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Abstract:  A parallelized 3D FDTD (Finite-Difference Time-Domain) 
solver has been used to study the near-field electromagnetic intensity upon 
plasmonics nanostructures. The studied structures are obtained from AFM 
(Atomic Force Microscopy) topography measured on real disordered gold 
layers deposited by thermal evaporation under ultra-high vacuum. The 
simulation results obtained with these 3D metallic nanostructures are in 
good agreement with previous experimental results: the localization of the 
electromagnetic intensity in subwavelength areas (“hot spots”) is 
demonstrated; the spectral and polarization dependences of the position of 
these “hot spots” are also satisfactory; the enhancement factors obtained are 
realistic compared to the experimental ones. These results could be useful to 
further our understanding of the electromagnetic behavior of random metal 
layers. 
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The understanding of the interaction between light and disordered matter is of great interest 
for many research fields. For example, the scattering through random media have attracted 
considerable attraction in a double perspective: on account of fundamental issues in physics 
[1] and for imaging problems in complex media [2]. In particular, due to their unique optical 
properties, the metallic disordered rough layers on dielectric surfaces have been widely 
studied both theoretically and experimentally over the two last decades [3-7]. These random 
films are made of clusters of metal nanoparticles. Depending on the metallic filling fraction, 
three different regimes have been identified: (i) for low concentration, metal nano-islands are 
distributed on the dielectric substrate. (ii) For intermediate concentration at the vicinity of the 



percolation transition, growing clusters have coalesced and they exhibit self-similarity with 
fractal dimension. (iii) For high metal filling fraction, the deposited film is now an almost 
continuous metallic layer with dielectric voids. In the intermediate regime (ii) of interest, two 
main properties have been identified: a large absorption over the red and near-infrared 
spectrum [8] and strong spatial fluctuations of the near-field intensity [9]. Theoretical studies 
give a quite simple description of these behaviors [10]. In this specific metallic filling 
fraction, the multi-scale clusters exhibit a self-similarity character, meaning that parts 
resemble the whole in a statistical sense. In the case of these disordered metal films, the self-
similarity corresponds to a wide distribution of the sizes and shapes of the clusters. Due to 
surface plasmon resonances [11], an anomalous spectral absorption and a spectral broadening 
are observed. The random character of the self-organized metal clusters is also responsible of 
the multiple scattering, leading to light confinement and enhancement at a sub-wavelength 
scale. This spatial localization of the electromagnetic field leads to “hot spots” [3] and huge 
fluctuations of the near-field intensity [8]. 

Fluctuations and enhancements of the near-field intensity above such random metal films 
have been reported by different groups using Near-Field Optical Microscopy (NSOM) 
[3,5,12,13]. More recently, hot spots have been studied using the PEEM (Photo-Emission 
Electron Microscopy) technique [14,15]. The fluctuations of the near-field electromagnetic 
energy, evidenced by the hot spots, have also been related to the local density of states 
(LDOS) through the statistical distribution of fluorescent-molecule lifetimes [16]. 

Numerical simulations, based on effective-medium theory [17], quasi-static calculations 
[7] or scaling theory [18,19], have also predicted anomalous absorption and localized “hot 
spots”. More recently, full wave numerical simulations (FDTD for Finite-Difference Time 
Domain) have been used to describe the near and the far-field optical responses of disordered 
metal-dielectric composites [20-22]. But in all these numerical studies, the metal-dielectric 
structure was either: a sample computer-generated random film [23]; or generated with a 
Kinetic Monte-Carlo algorithm [24]; or obtained from SEM (Scanning Electron Microscopy) 
or TEM (Transmission Electron Microscopy) images of a real structure [21]. Despite the 
diversity of the techniques used, the structures under study were in all cases 2D films: the 
roughness of the metal layer is never taken into account. Some unresolved discrepancies 
between experimental and numerical results still remain: for example, the measured 
enhancement factors are much lower than the theoretical or numerical predicted ones; the 
effect of the incident polarization is not described by theoretical predictions. 

In this article, we show that the combination between FDTD simulations and the 
roughness of random metal samples (real 3D nanostructures) gives results that are in very 
good agreement with experimental data. We study a disordered gold layer at the vicinity of 
the percolation threshold. We verify some previously confirmed experimental results: the 
spatial distribution of the near-field intensity strongly depends on the incident photon energy; 
the incident polarization state plays a major role on the local energy distributions; the near-
field intensity is dominated by the non-propragative contribution; the sizes of the hot spots is 
in good agreement with experimental measurements. We also show that the Probability 
Density Function (PDF) of the enhancement factors is well fitted by a log-normal function 
[15,25,26]. 

The metallic structures studied are random gold films near the percolation threshold, just 
below the transition’s concentration. Gold is evaporated on a glass cover-slip, under ultra-high 
vacuum conditions (10

-9
 Torr). The mass thicknesses of the samples are between 6.1 nm and 

6.4 nm and the typical rms roughness is about 4.3 nm. An AFM image [27] of a standard 
layer, 512 x 512 points, is shown in Fig. 1(a). The filling factor is about 64%.  This image and 
the corresponding typical profile shown in Fig. 1(b) were obtained with an ultra-sharp probe 
(Veeco TESP-SS), in order to get the most accurate topography. 

 
 
 



 
Fig. 1. Structural characteristics of the gold disordered layer: (a) the 3D AFM topography; (b) a 
typical profile of the topography; (c) perimeter versus surface of the gold clusters.  

 

At the vicinity of the percolation threshold, it is well-known that Euclidian and fractal clusters 
co-exist. The perimeter (P) versus the surface (S) of the clusters for a given sample is shown 

in Fig. 1(c). From the well-known relation P  S
D/2

, it is possible to determine the dimension 
D of the largest non-Euclidian clusters. We obtain D ~ 1.9 which is in very good agreement 
with the theoretical value 1.88. 

The topographic data z(x,y) describing the surface of the layer are then transformed in an array 

of complex ( n n ik ) refractive index [28], for the dielectric (air) and for the metal (gold) 

on each point. Then the (n, k) array is implemented in the parallelized 3D FDTD solver 
(Lumerical, FDTD Solutions) in order to define the 3D structure studied, supported by a glass 
substrate. The ensemble (substrate + gold layer) is then illuminated with various incident 
wavelengths under normal incidence through the substrate. 
The FDTD method or Yee algorithm [29,30] is a well-known technique based on space and 
time discretizations of the Maxwell curl equations 
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where media ,  are considered to be isotropic, linear and non-magnetic. It is possible to 

substitute the space and time derivatives by central differences using a staggered mesh where 

electric E  and magnetic H  field components are located at different points. For the time 
derivative, the electric and magnetic fields are disposed according to the leapfrog scheme. 
So the time and space evolutions of every field component can be written as, for example the 
x component of the electric field, 
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where i, j, k, n are integers that are running on the space and time mesh, the terms 1 / 2  are 

due to the staggered field components, y  and z  (and non appearing x) are the space 

mesh steps and t  is the time mesh step. 



Due to the limitation of the computer memory, the simulation cell has to be restricted to a 
finite region of space (500x500x2500 nm

3
). To avoid non-physical reflections on the 

boundary of the simulation cell and due to the strong scattering behavior of the metallic 
structure which leads to a wide range of incidence of the scattered fields on the boundaries, 
we have used the Perfectly Matched Layers (PML) as boundary conditions with at least 216 
layers. This ensures a maximum reflection of 10

-7
 over all incidences in the half-space. Due to 

the cubic nature of the FDTD mesh, it is not possible to avoid stairs effects on the typical 
random metallic surfaces described in Fig. 1. To minimize this issue as much as possible, we 
have defined the value of the maximum mesh step equal to 0.8 nm on the volume of the layer 
that gives at least 11 x 10

9
 simulation grid points to describe the metallic layer. The substrate 

which is a homogeneous glass coverslip, is also discretized on half of its thickness, just below 
the metallic nanostructure. Before performing the simulations whose results are presented in 
this article, we have checked that a double-sized meshing (1,6 nm) did not fundamentally 
modify the localization of the hot spots but, of course, with a poorest resolution, wider hot 
spots and weaker intensities. 
In Fig. 2, the results of our FDTD simulations are shown for a single geometry in order to 
compare the localization and the values of local intensities. All the calculated intensities 
above the gold layer are normalized with respect to the incident intensity: in other words, 
rather than intensity maps, these are enhancement factor's maps. For presenting the simulation 
results in the same manner as the experimental ones previously obtained with SNOM 
technique [6,8], these maps were calculated for each (x, y) point, at a distance 10 nm [3] on 
top of the corresponding z(x, y) value. This leads to representations similar to the ones 
obtained in “constant distance mode” for SNOM technique. 

 

 



Fig. 2. (a) Topography of the gold film used in the FDTD simulation. (b) Enhancement factor ( ) 

map for an incident wavelength  = 650 nm with n = 0.175 and k = 3.13. (c) Same as (b) for  = 

1000 nm with n = 0.25 and k = 6.82. (d) Black circles: Probability Density Function of  
corresponding to image (b); blue line: the Log-Normal data fit with parameters values indicated. 

(e) Black circles: PDF of  for image (c); blue line: Log-Normal data fit. 

 

To improve clarity, in the plots of Fig. 2(b) and (c), the maximum value of the color bar was 
set at the mean value of the respective maximum. One has to underline that the polarization 

states of the normal incident plane waves are identical. From the enhancement factors ( ) 

maps, large local-field enhancements ( 14  at maximum for 650 nm and 27  for 

1µm) are revealed. And the positions of the highest enhancements are clearly 

wavelength-dependent. 

Two points have to be noticed. First, the  values are rather low (one or two orders of 
magnitude less) compared to the previously simulated and published ones [4,21], but they are 
in a quite good agreement with the experimental results measured with aperture-SNOM 

technique [6,8] or with the PEEM technique [15]. And the maximum  values increase with 
the wavelength. 

Secondly, we can analyze the Probability Density Functions (PDF) of the  distribution. The 
PDFs, shown in Fig. 2(d) and (e), are well fitted by the log-normal distribution given by 
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where K is a constant,  is the standard deviation of the distribution ln  and ln  is the 

mean value of the logarithm of the enhancement factor . This behavior was previously 

identified in [31]. It is clearly seen that, for the same topography, larger values of  are 
obtained for wavelengths in the near infrared. And, as theoretically predicted [10], the 

probability of occurrence for the largest  values is very low which means that the 
enhancement factor distribution displays a long tail. Our simulation results also demonstrate 
the evidence of a distribution’s broadening as it was recently observed in [15]. 

Another result of our FDTD simulations is that the locations of the hot spots are 
depending on the incident polarization state. In Fig. 3, we present, for the same topography 
presented in Fig. 2(a), the spatial fluctuations of the enhancement factor for two incident 

wavelengths and for two linear orthogonal polarization states:  = 1 µm and (a) and (b) for 

linear X and Y polarizations respectively;  = 1.3 µm and (c) and (d) for linear X and Y 
polarizations respectively. 



 
Fig. 3. Spatial distribution of the enhancement factor calculated for  = 1 µm with n = 0.22769 
and k = 6.4731, (a) incident X linear polarization; (b) incident Y linear polarization; and for 

 = 1.3 µm with n = 0.38797 and k = 8.7971, (c) X polarization; (d) Y polarization. The 
maximum value of each color bar was set at the mean value of the respective maximum (a and b) 
and (c and d). 

 
This behavior, previously observed in experimental results [8,14], clearly means that, in 

addition to a dependence of the incident photon’s energy, the hot spots positions are also due 
to a complex interaction between the topographic configurations (nanogaps, tips,…) and the 
incident polarization of the electromagnetic field. 

One can observe in Fig. 2 and 3 that the sizes and the shapes of the hot spots are very 
different, depending both on the incident wavelength and on the local structure. Considering 
the hot spots with intensities larger than 90% of the maximum intensity, we can deduce that 
the sizes (Half-Width at Half Maximum) of the hot spots are ranging between 7 nm to 32 nm 
which is in very good agreement with the values determined in [3,14,32]. The shapes of the 
hot spots in the (x, y) plane vary from slightly to strongly stretched, depending on the gaps of 
coupled metal junction and/or the polarization of the incident electromagnetic field. The 
relationship between the polarization direction of the incident field and the orientation of the 
inter-particles is not as clear as previously demonstrated in [33,34], but, in our case, the 
metallic structure studied is much more complex than 2 or 3 metal spheres in interaction. 

Extracting the different components (x, y, z) of the calculated intensity is possible with 
the FDTD method. If we consider the near-field intensity distribution at constant height, for 
example z = 12 nm in Fig. 4(a), (b), (c), it is clear that the main contribution to the intensity is 

due to 
2

z z
I E , where Ez is the component of the local electromagnetic field parallel to the 



incident direction. It is no more true at some distance (z = 50 nm)) from the metal layer (Fig. 
4(d), (e) and (f)) and the main contribution is parallel to the incident field. 

 

 
Fig. 4. Maps of the calculated intensities for  = 650 nm for two different constant heights: top-
row (a, b, c) for z = 12 nm and bottom-row (d, e, f) for z = 50 nm and 3 different directions: (a, d) 
X component, (b, e) Y component, (c, f) Z component. The incident polarization is along the X 
direction for all. Same color bar is used for the 3 top-row and the 3 bottom-row images 
respectively. 

 
So it is confirmed that, with our FDTD simulations, the major contribution to the 

intensity in the very near-field zone is due to the non-propagative component, parallel to the 
incident wave-vector. 

In conclusion, the introduction of surface roughness in the 3D parallel FDTD simulations 
performed on fractal gold films gives results in good agreement with the experimental near-
field measurements. The local fluctuations in the near-field intensity are quite well reproduced 
and their statistical behavior is very satisfying compared to the experimentally observed ones. 
These results could be useful to further the understanding of the local fields. These local field 
fluctuations are a signature of the inhomogeneous character of the disordered metallic films, 
as for the fluctuations of the LDOS. So, by modifying the nature of the excitation source, the 
FDTD simulations could be a useful tool to understand the interactions between such random 
metallic layers and single nano-emitters deposited upon it. 
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