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Enlarging the bandwidth
of a two-dimensional photonic crystal mirror
in the visible range
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The spectral properties of reflective mirrors based on a classic design of two-dimensional subwave-
length photonic crystal are investigated numerically in the visible wavelength range. These reflec-
tors are meant to be made of silica and silicon nitride. A novel numerical strategy is proposed in
order to determine the optimal value of the grating fill factor yielding an efficient level of reflec-
tance through the maximal range of wavelengths.
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1. Introduction

Number of studies in the domain of photonic devices is rapidly growing, which means
that the interaction of light with periodic structures and resonant photonic elements is
of a great scientific and technological interest. Bragg mirrors have been extensively
used during decades for the realization of devices such as Fabry—Pérot filters [1, 2] or
vertical cavity surface emitting lasers (VCSEL) [3]. In the infrared domain, these mir-
rors have been recently replaced by one and 2D resonant gratings [4—10]. Such gratings
have shown to be highly reflective, within a single layer, which is beneficial in terms
of compactness and cost of devices, with an additional advantage of polarization con-
trol of VCSELs for example [3, 11].

In the infrared range, the available transparent materials may show high refractive
index contrast, which enables very broadband mirrors [6]. In the visible range, how-
ever, transparent dielectric materials have much lower index contrast, which makes it
difficult to realize broadband grating mirrors. It becomes thus essential to work on the
multimodal behavior of the grating to obtain a relatively broad reflectance peak.

In this paper, the attention is focalized on a classic design of 2D gratings made of
silica/silicon nitride, which are commonly used in microelectronics, and are transpar-
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ent in the whole visible range. The geometry related to the investigated configurations
is of a 90° rotational symmetry and, thus, independent of the incident light polarization.

Here, we report a new numerical strategy of a choice of the grating parameters en-
abling to enlarge the spectral reflectivity. The proposed strategy is based on the fine
tuning of modal resonances. For simplicity and clarity, the discussion is limited to
an example with only one parameter to be optimized, which is the fill factor related to
the resonant grating.

2. Configuration of a 2D resonant grating

Figure 1 schematically illustrates a model of 2D resonant reflector studied in this work.
The grating parameters are the period, grating thickness, fill factors and the materials
refractive indices. A regular array of cylindrical pillars, made of silicon nitride, em-
bedded into a silica substrate, is considered. The superstrate is air. Normal incidence
of the wave impinging from the substrate side on the grating is assumed.

We limit ourselves to the case of a grating with a 90° rotational symmetry, i.e., in
which the periods related to both x and y directions are equal. Thus, the spectral response
of the device in normal incidence is the same for TE and TM polarizations. The calcu-
lations are done with the Comsol Multiphysics commercial package (COMSOL AB,
Sweden), based on the finite element method (FEM). Periodic boundary conditions are
applied on both lateral sides of the domain, and perfectly matched layers allow limiting
the computational domain on top and bottom sides.

Among three main grating parameters, the only fill factor is varying in the present
work. Two remaining parameters, the grating period A and the grating thickness d are
fixed to 270 and 125 nm throughout all the calculations.

Fig. 1. Model of the 2D resonant reflector made of cylindrical pillars of silicon nitride. The parameters
are the grating period 4, the grating thickness d and the silicon nitride fill factor f, yielding the diameter
of the pillars w = f4. The inset is a cross-section through the diameter of the pillars along the x or y axis.
The substrate and surrounding medium of the silicon nitride pillars (ny = ng;y = 2.0) is silica (ng = ngjo,
= 1.5). The superstrate is air (n, = n,;, = 1.0).
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Fig. 2. Spectral response simulated versus wavelength for the 2D resonance grating array with cylindrical
pillars corresponding to the period 4 =270 nm, thickness d =125 nm, and fill factors f, =0.7222,
/> =10.8148, and f3 = 0.8704.

It is worth mentioning that the ratio between these parameters is of the prime impor-
tance. For example, they set the grating array resonances in the desired wavelength
range, and getting symmetric Fano-resonance peaks, i.e., background reflection of the
effective index layer close to zero [12]. Nevertheless, they do not change the proposed
numerical strategy, presented in this paper.

3. Three regimes detected

Figure 2 illustrates the spectral response of the 2D mirror presented above with pillars
of three different values of fill factors.

An interesting phenomenon is observed: depending on the fill factor, the grating
can show one or two peaks of reflectance. More precisely, by increasing the fill factor,
one gets two peaks of reflectance, passing by a situation of a single reflectance peak
(Fig. 2). In order to understand the nature of these peaks, maps of the scattered electric
field modulus |E*| at the wavelengths of the peaks corresponding to the same fill fac-
tors are plotted in Fig. 3.

Starting with the case corresponding to the fill factor /= f|, it can be noted that the
two peaks correspond to different distributions of the electromagnetic field (Figs. 3a
and 3b). For the case of fill factor /= f,, a single peak is observed (Fig. 2). As can be
seen from this figure, this peak does not reach the level of total reflectance as the previous
ones. A map of electric field modulus related to this peak can be viewed in Fig. 3e¢. It
can be noted, that this map is quite similar to the second one from the previous case.
Finally, increasing the fill factor up to f'=f;, two peaks reaching total reflectance can
be observed again.

Some interesting phenomena appear when comparing the results corresponding to
the fill factors = f and /= f;. On the one hand, it can be noted that by increasing the
fill factor, the electric field map related to the second peak for fill factor f; (Fig. 3b)
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Fig. 3. Maps of the electric scattered field modulus |E*| in the middle cross-section of pillars containing
the electric field vector. Two peaks are obtained for the fill factor f; at wavelengths A =409.3 nm (a) and
A=411.4nm (b). A single peak of reflectance is obtained for f, at A =416.7 nm (¢). Two peaks are
obtained for fill factor f3 at 4 = 419.9 nm (d) and 1 = 422.6 nm (e).

is similar to the electric field related to the first peak for fill factor f; (Fig. 3e). On the
other hand, the electric field related to the first peak for fill factor f; presented (Fig. 3a)
is rather different from the electric field related to the second peak for fill factor £,
(Fig. 3e).

In order to understand the nature of these phenomena and describe the behavior of
the reflectance peaks, the spectral positions of the peaks, as well as the minimum be-
tween them, are examined for values of the fill factor varying from 0.6 to 0.9.

These three characteristic features are determined using a metamodel, based on
a radial basis functions decomposition [13, 14], in order to improve computational ef-
ficiency. The reflectance spectrum is iteratively refined by simulating new points at po-
sitions where the metamodel exhibits changes in gradient sign. Figure 4 provides a view
of the behavior of these characteristics through the chosen range of fill factors. Three
regimes clearly appear.
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Fig. 4. Level of calculated reflectance related to the first peak, second peak and minimum between them
calculated for the fill factor varying from 0.6 to 0.9. The region where a single peak exists is presented
as well.

Firstregime: two peaks existing. The first regime shows the existence of two peaks.
We remind that these peaks correspond to different distributions of the electromagnetic
field, presented in Figs. 3a and 3b. Both of them are red-shifted when the fill factor is
increased. As can be seen from Fig. 4, the second peak quickly reaches the level of
total reflectance, while the first one is reaching it slower. As the peaks both get high
level of reflectance, they get spectrally closer to each other, and thus the reflectance
at the minimum between them also increases.

Second regime: a single peak. The second regime begins when the minimum be-
tween the two peaks reaches the level of the total reflectance, as can be seen in Fig. 4.
The main criterion of the second regime is that a single peak exists. This peak is not
holding on the level of total reflectance: it first decreases to around 90%, and then starts
growing again.

Third regime: two peaks crossed each other. The third regime corresponds to the
reappearance of two peaks reaching the total reflectance level, with a distinctive min-
imum between them. These two peaks are red-shifted when the fill factor is increased.
The mapping of the electric field related to the second peak corresponds to the first
peak of first regime. In order to confirm and formalize such behavior, the wavelength
positions of the two peaks are plotted in the same range of the fill factors (solid lines
in Fig. 5).

As can be seen, the first peak is red-shifted faster than the second peak. After pass-
ing through the second regime, the first peak outruns the second one and their positions
become inverted.

The band structure of the grating has been calculated by the FEM, and the spectral
positions of the actual grating modes have been extracted, which obviously do not cor-
respond to the reflectance maxima (Fig. 5). It can be seen that, although the reflectance
peaks cross each other (solid lines), the related modes do not (dashed lines), and we
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Fig. 5. Evolution of the simulated wavelength corresponding to the first and second peaks and the minimum
between them. The first and second modes, contouring the peaks trajectories, are also plotted. The region
where a single peak exists is presented as well.

observe an anticrossing between them, which explains why the field map of the second
peak in first regime is similar to the field map of the first peak in third regime. The first
peak in first regime does transform into the second peak in third regime, but the electric
field distribution is much more altered, which is correlated with the higher wavelength
dependence of mode with fill factor. Indeed, the wavelength of resonance is related to
light distribution between high and low refractive indices. For the map field which re-
mains similar in all three regimes, the energy is changing almost linearly, due solely
to geometric increase of pillars with fill factor. For the other one, the field distribution
is more disturbed, and the wavelength increases faster.

4. Proposed numerical strategy

In order to obtain a grating that would yield a large spectrum of reflectance, another
parameter, that is the spectral distance between the reflection peaks, should be taken
into account (Fig. 6).
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Fig. 6. Evolution of the spectral distance between the two peaks present in the first and third regimes.
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The necessity of treating both peaks of reflectance is clear now: it allows us to bring
them closer in order to obtain a broader reflection spectrum. Besides, introducing a third
parameter, i.e., the minimum between the peaks, allows us to determine the parameters
for which the resonant grating would have the maximal spectral range for a given level
of minimal reflectance.

Thus, the 2-steps strategy of an optimal fill factor definition proposed in this paper
is the following:

— First, using Fig. 4, one has to determine the fill factors yielding the demanded
level of reflectance for the minimum between the two peaks.

— Second, with the help of Fig. 6, one has to choose one among the two values ob-
tained at the previous step, yielding the maximal spectral peak distance.

As an example, two optimal gratings are determined, which respectively reach re-
flectance levels higher than 90% and 99%. The spectral responses corresponding to
these grating reflectors are plotted in Fig. 7. The resulting peaks are respectively 3.5 and
5.7 times wider than the ones presented in Fig. 2.
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Fig. 7. The spectral response of the 2D grating composed of cylindrical pillars of fill factors f = 0.8564
andf = 0.8437, optimally chosen in order to get reflectance higher than 90% and 99% through the maximal
range of wavelengths.

In summary, a novel numerical strategy has been introduced to design broader band
reflection grating in the visible light range. Getting in the comprehension of the modal
behavior of a 2D resonant grating with cylindrical pillars, the proposed technique al-
lows determining the device parameters yielding the maximal spectral width for a giv-
en level of reflectance. As a result, two values of fill factor are proposed in order to
design the resonant reflectors, providing a reflection bandwidth of ~2.37 and ~1.16 nm
with R > 90% and R > 99%, respectively, around 4 = 420 nm.

5. Conclusion

It is worth mentioning that the present gratings were designed to operate around 420 nm,
but the investigated idea can be used in the entire visible range of wavelength, by sim-
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ply applying a scaling rule on both height and period, considering that refractive indices
of the material used do not change much with wavelength.

Such wider-bandwidth mirrors could be integrated in photonic devices operating
in the visible range, such as resonant cavity light emitting diodes for example.
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