in a closed path constitutes what is generally called
an optical cavity or an optical resonator. Interactions of
light with matter are greatly enhanced in high-quality opti-
cal resonators, which are able to confine significant optical
powers in small spaces for extended time periods [1–4].
These structures have therefore always attracted consid-
erable scientific and technological interest due to their
potential applications in nonlinear optics, optical signal
processing, and sensing. Even if a primary area is that of
laser resonators [5–9], one could easily assert that optical
resonators play a ubiquitous role in modern optics. Fabrica-
tion of good optical mirrors, their alignment, and binding,
however, represent a rather difficult and expensive task.

A particular class of optical resonators, which over-
come the assembling problem, is constituted by spherical
dielectric structures, where optical rays are totally internally
reflected and focused by the surface itself. A nonabsorb-
ing dielectric sphere can sustain whispering-gallery modes
(WGMs), that can be interpreted as electromagnetic waves
that circulate and are strongly confined within the sphere.
Due to minimal reflection losses and to potentially very low
material absorption, these modes can reach exceptionally
high quality factors (Q).

WGMs were first observed in the dome of St Paul’s
Cathedral in London, designed by the famous architect and
scientist Sir Christopher Wren (who, by the way, was one
of the founder members of the “Royal Society of London
for the Improvement of Natural Knowledge”, known sim-
ply as the Royal Society). One gallery, 32 m in diameter,
runs around the interior of the dome at about 30 m above
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the cathedral floor, and can be reached by 259 steps from
ground level. It got the name of Whispering Gallery be-
cause 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. It was two centuries after the completion
of the cathedral, officially set on 1711, that John William
Strutt (Lord Rayleigh) identified 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 [10]; he also suggested that such modes
of the electromagnetic field could find some practical ap-
plications due to the extreme confinement of the field. It
may be interesting to recall that this problem attracted the
attention of Sir C. V. Raman as well, who carried out some
observations in St. Paul’s Cathedral and also in a semicir-
cular archway at the University College Laboratory, and
reported them to the Royal Society [11].

Whispering-gallery modes (sometimes also referred
to as MDR’s, morphology-dependent resonances [12, 13])
have since then been studied at sound, optical and mi-
crowave wavelengths in various systems, including cylindri-
cal 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 dielec-
tric material was published by Richtmyer in 1939 [14]; he
showed that a spherical microparticle could sustain high-Q
resonance modes. Garrett et al., in 1961, first noticed that
spherical resonators for optical waves could be used as laser
resonators; they observed pulse laser oscillation in highly
polished Sm+2-doped CaF2 spheres with diameter between
one and two mm [15].

More recently, WGM resonators have attracted increas-
ing attention [16–18], especially in view of the great po-
tential in the areas of optical communications signal pro-
cessing and biochemical sensing. Various geometries have
been explored, like micropillars [19], microrings [20–23],
microdisks [24–27], microtoroids [28–31], photonic-crystal
cavities [32–34]. The goals of circuit integration and cost-
saving mass-manufacturing processes have addressed much
of the research towards planar geometries: waveguide-
based structures like rings and disks, which can be microfab-
ricated onto wafer substrates using conventional integrated-
circuit deposition and etching techniques, have been demon-
strated as channel-dropping filters, switches, and even add-
drop multiplexers [17, 21–23].

The microspheres are the simplest three-dimensional
WGM resonators, typically ten to a hundred micrometers in
diameter, often fabricated in silica glass by simply melting
the tip of an optical fiber. Despite the ease of fabrication,
the resonance structure of a microsphere differs consider-
ably from that of a planar waveguide ring resonator. Indeed,
a spherical cavity can support very complicated modes with
equatorial, radial, as well as polar field dependencies. The
total optical loss in such resonators can be extremely low,
and the resulting extraordinary high Q values of 108–109

lead to high energy density, narrow resonant-wavelength
lines and a lengthy cavity ringdown. Liquid microspheres
can also be considered, and indeed early experiments stud-

ied WGMs and laser emission in liquid microdroplets flying
in air [35–39]. Tzeng et al., for instance, introduced a new
optical technique, based on morphology-dependent peaks
in the fluorescence spectra, to determine the evaporation
and condensation rates of a linear stream of ethanol droplets
impregnated with fluorescent dye molecules [35]. On ir-
radiation of the droplets with a single N2 laser pulse, the
evaporation and condensation rates were deduced from the
wavelength shift (to the blue or to the red, respectively) of
the spectrally narrow structure-resonance peaks in the fluo-
rescence spectra. The same authors observed laser action
from individual ethanol droplets (60-µm diameter) con-
taining Rhodamine 6G dye and pumped by a cw laser at
514.5 nm; laser emission was at wavelengths correspond-
ing to the morphology-dependent resonances of a spheri-
cal droplet [36].

Micrometer-sized droplets of Rh-6G solution in water
and ethanol were also investigated by Biswas et al. [38],
who irradiated the droplets by high-intensity nanosecond
pulses from a frequency-doubled Nd:YAG laser. Coupling
of the spontaneous fluorescence emission with natural reso-
nant modes of the spherical droplets resulted in stimulated
emission, with each droplet behaving like a laser cavity
with a Q value of the order of 7 � 104. They observed
that emission exhibited faster rise times and was shorter
lived than corresponding bulk-liquid fluorescence; it was
also concluded that lasing in droplets is generally initiated
almost simultaneously with elastic scattering, unlike stimu-
lated Raman scattering, which is significantly delayed.

The effects of WGMs on radiative emission rates and
on dipole-dipole energy transfer rates between molecules
embedded in aerosol droplets were studied by developing a
theory based on electromagnetic solutions for a dielectric
sphere [39]. A later paper reported the effects of spatial
hole burning on lasing of droplets (15.3 µm diameter) con-
stituted by Rh-6G water solution [40]. Several mode orders,
each forming a cluster of four to six WGM’s were observed
lasing simultaneously, the lowest-mode-order clusters be-
ing red-shifted in wavelength with respect to higher orders.
The relative intensities of the modes were explained by
using an output coupling theory that considered the gain en-
hancement resulting from cavity quantum electrodynamics
(QED) effects and mode Qs calculated from Lorenz-Mie
theory. In this case an upper limit of 108 for the Q of a
nondegenerate cavity mode was estimated from the experi-
mental data.

In the present paper, after reviewing the basic concepts
of WGM propagation, we will focus on fabrication, charac-
terization and application of solid microspheres, mostly pro-
duced in silica or multicomponent glasses. The challenge
of efficiently accessing a high-Q microresonator, namely
coupling light in and out, will also be discussed.

2. Physical basis of spherical microresonators

In the optical domain, whispering-gallery modes can be
viewed as high angular momentum electromagnetic modes
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Figure 1 (a) Ray of light propagation by TIR. Definition of com-
plementary angles i and j. (b) Angular momentum L associated
to a WGM and its M projection on polar axis.

in which light propagates by repeated total internal reflec-
tions (TIR) with the proper phase condition after circling
along the sphere surface. Let us consider a microsphere of
radius a with refractive index N and a ray of light propa-
gating inside, hitting the surface with angle of incidence
i (Fig. 1a). If i > ic = arcsin(1=N), then total internal
reflection occurs. Because of spherical symmetry, all sub-
sequent angles of incidence are the same, and the ray is
trapped. This simple geometric picture leads to the con-
cept of resonances. For large microspheres (a � �), the
trapped ray propagates close to the surface, and traverses
a distance � 2�a in a round trip. If one round trip exactly
equals ` wavelengths in the medium (` = integer), then one
expects a standing wave to occur. This condition translates
into 2�a � `(�=N) since �=N is the wavelength in the
medium. In terms of the size parameter the resonance con-
dition is x = 2�a=� � `=N . The number of wavelengths
` in the circumference can be identified as the angular mo-
mentum in the usual sense. Indeed, let us consider the ray in
Fig. 1a as a photon. Its momentum is p = ~k = ~2�N=�
where k is the wave number. If this ray strikes the surface
at near-glancing incidence (i � �=2), then the angular
momentum, denoted as L, is L � ap = a2�~N=� = ~`.
For lower incidences, one expects other resonances at very
close frequencies, characterized by the radius of the caustic
r1 = a cos j under the condition a=N < r1 < a.

2.1. The electromagnetic problem

To solve the electromagnetic problem we use the so-called
Hansen’s method [41] where solutions of the vectorial
Helmholtz equation have an angular dependence described
by vectorial spherical harmonics [42] defined as:8>>><
>>>:
Y

(m)
`m =rY m

` � r=
p
`(`+ 1) denoted X

m
`

Y
(e)
`m = rrY m

` =
p
`(`+ 1) denoted Y

m
`

Y
(E
`m = Y m

` r̂ denoted Z
m
`

;

(1)

where superscripts (m) and (e) correspond to the magnet-
ical or electrical character of the radiated field by the `
order multipole. They are associated to TE and TM modes,
respectively. Superscript (o) corresponds to the radial char-
acter of the corresponding field. Formally, we can express
the fields for both polarizations:8>>>>>>>><
>>>>>>>>:

E
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where f`(r) =  `(Nkor) for r < a and f`(r) =
� `(kor) + ��`(kor) for r > a are solutions of a Riccati-
Bessel radial equation, and  `(�) = �j`(�) and �`(�) =
�n`(�), where j` and n` are spherical Bessel and Neumann
functions, respectively.

2.2. Positions of resonances

The condition of continuity of tangential components of
the fields allows us to find equations for the positions of
resonances,(

 `(Nk0a) = � `(k0a) + ��`(k0a)

P 0`(Nk0a) = � 0`(k0a) + ��0`(k0a)
; (4)

where P = N for TE polarization (P = N�1 for TM). The
exact solutions go through determination of constants � and
� and lead to complex frequencies. As a first approximation
we assume the radiative part outside the sphere is negligible.
The resonance condition expressed in size parameter x =
2�a=� can be written as:

P
 0`(Nx)

 `(Nx)
=
�0`(x)

�`(x)
; (5)

and translating the spherical Bessel and Neumann functions
to their cylindrical counterparts we obtain:

P
J 0�(Nx)

J�(Nx)
=
N 0
�(x)

N�(x)
(6)

where � = `+ 1=2.
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Even under this approximated equation, the solutions
x have to be numerically evaluated. In order to obtain ana-
lytical expressions for the positions of resonances we use
the method developed by Lam et al. [43]. �, which corre-
sponds classically to the angular momentum, is such that
� = Nx sin i and due to the total internal reflection we
have x 6 � 6 Nx. Thus, when x � 1, � and x are of
the same order (i.e. � = �=x � 1). Moreover, for well
confined WGMs, the angle i � �=2 and one expects a very
low value for the quantity jNx� �j. Introducing t = O(1),
this quantity is such that:

Nx = � + t�1=3 : (7)

The Bessel and Neumann functions J�(Nx) and N�(x) in
Eq. (6) can be expressed as asymptotic series in powers of
��1=3 [44]:

J�(Nx) � 21=3

�1=3
Ai(�21=3t)

2
41 + 1X

j=1

fj(t)=�
2j=3

3
5

+
22=3

�
Ai0(�21=3t)

1X
j=0

gj(t)=�
2j=3 (8)

N�(x) � � e�(��tanh �)p
��(tanh�)=2

�
2
41 + 1X

j=1

(�1)j uj(coth�)
�j

3
5 ; (9)

and for their derivatives:

J 0�(Nx) �
22=3

�2=3
Ai0(�21=3t)

2
41 + 1X

j=1

hj(t)=�
2j=3

3
5

+
21=3

�4=3
Ai(�21=3t)

1X
j=0

lj(t)=�
2j=3 (10)

N 0
�(x) �

r
sinh 2�

��
e�(��tanh �)

2
41 + 1X

j=1

(�1)j uj(coth�)
�j

3
5 : (11)

In these expressions, Ai is the Airy function, fj , gj , hj , lj ,
and uj are polynomials [44] and cosh� = �.

To first order, each part of Eq. (6) can be written as:

P
J 0�(Nx)

J�(Nx)
� �P 21=3

�1=3
Ai0(�21=3t)
Ai(�21=3t) ; (12)

N 0
�(x)

N�(x)
� �j sinh�j = �

p
�2 � 1 : (13)

In Eqs. (12) and (13), when � ! 1 the power 1=3 of
� can be compensated only if Ai(�21=3t) = O(��1=3).
Consequently, 21=3t must be close to a root �n of Ai(�z):

21=3t = �n +O(��1=3): (14)

Thus, introducing this result in Eq. (7) we obtain for the
resonance positions to first order:

Nx`;n = � + 2�1=3�n�
1=3 +O(1); (15)

with � = `+ 1
2 . At higher order we obtain:

Nx`;n = � + a1n�
1=3 + a0�

0 + a�1n�
�1=3 + � � �; (16)

with a1n = 2�1=3�n, a0 = � Pp
N2�1 and a�1n =

3
102

�2=3�2n.
For a given polarization (TE or TM), three integers

n; `;m characterize the resonances. The order n of the
root �n of the Airy function is associated with the radial
function and the classical quantization for the angular mo-
mentum leads to ` and m. For a perfect sphere there is no
particular quantization axis; this leads to m independence,
corresponding to a degeneracy in m for the resonances. We
can note that the radial equation:

d2 f`(r)

d r2
+

�
N2(r)k2 � `(`+ 1)

r2

�
f`(r) = 0 (17)

is very similar to the Schrödinger equation of a particle with
a mass M in a pocket-like pseudopotential Ve� (depending
from energy)�

� ~
2

2M
�r + Ve�(r)

�
 (r) = E (r); (18)

where E = ~
2k2

2M and

Ve�(r) =
~
2

2M

��
1�N2(r)

�
k2 +

`(`+ 1)

r2

�
: (19)

This pseudopotential takes into account the refractive index
discontinuityN�1 at the surface of the sphere and its curva-
ture. This effective potential approach thoroughly analyzed
by Nussenzveig [45] provides good physical insight into
many properties of the WGMs that appear as quasibound
states of light, analogous to the circular Rydberg states of
alkali atoms. The number of peaks in the radial distribution
of the field inside the sphere (Fig. 2) leads naturally to a
radial number n. It corresponds directly to the radial index
we can find with the Eikonal approach [46, 47]. 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 (Fig. 3),
and is expected to occur for ` � Nka � Nx, the maxi-
mum value of the angular momentum. Light trapped into
this mode can escape out of the sphere only by tunneling
across the potential barrier that extends as far as Na for
this state. The very long evanescent tail of this quasibound
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Figure 2 (online color at: www.lpr-journal.org) Effective poten-
tial and radial functions associated with, 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 sphere (a =
10 µm, N = 1.45).

Figure 3 (online color at: www.lpr-journal.org) Poynting’s vec-
tors for a TE mode (n = 1, ` = 100) in a silica microsphere
(a = 10 µm, N = 1:45) – (a) mode j` � mj = 0 – (b) mode
j`�mj = 3.

state implies a very weak coupling to the outside medium
(usually air; N = 1) and extremely high Q factors. The
quasibound state energy domain is limited; thus, only few
n values correspond to WGM.

From Eq. (16) we deduce the main properties of a WGM
spectrum. By analogy with a Fabry-Perot interferometer,

we can define a pseudofree spectral range (pseudo-FSR)
of the cavity ���`

n;` = c(xn;`+1 � xn;`)=2�a, which corre-
sponds 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 approxima-
tion:

���`
n;` �

c

2�Na
: (20)

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

��TE;TMn;` � c

2�Na

p
N2 � 1

N
: (21)

From an experimental point of view, the fabricated res-
onators are never perfect spheres but they can be considered
to a first approximation as spheroids (oblate or prolate). We
define the ellipticity of this spheroid by e = (rp � re)=a
where rp and re are, respectively, the polar (rp) and equato-
rial (re) radii. For given n and ` values, considering a low
ellipticity and jmj � `, the relative frequency shift with
respect to the spherical case is:

��n;`;m
�0n;`

= �e
6

 
1� 3

� jmj
`+ 1=2

�2
!
: (22)

In a recent paper Gorodetsky and Fomin [47] used the
Eikonal method to analyze, as a practical example, a
spheroidal dielectric cavity and they showed how the ge-
ometrical interpretation allows one the expansion of the
method on arbitrarily shaped axisymmetric bodies.

2.3. Quality factor

Whispering-gallery modes are not only supported by
spheres but also by cylindrical, spheroidal and toroidal-
shaped open dielectric resonators. All these WGM res-
onators can have an extremely high quality factor, that
makes them promising devices for applications in optoelec-
tronics and experimental physics. In order to characterize
the property of a resonator to keep inside its energy for a
time � , it is usual to introduce the resonance quality factor
Q defined as:

Q =
!

�!
= !�; (23)

where �! is the linewidth (FWHM) associated with the
considered resonance. Table 1 gives some examples of
measured Q factors for different kinds of WGM resonators
and different materials (fused glasses and crystals).

For an isolated (not coupled) WGM resonator, we can
identify four independent contributions to its intrinsic Q
factor Q0:

Q�10 = Q�1rad +Q�1mat +Q�1s:s +Q�1cont : (24)

The first term Qraddenotes radiative (curvature) losses, and
corresponds to the escape of energy through the potential
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Table 1 Order of magnitude of measured Q factors associated
with passive whispering-gallery resonators differing in shape
and materials.

Geometry of the resonator Material Q factor Ref.

Sphere silica 108–109 [48]
Spherical droplet Rhodamine 6G

in water
108 [40]

Torus silica 108 [28]
Truncated spheroid CaF2 1011 [49]
Truncated spheroid MgF2 108 [50]

barrier and by using a semiclassical (WKB) approximation
for the Riccati-Bessel radial solutions, one can find [51]:

Qrad
�= x e2(`+1=2)g(

x
`+1=2 ) ; (25)

with g(y) = �
p
1� y2 + arg cosh(1=y) and x the size

parameter. Taking into account low radial orders (in this
case x=` � 1=N)g can be replaced by its tangent, which
leads to:

Qrad
�= `=N exp

�
+2`g

�
1

N

��

� exp

�
�2
p
N2 � 1

Nx� `
N

�
: (26)

Using Eq. (16) we can develop an expression depending
from the radial order n and polarization TE or TM. This
approximation shows that Qrad decreases as n increases
and that for a given mode the Q factor associated with the
TM polarization is slightly lower than the value associ-
ated with the TE polarization. Q�1rad vanishes exponentially
with increasing size, so with D=� > 15, Qrad > 1011

(D is the microsphere diameter; � is the wavelength) and
the diffraction losses can be considered as negligible with
respect to absorption losses if we consider well confined
modes (n = 1; 2; 3 : : :).

Qmat is associated with absorption and bulk Rayleigh
scattering in the material constituting the microresonator.
Considering an attenuation � in dB/km, Qmat can be ap-
proximated by:

Qmat
�= 4:3� 103

�

2�N

�
: (27)

For an undoped silica glass (� = 0.17 dB/km at � =
1.55 µm) it turns out that Qmat

�= 1011.
Q�1s:s denotes scattering losses due to residual sur-

face inhomogeneities. Calculations based on the model of
Rayleigh scattering by molecular-sized surface clusters [52]
under grazing incidence and total internal reflection yield
the following estimate for Qs:s [48]:

Qs:s =
�2D

2�2�2B
; (28)

where � and B are the rms size and the correlation length
of inhomogeneities. With the numerical values reported for
glass surfaces [53] we conclude that Qs:s � 1010 can be
expected only in large spheres (D � 100 µm).

Q�1cont denotes the losses introduced by surface contam-
inants during the fabrication process. Gorodetsky et al. [48]
demonstrated how, in fused-silica microresonators, the ulti-
mateQ factor is limited by adsorption of atmospheric water
on the surface.

3. Fabrication of spherical microresonators

One of the great advantages of microspheres is that they
may be very easily produced in a laboratory setting from
a large variety of materials, organic and inorganic. Here
attention will be focused onto the fabrication of glass mi-
crospheres. Fig. 4 shows an optical micrograph of a silica
microsphere, attached to the fiber stem from which it was
formed. From the point of view of the resonator, the pres-
ence of the stem can usually be ignored as the excited
optical modes typically lie in the equatorial plane and thus
have negligible overlap with this perturbation region.

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 chem-
istry.

Figure 4 (online color at: www.lpr-journal.org) Upconversion
green image mapping the optical pump WGMs in an erbium-
doped phosphate microsphere with a diameter of approximately
150 micrometers.
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3.1. Melting processes

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
first 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 on a spinning
plate [54]. Another process, adopted for a multicomponent
fluoride glass based on ZrF4, started from melting the raw
materials in a vitreous carbon crucible at 1000 �C, in an
induction furnace; then, the molten batch was poured in a
fine stream into liquid nitrogen, and the spherical particles
that passed through a 50-mesh sieve were collected from
the quenched glasses [55]. 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 ultrasonically 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 much more complex approach, that we report here
for the sake of completeness, is represented by the use of
the magnetic levitation method: 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 con-
stituted by a CO2 laser and a solenoid-type magnet was
demonstrated [56,57]. 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, however, seems to
be necessary [57].

In the second type of general fabrication process, a
glass is crushed and then its powder is dropped through
a microwave plasma torch [58]: the remelted 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.

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 large size distribution that are 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 commercial glass capillary connected to a
vacuum pump, and then, one at a time, stuck on a tapered
fiber, as shown in Fig. 5.

A very simple and effective method is the one based
on the melting of the end of a glass fiber. It presents the

Figure 5 Microphotographs of three successive steps of mounting
a melted glass microsphere onto a tapered fiber having a very thin
layer of glue onto the tip (on the left: the draft capillary tube; on
the right: the fiber tip).

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 dis-
tal 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 (ec-
centricities of the order of 1–2%), and extremely uniform.
The spherical surface has very low intrinsic roughness (we
measured rms roughness of the order of 1 nm), and thus has
a very small surface scattering loss.

The reflow process may be induced using different heat-
ing sources: an oxygen/butane (or similar) torch, a high-
power (e.g. a CO2) laser [59, 60], or an electric arc as in a
commercial fiber splicer [61]. Fiber splicing is a mechanic-
thermal process in which the cleaved fiber ends are heated
to a temperature at which they soften. By accurately control-
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ling the operating parameters of the splicer, reproducible
spherical shapes are easily obtained. These techniques al-
low one to produce microspheres with diameters usually
in the range d to 1.5d, 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.

3.2. Sol-gel processes

Sol-gel chemistry has attracted increasing interest in recent
years as a very flexible and cheap method for producing
optical materials. The possibility of starting from molecu-
lar precursors and elementary building blocks permits the
tailoring of structures at the molecular level and creating
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 mi-
crosphere previously produced by heating process; Yang
et al. demonstrated that it is possible to excite WGMs in a
thin film deposited on a passive microsphere and to obtain
a laser effect [59].

Many protocols can be used to realize sol-gel silica
spheres: monodisperse silica nanoparticles, in particular,
can easily synthesized via the base-catalyzed hydrolysis of
TEOS [62]; the silica spheres may have a diameter in the
range from 150 nm to 2 µm, 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 environ-
ments. The problem, however, may be overcome by using
acid catalysts [63, 64]: in this case one obtains silica micro-
spheres with different diameters, ranging from a hundred
nanometers to approximately 150 micrometers, always with
a very high surface quality, as shown by the TEM images
in Fig. 6.

The second approach to produce sol-gel-based micro-
spherical resonators takes advantage of the capability of
sol-gel solutions to produce very high quality thin films.
A pure-silica microsphere can be thus coated, e.g. by the
dip-coating method [61]. The microsphere is fixed to the
dipping bar of the coating system (Fig. 7). After each dip,
the microsphere is put into a furnace (or equivalent anneal-
ing apparatus) in order to remove the solvent; the operation
is repeated a number of times in order to obtain the de-
sired thickness of the film. As a result of the procedure, a
crack-free functional film, which may act as the effective
microcavity, is obtained.

Another method used to coat spherical microspheres is
based on a dispersion process [65]. In this case the spheres
are dispersed in the sol-gel solution and soaked in it. The
solution is then filtered and the coated spheres are taken out
of the membrane filter and dried; the process is sketched
in Fig. 8.

Figure 6 TEM image of two sol-gel silica microspheres (the
reference bar indicates 500 nm).

Figure 7 (online color at: www.lpr-journal.org) Sketch of the
experimental apparatus for sol-gel dip coating of pure-silica mi-
crospheres.
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Figure 8 Representation of the dispersion process steps to coat
microspherical beads. From the left: beads are dispersed in the
sol-gel solution; the solution is filtered; the membrane filter is
removed and coated microspheres may be used after drying.

Sol-gel-produced spheres present the advantage of very
high purity materials; moreover, composition of bulk and
film microresonators may be tailored according to the ap-
plication.

4. Light coupling into microspheres

In order to fully exploit the potential of microspheres for
fundamental investigations as well as for practical applica-
tions the most critical point is an efficient, controllable, and
robust coupling to the cavity WGMs. The only approach
that fulfils these operational principles is based on phase-
matched evanescent field coupling. This technique requires
an overlap of the evanescent field of the WGM with the
evanescent field of the coupler; an effective excitation of the
mode(s) is possible when the phase-matching conditions
are satisfied as well.

4.1. Coupling systems

The most commonly used coupling systems to inject light
into a microsphere are depicted in Fig. 9: they are based on

evanescent-wave coupling either from an adjacent guiding
structure such as an optical fiber (a) and a channel waveg-
uide (b), or from a prism (c) and an angle-polished fiber (d)
under TIR.

The tapered fiber [66–68] is an excellent and easy-to-
align coupling tool that allows fine tuning of the fiber mode
propagation constant by controlling the taper thickness.
Fiber tapers are commonly fabricated by heating and at the
same time slowly pulling a section of the fiber to form a
narrow waist. Advanced fiber splicing equipment or spe-
cific cylindrical microfurnaces are used for this purpose.
The appropriate taper waist can be as small as a micrometer
in diameter, with the fundamental mode extending signifi-
cantly into the free space surrounding the taper. The typical
total length of the adiabatic tapered section is more than
1 cm. A critical point for fiber couplers is the fact that the
tapered region is very thin and therefore very fragile and
easy to deteriorate.

The integrated waveguide coupler [69] consists of a
properly designed phase-matched surface-channel waveg-
uide whose evanescent field overlaps with the microsphere
WGMs. Achieving an efficient coupling is rather critical
and requires a careful alignment, but the system is more
compact and robust than the fiber taper.

Prism-to-sphere coupling [70] is among the earliest con-
cepts. A laser beam is directed into a prism and undergoes
TIR at the prism surface. The resulting evanescent optical
field at the prism surface can then be coupled into the spher-
ical resonator. Phase matching is obtained by selecting the
proper incidence angle. The system is rather robust, but
achieving optimal alignment is quite challenging.

The fiber-prism coupler [71] combines the advantages
of waveguide light insertion with the robustness of prism
coupling. A fiber end is polished along a specific angle that
allows phase matching. This angled plane then acts as a TIR
surface for the light guided into the fiber, that can thus be
coupled to the microsphere. The fiber-prism method elimi-
nates part of the alignment steps that are necessary for bulk
prism couplers. It is worth noting that in the tapered fiber
or waveguide coupling systems the transmitted light, after
the interaction with the microsphere, is still conveniently

Figure 9 Schemes of evanescent-
wave couplers used to inject light
into a microsphere. (a) Tapered op-
tical fiber, (b) integrated waveguide,
(c) prism and (d) angle polished fiber.
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guided into the same fiber or waveguide, while in the other
approaches it propagates in free space.

Once the light has been coupled inside the microsphere,
a portion of it can be extracted by using a second evanes-
cent coupler (output coupler) that indeed collects a portion
of the intracavity signal. Another approach to directly mon-
itor the light inside the resonator is to collect part of the
light scattered at the resonator surface with a microscope
objective or a multimode fiber.

4.2. Coupling analysis

In order to analyze the coupling of light to a microsphere
we refer to the simple scheme sketched in Figs. 10a (top
view) and b (cross section), where we assume that one
mode propagating into the waveguide is coupled to a mi-
crosphere WGM whose propagation constant is � (‘ideality
coupler’ [72]). Ei and Eo are the amplitudes of the waveg-
uide electric field before and after the interaction with the
spherical microcavity, respectively. In analogy with a mir-
ror in a Fabry-Perot cavity, let t be the coupling coefficient
from the fiber to the microsphere and r be the portion of the
field in the waveguide transmitted after the coupling region,
with r2 � t2 = 1 (t is purely imaginary). Considering the
phase and amplitude contributions for each round trip [73],
we can write the ratio between the intensity of the light lost
and scattered by the microsphere Is and that at the input of
the coupling section Ii:

Is
Ii

= 1� Io
Ii

= 1�




Eo

Ei






2

=
Tm

1 + F 2 sin2(�L=2)
(29)

where Tm is expressed by:

Tm = 1�
�
r � e��L

1� r e��L
�2

; (30)

and F is the finesse of the spherical microcavity, defined as:

F = �

p
r e��L

1� r e��L : (31)

� is the attenuation coefficient of the WGM and accounts
for all type of sphere intrinsic losses, Q0 = �=(2�) being
the intrinsic quality factor (also defined by Eq. (23)), and

L = 2�a the circumference of the sphere. Eq. (29) is anal-
ogous to that of a linear Fabry-Perot cavity with unequal
mirrors, one of them reflecting 100% of the light. Tm is
the magnitude of the resonance peaks – when �L = 2�`
with ` integer – and its maximum value is Tm = 1 when
r = e��L. At resonance, this latter condition corresponds
to the so-called critical coupling with the transmission dip
going down to zero.

Under the condition of low cavity round trip losses
(�L � 1) and reduced coupling jtj2 � 1, the composite
waveguide-sphere quality factor Q can be derived from
Eq. (29) in the simplified form [74]:

1

Q
=

1

Q0
+

1

Qe
; (32)

where the loading (external) factor Qe = 2�a�=jtj2 ac-
counts for the coupling losses and is proportional to the
inverse of the transmittance of the coupler.

Coupling is also characterized by the fractional depthK
of the resonance dip in intensity transmittance through the
coupler. K is observed upon varying the frequency of the
exciting wave around the resonance and under resonance
conditions can be expressed as a function of the intrinsic
quality factor of the WGM Q0 [74]:

K = 4� 2 Q0Qe

(Q0 +Qe)2
; (33)

where the coefficient � describes mode matching (a single-
mode coupler is always mode matched). Unlike the case
of Fabry-Perot cavities with their fixed coupling to exter-
nal beams, the sphere-coupler system provides a unique
opportunity to easily control the bandwidth of the cavity
(as an input mirror with variable transmittance). In fact, Qe

can be adjusted by increasing the gap between the coupler
and the sphere from the overcoupled regime (Qe < Q0) to
the undercoupled one (Qe > Q0), which permits a clear
observation of saturation of the measured Q up to the in-
trinsic (unloaded) value Q0. Maximum contrast is achieved
under critical coupling when coupling losses equal intrinsic
cavity losses, i.e. Qe = Q0 or Q = 1=2Q0, and the entire
coupled power is lost inside the resonator [76, 77].

Fig. 11a shows the measured Q values for increasing
values of the gap between a fiber taper with a 4-µm waist
and a 250-µm silica microsphere; Q tends to the saturation

Figure 10 Scheme of a waveguide or
fiber to microsphere coupling system:
(a) top view and (b) cross-sectional view.
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Figure 11 (a) Measured Q values vs. fiber-microsphere gap. Q factor saturates to its intrinsic value Q0 � 3 � 10
8. (b) Depth of

resonance K vs. sphere-coupler system Q factor.

value close to its intrinsic value Q0 of about 3� 108 when
the gap is around 1 µm [75]. Fig. 11b plots the contrast K
(or depth of the resonance of the WGMs) versus the Q
factor. In agreement with the theory described above, the
maximum resonance contrast is achieved when coupling
losses equal intrinsic cavity losses, i.e. Q = 1=2Q0 =
1:5�108. In this case the maximum value ofK is less than 1
(� 0.8) because the 4-µm taper has multiple modes that can
be excited (they will not be all matched to the microsphere
WGM), and also the polarization state is arbitrary.

The cross-sectional view of a tapered fiber (or a waveg-
uide) evanescently coupled to a sphere is depicted in
Fig. 10b. S(z) is the distance between the sphere surface
and the fiber axis, and S0 is its minimum. The interaction
strength � between the fiber mode F0 and the sphere WGM
	n;l;m is given by the following overlap integral:

� (S (z)) =
k2

2�f

Z
x

Z
y

�
n2s � n20

�
F0 n;l;m dx d y ; (34)

where �f is the propagation constant of the fiber mode,
and integration is carried out over the transverse extent of
the sphere only. Due to the near-parabolic curvature of the
sphere at the minimum separation the interaction decreases
with a Gaussian dependency away from this point along the
length of the fiber z. �2, i.e. the amount of power coupled
out of the fiber into the sphere per revolution (equal to jtj2),
is found by integrating Eq. (34) along z [78]:

�2 = �2 (S0)
2�a


f
exp

�
� a


f
(�f � �s)2

�
; (35)

where 
f is the fiber mode decay constant outside the taper
boundaries and (�f��s) accounts for the modes phase mis-
match.

4.3. Q-factor measurement

The Q values of the microspheres can be calculated from
the measured resonance linewidth �� of the excited WGM
according to Eq. (23), which can also be written as Q =
�=��, where � is the frequency. In this case the Q factor
of the resonator is measured in the stationary regime. The
experimental setup for this type of measurement is sketched
in Fig. 12. The laser is finely swept at low frequency around
a resonance so the linewidth of the laser sets the upper limit
for the measurable Q factor. Coupling efficiency from the
fiber taper to the microsphere can be gradually increased
by reducing the gap between the sphere and the taper, thus
affecting both resonance width and depth, as discussed
previously. The transmission at the output of the taper is
monitored using a photodiode detector connected to an
oscilloscope that is controlled by a PC where data can
be recorded.

A typical resonance around 1550 nm for a silica sphere
is shown in Fig. 13 together with a Lorentzian fit. In this
case Q is equal to 2:6 � 108 and K is 0.5 (this value cor-
responds to the last point in the plot of Fig. 11b) [75]. We
used a tunable external-cavity laser with linewidth of a few
hundred kHz as light source. The light transmitted through
the coupler-microsphere system is measured at the output
of the taper using an amplified InGaAs photodiode detector
connected to a 1-GHz oscilloscope. The silica sphere has a
diameter of 250 µm, while the fiber taper waist is 4 µm.

The intrinsic limit of Q factor measurement in the sta-
tionary regime from the resonance linewidth (i.e. due to
laser linewidth and thermal effects) can be overcome using
the same setup but sweeping the laser frequency with the
proper speed across the resonance. It has been shown that a
fast sweeping of the cavity resonance or of the excitation
wavelength induces a ringing phenomenon (as in cavity ring
down spectroscopy) [79–82]. This can be exploited to eas-
ily measure ultrahigh loaded Q factors avoiding stationary
technique drawbacks for high-finesse resonators [83–86]
or whispering-gallery mode (WGM) resonators [49, 87]. A
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Figure 12 (online color at: www.lpr-
journal.org) Experimental setup for Q
factor measurement.

Figure 13 (online color at: www.lpr-journal.org) WGM reso-
nance of a silica sphere with a diameter of 250 µm coupled to a
4 µm waist-tapered fiber. Red line indicates the Lorentzian fit.

part of the light is accumulated first and then re-emitted,
thus interfering with the laser light and generating a beat-
note signal like the one shown in Fig. 14a. The envelope of
the decaying oscillations (Fig. 14b) follows the decay of the
amplitude of the re-emitted light (equal to 2� ) [49, 50, 87].

Another method to assess the quality factor is based
on the transient response or cavity ringdown measurement
technique. By observing the output power decay after the
input of a short pulse, Q is determined from the decay time
� (according to the equation Q = 2��� ) [88].

5. Spectroscopic and structural assessment

Compositional properties and fabrication processes play a
capital role in determining the optical and spectroscopic
properties of microspheres; photoluminescence and Raman
spectroscopies represent two powerful tools for qualitative
and quantitative study of microresonators, especially when
activated by luminescent ions [89–91].

Figure 14 (online color at: www.lpr-journal.org) (a) Beatnote signal obtained sweeping the laser frequency rapidly across the resonance;
(b) the corresponding envelope of the decaying oscillations.
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Figure 15 (online color at: www.lpr-journal.org) Emission spec-
tra from a 70- µm microsphere made of Schott IOG2 glass. The
luminescence spectrum was measured with a wavelength band-
width of 0.1 nm.

As WGM microspherical resonators play an impor-
tant role in the pursuit of compact and efficient laser
sources, because of their intrinsic potential for low las-
ing threshold and narrow spectral characteristics, photolu-
minescence spectroscopy is a must. After the pioneering
studies in the 1960s, when laser action was demonstrated
in Sm:CaF2 crystalline resonators [15], rare-earth-doped
glass microresonator lasers have been intensively studied
during the last decade [54, 58, 92–99]. Let us focus here
on the 4I13/2 ! 4I15/2 transition at 1.55 µm of Er3+ ions. In
this case it is possible to follow the luminescence spectra
in the infrared region modulated by the whispering-gallery
modes. Fig. 15 shows the emission spectra from a 70- µm
diameter microsphere made of Schott IOG2, a commercial
erbium-ytterbium codoped phosphate glass; the green solid
line shows the fluorescence, with a series of peaks that can
be assigned to several families of WGMs. When increasing
the pump intensity above a minimum threshold of 2.5 mW
we obtained laser oscillation, corresponding to the red (L1)
and blue (L2) lines.

Far-field excitation and standard photoluminescence
analysis also provide significant information. As an exam-
ple, we report here some results obtained in Er3+-activated
microspheres fabricated by a modified silica glass provided
by the Baccarat factory [58]. Samples doped with 0.2, 0.5,
and 1.5 at% of Er3+ were labeled as BG2, BG5 and BG15,
respectively. Each bulk glass sample was crumbled, and
microspheres were then fabricated using the plasma torch
method previously described. Microspheres with diameter
in the range 50 to 100 µm were selected and then glued to
the tip of as many optical fibers; the chosen fiber was then
mounted on a translation stage with piezoelectric actuators
and a positioning resolution of 40 nm. Photoluminescence
spectroscopy, in the region of the 4I13/2 ! 4I15/2 transi-
tion of Er3+, was performed using the 980.8-nm line of
a Ti:sapphire laser as excitation source with a power of
450 mW. The luminescence was dispersed by a 320-mm

Figure 16 RT photoluminescence spectra of the 4I13/2 !
4I15/2

transition of Er3+ ions for the BG5 glass (squares) and the corre-
sponding microsphere (triangles).

Figure 17 RT luminescence decay curves of the 4I13/2 state of
Er3+ ions for the BG5 glass (squares) and the corresponding mi-
crosphere (triangles).

single-grating monochromator with a resolution of 2 nm.
The light was detected using a Si/InGaAs two-color photo-
diode and standard lock-in technique. Decay curves were
obtained by recording the signal on a digital oscilloscope.
For both the precursor glass and the microsphere the stan-
dard bulk measurement configuration was used. The laser
beam directly excited the sample and the luminescence was
recorded at 90� from the laser direction. As an example,
Figs. 16 and 17 show the room-temperature (RT) photolu-
minescence spectrum and the corresponding luminescence
decay curve, respectively, both for the glass precursor and
the microsphere, in the case of the BG5 sample.

In the BG5 sample, more than in the other two, the dif-
ferences of spectroscopic properties between the precursor
glasses and the corresponding microspheres are evident. A
significant broadening of the photoluminescence spectrum
occurs in the microsphere: it is very likely that it is due to
site-to-site inhomogeneities, induced by the fabrication pro-
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cess. Because of the restricted number of samples, however,
it is impossible to determine the specific reason of the in-
duced inhomogeneity. It is possible that a further annealing,
performed on the spheres at temperatures close to the glass
transition temperature Tg , could reduce the local strains as
well as the site inhomogeneities, as happens with massive
glass. The difference in the local environment of the Er3+

ion in the microsphere results in an important modification
of the transition probability among the Stark levels. The
lifetime measurements give further information about the
site-to-site inhomogeneities: indeed, the 4I13/2 decay curves
of Er3+ ion in the microspheres show a faster relaxation as
compared to the bulk, indicating that the energy-transfer
mechanism among active ions is effective in the micro-
spheres at all Er3+ concentrations. One can conclude that
the microsphere fabrication process can strongly affect the
spectroscopic properties of the base glass, and that this
has to be especially taken into account if one wants to use
microspherical laser performances as a ‘test bed’ for the
active glass itself.

Continuous-wave laser oscillation was also obtained in
BG5 spheres, with a threshold of 2.5 mW. By varying the
gap between the tapered fiber coupler and the microsphere
and increasing the pump power, a shift of the laser spectrum
towards WGMs of shorter wavelength was achieved. The
laser emission ranged from 1569.3 nm to 1541.2 nm. This
effect can be explained with a similar shift that occurs in the
Er3+ gain spectrum when the inversion rate increases [100].

As far as the structural properties of glass microres-
onators are concerned, Raman spectroscopy may be very
useful, especially for multicomponent glass systems [91].
This is particularly true in the case of silicate systems,
where reports of a huge number of studies using Raman
spectroscopy are available; another important application
concerns cases where thermal annealing effects, like in
the sol-gel fabrication process, have to be considered [64].
Let us refer to the latter case, and let us observe Fig. 18,
where two micro-Raman spectra are reported. These spec-
tra refer to a single silica sphere heat-treated at different
temperatures, namely at 950 �C (a) and at 1100 �C (b).
One can notice the presence of the Raman bands at about
440, 490, 600, 800, and 1060 cm�1, all characteristic of the
silica network [101]. Moreover, in the spectrum of Fig. 18a
a band centered at about 970 cm�1 is present, attributed
to the Si–OH vibration [101]. The comparison of Raman
spectra indicates a modification of the structural properties
of the spheres as a function of the annealing temperature.
In fact, the spectrum (b) makes evident a decrease of the
intensity of the band centered at 970 cm�1 as well as of
the bands at 490 and at 600 cm�1, which are attributed to
the defects band D1 and D2, respectively [102, 103]. These
observations confirm that when increasing the annealing
temperature we promote a more complete condensation of
the surface and interior silanol group, and an elimination of
any adsorbed water, alcohol, or remaining acetate groups.
Since a fully densified, dry material is of paramount impor-
tance for spherical microresonators, it is obvious that the
higher annealing temperature is definitely preferable.

Figure 18 Micro-Raman spectra measured on a single silica mi-
crosphere, produced by the sol-gel process, heat treated at 950 �C
(a) and 1100 �C (b).

6. Applications of spherical microresonators

The most common applications of generic optical res-
onators lay in the areas of laser cavities and resonant fil-
ters [18, 21, 22], but they are also used in sensors such as
the laser gyroscope, and more generally in optical preci-
sion measurements. The miniature microsphere resonators,
thanks to their extremely high quality factors, possess
unique performance characteristics (extremely narrow reso-
nant linewidth, long decay time and high energy density),
and are therefore particularly well suited to a number of
applications, that include, for instance, cavity-QED experi-
mentation, detection and sensing, frequency stabilization,
and optical filtering functions.

6.1. Biochemical sensors

According to the International Union of Pure and Applied
Chemistry (IUPAC) an electrochemical biosensor is “a self-
contained integrated device, which is capable of providing
specific quantitative or semiquantitative analytical informa-
tion using a biological recognition element (biochemical
receptor) which is retained in direct spatial contact with
a transduction element” [104]. The interaction produces
an effect measured by the transducer, which converts the
information into a measurable effect, in our case an opti-
cal signal. An important aim of much of the work done in
(bio)sensing has been to develop disease detection systems
with the longer-term goal of prevention.

The requirements for a biosensor are selectivity, sensi-
tivity, stability and reversibility. These are mostly provided
by the biochemical receptor, the sensitivity being also af-
fected by the quality of the transducer. Equally important
parameters are high signal-to-noise-ratio (SNR), short re-
sponse time, low limit of detection (LOD), high sensitivity
at low cost and in real samples. The main goals of a sensor
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Figure 19 (online color at: www.lpr-journal.org) Resonance
shift after analyte binding to the surface of a WGM sensor (the
plot indicates the microsphere transmittance vs. wavelength).

are to obtain the maximum amount of information from
the smallest amount of sample, and to detect many binding
events simultaneously.

The optical techniques used for sensing are based on
phase changes (change in the index of refraction), ampli-
tude changes (absorption) or frequency changes (fluores-
cence). The phase and amplitude changes represent a direct
monitoring technique, whereas the frequency changes often
need a marker (labeled system). The disadvantages of the
labeled system (cost, expenditure, possibly reduced reac-
tivity) are normally compensated by lower LOD, while in
the case of direct monitoring the disadvantage lies in the
ineffectiveness of detecting small molecular weights ana-
lytes and the sensitivity to nonspecific binding. Recently,
however, the ability of detecting small absolute amounts of
bound analyte, down to 0.25 fmol of streptavidin, via dis-
placement of the resonance frequencies of the WG modes,
was proved [105].

A spherical microcavity resonates when the guided light
returns in phase coherently after every revolution, requiring
an integer number of modes in one circumnavigation. The
light outcoupled into the tapered fiber then shows a dip at
the resonant wavelength in the spectral transmittance. A
frequency shift of the resonances, when the radius and/or
the refractive index of the sphere change, makes possible
the utilization of the WGMs of microspheres to detect trace
amounts of chemical and biological molecules. In other
words, when the analyte aggregates at the surface, it inter-
acts with the evanescent part of the WGM field inducing
a change in the Q factor or a shift in the wavelength, as
sketched in Fig. 19. The latter can be then quantitatively
predicted using a perturbation theory [106]:

��=� = �ex�=
�
"0
�
�2� � n2m

�
a
�
; (36)

where �ex is the excess of polarizability and � the surface
density of molecules forming a layer. This equation is exact
if the layer is considerably thinner than the evanescent
field depth. Obviously, to observe the shift, �� has to be
comparable to, or larger than, the resonance bandwidth ��.

Among the different optical sensor principles, none is
generally superior but rather its convenience depends on the
application. Most of the optical sensors are based on detec-
tion by the evanescent field at the transducer surfaces [107].
WGM sensors can be used for label-free [108, 109] and/or
labeled detection [110, 111]. In the former case, as the
analyte binds to the bioreceptor, the resonance shifts (the
wavelength locations of the resonances depend on the size
and refractive index of the WGM resonators); by measuring
the shift, the amount of analyte bound can be quantified. In
the latter case, the long photon lifetime enhances dramati-
cally the absorption quantum efficiency of the fluorophores,
resulting in an enhanced fluorescent emission.

A crucial step for producing effective biosensors is the
surface functionalization, i.e. the chemical modification
of the transducer’s surface. Proteins adhere to any glass
surface, rising the unwanted nonspecific effects. There are
several ways of functionalizing the surface of a biosen-
sor; among them, the most common ones 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 silanization shows a reduced
nonspecificity and enables a further functionalization with
ligands or receptors, whereas the latter technique is based
on a high affinity binding with streptavidin and biotinylated
molecules. This crucial layer, however, has to be very thin,
between 10 and 100 nm (below the evanescent field tail),
and homogeneous in order to preserve the high quality of
the transducer. As WGM sensors aim at ultralow detection
of binding events (either biological or chemical) at the inter-
face of the microcavity [110], the surface functionalization
steps (outlined in Fig. 20) are very important. Indeed, the
quality factor of the microresonator can be partially spoiled
during the various steps of surface functionalization, as
shown by the resonance measurements reported in Fig. 21.

A new trend in label-free methods is related to the use of
fluorescent polystyrene microspheres, usually quantum-dot-
embedded microspheres, either for exploiting the emitted
fluorescence as a local broadband light source to couple the
light into the microsphere [112] or to decrease the density
of WGMs and tune their positions [113].

One of the first applications of microspherical res-
onators was in the area of gas sensing, where optical meth-
ods have been successfully employed for a long time [114]:
a prototype system for atmospheric and acetylene trace-gas
detection was demonstrated [115].

Rosenberger demonstrated first theoretically [116], and
then experimentally [117] cavity-enhanced absorption sens-
ing by measuring the changes in the fractional depth K
(Eq. (33)) of the resonance dip in intensity transmittance
through the coupler. In the case of weak analyte absorption,
the change of K is proportional to the change in analyte
absorption coefficient, in analogy with Beer’s Law. An ex-
perimental effective absorption path length Leff can be
found by measuring K in the absence of analyte and in its
presence (K +�K). Using this method a 20-fold enhance-
ment in relative sensitivity was obtained in comparison to
the frequency-shift method.
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Figure 20 (online color at: www.lpr-journal.org) Functional-
ization of a WGM sensor: a) from left to right: deposition of
the activation layer (green color) on the bare WGM resonator;
covalent binding of the antibody (bioreceptor) to the activation
layer; selective binding of the antigen (analyte) to the antibody
(bioreceptor); b) deposition of a biotin layer (red), and selective
binding of streptavidin (blue) to biotin.

Figure 21 (online color at: www.lpr-journal.org) Measurement of Q
factors of: (a) bare microsphere of 250-µm diameter (Q = 1:5 � 10

8);
(b) microsphere coated with a thin layer of polylactic acid (PLLA)
(Q = 2:6� 10

7); (c) microsphere coated with a thin layer of Polymethyl-
methacrylate (PMMA) (Q = 1:7� 10

7).

More problems exist for sensing of (in) liquids: as a mat-
ter of fact, the Q factor of microspheres immersed in aque-
ous solutions is reduced to above 106 [108, 118]. Despite
this, fused-silica microspheres have proved to be capable of
mercury detection in water, with a detection limit of 50 ppb
(w/w), which is comparable to results obtained using sur-
face plasmon resonance [119]. Specific results concerning
proteins like BSA [110], DNA [118] and protease [120], de-

posited on the surface of the microspheres, have shown that
the LOD can be as low as 1–10 pg/mm2. Vollmer et al. [118]
also demonstrated that multiplexed DNA detection by using
two microspheres was possible, and that a single nucleotide
mismatch in an 11-mer1 oligonucleotide could be discrimi-
nated.

1 Mer indicates the repeating structural unit of any polymer.
One mer is a monomer, two mers form a dimer, etc.
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Figure 22 (online color at:
www.lpr-journal.org) Microflu-
idic system incorporating a
WGM sensor and a coupling
fiber. (Reprinted with permission
from [121]).

While the previous sensing applications had been imple-
mented by simply measuring the dc component of the reso-
nance wavelength shift signal, Arnold’s group showed that
the broadband “noise” on this signal provides physical in-
formation not available from its dc component [121]. They
showed that stochastic effects associated with molecules un-
dergoing Brownian motion near the resonator surface were
responsible for the noise: the measurement of the signal
autocorrelation function provides a first-order approxima-
tion for the nanoparticle size. They tested the method by
realizing a microfluidic system, sketched in Fig. 22, and
using polystyrene particles having a carboxylated surface
and mean diameters of 37, 103, and 219 nm as simulants
of bacterial virus. The results showed a good agreement
for the smallest size and a progressive deviation for larger
nanoparticle sizes, likely due to hydrodynamic effects near
the phase boundary [121]. The same group was also demon-
strating the detection of quite large particles, like rod-like
bacteria, measuring down to 44 bacteria bound randomly to
the surface [122]. In a recent comprehensive work on viral
detection [123], they predicted LOD down to single virions,
below the mass of HIV. Experimentally, they measured a
surface coverage of MS2 (a virus icosahedral in shape like
HIV) down to 0.2 pg/mm2.

The use of TE and TM modes was also employed
to determine protein orientation on a microsphere sur-
face [124]. Protein adsorption was studied on different
surface chemistries in different pH at different surface
coverage: at low coverage, the TE/TM shift ratio allows
one to estimate the polarizability anisotropy ratio of iso-
lated molecules.

Conformations and orientations of molecules adsorbed
on the surface of a microsphere can be also studied by
employing the microsphere as an off-resonant spectro-
scopic tool [125].

Rhodamine 6G-doped polymer microspheres have also
been proposed for sensing applications [126]; the analysis
shows that active microcavities may possess an ultrahigh
Q factor (Q = 1010) and can therefore provide a very
high sensitivity (up to �neff = 10�9 or an index change
of the order of 10�7 in the surrounding water solution).

In passive polymer microspheres, on the other hand, Q
factors as high as 106 for spheres of 30 µm held by optical
tweezers in aqueous solutions were measured [127]. The
corresponding protein detection sensitivity was estimated
around 0.25 pg/mm2.

Two recent developments in this field have to do with
the use of arrays or clusters of WGM resonators. The prop-
erties of an array of sixteen polymethyl methacrylate spher-
ical microresonators placed on a microscope slide serving
as an optical waveguide were studied for their use as a
miniaturized high-resolution spectroscopic device [128].
A tunable narrowband laser source was coupled into the
waveguide in order to generate an evanescent field and so
to excite the microresonators. A particular intensity pattern
in the array was thus generated, which depended sensitively
on the wavelength: a resolution �=�� � 104 was evaluated.
Another proposal for a novel detection scheme for optical
biosensing is based on the use of clusters of fluorescent
microresonators; experimentally, polystyrene microspheres
doped with Coumarin 6G dye were randomly deposited
on a thin glass slide by drop coating from highly diluted
suspension in order to form clusters of various sizes [129].
A microfluidic cell was then built around the slide. The clus-
ters were exposed to a cw-HeCd laser operated at 442 nm,
in order to excite WGMs (so overcoming the mechanical
precision required for evanescent-field coupling), and the
signal (from a single sphere or a cluster) was collected
through an inverted microscope. This detection scheme per-
mits the integration of a large number of detection sites
within a single biosensor chip, with the advantage that each
cluster can be read out properly even without knowledge of
its precise position on the chip surface.

6.2. Mechanical and other sensors

The sensitivity of WGMs to external changes can be ex-
ploited in sensors of physical parameters too. An example
is provided by an acceleration sensor, based on an architec-
ture that, in order to make the coupling of light into WGMs
easier and more efficient, combines stripline pedestal an-
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Figure 23 (a) Microsphere resonator,
flexure stem, and SPARROW waveg-
uide. (b) Cross-sectional view of the
hybrid WGM as acceleration sensor.
The microsphere displaces a distance
y as a response of the load W . The
stem length l and the diameter of the
flexure are designed to satisfy sys-
tem sensitivity and dynamic range re-
quirements. (Reprinted with permis-
sion from [130]).

Figure 24 (online color at: www.lpr-
journal.org) (a) Photograph of the ther-
mostatic cell where the microsphere
sensor is placed, (b) Resonance wave-
length shift vs. temperature, for a mi-
crosphere of 350 µm diameter.

tiresonant reflecting optical waveguides (SPARROW) and
a microsphere. The sensing method takes advantage of the
variation of the coupling gap; the fiber stem that holds the
microsphere (Fig. 23) functions as a flexure beam for the
microresonator; when a force (provided by a piezoelectric
shaker) is applied to the stem, the coupling gap changes
(Fig. 23b) and the resonance properties change as well. Sen-
sitivities better than 1 mg at 250 Hz bandwidth, with a noise
floor of 100 µg were demonstrated [130].

Compressive forces and mechanical strains applied to
a sphere may induce changes both in the shape and in the
index of refraction of the sphere, again leading to a shift
of WGMs. Some studies have discussed the use of applied
mechanical strains to finely tune the resonance frequen-
cies [131–133]. The induced shifts, however, may also be
used to develop a micro-optical force sensor [134]. Experi-
ments have been carried out on solid silica as well as solid
and hollow PMMA microsphere resonators; a sensitivity
as high as d�/dF = 7.664 nm/N was demonstrated with a
960-µm hollow PMMA sphere.

Similar considerations may be made for what refers to
thermal effects. The control of temperature may be used to
finely tune the resonance frequency [135–137], and, vice
versa, WGM resonators can constitute sensitive tempera-
ture sensors [138]. We have been able to detect changes
in the resonance wavelength of 14.2 �0.4 pm/�C around
27 �C and 16.4 �0.8 pm/�C around 54 �C [137]. Fig. 24
shows the experimental setup and the linear wavelength
shift with temperature.

The idea of a miniature optical gyroscope based on a
waveguide-coupled sequence of whispering-gallery mode
microresonators was also discussed [139]. Even if practical
problems exist (the coupling of many resonators to the sin-
gle waveguide and achieving the same resonant frequency
for all of them is not an easy task, and some individual trim-
ming may be necessary), the composite system may allow
for several orders of magnitude enhancement of sensitivity
with respect to more conventional structures.

6.3. Filters

The unique spectral properties of WGM resonators, namely
narrow linewidth, tunability and high stability, make them
quite attractive for filtering applications. In optical telecom-
munications, the main task of the filters is to select channels
in wavelength division multiplexing (WDM) schemes. An
all-optical passive four-port system including a fused sil-
ica microsphere and two tapered fibers was proposed and
demonstrated, to be used as a channel adding-dropping
device [140]. The authors showed that channels can be
selectively exchanged between two fibers by coupling to
a whispering-gallery mode resonance in the microsphere.
Finesse in excess of 11 150 was measured for the loaded
whispering-gallery modes.

Microspheres were also used for polarization-insensi-
tive optical channel dropping from an optical fiber half-
coupler to a silicon photodetector in the M-band [141].
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The dropped channels were observed both in the elastic
scattering and the transmission spectra. The resonances had
repetitive channel separations of 0.14 nm and linewidths of
0.06 nm. The filter dropped approximately 10% (0.5 dB) of
the power at the resonance wavelength. The power detected
by the photodiode was estimated to be 3.5% of the power
in the fiber.

As already mentioned, the tunability of the WGM res-
onators can be achieved by several methods, in particular
by mechanical trimming [131–133] and temperature tun-
ing [135–137]. In both cases tuning ranges are relatively
large, but the limit remains that a WGM resonator usually
possesses small tuning speeds and low tuning accuracy.

WGM filters can be also used for laser stabiliza-
tion. Rezac and Rosenberger [142] locked a microsphere
to a frequency-scanning laser. The resonance frequency
was modulated by axial compression of the microsphere,
and phase-sensitive detection of the fiber-coupled optical
throughput was used for locking. Compression modulation
rates of up to 13 kHz were also achieved with this tuner.

Glass microsphere resonators can be also used as
wavelength-selective feedback mirrors in fiber lasers; it has
been demonstrated that a cw single-frequency fiber laser is
possible, even with a long laser cavity, exploiting the nar-
row reflection bandwidth of such a microresonator [143].
Moreover, by modulating the reflectivity of a “microsphere
mirror” in a fiber laser cavity, active Qswitching may be
achieved [144]. The laser cavity consisted of an Er-doped
fiber, a fiber Bragg grating reflector at one end, and a micro-
sphere reflector coupled through a fiber taper at the other
end. By changing the gap between the microsphere and
the fiber taper, the reflectivity of the microsphere is mod-
ulated, and giant pulses with a peak power > 100 W and
duration � 160 ns have been obtained at a low pump power
(� 3 mW) threshold [144].

6.4. Microlasers

Miniature lasers are one of the most obvious applications
of WGM resonators, and the very high quality factor of
these resonators leads to a reduced threshold of lasing. The
most common active material is glass, usually doped with
luminescent elements, like rare-earth ions. Microspherical
lasers based on crystalline materials [15], on the one hand,
and on polymers and organic molecules [145, 146], on the
other hand, have been demonstrated as well.

In one of the early papers, Sandoghdar et al. [92] re-
ported the realization of a whispering-gallery-mode laser
based on neodymium-doped silica microspheres. They an-
alyzed the behavior of a typical microsphere with 56 µm
diameter, made from a fiber with a core of 20 µm diameter
containing about 0.2 wt% Nd, and a Q of 2 � 108. The
microlaser threshold was measured by varying the incident
pump power (from a laser diode at 807 nm) and monitor-
ing the intensity of one of the longitudinal modes, using
a monochromator as a filter; one of the lowest observed
thresholds corresponded to an absorbed pump power of

200 nW [92]. Neodymium doping was also used for CW
lasing in fluoride microspheres, fabricated by melting and
abrupt cooling, according to the process already described
in Sect. 3.1 [55]. By excitation at 800 nm, emission was
observed corresponding to both 4F3/2–4I11/2 (� = 1051 nm)
and 4F3/2–4I13/2 (� = 1334 nm) transitions. The correspond-
ing threshold powers for a 170-µm diameter microsphere
were 5 and 60 mW, respectively.

A microsphere made of highly doped erbium:ytterbium
phosphate glass was used to generate light at 1.5 µm by Va-
hala’s group [94]. The authors obtained a low laser thresh-
old at pump power of 60 µW and a fiber-coupled output
power as high as 3 µW with single-mode operation. A bi-
sphere laser system consisting of two microspheres attached
to a single fiber taper was also demonstrated.

In our group [147], we produced microspheres from
different type of glasses: three experimental modified-silica
glasses, doped with 0.2, 0.5, and 1.5 at.% of Er3+ (Bac-
carat Glass, labeled as B02, B05, and B15, respectively),
and two commercial phosphate glasses, i.e. a sodium-
alumino-phosphate glass (Schott IOG1) that contains 1.5
wt% of Er2O3 and 3 wt% of Yb2O3 and a potassium-barium-
alumino phosphate glass (Schott IOG2) which contains 2
wt% of Er2O3 and 3 wt% of Yb2O3. The refractive indices
at 632.8 nm of the three modified-silica glasses are equal to
1.5604, 1.5607, and 1.5871, respectively, while those of the
phosphate glasses are 1.5270 and 1.5220, respectively.

Pieces of each bulk glass were first ground, and mi-
crospheres were then fabricated using a plasma torch, as
mentioned in Sect. 3.1. The experimental setup for laser
characterization of Er3+-doped microspheres is sketched
in Fig. 25. Among the different pumping wavelengths that
can be used to excite Er3+ ions in oxide glasses (810, 980
and 1480 nm) we chose 1480 nm so that phase and mode-
matching condition between the fiber coupler and the mi-
crosphere can be better fulfilled at both the pump and the
laser wavelengths. We used standard fiber-optic compo-
nents, either spliced or connected with APC connectors.
The system consists of a fiber pigtailed tunable pump laser
diode, an isolator that prevents feedback into the laser diode,
an attenuator, and a 1.48/1.55- µm multiplexer that is finally
connected to the tapered fiber coupler. The multiplexer also
allows us to simply use a half-taper as the coupling device:
in fact the counter-propagating fluorescence or laser signal
from the sphere can be collected by the same coupling fiber
and directed to an optical spectrum analyzer (OSA) through
the 1.55-µm port of the WDM. When, instead, a biconical
tapered fiber is used as a coupler, we can collect either the
counterpropagating signal or the copropagating one. In or-
der to control the position of the microsphere relative to the
taper, the fiber stem (on which the microsphere is mounted)
is placed on a translation stage with piezoelectric actuators
and a positioning resolution of 20 nm.

The different WGMs emission spectra from a B05 glass
microsphere with a diameter of 85 µm are shown in Fig. 26,
where the curve (x 1000) indicates the fluorescence spec-
trum with a series of peaks that can be assigned to sev-
eral families of WGMs [148]. Laser oscillation was ob-
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Figure 25 (online color at: www.lpr-
journal.org) Sketch of the experi-
mental setup for coupling light in the
Er3+-doped microspheres and for the
characterization of their WGMs emis-
sion spectra.

Figure 26 (online color at: www.lpr-journal.org) WGMs emis-
sion spectra from a 85-µm microsphere in B05 glass: fluorescence
spectrum (measured with a wavelength bandwidth of 0.1 nm)
and laser spectra corresponding to the maximum (L1) and mini-
mum (L2) wavelength peak values.

tained when increasing the pump intensity above a min-
imum threshold of 2.5 mW. By varying the contact posi-
tion of the tip of the half-taper fiber coupler relative to the
sphere and increasing the pump power, the lasing spec-
trum moved towards WGMs of shorter wavelength. The
tuning range is about 30 nm wide, from a maximum wave-
length of 1569.3 nm (red peak) to a minimum (blue peak) of
1541.2 nm. A similar shift was observed in an Er3+-doped
tellurite microlaser [54]: as the actual wavelength of the
lasing mode is determined by both the gain of the material
and the WGM of the microsphere, one observes a discrete
rather than continuous shift. A continuous shift, permitting
a fine tuning of the laser wavelength, is possible only in
a short interval (of the order of nm) when one WGM is
fixed and the pump power is also slightly increased. The
same group achieved a maximum output power of 0.12 mW
at 1561 nm when pumping at 1480 nm a microsphere of
tellurite glass doped with 0.5 wt% Er2O3 [148].

Similar results have been obtained for microspheres
made in IOG2 phosphate glass (in a 70-µm diameter mi-
crosphere the lasing wavelength interval was � 40 nm) and
in IOG1 phosphate glass (70 µm sphere; lasing wavelength
interval � 34 nm).

In the last decade new approaches for fabricating low-
threshold microspherical lasers have been reported as well.
Yang and Vahala [149] coated silica microspheres with ac-
tive layers by means of sol-gel technique; both continuous-
wave (cw) and pulsed operation were possible by control
of the coating thickness. CW laser operation (threshold
28 µW) was observed with a coating thickness of roughly
1 µm, whereas pulsed-laser operation was possible for coat-
ings of about 5 µm in thickness; the single-mode laser pro-
duced an output power of 10 µW. Shopova et al. [150]
demonstrated laser action in a silica microsphere coated
with HgTe quantum dots (QD). The laser wavelengths
ranged from 1240 to 1780 nm depending on the compo-
sition and size of the QDs. For microspheres of diameter
about 950 µm the threshold was about 200 nW and the max-
imum output power � 40 µW, whereas for smaller micro-
spheres the threshold was about 9.4 µW and the achieved
output power � 80 µW.

Cha et al. [151] showed lasing action in hollow semi-
conductor microspheres with core-shell nanocrystals. With
the help of water-soluble block peptides the hollow mi-
crospheres were cooperatively assembled with walls com-
posed of an inner layer of core-shell CdSe/CdS QD sur-
rounded by an outer thinner layer of silica nanoparticles.
The authors observed a laser line at 542 nm for 2.8-µm
diameter microspheres and at 538 nm for 3.3-µm diameter
microspheres. The measured threshold was 0.8 mJ for a
Q-switched ND:YAG pump laser (10 ns, 10 Hz) at 355 nm.

Rakovich et al. [152] studied the optical properties of
a melamine formaldehyde latex microsphere coated with
CdTe quantum dots, but despite observing sharp Lorentzian
peaks in the photoluminescence spectra, there was no clear
evidence of lasing. The curves do not show a threshold
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Table 2 Summary of the results obtained in microspherical glass lasers.

�emission [µm] Pth Peak power R[µm] Coupling system Material (glass)

1.06–1.09 200 nW 10–150 pW 25–50 Prism Nd-doped silica [92]

1.051 and 1.334 5–60 mW not available 130–140 Free-Space Nd-doped fluoride [55]

1.5 60 µW 3 µW 50–100 Taper Er:Yb phosphate glass [94]

540 nm 30 µW not available 120 Prism Er3+-doped ZBLAN [95]

1.565 86 µW 200 µW 40 Taper silica (Raman Laser) [97]

1.56 600 µW 140 nW 53 Half-taper/ Taper Er3+-doped ZBLAN [153]

1.569 2.5 mW 120 nW 85 Half-taper/ Taper Er3+-doped Baccarat [147]

1.568 not available 18 µW 70 Half-taper/ Taper Schott IOG2 phosphate [147]

1.61 1.4 mW 124.5 µW 16 Taper Er3+-doped tellurite [148]

1.535 28 µW 10 µW 50–80 Taper Er3+ doped coated silica [149]

1.24–1.78 200 nW 40 µW 950 Taper HgTe QD coated silica [150]

542 nm 538 nm 0.86 mJ (pulsed) Not available 2.8 3.3 Microscope objective double layer CdSe-CdS QD/ silica [151]

dependence and an enhanced scattering at the laser line
without QD was also observed.

A summary of the results obtained in microspherical
lasers made in different glass materials is provided in Ta-
ble 2, where Pth indicates the threshold power, usually
measured at the input of the coupling system, and R is the
radius of the microsphere.

Microspheres can play an important role in developing
compact and low-threshold laser sources operating in the
visible region as well, which are in high demand in several
domains of commercial interest. Indeed, except for the blue,
which can be covered by using the recently developed GaN
semiconductor laser diodes, no reliable and wavelength
well-adapted laser sources are yet commercially available
between 525 and 630 nm in the green to orange range. An
interesting demonstrator, based on an upconversion process,
was proposed for a green laser using a 120- µm diameter mi-
crosphere of Er3+-doped ZBLAN glass [95]. Lasing occurs
at room temperature around 540 nm, by relaxation from the
4S3/2 state of the Er3+ ion, using a 801-nm diode laser pump.
The lasing threshold was only 30 µW of absorbed power al-
though a possible photodarkening effect was suggested [95].
Anyway, upconversion-based spherical microlasers appear
to be suitable candidates to develop reliable and wavelength
well-adapted laser sources.

7. Conclusions and outlook

Spherical microresonators, and especially glass micro-
spheres, have been discussed here in terms of fundamental
properties, fabrication protocols, light-injection configu-
ration, diagnostic techniques, and applications. This field
represents a hot topic nowadays, and the research covers
several significant scientific and technological areas, from
fundamental physics to sophisticated sensing applications,
passing through materials science and photonics.

The unique properties of spherical microresonators,
their very high quality factor Q, the possibility of tailoring
the glass composition and of functionalizing the spheres by
appropriate passive or active coatings, together offer us a
very sensitive tool. With this tool one can study and give
experimental demonstration of impressive physical effects
of cavity quantum electrodynamics, such as the modifica-
tion of the homogeneous broadening of rare-earth optical
transitions, and nonlinear effects such as stimulated Raman
scattering, four-wave parametric oscillation, or very low
threshold laser action.

On the application side, there is an increasing interest
toward advanced sensing, and this review reports several
examples of biochemical sensing both for label-free and
labeled detection. On the other hand, the optical properties
of these microresonators depend on the applied compres-
sive forces and mechanical strain; some recent applications
of microspheres as force sensors are reported, and it is
easy to foresee that spherical microresonators can play an
important role for monitoring fatigue phenomena in civil
structures where a local detection is required.

Many practical issues are still to be faced to realize
these possibilities, and, indeed, so far we have to deal with
laboratory prototypes only. The main problem is the lack
of integration. Ideally, multiplexed WGMR should provide
rapid information on both chemical composition of real
samples, i.e. blood or serum, and toxins or disease-marker
screening. For fabricating a lab-on-a-chip, state-of-the-art
photolithographic fabrication techniques could provide mi-
crofluidic cells. Microcavities combined with nanoplas-
monics can increase the local optical field at the surface
and open up the possibility of surface-enhanced Raman
spectroscopy of the molecules of interest. Conformational
changes were recently proved and this approach can be ex-
tended to measurements of protein folding, so that we could
expect that WGM sensors will be used for high sensitivity
early detection of Alzheimer and/or Huntington diseases.
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Microlaser sources still remain one of the more excit-
ing and versatile outcomes of spherical microresonators,
and the examples presented here are far from exhaustive.
Although the attention has mainly been focused on the 1.5-
µm region, looking at the research trends in this field it is
reasonable to expect important outcomes also in visible
compact laser sources; they could have a considerable im-
pact on optical data storage and medicine. The optimization
of the fabrication protocol of active microspheres is crucial
to achieve a high quality factor, in particular for materials
characterized by low cutoff vibrational energy.

One avenue to explore could be that of developing
nanocomposite spheres with core-shell configuration; the
sol-gel shell can be loaded by nanocrystals with low phonon
energy, activated by rare-earth ions. Some encouraging re-
sults have already been obtained, also by our group.

Another line of research that has been proposed but
not pursued enough is related to the use of active micro-
spheres as biosensors. By functionalizing them properly,
one might have the laser source and the sensing device in a
single resonator.

Quantum applications, not reviewed in this paper, can
profit from the improvement of fabrication techniques and
obtain additional gains in chip QED. High Purcell factors
may lead to single-photon sources. In technological appli-
cations such as filtering, add and drop devices will improve
the control and reproducibility of filtering properties of
the device. Nonlinear effects triggered by the enhanced
field in a microsphere could span the emission down to the
ultraviolet and operate continuously.

As a summary, we can conclude that glass-based spheri-
cal microresonators are a very handy tool to study and apply
important physical effects. The major present challenge is
how to pass from the laboratory to the market, by devel-
oping rugged devices that undoubtedly would have large
interest for application in sensing, biomedical diagnostics,
metrology and telecommunications.
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Opt. Lett. 26, 1051 (2001).

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org


