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The emission of light from whispering-gallery modes excited in microscopic spheres is examined. An evanes-
cent wave is produced by total internal reflection of an optical beam at a planar glass—air interface. This
evanescent wave is used to excite whispering-gallery modes in single microscopic spheres placed behind the

glass—air interface.

The intensity of light emitted into the air half-space from such spheres is measured as a
function of scattering angle for both p- and s-polarized input beams.

These data are compared with a simple

theory for the emission from a point source above a planar glass substrate. © 2003 Optical Society of America

OCIS codes: 290.5850, 230.5750, 260.6970, 999.9999.

1. INTRODUCTION

The interaction of optical waves with spherical objects
has been a subject of interest since the pioneering work
by Mie.! Subsequently, his theory has been extended to
describe the way a plane wave scatters from a wide range
of systems. These include the spectral response of metal-
lic suspensions, the study of atmospheric dust, the theory
of the rainbow, and the effects of clouds and fog.2® More
recently, there has been interest in the scattering of
evanescent waves by microscopic spheres.*® This can
produce enhanced scattering characteristics in terms
of higher intensity and improved contrast that have
proved valuable in the fields of microscopy and optical
sensing.®2?? Evanescent coupling also permits whisper-
ing-gallery modes (WGMs) to be excited inside the
sphere.?3-29

A WGM consists of an optical beam being confined and
circulating in an equatorial path within a sphere by suc-
cessive total or near-total internal reflections at the
sphere—air interface.262° Typically, a microsphere is
placed near (i.e., within one optical wavelength of) one
face of a high-refractive-index prism.?~2° Light incident
through the prism at an angle greater than the critical
angle associated with the glass—air interface leads to the
generation of an evanescent wave that decays exponen-
tially into the air.’® Placing the sphere in this evanes-
cent field allows WGMs to be excited, with resonance oc-
curring when the optical path length of one orbit is equal
to an integer number of optical wavelengths.?® (Alterna-
tively, coupling may be achieved by means of an optical
fiber; see, for example, Ref. 27.) The amount of energy
coupled into the WGM is normally controlled by adjusting
the frequency and power of the input laser beam along
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with the distance between the sphere and prism
surface.?#3! Resonance is then observed as either a re-
duction in the intensity of the light reflected at the
prism—air interface?*3! or an increase in the intensity of
light emitted from the sphere into the air half-space.?*3!
(When a fiber coupler is used, resonant coupling to the
WGM may also be observed as a reduction in the intensity
of light transmitted through the fiber.?’) As a result of
the high confinement of these modes, the theoretical Q
value reaches 10°, even for a small sphere of diameter 5
um at optical frequencies.?? Consequently, microsphere
resonators have been used as WGM lasers®’32 and as
photonic dots,3*3* with Q values as high as 10° being re-
ported for larger spheres.?>?6 However, when the micro-
sphere is strongly coupled to (i.e., in contact with) the pla-
nar dielectric substrate, the Q values associated with the
WGM resonances are ~5 X 102, much lower than the
theoretical value for an isolated sphere.?? This situation
is similar to most prism-based biosensing systems (see,
for example, Ref. 35) in which a particle that has become
attached to the prism surface is detected by observing the
light scattered from it. Microsphere resonators strongly
coupled to a prism have already been studied by Ishikawa
et al.,?®? who characterized the spatial distribution of
light emitted into the prism half-space and compared the
data acquired with the predictions of theory.

In this work we use a similar prism—sphere system, but
study the light emitted into the air half-space. Emitted
intensity is recorded as a function of scattering angle for
both p- and s-polarized incident beams. To describe a
sphere-behind-an-interface system, Mie theory must be
extended to include refraction and reflection of the inci-
dent and scattered fields at the interface.’® Further-
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more, for evanescent wave scattering, the incident field is
not constant over the entire sphere and this must also be
accounted for in the theory. Here, finite-element meth-
ods (see, for example, Ref. 37), finite-difference, time-
domain analysis,?®% or the discrete-sources method (see,
for example, Ref. 40) may be used to model the scattered
intensity as a function of scattering angle. However, all
these techniques are mathematically complex, and in
some cases require substantial computing power. In this
work, we demonstrate that a very simple point source
model can be used to describe part of the emission pattern
for WGMs excited in a microscopic sphere.

2. EXPERIMENTAL

By using the method described in Ref. 41, a single micro-
scopic sphere is placed on the surface of a fusion-drawn
glass slide*? [fusion-drawn glass is chosen as it has low
surface roughness (~13 nm)]. The reverse surface of the
slide is then refractive-index matched to a modified prism
assembly.*! This prism assembly is now positioned so
that the sphere-populated surface of the glass slide is at
the center of a rotatable table.*! A 10 mW, polarized
beam (of wavelength 632.8 nm) from a helium—neon laser
is then directed through the prism assembly onto the
outer surface of the glass slide. By rotating the table, an
angle of incidence beyond the glass—air critical angle is
selected to generate an evanescent wave. The sphere is
then positioned in the center of the (~100 um diameter)
laser beam spot (details are provided in Ref. 41). A pho-
tomultiplier tube detector is mounted on a second, motor-
ized, rotating table whose rotation axis coincides with
that of the first table. Scattered intensity is now
recorded while the scattering angle, measured from
the normal to the surface of the glass slide, is incre-
mented from —90° to 90°. Data are acquired for both p-
and s-polarized input beams. The scattering response of
the bare, planar, glass surface (i.e., when the sphere has
been removed from the beam spot*!) is also recorded for
both input polarizations. The above process is carried
out on a 5 um-diameter glass sphere (refractive index
1.52) for internal angles of incidence of 42° (just beyond
the glass—air critical angle), 47°, 50°, and 53°.
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Similar measurements are also taken for a single latex
sphere (refractive index 1.60) of diameter 1.4 um. Data
are acquired for incident angles of 48.5° and 53° (beyond
the glass—air critical angle). A full description of the ex-
perimental arrangement is given in Ref. 41.

3. RESULTS AND DISCUSSION

Figure 1 shows experimental data for a 5 um sphere
placed centrally in an optical beam incident at an angle of
42° (just beyond the critical angle associated with the
glass—air interface). Graphs 1(a), (b) and 1(c), (d) show
data acquired using p- and s-polarized input beams, re-
spectively. In each case, the solid curve indicates the
scattering response of the system. As the beam spot is
larger than the sphere, the signal measured here is the
result of fields scattered by the sphere and those that
have scattered merely from the planar glass substrate.
The curves with pluses indicate the intensity profile ob-
tained when the sphere is moved out of the laser beam
spot.*! (In this case, the laser beam strikes an area of
the fusion-drawn-glass-slide surface that is not occupied
by a sphere.) Thus we have a direct comparison between
the scattering response of the sphere and the signal ob-
tained as the result of light scattering from the surface
roughness associated with the substrate.

Both the intensity profiles associated with the sphere
are characterized by a peak at a scattering angle of 27°
that has a broad shoulder extending down to —15°. For
scattering angles beyond —60°, a clear mode structure is
observed. It should be noted that the fine structure evi-
dent in these and all the experimentally obtained curves
is not random noise but is, in fact, a highly repeatable
characteristic of the scattering system. Further investi-
gation is required to explain this but it may be due to
scattering from the surface roughness associated with the
glass substrate coupling with the scattering from the
sphere or perhaps to scattering from the surface rough-
ness of the sphere itself. (The large peak in intensity in
both curves at scattering angles above 55° arises from the
edge of the refracted beam.) Intensity profiles with simi-
lar characteristics are shown in Fig. 2 for an incident
angle of 47°. (The large peaks in intensity that occur for
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Scattered intensity versus scattering angle (light-scattering profile) for a 5 um-diameter glass sphere placed behind a glass—air
interface and illuminated with light at an angle of incidence of 42.0° (just beyond the critical angle).

Solid and dotted curves are the

experimental data and simple model predictions, respectively. The curves with pluses indicate the experimentally measured response

of the planar glass surface alone (i.e., with no sphere).

(a), (b) p-polarized incident beam; (c), (d) s-polarized incident beam.
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Fig. 2. Light-scattering profile for the same system as in Fig. 1 but illuminated at an angle of incidence of 47.0° (beyond the critical
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Fig. 3. Light-scattering profile for a 1.4 um-diameter latex sphere placed behind a glass—air interface and illuminated with light at an

angle of incidence of 48.5° (beyond the critical angle).
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Solid and dotted curves are the experimental data and predicted theory, respec-
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Fig. 4. Light scattering profile for the same system as in Fig. 3 but illuminated at an angle of incidence of 53.0° (beyond the critical

angle).

scattering angles above 45° in the data acquired both
when the sphere is centered in the laser beam spot and in
the background response from the planar glass substrate
are due merely to a stray beam that has undergone mul-
tiple reflections within the prism.*!) Similar intensity
profiles (not shown) for the same sphere were also ob-
tained for incident angles of 50° and 53°.

Figures 3 and 4 show data acquired (solid curves) for a
1.4 pm-diameter latex bead (refractive index 1.60) placed
centrally in an optical beam incident at angles of 48.5°
and 53°, respectively (beyond the glass—air critical angle).
As there is less scattered intensity from this smaller
sphere, the contrast between the sphere and background
signals is not as good as for the 5 um sphere (even after
reducing the size of the laser beam spot as described in
Ref. 41). The background signal is therefore subtracted
from the scattering response acquired for the sphere.*!
Both figures thereby show a clear mode structure that can
be associated only with scattering from the sphere.

To understand the electromagnetic response of the
samples studied, we have used the High Frequency Struc-
ture Simulator computer-modeling software.?” This soft-
ware is based on the finite-element method and divides a
model of the optical system into a mesh of tens of thou-

(a) p-polarized incident beam; (b) s-polarized incident beam.

sands of tetrahedral volumes, in each element of which
the field is represented by a local function. Hence Max-
well’s equations are transformed into matrix equations
that can be solved with traditional numerical methods.
Figure 5 shows a model of a 1.4 um-diameter sphere of
refractive index 1.6 that is surrounded by air. The plane
z = 0 represents the surface of the glass prism (refractive
index 1.52). In the model, p-polarized light is injected
through the prism from the left at an angle of 45° (beyond
the glass—air critical angle). The gray scale represents
the magnitude of the electric field evaluated at an instant
in time on the planey = 0 (which passes through the cen-
ter of the sphere). A WGM propagating in a counter-
clockwise direction is clearly excited around the sphere
equator that lies in the y = 0 plane (parallel to the plane
of incidence). Light emitted from the WGM into the air
half-space radiates tangentially to the sphere surface.
(Similar results are obtained for an s-polarized incident
beam.)

Consequently, for scattering angles 0° < 6 < 90°, it
appears that the intensity of light observed in the far field
is due only to light emitted directly from the sphere, as
indicated by the lack of interference oscillations observed
over this angle range (Figs. 1 and 2). However, for scat-
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tering angles —90° < 6 < 0°, the intensity observed in
the far field is the result of the superposition of fields that
have been emitted from the sphere at angle 6 and those
that have radiated at scattering angle 180°—-6 and have
then been reflected at the air—glass interface. To assess
the contribution from each component, the attenuation of
the latter upon reflection at the air—glass interface must
be accounted for by using the appropriate Fresnel
equations.*® Additionally, the phase difference between
the two beams must be calculated.

Figure 6 shows the arrangement of the system for light
emitted tangentially to the sphere surface. We now con-
sider a ray emitted directly from the sphere at scattering
angle 6 (AE in Fig. 6) and a second ray emitted at 180°—6
that is reflected at the air—glass interface (BCD). Now
the optical path difference (OPD) can be expressed as

OPD = nAB + BC + CD — AE. (1

Clearly, AE = FE — FA and CD = GD — GC = FE
-GC

~.CD — AE = FA - GC, (2)
nAB = (w/2 — 0)nd, 3)

where d and n are the diameter and refractive index of
the sphere, respectively. Now,

BC = FA = (FC/2) = d(1 + sin 0)/2 cos 6, (4)
GC = FCsin 6 = 2BC sin . (5)
From Eq. (1),
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OPD = nAB + BC + (CD — AE). (6)

Substituting for CD-AE using Eq. (2) yields OPD
= nAB + BC + FA — GC, and from Eqgs. (3), (4), and
(5),

OPD = d[n(m/2 — 0) + cos 0]. (7

Figure 7 shows the variation of OPD/d with scattering
angle for a glass sphere (solid curve A) and a latex sphere
(solid circles, curve B). We now compare these curves
with the response for a point-dipole source a distance d
above a planar air—glass interface (open circles, curve C).
In this case the path difference between the fields directly
emitted at angle 0 and those that undergo reflection at
the planar interface is 2d cos 6 (see, for example, Ref. 2).

Fig. 6. Ray diagram showing the emission of light from a
whispering-gallery mode excited in a sphere of diameter d that is
placed behind a glass—air interface. The radiation in the far
field is the result of a superposition of fields that are emitted at
angle 0 (ray AE) and those that are radiated at angle 180°— 6 (ray
BC) and then reflected at the air—glass interface (ray CD), for
scattering angles —90° < 0 < 0°.
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Fig. 5. Model of a 1.4 um-diameter latex sphere on a planar glass substrate. A p-polarized optical beam strikes the glass—air interface
z = 0 from the left at an angle of 45° in the glass (beyond the critical angle). The gray scale represents the electric field magnitude

(arbitrary units and scale) evaluated at an instant in time on the y = 0 plane that passes through the center of the sphere.

A

whispering-gallery mode propagates in the plane of incidence in a counterclockwise direction around the sphere equator. Light emitted
from the whispering-gallery mode radiates largely tangentially to the sphere surface.
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Fig. 7. Optical path difference (OPD) divided by sphere diam-
eter (OPD/d) versus scattering angle for a sphere of refractive
index 1.52 (glass) (solid curve A) and refractive index 1.6 (latex)
(solid circles curve B). Open circles, curve C, represent the re-
sponse expected for a point-dipole source surrounded by air and
positioned one sphere diameter d above the air—glass interface.

Table 1. Dipole Distances Used in the Simple
Modeling to Obtain the Best Fits to Data for the
5 pm-Diameter Glass Sphere

Distance of Point

Angle of Incidence Incident Source above Glass

(degrees) Figure Polarization Surface (um * 0.01)
42 1(b) p 5.35
42 1ud) s 5.60
47 2(b) p 5.80
47 2(d) s 5.90
50 n/a p 5.50
50 n/a s 5.70
53 n/a p 5.50
53 n/a s 5.70

All three curves show an OPD/d that decreases linearly
with scattering angle for angles beyond —65°.

We now consider the angle-dependent emission from
such a point-dipole source placed above the planar glass
surface as predicted by theory. In the model, the dipole is
initially oriented so that it is perpendicular to the planar
glass surface. The predicted response is then compared
with the data acquired with a p-polarized beam incident
at an angle of 42° [Fig. 1(b)]. To obtain the best fit to the
data, the effect of varying the distance of the dipole above
the glass surface is investigated. Here, the best agree-
ment is obtained for a distance of 5.35 um [the dotted
curve in Fig. 1(b)]. For scattering angles beyond —67°,
there is very good agreement between the mode positions
and relative peak heights found experimentally and those
predicted by this simple model. It should be noted that
the scattered intensity predicted by the simple theory is
scaled by an arbitrary factor to produce the theory curves
shown. As we are comparing only the angular positions
and relative strengths of the interference oscillations, the
absolute strength of the dipole source is not important.
The data acquired with an s-polarized input beam [Fig.
1(d)] are also compared with the model (dotted curve)
with the dipole now perpendicular to the plane of inci-
dence. Here, the dipole is positioned 5.60 um above the
glass surface in the model to obtain the best agreement
with experiment. Very good correlation between the an-
gular positions of the modes is observed for scattering
angles beyond —60°. Both values of dipole position used
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here are larger than both the given value of sphere diam-
eter (5 um) and the value measured by experiment in Ref.
41 (5.14 pum). Similar comparisons to theory are shown
in Figs. 2(b) and 2(d). (Again, the theory curves are
scaled by an arbitrary factor in all cases.) A summary of
the values of theoretical dipole position that provide the
best fits to data are provided in Table 1. The mean value
of dipole position used here, 5.63, is equivalent to (1.13
+= 0.01)d. From Fig. 7, it is clear that the OPD associ-
ated with emission from a glass sphere (curve A) is always
greater than the OPD associated with the dipole model
(using a dipole position of one sphere diameter) (curve C).
Therefore, to obtain agreement for § < —65° between the
two curves, curve C must be scaled by a factor of 1.29.
This compares reasonably well with the mean value of di-
pole position used to fit the experimental data.

We now consider the data acquired for the 1.4 um-
diameter sphere (Figs. 3 and 4). The dotted curves indi-
cate the response predicted by the simple point-dipole
model. Again, the distance of the dipole above the planar
glass surface is adjusted until the best agreement be-
tween data and model is obtained. (For clarity, the
model curves are scaled by an arbitrary factor in all
cases.) In all cases, the best fits are obtained for a dis-
tance of 1.80 um. This value is larger than both the
given value of sphere diameter (1.4 um) and the value
measured by experiment in Ref. 41 (1.5 um) and is
equivalent to 1.29d. Clearly, the OPD associated with
emission from a latex sphere (Fig. 7, curve B) is always
greater than the OPD associated with the dipole model
(using a dipole position of one sphere diameter) (curve C).
In this case, to obtain agreement for § < —65° between
the two curves, curve C must be scaled by a factor of 1.33.
This compares very well with the mean value of dipole po-
sition used to fit the experimental data.

4. CONCLUSIONS

In this work, the light emission from whispering-gallery
modes excited in single microscopic spheres was studied.
Spheres of diameters 5 um and 1.4 um (with refractive in-
dices 1.52 and 1.60, respectively) were used, and
whispering-gallery modes were excited in each by means
of evanescent coupling through a prism. The intensity of
light emitted into the air half-space was measured as a
function of scattering angle for both p- and s-polarized in-
put beams. Care was taken to minimize the effects of
light scattering from the surface roughness associated
with the glass substrate or from surface contaminants as
described in Ref. 41. In all cases the scattering response
of the sphere was compared to that of the substrate alone.

Modeling the optical response of the system with a
finite-element code (High Frequency Structure
Simulator®”) indicates that, as expected, whispering gal-
lery modes are excited around an equator that lies in the
plane of incidence. Moreover, light emitted into the air
half-space radiates predominantly in a direction tangen-
tial to this equator. Consequently, for scattering angles
—90° < # < 0°, the far-field radiation is the result of a
superposition of fields emitted directly from the sphere at
angle 0 and fields emitted at 180° — @ that are then re-
flected at the planar air—glass interface. The optical
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path difference (OPD) between the ray that is directly
emitted and the ray that undergoes reflection after emis-
sion was then calculated as a function of scattering angle.
This was compared to the optical path difference expected
for a point source placed one sphere diameter above the
air—glass interface. All three curves show that the value
OPD/d varies linearly with scattering angle for values of
the latter beyond —60°.

The scattering angle dependence of the intensity of
light emitted from the spheres, as measured by experi-
ment, was then compared to the emission pattern for a
point source above a planar air—glass interface, as pre-
dicted by a simple model. For high scattering angles,
typically beyond —60°, very good correlation between the
angular position of the intensity peaks was obtained. To
obtain the best fits to the data acquired using the glass
sphere, the model dipole had to be positioned a mean dis-
tance above the air—glass interface of (1.13 = 0.01)d.
This compares reasonably well with the value predicted
by a simple optical-path-difference model of 1.29d. The
best fits to the data acquired for a latex sphere were ob-
tained by positioning the dipole 1.29d above the sub-
strate, which agrees very well with the value of 1.33d pre-
dicted by the simple model.

This work has demonstrated that, to first approxima-
tion, a simple point-source model may be used to describe
the emission patterns (for scattering angles beyond —65°)
of whispering-gallery modes excited in microscopic
spheres. As the spheres used were similar to biological
particles in both size and refractive index, this may
have important ramifications in the field of optical
biosensing.?®
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