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Abstract We investigate the problem of synthesizing plas-
monic nanostructures through the application of a bio-
inspired stochastic optimization technique. We show,
through some numerical experiments, that the approach pro-
posed could serve as a starting point for the optimal fabri-
cation and characterization of nanometric structures with
defined scattering properties. Furthermore, we discuss its
possibilities and potential applications.

PACS 41.20.-q - 81.16.-c - 02.30.Zz - 02.60.Pn

1 Introduction

The electromagnetic surface waves, also known as surface-
plasmon polaritons, have been the subject of a great amount
of theoretical and experimental studies in the past decades
[1, 2]. An important property at the origin of this constantly
increasing interest is the surface-plasmons’ significant sen-
sitivity to the geometrical and material characteristics of
their surrounding environment. This feature has led to the
development of different applications such as, for exam-
ple, plasmon-resonance sensors design [3] or nanolithog-
raphy [4, 5], in which the phenomenon of plasmons inter-
ference has been recently explored as an alternative way to
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conform the topography of the structure that is being fab-
ricated [6—10]. Notwithstanding the promising results pre-
sented in these works, we are not aware of any systematic
study concerning the optimization of plasmonic nanostruc-
tures throughout their fabrication process, or the subject has
been treated vaguely. Often, the optimal geometry of a plas-
monic structure is obtained by trial and error through the it-
erative adjustment of the experimental parameters. Although
this approach has proven successful, it presents some disad-
vantages like the waste of time and materials that result from
the fabrication of multiple prototypes. Furthermore, there is
no guarantee of the optimality of the nanostructure fabri-
cated.

In previous communications, we have addressed a fun-
damental aspect of the inverse problem that consisted in the
retrieval of the geometrical or material parameters of an ob-
ject from scattering information measured in its near-field
[11, 12]. For this, the original inverse problem was formu-
lated in terms of a least-squares non-linear approximation
problem that was solved employing a stochastic optimiza-
tion technique. In this work we investigate a less explored
facet of the inverse problem in which the main goal is to
optimally synthesize a nanostructure. For this, the determi-
nation of the optimal solution is done numerically on the
analytical model itself and not in terms of the least-squares
approximation approach described in [11].

The structure of this paper is as follows: In Sect. 2, we
formulate the problem and we briefly discuss the difficul-
ties for its solution. Section 3 is devoted to the description
of the operational principles of the technique employed for
the optimization of a plasmonic nanostructure. Some results
from our numerical experiments are shown and discussed in
Sect. 4. We give our main conclusions and final remarks in
Sect. 5.
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Fig. 1 Multilayered system considered in the present work. The inter-
mediate layer is a corrugated metallic thin film with mean thickness ¢.

The geometrical parameters of the grating at the lower interface are
the height #; and the width w of each groove, the period A and the

2 Formulation of the problem

The geometry of the system considered in the present work
is depicted in Fig. 1. The region x3 > ¢ (x1) is assumed to
be a homogeneous isotropic dielectric with constant (ep =
2.22). The region ¢j(x1) > x3 > —t + ¢2(x1) is a metal-
lic thin film of mean thickness ¢ characterized by its com-
plex dielectric constant €, (w). The roughness ¢>(x1) in
the lower interface of the film is a grating of period /\.
Also, w and h represent the width and the height of each
groove in the grating, respectively. The semi-infinite region
—t + & (x1) > x3 is filled with an isotropic media charac-
terized by its dielectric constant €, = 2.25. For simplicity,
the geometry is assumed to be invariant along the direc-
tion x; and the plane of incidence of the electromagnetic
field is the xjx3-plane. Also, we consider the surface ¢1(x1)
plane.

The system in Fig. 1 is illuminated in transmission from
the region —¢ + ¢»(x1) > x3, with a p- or s-polarized mono-
chromatic plane wave at an angle of incidence 6y. The near-
field scattered intensity /(x;) is measured in the region
x3 > ¢1(x1) along a line at a constant height d from the sam-
ple and it is written as

179 () = |EP) () %))

where E(P-9)(x1) is the electric field scattered in the near-
field of the object.

The near-field scattered intensity in (1) can be obtained
through different numerical techniques. In [11], for exam-
ple, it was determined by means of the Finite-Difference
Time-Domain Method (FDTD) [13], a largely employed nu-
merical technique that has proven to be the best established
method for the direct solution of Maxwell’s equations
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distance h» measured from the maximum excursion of the grating to
the plane x3 = 0. The system is illuminated in transmission from the
region —t + ¢>(x1) > x3 and the near-field scattered intensity 7 (xy) is
measured in the region x3 > 0, along a line at a constant height d

V xE(r,t) = —EB(r, t) and
)
V x H(rv t) :J(e)(r» t) + ED(I‘, t)

in the space and time domains simultaneously.

Although our choice is not restrictive, we will use the
FDTD-based approach described in [11] in all the numerical
experiments performed in the present work.

The hypothesis underlying the selection of the structure
depicted in Fig. 1 is that it is possible to tailor, in an optimal
and controlled manner, the topography of the photosensi-
tive material film in the region x3 > {1 (x1), as suggested by
the experimental evidence reported by Derouard et al. [10].
This is done through the interaction between the material
and an interference pattern, located just above the interface
C1(x1), that is generated through the mechanisms of exal-
tation and transmission of two counter-propagating surface
waves originated when the sub-wavelength grating ¢>(x1) is
illuminated from region —¢ 4 ¢>(x1) > x3 with a p-polarized
incident field.

In spite of the fact that the relationship between the in-
terference pattern and the geometry of the grating and the
illumination conditions is not a trivial one, it is possible
to represent the response of the geometry to an incident
field through a previously established analytical or numer-
ical model. It seems thus plausible to search for a set of
optimal parameters allowing to control, in a specific way,
some characteristics of the interference pattern as, for ex-
ample, the period and/or the orientation of the fringes or the
visibility. In this preliminary study we aim to maximize the
visibility of fringes

AP () — 1P (1) min
1P (XD max + JACEY (XD min '
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through the simultaneous optimization of some geometrical
parameters of the grating {»(x1) and the illumination condi-
tions.

3 The optimization algorithm

As discussed in [11], the Evolution Strategies are the most
appropriate methodology to solve the problem studied in this
work. Although their operational principles can be found
elsewhere [14, 15], we consider convenient to briefly de-
scribe them before closing the present section.

3.1 Representation of the objective variables

Usually, in an experimental set up, parameters such as the
physical dimensions of a nanostructure (e.g., width, thick-
ness, length), the detection distance at which the scattering
information is measured, the angle of incidence at which the
system is illuminated or the refractive indices of the sample
are scalar magnitudes defined within the real domain R,

Thus, it seems natural to make use of a real representation
scheme for the parameters p(p1, p2, P3, .-, Pn)-

3.2 Evolutionary algorithms

We define the initial and the secondary populations as two
sets of elements respectively represented by:

Pﬁ:{e‘f,eg,...,eﬁ}T and @
58 = (8,68, ... &)

where g is a given iteration of the algorithm, p and A are
the sizes of the sets P,f and f’f , respectively. The elements
of both populations are defined as ¢; (p, s), where the com-
ponents {p1, p2, p3,..., p,,}T of the n-dimensional vector
p represent the objective variables to be optimized during
the search process and the vector s represents a set of en-
dogenous parameters known as strategy parameters that are
related with the convergence behavior of the algorithm to-
wards the optimum. The tilde in the secondary population
indicates that each one of its elements has been generated
through the application of the recombination and mutation
operators over the elements of the initial population P,
which is randomly generated prior to the starting of the
evolutionary loop. Recombination exploits the search space
through the exchange of information between different el-
ements of the population. Mutation, on the other hand, ex-
plores the search space through the introduction of random
variations in the newly recombined elements. Depending on
the problem studied, it possible to exclude the recombina-
tion operation from the evolutionary loop. That is, in the

search for the optimum, mutation could be the only oper-
ator employed. Once the secondary population f’f has been
generated, one needs to evaluate the quality of its elements.
For this, the direct problem must be solved for each one
of the newly generated surfaces of the secondary popula-
tion. With this, a fitness value is associated to each trial sur-
face. Only those elements of the secondary population ﬁf
leading to promising regions of the search space will be re-
tained, through some selection scheme, as part of the popu-
lation P,f“ for the next iteration of the evolutionary loop.
The procedure is repeated until a defined termination crite-
rion has been achieved. The respective sizes of the initial
and the secondary populations, PE and f’f , remain constant
throughout the entire search process.

4 Results and discussion

To be close to the experimental situation, we illuminate the
object depicted in Fig. 1 from the region —z + {>(x1) > x3
with a p-polarized incident monochromatic plane wave of
wavelength A = 532 nm. The intensity scattered in the near-
field of the sample is measured along the x;-direction at a
fixed distance of detection d = 15 nm above the plane sur-
face ¢1(x1) =0.

As it was stated in the Sect. 2, our goal is to maximize
the visibility V (3) through the estimation of some geomet-
rical parameters and illumination conditions of the geome-
try in Fig. 1. For this, we define the vector p(6y, h2, 1, w)
whose components are the objective variables to optimize.
They respectively correspond to the angle of incidence 6y,
the distance h, measured from the maximum excursion of
the grating to the plane x3 = 0 and to the height /| and the
width w of each groove of the grating ¢»(x1), whose period
in this example has been arbitrarily fixed to /\ = 1’\—0.

The components of the vector p were randomly gener-
ated employing numbers uniformly distributed. To reduce
the search space and to avoid the unnecessary evaluation
of non-physical solutions, we set the greatest angle of in-
cidence 6y to Gpuax) = 80° and the largest distance sy to
h2(max) = 0.25A¢. Also, the largest height /; and width w of
each groove were set to /11 (may) = 0.2540 and wyax = 0.9 A,
respectively. Furthermore, we defined the components of the
vector s of strategy parameters as og, = 0.200(nax), On, =
0.2h2(max), Op = O.Zhl(max), and Owpmax — O.Zwmax.

We employed two evolution strategies known as Elitist
(ES — (u/p + A)) and Non-Elitist (ES — (u/p, A)) with
u =14, 1 =100 and p = 2 elements to be recombined [15].
The maximum number of iterations was set to g = 30 and it
provided the termination criterion for the search process.

The two strategies were tested for their relative success
by searching for the solution starting from different ran-
domly generated initial states that consisted, each of them,
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of (u) vectors p and their respective associated strategy-
parameters vectors s. Although in all the attempts the al-
gorithms converged to an optimal value of the visibility, for
the sake of brevity we only show, in Fig. 2, the convergence
behavior of the two optima most frequently found through-
out our numerical experiments. The solid curves in Fig. 2
correspond to the results obtained with the Elitist Strategy,
whose main characteristic is the monotonic increment of the
fitness function throughout the search process. The crosses
and circles in Fig. 2 correspond to the results obtained with
the Non-Elitist Strategy, which allows temporary deteriora-
tions of the fitness value throughout the search of the op-
timum. Despite the fact that the curves depicted in Fig. 2
are indistinguishable at the end of the optimization process,
their respective estimated parameters in Table 1 show im-
portant discrepancies that make clear the lack of unique-
ness of the solution. Furthermore, the angle of incidence
6o and the height of the grooves i seem to be the para-
meters with the strongest effect in the process of genera-
tion of the interfering counter-propagating surface-plasmons
in the interface ¢1(x1) = 0. This result can be explained in
terms of the multiple scattering process arising in the region
—t + &2(x1) > x3 as a consequence of the strong roughness
of the grating &, (x1).

A somewhat unexpected result is shown in Fig. 3, where
one period of the interference fringes associated to each set
of parameters, estimated with the strategies considered, is
depicted with the same line styles as those in Fig. 2. Al-
though the visibility obtained considering an angle of inci-
dence 0y &~ 45° is higher than that generated when the angle
of incidence is 8y ~ 53°, the respective amplitude is signif-
icantly different for each case. Thus, the maximization of
only the visibility is not a sufficient condition to obtain a
satisfactory physical solution.

5 Conclusions and final remarks

Although, clearly, much can still be done and the results pre-
sented are far from being conclusive, the method proposed
opens an alternative and more systematic way for the op-
timal synthesis of plasmonic nanostructures. In this work
we focused our attention on plasmons-interference assisted
nanolithography; however, there are not visible restrictions
to extend this approach to different problems in near-field
optics or photonics. Notwithstanding the encouraging re-
sults, the functional form of the objective function and the
definition of the search space have a significant effect on
the performance of algorithm. Currently, work is in progress
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Fig. 2 Convergence behavior associated to the estimated parame-
ters presented in Table 1. The solid curves correspond to the op-
tima obtained elitist strategy ES — (iu/p + A); whereas the circles and
crosses correspond to the optima determined with the non-elitist strat-

egy ES — (1/p, 1)

X; nm

Fig. 3 One period of the interference fringes generated on the region
x3 > ¢ (x1) with the parameters in Table 1. For consistency, we employ
the same line styles as that used in Fig. 2

Table 1 Parameters

synthesized with the algorithms Initial state Strategy 66 h2, nm hy, nm w, nm
proposed

1 ES—(u/p+2) 45 19 85 19

2 ES—(u/p+2) 53 19 41 26

1 ES— (u/p, A7) 44 17 87 18

2 ES— (u/p, A7) 53 18 45 18
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concerning different functional forms of the objective func-
tion, the inclusion of constraints, the influence of the geo-
metrical and material features of the sample on the search
process and, ultimately, the possibility of using hybrid ap-
proaches and experiments design to improve further the per-
formance of the method proposed.
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