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Surface-plasmon-enhanced light scattering from microscopic spheres
M. J. Jory,a) P. S. Cann, and J. R. Sambles
Thin Film Photonics Group, School of Physics, University of Exeter, Stocker Road, Exeter,
EX4 4QL United Kingdom
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~Received 20 March 2003; accepted 24 July 2003!

The enhanced light scattering from microscopic latex spheres placed in the optical field associated
with a surface-plasmon resonance is explored. Spheres of 200 nm diameter are placed on an
optically thin gold film that supports the surface-plasmon and the scattered intensity is then
measured as a function of scattering angle. This is compared to the scattering profiles obtained from
spheres placed on a bare glass substrate. In both cases, the experimental data are compared to theory.
This system is of interest in the field of optical biosensing. ©2003 American Institute of Physics.
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Light striking a planar glass/air interface at an angle
incidence greater than the critical angle undergoes tota
ternal reflection and consequently there is no transmitted
However, placing a scattering particle in the evanescent fi
that decays into the air half-space~i.e., close to the interface!
allows light to radiate in an otherwise totally dark enviro
ment. The evanescent field generated by ap-polarized beam
at a glass/air interface has a maximum amplitude;3 times
the incident field. One variant of this simple idea includes
optically thin metal layer coating on the glass surface t
allows the excitation of a surface-plasmon polariton re
nance~SPR!.1 The amplitude~evaluated just above the met
surface! of the optical fields associated with the SPR, th
decay exponentially into the surrounding media, are typica
~e.g., when using a gold film illuminated by 632.8 nm wav
length radiation! ;10 times the amplitude of the inciden
field.1 Therefore, it may be possible to visualize a sing
particle in the SPR field more easily than one on a bare g
substrate.

Here, we compare the scattering response of latex mi
spheres placed behind a glass/air interface to those pl
behind an optically thin gold film that supports the SPR. A
ml drop of a microsphere/isopropyl alcohol~IPA! suspension
is placed onto a~Corning 7509! fusion-drawn glass slide
~surface roughness;13 nm). The slide has previously bee
refractive index matched to a prism so that, once the IPA
evaporated, the spheres may be illuminated through the g
using the 10 mWp-polarized beam from a HeNe laser inc
dent at an angle of 45°~beyond critical angle!. ~The laser
beam spot is;100mm in diameter at the sphere-covere
surface.! Scattered intensity versus scattering angle is n
recorded. Next, a 5ml drop of a second microsphere/IP
suspension, higher in concentration than the first, is app
to the sample surface. Light scattering data are again
quired. This process is repeated using suspensions su
sively higher in concentration.~The spheres are deposited o
the glass slidein situ in order to avoid disturbing the optica
arrangement between measurements.!

a!Electronic mail: mjjory@exeter.ac.uk
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Figure 1~a! compares the shapes of scattering profi
obtained having deposited 200 nm diameter latex sph
from suspensions of concentrations 6.331025, 8.431025,
1.0531024, and 2.131024 g/cm3 in succession.~The re-
sponse of the bare substrate is first subtracted from the
acquired for each sphere-covered surface. Arbitrary sca
and an adjacent-point average are then performed to ob
the data shown here.! All five curves are very similar in
shape with a large peak in scattered intensity at 60° an
smaller peak at265°. The consistent shape of the scatteri
profiles implies that the spheres are behaving as indepen
scatterers, provided the suspensions used are of conce
tion <2.131024 g/cm3. It should be noted that the fin
structure in the data is not random noise. For an individ
deposition of spheres consecutive angle scans reveal tha

FIG. 1. ~a! Comparison of angle-dependence of scattered intensity~arbitrary
scaling factors! for 200 nm diameter latex spheres behind a glass/air in
face and illuminated withp-polarized light incident at 45.0°~beyond the
critical angle!. Each curve represents a different concentration of the sph
IPA suspension used to deposit the spheres.~b! Scattered intensity, inte-
grated as a function of scattering angle vs concentration of sphere/IPA
pension~circles!. Line: linear fit.~c! Scattered intensity vs scattering angl
Line: experiment~using a suspension of concentration 2.131024 g/cm3).
Circles: response predicted by theory (S2

2 is proportional to intensity!.
6 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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pattern is highly repeatable. In this work, the laser beam s
strikes many spheres at once. Consequently, as scattered
is simultaneously collected from more than one sphere
structure may be due to interference effects, i.e., the sph
form a planar distribution of coherent sources. This sugg
tion is supported by the fact that the deposition of additio
spheres on the surface not only increases the scattered i
sity but also changes the pattern of the fine structure. Fig
1~b! shows scattered intensity, integrated as a function
scattering angle versus concentration~circles!. If the spheres
are behaving as independent scatterers a linear relation
should be observed~the line is a linear fit!. To first order
there is clearly a simple relationship although there are so
discrepancies between the data and the linear fit.

To first approximation, the amplitude of the decayi
evanescent field may be considered constant over the e
sphere provided its decay length ('l0 , where l0 is the
wavelength in free-space of an optical beam incident
beyond the critical angle! @sphere radius. In Fig. 1~c! the
experimentally measured scattering response~solid line! of
the system~having deposited spheres onto a bare subst
from a 2.131024 g/cm3 suspension! is compared to the re
sponse predicted by established theory~circles! describing
light scattering from a single sphere behind a pla
interface2 (S2

2 is proportional to intensity!. The effect of
varying the values for sphere refractive index and sph
diameter in the theory is explored. Use of the given value
1.6060.05 and (20065) nm for refractive index and diam
eter, respectively, provide the best agreement between th
and experiment. To obtain a detailed comparison between
two profiles all data are plotted on a linear scale. There
good agreement between the shapes of the two curves
the positions of the intensity peaks. However, the minim
in scattered intensity that is theoretically predicted to oc
at 4.9° occurs at29° in the experimental data.

The fusion-drawn glass slide is now replaced with
glass slide that has been coated in a gold film3 of thickness
;45 nm~surface roughness;5 nm). An angle-of-incidence
(43.5° in the glass! is selected that allows excitation of SP
at the gold/air interface. Figure 2~a! shows the scattering
profiles obtained after deposition of 200 nm diameter la
spheres on the gold surface. Suspensions of concentr
2.131025 ~bottom curve!, 4.231025, 6.331025, 8.4
31025, 1.0531024, and 2.131024 g/cm3 ~top curve! are
used.~The signal obtained from the bare gold surface is s
tracted from the scattering response of the sphere-cov
surfaces.! A comparison of the shapes of the curves is sho
in Fig. 2~b!. It is clear that the spheres are behaving as in
pendent scatterers for suspensions of concentration<2.1
31024 g/cm3. A near-linear relationship between integrat
scattered intensity and concentration is shown in Fig. 2~c!.

Figure 3 shows scattered intensity~integrated as a func
tion of scattering angle! versus angle of incidence measur
using a bare gold surface~circles!, i.e., no spheres presen
The line shows the amplitude, as predicted by theory,4 of the
evanescent field~arbitrary scaling factor! generated at the
metal/air interface for a 45-nm-thick gold film of optical pe
mittivity 211.511.51i . SPR excitation is observed as
clear peak in intensity at 43.5° in both curves and there
good agreement between the peak widths at half maxim
Downloaded 18 Jul 2007 to 144.173.6.74. Redistribution subject to AIP
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We now extend the theory2 to include the transmissivity
and reflectivity coefficients for a stratified isotropic plan
structure.4 This allows the optically thin gold film to be in
cluded in the model and the scattered fields that are refle
at the air/gold interface to be accounted for. Figure 4 sho
the measured scattering profile for a sphere-covered gold
face ~solid line! ~using a 2.131024 g/cm3 suspension!. The
main peak in scattered intensity, that occurs at 69°, ha
height of 17.5@much higher than that obtained from spher
placed on bare glass~1.9!, Fig. 1~c!#. These data are now
compared to the theoretically predicted response using
extended theory~open circles!. Sphere refractive index (1.6
60.05) and diameter@(20065) nm#, angle-of-incidence
@(43.560.1)°# along with the gold film thickness@(45
61) nm# and optical permittivity @211.5(60.5)1(1.5
60.1)i # are adjusted in the theory to provide the best fit
data~the best fit values are given in brackets!. The height of
the main peak in scattered intensity that occurs at 69°
10.2, again much higher than the value~0.3! predicted by
theory for spheres on a bare glass substrate in Fig. 1~c!.
There is good agreement between the positions of the p
in scattered intensity recorded in the experimental data
those predicted by theory. A minimum in scattered intens

FIG. 2. ~a! Total scattered intensity vs scattering angle for 200 nm diame
latex spheres placed in the optical fields associated with SPR excited
gold film. The spheres are deposited using sphere/IPA suspensions of
centration 2.131025 ~bottom curve!, 4.231025, 6.331025, 8.431025,
1.0531024, and 2.131024 g/cm3 ~top curve!. ~b! Comparison of the angle-
dependence of scattered intensity~arbitrary scaling factors!. ~c! Scattered
intensity, integrated as a function of scattering angle vs concentratio
sphere/IPA suspension. Circles: experiment. Line: linear fit.

FIG. 3. Scattered intensity, integrated as a function of scattering angl
angle-of-incidence for ap-polarized input beam striking a bare gold film
~circles!. The solid line represents the evanescent field intensity as pred
by theory~arbitrary scaling factor!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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is also observed in both curves although there is a la
discrepancy between the experimentally measured pos
(232°) and that predicted by theory (11°). This may be d
to fields that are first scattered from the sphere and refle
from the gold film to then scatter from the sphere for asec-
ond time not being included in the model.2 ~Reflectivities at
near-normal angles-of-incidence for the gold film will b
;80% compared to;4% for the air/glass interface studie
previously.!

In summary, the scattering response of 200 nm diam
latex spheres placed inp-polarized evanescent fields ha
been studied. Although many scatterers were optic
sampled at once, the measured intensity profiles indicate
dependent scattering’’ behavior. Data acquired from sphe
on a bare glass substrate were compared with establi
theory. Good agreement between the angular positions,
relative heights of the intensity peaks was observed. H
ever, a difference of 14° was recorded in the position of
intensity minimum measured experimentally and that p
dicted by theory. Angle-dependent scattering profiles w
also recorded for latex spheres placed in an SPR field
compared to the response predicted by extended the
Again, good agreement between the positions of the inten

FIG. 4. Scattered intensity vs scattering angle. Line: experiment~sphere/IPA
suspension of concentration 2.131024 g/cm3). Circles: extended theory (S2

2

is proportional to intensity!.
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peaks was observed, but the discrepancy in intensity m
mum position, increased to 43°.

Better agreement between experiment and theory ma
obtained by including the effects of secondary scattering
the theory. Alternatively, using infrared radiation would d
crease the effects of surface roughness of the substrate.
would also allow a sphere, or spheres of larger radius
smaller size parameter~i.e., sphere circumference divided b
optical wavelength! to be used.

Conventional optical biosensors3 incorporate detection
systems that collect light radiated within a cone of sol
angle centered on a normal to the sensor surface. Here, h
ever, both experiment and theory indicate that the scatte
intensity is maximal at;60° scattering angle. It may there
fore be possible to obtain better contrast by adapting
sensor collection optics to take account of this.

Exciting SPR along the interface occupied by the la
spheres increased the integrated scattered intensity by a
tor of ;14, as measured by experiment, approximately h
the increase~a factor of;29) predicted by a simple theor
that ignores second-order scattering from the sphere. H
ever, it is clear that excitation of SPR on a gold film allow
the intensity of scattered light to be increased by at leas
order of magnitude. As the latex spheres used in this w
are similar to biological particles in both size and refracti
index this may have important ramifications in the field
optical biosensing.3
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