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Surface-plasmon-enhanced light scattering from microscopic spheres
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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. 2@03 American Institute of Physics.
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Light striking a planar glass/air interface at an angle of  Figure Xa) compares the shapes of scattering profiles
incidence greater than the critical angle undergoes total inebtained having deposited 200 nm diameter latex spheres
ternal reflection and consequently there is no transmitted rajtom suspensions of concentrations B0 °, 8.4x10 >,
However, placing a scattering particle in the evanescent field.05< 10 4, and 2.1x10 * g/cn® in succession(The re-
that decays into the air half-spag@ee., close to the interfage sponse of the bare substrate is first subtracted from the data
allows light to radiate in an otherwise totally dark environ- acquired for each sphere-covered surface. Arbitrary scaling
ment. The evanescent field generated lpspolarized beam and an adjacent-point average are then performed to obtain
at a glass/air interface has a maximum amplitue@ times  the data shown hepeAll five curves are very similar in
the incident field. One variant of this simple idea includes arshape with a large peak in scattered intensity at 60° and a
optically thin metal layer coating on the glass surface thasmaller peak at-65°. The consistent shape of the scattering
allows the excitation of a surface-plasmon polariton resoprofiles implies that the spheres are behaving as independent
nance(SPR.! The amplitudgevaluated just above the metal scatterers, provided the suspensions used are of concentra-
surface of the optical fields associated with the SPR, thattion <2.1x10™* g/cn®. It should be noted that the fine
decay exponentially into the surrounding media, are typicallystructure in the data is not random noise. For an individual
(e.g., when using a gold film illuminated by 632.8 nm wave-deposition of spheres consecutive angle scans reveal that the
length radiation ~10 times the amplitude of the incident

field! Therefore, it may be possible to visualize a single 53
particle in the SPR field more easily than one on a bare glass B < 2] (@)
substrate. %‘g 1]

Here, we compare the scattering response of latex micro- & £o M~ ,
sphgres placgd behind a glqss/air interface to those placed - -90 'Gosca&gﬂng an%|e/degrees %0
behind an optically thin gold film that supports the SPR. A5 £ 5 100
{u,l drop of a microsphe_re/isopropyl alcoh(d)PA) suspensi_on § S 75](b)
is placed onto aCorning 7509 fusion-drawn glass slide £ 2 50 o
(surface roughness 13 nm). The slide has previously been £ & 291

o - c2 0 : ,
refractive index matched to a prism so that, once the IPA has s 0.0000 0.0001 0.0002

evaporated, the spheres may be illuminated through the glass E concentration / glcm®

using the 10 m\Wp-polarized beam from a HeNe laser inci- - g 2 0.5
dent at an angle of 45¢beyond critical angle (The laser o3 ] (c) _8;‘;
beam spot is~100um in diameter at the sphere-covered §‘§ ] o -8-% P
surface) Scattered intensity versus scattering angle is now @ £ gleg” —Smeemt : 0.0
9 60 -30 O 30 60 90

recorded. Next, a Sul drop of a second microsphere/IPA
suspension, higher in concentration than the first, is applied
to the sample surface. Light scattering data are again a¢G. 1. (a) Comparison of angle-dependence of scattered inte(eibjtrary
quired. This process is repeated using suspensions Succ?g@ling factorsfor 200 nm diameter latex spheres behind a glass/air inter-

ivelv higher i tratiofiTh h d ited ace and illuminated wittp-polarized light incident at 45.0tbeyond the
Sively highér in concentra iortThe spheres areé deposited ON . iscq| angle. Each curve represents a different concentration of the sphere/

the glass slidén situ in order to avoid disturbing the optical |pA suspension used to deposit the sphefbp.Scattered intensity, inte-
arrangement between measurements. grated as a function of scattering angle vs concentration of sphere/IPA sus-
pension(circles. Line: linear fit.(c) Scattered intensity vs scattering angle.
Line: experiment(using a suspension of concentration 2110~ * g/cnt).
dElectronic mail: mjjory@exeter.ac.uk Circles: response predicted by theo@é (is proportional to intensity

scattering angle / degrees
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pattern is highly repeatable. In this work, the laser beam spot
strikes many spheres at once. Consequently, as scattered light
is simultaneously collected from more than one sphere this
structure may be due to interference effects, i.e., the spheres
form a planar distribution of coherent sources. This sugges-
tion is supported by the fact that the deposition of additional

15](a)

scattered
intensity / a.u.
)

90 -60 -30 0 30 60 90
scattering angle / degrees

spheres on the surface not only increases the scattered inten- ?‘, 30 )
sity but also changes the pattern of the fine structure. Figure § 3, 2
1(b) shows scattered intensity, integrated as a function of §'g 101
i i L8 0= . : . .
scattering angle versus concentratiaircles. If the spheres £ S & 30 5 30 5o %

are behaving as indeper_1der_1t scatterers a Iine_ar relationship 4= scattering angle / degrees
should be observeg@he line is a linear fit To first order g 5 1200
there is clearly a simple relationship although there are some § & 800l ©
discrepancies between the data and the linear fit. - Z 400]

To first approximation, the amplitude of the decaying %ﬁ o
evanescent field may be considered constant over the entire g-‘-: 0.0000 0.0001 ) 0.0002
sphere provided its decay length=§,, where\, is the £ concentration / g/cm

Wavelength In_ free-space of an OptIC.al beam_ incident JusI:IG. 2. (a) Total scattered intensity vs scattering angle for 200 nm diameter
beyond the critical angje>sphere radius. In Fig.(¢) the  |atex spheres placed in the optical fields associated with SPR excited on a
experimentally measured scattering respofssdid line) of gold film. The spheres are deposited using sphere/IPA suspensions of con-
the system(having deposited spheres onto a bare substratﬁ:eé‘;ai'gizxdlg_; (bofjor r:?ua/é, 4'221?; ’C6'3Xl(_’_5' 5o 10_5'|

—4 _— oL , and 2. glent (top curve. omparison of the angle-
from a 2.1x 1_0 g/crr? SUSp_enSIOhIS Co_mpamd to the re dependence of scattered intensigyrbitrary scaling factods (c) Scattered
sponse predicted by established thetcircles describing intensity, integrated as a function of scattering angle vs concentration of
light scattering from a single sphere behind a planasphere/IPA suspension. Circles: experiment. Line: linear fit.

interfacé (S§ is proportional to intensiy The effect of

varying the values for sphere refractive index and sphere  \yie now extend the theofyo include the transmissivity
diameter in the theory is explored. Use of the given values ofnq reflectivity coefficients for a stratified isotropic planar
1.60+0.05 and (20&5) nm for refractive index and diam-  strycture’ This allows the optically thin gold film to be in-
eter, respectively, provide the best agreement between theogyded in the model and the scattered fields that are reflected
and experiment. To obtain a detailed comparison between thg the air/gold interface to be accounted for. Figure 4 shows
two profiles all data are plotted on a linear scale. There ishe measured scattering profile for a sphere-covered gold sur-
good agreement between the shapes of the two curves afgce (solid line) (using a 2. 10" * g/cn? suspension The
the positions of the intensity peaks. However, the minimummain peak in scattered intensity, that occurs at 69°, has a
in scattered intensity that is theoretically predicted to OCCUheight of 17.9much higher than that obtained from spheres
at 4.9° occurs at-9° in the experimental data. placed on bare glasd.9), Fig. 1(c)]. These data are now
The fusion-drawn glass slide is now replaced with acompared to the theoretically predicted response using the
glass slide that has been coated in a gold¥ibfthickness  extended theoryopen circles Sphere refractive index (1.6
~45 nm (surface roughness 5 nm). An angle-of-incidence +0.05) and diametef (200+5) nm], angle-of-incidence
(43.5° in the glassis selected that allows excitation of SPR [(43.5+0.1)°] along with the gold film thicknesg (45
at the gold/air interface. Figure(@ shows the scattering +1) nm|] and optical permittivity [ —11.5(+0.5)+ (1.5
profiles obtained after deposition of 200 nm diameter latex+0.1)i] are adjusted in the theory to provide the best fit to
spheres on the gold surface. Suspensions of concentratierata(the best fit values are given in brackefshe height of
2.1x10°° (bottom curvg, 4.2<10°°, 6.3x10°° 8.4  the main peak in scattered intensity that occurs at 69° is
X107°, 1.05<10 *, and 2.1x10 * g/cn® (top curve are  10.2, again much higher than the val(@3) predicted by
used.(The signal obtained from the bare gold surface is subtheory for spheres on a bare glass substrate in Fig. 1
tracted from the scattering response of the sphere-coverethere is good agreement between the positions of the peaks
surfaces.A comparison of the shapes of the curves is showrin scattered intensity recorded in the experimental data and
in Fig. 2(b). It is clear that the spheres are behaving as indethose predicted by theory. A minimum in scattered intensity
pendent scatterers for suspensions of concentrati@nl
X 10" 4 glent. A near-linear relationship between integrated

el
scattered intensity and concentration is shown in Fig).2 g 5 o5
Figure 3 shows scattered intensitytegrated as a func- ‘§ 8 2]
tion of scattering angleversus angle of incidence measured oz 1-8:
using a bare gold surfageircles, i.e., no spheres present. % g 051
The line shows the amplitude, as predicted by théafthe ;-;’é 0-040 42 a4 26
evanescent fieldarbitrary scaling factgrgenerated at the =

angle of incidence / degrees
metal/air interface for a 45-nm-thick gold film of optical per-

mittivity —11.5+151. SPR excitation is observed as a FIG. 3. S_ca_ttered intensity, int_egrat_ed as a functi(_)n_ of scattering angle 'S
. . o . angle-of-incidence for g-polarized input beam striking a bare gold film
clear peak in intensity at 43.5° in both curves and there '%circles. The solid line represents the evanescent field intensity as predicted
good agreement between the peak widths at half maximunhy theory(arbitrary scaling factor
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5 20 12 peaks was observed, but the discrepancy in intensity mini-
B 15 19 « mum position, increased to 43°.
g 2 10 6 o' .
2% ¢l ENS Better agreement between experiment and theory may be
g2 5 = 513 . . . . .
28 0 : — . 0 obtained by including the effects of secondary scattering in
£ 90 -60 -30 0 30 60 90

the theory. Alternatively, using infrared radiation would de-
crease the effects of surface roughness of the substrate. This
FIG. 4. Scattered intensity vs scattering angle. Line: experirtsaiere/IPA would also allow a sphere, or spheres of larger radius but
suspension of concentration X10~* g/cn?). Circles: extended theor)Sﬁ smaller size parameteire. sphere circumference divided by
is proportional to intensity . '

optical wavelengthto be used.
Conventional optical biosensdrincorporate detection

is al b d in both thouah th . | systems that collect light radiated within a cone of solid-
IS also observed in both curves althoug ere1s a arggngle centered on a normal to the sensor surface. Here, how-

discrepancy between_ the experimentally mea}sured pOSIt'Oé‘ver, both experiment and theory indicate that the scattered
(—32°) and that predicted by theory (11°). This may be du§nensity is maximal at-60° scattering angle. It may there-
to fields that are first scattered from the sphere and reflecteg,e pe possible to obtain better contrast by adapting the
from the gold film to then scatter from the sphere f@eZ-  sensor collection optics to take account of this.
ondtime not being included in the mod&(Reflectivities at Exciting SPR along the interface occupied by the latex
near-normal angles-of-incidence for the gold film will be spheres increased the integrated scattered intensity by a fac-
~80% compared te~-4% for the air/glass interface studied tor of ~14, as measured by experiment, approximately half
previously) the increaseda factor of ~29) predicted by a simple theory

In summary, the scattering response of 200 nm diametethat ignores second-order scattering from the sphere. How-
latex spheres placed ip-polarized evanescent fields has ever, it is clear that excitation of SPR on a gold film allows
been studied. Although many scatterers were opticallythe intensity of scattered light to be increased by at least an
sampled at once, the measured intensity profiles indicate “inerder of magnitude. As the latex spheres used in this work
dependent scattering” behavior. Data acquired from sphereare similar to biological particles in both size and refractive
on a bare glass substrate were compared with establishéadex this may have important ramifications in the field of
theory. Good agreement between the angular positions, arptical biosensing.
relative heights of the intensity peaks was observed. How-
ever, a difference of 14° was recorded in the position of th%un
intensity minimum measured experimentally and that pre-
dicted by theory. Angle-dependent scattering profiles werel(l-si F\t}algthersurfglce SPlasmoneSgringSr, ggrlin, 1988
also recorded for latex spheres placed in an SPR field anéE.'A.I Porkins o D3 ég:jireeil,1éio(slens?.8ioelectrm. 853 (2000.
compared to the response predicted by extended theoryr . . Azzam and N. M. Basharaliipsometry and Polarized Light
Again, good agreement between the positions of the intensity (Elsevier, The Netherlands, 1996

scattering angle / degrees
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