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Robustness of an All-Optical Limiter to Manufacturing Errors

Frederique Gadot and Geraldine Guida∗

LEME, EA 4416, 50 Rue de Sèvres, Université Paris Nanterre — UPN, 92410, Ville d’Avray, France

ABSTRACT: In this paper, we present a numerical study to assess the robustness of an all-optical photonic limiter based on a two-
dimensional (2D PC) TiO2 photonic crystal with a single ZnO nonlinear two-photon absorption (TPA) defect to manufacturing dis-
turbances. These disturbances studied here concern diameters and positions. It is revealed that our limiter configuration is very robust to
manufacturing errors.

1. INTRODUCTION

Photonic crystals (PCs) have been extensively studied over
the past decades [1]. In most cases, PCs are considered to

be perfect periodic arrays. Nevertheless, studies have revealed
that their properties generally remain robust when manufactur-
ing errors occur [2–4]. Several studies of perturbations in pe-
riodic structures have been performed in the microwave and
far-infrared range where manufacturing errors can be managed
or occur [5, 6]. However, to our knowledge, the study of per-
turbations of different parameters on an all-optical limiter has
not yet been carried out.
One of the first 2D PC limiters in the visible range was pro-

posed by Lin et al. [7] using a thermal nonlinear liquid. All-
optical limiters consisting of 1D PC with solid materials have
been recently studied by Fernando and Gamalath [8]. Their
applications are of great interest for the protection of high-
sensitive devices or the human eyes against intense laser irradi-
ation [9]. The reader will find in [9] a review on optical limiters
consisting of inter alia in 1D nonlinear PC, as well as numer-
ous references on the evolution of limiting materials and optical
limiting devices.
The disturbances associated with manufacturing errors have

been investigated numerically here for our PC-based 2D all-
optical limiter design, by randomly varying both the diameters
and the positions of the cylinders constituting the structure with
defect. Initially, the influence of these disturbances was disso-
ciated to analyze the impact on the structure’s behavior. Then,
we combined the disturbances of diameters and positions. The
obtained results revealed that the transmission for two typical
nonlinear levels is not really affected.

2. THEORY
We have modeled a 2D PC consisting of N=20x5 parallel cylin-
ders in TiO2 material, periodically spaced with a triangular ge-
ometry (Fig. 1). Fabricated PCs based on cylinders of several
wavelengths in length behave in the same way as infinitely long
2D rods [5]. The presence of a larger ZnO cylinder, inserted in
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themiddle of the structure, forms a defect, whosemode exhibits
a high Q-factor transmission peak. The triangular array is con-
stituted by 100 nm diameter TiO2 rods spaced every 240 nm in
the Y-direction with a defect made with a 200 nm diameter ZnO
rod (Fig. 1).
The theory used here is essentially a Fourier decomposition

of the scattered field. TheMulti ScatteringMethod (MSM) the-
ory deals with a set of parallel cylinders illuminated by a plane
wave. For each point P in space, the field is decomposed into
a sum of the incident field on the lth cylinder and the scattered
field by this cylinder. This incident field is then decomposed
into a sum of the scattered fields by all other cylinders in the
PC plus the incident wave exciting the PC sample [10].
We use a set of Fourier-Bessel bases centered on each cylin-

der to rewrite these scattered fields. For the incident wave, we
have modeled a laser beam with a waist of 2µm using some
tricks [11]. The transmission is assumed to be equal to the mean
of the field, on a pixel line of 1µm length, placed at one wave-
length behind the PC. The results were confronted with other
methods, with a perfect agreement for perfect 2D PC and 2D PC
with a defect. Fig. 2 shows a comparison between our method
and a commercial software from Ansys for the perfect 2D PC.
The bandgap of our structure appears in the visible range

from 0.46µm to 0.7µm (Fig. 3).
For linear ZnO which corresponds to a low incident laser

beam intensity, a high-intensity peak (−1 dB) appears at
0.527µm in the center of the band gap (Fig. 3). As expected,
this peak revealed in the figure is not affected by the incidence
of the beam in the X-Y plane.
The map of the electric field was calculated for a 0.527µm

laser beam at normal incidence (Fig. 4). The excited defect
mode is well highlighted.
For the nonlinear case, we used the method of moments

(EFIE — Electric Field Integral Equation) which was applied
to evaluate the E field inside the cylinder, and the permittiv-
ity was easily modified [11]. The principle of the EFIE is as
follows: the field is decomposed into a scattered field E plus
the incident field. Using the equivalent source theorem, we ex-
press the scattered field by current effect J flowing in each cell
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FIGURE 1. Design of our triangular lattice of TiO2 rods, with the defect of ZnO placed in the middle. The red arrow indicates the direction of the
laser light propagation at normal incidence. The 2D PC consists of more than 100 rods (5 in theX direction) parallel to the Z axis [10].

(a) (b)

FIGURE 2. Calculated transmission of a perfect 2D PC with (a) our method based on Fourier-Bessel bases versus (b) commercial software from
Ansys.

of our mesh. The scattered field is then written by convolving
the currents using Green’s functions (see Equation (1) in [11])
where H0 is the Hankel’s function. To avoid numerical insta-
bilities when the incident wave is in the vacuum, the current J
is replaced by the total field, and the incident field is written as
follows:

Einc(x, y) = Ez − ω2ϵ0µ0

∫ ∫
1

4j
· (ϵr(x′, y′)− 1))

×Ez(x
′, y′)H

(2)
0 (kR)dx′dy′ (1)

with
R =

√
(x− x′)2 + (y − y′)2 (2)

We discretize field Ez and permittivities ϵr in the mesh over
small cells (Fig. 5), leading to a matrix system to solve (see
Equations (7)–(9) in [11]).

3. RESULTS AND DISCUSSION
The interested reader will find a multitude of examples and full
details of the whole theory and tricks in [12]. We used cylinders
of no more than a few wavelengths, which means that we are
working far from the inaccuracy of the EFIE. Several iterations
lead to the convergence of the results for a nonlinear material.
Indeed, we have taken nnonlinear = nlinear + αi|E|2, where
the values of α are given in the following section. An iteration
process was applied until the convergence [11].
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FIGURE 3. Transmission in dB versus wavelength in µm. Defect peak in the visible range (at 0.527µm), inside the 2D PC bandgap, for different
angles of incidence [10].

FIGURE 4. Map of the electric field |E|. The laser beam of 1µm large
waist comes from left to right (red arrow).

FIGURE 5. Mesh of a cylinder by using the method of moments.

Firstly, we calculated the transmission for the defect structure
disturbed with different random diameters applied at each rod.
The following transmission spectra are focused around the de-
fect mode peak in the visible bandgap from 0.45µm to 0.65µm
(Fig. 6). We have assumed a hypothesis of ergodicity, for which
a mean over a large number of realizations/samples is equiva-
lent to a large one. The number of samples used in this paper
is 10, which is a good tradeoff for the time required for numer-
ical simulations. We used random disturbance on diameters of
±5%, ±10%, and ±15%. The worst case in real manufactur-
ing is estimated at±10%. As shown in Fig. 6, the disturbances
attenuated the transmission peak from−1 dB to−4 dB, but this
new transmission level remains unchanged fromweak to strong
disturbances. Nevertheless, the shape of the peak is slightly en-
larged as the percentage of errors increases.
In a second step, we randomly disturbed only the cylinder po-

sitions, for the same percentage of disturbances as previously:
±5%, ±10%, and ±15%. The random perturbations are on
both theX and Y axes. The mean over 10 different samples is

plotted in Fig. 7. This figure shows that the effect of this dis-
turbance is more significant than for the diameter disturbance.
Indeed, the curves are very jagged. The transmission level of
the peak is reduced by 3 dB, but the shape of the peak is also re-
ally affected. Disturbing the positions deals with a variation in
the thickness of the air surrounding the defect, then enlarges or
reduces it. As a consequence, several peaks appear at different
wavelength values, in the vicinity of the “perfect” peak (peak
appearing when no disturbances are taken into account). This
result is surprising, as we expected a behavior closer to the one
of diameter disturbances shown in Fig. 6.
Finally, to be as close as possible to a PC manufactur-

ing error, we have calculated the transmission for a random
±10% disturbance on both diameters and positions, which cor-
responds to the real worst case in the optical domain (Fig. 8).
Once again, position perturbations predominate over diameter
ones. Moreover, the peak is enlarged compared to the previous
cases. In the final section, we calculated the nonlinear effect on
this peak as the laser intensity increases. The role of the nonlin-
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FIGURE 6. Transmission (dB) for different diameter disturbance values, means over 10 different realizations.

FIGURE 7. Transmission for different position disturbances values,
means over 10 different realizations.

FIGURE 8. Transmission spectra for different position and diameter dis-
turbances values, means over 10 different realizations, linear and non-
linear cases.

earity of the ZnO cylinder is to drastically reduce the intensity
of the peak, in order to obtain an efficient all-optical limiter. We
have extracted the ZnO parameters, for an intermediary case of
TPA effect and for its extreme case as reported in an experi-
mental study [13]. The imaginary parts of the permittivity vary
with incident intensity asα·i·|E|2 whereα can reach a value of
2.34 for a high-power laser in the wavelength range used in this
study. This high level is only 450MW/cm2, which is not very
intense considering that attenuation would be more important
for higher intensities. The attenuation due to nonlinearity on
the peak is greater than−10 dB than the linear case for α = 0.1
and greater than −15 dB for α = 2.34. Contrarily to the linear
case, the disturbed nonlinear case reveals a behavior extremely
similar to the undisturbed case, both in terms of peak amplitude
and width. This behavior can be explained by the fact that the
nonlinearity effect is stronger than disturbance one and highly
affects the peak transmission level.

4. CONCLUSION

In summary, a disturbed all-optical model based on a 2D PC
with a defect mode has been studied in this paper. This de-
fect was placed in the middle to create a high transmission peak
in the visible bandgap. The bandgap extends from 0.46µm to
0.70µm, and the peak appears at 0.527µm. Random errors
can occur during structure fabrication. We randomly disturbed
both cylinder positions and their diameters for different distur-
bances percentages: ±5%, ±10%, and ±15%. We have nu-
merically demonstrated that large ±10% random position dis-
turbances affect the defect peak that appears at 0.527µm in the
bandgap, more than for ±10% random diameter disturbances.
Nevertheless, the nonlinearity leading to all-optical limiting is
not affected by all these disturbances, and this result is partic-
ularly interesting for envisaging the fabrication of this type of
2D PC structure for all-optical limiting.
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