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ABSTRACT

We show here theoretically and experimentally how chaotic Photonic Crystal resonators can be used for en-
ergy harvesting applications and the demonstration of fundamental theories, like the onset of superradiance in
quantum systems.
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1. INTRODUCTION

The efficiency of an optical resonator, also known as quality factor (Q), is determined by the ratio of the stored
electromagnetic energy and the power dissipated through all the possible loss channels, at a given frequency.
The physical mechanism used to trap light is specific to each resonator. Q is related to the characteristic decay
time of energy of the resonator, identified by the lifetime 7 = 2Q/w. The higher Q, the longer the lifetime of
the modes at a given frequency w. In the frequency domain, higher Qs are associated to narrow resonances.
Although most applications benefit of the highest possibly Qs, e.g. to fabricate sensors, delay lines, lasers, tunable
filters and in general to promote a strong interaction between light and matter,' ™ there exists a compromise
between bandwidth of the resonator and energy storage. Q and the lifetime are directly linked to the ability
to couple light to the resonator from external channel, which is related to the suitability of the resonator as
light harvesting device. The maximum amount of power transfer from an external source onto the resonator
is obtained in condition of impedance matching, when the internal lifetime of the resonator (as measured for
an isolated resonator) is identical to external one (rate of energy exchange with in- and out-coupler channels).
Most multimodal resonators achieve this condition only for a specific set of frequencies. This means that for
a broadband source most of the frequencies are not efficiently coupled to the resonator. Several schemes have
been suggested in literature to overcome this limitation, e.g. based on tailored impedance matching for multiple
wavelength® or using the splitting of the modes due to the coupling of identical resonators, to broaden the overall
response of the system.® Alternative approaches engineer the efficiency of diffracting gratings to enhance the
absorption in a thin film,” or use iterative numerical optimisation to identify complex topologies of resonators
that achieve high harvesting efficiency.®

Here we present a class of photonic cavities that exploit chaos to trap efficiently light, by fulfilling the impedance
matching requirements for a broad range of wavelengths. To this extent we adopt Photonic Crystals (PhCs)
resonators based on silicon-on-insulator platform in the near infrared range. The choice is motivated by the fact
that PhCs resonators can be defined with an arbitrary topology and that they enable an extremely accurate
control of the loss channels. In the following sections we first describe the fabrication and characterisation of
chaotic PhC resonators, we then focus on their broadband energy harvesting properties and we conclude with a
suggestive example of how this class of resonators can be used to address fundamental properties of light matter
interaction, like the onset of superradiance.
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Figure 1. a) and b) SEM figures of square and stadium cavities respectively. ¢) and d) enlarged views of a stadium
resonator and coupling region.

2. SAMPLE FABRICATION AND OPTICAL CHARACTERIZATION

All the samples referred to in this paper are realised in Silicon on Insulator (SOI) platform (220nm thick silicon
capping layer on 2um thick oxide, obtained on a 500um thick silicon substrate), following a standard procedure.
An SOI chip is cleaned in acetone and isopropanol for 5 min in a ultrasonic bath and carefully dried with a
nitrogen flow. The samples are then spin coated with a ~ 350nm thick ZEP photoresist and baked for 10min
at 180C. The PhC pattern is written on the resist, using a LEO/RAITH electron beam lithographic system,
with a dose of 50mC/cm?. After exposure, the samples are developed at 23C for 45s using xylene and the
pattern transferred on the silicon capping layer with a reactive ion etching step. This step was realised with
a custom made system, using a 50 : 50 blend of CHF3 and SFg gases. The residual resist was removed with
tricholorethylene and the sample cleaved for end fire optical inspection. Typical samples are shown in fig. 1.
Panels a) and b) show respectively scanning electron microscope (SEM) figures of resonators with square and
stadium shape and increasing areas. These shapes were chosen because they are known to exhibit a non-chaotic
and fully chaotic behaviour, respectively.? The resonators were coupled to the external world by waveguides,
obtained by removing a single row of holes in the PhC and coupled to high contrast channel waveguides. The
position of the input and output waveguides was offset to avoid enforcing artificial symmetry constraints. The
panels ¢) and d) of fig. 1 show a closed up view of a stadium shaped resonator and of the coupling region,
respectively. In panel d) it is possible to distinguish the hexagonal periodic array of holes of the PhC. The filling
factor of the PhC was kept around the value r/A = 0.3, where r is the radius of the holes and A is the lattice
constant of the PhC, to keep the band gap in the A = 1550nm region.
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Figure 2. a) Typical power density spectrum (PDS) and reconstred fit. b) SEM figure of a PhC cavity with intermediate
value of a. ¢) Measured and calculated difference of max and min lifetimes of the modes supported in the PhC cavities.
d) Average value of the energy stored in the resonators for different values of «, using a light source with a bandwidth of
110nm.

To characterise the optical properties of the cavities we measured their transmission spectra using an amplified
spontaneous emission source centred at A = 1550nm and of bandwidth 110nm and an ANDO optical spectrum
analyser with resolution below 0.1nm. A typical transmission spectrum is shown in panel a) of fig. 2, along with
there reconstructed fit, to create a statistic of the mode lifetimes.”

3. CHAOS AND BROADBAND LIGHT HARVESTING

The ability to create accurate statistics for the linewidths of the resonant modes is pivotal to ascertain the
chaotic behaviour of the resonators. To correlate the shape of the resonators with a specific statistic, we fab-
ricated a number of resonators with varying geometrical parameter «, as in fig. 2. For a = 0 the cavity is
square (non-chaotic), for & = 1 it is a stadium (chaotic). Intermediate values permit to explore the full dy-
namics, hence a plays the role of a chaos parameter. The main effect of increasing the chaos is to produce the
collapse of the lifetimes of all the modes supported by the resonators towards a single value (see panel ¢) of fig.
2, where the difference between the max and min lifetime tends to zero).!® This, along with the fact that in
this condition energy is distributed along all the available degrees of freedom is the key factor that yields to an
enhanced energy harvesting efficiency of a chaotic resonator compared to a standard one. In other words, light
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Figure 3. SEM figures of PhC chaotic resonators with output waveguide made of 1 missing row of holes (panel a) ) and
30 rows of holes (panel b) ).

can be more efficiently coupled into a system that supports many modes all with the same lifetime. This re-
sult was also confirmed by numerical simulations, comparing the two extreme cases, as shown in panel d) of fig. 2.

4. LOSS CONTROL AND HAMILTONIAN SIMULATOR

The main advantage of using a PhC platform is that all the losses mechanism can be well accounted for. These
include the out of plane losses, the losses due to scattering from the PhC and the input and output waveguide
couplers. This permits an extremely accurate modelling and numerical reproducibility, for example using finite-
difference time-domain codes and random matrix theory. This peculiar property can be further exploited by
tuning the losses mechanism on purpose to explore their effect on the chaotic behaviour of the PhC resonator.
The easiest way to achieve this goal is by modifying the with of the output waveguides. For example, panel a)
of fig. 3 shows a chaotic PhC resonator with a single line defect PhC waveguide, whereas panel b) shows the
same system with an output waveguide obtained removing 30 holes from the regular PhC. The main effect of
these increased losses is to perturb the system and break its simple chaotic regime. Interestingly this mechanism
can be used to mimic several physical system that can be described by the same perturbed Hamiltonian.!!
For example, by increasing gradually the width of the output waveguide it is possible to observe the onset of
supperradiance, as witnessed the by the creation of a finite number of short-lived modes. This corresponds
to a system of two-level atoms coupled to a common radiation field with a strength comparable to the energy
separation of their atomic level, as predicted by Dicke.'? Fig. 4 shows the map of resonance widths of the
supported modes and their frequency for different defect waveguides. For high losses the superradiant modes
with short lifetimes are separated from the long living modes by a frequency gap that depends nonlinearly from
the width of the channels.

5. CONCLUSIONS

In conclusion we have shown that chaotic PhC resonators exhibit a very rich physics. The possibility to account
for and tailor accurately the loss mechanisms is useful both for the demonstration of practical devices and the
validation of fundamental theories of difficult experimental realisation. In particular we have shown that chaotic
PhC resonators can be used to double the light harvesting efficiency over a band of 110nm. We have also shown
that by fine-tuning the losses it is possible to demonstrate the onset of superradiant states associated to the
Dicke transition.
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Figure 4. Map of linewidts and frequency of the modes supported by PhC cavities with different widths of the output
channel waveguides.
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