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Abstract 
 

Near-field Interaction With Dark Modes: Nanophotonics and Plasmonics 
Cases 

 
by 
 

Michael Mrejen 
Doctor of Philosophy in Applied Science and Techology 

 
University of California, Berkeley 

Professor Xiang Zhang, Chair 
 
 
 

With the advent of the information era, the ever-growing need for bandwidth 
and computing power is calling for the development of highly integrated and 
compact photonic circuits where controlling light at the nano-scale becomes	  
the	  most	  critical	  aspect	  of	  information	  processing	  and	  transfer.	  However, the 
inherent cross-talk in densely packed waveguides is a major roadblock 
toward ultra-high density photonic integrated circuits. As a result, the 
diffraction limit is often considered as the lower bound for ultra-dense 
integrated photonics circuits. In recent years, analogies between light 
propagation in waveguides and atomic physics dynamics were explored 
leading to non-intuitive light propagation patterns in waveguides.  
In this dissertation we discuss the application of the Adiabatic Elimination 
concept from atomic physics into integrated photonics. We experimentally 
demonstrate that this scheme allows the control via a dark mode of the 
coupling between two outer waveguides in a three-waveguide configuration. 
In particular, we show that at the nano-scale, where higher order couplings 
occur, a zero coupling between all the waveguides can be achieved, thus 
allowing perfect shielding in very dense waveguides configuration. We also 
show the applicability of the Adiabatic Elimination in larger arrays of 
waveguides. 
We conclude by showing how dark mode interaction applied to a plasmonic 
system leads to a significant linewidth narrowing of the plasmonic resonance 
thus reducing the losses typically associated to these systems.  
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1.  Introduction 
 
Today more than ever before in human history, our societies rely on fast and 
reliable communication and on the ability to process in ever more 
sophisticated ways the information and data galore we produce around the 
clock. This always-growing demand for processing power and communication 
bandwidth has led to the empirical Moore’s Law that stipulates that the 
density of transistors in integrated circuits has to double every two years. 
The resulting race toward miniaturization is pushing electronics toward their 
limits as it faces increased heat to dissipate and interconnect latency. 
Integrated nanophotonics (the ability to manipulate light at the nanoscale in 
integrated circuit) has been over the past decade considered as a promising 
candidate to keep us on track with Moore's law and to cope with the 
limitations electronics is facing. While integrated nanophotonics shows great 
promise in addressing the challenges electronics is facing there are issues to 
be solved to allow cramming densely photonic circuits. Indeed, when two 
optical waveguides (perhaps the most basic integrated photonic circuit) are 
placed within a subwavelength distance between them -the near-field range- 
the wave nature of light kicks in and light that propagates in one waveguide 
"feels" the adjacent waveguide and tunnels to it a certain amount of energy 
disrupting the functionality of the device. This the inherent cross-talk in 
densely packed waveguides represents a limitation on how close we can put 
waveguide close to each other. Moreover, this cross-talk/coupling is 
predetermined mostly by geometry (gap, waveguides shape etc…) and can 
hardly be controlled let alone canceled. 
 
Most of this dissertation is devoted to propose solutions to these technological 
issues.  In solving these issues, our approach is inspired by the fundamental 
analogy between quantum mechanics and optics due to their wave nature 
and the desire to show the universality of concepts thought to be particular to 
certain branches of physics. This approach is doubly rewarding: not only it 
allows us to bring novel solutions to technology but also enlighten back our 
understanding of fundamental physics with new insights. 
 
In Chapter 2 we will dive into the intricacies of this approach and show the 
analogy between two atomic level system and two coupled waveguides. We 
will along the way develop the formalism that will help us later in the 
dissertation. Equipped with this understanding we will show how by 
applying an atomic physics concept, the Adiabatic Elimination, to the realm 
of integrated photonics can lead to a system where the coupling can be 
controlled on demand via a decoupled (dark) mode. We will finally provide 
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some background on the numerical and experimental tools that have helped 
us in our research. 
 
Chapter 3 will be dealing with the experimental realization of the Adiabatic 
Elimination scheme in a three coupled nanowaveguides system. We will show 
the emergence of a decoupled dark mode and how one can, via the near-field 
interaction with it, control the coupling between nanowaveguides with 
subwavelength distance between them. We will discuss various aspects of the 
experiment and emphasize the benefits of this control via a dark mode 
especially in the presence of losses. Most if this chapter and the theoretical 
foundation of AE in waveguides has been published in [92] 
 
In Chapter 4 we will take the Adiabatic Elimination analogy to unchartered 
territories from the atomic physics perspective. Indeed we will show how the 
couplings specific to densely packed nanowaveguides bring up possibilities 
not imaginable in atomic three level systems. We will show that the 
Adiabatic Elimination under very particular conditions leads to a total 
cancellation of the coupling between all the three waveguides despite them 
being packed within the near-field range where the coupling is typically very 
strong.  
 
Chapter 5 will give us the opportunity to expand the Adiabatic Elimination to 
higher order coupled waveguides. This will lead to the realization of a 
decoupled pair of integrated beamsplitters (a.k.a directional couplers) in a 
very compact form, here on the order of the wavelength. This will have 
implications for high density integrated photonics quantum computing which 
uses extensively arrays of directional couplers but need to worry of the 
undesired cross coupling between them. This chapter is currently under 
review and will be published as soon as accepted. 
 
In Chapter 6 we will shift gear and turn our attention to plasmonics, another 
nanophotonic approach to control light at the nanoscale by coupling light 
wave to electrons. This approach however is plagued with the losses 
associated with the metals. We will show here theoretically how, by using an 
analogy with 4-levels atomic system and interaction with dark modes, we are 
able to reduce the linewidth of plasmonic resonators and thus reduce the 
losses typical to plasmonic systems. This chapter has been published in [93] 
 
In Chapter 7 we will finally conclude and give some future directions. 
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2. Background 
	  
The fundamental wave nature of quantum mechanics and optics has allowed 
the observation at a macroscopic level of optical analogues of quantum 
phenomena typical to atomic and molecular systems in recent years [1-6]. 
These analogies provide a powerful and accessible laboratory platform for a 
direct observation and manipulation of some basic dynamics typically found 
in two-level or three-level atomic and molecular systems that interact 
coherently with laser fields [7-12]. Moreover and probably most interestingly, 
these analogies can go beyond the mere mimicking of dynamics from atomic 
systems to optical ones and lead to surprising and somehow counter-intuitive 
light propagation and interaction in nano-waveguides and plasmonic 
structures. This approach allows to ultimately offer insightful solutions to the 
challenges posed by the ever growing need for miniaturization. 
	  
In this chapter, we will cover most of the theoretical background that is at 
the foundation of the work presented in this dissertation. We start with the 
analytical description of the light propagation in coupled waveguides.  
We will then go beyond the known analogy and present our application of the 
adiabatic elimination concept to coupled nanowaveguides system. 

2.1. Coupled Mode Theory and Eigenmodes:  
Waveguides and Atomic systems 

	  
In this part we will show the analogy between the propagation of light in 
coupled waveguides and the time evolution of electrons populations in atomic 
levels.  
We first consider the simplest coupled waveguide system: two waveguides 
positioned in proximity as shown in Figure 2.1. This configuration is also 
often referred to as a directional coupler. Each uncoupled waveguide sustains 
a propagating mode that has an evanescent field tail extending outside the 
physical boundaries of the waveguide.  The neighboring waveguide is treated 
as a perturbation to this evanescent field tail. As a result of this perturbation 
the waveguides are now coupled and light injected in one waveguide will leak 
to neighboring one. This energy exchange happens back and forth as light 
propagates along the z axis. The propagation of the electromagnetic field 
inside such coupled waveguide system can be derived from the wave equation 
and by treating the neighboring waveguide’s index profile as a perturbation 
to the polarizability.  Such treatment is widely known in the literature [13-
14] and leads to the following Coupled Modes Equations:  
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where   Ei
, β

i
  are the field amplitude and the complex propagation constant 

respectively of the uncoupled propagating mode in waveguide   i =1,2 . We note 

that  i  will also represent the complex quantity   i = −1 . 
	  
	  	  

	  
Figure 2.1- Evanescent coupling in waveguides. Each mode   Ei

 , i =1,2  is confined 

thanks to the index contrast. The field overlap is responsible for the coupling 

  
κ

ij
 , i, j =1,2  between the modes   i =1,2 . 

The couplings 
 
κ

ij
 are approximated using the perturbation theory and are 

expressed as: 

 
   
κ
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( j)dxdy   (2.2) 

	  
Where ω is the frequency of the electromagnetic wave propagating in the 

waveguides and   ε(x,y) and ε j(x,y)  are the permittivity distributions of the 
coupled waveguides system and of waveguide j  alone respectively. 
The CME can be re-written in the matrix form: 
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Assuming	  a	  solution	  of	  the	  form:	  
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the	  CME	  Eq.	  (2.3)	  becomes	  an	  eigenproblem	  with	  the	  following	  eigenvalues:	  
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	  Where	   κ12
=κ

21
*  for co-propagating modes. 

The	  associated	  eigenstates	  are	  in	  the	  uncoupled	  modes	  basis:	  
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the	  eigenmodes	  of	  the	  coupled	  system	  are	  thus	  an	  symmetric	  ( A+ ) and anti-
symmetric ( A

− ) superposition of  the uncoupled modes. Furthermore the 
general solution for the fields   E1

,E
2
 is then a linear combination of the 

eigenmodes amplitudes   A
+ ,A− each propagated with its own respective phase 

and propagation constant  β
+ ,β−  or put in a formal way: 
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After solving for   c1
,c

2
 by imposing the initial conditions we finally get: 

  



	   6	  

 

  

E
1
(z)

E
2
(z)

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
=

cosqz + i
Δ
q

sinqz i
κ

12

q
sinqz

i
κ

12
*

q
sinqz cosqz − i

Δ
q

sinqz

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

E
1
(0)

E
2
(0)

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
eiφz

q = Δ2 +κ
12
2

φ =
β

1
+ β

2

2

  (2.8) 

Assuming the initial conditions of   E1
(z = 0) =1,E

2
(z = 0) = 0  we have the 

intensity propagating in each waveguide: 
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Typical propagation patterns are presented in Figure 2.2 below: 
 

	  

	  
Figure 2.2- Light propagation in a two-coupled waveguides system when light is 

first injected in waveguide 1. Complete power transfer occurs only when  β1
= β

2
. 

	  
We emphasize that the distance at which the maximum intensity inversion 
occurs (known as the Coupling Length or Inversion Length,  Linv

) is: 
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Δn± = n+ −n−  and   n

+ ,n−  are the effective mode indexes of modes  β
+ ,β−

respectively. 
An important feature of coupled systems is the so-called avoided crossing [15] 
that appears in the dispersion relationship of the eigenstates as a function of 
the detuning Δ (a.k.a. phase mismatch) between the coupled modes. The two-
coupled waveguides system introduced here is no exception as we can see 
from Figure 2.2. 

We note that the avoided crossing gap at  Δ = 0  is equals to  Δβ
± = 2κ

12
following Eq. (2.5). 
	  

	  
Figure 2.3- Dispersion relation of the eigenvalues of the two-coupled waveguides 
system.   

	  
As it turns out the formalism presented here in coupled waveguides is 
analogous in many points to the one that describes a completely different 
physical system: the Rabi model for two-level atom interacting with a 
monochromatic laser field [16]. 
We consider a two-level system with a ground energy level 

 
ψ

1
 and a higher 

energy state 
 
ψ

2
 as shown in Figure 2.4. This two-level atom interacts with 

a laser field at frequency    ωL
= [(E

2
− E

1
)− Δ] /  . The coupling between the 

levels is    V = ε
L
(t)µ

12
  where   εL

(t) is the fluence (“intensity”) of the laser 

field at time  t  and  µ12
the dipole moment between the levels 1,2.  
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Figure 2.4- Two-level atomic system interacting with a monochromatic 

electromagnetic radiation at frequency    ωL
= [(E

2
− E

1
)− Δ] /   and with coupling . 

	  
The time evolution of the system described by a superposition of the 

unpertubed eigenstates  

  

ψ (t) = c
i
(t)ψ

i

i=1,2

∑  is dictated by the Schroedinger 

equation 
   
i

∂ψ (t)

∂t
= H ψ (t) . H is the Hamiltonian of the interaction 

represented in the unperturbed eigenstates basis 
 
[ψ

1
,ψ

2
]  as: 

 

 
  
H = 0 V

V * Δ

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
  (2.11) 

	  
When all the electrons are in the ground state 

 
ψ

1
 at t=0, the population of 

the electrons oscillates in time between the levels  ψ1
,ψ

2
(a.k.a Rabi flopping) 

with the Rabi frequency   ΩR
= Δ2 +V 2 .  

We can readily see that the evolution in time of the electrons populations in 

levels   i =1,2 , 
  
c

i
(t)

2
= ψ

i
ψ

2

, is analogous to the intensities propagation 

  
E

i
(z)

2
 in waveguides   i =1,2 . In this analogy the coupling between the levels 

  i =1,2  V is analogous to the coupling  κ12
between the waveguides and the 

detuning Δ in the atomic system is equivalent to the propagation constants 
difference  Δβ12

. 

This analogy brings us to consider dynamical schemes that are known in the 
realm of atomic physics. In the following subchapter we will consider the 
dynamical scheme of Adiabatic Elimination and show its novel aspects from 

! !

! !

!

V

!nergy
E2

E1
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photonics applications point of view but also how it can expand the dynamics 
to patterns not attainable in its atomic counterpart.  
 
	  

2.2. Adiabatic Elimination in waveguide 
system 

 

In this subchapter we present, based on the analogy introduced in Chapter 
2.2, how we have applied the concept of Adiabatic Elimination to waveguides 
system. We start and consider the three coupled mode systems introduced in 
Figure 2.5 below. 

 

Figure 2.5 – Adiabatic elimination (AE) scheme in atomic physics and optical 
waveguides. A general three-coupled mode system can be realized in (a) atomic 
systems and in (b) three waveguide coupler. These systems share equivalent 
dynamics where the time evolution of the population of electrons in each level is 
analogous to the electric field propagation in each waveguide. In both cases the 
evolution is dictated by the couplings between the modes, 𝑽𝒊𝒋  and by the detunings 
𝜟𝒊𝒋 or the difference between propagation constants 𝜟𝜷𝒊𝒋. (c) The intensity 
evolution in three identical waveguides, where 𝑽𝟏𝟐 = 𝑽𝟐𝟑 and the light is injected in 
waveguide 1. This evolution is equivalent to on-resonant three level atomic 
interactions, where all the electrons are initially in the ground state. As seen, all 
the waveguides have a significant light intensity throughout the propagation as a 
result of the couplings. (d) AE process in the atomic system relies on a strong 
coupling between nearby levels that exhibit a very large detuning between them 
(∆𝟏𝟐,∆𝟐𝟑≫ 𝑽𝟏𝟐,𝑽𝟐𝟑). Since each of the two coupling processes is greatly detuned, the 
amplitude of the intermediate level oscillates very rapidly in comparison to the 
slow varying population in the other levels resulting in no significant build up and 
remaining at its initial value. The three-level system is thus reduced to an effective 
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2-level system with an effective coupling 𝑽𝒆𝒇𝒇 =
𝑽𝟏𝟐𝑽𝟐𝟑
𝜟𝜷𝟏𝟐

 between the ground and the 

excited states, with the intermediate level being a ‘dark’ state. (e) AE analogue in 
optical waveguides. The outer waveguides become an effective 2-mode coupler 
with V!"" = V!"-‐

!!"!!"
!!!"

 and the middle waveguide is a ‘dark mode’. Importantly, the 

coupling between the two outer waveguides is now controllable through 𝜟𝜷𝟏𝟐. (f) 
When AE conditions are met, the light injected in waveguide 1 propagates only in 
the outer waveguides 1 and 3. The middle waveguide is effectively eliminated, as 
its energy buildup remains very low during the entire propagation.   

As we introduced in chapter 2.1, the evolution of the electrical fields in three 
coupled mode systems can be described by the general equations:  𝜕!𝐸! =
𝑖   𝛥𝛽!"𝐸! + 𝑉!!! !"

𝐸! , 𝑖, 𝑗 = 1,2,3 , where 𝐸! are the electromagnetic fields of 

the different modes, V!" is the coupling strength between waveguides  i  and j, 
and Δβ!" is the mode propagation constant difference,Δβ!" = β!-‐β! =

!
!
n!!""-‐n!!"" , 

where 𝜔 is the frequency of the light, 𝑐 is the speed of light and 𝑛!
!"" is the 

effective mode index of waveguide i. The adiabatic elimination (AE) procedure 
in waveguides, in analogy to atomic physics, relies on a strong coupling 
between nearby waveguides that exhibit a very large mode index mismatch 
between them ( Δβ!" z ≫ 1) Δβ!" z ≫ 1. Since each of the two consecutive 
coupling processes is greatly mismatched, the amplitude of the middle 
waveguide, 𝐸! will oscillate very rapidly in comparison to the slow varying 
amplitudes 𝐸!  and 𝐸!. As a result, the amplitude of the intermediate 
waveguide cannot build up significantly and thus remains as in its initial 
value (i.e. E!(z) ≈ E!(z = 0) .  The middle waveguide is thus said to be 
eliminated and, in analogy to the intermediate atomic level, is said to 
constitute a dark mode of the system. We will also refer quite extensively to 
this process as a “2+1” decomposition since we have three coupled modes that, 
by virtue of the AE, decomposes in a effective two-coupled modes and 
eliminated dark one. Figure 2.5 shows a schematic comparison between the 
evolution of identical three-mode system and the AE evolution both in the 
atomic physics realization and in directional waveguides. 

We now turn to solving the light propagation in the three-waveguide coupled 
system following the adiabatic elimination procedure we borrow from the 
three-level atomic system [17-19]. 

We rewrite the coupled mode equations in the rotating frame to obtain: 

   !
!"

𝐸!
𝐸!
𝐸!

= i
0 V!"e!!!!!"! V!"e!!!!!"!

V!"∗ e!!!!"! 0 V!"e!!!!!"!

V!"∗ e!!!!"! V!"∗ e!!!!"! 0

𝐸!
𝐸!
𝐸!

 (2.13) 

The mathematical procedure behind adiabatic elimination scheme is the 
assumption that !!!

!"
→   0, meaning that the effective field accumulation along 

the middle waveguide will be negligible along the propagation. Using such 
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assumption, on the general dynamical equations of the process, seen in Eqs. 
2.13,  i !!!

!"
= V!"∗ e!!!!!"!𝐸! + V!"e!!!!"!𝐸!, and integrating it, assuming constant 

coupling and phase-mismatch, we find: 

𝐸!(z) = −i dz  (V!"∗ e!!!!!"!𝐸! + V!"e!!!!"!𝐸!)

= −i
V!"∗

−iΔβ!"
e!!!!!"!𝐸! +

V!"
iΔβ!"

e!!!!"!𝐸!  

𝐸!(z) =
V!"∗

Δβ!"
e!!!!!"!𝐸! −

V!"
Δβ!"

e!!!!"!𝐸! 

In order to keep low excitation value of the middle waveguide, one should 
assume that the two phases oscillate fast Δβ!"z ≪ 1, Δβ!"z ≫ 1, and that the 
amplitude are relatively small  !!"

∗

!!!"
≪ 1, !!"

!!!"
≪ 1. Under these conditions, the 

oscillating terms in Eq. (2.13) vary much faster than the fields’ amplitudes at 
ω! and ω!, allowing us to write an approximation for the intermediate 
frequency complex amplitude: 

d𝐸!
dz =

V!"∗ V!"
Δβ!"

𝐸! + V!" −
V!"V!"
Δβ!"

e!!!!"!𝐸! 

i
d𝐸!
dz = V!"∗ +

V!"∗ V!"∗

Δβ!"
e!!!!!"!𝐸! −

V!"∗ V!"
Δβ!"

𝐸! 

Using the following expressions 𝐴! = 𝐸!(z)exp −i Δ!!""
!

− !!""
Δ!!"

, and 

𝐴! = 𝐸!(z)exp −i !!!""
!
− !!""

!!!"
, the evolution is written in the rotating frame:  

𝑑
𝑑𝑧

𝐴!
𝐴!

= 𝑖

Δβ!""
2 𝑉!" −

V!"𝑉!"
Δβ!"

𝑉!" +
V!"𝑉!"
Δβ!"

−
Δβ!""
2

𝐴!
𝐴!

 

 (2.14) 

𝑉!"" = 𝑉!"∗ +
!!"∗ !!"∗

!!!"
𝑉!" −

!!"!!"
!!!"

= 𝑉!" ±
!!"!!"
|!!!"|

  

 

The later equality holds when  β1
= β

3
 and depends on the widths of 

waveguides 1 and 3. We thus see that, once AE conditions have been imposed 
(namely, ∆!",∆!"≫ 𝑉!",𝑉!") , the system is reduced to a two coupled modes 
dynamics between the two outer waveguides where the effective coupling 

coefficient becomes V!"" = V!"* +
!!"* !!"*

!!!"
V!"-‐

!!"!!"
!!!"

., and energy can be 

efficiently transferred between the outer waveguides via the middle one when 
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the outer waveguides have the same mode index ( Δβ!" + Δβ!" z ≪ 1). This 
expression reveals that the coupling between the outer waveguides depends 
not only on the couplings in the original three-waveguide system, but also on 
the difference in the mode propagation constants between the outer 
waveguides and the middle waveguide even though the latter is ‘eliminated’. 
An important parameter that characterizes the degree of elimination in such 
an adiabatic process is !!"

!!!"
, which should be much lower than unity in order to 

ensure AE evolution. 

The effective two-level system can be thus controlled via several 
degrees of freedom (∆!",∆!",𝑉!",𝑉!")  to exhibit very different propagation 
patterns and inversion length. Examples of such manipulation can be 
viewed in Figure 2.6, showing the  V!" dynamical evolution for different 
relations between the direct coupling parameter V!" and the indirect coupling 
!!"!!"
!!!"

. 

 

 
Figure 2.6 – Effective coupling in three waveguides with adiabatic elimination 
approximation and direct 1-3 coupling (a-d) Examples of the dynamical evolution 
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of light intensity for several AE configurations with different relations between 
the direct coupling parameter 𝑽𝟏𝟑 and the indirect coupling 𝑽𝟏𝟐𝑽𝟐𝟑

𝚫𝜷𝟐𝟑
. 

We stress that, in contrast to the three-level atomic system, in this 
subwavelength-packing integrated photonics case a direct V!" coupling 
coefficient between the outer waveguides is possible and may become 
significant. This coupling acts simultaneously with the conventional nearest 
neighbor coupling between the waveguides, leading to an effective reduced 
two-modes dynamics between the two outer waveguide system in the general 
three-modes dynamical system. This allows control capabilities beyond what 
can be achieved in atomic physics. 

Also, it is worth noting that the propagation constant mismatch of the 

effective two-mode system is modified as well: Δβ!"" = Δβ!" + Δβ!" +
!!" !

!"!!"
+

!!" !

!"!!"
= Δβ!" + Δβ!, where in addition to the conventional phase-mismatch 

terms, two more terms, equivalent to the Stark-shift terms in atomic physics, 
influence the evolution. This atomic physics analogue expands earlier 
theoretical analyses of three waveguide couplers [11,20-21], and brings new 
insight for sub-wavelength Silicon devices, as we will see in chapters 3,4,5.   

Finally, it should also be noted that in contrast to the waveguide analogue to 
STIRAP [8], where the couplings between the waveguides vary adiabatically 
along the propagation, in the AE scheme the couplings between the 
waveguides remain fixed, and the adiabaticity resides in the slow oscillating 
energy transfer between waveguide 1 and 3 as compared with the very fast 
oscillations between 1 and 2 and 2 and 3.   

In the remaining chapters we will describe briefly some of the simulation tools 
and experimental setups we used to design and characterize the devices we 
used to show the adiabatic elimination in waveguides. 

2.3. The EigenModes Expansion (EME) Method 
	  
In order to design our samples we needed a simulation tool that could 
accurately predict wave propagation in real-life waveguide devices. The tool 
needed also to be fast and time efficient to allow easy parameter tuning to 
optimize our design. The most accurate way to approach these propagation 
simulations was to solve the full Maxwell’s equations in 3D using commercial 
Finite Element Method (FEM) tool widely available. 
However such calculations are typically long (hours) and limited by the 
memory available on our workstations. We set thus to approach the problem 
with a code of our own which working principle are presented here. 
We start with a 2D cross section of the device we want to simulate presented 
in 2.7. The material system we chose to work with is Silicon on Insulator  
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(SOI) because of its wide spread use in the field of integrated photonics but 
also because of the high confinement its index contrast allows. Some other 
advantages related to its nonlinear properties will also become apparent in 
Chapter 3. 

 
Figure 2.7 – Cross section of a typical three-waveguide device simulated. The 
colors denote the relative permittivity of the constituent material. The Silicon 
waveguides are denoted in red with a relative permittivity of around 12.25. The 
substrate is made of Silicon oxide SiO2 with a relative permittivity of 2.25 and the 
top cladding is air with a relative permittivity of 1. 

The algorithm to calculate the propagation is based on Equation 2.7. The 
propagation of an arbitrary input can be calculated as the linear 
superposition of the eigenmodes of the coupled system. Each eigenmode is 
propagated with a phase according to its propagation constant: 

 

  

E(x,y,z) = c
j

j

∑ A
j
(x,y)e

iβ jz

c
j
= A

j
*(x,y)∫∫ E(x,y,z = 0)dxdy

  (2.15) 

The weights 
 
c

j
 are the overlap integrals of the initial input and the different 

eigenmodes 
  
A

j
(x,y) . Finally the normalization condition is: 

 

  

c
j

j

∑ 2

=1    (2.16) 

Relative Pem
ittivity

!
r

x

y
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The entire flow of the algorithm is exemplified in Figure 2.8 below. 
	  
	  
	  
	  

	  

Figure 2.8- Flowchart of the algorithm based on EigenMode Expansion (EME) to 
compute the propagation of an arbitrary input in a coupled waveguides system. 
The chart presented here exemplifies a three-waveguides system with input in 
outside waveguide 1, pertinent to chapter 3 of this dissertation. However, as we 
will see in chapter 5, this algorithm works for N coupled waveguides. We note that 
the eigenmodes of the system are computed using the commercial eigenmode 
solver of COMSOL v4.3. 

We compare results obtained using the EME method with results from a full 
3D FEM solution run at maximum memory capacity (192 GB) to solve a 
propagation over 33.5 μm. We note that while our FEM solver could not 
handle longer propagations due to memory limit, the EME not only could 
handle propopagation over many orders of magnitude larger but also the 
results were computed in fraction of the time required by the FEM solver. 
This 3D-FEM versus EME method is presented in Figure 2.9 below. 
We see an excellent agreement between the EME results and the 3D FEM 
ones. The only difference is the high frequency modulation that appears on 
the 3D-FEM results. This high frequency component will be elucidated in the 

x 
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next subchapter and an improvement to the EME method to accurately 
predict this modulation will be proposed. 
  

	  

Figure 2.9- Results comparison between two computational approaches, 3D FEM 
and EME, to calculate field propagation in a three-coupled waveguides system. 
This plots are cuts along the waveguides 1,2,3 (green, blue and red respectively) 
taken at the centers of the waveguides. We observe excellent agreement between 
the methods as far as the envelope of the propagating intensities is concerned. The 
high frequency riding on the envelope in the 3D FEM wil be explained in the 
following subchapter. 

 

2.4. Near-Field Optical Microscopy As A Tool 
For Photonic Nano-Waveguides Optical 
characterization 

	  
Since we will be dealing with waveguides that both dimensions and spacing 
are well below the diffraction limit, there is a need to be able to characterize 
unequivocally the propagation of the light in those waveguides. The best-
suited optical microscopy technique to that end is the near-field optical 
microscopy (NSOM)[22,23]. We will review here the detection principles 
behind this technique and some aspects particular to the near-field 
characterization of waveguides. 
The near-field microscopy is a scanning probe technique and can be divided 
in two categories [24]: aperture NSOM [25] and scattering NSOM (sNSOM) 
[26]. 
The detection principles of both techniques are quite different and we will 
focus on the sNSOM type we used. The reason for that resides in the fact that 
the sNSOM has a typical spatial resolution on the order of 10 nm while the 
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aperture type has routinely a resolution 10 to 15 times lower (100 nm to 150 
nm). Since the waveguides dimensions we are studying are of that order we 
chose to work with the sSNOM. A schematic of the setup we are using [27] is 
introduced in Figure 2.10. 
 

 
Figure 2.10- Schematic of the scattering-type Near-field microscope (sNSOM) used 
in the experiments reported in this dissertation.  Light is injected in transmission 
from bottom and scattered by an Atomic Force Microscopy (AFM) silicon probe. To 
enhance the scattered signal the tip is typically coated with a conductor (Au or 
PtIr). The probe oscillates at its resonance frequency Ω to modulate the scattered 
near field. The modulated signal is detected on a fast Avalanche PhotoDiode (APD) 
sensitive in the Near IR spectrum. The near-field signal is extracted and 
differentiated from the scattered background by demodulating the signal from the 
APD with a Lock-In amplifier at higher harmonics of 3Ω. 

All the near-field measurements images were acquired using this home-built 
sNSOM in a transmission configuration. In this setup, light from a CW laser 
diode at 1310 nm is focused on an input grating using a 10x/NA 0.3 objective. 
To ease the alignments, we used a platinum-iridium (PtIr) coated Advanced 
Tip at the End of Cantilever (ATEC) with a tip radius < 10 nm and tapping 
frequency of Ω. The ATEC was moved along the waveguides with sub-
nanometer precision using piezostages to record the propagation of the input 
light. Light scattered from and modulated by the tip was collected using an 
aspheric lens (NA=0.16) and focused onto a 10 MHz InGaAs photoreceiver 
(NewFocus 2053-FS). The signal was demodulated at 3Ω to filter out the non-
near field background scattering. We note that the signal detected is mostly 
the intensity of the field out-of-sample plane. In terms of the convention 
maintained here it’s the Ex component (TM). 
A typical near-field intensity map is presented in Figure 2.11. 
 

1310$nm
$
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Figure 2.11- NSOM of a coupler with a gap of 100 nm between the waveguides. The 
width of each waveguide is 200 nm. Inset: line profiles along each waveguides. We 
observe full light transfer between the waveguides with a coupling length of 1.7 
μm. 

While we observe the expected envelope that oscillates back and forth 
between the waveguides as expected from Equation 2.9, there is a high 
frequency component riding on the signal.  We noted such components also in 
the 3D-FEM results in Figure 2.9. We find a first clue to the origin of these 
high frequency oscillations by changing the Perfect Matching Layer (PML) 
conditions in the FEM simulations. The PMLs in FEM are designed to 
perfectly absorb the waves at the boundaries of the simulated device. 
However as we see in Figure 2.12 the PML thickness greatly influences the 
effectiveness of the absorption and the magnitude of the high frequency 
component. This means that the high frequency component is due to the 
propagating waves not being perfectly absorbed and reflected back the 
waveguides.  
To check hypothesis we update the Equation (2.15) that governs our EME 
calculations to include a reflected counter-propagating wave with a reflection 
coefficient r as follows: 
 

 

  

E(x,y,z) = c
j

j

∑ A
j
(x,y)[e

iβ jz + re
−iβ jz ]  (2.17) 

 
Each eigenmode thus forms a standing wave: 
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Figure 2.12- Impact of the PML thickness on the high frequency oscillations 
magnitude. The thicker the PML the less the oscillations pointing out to the 
reflection from boundary as the main cause for these oscillations. 

 

  

A
j
e

iβ jz + rA
j
e
−iβ jz = M

j
A

j

M
j
= e

iβ jz + re
−iβ jz

M
j
= (1− r)2 + 4r cos2(β

j
z) r→1⎯ →⎯⎯ 2cos(β

j
z)

  (2.18) 

In the simplest case of two waveguides we have two eigenmodes and thus the 
total measured intensity is a beating between the modes with the following 
spatial frequencies:
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This expression indicates that the measured intensity should bear the five 
different spatial frequencies, one DC and four related to the eigenmodes of 
the coupled system. As we can see from Figure 2.13 this prediction turns to 
be very accurate and the modified EME results match very well the NSOM 
measurements, for from the envelope and high frequencies. The slight shift in 
the Fourier transforms in the NSOM is due to slightly different dimensions 
and indexes from the idealized configuration considered in the simulation. 
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Figure 2.13- Analysis of the high frequency intensity oscillations observed in both 
3D-FEM and NSOM measurements. The modified EME including a term to account 
for counter-propagating modes describes very well the NSOM measurements of 
two-coupled waveguides with identical width of 220 nm and a gap of 100 nm. The 
height is 340 nm and the wavelength is 1310 nm. 

We have thus explained the origin of the high frequency modulation in the 
NSOM signal and attributed it to back reflection happening at the waveguide 
output facet due to the high index contrast between the silicon and air. 
We will see these oscillations throughout the near field measurements. 
Finally we note that the different frequencies retrieved via the near-field can 
also be used to accurately characterize the effective mode indexes of the 
eigenmodes of the system. 
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2.5. Summary 
	  
In this chapter we have laid out the theoretical foundations of the 
forthcoming chapters. We have shown that atomic system and integrated 
photonic nanowaveguides share similarities in their dynamical evolution in 
time and space. In the next chapters we will show how, inspired by the 
Adiabatic elimination process from atomic system, we demonstrate novel 
functionalities especially appreciable in ultra-dense integrated photonic 
circuits. We have also presented the in and outs of some of the design (EME 
simulation tool) and characterization (sNSOM) tools we have extensively 
used in this work and that we have developed to support our investigations. 
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3. Adiabatic elimination-based 
coupling control in densely 
packed subwavelength 
waveguides 

	  

3.1. Introduction 
	  

The ever growing need for energy-efficient and fast communications is 
driving the development of highly integrated photonic circuits where 
controlling light at the nanoscale becomes the most critical aspect of 
information transfer [28]. Routing and coupling devices based on Multimode 
Interference (MMI) [29,30,31] and evanescent coupling [32,33] are important 
building blocks in these integrated photonics circuits and have been employed 
as optical modulators, mode converters and switches for high speed 
communication [34,35,36], data processing and integrated quantum 
operations [37,38]. However active control over the coupling between closely 
packed waveguides is highly desirable and yet remains a critical barrier 
towards ultra small footprint devices.  A general approach to achieve active 
control in waveguide systems is to exploit optical nonlinearities enabled by a 
strong control pulse [40,41,42,43,44,45]. However these devices suffer from the 
nonlinear absorption induced by the intense control pulse as the signal and its 
control propagate in the same waveguide [40,44,45]. Here we experimentally 
demonstrate a unique scheme based on the adiabatic elimination (AE) concept 
introduced in chapter 2.2 to effectively manipulate the coupling between 
densely packed waveguides.  We demonstrate active coupling control between 
two closely packed waveguides by tuning the mode index of an in-between 
decoupled waveguide.  In this control scheme the nonlinearity influences the 
refractive index of a dark mode and thus leaves the signal unaffected by the 
induced losses. Such a scheme is a promising candidate for ultra-dense 
integrated nano-photonics such as on-chip ultrafast modulators and tunable 
filters for optical communication and quantum computing.  
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3.2. Coupling control with Adiabatic 
Elimination scheme 

  
As we have shown in chapter 2.2, a three-coupled waveguides system can 

be decomposed into an effective two-waveguide system composed of the outer 
waveguides plus an eliminated “dark” intermediate mode. We have shown 
that the coupling in the new effective two-waveguide system is (Equation 
2.14): 

 

 
𝑉!"" = 𝑉!" ±

𝑉!"𝑉!"
|Δ𝛽|  

 
(2.14) 

In other words, one can control the coupling between the outer waveguides if 
the AE conditions can be met, for example, by changing the effective 
refractive index of the middle waveguide.	  
We want to emphasize the advantages of our approach over a standard two-
waveguides coupler. In a two-waveguides coupler, the inversion length is 

dictated by 
  

π
2V

eff

 where 
 
V

eff
 is the effective coupling coefficient. This coupling 

coefficient, and thus the inversion length, can be tuned, according to 
Equation 3.1, but for a feasible index change (approx. 1e-4-1e-3), this type of 
control requires very long propagation length (in the order of cm) [46]. One 
could reduce the length by increasing the index change applied, but this will 
dramatically increase the insertion loss due to the Kramer-Kroning relations. 
 

V!""
!"# = V!"! +

Δβ
2

!

   (3.1) 

In a stark contrast, in the three-waveguide AE configuration, the effective 
coupling between the outer waveguides is the result of a much richer 
interplay between several degrees of freedom (  V12

,V
23

, initial Δβ ) and lead to 

much more flexibility in the design optimization that ultimately leads to 
shorter device and lower applied index change (Equation 3.2). 
 

V!""
!"# = V!" ±

V!"!

Δβ! + Δβ (3.2) 

 
Another clear advantage of the three-waveguides AE scheme over a standard 
two-waveguides coupler is the tolerance to losses. Indeed, the efficiency of 
conversion from waveguide 1 to waveguide 3 and back does not change even 
when the middle waveguide is extremely lossy. As we will see in Chapter 3.3, 
since the AE 2+1 decomposition decouples the control waveguide from the 



	   24	  

signal waveguides, it reduces significantly two-photon absorption (TPA) and 
TPA-induced free carrier absorption experienced by the signal, which are 
major obstacles in Silicon photonics [44,45]. 
As we show in chapter 3.3, the 3 waveguides modulator outperform by many 
order of magnitudes the standard 2-waveguide system in terms of tolerance 
to losses. 
Before getting to the loss analyses we move to the experimental 
demonstration of the adiabatic elimination decomposition in the 
nanowaveguide platform. This work has been published in [92]. 

3.3. Observation of the Adiabatic Elimination 
2+1 decomposition in waveguides  

	  
We experimentally demonstrate this unique AE in directional waveguides 
using Silicon on Insulator (SOI) platform. The thickness of silicon and buried 
oxide were 340 nm and 1 um, respectively. A 160-nm-thick hydrogen 
silsesquioxane (HSQ) resist (Dow Corning XR-1541) was spun on the SOI 
substrate. The HSQ layer was patterned by electron-beam lithography for the 
etching mask. The silicon waveguides were formed by reactive ion etching 
(RIE) in Cl2/HBr/O2. 10:1 buffered HF was used to remove the HSQ mask. 

The sample consists of three waveguides, where two identical outer 
waveguides have the same width, thus the same effective refractive index and 
a varying middle waveguide width.  The middle waveguide was designed 
wider than the outer waveguides in order to meet the AE conditions, while 
using same width for the control sample. In all the configurations the gap 
between the outer waveguides was kept constant.   

The light propagation in the waveguides was examined both with near field 
and far field setups. The far field measurements, presented in Figure 3.1, 
were carried out on microscope with a 10x/NA 0.3 objective in reflection mode. 
The light from a CW laser diode at 1310 nm is focused on the input grating. 
We collect the output light from the waveguides in reflection and image them 
on an uncooled infrared focal plane array (IR FPA, Goodrich). The waveguides 
roughness scatters the coupled light along the propagation and serves as an 
indication of proper coupling [47].  Since the waveguides are densely packed 
with subwavelength gap they cannot be resolved in this imaging technique 
and indication of the intensity in each of them is obtained by out branching 
the waveguides out of their coupling region and out-couple the light with 
gratings. However to get an unequivocal confirmation of the light propagation, 
near-field optical mapping of the fields are obtained using the method and 
setup described in chapter 2.4. 

As we see in Figure 3.1, we observed that in the AE configuration, the 
dynamics is indeed decomposed into an effective two-mode system and a dark 
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mode. When light was coupled to an outer waveguide (#1), it remains only in 
the two outer waveguides along the entire propagation (Figure 3.1(c)). On the 
other hand, when light is injected to the middle waveguide, it remains 
trapped along the propagation, without coupling to the outer waveguides 
(Figure 3.1(d)). In all cases, properly designed grating couplers and spot size 
converters have been employed. This is in clear contrast to the controls where 
all the waveguides participate in the evolution for both injections Figure 
3.1(a)-(b). Also, we have confirmed these dynamics with both far-field and 
near field measurements. Those are in a very good agreement with the 
numerical simulation presented in Figure 3.2. The numerical simulations are 
conducted with the EME method presented in chapter 2.3.  
 

	  
Figure 3.1 – Experimental observation of adiabatic elimination compared to 
ordinary three identical waveguides. (a)-(b) Far-field and NSOM measurements in 
a three identical waveguides configuration. Due to the coupling between the 
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waveguides, light appears in all waveguides along the propagation, regardless if 
the input of the light is injected to (a) the outer or (b) the middle waveguide. (c)-(d) 
Experimental observation of adiabatic elimination (AE) in an AE configuration 
with a wider middle waveguide. We observe the ‘2+1’ decomposition of three -
coupled modes into (c) an effective two coupled mode system of the outer 
waveguides, and (d) a dark middle waveguide. (c) Light is coupled to an outer 
waveguide in an AE configuration. Far field image shows that only the outer 
waveguides emit light at the output. The near-field image confirms absence of light 
in the middle waveguide along the entire propagation. A full NSOM scan showing a 
complete inversion can be viewed in the next Figure 3.2 . (d) Light is coupled to the 
middle waveguide in an AE configuration. Only the middle waveguide emits light 
at the output without coupling into nearby outer waveguides. The near-field image 
shows that no light leaks out from the middle waveguide. Inset AFM images shows 
each of the three waveguides with the inputs and the outputs. The SEM images 
show the cross section of the fabricated waveguides for the AE configuration and 
for the identical waveguides configuration. We used a CW laser with 𝝀 = 𝟏𝟑𝟏𝟎  𝒏𝒎 , 
the width of the outer waveguides was fixed to 𝑾𝟏 =𝑾𝟑 = 𝟐𝟐𝟎  𝒏𝒎, where for the AE 
configuration 𝑾𝟐 = 𝟐𝟕𝟓  𝒏𝒎, and for the control waveguide configuration 𝑾𝟐 =
𝟐𝟐𝟎  𝒏𝒎. The height of the waveguides is 340 nm and the gap between the outer 
waveguides kept at 720 nm for both cases. The propagation length is 𝟑𝟎𝟎  𝝁𝒎 for all 
configurations. Color bars for the NSOM measurements are for the intensity and 
are in arbitrary units. 

We acquired NSOM images along the waveguides in both AE configuration 
(Figure 3.2(a-b)) and the control configuration (Fig 3.2(d-e)) and compared 
with numerical simulations. The results in Figure 3.2(a-b) further confirm 
the results shown in Figure 3.1 and that in the AE configuration no 
detectable signal from the middle waveguide along the 60 microns 
propagation was recorded confirming that the latter is indeed “eliminated” 
beyond detection.  In the control case, the results Figure 3.2(d-e) show clearly 
that all the waveguides are populated. In such configurations, we have 
verified that the Stark shift presented in chapter 2.2 is negligible, thus 
Δβ!"" = 0 (as Δβ!" = −Δβ!"  and Δβ! → 0). In all cases, there is an excellent 
agreement between the NSOM measurements and the EME numerical 
simulations Figure 3.2(c,f). The dimensions used in the numerical 
simulations were taken from SEM measurements of the AE and control 
sample as described in Figure 3.1. 
We next discuss an insightful way to understand these results. This approach 
is similar to the dispersion plot introduced in chapter 2.1 and will be useful 
later in the discussion as we will discuss the modulation mechanism. 
 

3.4. Band-diagram picture of the AE in 
waveguides 

	  
The AE process in three coupled waveguides system can be understood using 
a band diagram of the system’s eigenmodes as a function of the middle 
waveguide width 𝑊! (Figure 3.3). Sweeping this parameter changes the Δβ  	  
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Figure 3.2 (a,b,c) AE sample. NSOM measurements over 60 microns (a-b) and (c) 
numerical simulations for comparison. (d,e,f) Control sample. NSOM 
measurements (d,e) and (f) numerical simulations for comparison. 

and thus the obtained plot is similar to the plot (Figure 2.3) presented for a 
two-waveguide coupled system. We observe that in the control configuration 
the eigenmodes of the coupled system involve necessarily all of the 
waveguides. However the AE regime, which occurs when the mode index of 
the middle waveguide differs significantly from the mode index of the outer 
waveguides, gives rise to an increasingly decoupled eigenmode involving the 
middle waveguide only. The two other eigenmodes involve only the outer 
waveguides in a symmetric and anti-symmetric fashion, similar to the 
conventional two-mode coherent coupler. This gives a clear visualization that 
in the AE regime the dynamics can be split into 2+1 (effective two-level and a 
‘dark state’, respectively) dynamical spaces. This decomposition occurs for 
both TM and TE polarizations. We note that in the case where the middle 
waveguide is narrower than the outer waveguide, i.e. its mode index is 
smaller than the outer modes indexes, another regime of AE dynamics exists 
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with possible higher effective couplings (as the two contributions in the 
effective coupling expression will add up constructively), however, with a risk 
of wavelength cut-off. We will exploit this regime in Chapter 5.  

We next discuss and demonstrate that of the AE regime is broadband and 
robust. 

 

 

Figure 3.3 – Band diagram of a three-mode coupler with varying middle waveguide 
width W2. The band diagram shows the electric field eigenvalues (blue curves) and 
eigenmodes (color maps) of the system for TM (I, II) and TE (III, IV) polarization. 
(Inset I, III) All the three waveguides are identical, 𝐖𝟏 = 𝐖𝟐 = 𝐖𝟑 = 𝟐𝟐𝟎  𝐧𝐦    and are 
mixed in the eigenmodes of the system. In this configuration, an input in one of the 
waveguides is projected necessarily on all the waveguides. (Inset II, IV)) AE 
regime. The AE is reached when W2 is larger and our sample (red circles,  𝐖𝟐 =
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𝟐𝟕𝟓  𝐧𝐦) is in this regime. Here, an eigenmode involving only the middle waveguide 
emerges and becomes less coupled, since the coupling is proportional to 𝟏/𝚫𝐧 
where   𝚫𝐧 =   𝐧𝟏𝐞𝐟𝐟 − 𝐧𝟐𝐞𝐟𝐟, leading to the elimination of the middle waveguide. The two 
remaining eigenmodes are symmetric and anti-symmetric superpositions of the 
outer waveguides as in a conventional two-mode coherent coupler. An input in 
either of the outer waveguides will be projected only onto those two eigenmodes, 
resulting in an effective two-waveguide system evolution, while the middle 
waveguide remains ‘dark’ along the propagation. On the other hand, an input 
injected in the middle waveguide is projected only onto the dark mode of the 
system and will stay ‘trapped’ in the middle waveguide without transferring 
energy to the adjacent ones.  

	  

3.5. Broadband Response and Robustness of 
the AE scheme in Waveguides 

	  

3.5.1. Broadband response of AE scheme 
 
To demonstrate the broadband character of the AE scheme in waveguides we 
performed a wavelength scanning experiment on the sample shown in Figure  
3.1(a). We have used a Ti:Sa pumped Optical Parametric Oscillator (OPO 
(Coherent/APE Chameleon Compact OPO) as our pump source using the far 
field setup described in Chapter 3.3, with a sub µW average power to avoid 
any nonlinear effect in the waveguides. Light is injected in waveguide #1 
(outside) and the wavelength of the OPO was tuned from 1200 nm to 1450 
nm and the outputs from the different waveguides were acquired. The results 
of this wavelength sweep are depicted in Figure 3.4(a). We clearly observe 
that the middle waveguide (#2) is eliminated over all the wavelengths swept 
while the outputs of the outer waveguides (#1 and #3) are varying as function 
of the wavelength. To further assess that the effect observed is due to the 3 
waveguides dynamics we repeat the same experiment on a control sample 
consisting of two waveguides of same dimensions (220 nm) and with a gap 
between them identical to the gap (720 nm) between the outer waveguides in 
AE sample. The results (Figure 3.4(b)) show that in the 2 waveguides case 
the outputs from the outer waveguides remain fairly constant over the 
wavelength range scanned. This comparison clearly shows that the dynamics 
observed on Figure 3.4(a) originates from the interplay between   V12

,V
13

(V
23

)  

and Δβ  as expressed in the
 
V

eff
of the reduced two-waveguide system 

(Equation 2.14). 
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Figure 3.4 – Wavelength dependence of the AE configuration (a) of a control 
sample composed of only two waveguides of same dimensions and with similar gap 
(b). 

 

3.5.2. Effect of third order nonlinearity on the 
signal field. 

	  
We discuss here the effect of the strong third order nonlinearity on the signal 
field. The discussion contains further experimental results and numerical 
calculations. As we show below, the presented AE 2+1 decomposition still 
holds with a strong signal field that excite third order nonlinearity and 
change the index of the outer waveguides. 

The AE dynamics, by its nature, decomposes three coupled waveguides 
system into two coupled outer waveguides (two separate symmetric and 
antisymmetric eigenmodes) and an uncoupled middle waveguide (an 
eigenmode that consists only of the middle-waveguide).  These modes have 
very distinct mode-indices, thus, such 2+1 decomposition is very robust to 
small modifications of the mode index due to third order nonlinearity of the 
signal, which is at most a few percent. In order to confirm this model, we 
have performed both COMSOL numerical simulations and experimental 
verification which results are presented below in Figure 3.5. Our simulations 
show that nonlinearity in the outer waveguides indeed causes a shift of index 
of the outer waveguides. However such index shift causes only a minor 
change of the mode-indices of the coupled system and doesn’t break the AE 
decomposition, Figure 3.5(a). 
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Figure 3.5 - Adiabatic elimination in waveguides as a function of injected signal 
intensity. (a) Numerical calculation of the band diagram of the three-waveguides 
AE configuration with Δn=0 (black curve) and Δn=7.15e-3 (light grey curve, 
estimated from the peak power in waveguide 1). The signal-induced refractive 
index change is considered in the two outer waveguides. The 2+1 decomposition 
characteristic of the AE in waveguides is clearly preserved even under signal-
induced refractive index change. Our tested AE configuration is indicated by the 
grey horizontal dashed line. (b) Experimental verification of the AE behavior 
versus signal energy. The plot represents the relative output intensity of the three 
waveguides under increasing input signal energy. The signal is injected into 
waveguide 1. We clearly observe that the overall AE 2+1 decomposition is 
preserved over a broad range of input energy where most strikingly the waveguide 
2 remains “dark”. The relative intensity change between waveguide 1 and 2 arises 
from the relative phase shift due to signal-induced refractive index change. 

This is further confirmed in experimental measurements that were conducted 
on our three-waveguides AE configuration, where we have measured the 
relative intensity in each waveguide as a function of the signal’s pulse 
energy, which was always coupled entirely to the outer waveguide #1. In this 
experiment, the output of our OPO was directly coupled to the waveguide #1 
as the wavelength sweeping experiment. This allowed us to increase the 
energy coupled into the waveguide to the maximum available pump energy. 
We observe that, while the ratio between the outer waveguides varies slightly 
as a consequence of nonlinear modulation in the real part of the refraction 
index, the overall 2+1 decomposition is preserved over a wide range of pulse 
energies. The experimental data is presented in Figure 3.5(b). This further 
strengthens the robustness of the AE procedure in waveguides we already 
presented in Figure 3.4 as a function of wavelength.   
Now that we have discussed various aspects of the AE 2+1 decomposition we 
next show how the AE scheme can be leveraged to actively control the 
coupling between two outer waveguides by changing the index of the 
decoupled middle dark mode. 
 

50 100 150 200 2500

0.2

0.4

0.6

0.8

1

Pulse Energy [pJ]

N
or

m
al

iz
ed

 in
te

ns
ity

 

 

 
Waveguide 1
Waveguide 2
Waveguide 3

a b 

180 200 220 240 260 280

2.25

2.5

 

 
n ef

f

W2 [nm]

Δn=0 
Δn=7.15e-3 



	   32	  

3.6. Active coupling control based on AE 
	  
We now apply the AE scheme to dynamically control the effective coupling 
between the outer waveguides by changing the mode index of the decoupled 
middle waveguide. Taking advantage of the large nonlinear Kerr coefficient 
of Silicon [48] combined with the high light confinement enabled by the sub-
wavelength cross section of Silicon photonic waveguides [49,50], we obtained 
a localized index change in the middle waveguide.  

In the ultrafast experimental setup, shown schematically in Figure 3.6(a) and 
based on a variant of the single-shot nonlinear technique [51],  an ultrashort 
pulse from a Ti:Sa pumped OPO (Coherent/APE Chameleon Compact OPO, 
repetition rate 80 Mhz, 140 fs) centered at 1310 nm is split into strong pump 
beam (70 pJ energy per pulse) that is coupled to the middle waveguide and 
weak signal beam that is coupled to one of the outer waveguide (for 
convenience we note it as waveguide #1). To ensure that the signal measured 
only arises from the light coupled to the outer waveguide, we spectrally 
truncate at 1319 nm the red tail of the pump beam using a pulse shaper. We 
cut the tail in a way that the time envelope is minimally perturbed. We 
estimate the final pulse width to be no more than 200 fs. The truncated pump 
beam is coupled to the middle waveguide with a grating coupler. The signal 
beam is passed through a sharp long pass filter (Semrock 1319 nm 
RazorEdge® ultrasteep long-pass edge filter) before being injected 
waveguide#1 in a similar fashion. As the evolution in the AE configuration 
confines the pump beam to the middle waveguide along the propagation, it 
prevents leakage to the outer waveguides. We insure proper synchronization 
(+/- 4 fs) between the signal and the pump using the procedure described in 
Appendix A. The light propagated in the outer waveguide is out-coupled to 
the free space and imaged on an uncooled IR FPA (Goodrich), after passing 
through a sharp long pass filter (Semrock 1319 nm RazorEdge® ultrasteep 
long-pass edge filter). The wavelengths contributing to the image formed on 
the camera are spectrally located in the tail that has been cut away from the 
pump but left in the signal. With a mechanical chopper we turn on and off the 
pump beam while recording second the images from the IR FPA at 31 frames 
per second. We processed the acquired images to extract the output from the 
signal waveguide as a function of the pump. 

We clearly observe that the signal collected is modulated in the 
presence of the pump (Figure 3.6(b)). The modulation originates from the 
nonlinear change of refractive index in the middle waveguide as the pump 
beam propagates. This change, which increases the phase-mismatch between 
the middle and the outer waveguides (n!"##$% = n!"##$%! + n!I!"#! → Δβ!" =
Δβ!"! + 2πn!I!"#!/λ  ), in turn affects the effective coupling between 
waveguides #1 and #3 which, finally, leads to a change in the inversion 



	   33	  

length (𝐿!"#), manifested as a change of output intensity in a waveguide of a 
given length (Δ𝛽  increases→   Δ𝑉!"" decreases →   𝐿!"# increases).  

Our numerical simulations of the coupled nonlinear Schrodinger equations 
(described in the next Chapter) show that this result discussed above is 
consistent with a change of index of  Δn = (7.15± 0.25)×10!! in the middle 
waveguide with a pulse energy of 66 ± 6 pJ. We also confirm that in the 
presence of the pump in the middle waveguide the inversion length in the 
outer waveguides increases. We have checked the effect as a function of 
pump-signal delay and confirmed that the effect observed in the synchronized 
measurements stems from an ultrafast change of index in the middle 
waveguide and that TPA generated free carriers do not play a significant role 
in the process, (Figure 3.6(c)) [44,45]. 

	  

 
Figure 3.6 – Active coupling control between outer waveguides in AE 
configuration. (a) Schematic of the experimental apparatus. The ultrashort pulse 
(~140 fs with central wavelength at 1310nm) is split into a strong truncated pump 
beam that is coupled to the middle waveguide and the weak signal beam that is 
coupled to one of the outer waveguide. On the pump path, a mechanical chopper is 
used to turn off and on the injection of the pump pulse to the middle waveguide. 
On the signal path, a delay line is used to synchronize the entrance of the pump 
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and signal.  A full description of the experimental procedure is provided in 
Appendix A (b) Observed modulation as a result of varied coupling in the presence 
of a synchronized pump beam, showing a significant reduction of the signal 
intensity when the pump is present. (c) In the presence of a delayed pump beam 
(330 fs delay between pump and signal), no change in the signal output is observed. 
This indicates that the modulation of index originates from the fast Kerr 
nonlinearity rather than long-lived Free Carriers (FC) effect. A discussion 
regarding the FC role in this experiment is provided in the next Chapter. Several 
tests are performed to show repeatability of the process and exclude laser 
fluctuations (shown here as different colored data points in (b) and (c)). 

 
We further show in Figure 3.7 below how the band diagram method can be 
used to visualize also the modulation process. We see that under modification 
of the refractive index of the middle waveguide, there is change of effective 
index induced to one of the effective two waveguides eigenmodes in the 
decomposed configuration (see inset in Figure 3.7). This induced index 
change will translate in the modulation of the output signal intensity as we 
have shown in Figure 3.6.  

 
Figure 3.7 – Band diagram of three mode with no index change induced in the 
middle waveguide (solid black curve) and with an index change of ∆𝐧 = 𝟕.𝟏𝟓×𝟏𝟎!𝟑. 
We observe that, although significantly decoupled, the dark mode (upper branch of 
the diagram) induces an effective index shift in one the effective two-waveguides 
eigenmodes (inset). This shift ultimately translates into an intensity modulation of 
the signal transmitted through the AE-induced effective two-waveguides coupler. 
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3.7. Time dependent evolution of the pump 
beam and free carriers effects on the AE 
modulation scheme  

	  
We have investigated the influence of the TPA and the generated free 
carriers from both a simulation and experimental point of view. For the 
simulation aspect we have implemented the modified Non-Linear 
Schrödinger equation [44,52] to include the TPA and FCA induced by the 
pump beam as it propagates in the middle waveguide. 

 ∂A
∂z +

α!
2 A = iκ A !A−

α!
2 A (3.3) 

In our simulations, and in accordance with previous works, we have 
neglected the dispersion effects. This is because the group velocity dispersion 
GVD in silicon wires although significantly enhanced as compared to bulk 
Silicon will not induce a sensible temporal distortion over short distance [53]. 
In our case we estimate that the 140 fs pulse over a 300 µm propagation 
length will broaden only to no more than 150 fs. A is the slowly varying 
amplitude of the pulse,  𝛼!   is the linear loss and 𝜅 = 𝛾 + !!

!
.  Γ is related to the 

TPA coefficient Γ = !!"#
!!""

  with 𝛽!"# =   5×  10!!"  𝑚/𝑊 [S1,S2] and 𝐴!""is, in  

our case, calculated to be using the definition in [52] 𝐴!"" = 0.11  𝜇𝑚!. FCA is 
included by 𝛼! = 𝜎𝑁, where 𝜎 = 1.45×  10!!"  𝑚! for silicon [52] and N is the 
density of carriers produced by TPA. It is obtained by solving [52] 

 ∂N
∂t =

β!"#
2hυ!

A !

a!""!
−
N
τ!

 (3.4) 

Where τc is the effective carrier lifetime and taken to be τc=0.5 ns. We thus 
consider that the repetition rate is low enough (80 MHz) that free carriers 
produced by one pulse have enough time to recombine before the next pulse 
arrives. This simplification allows us to focus on a single pulse. The injected 
peak power is taken to be 400 W as measured during our experiment.  As we 
can see from the Figure 3.8 below, the output pulse follows the input pulse 
shape. This means that the FCA effect is negligible since under non-
negligible FCA: “free carriers created by the leading edge of a pulse would 
absorb light in the pulse tail. As a result, FCA will dampen the pulse tail but 
leave intact the leading part of a pulse”[52]. This would result in pulse 
distortion as observed in Figure 6 in [44].  As shown in [44], it follows 
therefore that under our experimental conditions, the fast Kerr nonlinearity 
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dominates the slow FC effect. This is further confirmed experimentally by 
inserting a delay between the pump and the signal. An index modulation 
originating from FC would be long-lived and exponentially decaying following 
the recombination decay of the pump-generated FC. This exponentially 
decaying index modulation would influence the output signal during a 
timescale of about τc. This scenario is unequivocally ruled out by the result 
presented in 3.6(c). We delay the signal behind the pump by only 330 fs and 
we observe no modulation of the signal. This clearly shows that the 
underlying modulation mechanism is ultrafast and can’t be attributed to FC. 

 

Figure 3.8 – Results from the modified NLSE showing no temporal distortion due 
to FC after propagation of the 400 W peak power pump pulse in the middle 
waveguide (blue curve- Pump beam at the input; red curve- Pump beam at the 
output). Figure 3.6(c) confirms experimentally that no long-lived Free Carriers 
(FC) effect is involved in the index modulation mechanism. 

Now	  that	  we	  have	  elucidated	  the	  mechanism	  behind	  the	  modulation	  of	  the	  index	  in	  
the	  middle	  waveguide	  we	  turn	  to	  analyze	  the	  impact	  of	  losses	  in	  the	  middle	  
waveguide	  on	  the	  AE	  scheme.	  

3.8. Effect of losses in the AE Scheme 
 
 
We show here that the AE scheme holds also in case the middle waveguide is 
lossy, either by a linear loss, which originated from the imaginary part of the 
refractive index (as in the case of plasmonic and near resonant interactions), 
or by a nonlinear loss, which originate from the imaginary part of a nonlinear 
susceptibility (as in the case of TPA in Silicon Photonics). In such case, the 
mode index of the middle waveguide will be modified to include an imaginary 
part, as follow: β! =

!"
!
n!!"", β! =

!"
!
n!!"" + iγ!, β! =

!"
!
n!!"". In this case both of 

the mode index and the coupling coefficient will become complex valued. 
Nonetheless, when employing the adiabatic elimination procedure, due to the 
fact that the procedure cause minimization of light propagation via the 
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middle waveguide (the rate of light transfer to the middle waveguide is equal 
to the rate of transfer outside the middle waveguide), the effective loss 
coefficient in the reduced two-level dynamics will be reduced by several order 
of magnitudes (which will be proportional to the real value of phase-
mismatch, i.e to n!!"" − n!!"" ω/c ). 
In order to confirm this behavior, we have considered and simulated a couple 
of cases: One with an imaginary part of the refractive index of Im n = κ =
4.6 ∙ 10!! estimated from the time-dependent generalized Non-linear 
Schrödinger (NLS) model presented in Chapter 3.7 with the exact 
experimental parameters that we experienced in our experiments, and the 
other with an extreme case where the losses are 2 orders of magnitude higher 
than the loss in our experiment i.e. Im n = κ = 4.6 ∙ 10!!. The losses in our 
experiment were induced by the strong pump through Two Photon 
Absorption (TPA) and Free Carrier Absorption (FCA). However the analysis 
presented here is valid for other loss mechanisms such as originated by 
metallic contacts or very lossy middle plasmonic waveguide. 
In the numerical analysis, we have simulated the propagation of light 
injected in waveguide #1 (outer waveguide), and the loss (induced TPA and 
FCA) was considered for the pump only. For comparison, we considered also a 
two-waveguides case where the loss is considered in both waveguides since 
the intense pump oscillates between the 2 waveguides and induce TPA and 
FCA in both waveguides. For the three-waveguide AE case, the loss is 
considered in the middle waveguide, as the intense pump propagates only 
along the middle waveguide.  
As can be clearly seen from Figure 3.9(a-b), the effective loss experienced by 
the signal in the AE configuration is significantly reduced as compared to the 
standard two-waveguides coupler seen in Figure 3.9(c-d). This is despite the 
fact that the same loss coefficient is considered in both cases. The physical 
origin for the lower loss is related to the nature of the AE evolution, in which 
the rate of light transfer to the middle waveguide is equal to the rate of 
transfer from the middle waveguide, meaning that their effective propagation 
there is significantly reduced as the photons do not propagate much in the 
middle waveguide and are not being effected by the loss in the middle 
waveguide. For this reason the adiabatic elimination of the lossy middle 
waveguide dramatically reduces the overall loss of the system while still 
allowing coupling control through the middle waveguide. 
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Figure 3.9 - Tolerance to induced-loss in an AE three-waveguides configuration. (a) 
Simulation of propagation in a three-waveguides AE configuration including loss 
of 𝐈𝐦 𝐧 = 𝛋 = 𝟒.𝟔 ∙ 𝟏𝟎!𝟓 in the middle waveguide as evaluated from a generalized 
NLS model. We observe very minute signal loss since the propagation length of the 
signal in the middle waveguide is significantly reduced. As a comparison, an 
equivalent two-waveguide system is calculated under same conditions (c). Here the 
signal is affected severely from loss due to the direct absorption in the waveguides. 
(b,d) same configurations as (a,c) but with two orders of magnitude higher loss 
coefficient 𝐈𝐦 𝐧 = 𝛋 = 𝟒.𝟔 ∙ 𝟏𝟎!𝟑. The three-waveguides configuration (b) shows a 
great tolerance to the significantly higher losses experiencing a loss of 0.96 dB 
whereas no signal is transmitted in the two-waveguides system (d). (e,f) schematic 
of the simulated three- (e) and two-waveguides (f) configurations.        

 
To complete the picture, we compare the eigenmodes of the two systems, as 
presented in Figure 3.10 below. We clearly observe that both eigenmodes of 
the lossy two-waveguides coupler exhibit comparable imaginary part in their 
effective mode indices, since the intense pump pulse that induces the 
nonlinearity propagates in both waveguides, whereas in the three-
waveguides AE configuration, the imaginary part of the effective mode 
indices of the reduced two-waveguides system are smaller by 2 orders of 
magnitude. 
These simulations clearly indicate that the energy is oscillating between 
waveguides 1 and 3, despite tunneling through the lossy middle waveguide, 
doesn’t experience significant loss as compared to an equivalent lossy 2-
waveguide coupler. 
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Figure 3.10 - Comparison of the eigenmodes and the effective indices of a three-
waveguides AE configuration (top panel) and a two-waveguides configuration 
(lower panel). The conditions are the same as in Figure 3.9(c-d) with 𝐧 = 𝛋 = 𝟒.𝟔 ∙
𝟏𝟎!𝟑  . (Upper panel) the lower two eigenmodes are the symmetric and 
antisymmetric modes of the effective two-waveguides coupler achieved by the 
“2+1” decomposition. We observe that the imaginary part of their effective indices 
is two orders of magnitude less than the equivalent two-waveguides coupler under 
same losses (lower panel).  

We next discuss how the AE based modulation scheme with its many degree 
of freedom can be optimized to yield a more efficient modulation in term of 
energy per bit.  
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3.9. More efficient AE modulation and 
comparison to other modulation scheme in 
integrated photonics   

	  
In our current demonstration of modulation shown in Figure 4, we had two 
limitations: (1) we have used a fs-oscillator pulse with finite power that was 
split into two synchronized pulses and (2) our will to avoid the inherent high 
TPA nonlinearity in Silicon (which occur in high intensity and can influence 
the speed of the device with the subsequent FCA). By using higher laser 
fluence (currently not available in our lab), we could achieve higher contrast, 
and even full 1–to-0 transition. This is due to the fact that the change of Δβ 
(our control) scales approximately linearily with the increase of intensity: 
 

V!"" =
π
L!"#

= V!" −
V!"!

Δβ → L!"# =
2π

V!" −
V!"!
Δβ

~
2πΔβ
V!"!

;     L!"#!" ~
2π Δβ! + Δβ!"

V!"!
   ;   

Δβ =
2π(Δn+ n!!"##I)

λ = Δβ! + Δβ!! 
The several degrees of freedom available in the AE scheme to tune the 
effective coupling between the outer waveguides can be further exploited to 
improve the extinction ratio and to reduce the power needed. A particularly 
promising direction is to design the device such that the middle waveguide is 
near cutoff. By doing so, the device operates in the regime presented in 
Figure 2.6(d) where the signal rapidly oscillates between the outer 
waveguides and then becomes much more sensitive to index change in the 
middle control waveguide.  To exemplify this approach, we have simulated 
such device where the outer waveguides have the same dimensions as in the 
device presented here (W1=W3=220 nm). 
Whereas the middle waveguide is near cutoff (W2=170 nm). In order to meet 

the right condition (V!" >
!!"!

∆!
 ), we reduce the overall gap to 470 nm to 

increase the V13 coupling. The signal injected in waveguide 1 oscillates 
quickly between 1 and 3 as shown in the figure below. The fast oscillations 
make indeed the device more sensitive to index change in the middle 
waveguide and our simulation shows that an extinction ratio of 20 dB is 
achieved in such configuration with a change of index of Δn = 9 ∙ 10!! 
requiring only 8 pJ, 9 times less than in the current configuration.  
Moreover, the advantage of the AE scheme in this regime over standard two-
waveguides system in the presence of losses is still evident from the 
comparison presented in Figure 3.11(b) and 3.11(c) below. A further improved 
performance, such as higher extinction ratio with sub pJ consumption can be 
achieved with a dedicated optimization of the degrees of freedom (couplings, 



	   41	  

  
Figure 3.11 - Adiabatic elimination with middle waveguide near cutoff. (a) The 
signal oscillates fast between the outer waveguides because of the increased 
effective coupling. The fast oscillations make the configuration more sensitive to 
modulation of the middle waveguide. (b) Propagation of the signal in the same 
configuration taking into account losses in the middle waveguide. However 
comparison with a similar standard two-waveguides configuration under the same 
loss (c) shows that the AE configuration still offers superior tolerance to losses. 

phase mismatch and polarization). Regarding a performance comparison we 
refer here to [54] which provides a comparison between several metrics  
related to modulators. We present in the Table 3.1 below an adaptation to 
include the AE device. We consider the simulated device above, which offers 
improved performances, even if, as we stressed, there is still much room for 
optimization.  
 
As noted in Ref. [54]: 
“One can see a trade-off emerging from the data […] between power 
consumption, optical spectrum, and device footprint. Resonators have power 
consumption close to the expected target required on the order of 10 fJ per bit, 
as well as a very small footprint. However, they suffer from a narrow-spectrum 
bandwidth and tight fabrication tolerances. Furthermore, the thermal tuning 
power required to stabilize them at a predefined frequency of operation must 
be included in estimating the total system power requirement. Interferometers, 
however, have much more relaxed fabrication tolerances, wider operating 
spectra, and are less dependent on temperature variations. Nevertheless, they 
suffer from a larger footprint that increases their power consumption.” 
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Structure Mach-Zehnder 
interferometer 

Mach-Zehnder 
interferometer Ring Disk Ring Adiabatic 

elimination 

Modulation 
principle 

Depletion of a 
horizontal p-n 

junction 
[55] 

Forward biased 
diode 
[34] 

For
ward 
biase

d 
diod

e 
[56,5

7] 

Reverse-
biased p-

n 
junction 

[58] 

Reverse-
biased p-

n 
junction 

[59] 

Potentially 
depletion of 

a p-n 
junction 

Device 
footprint 

[µm2] 
~1x104 ~1x103 ~1x1

02 20 ~1x103 ~2x102 

Energy per 
bit [fJ/bit] ~3x104 ~5x103 ~300 85 50 ~8x103 

DC 
modulation 
depth/inser

tion loss 
(dB) 

>20/~7 6-10/~12 >10/
<0.5 8/1.5 6.5/2 

20/~2 
(potentially 
around 0.2) 

Working 
spectrum >20 - ~0.1 ~0.1 0.1 broadband 

Thermal 
stability Good Good Very 

poor 
Very 
poor 

Very 
poor Good 

Table 3.1 

As we can see, the AE modulation scheme has much to offer in the trade-off 
outlined here. The scheme we propose here outperforms the MZI in most of 
the parameters by offering a much reduced insertion loss and a smaller 
footprint. At the same time, while offering a footprint comparable to rings 
resonator, the AE modulator is broadband and doesn’t suffer from the 
thermal stabilization issues that plague resonance-based modulators. 
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3.10. Summary  
	  
In conclusion, inspired by the atomic AE, we have experimentally 
demonstrated the AE decomposition scheme in nanowaveguides. We have 
shown that this approach enables on demand dynamical control of the 
coupling between two closely packed waveguides, by modulating the mode 
index of an in-between decoupled waveguide. As we have demonstrated, this 
unique scheme separates spatially the control in the middle waveguide from 
the signal in the outer waveguides. Therefore, different physical effects can 
be employed to change the mode index of the middle waveguide such as 
thermal, mechanical or electronic processes. More importantly, as we have 
shown, the AE scheme holds also when the middle waveguide is lossy. The 
loss originates from the imaginary part of the refractive index which can be 
either due to a linear effect, as in plasmonic and near resonant interactions, 
or a nonlinear effect, where imaginary part of a third order susceptibility is 
intensity dependent and alters the index of refraction, as in TPA and FCA-
induced losses in silicon. In such cases, the effective mode index of the middle 
waveguide as well as the coupling coefficients will become complex valued. 
Nonetheless, when employing the adiabatic elimination procedure, which 
equalizes the rate of light transfer to and from the middle waveguide, the 
effective propagation length of the signal in a lossy middle waveguide is 
minimized, thus the effective loss in the effective two-waveguides evolution 
will be significantly reduced as compared to the equivalent 2-waveguide 
system. The reduced effective loss in the AE configuration holds the potential 
to further reduce the footprint with plasmonic waveguides without facing the 
losses typically associated. AE offers an attractive alternative route for the 
control of optical information in integrated nanophotonics. The AE approach 
provides a new flexible toolbox to design densely packed power-efficient nano-
scale photonic components, such as compact modulators, ultrafast optical 
signal routers and interconnects. 

Moreover,as we will show in the next chapter, our scheme of active 
control for nanoscale waveguiding brings new insight for subwavelength 
Silicon photonics. Since AE enables unprecedented tunable coupling, it further 
allows a zero effective coupling between the outer waveguides that cancels 
light transfer and eliminates the cross talks between waveguides, a must for 
ultra-dense nano-photonics interconnects.  
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4. Perfect Shielding of Densely 
Packed Nanowaveguides: The 
Critical Point in the Adiabatic 
Elimination Dynamics  

 
4.1. Introduction 

	  
As we have demonstrated in the previous chapter, the AE applied to 

nanowaveguides allows for the control of the coupling between two 
waveguides via an eliminated (decoupled) dark mode. We have seen that this 
control can lead to a drastic change in the propagation of the light oscillating 
back and forth between the outer waveguides that form an effective two-mode 
coupler. This was, however within the pure analogy to the atomic physics 
counterpart. Here we take the analogy one step forward and show that by 
applying the AE analogy to the coupled waveguides system give rise to a point 
in the dynamics that is not allowed in the atomic system. At this point in the 
dynamics, which we have coined the “Critical Point”, all the couplings in the 
system counter balance perfectly leading to an effective decoupling of all the 
three waveguides. The meaning of this is that by properly designing our 3 
waveguides arrangement we can perfectly cancel the crosstalk between all of 
them despite them being packed beyond the diffraction limit. This point paves 
the way  toward ultra-dense integrated photonics circuits. In the following 
discussion we will present the theoretical prediction of the critical point and 
its specificity to densely packed nanowaveguides and our approach to 
demonstrate experimentally the existence of the critical point in our SOI 
platform. Without any further due we start with the theoretical prediction of 
the Critical Point.  

4.2. The Critical Point in the Coupled Mode 
Theory 

	  
As	  we	  recall,	  the	  main	  result	  from	  the	  analytical	  solution	  of	  the	  Coupled	  Mode	  
Equations	  (Equation	  2.13)	  under	  the	  AE	  constraints	  is	  that	  it	  decomposes	  the	  three-‐
coupled	  waveguides	  system	  into	  an	  effective	  two-‐coupled	  outer	  waveguides	  plus	  an	  
eliminated	  middle	  one.	  The	  effective	  coupling	  in	  the	  reduced	  two-‐mode	  system	  has	  
been	  found	  to	  be	  an	  interplay	  between	  the sequential coupling strength 
V!"V!" Δβ  and the the direct coupling (𝑉!"):	  
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𝑉!"" = 𝑉!" −

𝑉!"𝑉!"
|Δ𝛽|  

 
(4.1) 

When the middle waveguide’s effective index is higher than the outer 
waveguides, i.e when Δβ = Δβ!" = -‐Δβ!" > 0. 
When the sequential coupling strength V!"V!" Δβ  is equal to the direct 
coupling (𝑉!") a full destructive interference along the entire propagation 
operates and the effective coupling between the outer waveguides effectively 
cancels out.	  Hence, at this singular point, all three waveguides are effectively 
decoupled from each other despite the fact they are strongly coupled. We 
stress the fundamental difference with the atomic system counterpart. As we 
see in Figure 2.5 (reproduced here for convenience and ease the discussion), 
the selection rule forbids the transition from level 1 to level 3 owing to the 
orthogonality of the wavefunctions associated with those levels.  
 
	  

 

Figure 4.1 – A more detailed description of this figure is available in Figure 2.5. 
Here we want to emphasize the fundamental difference between the effective 
couplings in the atomic system and the waveguides system. In the atomic system 
𝐕𝟏𝟑   is forbidden and no coupling cancelation can occur. In the waveguide system 
the 𝐕𝟏𝟑 coupling can be even significant in densely packed arrangement. There, the 
sequential coupling 𝐕𝟏𝟐,𝐕𝟐𝟑  can be counterbalanced by 𝐕𝟏𝟑 and 𝐕𝐞𝐟𝐟 can be effectively 
canceled leading to no cross talk for infinite distances (in principle).	  
 
Therefore in the atomic system the direct coupling 𝑉!"  in necessarily zero and 
therefore no cancelation of the coupling in the reduced two-level dynamics 
can occur. However the situation is quite different in the coupled waveguide 
system. There, not only 𝑉!" is allowed but also when the packing becomes 
dense it can even become significant due to the overlap integral in Equation 
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(2.2). As we have seen previously one can consider the coupling length as an 
indication of the strength of the coupling between two waveguides:  

 
  
L

inv
= π

2V
eff

  (4.2) 

For	   
Veff 	  around	  the	  critical	  point	  the	   Linv 	  is	  presented	  in	  Figure	  4.2	  below.	  

	  

	  
Figure 4.2 – Inversion length versus 𝐕𝟏𝟑 as it results from the CME. The singular 
Critical Point is observed where the inversion length blows up toward infinity.  As 
the coupling 𝐕𝟏𝟑   departs from the Critical Coupling, the oscillations between the 
waveguides get faster.	  
	  
Having described the origin of the Critical Point from the Coupled Mode 
Theory, we now turn to find out whether this point indeed exists in real 
coupled waveguides system. To do so we start looking at the familiar band 
diagram of actual waveguides realization. 

4.3.  The Critical Point as a Degeneracy Point 
 

Here the band diagram will prove again to be extremely helpful at getting a 
full picture of what’s happening. We have one more time a look at the modes 
of the coupled three-waveguides system as a function of the phase mismatch 
between the outer waevguides and the inner one. A band diagram where the 
Critical Point is observed is presented in Figure 4.3 below.	  
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Figure 4.3 – (a) Band Diagram versus 𝑾𝟐  of a waveguide configuration where the 
Critical Point can be observed (𝑾𝟏 =   𝑾𝟑 = 𝟐𝟎𝟎  𝒏𝒎, 𝒈𝟏𝟑 = 𝟗𝟎𝟎  𝒏𝒎). The critical 
appears to be a degeneracy point (here happening at 𝑾𝟐~𝟐𝟕𝟖  𝒏𝒎 where both 
symmetric and anti-symmetric modes (inset) have exactly the same effective index 
(propagation constant). There the opposite signed fields perfectly cancel out along 
the propagation.  (b) Inversion length versus 𝑾𝟐 directly from the band diagram. In 
excellent agreement with the CME prediction, here also the singular Critical Point 
is observed where the inversion length blows up toward infinity.   

At the Critical Point, the symmetric and anti-symmetric modes are 
degenerated and propagate in-phase (Figure 4.3(a)). As a result the positive 
and negative fields propagating in the same waveguide with the same 
propagation constant perfectly balance each other. This leads to an inversion 
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length (Figure 4.3(b)) that blows up meaning that the intensity is fully 
transferred to the other waveguide only after infinite propagation. The 
inversion length is directly obtained from the Band Diagram using the 
following expressions: 

 

  

L
inv

= π
2V

eff

Δβ ± = 2π
λ

0

Δn± = 2V
eff

  (4.3) 

We can already see in Figure 4.3(b) the experimental challenge in realizing 
this Critical Point. Indeed the infinite inversion length happens only within a 
very narrow window of   W2 ,	  here	  only	  a	  couple	  of	  nanometers.	  The	  consequence	  is	  
that	  in	  order	  to	  observe	  the	  infinite	  inversion	  length,	  one	  needs	  to	  be	  able	  to	  control	  
the	  dimensions	  of	  the	  fabricated	  device	  with	  a	  nanometric	  resolution,	  a	  fabrication	  
challenge	  at	  present.	  However,	  as	  we	  will	  show	  in	  the	  following	  section,	  there	  is	  a	  
work	  around	  that	  we	  have	  actively	  pursued.	  

4.4. Wavelength Dependence around The 
Critical Point 

	  
As we have shown in the previous section, the task of hitting the Critical 
Point by design might be a fabrication challenge due the tight dimensional 
precision required. However for the sake of the proof of principle we present 
here a work around based on a broadband transmission measurement of a 
device which dimensions are close to the Critical Point. 
As it turns out, the peaking behavior of the inversion length as a function of 
the middle waveguide dimension   W2  is also present as a function of the 
wavelength considered. See Figure 4.4 below. 
While here also the peak is very narrow, this approach offers a great 
advantage: nanometer control of fabricated dimensions is indeed a tricky task 
whereas coherent generation of many different wavelengths with a 
nanometer or even sub-nanometer resolution is exactly the task in which 
non-linear optics and lasers excel at. 
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Figure 4.4 – Inversion length as a function of the wavelength for the Critical Point 
configuration presented in Figure 4.3.  	  
 

Our strategy toward a proof of principle of the critical is thus as follows: 
identify a design that does exhibit a critical point and fabricate it as close as 
possible to specified dimensions. Then characterize the fabricated sample in a 
transmission spectrum measurement where the relative transmitted 
intensity of each wavelength can be resolved with a spectrometer.  
 
 Before starting describing this experiment, there is one last question to be 
answered before proceeding and it is: how should a transmission spectrum 
look like around the critical point? To answer this question we consider a 
critical point occurring for a particular configuration around a wavelength of 
1300 nm. As we has seen in Chapter 2.1 the output from the two waveguides 
of a given length  L  that compose the effective coupler is given as follows 
(assuming input in waveguide 1): 

 

  

P
3
(λ ) = P

0
sin2 L

L
inv

λ( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

P
1
(λ ) = P

0
− P

3
(λ )

  (4.4) 

 
We first see that the transmitted output is a function of the length of the 
device. The longer the device the faster the oscillations versus wavelength (as 
observed in [91]). According to this model we thus expect to observe the 
normalized transmission spectra presented in Figure 4.5 as a function of 
wavelength and device length for a device that hits the critical point at 1300 
nm. 
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Figure 4.5 – Inversion length as a function of the wavelength for a Critical Point 
configuration occurring at 1.3  µm . The expected normalized transmission spectra 

as a function of the device length are also presented considering a broadband 
normalized input in waveguide 1.  
	  
The signature of the critical point is the plateau at the maximum value for 
the output from waveguide 1 and at minimum value for the output from 
waveguide 3.  Also depending where the sample positions on the inversion 
length curve, the oscillations are more ore less pronounced. Finally the 
witdth of the plateau is a function of the device length. As we can understand 
intuitively for device infinitely long, this width should be approaching zero 
since the critical point will be happening only for a single wavelength for such 
long device. 
Equipped with these insights and predictions, we move on to the 
experimental realization and observation of the critical point in the adiabatic 
elimination scheme. 
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4.5. Experimental Observation of The Critical 
Point 

As presented in the previous section, in this experiment we want to use a 
very broadband source (several tens of nanometers) and to couple efficiently 
all these wavelengths at the same time inside the waveguides. As it is well 
known, gratings are not very broadband and will distort the transmission 
spectrum we want to measure. For this reason, we decided to opt for what is 
known as a butt-end coupling method of our broadband source into the 
waveguides under investigation. The setup is presented in Figure 4.6.  

 
Figure 4.6- (a) Schematic description of the setup used for butt –end coupling into 
waveguides. The waveguides are fabricated on the substrate and cleaved such that 
their end facets are exposed on the side edges of the sample. A Supercontinuum 
source is coupled to a single mode fiber equipped with polarization control. The 
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light is then coupled to a polarization maintaining (PM) fiber that is lensed at it’s 
output. The size of the focus is about 2  µm . The lensed fiber is aligned to the input 

facet of the waveguide with a 3-axis stage. Once coupled, the light propagates 
along the waveguides that are routed in and out to be coupled only in a defined 
region. At the other end of the sample another lensed fiber is aligned to collect the 
output light from each of the waveguides. The collection fiber is then connected to 
an Optical Spectrum Analyzer to collect the spectrum. (b) Overview of the setup,  
we note that the sample is few millimeters and therefore all the alignments are 
done under an upright microscope with visible and IR cameras. (c) Typical field of 
view where we see the coupling-in lensed fiber on the left, the scattering along the 
waveguides as an indication of proper alignment and the light out coupled to the 
collection lensed fiber.  
 
 
We design a sample using the approach presented in section 4.3 where we 
look for a crossing of the symmetric and anti-symmetric bands. The other 
considerations taken into account are: ease of coupling from the lensed fiber 
which require therefore large enough width of the waveguides. Finally the 
smallest gap between the waveguides achievable using the etching method is 
about 100 nm. Having all this considerations in mind, the finalized 
dimensions are as follows:   W1 =W3 = 300nm,W2 = 335nm,g12 = 100nm .	  This	  design	  is	  
calculated	  to	  cross	  the	  Critical	  Point	  at	  1310	  nm.	  We	  present	  the	  fabricated	  device	  in	  
Figure	  4.7.	  	  
	  

 
Figure 4.7- Cross section (left) and Top view of the fabricated device for Critical 
Point proof of concept. We note in the cross section that the gap of about 100 nm is 
etched all the way down to the SiO2 substrate. As expected the dimensions are 
slightly different from the design owing to the fabrication errors. 
 
We observe that as expected due to the incontrollable fabrication errors the 
dimensions are slightly off from the design however as we have shown in 
section 4.4, the Critical Point should occur at a slightly different wavelength 
and should be revealed in a transmission spectrum. We thus characterize the 
fabricated device in the setup presented in Figure 4.6. The normalized 
spectra are presented in Figure 4.8 below for two different device length to 
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potentially observe the widening of the plateau window around the Critical 
Point as the device gets shorter according to our model presented above. 
 

 
Figure 4.8- Normalized Transmission spectra for the device fabricated and shown 
in Figure 4.7. We characterize two lengths (  L = 600µm,125µm , left and right panel 

respectively) in order to observe the widening of the plateau window. Broadband 
light is coupled into waveguide 1 and the output is collected from waveguide 1 and 
3. We note that owing to the broadband character of the AE no detectable signal is 
collected from waveguide 2 as presented in Figure 3.4. We observe several Critical 
Point characteristics around 1400 nm, namely: transmission reaching unity for 
waveguide 1, increasingly fast oscillations as we move away from the critical point 
wavelength and finally the plateau window widening for shorter device. 

 
As predicted we indeed observe a plateau where waveguide 1 output reaches 
unity while waveguide 3 goes to virtually zero slightly before 1400 nm. Also, 
in agreement with our prediction, we observe oscillations that are 
increasingly fast as we move away from Critical Point at 1400 nm. Finally, 
we also clearly note the plateau window widening for the short device. To 
further assess this behavior we consider a control sample consisting of two 
waveguides of same dimension as   W1,W3  and with a gap   g13  similar to the one 
in the device we have just measured. We repeat the transmission 
measurements for two different lengths as well. This control measurement 
will inform us whether the different characteristic points we have noted 
around the critical point are indeed due to the interplay between the three 
waveguides and not something found also in “regular” two-mode couplers. 
The results of these control measurements are found in Figure 4.9. 
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Figure 4.9 - Normalized Transmission spectra for the control device. The control 
device has the same propagation lengths (  L = 600µm,125µm , left and right panel 

respectively) and same widths dimension (  W1,W3 = 300nm ) and same gap 

  g13 = 535nm  as in the critical point device presented in Figure 4.8.  

Most strikingly no plateau window is observed where waveguide 1 output reaches 
unity. We do observe the linear relationship to the device length  L  as described in 
Equation 4.4 and already observed in “regular” two mode couplers [92]. We see 
that the shorter the device the slower the oscillations. 
 
Most strikingly we note the absence of the plateau window and the 
increasingly fast oscillations around the window. This confirms that the 
dynamics observed in Figure 4.8 stems from the rich interplay between the 
direct coupling   V13  and the indirect couplings   V12 ,V23 	  and	  indicates	  that	  slightly	  
below	  1400	  nm	  the	  device	  measured	  in	  Figure	  4.8	  exhibits	  a	  Critical	  point	  behavior	  
where	  all	  the	  three	  waveguides	  are	  effectively	  decoupled	  and	  shielded	  from	  each	  
other. 
	  

4.6. Summary 
	  
We	  have	  shown	  in	  this	  Chapter	  how	  the	  AE	  dynamics	  when	  applied	  to	  waveguides	  
leads	  to	  a	  total	  effective	  decoupling	  of	  otherwise	  strongly	  coupled	  waveguides.	  This	  
behavior	  happens	  in	  a	  very	  delicate	  point	  	  (the	  “Critical	  Point”)	  difficult	  to	  achieve	  
by	  design	  and	  we	  have	  presented	  here	  our	  attempts	  to	  demonstrate	  the	  “Critical	  
Point”	  existence	  in	  a	  wavelength	  dependent	  measurement.	  The	  results	  presented	  
here	  strongly	  hint	  at	  the	  existence	  of	  such	  a	  point.	  	  
The	  existence	  of	  the	  “Critical	  Point”	  in	  the	  AE	  dynamics	  opens	  the	  way	  toward	  ultra-‐
dense	  photonic	  circuitry	  were	  waveguides	  packed	  beyond	  the	  diffraction	  limit	  can	  
be	  effectively	  shielded	  from	  each	  other.	  This	  is	  of	  particularly	  interesting	  bearing	  in	  
mind	  that,	  as	  we	  will	  see	  in	  the	  next	  Chapter,	  the	  AE	  dynamics	  can	  be	  expanded	  to	  
higher	  order	  system	  and	  even	  to	  N-‐level	  systems.  
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5. Experimental Realization of two 
decoupled couplers in an 
subwalength packing via Adiabatic 
Elimination in Four Waveguides 
System 

	  
 

5.1. Introduction 
 
On-chip optical data processing and photonic quantum integrated circuits 
require the integration of densely packed directional couplers at the 
nanoscale. However the inherent evanescent coupling at this length scale 
severely limits the compactness of such on-chip photonic circuits. Here, 
inspired by the adiabatic elimination in a N-level atomic system, we show an 
experimental realization of a pair of directional couplers that are effectively 
isolated from each other despite their subwavelength packing. This approach 
expands the adiabatic elimination in three waveguides introduced in previous 
chapters and opens the way to ultra-dense arrays of waveguide couplers for 
integrated optical and quantum logic gates. 
 
As we have introduced in Chapter 2.1, the directional couplers, two 
interacting optical waveguides placed in close proximity, are a cornerstone in 
integrated photonic circuits and are widely used in devices like optical 
modulators and switches for high-speed communication and on chip data 
processing [34,35,36]. More recently the directional coupler has been 
harnessed as the building block for photonic quantum integrated circuits and 
shown to enable quantum computing logic operations when used with single 
photons [37,38,63,64].  
Typically, the directional couplers are used to split optical power in an 
integrated format as beamsplitters for free space propagation. This operation 
is achieved by coupling the two waveguides when they are brought 
sufficiently close together so that the evanescent fields of the guided modes 
overlap. However, a closely packed arrangement of those couplers results in 
undesirable cross-talk between them, due to the evanescent coupling, thus 
severely limiting the compactness of on-chip optical data processing and 
photonic quantum integrated circuits which require at least a pair of 
directional couplers to achieve their functionality. For instance, Politi et al. 
[63] have shown the realization of a complex quantum logic gate with the 
integration of pairs of directional couplers. However each coupler has an 
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inversion length of several millimeters and a footprint of at least 10  in 
the lateral dimension. These dimension constraints therefore result in large 
devices when integrating several such quantum logic gates required for 
quantum computing.  In this chapter, inspired by the adiabatic elimination in 
a N-level atomic system, we report an experimental realization of a pair of 
directional couplers that are effectively isolated from each other despite their 
subwavelength packing, therefore overcoming the severe limitation on the 
density imposed by the evanescent coupling.  
 

5.2. 2+2 decomposition via Adiabatic 
Elimination in four-coupled nano-waveguides 

 
The Adiabatic Elimination (AE) concept from atomic physics, that we have 
discussed in previous chapters and which decomposes a 3 level system into 
an effective 2 level system and a dark state (“2+1 decomposition”), is 
employed here to achieve a “2+2” decomposition among a 4-waveguide 
coupled system. We show that the adiabatic elimination in this configuration 
decomposes the 4-waveguide systems into 2 decoupled two-waveguide 
couplers despite the strong coupling. This decomposition follows the N-levels 
generalized AE [18,60,61,62] and opens up possibilities of manipulation of 
classical and quantum light in very compact integrated photonic circuits. 
We start our analysis with the description of the propagation of the 
monochromatic light fields in four coupled waveguides as shown in Fig 1 
using the Coupled Mode Equations (CME) we have discussed at length in 
Chapters 2.1 and 21.2:   
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 (5.1)  

Here also!z  is the propagation direction, !Ai , !! i =1,,4 , represent the fields of 

mode !i . Each mode is characterized by its propagation constant !βi and 

!!V12 ,V23 ,V34  are the couplings strengths between modes 1-2, 2-3 and 3-4 

respectively. In our analysis, we have further assumed, without loss of 
generality, that the outermost waveguides (1,4) and innermost (2,3) are 
separately identical thus yielding !β1 = β4 ,β2 = β3 . Finally, we are taking !!V12 ,V34  

to be equal.  

!µm
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The coupled mode equations (5.1) are analogous to the four-level atomic 
system depicted in Figure 5.1, where laser fields interact near resonance in 
the transitions !ψ 1 →ψ 2 ,ψ 3 →ψ 4  and on-resonance in the transition 

!ψ 2 →ψ 3 .  In this analogy the time evolution of the population of electrons 

in each level of the atomic system is equivalent to the propagation in space of 
the light in each waveguide. In both cases the evolution is dictated by the 
couplings between the modes !

Vij  and by the detuning between the levels !
Δij  or 

propagation constants differences !
Δβij = β j −βi . Such coupled system typically 

exhibits a dynamics where all the coupled modes or levels are “populated”. As 
we show in Figure 5.1a, this is particularly the case in the waveguide system 
where all the waveguides are identical (note that the couplings !!V12 =V34 ,V23are 

not necessarily equal). We see that light injected in waveguide 1 (light blue 
curve) oscillates between all the four waveguides as it propagates. However, 
applying the adiabatic elimination constraint on the system, namely that 
adjacent and detuned modes or levels are strongly detuned and coupled or 

!!Δβ12 ,Δβ34 >>V12 ,V34  allows to decompose the dynamics of the system into a 2+2 

dynamical space where the pairs of outermost waveguides and innermost 
waveguides constitute each a standalone 2-waveguide coupler. This 2+2 
decomposition is clearly apparent in Figure 5.1(b) where we solve Equation 
(5.1) under the mentioned conditions. We first considered the system with 
light injected in waveguide 1. We see that the energy oscillates primarily 
between the outermost waveguides (1 and 4, light blue and dark orange 
curves respectively) whereas waveguides 2,3 and accumulates virtually no 
energy. Since each of the two outer coupling processes are greatly 
mismatched to the inner waveguides, the amplitude of the middle 
waveguides!!A2 ,A3 , oscillates very rapidly in comparison to the slow varying 

amplitudes !!A1 ,A4 . As a result, the amplitude of the intermediate waveguides 

cannot build up significantly and thus remain at their initial value. This 
despite the two inner waveguides being identical with no mode index 
mismatch between them. 
However, when the initial condition is changed to the injection in one of the 
inner waveguides, the situation is reversed. As expected from the adiabatic 
elimination decomposition, the inner waveguides form an effective 2-
waveguide system that evolves with light oscillating only between inner 
waveguides 2 and 3. 
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Figure 5.1 . Symmetrical (a-b) vs. AE evolution (c-e) in atomic physics and 4-
waveguide configurations  The color code represents the probability amplitudes of 
the levels in the atomic case or the field strength in each waveguide. The light is 
initially injected in waveguide 1 (blue curve). In all cases the dynamics is dictated 
by the couplings and the detuning/mode indices via the Coupled Mode Eqs. (1) . (a-
b) Symmetrical 4 mode dynamics – all modes are excited. (c-e) Adiabatic 
Elimination dynamics. The system is decomposed to “2+2”, effective (d) two-mode 
coupler on outer waveguides and (e) two-mode coupler of inner waveguide 

 

5.3. Band diagram visualization of the 2+2 
decomposition 

 
As in the three-waveguide AE, a band diagram gives a great way to directly 
visualize this 2+2 AE decomposition. Such band diagram is presented in 
Figure 5.2(a). The diagram shows the 4 eigenvalues of the coupled mode 
equations (5.1) as a function of the detuning !Δβ12 = Δβ34 = Δβ . We clearly see 

that as we vary the detuning , the 4 branches of the diagram separate into 
2 sets of branches. A look at the eigenvectors that constitute each branch 
reveals that, while in the on-resonance case i.e. !Δβ =0all the eigenvectors 
encompass all the modes, the branches bunched together under detuning 
exhibit symmetric and antisymmetric eigenvectors localized only in either the 
outer modes or the intermediate ones. As we vary Δβ  while the different 
couplings remain unchanged, we gradually enter the AE regime where 

!!Δβ >>V12 ,V34 . This leads to the emergence of two decoupled 2-modes dynamics 
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each one evolving with its own oscillation frequency inversely proportional to 
the difference between the eigenvalues of the symmetric and anti-symmetric 
modes. 
This behavior apparent from the coupled mode equations and the band 
diagram is further confirmed experimentally. We design our sample using the 
band diagram approach introduced in Chapters 2.1 and 3. Such band 
diagram is presented in Figure 5.2(b) where the eigenmodes are found using 
the eigenfrequency solver of COMSOL.  With a striking agreement with the 
coupled mode model, here also the diagram shows the 4 branches separating 
into 2 sets of branches as we vary !!w2 =w3 , i.e. the detuning between the inner 

and outer waveguides. All the geometrical parameters but !!w2 ,w3  are fixed in 

accordance with our assumptions and to satisfy the AE constraints and are 
namely: !!g23 =180!nm, !g14 =1150!nm, !w1 =w4 =260!nm . The gaps between the 

waveguides dictate the strength of the evanescent coupling between the 
modes and are selected to be particularly narrow to ensure a strong coupling 
as required from the AE constraints. The wavelength is selected to be to be 
1310 nm for experimental convenience. The modes forming each branch show 
that indeed the branches bunched together in the AE regime exhibit 
symmetric and antisymmetric modes localized only in either the outer 
waveguides or the inner waveguides. For our experiment we choose to work 
deep in the AE elimination regime with !!w2 =w3 =220!nm<w1 =w4 in order to 

ensure a significant overlap of the guided mode and thus a strong evanescent 
coupling. Here, the widths of the waveguides are selected in order to support 
only the fundamental mode in TM polarization. However the scheme 
discussed here holds also for TE polarization. 
Finally, we note the slight deviation between the analytical model Figure 
5.2(a) and the full-wave simulation Figure 5.2(b) when the detuning becomes 
very large. This is due to the breaking of the assumption that the couplings 
remain constant. As we vary the inner widths the field evanescent tail from 
the inner waveguides increases ultimately impacting the mode overlap and 
thus changing the coupling as expected from Equation (2.2) . We see however 
that the 2+2 AE decomposition still holds even when this assumption breaks. 
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Figure 5.2  Band diagrams of the 4-waveguide system (a) as a function of the mode 
index difference, Δβ ,  and (b) as a function of the inner waveguides’ widths !!w2 =w3 . 

The associated eigemode field profiles and eigenvectors are presented on the left 
and right column. When!Δβ =0 , !!w1 =w2 =w3 =w4 , all the eigenmodes are coupled and 

bunched together (right column) and all the mode profiles are shown to be a 
superposition of all the waveguides (bare basis vectors). The bands split to clearly 
bunch into two sets of bands when the detuning significantly exceeds the 
couplings (the AE condition). We observe the AE 2+2 decomposition in which the 
eigenmodes bunched (i.e. coupled) together are symmetric and antisymmetric 
combinations of only either the outer waveguides or inner waveguides. We note 
the very good agreement between the analytical solution of the CME and the full 
wave simulation.   
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5.4. Experimental observation of the AE 2+2 
decomposition and realization of a pair of 
decoupled couplers in ultra-compact form  

 
 
The Silicon waveguides were fabricated using a silicon-on-insulator (SOI) 
substrate and the same recipe employed in Chapter 3. The thickness of 
silicon and buried oxide were 340 nm and 1 µm, respectively. A 160-nm-thick 
hydrogen silsesquioxane (HSQ) resist (Dow Corning XR-1541) was spun on 
the SOI substrate. The HSQ layer was patterned by electron-beam 
lithography for the etching mask. The silicon waveguides were formed by 
reactive ion etching in Cl2/HBr/O2. 10:1 buffered HF was used to remove the 
HSQ mask. 
The length of the waveguides in the coupled region is of !!L=250!µm  and light is 
injected into either waveguide 1 (outer waveguide) or waveguide 2 (inner 
waveguide) by the mean of a grating coupler designed to allow efficient 
coupling into the TM fundamental mode at 1310 nm [65,66]. 
The light propagation in the waveguides was examined both in far-field and 
near-field and were carried out using the same setups introduced in Chapters 
2.4 and 3.3. Here also the light injected is a continuous wave laser diode at 
1310 nm. The NSOM signal was demodulated at 3Ω to filter out the non-near-
field background scattering.  
The results for the AE case are gathered in Figure 5.3. We clearly observe the 
2+2 decomposition as predicted from both the coupled mode equations and 
the band diagram. We observe in the far field that light injected in waveguide 
2 exits the system only from waveguide 2 and 3. The optical near reveals that 
indeed light oscillates between waveguide 2 and 3 with virtually no leakage 
to the outer waveguides (1 and 4). In contrast, when light is injected into the 
outer waveguide (1), the far-field shows it exits the system only from 
waveguide 1. The NSOM measurement confirms the propagating light is 
localized in waveguide 1. This is expected since the inversion length predicted 

by the 
!!
Linv = λ

2Δn14
 is on the order of !700!µm  well beyond the !250!µm  

propagation constrained by our e-beam lithography field of view. Those 
results are in excellent agreement with our propagation simulations shown in 
Figure 5.3 based on the eigenmode expansion method (EME) discussed in 
Chapter 3.3. 
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Figure 5.3 Experimental observation of adiabatic elimination in four coupled 
waveguides. Far-field and NSOM measurements compared to numerical 
simulations. The AE 2+2 decomposition is observed when light is coupled to the 
outer waveguides (a) and when the light is coupled to the inner ones (b).  The scale 
bar in the far-field measurement is 30!µm , and in the NSOM 1!µm .   

 
The dynamics observed is compared to the control case where

!!w1 =w2 =w3 =w4 =260!nm  presented in Figure 5.4. This comparison shows a 

stark difference in the evolution with the AE dynamics. We see that, whether 
the input is in the outer or inner waveguide, all the four outputs show a 
sizeable amount of signal in the far-field measurement. We observe in the 
near-field that indeed the input light rapidly leaks to all the waveguides and 
oscillates between them as it propagates. Here also the EME simulations 
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show excellent agreement with the near field measurements. We note that 
the AE 2+2 decomposition observed here may indicate the possibility of total 
signal isolation in waveguides arrays with more than three waveguides (See 
Chapter 4 and [67]).  
 

 
Figure 5.4 Control Experiments on 4-symmetrical waveguides, with all waveguides’ 
widths equal. Light oscillates between all the waveguides whether light is coupled 
to (a) the outer waveguide 1 or to (2) the inner waveguide. 

5.5. Conclusion 
 
To conclude, we have shown that by employing the adiabatic elimination 
decomposition in an ultra-dense 4-waveguide system, two isolated two 
waveguide couplers with a lateral footprint on the wavelength scale can be 
obtained. We see that richness of the system, with its many degrees of 
freedom, allows a flexible control of the effective couplings in the isolated 
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systems so that each coupler can be designed with its own splitting ratio. We 
note also that this approach being inspired from the atomic N-level adiabatic 
elimination it is foreseen to be generalized to N coupled waveguides opening 
the way to ultra-dense arrays of waveguide couplers for integrated optical 
and quantum logic gates. 
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6. Interacting with Dark Modes: a 
plasmonic Meta-molecule case 

 

6.1. Introduction 
 
 
So far we have dealt with various aspects of the Adiabatic Elimination 
concept when applied to nanowaveguides systems. Common to all the aspects 
we have dealt with, is the existence of decoupled dark mode(s)/states via 
which we have controlled the overall dynamical evolution of various systems. 
However dark states are not a specificity of the Adiabatic elimination concept 
and in fact dark state physics has led to a variety of remarkable phenomena 
in atomic physics, quantum optics and information theory. Here we switch 
gear and investigate interacting dark resonance type physics in multi-layered 
plasmonic meta-molecule.   We theoretically demonstrate that these 
plasmonic meta-molecules exhibit sub-natural spectral response, analogous 
to conventional atomic four-level configuration, by manipulating the 
evanescent coupling between the bright and dark elements (plasmonic atoms) 
. Using cascaded coupling, we show nearly   4− fold  reduction in linewidth of 
the hybridized resonance compared to a resonantly excited single bright 
plasmonic atom with same absorbance. In addition, we engineered the 
geometry of the meta-molecules to realize efficient intramolecular excitation 
transfer with nearly  80%  of the total absorption being localized at the second 
dark plasmonic atom. An analytical description of the spectral response of the 
structure is presented with full electrodynamics simulations to corroborate 
our results. Such multilayered meta-molecules can bring a new dimension to 
higher quality factor plasmonic resonance, efficient excitation transfer, 
wavelength demultiplexing, and enhanced non-linearity at nanoscale. 
 
Quantum emitters (atoms, molecules, quantum dots) prepared in a specific 
coherent superposition of states exhibit many remarkable phenomena in 
atom optics [68], cavity quantum electrodynamics (cQED) [69], quantum 
computation and quantum information [70]. For instance dark state in three-
level atoms in (Λ )-configuration holds the key for many counter-intuitive 
effects in atomic physics and quantum optics [71]. Recently the domain of 
dark resonances has extended beyond its conventional plasmonic atomic, 
molecular and optical physics to plasmonics and metamaterials. Several 
classical or plasmonic analogue of quantum optical phenomena like plasmon 
induced transparency (PIT) [72,73], electromagnetic induced absorption (EIA) 
[74,75], have created new interests in dark state physics with applications 
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such as sensing [76], broadband slow light [77], ultrasensitive spectroscopy 
[78], plasmonic ruler [79,80].  
 
However extremely poor (metal-loss-limited) quality factor of the plasmonic 
resonance often pose a serious bottleneck for practical applications. 
Incorporating gain medium [81] to compensate the loss is one way to go 
which has its own challenges [82,83] . Recently giving a quantum boost to 
plasmonic devices [84,85] has been proposed to make an efficient use of the 
phase coherent gain medium coupled to such systems.  
 
In this chapter, we theoretically investigate a multi-layered plasmonic meta-
molecule consisting of a radiative(bright) and cascaded subradiant(dark) 
elements, as shown in Figure 6.1(c), to realize interacting dark resonances 
type physics. We show that these meta-molecules exhibit sub-natural spectral 
response analogous to atomic four-level configuration [86]. A 4-fold reduction 
in linewidth of the hybridized resonance, is achieved, compared to resonantly 
excited single bright plasmonic atom with same absorbance. These 
engineered meta-molecules also exhibits efficient intramolecular excitation 
transfer and  ~ 80%  (of the total absorption) is localized at the second dark 
element on resonant excitation. On the other hand at off-resonant excitation 
 ~ 72%  is localized at the first dark plasmonic atom. Such wavelength 
dependent localization of excitation may open new possibilities for 
wavelength demultiplexing at nanoscale.  
 

6.2. Double Dark Resonance Physics in 
Plasmonic System 

 
 
One generic four-level model displaying double-dark resonance (DDR), in 
conventional atomic physics, is shown in Figure 6.1(a). The dark-state of the  
Λ -configuration is coupled to the metastable state   |d〉  by the control field. 
The existence of DDR is apparent in the presence of two different Λ -
subsystem as seen in Figure 6.1(b). Within the transparency window, of the 
Λ -configuration atomic EIT, the interference induced by coherently 
interacting dark-states leads to sharp resonances [86,87]. Geometry of the 
meta-molecule displaying interacting dark resonance type physics is shown 
in Figure 6.1(c). Here we used the dipolar mode of a gold bar 

  (l1nm ×wnm × tnm)  and the subradiant asymmetric mode of two parallel gold 

bars   (l2nm ×wnm × tnm)to serve as the bright and dark plasmonic atom 

respectively. Energy level diagram of the meta-molecule is shown in Figure 
6.1(d) where the coupling between the bright-dark and dark-dark plasmonic 
atoms are via near-field interaction. The incident electromagnetic field 
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  E = Ee−iωt  couples strongly with the radiative plasmonic state    |a
0
〉 = a

0
(ω )e−iωt  

and weakly with the dark plasmonic states    |aα 〉 = aα (ω )e−iωt  (where  α =1,2 ). 
The decay of the dark plasmonic atoms  

 
γ

1,2
 (ohmic losses, weak coupling to 

radiation and intrinsic dipole moments) is much weaker than the bright 
plasmonic atom   γ 0

 where the loss is dominated by radiation damping [88]. 

The coupling between the bright-dark and dark-dark plasmonic atoms are 
given by the parameters  κ1  and  κ 2  respectively. The amplitudes of the three 
states can be by the linearly coupled Lorentzian oscillators (LCLO) model 
(see Appendix B). 
 

  
Figure 6.1- (a) Atomic four-level system displaying double-dark resonance. (b) 
Four-level system obtained by diagonalizing the interaction with the control field. 

Here the drive field can couple both dressed states   
| c1,2 〉  with state   | a〉  thus 

forming two Λ  subsystems with interacting dark resonances. (c) Isometric view of 
the multi-layered stacked geometry of the plasmonic meta-molecule. (d) 
Equivalent energy level diagram of the plasmonic meta-molecule with near-field 

couplings  
κ1,2 .  Here we have defined the detuning as  δα =ω0 −ωα  with  α = 1,2 . 

 
Solving for the dipolar response of the radiative plasmonic atom we get, 

!!!
("1, #1)("2, #2)

|1|2

|

|

E(t) = E exp[!i"t]

(a) (b)

(c) (d)
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⎪

⎭⎪
  (6.1) 

	  
where we have defined the damping   Γα = γ α + i(ω −ωα ),(α = 0,1,2)  and the 
parameter  g  quantifies the strength of the coupling between the bright 
plasmonic atom with the incident electromagnetic wave. The functional form 
of χ  reminds us of the linear susceptibility for an equivalent plasmonic 

atomic media where the coherent drive field  
Ω1,2  control the dynamics of the 

dark resonance [86]. In the plasmonic analogue, the role of  
Ω1,2  is played by 

the near field couplings  
κ1,2 . Due to the second term in Equation 6.1 an 

absorption peak emerges in the spectral response of the bright atom. We can 
approximate the expression for    a0 (obtained from the LCLO model) around 

 ω ~ω1  assuming   |κ 2 ||κ1 |,  and  ω0 =ω1 =ω 2  (to keep the final expression 
simple) as, 
 

 

    

ac =
|κ 2 |2

|κ1 |2
gE

Δ − iγ 0 γ 2 / γ 0+ |κ 2 |2 / |κ1 |2( )
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  (6.2) 

 
Equation 6.2 has a typical lorentzian form with linewidth (full width at half-
maximum)  
 
 

   
γ c = 2γ 0 γ 2 / γ 0+ |κ 2 |2 / |κ1 |2( )   (6.3) 

 
which in the limit of  γ 2 → 0  reduces to 

 
2γ 0 |κ 2 |2 / |κ1 |2( ) . If we compare 

Equation 6.3 with the dipolar response of the bright plasmonic atom in the 
absence of any dark plasmonic atoms, the amplitude and the  linewidth are 
scaled as  |κ 2 |2 / |κ1 |2  and 

 
γ 2 / γ 0+ |κ 2 |2 / |κ1 |2( )  respectively.  

 
Next we present the numerical simulation to investigate the spectral 
response of the three-layered meta-molecule shown in Figure 6.1(c).  The 
dimensions of the bars were carefully tuned to match the resonance 
frequency of the bright and dark plasmonic atoms. The asymmetric position 
of the top layer gold bar with respect to the middle layer provides stronger 
near field coupling strength [73]. The bottom layer is identical to the middle 
in geometry and they are partially overlapped. The gap between top and 
middle layers is   g1 = (h1 − t) nm and the gap between parallel gold bars is 
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  d = (l1 − 2s1) nm. The gap between the lower two layers is   g2 = (h2 − 40) nm. The 
size of the unit cell was chosen so that the diffraction orders from the periodic 
structure do not interfere with the resonances of interest. We applied periodic 
boundary condition to simulate an array of such nanostructures. The 
dielectric constant for the gold is taken from Johnson and Christy [89] while 
the surrounding dielectric medium is vacuum with    = 1.     
 

6.3. Plasmonic Resonance Linewidth 
Narrowing Resulting from DDR Interaction 

 
 
In Figure 6.2(a) we have plotted the absorbance of an isolated plasmonic 
bright plasmonic atom (dashed blue), bright plasmonic atom coupled to a 
dark plasmonic atom also know as PIT structure (dotted dashed black) and 
multilayered meta-molecule with bright plasmonic atom coupled with two 
dark plasmonic atoms (solid red). The isolated bright plasmonic atom (355nm 
×  80nm ×  40nm) has a dipolar resonance at  ω0 ~ 264 THz and the spectral 

response linewidth (fullwidth at half maximum, FWHM) is   γ 1
 = 2γ 1 ~ 38.1THz 

which is dominated by the radiative damping. In the presence of a 
(plasmonic) dark plasmonic atom the structure exhibits Electromagnetically 
Induced Transparency (EIT)-type phenomena with as seen by a reduction in 
absorbance at  ω ~ 264 THz. The basic physical mechanism behind this EIT-
type phenomena can be understood as the destructive interference between 
the direct excitation of the radiative plasmonic atom and the back-action 
from the dark to the radiative plasmonic atom. However in the presence of a 
second dark plasmonic atom the EIT-type transparency at  ω =ω1  splits into 

two creating new windows at 
 
ω ± ~ 1

2
ω1 +ω 2 ± 4 |κ 2 |2 +(ω1 −ω 2 )2( )  in the limit 

of  
γ 1,2 ~ 0 . These transparency windows are created due to destructive 

interference between the paths   | g〉→| 0〉  and   | g〉→| 0〉→|1〉→| 0〉 , and between 
the paths   | g〉→| 0〉  and   | g〉→| 0〉→|1〉→| 2〉→|1〉→| 0〉 . We also observe the 
appearance of a new resonance which is superimposed on the transparency 
window of the PIT structure. The new resonance has peak absorbance equal 
to that of an isolated (plasmonic) bright plasmonic atom and a linewidth 
which is more than 4-fold narrower.  In the Appendix B we have included the 
effect of substrate and show that linewdith narrowing is indeed robust The 
gap between the bright and the first dark plasmonic atom is   g1 = 30 nm while 

the gap between the two dark plasmonic atoms is   g2 = 210 nm. For these gaps 

the coupling strengths  
κ1,2  are  ~ 38  THz and  ~ 8  THz respectively. In atomic 

physics the presence of a such ultra-sharp resonance is a signature of 
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quantum interference [87]. In Figure 6.2(b) we have plotted the charge 
distribution on all the elements at resonant excitation for the PIT and DDR 
structure with   g1 = 30 nm and   g2 = 210 nm. We see significant charge 
distribution on the second dark plasmonic atom with respect to the first in 
DDR configuration which opens the possibility for efficient intra-molecular 
excitation transfer via coupled dark plasmonic atoms.   
 

 
Figure 6.2- (a) Plot of the absorbance of an isolated plasmonic bright plasmonic 
atom (dashed blue), bright plasmonic atom coupled to a dark plasmonic atom (also 
know as PIT structure) (dotted dashed black) and multilayered meta-molecule 
with bright plasmonic  (cascaded) coupled with two dark plasmonic atoms (solid 
red). The central peak, with absorbance equal to that of a resonantly excited 
bright plasmonic atom, has a linewidth(FWHM) which is more than 4-fold 
narrower.(b)Plot of the charge distribution along the bright and dark plasmonic 

atoms for probe excitation at  ω =ω1 ~ 264 THz. For the two dark plasmonic atom 

geometry the gaps   
g1,2  are 30nm and 210nm respectively and the other parameters 

are   l1 =355nm,   l2 =315nm,  w =80 nm,   h1 =70nm,   s1 =87.5nm,   s2 =82.5nm,  t =40nm. 
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Figure 6.3- (a) Plot of the linewidth and the absorbance (amplitude) of the central 

peak  ω =ω1 ~ 265 THz against the gap between the dark plasmonic atoms. For 

weak dark-dark plasmonic atom coupling (i.e larger gap) the linewidth approaches 
to the Drude damping limit value of   γ ~ 6.5  THz and amplitude is of the same 

order as resonantly excited bright plasmonic atom alone. The amplitude has a non-

monotonic dependence on   g2  which attains the maximum value of  ~ 0.48  when the 

gap   g2 ~ 130 nm. (b) Plot of the figure of merit (FOM) for the plasmonic meta-

molecule against the gap between the dark plasmonic atoms.  Near the optimum 

gap   g2 ~ 170 nm, the FOM reaches  ~ 4.50×10−2  which is nearly 5-fold higher 

compared to an isolated bright (plasmonic) plasmonic atom value of  ~ 9×10−3 . The 
geometrical parameters for numerical simulations are same as Figure 6.2. 

In Figure 6.3(a) we have plotted the linewidth and the amplitude of the 
central peak (absorbance curve  ω =ω1 ~ 264  THz) against the gap   g2  between 
the dark plasmonic atoms. To extract the linewidth information of the central 
peak, we fitted the simulation data with three lorentzian. We see that the 
linewidth decreases  (monotonically) with   g2  and for large gap it approaches 
to the drude-damping limit value of   γ ~ 6.5  THz for bulk gold [90,91]. 
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However the amplitude ( 
Ap ) of the peak has a interesting non-monotonic 

behavior. At first it increases (monotonically) with the gap and attains the 
maximum value of  ~ 0.48  at   g2 ~ 130 nm and the begins to decrease thereafter. 
To quantify the quality factor of the new resonance, let us define the figure of 
merit as: 
 

 
  
FOM = Absorbance( Amplitude)

Linewidth(FWHM )
  (6.4) 

. 
In Figure 6.3(b) we have plotted the FOM of the meta-molecule against the 
gap   g2  while keeping   g1 = 30 nm. For an isolated bright plasmonic atom the 

FOM is  ~ 9×10−3 . By incorporating a second dark plasmonic atoms and 
tuning the coupling  κ 2 , the FOM reaches a maximum value of  4.5×10−2  (at 

  g2 ~ 170nm ) which is 5-fold higher compared an isolated bright (plasmonic) 
plasmonic atom. Such an enhancement in the quality factor of the absorbance 
opens the possibility of enhancing the non-linear response of the meta-
molecule.   
 

6.4. Efficient Energy Transfer Within 
Plasmonic Meta-Molecule Via Dark Modes 

 
 
Next we discuss the possibility of efficient intermolecular excitation transfer 
by engineering the geometry of our meta-molecule. To quantify the efficiency 
of transfer we have defined η  as the ratio of the absorption by the second 
dark plasmonic atom to the total absorption i.e  
	   	   

 

   

η =
| a2 |2

|
All plasmonic atoms

∑ ai |2
 (6.5) 

 
In Figure 6.4(a) we have plotted the ratio of the absorbance of the second 
dark plasmonic atom to the total absorbance (defined by η ) as a function of 
the gap   g2  while keeping   g1  fixed at 30nm. We see the bell shaped curved 
maximum around 170nm at which the efficiency reaches  ~ 80% . However 
this gap does not correspond to maximum absorption by the molecule, which 
happens at   g2 ~ 130 nm where the total normalized absorption is  ~ 48%  (as 
seen from Figure 6.3(a)). The numerical simulation data is in excellent 
agreement with analytical calculation (solid red curve) using the LCLO 
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model. In Figure 4(b) we have plotted the absorbance by the individual 
elements (and the total) of the meta-molecule when the gap   g2 = 170 nm. The 

absorbance (at resonant excitation  ω =ω1 ~ 264THz) is dominated by the 
second dark plasmonic atom ( 80% ), which shows that most of the energy 
absorbed by the meta-molecule is localized at the second dark plasmonic 
atom, thus exhibiting efficient transfer of energy within the elements. If we 
move to red-detuned probe frequency at  ω ~ 242 THz, nearly  ~ 72%  of the 
total absorption is localized at the first dark plasmonic atom while the rest is 
shared equally among the dark atoms. However if we move to blue-detuned 
transparency window at  ω ~ 274 THz the entire absorption is localized in the 
vicinity of the dark plasmonic atoms only. Such frequency response of the 
meta-molecule could be helpful for routing local fields via different plasmonic 
atoms.  
 

 
Figure 6.4- (a) Plot of the efficiency ( ) of the excitation transferred to the second 

dark plasmonic atom against the gap  between the two dark plasmonic atoms 

for resonantly THz) excited meta-molecule. At the optimum gap of 
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170nm, the efficiency is . The solid red line, the analytical expression 
(Equation 5 in Appendix B) from the LCLO model, is in excellent agreement with 
the simulation data (black solid spheres). (b) Plot of the absorbance (total and 
individual contributions) when the gap between the dark plasmonic atoms at the 

optimum gap nm.  The bright and the first dark plasmonic atom 

contributes equally to the absorbance of the meta-molecule which adds up to  
and the rest  from second the dark plasmonic atom.  The geometrical 
parameters for numerical simulations is same as Figure 6.2. 

 

6.5. Conclusion 
  
 
In summary we have investigated interacting dark resonance type physics 
with multi-layered plasmonic meta-molecules. Analogous to the conventional 
atomic physics, these meta-molecules exhibit sub-natural spectral response 
near resonant excitation. Using cascaded coupling, we show nearly 4-fold 
reduction in the linewidth of the hybridized resonance compared to 
resonantly excited single bright (plasmonic) plasmonic atom with same 
absorbance. We also theoretically demonstrate  ~  5-fold enhancement in the 
FOM. The geometry of meta-molecule can be engineered to demonstrate 
efficient transfer of excitation from the bright to the dark plasmonic atoms at 
both resonant and off-resonant excitation. On resonant excitation, we 
demonstrate  ~ 80%  of the total absorption to be localized at the second dark 
plasmonic atom. Recent development in the field of nano-fabrication will 
enable the demonstration of such designs for experimental realization.  Such 
engineered multi-layered meta-molecules can bring a new dimension to 
efficient excitation transfer, wavelength demultiplexing, etc. at nanoscale 
regime. 
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7. Conclusion and Future Directions 
	  
We	  started	  this	  dissertation	  presenting	  the	  analogy	  between	  atomic	  system	  and	  
photonic	  waveguides.	  We	  have	  introduced	  the	  concept	  of	  Adiabatic	  elimination	  
known	  in	  atomic	  physics	  and	  developed	  the	  formalism	  when	  applying	  it	  to	  three-‐
coupled	  waveguides	  taking	  into	  account	  not	  only	  the	  nearest	  couplings	  but	  also	  the	  
next	  nearest	  coupling.	  	  
We	  have	  shown	  how	  the	  Adiabatic	  elimination	  reduces	  the	  dynamics	  of	  the	  three	  
waveguides	  system	  to	  these	  of	  a	  decoupled	  dark	  mode	  and	  an	  effective	  two-‐
waveguide	  system	  with	  an	  effective	  controllable	  coupling	  (so-‐called	  “2+1	  
decomposition”).	  
	  
In	  Chapter	  3	  we	  have	  shown	  the	  experimental	  realization	  of	  the	  Adiabatic	  
Elimination	  “2+1	  decomposition”	  and	  demonstrated	  the	  coupling	  control	  via	  dark	  
mode	  it	  allows.	  We	  have	  discussed	  the	  advantages	  of	  this	  control	  approach.	  Indeed	  
usually	  optical	  control	  is	  achieved	  through	  non-‐linearity	  that	  requires	  high	  power	  
but,	  since	  the	  control	  and	  the	  controlled	  share	  the	  same	  medium,	  the	  nonlinear	  
induced	  losses	  (FCA,	  TPA)	  impact	  the	  signal.	  In	  the	  AE	  scheme	  however,	  since	  the	  
control	  and	  the	  signal	  are	  effectively	  decoupled,	  the	  issue	  of	  nonlinear	  induced	  
losses	  is	  significantly	  reduced.	  Finally	  we	  have	  discussed	  ways	  to	  leverage	  the	  many	  
degrees	  of	  freedom	  available	  in	  the	  effective	  two-‐mode	  coupler	  to	  design	  a	  more	  
energy	  efficient	  modulator.	  	  
	  
Chapter	  4	  was	  the	  occasion	  for	  us	  to	  explore	  a	  possibility	  unique	  to	  the	  waveguide	  
realization	  of	  the	  Adiabatic	  Elimination.	  We	  have	  shown	  that	  our	  analysis,	  by	  taking	  
into	  account	  the	  next	  neighbor	  coupling,	  predicts	  the	  point	  in	  the	  dynamics	  where	  
all	  the	  couplings	  cancel	  out	  leading	  to	  a	  zero	  effective	  coupling	  between	  all	  the	  
waveguides.	  We	  stressed	  that	  this	  opportunity	  is	  very	  unique	  to	  the	  subwavelength	  
packing	  of	  nanowaveguides	  since	  only	  in	  this	  configuration	  the	  next	  neighbor	  
coupling	  can	  be	  significant	  enough	  to	  counterbalance	  the	  direct	  neighbor	  coupling.	  
However	  the	  critical	  point	  has	  been	  shown	  to	  beyond	  reach	  by	  purely	  device	  
geometry	  design	  and	  we	  resorted	  to	  a	  combined	  approach	  were	  the	  device	  has	  been	  
fabricated	  to	  best	  of	  our	  capability	  and	  the	  probing	  light	  and	  its	  wide	  span	  came	  to	  
the	  rescue	  to	  identify	  the	  signature	  of	  the	  critical	  point	  on	  transmission	  spectra.	  
	  
In	  Chapter	  5,	  we	  have	  contemplated	  the	  possibility	  to	  expand	  the	  AE	  to	  N-‐level	  and	  
shown	  a	  first	  experimental	  realization	  with	  N=4.	  We	  have	  demonstrated	  a	  “2+2	  
decomposition”	  leading	  to	  a	  decoupled	  pair	  of	  couplers	  that	  are	  at	  the	  heart	  of	  the	  
growing	  field	  of	  integrated	  photonics	  for	  quantum	  computing.	  	  
	  
Finally	  in	  Chapter	  6	  we	  switched	  gear	  and	  have	  looked	  at	  a	  plasmonic	  system	  that	  
can	  benefit	  from	  the	  interaction	  with	  dark	  plasmonic	  modes.	  We	  have	  shown,	  
theoretically,	  that	  such	  interaction	  can	  significantly	  reduce	  the	  losses	  in	  plasmonic	  
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resonators	  (up	  to	  4-‐times)	  and	  also	  allow	  for	  efficient	  energy	  transfer	  between	  
constituent	  plasmonic	  “atoms”	  with	  the	  meta-‐molecule.	  
	  
While	  we	  have	  covered	  quite	  a	  lot	  in	  this	  dissertation,	  there	  are	  even	  more	  
opportunities	  that	  we	  leave	  behind	  for	  others	  to	  pick	  up.	  	  
	  
On	  the	  modulation	  part,	  to	  fully	  take	  advantage	  of	  this	  AE	  modulation	  scheme	  and	  
bring	  it	  to	  real	  world	  device	  realm,	  one	  needs	  to	  push	  toward	  the	  electrical	  
modulation	  via	  the	  middle	  dark	  waveguide.	  From	  preliminary	  estimations	  we	  have	  
made	  this	  is	  definitely	  possible.	  Another	  interesting	  opportunity	  here,	  is	  to	  replace	  
the	  photonic	  mode	  now	  constituting	  the	  middle	  waveguide	  with	  a	  plasmonic	  mode.	  
This	  will	  even	  further	  reduce	  the	  lateral	  footprint	  and	  should	  not	  be	  affected	  by	  
losses	  of	  the	  plasmonic	  waveguide	  owing	  to	  its	  elimination.	  
	  
While	  the	  nanofabrication	  capability	  matures	  to	  the	  point	  that	  will	  enable	  us	  the	  
required	  dimensions	  precision,	  we	  could	  also	  approach	  the	  Critical	  Point	  from	  
another	  angle.	  Indeed	  very	  often	  the	  wavelength	  used	  is	  of	  importance	  and	  a	  device	  
where	  the	  perfect	  shielding	  happens	  at	  different	  wavelength	  will	  be	  more	  attractive	  
for	  applications.	  However,	  based	  on	  some	  preliminary	  simulations	  we	  have	  
conducted,	  the	  Critical	  Point	  could	  be	  crossed	  for	  a	  fixed	  design	  and	  wavelength	  if	  
our	  only	  control	  is	  through	  the	  change	  of	  index	  of	  the	  middle	  waveguide.	  This	  proof	  
of	  concept	  could	  use	  the	  approach	  we	  used	  in	  Chapter	  3	  and	  then	  benefit	  from	  the	  
electrical	  modulation	  we	  suggested	  above.	  
	  
Finally,	  the	  N-‐level	  extension	  of	  the	  Adiabatic	  Elimination	  holds	  a	  formidable	  
prospect:	  Is	  it	  possible	  that	  by	  taking	  into	  account	  and	  properly	  controlling	  the	  next	  
neighbor	  couplings	  in	  an	  array	  of	  N	  waveguides	  we	  could	  reach	  a	  perfect	  shielding	  
in	  an	  arbitrarily	  large	  ensemble	  of	  densely	  packed	  waveguides?	  
	  
July	  2015,	  Berkeley,	  Calif.	  
	  
	  

 תושלבע
Finished and Complete, Praise Be to God, Creator of the Universe 
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Appendix A- Step by step 
experimental procedure for the 
active coupling-control  
experiment (Chapter 3) 
 

In the following, we give a detailed explanation on the single-shot pump-
probe apparatus used to obtain the results presented in Figure 3.6 in Chapter 
3. We will start by detailing the apparatus of the single-shot measurements 
(which is used to measure nonlinear spectral information in many research 
areas and for various samples, such as coherent Raman processes in atomic, 
molecular and biological systems).  

 

The setup is reproduced in the figure above from Figure 3.6(a) in Chapter 3.6 
text and contains the following steps (each step is numbered on the figure for 
identification): 

1. Splitting: we start from a pulse out of our OPO. This seed pulse is 
then split into a strong pump and a weak signal beams by means of a 
beam splitter. 

2. Pump Truncation: we truncate the red part of the ultrashort pump 
pulse using an amplitude mask in the location of the spectral plane of 
a conventional pulse shaper apparatus (using a spatial light 
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modulator).  Alternatively, one can use a very sharp long-pass or 
short-pass filter. After this truncation the spectral shape of the pump 
is as follows:  

 

3. Delay: In a different beam path we insert a delay line for the signal 
beam in order to compensate for the delay between then pump and 
signal beams inserted by the pulse shaper and other optics elements 
along the setup. 

4. Signal Truncation: we truncate most of the signal pulse using a 
very sharp long-pass filter. 

 

 

As a result, the signal and the pump are now spectrally discriminable. 

 

5. Coupling into the sample: the signal beam is coupled to the outer 
waveguide #1 whereas the pump beam is coupled to the middle 
waveguide (#2). There, because of the relatively high intensity of the 
pump beam, the refractive index of the middle waveguide is 
modulated due to the Kerr effect 𝑛!"##$% = 𝑛 + 𝑛!"##𝐼!"#!. As a result 
the effective coupling between waveguides 1 and 3 is modulated and 

Pulse 
Shaper 

Sharp 
Long Pass 

Pump 

Signal 
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this is observed in Fig 4 when the pump and the signal are 
synchronized (i.e. they travel through the device at the same time). 

6. Elimination of the pump spectral part and Detection: Only the 
output from the outer waveguide is collected in the far-field.  The 
elimination of the background pump spectral part is achieved by 
using a sharp long pass filter. In our case we have used the 
RazorEdge ultrasteep filters from Semrock (1319 nm, identical to the 
one used in step 4). Those filters have above an OD 6 change within 3 
nm bandwidth, meaning that the filter reduces the pump by 6 orders 
of magnitude while maintaining the signal beam. Only the output 
from the outer waveguide is collected in the far-field. 

Note that we ensure that, while weak, the signal beam is still 
significantly stronger than the four wave mixing generated in the 
middle waveguide. 

7. Synchronization: In the setup we focus (10x Objective) the 
spectrally distinct shaped pump and the truncated signal beams onto 
a 2 mm thick BBO crystal (Caston Inc.) cut to be phase matched for 
second harmonic generation (SHG) at 1310 nm. The pump and signal 
beams are collinear and spatially overlap on the crystal input facet. 
The output from the crystal is collected to a spectrometer (Ocean 
Optics USB4000). As expected from the 𝜒(!)) nonlinearity of the BBO 
we observe the SHG from both the truncated pump and the truncated 
signal. The SHG generated are spectrally offset owing to the slight 
spectral difference between the beams. When synchronized, the 
pump and signal pulses enters the crystal at the exact same time, the 
two beams mix through the second order nonlinearity (𝜒(!)) of the 
crystal and generate a sum frequency in addition to the regular SHG 
peaks. The sum frequency generation (SFG) is observed in between 
the two SHGs (see below). The appearance of the SFG is thus a 
signature of the synchronization. We thus scan the delay line to find 
an optimized SFG signal.  
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Nonlinear generations in the BBO crystal due to the presence of pump and 
signal beams. Each beam generates its own second harmonic generation 

(SHG) through the χ(2) of the BBO a crystal(‘un-synchronized’ spectrum). 
However when the pump and signal pulses are present at the same time in 

the crystal, they also mix through the χ(2) nonlinearity to give a sum-
frequency generation (SFG) (‘synchronized’ curve). We use the SFG signal 
as the indication of synchronization. 
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Appendix B- Detailed 
Analytical and Numerical 
Analysis of Interacting Dark 
Resonances in Plasmonic Meta-
Molecules (Chapter 6) 
 

1.  Comparison between the numerical simulation and the 
coupled oscillator model 

We begin by comparing the simple linearly coupled Lorentzian oscillators 
(LCLO) model with our numerical simulation results. The amplitudes of the 
three states described by the LCLO can be expressed as follows 
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Here  
ω0 ,ω1,2  are the resonant frequencies of the bright and dark plasmonic 

atoms respectively. The decay of plasmonic atoms are quantified by the 
phenomenological parameter  γ = γ rad + γ ohm  where  γ ohm  is due to the ohmic loss 

and  γ rad  is the radiative damping. The full width at half maximum value of 
the spectral response linewidth   γ = 2γ . In the absence of dark-dark 
plasmonic atom coupling ( κ 2 = 0 ), Equation (1) of the main text will give the 
conventional EIT susceptibility expression 
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ℜ[χ] ~ −
Δ1 |κ1 |2 −Δ0Δ1( )−γ 1

2Δ0

(|κ1 |2 −Δ0Δ1 + γ 0γ 1)2 + (γ 0Δ1 + γ 1Δ0 )2

ℑ[χ] ~
γ 1 |κ1 |2 +γ 0γ 1( ) + γ 0Δ1

2

(|κ1 |2 −Δ0Δ1 + γ 0γ 1)2 + (γ 0Δ1 + γ 1Δ0 )2

	   (2) 

	  
where  Δα =ωα −ω (α = 0,1) . Here  ℜ[χ]  and  ℑ[χ]  are the real and imaginary 
part of the susceptibility χ  respectively. As shown in Fig. (1) the LCLO 
model is in good agreement with the full electrodynamical simulations of the 
structure. The extracted parameters have been summarized in the Table 1 
below.	   

	  
Table 1- The decay rates (FWHM) tabulated here are defined as 

  
γ 0,1 = 2γ 0,1 	  
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Figure 1- Comparison between the numerical simulation (black dots) and 
the coupled oscillator model (red solid) given by Equation 1. The numbers on 
the right end corresponds to the gap between then two dark plasmonic atoms 

  g2 . The gap between the bright and the first dark plasmonic atom was fixed 

at   g1 = 30 nm. We have an excellent agreement between the theoretical model 
and numerical simulations. Here we have shifted the individual plots 
vertically for clarity. The extracted parameters are summarized in Table 1.  
For numerical simulation we considered,   l1 =355nm,   l2 =315nm,  w =80 nm,   h1

=70nm,   s1 =87.5nm,   s2 =82.5nm,  t =40nm. 

2. Comparison between the numerical simulation and the 
coupled oscillator model Dark-Dark plasmonic atom Coupling 

The coupling strengths  
κ1,2  depend on the gap   

g1,2  respectively. In Figure 2 

we have plotted the coupling strength  κ 2  against the gap   g2  (while keeping 

the gap   g1 = 30 nm) and fitted the data with the function   κ 2 =α exp(−g2 / β ) . 
The extracted values of the parameters are  
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α = 58.42 ±1.34(THz)
β = 105.93± 2.64(nm).

	   (3) 

 

 

Figure 2- Plot of the coupling between the dark-dark plasmonic atoms ( κ 2 ) 

as a function of the gap (  g2 ) between them. The gap   g1  between the bright 
and the first dark plasmonic atom was kept fixed at 30 nm at which the 
coupling strength  κ1 ~  38 THz.} 

3. Efficient Intra-Molecular Excitation Transfer: Analytical 

Let us analyze the efficiency analytically, by assuming  ω1 =ω 2 =ω0  to reduce 
the algebraic complexity of the final expression and visualize the result in 
simple way. Solving for the amplitudes of the plasmonic atoms (Equation (1) 
we obtain: 

	  

    

a0 = igE(γ 1γ 2 +κ 2
2 )D,

a1 = −gEγ 2κ1D,
a2 = −igEκ1κ 2D

	   (4) 

	  

Where    D
−1 = γ 2(γ 1γ e +κ1

2 )+ γ eκ 2
2  which gives the efficiency η  as, 

	  

 
η =

(κ1κ 2 )2

(γ 1γ 2 +κ 2
2 )2 + (γ 2κ1)2 + (κ1κ 2 )2 	   (5) 
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It can be shown that the coupling  κ 2  for which the ratio approaches the 
maximum value (other parameters kept fixed) is  

	  
  
κ 2 = γ 2 γ 1

2 +κ1
2 	   (6) 

	  
. 

If the dark plasmonic atoms have the same damping rate i.e   γ 1 = γ 2 = γ d  then 

	  
  
ηmax = 1− 2γ d γ d

2 +κ1
2 −γ d( ) /κ1

2 	   (7) 

 

From Equation (7) we see that in the limit of strong coupling    κ1 γ d  yields 

  ηmax →1− 2γ d /κ1 . On the other hand the optimum value of  κ 2  for maximum 

absorption is different from   κ 2   and can be obtained as: 

	  
  κ 2

' = γ d (κ1
2 + 2γ d

2 −γ 0γ d ) / (γ 0 − 2γ d ). 	   (8) 

	  
For the parameters considered here the optimum values of  κ 2  for energy 

transfer and total absorption are different. When   κ1 = γ 0(γ 0 − 2γ d )  the two 

optimum values are identical   κ 2 =κ 2
' . Subsequently the maximum value of 

the efficiency drops down to (for  κ1 > γ 0 )  

	  
  ηmax

'' = 1− 2γ d / γ 0. 	   (9) 
 

The optimization of the geometry for efficient energy transfer from the bright 
plasmonic atom to the second dark plasmonic atom is summarized in Figure 
6.4(a) of the main text. 
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(a) 

 

(b) 
Figure 3- Plot of the absorbance of an isolated plasmonic bright plasmonic 
atom (dashed blue) and multilayered meta-molecule with bright plasmonic 
atom (cascaded) coupled with two dark plasmonic atoms (solid red) with the 
gaps   

g1,2  are 30nm and 210nm respectively. The surrounding dielectric is (a) 

SiO 2  (n=1.5) and (b) MgF 2  (n=1.37). The resonances have shifted when the 
refractive index of the medium is larger than 1. However the linewidth of the 
central peak is still more than 4-fold narrower compared to an isolated bright 
plasmonic atom. 
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4. Effect of substrate index on Linewidth suppression 

Simulations performed on the multi-layered plasmonic meta-molecule 
assume the surrounding medium to be vacuum with dielectric constant    = 1. 
In experiments these meta-molecules are fabricated on a substrate with 
dielectric constants greater than 1, which raises genuine concern over 
robustness of the linewidth of the new peak. To address this concern we 
performed two more simulations for the geometry used in Figure 6.2(a) of the 
main text. We considered the surrounding medium to be silicon dioxide 
(n=1.5) and magnesium fluoride (n=1.37). The result of the simulation for an 
isolated bright (plasmonic) plasmonic atom and the multi-layered meta-
molecule with different surrounding dielectrics is shown in Figure 3. First of 
all we see an obvious shift in the resonances and also reduction in the 
absolute value of the absorbance for both the case compared to vacuum. The 
line width of the isolated plasmonic atom is   γ 0 ~ 35.5  THz and the central 
peak in multi-layered structure is  ~ 7.11  THz which is less than 10 %  higher 
than the drude damping limit   γ ~ 6.5  THz. Here also we see a suppression of 
linewidth by more than 4-fold compared to an isolated bright plasmonic atom. 
Similarly for magnesium fluoride, the linewidth (FWHM) of the central peak 
is  ~ 7.39  THz which is nearly 5-fold narrower compared to an isolated bright 
plasmonic atom   γ 1 = 37.28  THz. Thus we see that the presence of the 
substrate does not change the linewidth control and thus such narrower 
resonances can be observed experimentally.    
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Appendix C- Grating design 
methodology for light coupling 
into waveguides 
	  
In order to efficiently couple light into our waveguides in the Far-field setup 
used in Chapters 3 and 5 we needed to make sure we properly inject light 
into the waveguides and that the proper mode is excited. 
Here also, we have used COMSOL to carry out these calculations. 
 
We consider a 2D cross section of the waveguide structure illuminated with a 
plane wave from the   SiO2  (here above) shown in Figure 1. To reduce the 

parameters to sweep we set the wavelength to 1310 nm,   10 deg illumination 
to enhance the coupling. For fabrication ease we consider only full depth 
gratings and 9 periods. 
	  

	  
Figure 1- Light is injected from above (Silica side) on the grating under 
consideration. A typical field map is presented when light is efficiently 
coupled into the waveguide. 
	  
We first carry out a simulation where the period is swept and at each period 
point the energy stored in the Electric field is integrated over a small region 
at the exit of the waveguide. Here the Duty Cycle of Silicon posts is set to 
50%. 

Air 

SiO2 

Si 
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The 2D slab support many modes with many effective indexes. Here we show 
the design to couple to   TE00  which should have the higher  

neff   (smaller period 

for grating). The result of this period sweeping is in presented in Figure 2. 
 

	  	  
Figure 2- Period sweep. Many modes appear. The shorter the period, the 
lower  

neff  is coupled to. We identify   TE00  by its mode profile.  

 
Then we fine-tune the Duty Cycle around the working point we have just 
found (see Figure 3). 
 

 
Figure 3- Fine tuning of the Duty Cycle. 
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