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ABSTRACT 
 

Silicon Photonics is the technological to face the future challenges in data 
communications and processing. This technology follows the same paradigm as the 
technological revolution of the integrated circuit industry, that is, the miniaturization and the 
standardization. One of the most important building blocks in Silicon Photonics is the 
microresonator, a circular optical cavity, which enables many different passive and active optical 
functions. Here, we will describe the new physics of the intermodal coupling, which occurs when 
multi radial mode resonators are coupled to waveguides, and of the optical chaos, which 
develops in coupled sequence of resonators. In addition, an application of resonators in the label-
free biosensing will be discussed. 
 
INTRODUCTION 
 

Electronic and communication technologies are changing our lives. Global social 
interactions, internet, high-yield computer-assisted workflow, rapid diagnosis and personalized 
cures are few basic examples of new frontiers opened by this technological progress. These 
advances have generated a growing demand of improvement in communication bandwidth and in 
computation speed for both consumer products and infrastructure installations.  
In the last decade, the rapid diffusion of cloud computing for data storage, entertainment and 
social media, significantly contributed to the increasing demand of bandwidth for data 
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transmission and computing [1,2,3,4]. One of the most representative examples is the continuous 
increase of data traffic in North America that has risen by one order of magnitude in 9 years 
(from 103 PB/month in 2007 to 104 PB/month in 2016) with an additional predicted rise to 
another order of magnitude in 2020 [5]. The evolution of the optical fiber communication link 
has enabled this exponential growth of data traffic. Since their introduction in the early 1960s, 
when signal attenuation exceeded 1000 dBkm-1, propagation losses have been constantly 
decreased to less than 0.2 dBkm-1 at a wavelength of 1.55 μm [6]. Since the early 1970s, the 
system capacity, i.e., the maximum amount of bits sent in one second in a single fiber, has 
improved by five orders of magnitude [7]. This has been possible by data multiplexing in 
different wavelengths [8], the reduction of the modal birefringence and the efficient tailor of the 
chromatic dispersion in fibers. 

The transceivers have followed a similar progress. Very Large Scale Integration (VLSI), 
which is the continuous size reduction of the electronic and optical components, imply higher 
component density and enhanced computing capabilities. This concept is well exemplified by the 
famous Moore's law, introduced for the first time in 1965, and which states that the number of 
functions per microelectronic chip would double every two years [9]. Miniaturization has been 
possible by the huge investments of the semiconductor industry in Integrated Circuit (IC) 
facilities, which in turn was motivated by the increasingly demands of the market. VLSI has 
been pursued to reduce the device cost by economy of scale. A synergy between different 
industries declared the success of VLSI: both equipment manufactures and semiconductor 
producers worked together to reach this common goal [10].  

During these developments, a severe power problem emerged which questioned the 
possibility to follow the Moore's law [11]. The high electrical power density generated in a 
single heavily integrated chip limits the operation frequency of a single processing unit to few 
GHz. A further increase in frequency will cause the failure of the component due to thermal 
issue. Therefore, to increase the computing power the only solution was to introduce multiple 
core processors. However, this in turn caused the rise of the so-called interconnect bottleneck: 
many cores have to exchange data at a very high pace that settles the ultimate computing speed. 

One of the most powerful technology to overcome the interconnect bottleneck is Silicon 
Photonics [12, 13, 14]. Silicon Photonics factorize the successes of microelectronics by using 
standard silicon processing and of optical communication by using photons to code the 
information. In this way, one can merge on the same chip electronic and photonic functionalities, 
i.e. computation and communication. Integrated photonic circuits are fabricated by using the 
well-developed infrastructures of Complementary Metal Oxide Semiconductor (CMOS) 
technology, which allows large scale integration in a cost-effective and monolithic manner. 

At first, the basic discrete components have been demonstrated. These included both 
passive devices - such as waveguides, splitters, grating couplers and interferometers - and active 
ones - like modulators, hybrid lasers and photodetectors. Then, these building blocks have been 
connected together, and assembled in integrated circuits to realize more complex functions. As a 
last step, photonic devices have been integrated with electronic ones to realize optoelectronic 
circuits. The latter has been done by using only a limited number of materials (Silicon, Silicon 
Oxide, and other group IV compounds and metals) and the CMOS processing technology [15]. 
Silicon Photonics is not limited to data and telecom applications. The versatility of the building 
blocks has been exploited for applications in security, medical diagnostics [16], lab-on-chip 
[17,18], spectrometer-on-a-chip [19], environmental monitoring [20], neural networks [21,22]. 
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In this paper, we will focus on the most used building block in Si-photonics, the micro-
resonator. We will review our research activity about the coupling of micro-resonators with a bus 
waveguide and with other micro-resonators. In particular, we will report on a non-conventional 
coupling method, the vertical coupling between a resonator and a waveguide, and on a non-linear 
effect obtained through the coupling of several resonators in a chain, and, finally, on an 
application of micro-resonators in label-free biosensing. 

EXPERIMENTS  
The devices used in our experiments were made by Si-based materials. Table I details the 
fabrication parameters while Table II summaries the characterization procedure. 
 

Table I: Fabrication details. 
 

 Vertical-
Coupling 

Coupled 
Cavities 

Biosensors 

Resonator Microdisk microring racetrack 
Coupling method 
waveguide/cavity Vertical in-plane in-plane 

Cavity material SixNy Si SiON (n=1.6)* 
Waveguide material SiON Si SiON  (n=1.6)* 
Number of cavities 1 8 (Coupled) 4 (multiplexed) 

Cavity Radius 20 μm 3.5 μm 50 μm 
Cavity waveguide 

height 
350 nm 220 nm 350 nm 

Bus waveguide 
height 

250 nm 220 nm 350 nm 

Cavity waveguide 
width 

- 500 nm 1 μm 

Bus waveguide 
width 

400 nm 500 nm 900 nm 

Gap  
waveguide/cavity 

700 nm 
(vertical) 

300 nm 
(horizontal) 

400 nm 
(horizontal) 

Coupled cavity gap - 22 μm - 
BOX (buried oxide) 3 μm 2 μm 4 μm 
Additional details [23] [24] [25] 

 
 (*) The refractive index (n) of the SiON was chosen to be 1.6 
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Table II: Characterization procedure 
 

 Vertical-Coupling Coupled Cavities Biosensors 
Wavelength Around 1550nm Around 1550nm Around 780nm 

Laser External cavity External Cavity VCSEL 
Light-guiding Free Space Fiber Fiber 
Amplification - EDFA - 

Detector Large area Ge Fast-Ge Large area Si 
Alignment system Piezo-positioner Piezo-positioner Micro-motor 
Insertion system Objectives Lensed-fibers Lensed-fibers 

Peculiarity 
Mach-Zehnder 
interferometer 

(Phase measurement) 

Oscilloscope 
Modulator Four detectors 

Additional details  [24]  [25] 
 
DISCUSSION  
 
Micro-resonators and coupling regimes  
 

The micro-resonators are interesting because of their small mode volume, very high 
power density and narrow spectral linewidth. This makes them a unique tool for a wide range of 
applications spanning from nonlinear optics and quantum electrodynamics to biosensig [26]. One 
of the most employed integrated cavities is the whispering gallery mode (WGM) resonators, 
which is based on a circular symmetry. The light propagates around the periphery of the cavity 
performing round trips and interfering constructively. Light is inserted and extracted from the 
resonator by coupling to bus waveguides. This coupling determines the main properties of the 
system.  

The transmission (T) and phase (θ) at the output of the waveguide can be described by the 
following relations [27,28]: 
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where Eab represents the normalized mode amplitudes entering (a=i) and exiting (a=t) the 
waveguide (b=1) or the resonator (b=2, see figure 1); ϕ  is the round-trip phase shift 

λπϕ /2 Lneff= , where neff, L and λ are the effective index, the perimeter and wavelength, 

respectively; α  represents the loss coefficient of the ring ( ϕα i
ii eEE 22  = ); and k and t are the 

coupling parameters and transmission parameters, respectively (t2+k2=1, assuming a lossless 
coupling). 
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This coupling scheme not only allows to employ several materials but also increase the 
degrees of freedom. In fact, the coupling is now determined by two geometrical distances: the 
vertical gap tunes the coupling coefficients, while the bus waveguide-to-resonator relative 
horizontal position selects the radial mode family to which the light is coupled [32]. This allows 
coupling of bus waveguides with high quality factor wedge-resonators, where the modes are 
retracted from the external rim [33]. 

Moreover, the interaction of the micro-resonators and the waveguide is changed from a 
single point interaction (characteristic for the in-plane configuration) to an extended coupling 
region, called flat zone, which is typical of the vertical coupling  [34]. In this last situation, the 
coupling geometry could be approximated by a directional coupler where the oscillatory 
coupling as a function as the vertical gap [34] or wavelength [35] causes the presence of the 
critical, over- and under- coupling regimes in the same micro-resonator.  

This peculiarity of the vertical coupling could be employed to realize in a photonic 
system a situation which is very similar to Lamb-shift of hydrogen states the in atomic physics. 
The intermodal reactive coupling between several radial mode families of a single micro-
resonator mediated by the bus waveguide gives rise to Fano-lineshapes in the transmission 
spectrum and to a net resonance shift due to the reactive nature of the established coupling [36].  
We have formulated a model for describing this phenomenon, defined by the following equations 
[36]: 
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where t represents the transmission amplitude,  the incident frequency, b

2,1ω  the resonant 

frequencies, 2,1α  the loss coefficients, 2,1η  the relative coupling weights, γ  the coupling loss 

coefficients, and 
rad

Δ the reactive radiative coupling coefficient. Notice that 
rad

Δ  indicates a net 
shift of the resonances (Lamb-shift) [36]. By measuring both the spectral transmission and the 
phase it is possible to fit the two curves by the same set of parameters, thus reducing possible 
parameter dependencies and verifying the model. Figure 3 shows the experimental transmission 
and phase for a micro-resonator. In this example, two radial families are coupled and a third 
radial family is uncoupled. The model considers all these three families, which allows reaching a 
high agreement between experiment and theory.  
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DMSO buffer Aflatoxin M1 toxin was diluted. The lowest concentration of Aflatoxin M1 that 
we were able to detect was as low as 1.58 nM [50]. 

CONCLUSIONS 
 
  The phase measurements is an interesting tool to distinguish between coupling regimes in 
the micro-resonator/bus-waveguide optical system. Additionally, the simultaneous fit of several 
resonances in the vertical coupling scheme represents another tool to study the intermodal 
coupling mediated by the waveguide, and the optical lamb-shift. The addition of coupled cavities 
gives rise to a chaotic signals that could be employed to generate random numbers, for i.e. secure 
data transmissions. The resonator-based biological detection system is a platform for a 
miniaturized lab-on-a-chip. All of these phenomena/applications have been proved by using 
Silicon Photonics, a mass-production enabled and CMOS compatible technology. 
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