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Polarization dependent near-field speckle of random gold films
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The near-field speckle of random gold nanostructures is experimentally and theoretically investigated. The
topography and the intensity distribution, under polarized illumination, are obtained with an aperture scanning
near-field optical microscope. The sharpness of the experimental images entitles us to perform a fine statistical
analysis based on the autocorrelation function (ACF). The intensity ACF clearly exhibits an anisotropic be-
havior and subwavelength oscillations, depending on the incident polarization. A comparison with a numerical
simulation exhibits the influence of the surface topography on the anisotropic near-field speckle.
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I. INTRODUCTION

The problem of light scattering through randomly inho-
mogeneous medium has been extensively studied (see, for
example, Refs. 1-3), and it is well known that the resulting
intensity distribution is a complex interference pattern,
known as speckle. This intensity pattern displays highly ir-
regular fluctuations which are due to the specific properties
of the studied medium. It has been clearly established that
the appearance of the speckle pattern is due to the short
range correlations of the wave transmitted or reflected by the
random medium.*7 To exhibit these behaviors, one of the
most relevant statistical analyses is the autocorrelation func-
tion (ACF) which is a second-order statistical function giv-
ing information on the measured signal fluctuations.® In the
far field, the spatial correlation of the speckle usually exhib-
its a circular symmetry whereas the contribution of evanes-
cent waves changes the appearance of the near-field speckle.

One of the earliest theoretical studies of near-field speckle
pattern by using the intensity ACF’ predicted the relationship
between the scattered intensity cross-correlation and the sta-
tistical properties of the rough scattering surface. The exis-
tence of short range correlations was verified by Emiliani et
al.'® in near-field experiments performed in dielectric me-
dium. The transition between near-field and far-field speckle
patterns'! has been observed in the intensity correlations
from random dielectric media. It was also observed that the
contribution of evanescent waves modifies the speckle in the
near field: subwavelength correlations and a strong distance-
to-surface dependence have been pointed out. More recently,
it has been numerically predicted that the near-field speckle
of rough interface exhibits an anisotropic figure which is due
to the polarization-dependent coupling between the evanes-
cent waves.!?

In this paper, we propose the experimental evidence of
this coupling. Experimental and theoretical results are pre-
sented on random gold thin films. The near-field experimen-
tal results have been obtained with an aperture scanning
near-field optical microscope (SNOM) in collection mode.
The setup allows us to control the incident polarization and
the quality of the optical images is good enough to exhibit
the anisotropy of the near-field speckle and its polarization
dependence. Based on the model proposed in Ref. 9, numeri-
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cal simulations taking account of the real topographic distri-
bution support the experimental results.

In Sec. II, the metallic samples under study are presented
and characterized by atomic force microscopy (AFM) and
spectrophotometry. The ACF of the topographic distribution
is studied to deduce the surface correlation length.'3!4 Then,
in Sec. III, near-field optical results are presented with the
corresponding intensity ACF. The influence of the incident
polarization on surface scattering is analyzed. In Sec. 1V,
numerical simulations’ are presented to be compared to the
experimental results and the influence of the topographic dis-
tribution is discussed. A summary is given in Sec. V.

II. TOPOGRAPHIC AND FAR-FIELD OPTICAL
PROPERTIES OF A GOLD FILM NEAR
THE PERCOLATION THRESHOLD

Samples were prepared by thermal evaporation on a glass
quartz substrate at room temperature and under ultrahigh
vacuum (107 torr). The deposited thin films appear as com-
posite media with metallic nanosized particles and present
very specific optical properties depending on the metallic-
surface coverage. For example, the well-known surface plas-
mon resonances' can result in fluctuations of the electro-
magnetic energy near the surface. These fluctuations are
more emphasized at the vicinity of the metallic concentration
leading to the insulator-conductor transition, identified as the
percolation threshold.'® In Fig. 1, spectrophotometric results
of the sample near this threshold are presented. Due to sur-
face plasmon resonances for near-percolated gold films, the
absorption graph presents a well-known large flat plateau'’
nearly independent of the wavelength in the red to midinfra-
red range of the spectrum. The absorbance minimum near
510 nm can then be considered as out of surface plasmon
resonances. Only surface scattering is expected near this
wavelength.

AFM (Veeco Dimension 3100) scans in tapping mode are
performed to determine the height distributions S(x,y),
where (x,y) are the Cartesian coordinates of the images. In
Fig. 2, we present a typical AFM image (1 X1 um?, 512
X 512 points) of the near-percolated sample under study. In-
terconnected clusters which are a fingerprint of near-
percolated gold film structure are clearly observed on the
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FIG. 1. Spectrophotometric measurements of a semicontinuous
gold film near the percolation threshold (the metallic surface cov-
erage is 59%): (0J) transmission, (A) absorption and (O) Reflection
spectra.

AFM image. The mean roughness o is defined by
0% = ($*(x,y)) = (S(x.y)). (1)

For the sample presented in Fig. 2, the roughness is o
=2 nm which is a mean value for different samples at the
same metallic coverage. From this surface profile, we calcu-
late the surface ACF. The normalized surface ACF is defined
as

_ (SCey)S(x+u,y +v))
(S INSGe+uy +0))

where () denotes the spatial average over the (x,y) coordi-
nates of the AFM data. The calculated surface ACF is pre-
sented in Fig. 3(a).

The g(u,v) function in Fig. 3(a) is clearly isotropic which
is in good agreement with an isotropic growth process. Then,
the correlation function is averaged at constant distance as

Cs(R) = (g(u,v) = g, 3)

where R>=u’+v>. Cg(R), normalized by its value at R=0, is
plotted in Fig. 3(b) and is quite well adjusted by a Gaussian
function which allows us to define the correlation length &3
This correlation length is the average distance between two
points of the same cluster and is found equal to £=15 nm.

8(u,v) 2)
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FIG. 2. (Color online) AFM map, obtained in tapping mode, of
a semicontinuous gold film. The metallic surface coverage is 59%.

This value and this topographic analysis will be used further
in Sec. IV A to simulate the optical ACF.

III. NEAR-FIELD EXPERIMENTAL RESULTS

Experiments were performed with a commercial near-
field optical microscope (Veeco, Aurora 2). The SNOM
probe is an Al-coated optical fiber tip with a 50 nm aperture
which is mounted on a quartz tuning fork.'® The tip-to-
sample distance is regulated by shear force detection. An
Ar/Kr laser is used to illuminate the sample under normal
incidence. The laser is transmitted through the sample and
the scattered light is collected through the fiber tip. The laser
line used is A=514.5 nm with an incident power of 10 mW
and the incident polarization is linear and is adjusted by a
Fresnel rhomb retarder.

In Fig. 4, we present typical, 5X5 um? with 400 X 400
data points, topographic [Fig. 4(a)] and optical [Fig. 4(b)]
images obtained on a gold film near the percolation thresh-
old. Deduced from these intensity data points, the intensity
histogram, which is called probability distribution function
(PDF), is also displayed [Fig. 4(c)].

The optical image displays low intensity variations and is
the negative of the topographic image. The PDF displays a
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FIG. 4. (Color online) (a) Topographic image of a gold film near the percolation threshold. (b) SNOM image at A=514.5 nm (400
X 400 data points, the incident linear polarization is indicated by the arrow). (c) Corresponding probability density function (PDF).

narrow symmetric distribution centered on 1.35 which is in
good agreement with the statistical behavior expected for an
out of plasmon resonance regime.'”

The intensity autocorrelation function C;(Ax,Ay) is cal-
culated with the same procedure used for the AFM measure-
ments and is presented in Fig. 5. We observe that the central
peak in Fig. 5(a) is stretched in the direction of the incident
field polarization (Ay). Moreover, subwavelength oscilla-
tions of pseudoperiod ~160 nm are clearly observed in the
perpendicular direction (Ax). For more clarity, the correla-
tion functions for the two directions, normalized by the value
C,(0,0), C/(Ax,0) (perpendicular to the direction of incident
field) and C,(0,Ay) (in the parallel direction), have been
plotted in Figs. 5(b) and 5(c), respectively. Corresponding to
the half width at half maximum (HWHM) of the correlation
function, two correlation lengths &, and §, can be defined and
we found &,=33 nm and §,=50 nm. Experiments performed
by rotating the incident polarization of 90° clearly show that
the intensity autocorrelation map also rotates with the same
angle as the polarization.

This near-field anisotropy, completely missing in far-field
observations,” has been predicted by simulations.!? It can be
attributed to the coupling between evanescent waves from
different surface diffusers. This coupling is stronger in the
incident polarization direction (Ay), leading to a larger cor-
relation length in this direction. In the transverse direction

(Ax), the intensity correlation length is shorter because of
stronger scattering. This behavior clearly shows that unlike
the far field and due to evanescent wave coupling, the near-
field speckle strongly depends on the incident field polariza-
tion. A simulation based on the model developed by Greffet
and Carminati® has been computed to be compared to our
experimental results.

IV. NUMERICAL RESULTS

In this section, we present the intensity ACF simulated for
our near-percolated gold samples, according to the model
previously proposed by Greffet and Carminati.” Two differ-
ent approaches, both based on this model, are used. In the
first one, the scattered field distribution is calculated by using
the experimental surface profile and the intensity ACF is
deduced. In the second approach, the intensity ACF is di-
rectly calculated assuming an approximated surface ACF,
justified by the Gaussian-like fitting previously adjusted on
experimental AFM data (Sec. II).

A. Simulated intensity autocorrelation function
using a perturbative model

By using a perturbative method, Greffet and Carminati
have calculated the near-field scattering of light by a random
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FIG. 5. (a) Three-dimensional mapping of the near-field normalized intensity ACF calculated from SNOM data. The direction of the
incident polarization is indicated by an arrow. [(b) and (c)] Correlation curves C;(Ax,0) and C;(0,Ay), respectively.

165406-3



LAVERDANT et al.

1000nm

(b)

rough surface.® In their article, these authors defined a cor-
relation function of the near-field intensity and demonstrated
the direct relationship between the ACF of the intensity and
the surface ACF. In order to compare to the experimental
results obtained in the previous section, the intensity ACF
will be, first, calculated by using the measured surface profile
and, second, by using an approximated surface ACF.

The scattered intensity distribution is simulated by using a
perturbative approach which has been proved to be valid for
randomly rough surfaces with a small enough rms height o,
i.e., 0/N<5%. This condition is completely fulfilled in our
case where 0=2 nm and A=514.5 nm.

We consider an incident field e;,. coming from the lower
half-space [z<<S(x,y)], and the theoretical expression of the
scattered field E(ry,z) at a distance z from the sample surface
in the upper half-space [z>S(x,y)] is given by

k2
E(l'”,Z) =Tej. + ﬁ(é‘ - l)T

X f a(ku)emcg(k”)ei”(k“)z exp(ikH . r”)dku, (4)

where r;=(Ax,Ay) is an in-sample-plane vector, T is the
Fresnel transmission coefficient, e is the dielectric constant
of the sample, k is the incident wave vector modulus, and
(k) =[k3— [k, |>]""> with the determination Re{y;(k,)}>0

and Im{y,(k))}>0. §(kn) is the Fourier component of the

surface profile S(x,y). The term 5(k||) is the Fourier trans-
form of the interface Green’s function and is explicitly given
in Refs. 20 and 21.
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It has been previously demonstrated'? that the observation
distance z plays the same role as a filter for the variations of
the intensity ACF. So in order to exhibit mainly the near-field
properties of the intensity ACF, an observation distance z

=1 nm will be used. In a first approach, S(k;) is deduced
from the surface profile measured by SNOM.

In Fig. 6(b), a typical result of the intensity simulated by
using Eq. (4) is displayed, with z=1 nm, a linear incident
polarization, a dielectric constant of £=-2.5+3.26i at \
=514 nm for a gold thin film,'> and the measured topography
S(x,y) is presented in Fig. 6(a). For the record, the experi-
mental local-field intensity distribution is also shown in Fig.
6(c).

The simulated near-field scattered intensity is of opposite
contrast to the measured topography of the metallic thin film
as experimentally observed. The surface roughness is low
(0~2 nm) so that the numerical intensity variations are very
weak. From this simulated intensity distribution, we calcu-
late the optical intensity ACF which is presented in Fig. 7.

In Fig. 7(a), one can notice the same anisotropic behavior
as previously experimentally observed. The optical intensity
is wider in the direction parallel to the incident field. More-
over, the ACF calculated from the simulated intensity distri-
bution exhibits the oscillations observed in Fig. 5(a). The
correlation lengths of the simulated near-field intensity in
Fig. 7(b), measured as the HWHM, are found to be f;
=80 nm and &,=30 nm in the Ay and Ax directions, respec-
tively. The anisotropic ratio «'=¢/£.=2.4 is quite larger
than the experimental one (~1.5). The oscillations exhibit a
pseudoperiod of nearly 100 nm which is a little bit less than
the experimental value of 160 nm deduced from Fig. 5(b).
Nevertheless, we can note that the experimental and the nu-
merical values of the correlation lengths and the pseudope-
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FIG. 7. (Color online) (a) Nor-
malized intensity ACF calculated
from the simulated intensity distri-
bution of (b). The incident field is
shown by an arrow. (b) one-
dimensional (1D) curves plotted
in the parallel (solid line) and in
- the perpendicular (dashed line) di-

rections of the incident field.
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To understand the origin of these anisotropic behaviors,
several authors used an approximated surface ACF. From the
same perturbative model, the spectrum of the correlation
function of the near-field intensity is deduced from Eq. (4)
and is directly related to the spectral power density of the
surface.” The analytical expression we use to calculate the
intensity ACF T'(r;,z) is

[y(r),2) = f H(k;,2)Ts(k)exp(ik, - r))dk, (5)

where z is the distance between the observation plane and the

sample plane and fs(k\\) is the Fourier transform of the sur-
face autocorrelation function. H(k;,z) is a filter given in
Refs. 9 and 21 depending on the incident polarization, on the
height of the observation point, and on the wave vector of
the incident field. In Sec. II, we have adjusted the ACF of the
measured surface profile with a Gaussian function that we
use now to calculate the intensity ACF.

In order to determine the expression of the filter H(k;,z),
we use the same dielectric constant of e=-2.5+3.26i at A
=514 nm for a gold thin film ' and the incident wave polar-
ization is assumed to be linear. The observation distance is
set to z=1 nm, in order to compare with the first approach.
The resulting map of the intensity ACF Cy(r;,z=1) is pre-
sented in Fig. 8(a).

The optical intensity ACF is wider in the direction parallel
to the incident field as previously numerically and experi-
mentally observed. Deduced from these simulations, the cor-
relation lengths are found to be §/=80 nm and &/=33 nm in
the Ay (parallel to the incident field polarization) and Ax

100 150 200 250 field.

(nm)

(b)

directions, respectively. Furthermore, we note that the fluc-
tuating part of the intensity ACF, experimentally observed in
the x direction (perpendicular to the incident field polariza-
tion), is not retrieved. The anisotropic ratio x"=&//&/=2.6
obtained with this simulation is comparable to the value «’
=2.4 obtained with the first approach.

By using an approximate surface profile spectrum S (k) in

one case and a real S(k;) measured by AFM or SNOM in the
other case, we find that the intensity ACF is stretched in the
direction parallel to the incident field. Then, the experimental
anisotropic behavior is retrieved in both cases. In the inci-
dent polarization direction, the surface waves scattered from
the surface diffusers are more coupled to each other, leading
to a longer correlation length in this direction. In the trans-
verse direction, the oscillations do not appear by using an
ideal Gaussian-like surface ACF in the simulation. These
subwavelength modulations are associated with the real sur-
face height distribution and may be due to the random and
disordered character of the structure pattern.

On the other hand, in the model used for the simulation, a
rough but homogeneous medium is considered. The inhomo-
geneity of the random gold films cannot be taken into ac-
count. This might explain the numerical discrepancy between
simulations and experimental values. Moreover, the finite
size of the tip aperture that collects the scattered light has not
been taken into account.

B. Intensity autocorrelation function evolution as a function
of the observation distance z

We have performed several simulations of the intensity
ACEF for different observation distances z. For each graph,

FIG. 9. The correlation curves
are plotted (a) in the perpendicular
direction to the incident field
C;(Ax,y=0) and (b) in the parallel
direction to the incident field
'*WM C/(x=0,Ay). The graphs are plot-
ted for z=1 nm (H), z=10 nm
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FIG. 10. Anisotropic factor « as a function of the observation
distance z.

the correlation function was calculated from the intensity
distribution obtained from Eq. (4). For each simulation, we

have introduced in Eq. (4) the Fourier transform S (k) of the
measured surface profile S(x,y). In Fig. 9, the correlation
functions are plotted for three observation distances (1, 10,
and 100 nm).

As the observation distance z is increasing, the subwave-
length oscillations are smoothed and tend to completely dis-
appear in the far field. Besides, the anisotropic behavior van-
ishes accounting for the evolution from near-field speckle to
the classical far-field speckle.

To point out the transition from the near-field to the far-
field regime, the anisotropy factor «” is calculated and is
plotted versus z in Fig. 10.

The anisotropy factor is, without surprise, continuously
decreasing with z increasing. We note that the optical inten-
sity ACF remains anisotropic for distances z<<20 nm and
that it rapidly decreases from z=1 nm to z=11 nm. We can
notice that the anisotropic factor values close to the experi-
mentally determined one (x=1.5) lead to theoretical dis-
tances z between 10 and 15 nm which are in good agreement
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with the typical tip-to-sample distance expected in the ex-
periment. So, for the conclusion of this section, we can un-
derline that the model used’ is relevant to describe the aniso-
tropic behavior of the near-field speckle and its evolution to
the far-field regime. The near-field speckle oscillations are
also described by this model but, to give prominence to these
oscillations, it has been necessary to input a nonrealistic z
value (z=1 nm) in the model. As previously mentioned, this
numerical discrepancy may be due to the fact that the con-
sidered medium is rough but homogeneous.

V. CONCLUSION

In summary, the intensity scattered from random metallic
films was studied in the near-field zone both in experimental
and numerical ways. The intensity distribution, measured us-
ing an aperture SNOM, is statistically analyzed with the
ACF. The results display two main characteristics of the
near-field speckle: an anisotropic intensity ACF with a stron-
ger coupling of the evanescent waves in the polarization di-
rection; in the transverse direction, subwavelength oscilla-
tions associated with the specific topographic distribution.
These behaviors have been completely retrieved with a simu-
lation of near-field intensity taking account of the real sur-
face. These results provide the experimental evidence of the
strong polarization dependence of the near-field speckle. It
could be usefully extended to more complex regimes includ-
ing plasmon resonances on metallic films.
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