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Scanning surface plasmon imaging of nanoparticles
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Confining surface plasmon resonance with a high-resolution heterodyne interferometric microscope, we
demonstrate that subwavelength nanoparticles (10-200 nm in diameter) can be identified and sized in air and
water media. Even though this microscope does not require any labeling of the nanoparticles, it offers the
possibility to distinguish metal from polymer nanoparticles, by the identification of an angular transform of the
backreflected field [V(Z)] versus the defocus Z. We propose a simple model that reproduces the optical
response of the microscope in the presence of a nanoparticle perturbation. Both the shape of the microscope
point spread function and the V(Z) curves compare well with the experimental data, confirming the possibility
to discriminate metal from polymer nanoobjects with this microscope.
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I. INTRODUCTION

Surface plasmon resonance (SPR) is a collective response
of free-surface electrons of conducting materials to an elec-
tromagnetic excitation.! The field enhancement associated
with SPR makes it suitable for high sensitivity detection of
nanoscale objects.> When SPR is launched on a flat metal
surface, it propagates and attenuates on a characteristic dis-
tance €fP which is on the order of several micrometer. Lo-
calized surface plasmon polaritons (SPPs) were first obtained
by light absorption by metal nanoparticles (NPs) (Ref. 3) and
later on textured metal films.* SPP confinement can also be
achieved using a high numerical aperture objective lens.>8
Scanning surface plasmon microscopy (SSPM), based on
this method, was shown to improve the resolution of SPR
imaging by more than one order of magnitude.’”’

Optical properties of NPs are intermediate between bulk
material and molecular aggregates, they depend not only on
their size but also on their shape.’ Both near-field'® and
far-field'! optical detection of nanoparticles have been pro-
posed so far. Since the intensity of light scattered by a NP
scales as D° (D being the particle diameter), the discrimina-
tion of a single particle from other scatterers requires long
integration times. Interferometric methods pushed down this
size limitation by capturing the field scattered by the particle
(~D?). Recently, photothermal heterodyne imaging was pro-
posed for detecting gold NPs with diameters as small as 1.4
nm with an integration time of a few milliseconds.!> Imaging
low-index dielectric particles is mainly limited by the con-
trast difference with the surrounding medium. Very few stud-
ies afford the detection of unlabeled particles with sizes
much smaller than the wavelength. Recently, Ignatovich and
Novotny!® have proposed an interferometric device that
pushes the detection limit down to 20 nm diameter for poly-
mer particles within a few milliseconds.

We show that SSPM can be used to image NPs of differ-
ent materials (metal, dielectric) for diameters ranging from
10 to 200 nm in air and water. This is, to our knowledge, the
first evidence for a single technique which can offer a fast,
direct, versatile, and nonintrusive imaging of nanosize ob-
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jects. We also discuss the SSPM contrast optimization with a
mean-field multilayer model, and we confirm that the particle
contrast oscillations with the microscope focus Z depends
mainly on the phase of the backreflected field reradiating
through the objective lens.

II. MATERIALS AND METHODS
A. SSPM setup

Figure 1(c) reports the sketch of the SSPM optical setup.®
A linearly polarized He-Ne (A=632.8 nm) laser beam is col-
limated, expanded 15 times and finally focused on the
sample by an immersion objective lens with a large numeri-
cal aperture 1.45 NA 60X (respectively, 1.65 NA 100X) for
air (respectively, water) observation. An heterodyne interfer-
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FIG. 1. (a) Prism-coupled Kretschmann configuration for SPR
measurements. (b) High numerical aperture lens-coupled SPR im-
aging system. (c) Sketch of the SSPM apparatus. (A,C) incoming
and (B,D) backreflected rays, Ob: objective lens, Cs: coverslip, ML:
metal layer, NP: nanoparticle, and 6,: SPR angle.
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ometer enables the detection of phase differences (between
reference and sample arms) introduced by SPR [Fig. 1(a)].
Disposable microscope coverslips coated with a 3 nm layer
of chromium and a ~45 nm layer of gold serve as surface
plasmon resonators. A 500 X 500 pixel SSPM image I(X,Y)
is recorded in a few seconds by scanning the sample with a
(X-Y) piezoelectric stage [PI FRANCE] at a fixed defocus Z.
To get rid of laser intensity fluctuations, for each point
(X,Y), the signal I is normalized by the maximal value I, of
I(Z) at (X,Y)=(0,0). The Z defocus value corresponding to
this maximal value I, is then chosen as the origin Z=0. This
position corresponds roughly to the gold/dielectric medium
interface. At focus (Z=0) and out of focus (Z>0), incoming
rays (A) are reradiated in rays (B), containing amplitude and
phase information on SPP propagation inside the confined
area [see Fig. 1(b)]. The radial symmetry of the high-
aperture objective lens produces a confinement of the SP
waves. The rays (C) which are not coupled to SP are re-
flected back (D) without SP phase retardation.

B. Sample preparation

Deposition of NPs on gold surface was optimized to have
isolated objects. The gold samples were first rinsed with ab-
solute ethanol, dried under a nitrogen flow, and cleaned by
O3, in a UV/O; chamber (45 min). All calibrated (C) and
noncalibrated (NC) gold NPs were dispersed in ultrapure wa-
ter (18 MQ cm™) to a final concentration of ~10% ml~!. A
drop of this dispersion (~300 ul) was deposited on gold (2
min), rinsed with 3 ml of ultrapure water, and dried under a
nitrogen flow. Latex NP adsorption was favored by self-
assembling a monolayer of 11-Amino-1-undecanethiol
(AUT) molecules on gold. C and NC latex particles were
dispersed to a final concentration of ~107 ml™' in a phos-
phate buffer (pH=8 and 100 mM ionic strength). A drop of
300 ul of this solution was deposited onto the AUT-SAM
(self-assembled monolayer) gold surface and stored 20 h in
an air oven at 80 °C. The samples were rinsed with 1 ml of
ultrapure water and dried under nitrogen gas before SSPM
imaging. Atomic force microscopy was performed to check
the sparse concentration of gold and latex NPs on the gold
surface (~1/um?). Both gold and latex NPs adsorbed on
gold were first localized and imaged with SSPM in air, then
the microflow chamber in contact with gold was filled with
water to allow water medium observation.

III. SPR VERSUS SSPM PRINCIPLES

Surface plasmon excitation can be achieved by monitor-
ing the wave-vector component normal to the gold interface
in attenuated total reflection, thanks to a prism coupler, for
instance, with the Kretschmann'# or the Otto geometry."> In
the Kretschmann geometry, a prism with refractive index n,
is covered by a metal waveguide consisting of a thin metal
film (with permittivity e,=¢, +ie,) and thickness &, in
contact with a semi-infinite dielectric medium (gj). The
reflectivity curves shown in Figs. 2(a) and 2(b) have been
computed using Fresnel refraction and reflexion equations
and a four-layer model for the metal interface
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FIG. 2. (Color online) (a) SPR reflectivity |r,(6)| curves (black
symbols for a 45-nm-thick gold film and green curve for a 25-nm-
thick gold film). (b) Phase of r,: ®p [black symbols correspond to
a 45-nm-thick gold film, light gray (green in color) and dark gray
(red in color) curves correspond to a 25-nm-thick gold film]. (c)
171y curves (normalized to their maximum). The dark gray (red in
color) curve corresponds to an artificial layer with the |rp| of a
45-nm-thick gold film and the ®p of a 25-nm-thick gold film. (d)
Contrast versus Z plots, computed from the differences of the dark
gray (red in color) and light gray (green in color) curves I/1,(Z)
with the black 1/14(Z).

(glass/chromium/gold/air).'®!'” The propagation constant
(k)S(‘P) for surface plasmon in a Kretschmann configuration
can be written as'®

w EpEm
ISP = k5P 4 ARSP = = | =2 4 AKSP, (1)
C 8D+ En

The first term characterizes the surface plasmon propaga-
tion at a two semi-infinite medium (metal-dielectric) inter-
face without prism, and Aka accounts for the prism cou-
pling, that produces the evanescent wave and the finite size
of the gold film.!” The attenuation length of the surface plas-
mon waves ¢3°=1/[23(k%")] depends on the thickness of
gold and on its texture (volume and surface). When the
thickness of gold is decreased from 45 to 25 nm, radiative
damping?® increases and this propagation length is roughly
divided by 2, which produces a weak localization of the sur-
face plasmon.

A. One-dimensional modeling of 1(Z) curves

When the objective lens is scanned along the Z axis, a
complex V(Z) signal is recorded on the photomultiplier. This
signal V(Z) is at the basis of SSPM image reconstruction. It
can be written as an average of the black reflected field over
the incident rays characterized by the two angles 6 and ¢,
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0max
V(Z) = j P( 0) Q(0)exp(2jk,Z cos O)sin 0d6, (2)

Ormin

where P is the pupil function of the objective lens, k, the
wave number inside glass, Q(6) is proportional to the back-
reflected field, integrated over the radial angle ¢ and it de-
pends on the light polarization (P for TM polarization and S
for TE polarization), in the case of a flat interface (no NP),

2
QP’S(B):f rP3(0)cos? ede = 7rt5(0). (3)
0

B. Dependence of V(Z) curves with the gold film
characteristics

We concentrate here our discussion on the modulus /(Z)
of V(Z) and we consider a linear polarization configuration.
As shown in Fig. 2(c), a I(Z) curve presents a sharp central
peak aligned on Z=0, and for Z>0 (focusing inside the di-
electric medium) smooth and slow oscillations, characteristic
of plasmon resonance, that superimpose to a global decay.
Their period can be approximated by the equation AZgp
=N/2n,(1-cos 6p) (Refs. 5 and 21) with 6p the angle of
plasmon resonance [=44°, as shown in Fig. 2(a)] which
gives AZgp~744 nm.

C. SSPM and radiative damping

The interfacial reflectivity r7(6) is a complex quantity,
and besides a deap hollow of |rp| at plasmon resonance, its
phase ®p(6) also displays a sharp drop. When the thickness
of the gold film changes, both the shape of |rp(6)| and the
drop of the phase at resonance change dramatically [see Figs.
2(a) and 2(b)]. In Fig. 2, we use two gold thicknesses for
illustration, respectively, 45 nm (black curve) and 25 nm
(light gray curve, green in color) to demonstrate that the
phase ®p(6) has a dominant role on the I(Z) response. We
construct an artificial “hybrid” film, with |rp| corresponding
to a 45-nm-thick gold and ®p corresponding to a 25-nm-
thick gold (red curves). The corresponding normalized
1/1(Z) curves are plotted in Fig. 2(c). Despite the |rp| of
dark gray (red) (hybrid film) and black (45 nm film) curves
are the same, the corresponding I/1,(Z) are very different.
Actually, the hybrid film 1/1,(Z) curve looks much more like
the 25 nm film 1/14(Z) curve. In Fig. 2(d), we plot the dif-
ference between each of the dark gray (red) and light gray
(green) curves and the black curve which corresponds to the
45-nm-thick gold film. We conclude from this figure that the
I(Z) slow-mode oscillations, characteristic of plasmon are
more sensitive to the phase than to the amplitude of rp. De-
creasing the gold thickness J,, involves an amplification of
these oscillations. The shortness of the plasmon propagation
length €§P due to radiative damping involves an improve-
ment of the SSPM contrast.

D. Experimental curves

I(Z) /1, curves shown in Fig. 3(a) were acquired from a 45
nm gold layer deposited on a 3 nm chromium layer to ensure
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FIG. 3. (Color online) (a) Experimental I/1(Z) curves, captured
for a bare gold zone (gray curve with symbols) and for a position
corresponding to an adsorbed NP (gray curve, green in color). (b)
Modeling the experimental curve I/15(Z) (gray curve with symbols)
with the mean-field model: black curve computed for a 45 nm gold
layer and red curve computed from a 45 nm gold layer, with a
modification of the phase of the reflectivity ®p, to decrease the
plasmon propagation length (for instance, for a gold layer thickness
of 25 nm). Model parameters: &;=—12.0+i1.2 for gold, &, =
—1.114i20.8 for chromium (3 nm), pupil function P(sin 6)
=exp(-2 sin? §/w?) with w=0.8.

adhesion on glass. NPs were adsorbed on gold prior to the
experiments. The gray curve with symbols corresponds to a
point (X,Y) located on the bare gold surface while the gray
curve without symbol corresponds to a 100 nm gold NP.

With a Gaussian pupil function and including a chromium
adhesive layer of 3 nm to gold, we computed //I,(Z) curves
that reproduce fairly well the shape of the experimental
curves, as shown in Fig. 3(b). The 45 nm thickness of the
gold films was confirmed by measurement of SPR |rp|.!0??
The computation of 1/1,(Z) with a four-layer model (glass/3
nm chromium/45 nm gold/air) gives the black curve in Fig.
3(b), that does not fit the experimental curve. Therefore,
SSPM experimental response cannot be fully interpreted on
the basis of this model with a flat gold film. If we compare
the experimental /(Z) curves [Fig. 3(a)] with the theoretical
curves of Fig. 2(c), we conclude that there must be some SP
localization phenomenon in the experimental data. This SP
localization suggests that the gold layers prepared by gold
evaporation do not behave as flat and homogeneous layers
and that their inhomogeneity (lacunarity and/or roughness)
may change (shorten) the propagation length of the
plasmon.'%?? To take into account this inhomogeneity, we
propose here to tune the phase of the reflectivity ®p. As
suggested above, in Fig. 2, we have replaced the phase of rp
of a 45 nm gold layer, by the phase of a thinner gold layer
(25 nm), and we plot the new I/1y(Z) profile in red. This
theoretical curve gives a better prediction of the experimen-
tal data.

IV. SURFACE PLASMON AND GOLD ROUGHNESS

The localization of SP by rough surfaces was very early
predicted by Raether.! Imaging naked gold film surface with
SSPM can be used to reveal the spatial inhomogeneity of
gold films. We have observed!®?? a strong dependence of the
SSPM response (amplitude and phase) with the roughness of
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FIG. 4. SSPM images of NPs in air. Left panels: 200 nm gold
NP. Gray-coded images constructed for Z=0.825 um (a) and
1.150 wm (b). In (c) are shown sections of (a) and (b). Right pan-
els: 50 nm gold NP. Gray-coded images constructed for (a’) Z
=0.925 um and (b’) 1.330 um. In (c’) are shown sections of (a’)
and (b’). White (respectively, black) section lines in (a) and (a’)
[respectively, (b) and (b’)] correspond to thick (respectively, thin)
curves in (c) and (c’). Scale bar is 1 um.

gold. It produces an inhomogeneous distribution of the elec-
tric field at the gold interface. This roughness produces “hot
spots” where the local electric field can be dramatically in-
creased, and modifies the lateral propagation length €,
=1/ (2k;'SP) of the surface plasmon. In other words, the larger
the volume fraction of defects (due to its roughness) the
shorter the lateral propagation length of the plasmon wave,
in a similar way as thinner gold films (see Fig. 2).

V. NANOPARTICLE IMAGING WITH SSPM
Figure 4 shows SSPM images of gold and latex NPs in
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FIG. 5. Comparison of SSPM image cross sections of (a) gold
and (b) latex NPs of different sizes. In (a), the 200 nm and 10 nm
profiles have been averaged over 3 and 6 noncalibrated NPs, re-
spectively, whereas the 90, 50, and 30 nm profiles have all been
averaged over 4 calibrated NPs. In (b), the 50 nm and 20 nm NP
profiles have been averaged over 2 and 6 calibrated NPs,
respectively.
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FIG. 6. SSPM images of calibrated NPs in water. Left panels: 30
nm gold NP. Gray-coded images constructed for (a) Z=1.270 um
and (b)1.100 um. In (c) are shown some sections of (a) and (b).
Right panels: 30 nm latex NP. Gray-coded images constructed for
(a’) Z=0.767 pm and (b’) 0.500 pm. In (c¢') are shown sections
of (a’) and (b"). White (respectively, black) section lines in (a) and
(a’) [respectively, (b) and (b’)] correspond to thick (respectively,
thin) curves in (c) and (c¢’). Scale bar is 1 um. Intensity profiles
corresponding to positive contrast in (a) and (a’) have been artifi-
cially shifted upward in (c) and (c’).

air. They were flattened using a second-order polynomial and
filtered with a nine pixel sliding box. Averaged cross sections
obtained from gold and latex NPs imaged in air, with size
ranging from 10 to 200 nm, are shown in Fig. 5. Images of
NPs were also obtained in water for latex and gold NPs with
sizes ranging from 30 to 200 nm (see Fig. 6).

With a linearly polarized light, NPs adsorbed on the gold
surface appear as a two-lobe pattern in the direction of the P
polarization.” The separation and the width of the two lobes
do not depend on the size and the nature of the NP if smaller
than the point spread function (PSF) width, which can be
estimated from the full width at half maximum (FWHM) of
each lobe: 220+20 nm in air and 135+ 20 nm in water.
The corresponding mean distances between the two lobes are
350*x20 nm in air and 245+ 15 nm in water. However,
when the NP size reaches 200 nm, the two lobes are no
longer separated and their intensities overlap [see Fig. 5(a)].
Going from air to water, the PSF width diminishes by a
factor 2/3, with a weak dependence on the nature of the NP.

Thanks to the decomposition of Maxwell equations on a
multipolar expansion,”® we computed numerically the two-
lobe characteristic SSPM response for a spherical 50 nm
metal NP in air [Fig. 7(a)]. This profile is a J; Bessel func-
tion whose axis is parallel to the direction of the incident
polarization. The theoretical cross section provides a remark-
able fit of the experimental data, obtained from both gold and
latex NPs [Fig. 7(b)]. The predictions of the PSF FWHM
(240 nm in air and 150 nm in water) and of the distance of
the lobes (340 nm in air and 255 nm in water) compare well
with the experimental values. The contrast a NP with the
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FIG. 7. (a) Theoretical gray-coded intensity /(X,Y)/I, computed
for a 50 nm gold NP in air at Z=800 nm. (b) Cross section of (a) at
Y=0 (solid line), compared to the corresponding experimental sec-
tion (black dots). In the theoretical model, the particles are embed-
ded in air and separated by 0.1 nm from the 45 nm gold layer (g,
=-12.0+i1.2) coated on a glass coverslip.

surrounding medium (g,) is approximated by the ratio (exp
—&4)/(enpt28,4), and for a latex particle, this ratio decreases
from 0.34 (air) to 0.13 (water), which is in the opposite sense
than what we observe with the SSPM. We interpret this dif-
ference by a strong widening of the reflectivity rp curve in
water, which improves the SSPM contrast.

However, the contrast of the NPs, given by the difference
AT of the lobe maxima with the background, changes very
slowly with their size and/or their nature. This experimental
behavior can be explained by the fact that the gold film cap-
tures the nonradiative field backreflected by the particle
which decreases slowly with the particle size since it is given
by the particle polarizability. Close to the particle, a very
strong-field gradient occurs, which interferes locally with the
evanescent field of the gold film. Moreover, if the gold inter-
face is rough there will be an amplification of the evanescent
field due to SPR, and a localization of this field on hot spots.

We show now that the evolution of the optical contrast
AI(Z) with the defocus Z can be used to differentiate the
dielectric properties of two spherical particles. This informa-
tion can be retrieved from the evolution of the optical re-
sponse with the defocus. Related to the dielectric property of
the NP, a phase shift of AI(Z) oscillations occurs, as shown
in Fig. 8 for two sets of NPs, respectively, 100 nm gold in
Fig. 8(a) and 100 nm latex in Fig. 8(b). For instance, the first
minimum is at Z=0.5 um for a 100 nm gold particle and at
Z=0.7 pm for a 100 nm latex particle, which gives a shift
~200 nm. This is a robust phenomenon that reproduces in-
dependently of the size of the NP. We also compare the ex-
perimental contrast curves (gray curves with symbols) with
the prediction of the four-layer model, computed either with
a 45 nm gold layer (plain black curve), or the hybrid gold
film, where the phase of the plasmon reflectivity corresponds
to a 25 nm gold layer, to shorten the lateral propagation
length [gray (red in color) dashed curve]. We note that the
modification of the phase of the reflectivity changes the con-
trast curves versus Z and improves also the correspondence
between theoretical and experimental curve.

Since we did not quantify yet the effect of inhomogeneity
of gold layer on SPP propagation length, we have introduced
this phenomenological model that takes into account in a
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FIG. 8. (Color online) (a) Experimental SSPM contrast of a 100
nm gold particle (gray curve with symbols). Black and dashed gray
curve (red in color): predictions of a four-layer model. The NP is
replaced in this model by an extra 10 nm gold layer. (b) Experimen-
tal SSPM contrast of a 100 nm latex particle (gray curve with sym-
bols). Black and dashed red curves: predictions of our four-layer
model. The NP is considered in our model as an extra 5 nm latex
layer. Model parameters: €;=—-12.0+i1.2 for gold, &.,=-1.11
+i20.8 for chromium (3 nm), pupil function P(6)=exp(
-2 sin” §/w?) with w=0.8. The black curves correspond to a 45 nm
gold layer and the red dashed curves correspond to an hybrid 45 nm
gold layer whose reflectivity phase ®p is matched to a 25 nm gold
layer (red dashed curve).

similar way the decrease in SPP propagation length. It repro-
duces well the phase differences in the behavior of the con-
trast AI(Z) against the defocus, both in amplitude and in
position of the extrema. The result reported in Fig. 8 is origi-
nal since it suggests that mixed metal and polymer NPs can
be separated by SSPM. It can be justified by the fact that the
function Q(6) describing the interfacial plasmon reflectivity
changes with the real or complex value of the index of the
medium in contact with gold.

VI. CONCLUSION

To summarize, we have shown that SSPM is a highly
sensitive technique for detecting nanosize particles. The in-
formation about the size of the NP is mainly contained in the
amplitude of the PSF of this microscope and its index char-
acteristics can be enlightened from the AI(Z)/I, curves. The
good agreement between experiments and computations
proves the fundamental role of SP in the detection of NPs:
SP strongly enhances both the evanescent waves scattered
from the NPs and the plasmon wave (due to gold roughness),
leading to a slow increase in Al/1 versus the size of the NP.
From a technical point of view, the detection of even smaller
NPs should be possible with SSPM by modifying the gold
film roughness via either a thermal or a chemical treatment
of the samples.'®?? This work demonstrates that SSPM is a
very promising nonintrusive optical technique for visualizing
soft nanomaterials such as polymers, gels, macromolecular
objects, and biological molecular assemblies, with no need
of markers (as commonly used in fluorescence microscopy).
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