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Chapter 1

Introduction

The aim of this thesis is to describe a theoretical model for the generation of entangled
photons inside silicon optic chips. In particular, the structure I am going to study
is composed by two microrings side coupled to two waveguides. Due to interference,
the electric field inside a ring is enhanced and a great amount of energy is stored in
the ring, which leads to non linear effects. Imposing a phase matching condition it
is possible to select which non linear effect is more efficient and, therefore, which one
is significant. Generation of entangled photons is possible by means of Spontaneous
Four Wave Mixing, a third order non-linear effect of silicon. In addition to this, the
main advantage of using two coupled resonators is that it is possibile to change the
phases of the fields in the waveguides between the rings, and I will show how this can
be exploited in order to build a tunable device where we can manipulate the output
state of the generated photons.

In order to describe this process, the first chapter gives a description of the basic
structures, microrings and waveguides and how we can describe their behaviour using
a mathematical formalism. The second chapter is devoted to the explanation of the
physics behind the phenomena and the mathematics which can be used to carry out
the calculation. Finally in the last chapter the model and the results are presented.
The results obtained in this work are valid in general, however the numerical examples
presented are based on a silicon structure.

1.1 Integrated optics

The microelectronics has been widely succesful and changed our daily life and work;
nowadays microelectronics is present almost everywhere. The great success of these
technologies is due to many reasons. Moore’s law predicts that the number of tran-
sistors in a chip keep increasing while their size decreasing. The prediction still holds
today, but we are reaching a saturation point: at the beginning, improvements were
possible by increasing the clock frequencies of the processing units, but now the ap-
proach used is to increase the number of processing units. This kind of improvement
faces several problems: the cores need to communicate with each other, so the problem
is to realise efficient communication with high bandwidth and low power consumption.
Photonics is a platform that can be used to achieve such goal: with light is possible to
realize ultra-high speed switches, it has low power consumption, it doesn’t have elec-
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tromagnetic noise, it doesn’t have Joule effect and since the wavelenght used is in the
order of Thz, the bandwidth avaiable is much larger then in electronics, moreover it’s
possible to send signals over different wavelength at the same time. Several platforms
have been developed with different media, such as silicon or lithium niobate. Since
the electronics industry is based on silicon, Silicon-on-Insulator (SOI) photonics is a
great platform to build optical chips. Indeed, the technology used for the fabrication of
silicon chips is well studied and understood, it has reached a high level of sophistication
and the industries and the infrastructures already exist. Futhermore silicon photonic
is compatible with CMOS technology used in electronic chips, hence hybrid chips with
electronics and photonics can be realised. Another important feature of silicon is its
transparency at the important Telecom wavelengths (1300-1600 nm), which allows the
fabrication of optic circuits with very low power losses. The aim of silicon photonics is
to follow the philosophy behind microelectronics: small chips composed by few building
blocks that can be used to build different devices changing the topology of the chip,
and to realise these building blocks with as few materials as possible with a standard
established among manifacturers.

From the point of view of quantum mechanics, light is composed by elementary par-
ticles called photons. Photons have quantum properties, hence it is possible to build
quantum devices using the already implemented building blocks for silicon photonics.
Photons can be used to represent quantum bits and due to their low decoherence ef-
fects, they are an attractive approch to quantum information processing. Quantum
technologies can drastically improve some tasks in computation, measurement and
communication , and quantum silicon photonics is a great platform for developing such
technologies on a single chip.

1.2 Waveguides

Silicon substrate

Buried 510, cladding

Surface silicon guiding layer

Figure 1.1: SOI chip layer structure

A silicon optical chip is realised with three different layers as depicted in figure 1.1.
At the bottom we can find the substrate, a silicon layer which provides a base and
a stable structure for the chip; just above it there is a layer made of silicon dioxide
called cladding used to optical isolate the top layer from the substrate and finally at
the top there is another silicon layer called the core. The thickness of the substrate is
in the order of 700 um and the cladding in the order of some pm, while the core has a
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1.2. WAVEGUIDES

Ly

Figure 1.2: Light behaviour at media boundary

height in the order of a few hundred nm. The refractive index of silicon is ng; ~ 3.5,
in the range of the Telecom wavelengths, while the refractive index of silicon dioxide is
ngio, =~ 1.54, in the same range; this allows the confinement of light in the core layer
by total internal refraction. Exactly like in optical fibers, when the light, travelling
in the core layer, reaches the boundaries with the cladding or with the air (refractive
index ~ 1) is reflected back if the angle of incidence is greater than a critical angle.
The most important component for an optical chip is a waveguide. The light signal
is carried inside this waveguide by confinement of light. Consider the system in figure
1.2, when the light strikes the medium boundary, a part is reflected, while another part
is transmitted. If the angle of incidence 6; is less than a critical angle 6., the light is
completly reflected. Indeed, the angle of the refracted light is given by Snell’s law

nysinf; = no sin Or (1.1)

which can be written as n
sinf; = — sin fp (1.2)

U

if we impose 0 to be at least 90°, we obtain

sinf; = 2N 0 = arcsin (E> (1.3)
n2 na

this is the critical angle; it is clear from the equation that the critical angle exists only if
ni/ng < 1,i.e. ny > ny. Hence the phenomenon of total internal reflection occurs only
when light is inside a medium with a refractive index greater than the surrounding’s.
This is the case of a SOI device, where the light propagates inside a layer of silicon
sandwiched between a layer of silica and the air, which both have a refractive index
smaller than silicon’s.

The geometrical optic description should be further elaborated for silicon waveguides.
Indeed, the signal in the core layer can be best described with the electromagnetic wave
theory. Inside a waveguide, several modes of propagation are possible, where electric
field profile F,, follows the Helmholtz equation [1]:

(Vay + Bn) En(2,y) = t—anEm(x, y) (1.4)
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Figure 1.3: Basic configuration with waveguides and a resonator (a) All Pass Filter (b)
Add Drop Filter

where f3,, is called the modal propagation costant, and is given by 3, = “n.s; where
nefr is the modal effective index. m is an integer that represents the discrete mode of
propagation.

An important physical consequence can be deduced from this equation: the tangential
components of the electric and of the magnetic field cannot be discontinuous at the
boundary, so the field is not totally inside the waveguide, but a small part can be
found also outside. Assuming that a mode is confined in the waveguide, Maxwell’s
equations impose such boundary conditions on the electric and magnetic fields, the
solution of these equations outside the waveguide cannot transport energy, otherwise
the light would not be confined inside the waveguide. Therefore, the only solution is
to have an exponentially decreasing mode represented by an evanescent wave. This
evanescent wave explains why the effective index is present in the formula of the modal
propagation costant, the wave, which travels inside the waveguide, propagates inside
a medium with fixed refractive index and its tail propagates outside the waveguide
where there is a different refractive index. The effective index accounts for this phe-
nomenon. Evanescent fields are also important when two waveguides are very close to
each other: if light travels inside a waveguide and its evanescent tail reaches the neigh-
bouring waveguide the light can penetrate into its core and there is a transfer of energy.
This allows the coupling of different waveguides or, as we will see later, the coupling
between a waveguide and a resonator. It is also interesting to look at the quantum
description of this effect: a photon is described by a wave function which is a solution
of the Schrodinger equation, in the same mathematical way of Maxwell’s equations,
these impose the continuity of the wavefunction across the medium bondary. If two
waveguides are close enough, the wave function is non zero inside both waveguides, so
a photon have a non-zero probability to pass through the gap and change waveguide,
in quantum mechanics this effect is called quantum tunneling.

1.3 Resonator
A waveguide can be bent and closed onto itself to provide coherent feedback to the

circulating light. This device is called a resonator and it can have different shape, such
as a ring or a racetrack. Due to the size of these devices they are called microresonators.

8
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Figure 1.4: Normalized transfer functions H}, (black line) and H%p (red line). More-
over some parameters are showed: Free Spectral Range (FSR), the Extinction ratio
(ER) for the Through and for the Drop port, and the resonance FWHM.

For ease of calculation we will treat only microrings with fixed radius. Inside a ring
resonator light interferes constructively if the equation n.rr L = mA,, is satisfied, where
L is the circumference, m is an integer and \,, is the light wavelength. A consequence
of constructive interference is that inside the resonator a large amount of energy is
stored and the intesity of the field is enhanced. A strong electric field can cause
non-linear effects. This is a reason for the importance of resonators: with low power
input it is possible to have non-linear effects that usually require a more powerful
source. Ring resonators have many applications: for example they can be used as filters
for specific wavelengths for multiplexing applications, sensing, signal modulation and
active devices for building integrated microlasers.

There are two main ways to create circuits with the two basic blocks just described:
the first one is a waveguide side coupled to a single ring, and this configuration is
called All Pass Filter (APF), while if there are two waveguides coupled to a single
ring, the configuration is called Add-Drop Filter (ADF). In figure 1.3 we can see both
configurations. The coupling is possible by means of the evanescent wave, since the
gap between the waveguide and the ring is very narrow (on the order of ~ 100 nm).
Coupling can be seen as a quad port beam splitter and the relationship between the
complex amplitudes of waves in input and output can be represented by the following

matrix
r ik
- (5 09

where r is the reflection coefficient and k is the transmission coefficient, they satisfy
r? +k? = 1. The elements of the matrix can be found by imposing energy conservation
among input and output [9]. Let us focus now on the APF configuration: using the
above matrix we want to find the relation bewteen a and c in order to find the transfer

function of the device
c a
( d) iy <b> (1.6)
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b and d are connected with the roundtrip phase condition b = e *?"Re=if2mlg =

e N d, where « is the linear loss coefficient, R the ring radius and j is the res-

onance wavevector = ZW"TF” Solving the system (1.6) leads to the transfer function
c T—re?W

Hpyp=-=

p—ToY (1.7)

For the ADF configuration the expression of the transfer function can be obtained in a
similar way, but now we need to handle two beam splitters, and the round trip phase
condition is more complicated: f = e~ Re=#mRq and b = e~ *"Re=F"R] working out
the calculation we get the final result

k2 ip/2 i _
HY = ¢ _ L HY, = 9 u (1.8)

a  rit —e? a e¢—rir

the plot of these transfer functions is in figure 1.4, where some quantities are also
depicted. Another important quantity is the quality factor Q) = A%\, where AN\ is the
full width at half maximum (FWHM) of the lorentzian resonance at wavelength .
Equivalently the quality factor can be seen as the ratio between the stored energy
inside the cavity and the amount lost per cycle. Furthermore, the quality factor is
directly correlated with the enhancement factor E'F which is the ratio between the
amplitude of the electric field inside the resonator and the exciting electric field. An
expression for the quality factor can be obtained by taking two successive resonances
and calculating the free spectral range, with a Taylor expansion it can be found [3] for
the APF and ADF configurations

TNgAm 2T R\/TT
(I —7r7)An

TNgAm 2T Rr /T

(1—=r27)A\n (1.9)

CQADF =

QAPF =

where ng is the group index. From this equation we can see that it is possible to achieve
high quality factor with large rings and low losses. For example with losses in the order
of 3f—£, a radius of 10 ym, with an input of 1550 nm and k£ = 0.03, the quality factor
is approximately 10%.

1.4 Coupled resonators

C L]
.‘ P P W
A B
—p 7 — »

@2

Figure 1.5: Two resonators coupled together
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1.4. COUPLED RESONATORS

A more interesting configuration of microresonators is presented in figure 1.5. The
configuration consists of by two ADF connected in series and it is the configuration
on which this work is based. Between the microresonators there is a heater that by
heating up the waveguide is able to change the phase of the field travelling inside it.
This is a conseguence of the thermo optic effect by which the refractive index depends
on the temperature [3]. The idea is that the field enhancement leads to non-linear
effects, among which there is spontaneous four wave mixing that can be exploited to
generate photon pairs. If the input laser is in A, the generated photons can exit both
from B, both from C or one photon in B and one photon in C, but, by changing the
phase ¢; and ¢, it is possible to decide where the photons exit. A useful quantity
that will be needed in this work is the field enhancement of the rings. The analytic
expression can be found using the formalism developed in the previous section, and
the results are

Z'ez‘(wl+¢2+¢1)k<ewz _ 7,272) _ ieé(%"ﬁ@?)k?’(k? + ﬂ)\/ﬁﬂﬂ

ei(o1+62) (o1 — p27))(ei2 — r27y) — e3P A SrTor L2

FE, =

iele2 o) fop(—et 4 (r2 4 k2)7y)7L
ei(1+62) (eier — 27 )(—ei¥2 + r21y) + e%(wﬁcpz)kz;\/ﬁTLz

where F'E; refers to the ring on the left and F'E, to the ring on the right, ¢ = SL
and L = 2mR. We stress that the phases ¢; and ¢5 refer to the phases induced by the
heaters between the rings, while ¢; and ¢y are the phases inside the rings.

Figure 1.8 shows field enhancements in the case of ¢; + ¢ = 2mm around a single
ring resonance wavelength. The condition ¢; + ¢o = 2mm is important because it
enhances the optical power inside the ring and, as can be seen from the figure, split
the energy equally between the two rings. An equally split energy means that the two
rings are indistinguishable and therefore there is the same probability that the photons
are generated inside one or the other ring. Indeed, if the energy is not split equally, it
means that only one ring works and the configuration is identical to a simple ADF.

FEQZ

4.0

3.5 1

3.0 4

2.5

2.0 1

154

Field Enhancement

1.0 1

0.5

0.0 +

T T T T T T T T
1545 1546 1547 1548 1549 1550 1551 1.552
Wavelength (um)

Figure 1.6: Field enhancement of an ADF with a single ring
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Figure 1.7: Field enhancements with ¢, 4+ ¢o = 27, ring 1 refers to the left one and 2
to the right one
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Ring 2
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Figure 1.8: Field enhancements with ¢, + ¢ = —m, ring 1 refers to the left one and 2
to the right one
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Chapter 2

Physical theory and mathematical
model

2.1 Non linear optics

An electric field inside a medium induces a dipole moment inside the media; the polar-
ization P is defined as the dipole moment per unit volume [1]. The relation between
the polarization and the electric field E is in first approximation linear:

where g¢ is the permittivity of free space and Y is the eletric susceptibility of the medium
which is in general a second rank tensor in order to account for medium anisotropy. If
the intensity of the electric field is strong enough, the relation between the field and
the polarization is no longer linear and we can expand the equation (2.1) in series. In
general we find

P=cod XVE +Y e BB+ N EEE +..) (2.2)

j .]7k j7k7l

where the () are tensors of rank i + 1 and represent the i-order susceptibily. This
leads to an entire new class of phenomena that are of great interest in photonics: we
will see later, an electric field with frequency w; can excite a new electric field with
different frequency ws. Silicon is a centrosymmetric crystal; this means that if the
electric field changes sign, the resulting polarization must change sign equally, hence
the even order of susceptibily must vanish, so the first non linear effects of silicon are
those of the third order and are referred to as Kerr nonlinearity. For silicon x® is in
the order of 10_19’{’}—; for the real part and 10_5(’}—3 for the imaginary part responsible
for absorption.

In order to study non linear phenomena in silicon we take an electric field made up by
three waves propagating along the z direction

Bt =Y %(Aj(z)eiwkﬂ) + o) (2.3)

J=1

13
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Figure 2.1: Spontaneous Four wave mixing seen as annihilation of two photons and
creation of other two photons

where k; = “n. From the Maxwell equations and equation (2.2) it is possible to derive
the Helmholtz equation
7’L2 82 82PNL
Ve —— | E=pop—p 2.4
( & (‘3752) T (24)

in which there is now a source term on the right hand side of the equation given by the
non linear polarization Py = eox® E®. Using the field described above we can write

1 . .
Pyp=cox® > <§AlAjAlel<wz+wf+wm>tel<kz+’%‘+km>Z) (2.5)
Ljym=+1,42,+3
where w_; = —w; and A_; = Aj. From this equation we can see that new frequen-

cies arise, hence the field in equation (2.4) is a wave that oscillates with these new
frequencies, with different frequencies corresponding to different effects. Here we focus
on Four Wave Mixing terms; for further reference on other terms see [7]. Four Wave
Mixing processes arise from the frequency w, = w; — w; + wy, that also represent the
energy conservation. Furthermore, in the case of Four Wave Mixing, the excited wave
also satisfies the phase-match condition k, = k — k; + k,, as can be seen from the
same equation of the energy conserving relation. It is worth to note that every non
linear effects have their own phase matching condition; this can be exploited in order
to decide which effect we want to study in our device. In fact the efficiency of a process
is associated with the phase match parameter [2] Ak = k; —k; + k., — ky,; the maximum
efficiency is at Ak = 0, hence devices can be built in such a way that they have the
maximum efficiency for one effect and low efficiency for the others. Furthermore, if the
medium is non dispersive, the equation Ak = 0 is equivalent to the energy conservation
relation, since k = Zwy.

This classical description, however, is not suitable for describing photon generation;
indeed we need to develop the quantum theory for this phenomenon. Four Wave Mix-
ing in the quantum mechanical point of view, can be seen as the annihilation of two
photons with frequencies w,, and w; and the simultaneous creation of two photons with
frequencies w; and wy. In this scenario the conservation of energy is seen as the con-
servation of photon energy and the phase match condition is the photon momentum
conservation.

14



2.2. QUANTUM OPTICS

The process used for the generation of photon pairs has w; = w, = w, and it is called
non degenerate four wave mixing. The wave with w, is called the pump wave and
w; = ws and w,, = w; are respectivly the signal and idler with the convention that
ws > w;. In this case energy conservation can be written as

2w, = ws + w; (2.6)

In the classical derivation the signal stimulates the process and is necessary for the
generation of the idler [2]. The classical process, which obeys this restriction, is called
Stimulated Four Wave Mixing. In the quantum description the process becomes spon-
taneous, i.e. only the pump field is required for generating the signal and the idler;
this process is referred as Spontaneous Four Wave Mixing. The quantum explanation
is that the vacuum fluctuation of the electric field provides the necessary stimulus for
the process. Indeed, in quantum electrodynamics [5], the variance of the electric field
operator evaluated on the vacuum is finite, even if the mean value of the field is zero.
The theory of non linear optics has been discussed here using as the principal field
the electric field E; however, for this work it is more convenient to take the displace-
ment field D = ¢gE + P as our fundamental field, this is because in a medium D is
divergenceless. The polarization can be expressed as a function of D as

P =TYDI 4+ TY*DIDF 4 T9¥ DIDF D!+ (2.7)

where the summation over repeated indexes is implied. Comparing this equation with
(2.2) it is possible to find the relation between the I’s and the x’s, the relation we are

more interested in is [6]
R
Iy = 202 2.8

3 80718 ( )

in order to include material dispersion, given the frequency involved, the natural choice

is to take

(3)

Xijk

ikl _
P egn?(wi)n?(w)n? (wm)n?(wy)

(2.9)

2.2 Quantum optics

Since Spontaneous Four Wave Mixing is a quantum phenomenon, a quantum descrip-
tion of light is needed. Standard arguments [5] leads to the quantization of the electric
field, and to the introduction to a light particle: the photon. From a mathematical
point of view, the quantization of the electric field is identical to n harmonic oscilla-
tor, thus a state with n photons can be writtten with Dirac’s notation as |n). The
displacement field becomes an operator

D(r) = 1/%aka(r) o %aznz(m (2.10)

where aj is the annihilation operator of a single photon with wavevector k, while
its adjoint aL is a creation operator and Dg(r) is the normalized classical field with

15



CHAPTER 2. PHYSICAL THEORY AND MATHEMATICAL MODEL

wavevector k. In this framework the linear Hamiltonian can be written as

neglecting the zero point energy.

The aim now is to find a correct quantum description for the coherent state of a
laser. The photon state number |n) cannot have the correct classical limit because the
expectation value of the electric field on this state vanishes no matter how large is the
value of n. A common way to introduce a coherent state is to find the eigenstates of
the annihilation operator [4]:

ag o) = a|a) (2.12)

where « can be a complex number. We can express this state as a sum of the number
states |n), since they form a complete set:

=> Culn) (2.13)

equation (2.12) becomes

+oo +oo +oo
ar Y Cpln)=> Covnln—1)=ad C,|n) (2.14)

the coefficients of |n) leads to

a o? a”

using the fact that the state must be normalized (| a) = 1 it is possible to determine
Cp and, in conclusion, the coherent state can be written as

—¢ QWZ \/_ |n) (2.16)

to find a physical meaning of o we can evaluate the expectation value of the photon
number operator n = aLak:

(alila) = of? (2.17)

hence ||? is the average photon number of the field. The coherent states |a) are used
to represent a classical state, for several reasons:

(i) the expectation value of the electric field is a classical field
(ii) the fluctuations of the electric field are the same as for the vacuum

(iii) the states become well localized in phase with increasing photon number

16



2.3. ASYMPTOTIC FIELD TREATMENT

an equivalent way to obtain a coherent state |a) is to use the displacement operator
defined as R .
D(a) = ev%He (2.18)

this operator applied on the vacuum generates exactly |a): indeed, using the Baker-
Campbell-Hausdorff formula, the exponential can be written as:

A

D(O[) — 6_%|a|2eaa‘;e_a*ak (219)

when it acts on the vacuum the exponential with the annihilation operators does noth-
ing, so the second exponential can be expanded in a Taylor series:

400 \n

5 -1 (aak) 2

D(a) |vacy = e 2l E lvac) = e —alof E — |n (2.20)
n=0 n!

exactly what we found in equation (2.16).

This treatment only describes states where all photons have the same wavevector k,
but it is simple to generalize the displacement operator in order to generate state with
photons of different wavevectors. We can write the displacement operator as

N

D(a) = *4bHe (2.21)

where AL, = [ dk¢p(k)al, where |¢(k)|? is the probability of finding a photon with
wavevector k and ¢p is normalized according to [ dk|¢p(k)|* = 1.

2.3 Asymptotic field treatment

Most of this section is developed in [8], here I summarize the key points needed for the
next chapter and limit the treatment to a single mode field.

The idea behind this theory is to provide an easier way to study complex stuctures
such as the one sketched in figure 2.2. The strategy is borrowed from the theory of
scattering in quantum mechanics, an asymptotic-in and an asymptotic-out state are
introduced corresponding to an incident wave packet at ¢ = —oo and an outgoing
wavepacket at ¢ = +o00. The relation between these two states constitutes a solution
of the scattering problem itself. Let us consider the general structure in figure 2.2, the
first assumption is that the incoming energy can reach the interaction region, where the
non linear effects arise, only through the channels. The coordinates of the channels are
labelled as r,, = (zp, Yn, 2,) Where n identifies the channel, the z,-axis points toward
the interaction region and the origin z, = 0 is near the center of the interaction region.
The starting point is the introduction of the mode field D,, x(r,) for every channel,
hence the total field in the set of n channels is:

+o0
= Z/ Ak pe” Dy, (1) + c.c (2.22)

clearly D,, _j is not indipendent from D,, ;, and the relation can be fixed by taking

Dn,—k - D*n,k (223)

17
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Figure 2.2: General structure of interest, the channels can be of different types and
non linearities are confined in the interaction region

Now we look for solutions of Maxwell’s equations for the structure that have fre-
quency wy, , with positive k and have the mode field of the form

D™ = D, (r,) + DY (2.24)

where far from the interaction region D"“t represent an outgoing wave in each channel,
that is

D"~ Dy i(ry, +Z / kT (K, KDy o (rr) (2.25)

where Df:,f*m is called asymptotic-in mode field and far from the interaction region
corresponds to a wave incoming in channel n and outgoing waves in every other channel.
Similarly asymptotic-out mode field is introduced as a full solution of Maxwell equation
with positive £ and of the form

D;zj]i/—out — Dn,—k(rn) + DZ?I@ (2.26)

where D™, far from the interaction region consist of incoming waves in each channel,
ie.

DYV ~ Dy k(ry +Z / kT, (k, K YD o o () (2.27)
Just like in (2.23) asymptotic-out ﬁeld and asymptotic-in field are not independent,
but comparing (2.25) and (2.27) we find
Dy (x) = Dy " (v)]" (2.28)
The final step is to quantize the electric field

+oo
:Z/ dk

Dk (r) + Hee (2.29)

18



2.4. BACKWARD HEISENBERG PICTURE APPROACH

the operators ¢, and their adjoint cj%k satisfy the canonical commutation
[ka, Cn’,k’] =0 [ka, CL,’k,] = 5nn’5(k - k/) (230)

We can write the field operator as a superposition of asymptotic-in fields

+o00
Z/ dk+/ Lo a, D" (r) + H.c (2.31)

where again the operators a,, j satisfy

gy Q] =0 [ang, ajﬂk,] = 0k — k') (2.32)

or we can also write the field operator as a superposition of asymptotic-out fields

+00
Z/ dky/ i bk DY (r) + H.c (2.33)

Bk bwar] =0 (b, bl ] = Suwrd(k — &) (2.34)

where again

The utility of this approch is that the linear Hamiltonian can be written with the state
of the whole structure, not only the state of rings and waveguides, hence the linear
Hamiltonian is diagonal. The full Hamiltonian is therefore the sum of a diagonal term
(the linear one) and a non diagonal term (non linear term).

2.4 Backward Heisenberg picture approach

Assuming the knowledge of the Hamiltonian of the system, this section is devoted to
the formalism used to solve the scattering problem subject to the Hamiltonian of the
form H = H; + Hyy where Hj is the linear Hamiltonian and Hyj, is the non linear
part. Instead of working in the Schrodinger picture it is easier to work in the Heisenberg
picture. We want to study what happens to an initial state |1(to)), to < 0 incident on
an interaction region with nonlinearities and find the final state [¢)(¢1)), t; > 0. This
means that the results are valid only if the input and the output are taken far from
the structure, that is at a great distance compared to the wavelength.

The dynamics is given by the full Hamiltonian H

(1)) = e 7710 () (2.35)

Let us make the assumption that the non linear interactions happen at £ = 0 and we
take tg — —oo and t; — —oo such that the initial and final states are far from the
interaction region. We can define an asymptotic-in state |1);,) as the state at ¢ = 0 to
which |¢(to)) would evolve if the evolution occured only with Hy, that is

(i) = e~ #HLO0) (1)) = e HLb |3) (1)) (2.36)
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and similarly we can define the asymptotic-out state |1),,;) as the state at ¢ = 0 that
would evolve into |¢(t;)) if the evolution were dictated by Hy, that is

[W(t1)) = e RN [,) (2.37)

using equation (2.35) and (2.36) in the last equation we can find the relation between
the asymptotic-in state and the asyptotic-out state

e*%H(t17to) ’w(t0)> — e*%HLh |wout>

| | , (2.38)
6_%H(t1_t0)€_%HLt0 |wzn> — e_éHLtl |wout>
and finally
|w0ut> == U(thtO) Wm) (239>
where ‘ ‘ ,
U('[;/, '[;) = e%HLt,e_%H(t,_t)e_%HLt (240)

the advantage of this approach is that the non-linear scattering problem is contained
only in the transition |¢,) — |[1u) and it is easy to calculate the asymptotic states
since they are a linear evolution of the initial and final states. Hence if we start
from |1(to)) we can easly calculate |1;,), then we solve the non-linear problem in the
transition [1;,) — |) and finally we can easily determine the final state [1(¢1)). For
this reason we will now study the dynamics of U(#1,t). Differentiating equation (2.40)
we obtain

/
—m% — UV () (2.41)
where V(¢) has been defined as
V(t) = e%HLtHNLe_%HLt = U}[HNLUL (2.42)

let us consider an asymptotic-in state of the form
[¢im) = € Jvac) (2.43)

where O is a Schrodinger operator. With this definition we have in mind the displace-
ment operator defined in (2.18) that generates the coherent state of the laser. From
equation (2.39) we can write

[Yout) = Ult1, to)e® |vac) (2.44)

using the fact that both H and Hj, have at least one lowering operator on the right we
can say H |vac) = Hp, |vac) = 0, therefore also

Ulty, to) |vac) = U'(ty, to) [vac) = |vac) (2.45)
this property allows us to write
[Vout) = Uty t0)eCUT(ty, 1) [vac) = el (t1:t0)OUT (t1.t0) lvac) = eOlto) lvac) (2.46)
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where

O(t) = U(ty,t)OU (1, 1) (2.47)
and it satisfies O(t;) = O. Differentiating (2.47) and using (2.41) we find

m@ = [O(t), V(1)) (2.48)
dt
where
V(t) = Ulty, )V (U (11, 1) (2.49)

In conclusion the approach that can be taken is to first find V() and V (t) for the
system and then integrate equation (2.48) from t = t; back to t = ty subject to the
final condition O(t;) = O; after that we can determine [t),,;) using (2.44).
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Chapter 3

Photons generation in coupled
resonators

Interactionregion

C : o1
A B
—> S >
Oy

Figure 3.1: Coupled resonators, Spontaneous Four Wave Mixing happens only inside
the rings, there are three channels labelled as A,B, and C

In this last chapter we study the generation of entangled photons via Spontaneous
Four Wave Mixing in the structure of figure 3.1. As can be seen from figure 3.1, the
structure is composed by two ADF in series, the channel are labelled with the letters
A, B, C and D, in this work we assume that the input is in channel A and the output
can be in either in B or in C'. When numerical examples are presented, they will refer
to the SOI structures described in chapter 1. The work starts by writing the non-linear
Hamiltonian in terms of the asymptotic states developed in section 2.3, then we solve
the dynamics of the photons state using the backward Heisenberg approach developed
in section 2.4 and finally we study the results.
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3.1 Asymptotic fields

C « p— D C > « D
A > » B A > >
(a) Asymptotic in field for channel A (b) Asymptotic out field for channel B

Figure 3.2: Asymptotic fields for the coupled resonators, the ring on the left is identified
as 1, while the ring on the right as 2

We take as input state a coherent state in channel A, so we can write it as |¢;,) =
g@Ab—H.o lvac) where Al = [ dk¢p(k)al. The non linear Hamiltonian is [10]

Hyp = _ L I'7*(r)D' D’ D* D dr (3.1)
360
where summation over repeated indexes is implied. Since the asymptotic states are
a complete basis we can expand D either on the asympotic-out states, or on the
asymptotic-in, we can choose to expand two fields of (3.1) in terms of the asymptotic-in
and the other two in terms of the asympotic-out. Keeping only the Spontaneous Four
Wave Mixing terms we arrive at:

Hyp = — / dleydkdksdkaSu (kv kz, ks, ka)ar, ar,b) 1. b] 1.
—2 / dkydkadksdhySpe(ky, ko, s, ka)ar, ar,b) bl

— /dkldkzdkgdk4scc<k1, kQ, kg, k4)ak1 (l]@bJr

c,k3

b, +He (3.2)

where ay, is the annihilation operator associated with channel A, by, is for channel B
and b, refers to channel C and we defined the following quantity

S:L‘y(kl,kQ,kg,k’4) 3 \/(hwkl)<h’wk2)(hwk3)(hwk4)

250 16
ijkl i, asy—in j,asy—in k,asy—ou * ,aSYy—ou, *
[ gD i@ (bt [plarin] 63)

we derive now the explicit form of Sy, and in analogy also for S,. and S... In section
2.3 we stated that the asympotic-in field associated with channel A corresponds to a
wave incoming in channel A and outgoing waves in all other channels, and similarly
the asymptotic-out field of channel B consists of an outgoing wave in channel B and
incoming waves in the other channels. These asymptotic fields are depicted in figure 3.2.
The integral of Sy, is performed in general over all space, but outside the waveguides
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3.1. ASYMPTOTIC FIELDS

and resonators the field is zero; furthermore, since the field inside the ring is enhanced
with respect to the field in the waveguide, we can neglect the contribution of the field
in the waveguides. Therefore the integration can be performed only over the rings.
With this assumption we can write the asymptotic fields as

DZfIf*m (rings) _ FEla(w)d,l€1 (rp)e™* + FEga(w)diQ(rl)eikQZ (3.4)

where z is the coordinate in the counterclockwise direction along the rings circumference
and r; are the coordinates perpendicular to z. FFy, is the field enhancement of the
first ring when the input wave is in channel A, while obviously F F,, refers to the
second ring, and dj (r.) is the linear mode profile. Similarly the asymptotic-out field
associated with channel B can be written as

D‘g’skyfout (rings) _ FEy(w)d;, (r1)e™* + FEy(w)dy, (r)e™” (3.5)

using the last two equations in (3.3) leads to a lot of terms, each associated with a
specific physical interpretation. In particular every terms correspond to a possible path
for the photons that are scattered in the channel B: for example, the annihilated pump
photons can be both inside the first ring, or both in the second one, or one in the first
ring and one in the second one. The same argument holds for the created photons, that
can be created both inside the first ring, both inside the second or one in each ring. The
combination of these paths are represented by all terms in Sy,; however, each of these
terms are proportional to the field dj (r,) and di (r.) that are non-zero only inside
the ring, therefore a term that contains a factor d; (r.)d; (r.) is zero everywhere,
because in the first ring the second factor is zero and in the second ring the first factor
is zero. The only term that survive the integration are those who have all factors
equal to dj (r.) or dj (r.), that is only the path where the two pump photons are
annihilated in the same ring where the signal and indler photons are created. Therefore
we can write Sy, as

3 (hwh)(hwkz)(hwk:s)(hwkzi)
S = 2_50\/ 16

( [ BTG Bra(w0)F Bua ) P ) P o) (e ) o) (e ) )4

/ drT§ " F By (w1) F Baa(w2) F Egy(ws) F By (wa)dy (v )di) (v )i (v 1) dy, (u)em’“>

(3.6)
where Ak = ki + ko — k3 — k4. The integration in z can be done easly
L iAkL/2
. 1 . . . 2 . L
/O oikz g, m(ezAkL 1) = eiAk (ezAkL/2 o e—zAkL/2) _ EezAkLﬂ sin [ ARZ
(3.7)
which can be written as Le'A*/2sinc (AkL). If we define the following
3 ijkl 41, j
n= o dr T dy (v )dy (v0)dyF (e )dy! (ro) (3.8)
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and the related v, notice that in the case d,{z = di, then v; = 79 = ynr. The expression
for Sy, is finally:

Sbb — EeiAkLmSinC (Ak£> \/<hwk1)(ﬁwk2)<hwk3)(hwk4) .
s 2 16

(71FE1a(w1)FEla(wz)FEikb(w:s)FETb(W4)+72FE2a(wl)FE2a(w2)FE§b(W3)FE§b(W4)>

(3.9)

3.2 Output states

With this expression we can switch to the Heisenberg picture and we can define
V(t)=UlHy Uy, (3.10)

since the operator Uy, satisfies the unitary relation U LUz = UEU , = 1 we can insert
UEU 1, between every annhilation and creation operators and define the time dependent
operator, for example ay(t) = UzakU 1. These operators satisfy the Heisenberg equation

dak 1
% = E[ak;HL] (3'11)

which we can solve for every operator. For example for a; the commutator with the
linear Hamiltonian is:

[ak,HL] = /dk'hwk/akal,ak/ —/dk'hwk/al,ak/ak (312)

we know that [ag, al,] = 0(k —K) = agal, = 6(k — k') + al, ax; substituting this into
the first term we arrive at

[ak, HL] = /dk"h/vuk/ak(S(k: — /{Z,) = hwkak (313)

so the Heisenberg equation can be written as

dak

% = —iwkak (314)

which has the trivial solution ay(t) = a(0)e~“**, since a(0) = a; we can write (3.10)

where

V,y = — / dkydkydksdkySyy (ky, ko, ks, ka; t)ag, ag,b!

x,k3

b, +He (3.16)

and Sry(k’l, k’g, k’g, k’4;t) = Sxy(/{fl, k‘27 k3, k4)€_i(wk1+wk2_wk3_wk4)t. In a similar way it is

~

possible to construct V()

~

V(t) = Uty, OV (U (t1, 1) = Vip(t) + 2Vie(t) + Vie(t) (3.17)
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where

z,k3 y7k4

Vo (t) = — / dleydlaydlesdlsSay (kr, ko, ks, kg O, (8w, (0B (0B, (¢) + He (3.18)

now we have all the elements necessary for integrating the equation (2.47), we need to
solve it for the operator @ ()

daj(t)

T

= [a}, V()] = [a}, Vis(t)] + [}, 2Voc(t)] + [a], Vee(1)] (3.19)

we must work out the three commutators, they are all similar, so we show only one:

@}, V()] = — / dky dodhy ey Sy (K, o, ks, bea: )@ (1) k, (8, (£)D) 1, (D)Bh 1, (1)
- / dkydkadksdka Sy (k1 ko, ks, ka; t)ag(t)ay, (t)aL2 ()b oy (1) By (1)
T / dkey dlesdsdhey Sy (ko R, ke, Begs €)@, (1)ar, (£)0) 1, ()B4, (D)L (D)

+ / dhkydkodkydly Sy (k. ko, ks, kg )@l (t)ag, (¢)ay, (0o, (6)br,ag(t) (3.20)

the second and the fourth term are identical, therefore they can be eliminated, for the
first one we can use (2.32), in the end we get

[@l, Vip(t)] = 2 / dkydkodhs Sy (K, ko, ks, k., €)@, (£)B) 1, (£)Bh 5, (2) (3.21)

the zeroth-order solution of (3.19) is @.(t) = @.(t;) = a}., so, the first order solution is

2 t
a(t) =al + = / dky dkydks / Sw(kr, k2, ks, ki, t)ag, b} 1. b .

t1

4 t
+ﬁi/dk1dk2dk3/ Sbc(klak27k37k7t)aklbz,kgbi,k3

t1

2 t
+ / dky dkodks /t Seelk, ko, ks, ki, t)aw, b b, (3.22)
with this expression we can write the output state as
out) = 0P (t0)—Hee (3.23)

where A fdk:gﬁp ( 0). Now we take ty — —oo and t; — +oo and we
integrate in tlme using - f dte™' = §(w), so we can write, for example, the second
term of (3.22) as

2127
h

/ dleydkadks Sy (1, o, ks, k)6 (wi + win — wiz — W)k, b) 4, b 4, (3.24)
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we can use now the Baker-Campbell-Hausdorff formula to expand |t,,:), the formula

1
A+B _ oA —L[AB]B

states e , we take

A=« / dkop(k)al — H.c (3.25)

B 212m

/ dlkdkydkadlsdp (k) Sy (k. ko, ks, k)6 (wrtwin —wie—wks ), b 4, bh 5, —H.ct. ..

(3.26)
plus the other terms related to bc and cc, we need to work out the commutator, again
using (2.32), we obtain

1 2mia®

2[A7 B] =

/ dkdkydkydksdp(k)dp (k) Se(kr, ka2, ks, k)0 (wiHwi —wiz—wis)b) 1, b) 1.,
—He+... (3.27)

where we neglected all terms which do not contain two photon creation operators and
the dots refer to bc and cc. We can notice that e? |vac) = |vac), so we can write the
final state as

|¢out> = eaAler"'fBbbC;I 0 T2B6eC1 1 peHBecClp oo~ Hoc |UCLC> (328)
where .
C}-Imy = E / dkldk2¢xy(kl7 k2>bl,klbz,k‘2 (329)

and ¢,y (K1, k2) is the biphoton wave function

27m'\/§ o?

¢xy(k17 k?2> — B_ /dkdk3¢p(k)¢p(k1)swy<kl7 ]{;27 k;3’ k)é(wk _|_ W1 — Wro — Wk3>
Ty
(3.30)
By is chosen such that
/dkldkﬂ%y(kh ko)|* =1 (3.31)

is properly normalized. Note that for |3,,| < 1 the state of generated photons can be
written as

|¢gen> = |vac> + Bup |bb> + 2B |bc> + Bee |CC> (3.32)

where |zy) = C’}I 2y IVac) and hence | By |* represent the probability of a pair production
in channel z and y. Moreover |By|* + |Bse|* 4 [Bec|® is the probability that a pair is
generated. The physical interpretation of the factor 2 before the state |bc) can be easily
found: indeed, the state |bc) represents the state where one photon exits from channel
B and one photon exits from channel C. Since the photons are indistinguishable, if we
exchange the photon from channel B with the photon in channel C the state does not
change.

3.3 Output probabilities

Besides the final output state, which shows us that it is possible to generate photon
pairs inside the resonators, we are more interested in the probability that the photon
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3.3. OUTPUT PROBABILITIES

pairs have to exit in a specific channel. We study here the probability of the photon
pairs to exit from channel B, the other probabilities can be found in the exact same
way. We labelled this state as |bb) and his probability as |By|?, in order to find |Sy|?
we need to normalize the biphoton wavefunction

/dkldk2]¢bb(k1,k2)]2 =1 (3.33)

it is more convenient to work with the frequency w instead of k. If the pump wave
o(k)p is peaked for some kg > 0 the integrals over k are restricted from 0 to infinity.
With this assumption, there is a unique correspondence between wavenumber and
frequencies k(w). It is easy to verify that in order to maintain the normalization
of the biphoton wavefunction and the commutator relation between the creation and
annihilation operators the substitutions that have to be made are

by = dl;fj)bk(w) gp(w) =1/ dZE:u)¢P(k(W))

dk(w)

¢~5bb(w1,w2) = W

dhfe)

7o Oop(k(wr), k(ws)) (3.34)

w2

w1
with this substitution the normalization condition can be written as
|2dk( )| dk(w)

w
dw dw
w1

dwldwg =1 (335)

w2

/|$bb(w1,w2>|2dw2dw2:/|¢bb(wl,w2)

and using equation (3.30)

8m2|ar)?
A | On()0m(un) ()0 5 S . ) Sy, o,y o —)
dk(w)| dk(w)| dk(w)| dk(w)| dk(w)| dk(w
dlwrtwr—ws—u) di) ) dEu ) dEu ) di) ! dEu | , dgu | ,Mw/dwldwzdw?’dwé -
w1 wo w w3 w wy

(3.36)

due to the delta’s, we can integrate in w3 and w} easly. Hence the expression for |By,|?
is

82| al?
il = TN ot indiond @) +n = )56 e+ — o)
dk(w)| dk(w)| dk(w)
_ * _ / / .
Spp(w1, wa, w1 + wa — w,w)Spy (w1, we, w1 +wy — W', W) oy oy y
w1 w2
dk(w) dk(w)| dk(w)
dw dw dw (3.37)
w w1 two—w w’! w1 twa—w’
which can be written in a more compact form as
dk(w dk(w
Bw|* = K / dg} ) di} ) Jop (W1, wo)dwy dw, (3.38)
w1 w2
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8 2 4
where K = % and

Jop (w1, w2) = ‘/dW¢P(W)¢P(w1 + wy — w))Spp (w1, wa, wy + we — w’w)\/d];gj)

\/ dk(w)

dw
(3.39)

using (3.9) in this equation and the fact that in a medium the dispersion relation is

dk/w = 1/v4(w) where v, is the group velocity, the expression for Jy, can be written as

w1 twy—w

L . L hiwk
ZeARL 2gine [ Ak— WPVNL
T 27 16

1
dw
VUg(W)vg(wr + wp — w)

Jbb(wla wz) =

dp(w)dp(wr + ws — w)

2
(FEra(w) F Bra(wr-+ws—w) FEjy (1) F By (w2) + F Baa() F Eaa (w1 =) F Egy (1) F Ezy (1))
(3.40)

To work out Jy, we need to choose the frequencies pump distribution ¢p(w), having in
mind a continuous wave we can take as waveform a pulse of width At that in frequencies

has a sinc shape; then it is possible to take the limit At — +o0o and get the continuos
wave

At At

— —w) = = 41
¢dp(w) = sinc [(w wp) 27?} . (3.41)

since the linewidth is (w — wp) = %3, for At — +00 we can set F'E,(w) ~ FE4(wp)
with a good approximation. Hence Jy, becomes

Lynpy/ Piwp IARL/2G5 0 o (Aki)
27

Jpp(wr, w2) = Jr0, (wp) e
g

(FE1a(@) FEvalwp) FE (@) FEjy(w2) + FEso(w) F By wp) FEgy (1) F Egy(w2)

2
At . At] . At
/dwgsmc l(w — wp)%} sinc {(wl +wy —w— wp)%} (3.42)

which can be written in a more compact form as

2
Lynp/hiwi At At . At
Jpp (w1, we) = %[(wl,a@) /dwgsmc [(w - wp)g} sinc {(wl +tw—w— wp)%l |
9
(3.43)
where

. ) L
Iwy,wsy) = e2F/ 2sine (Ak%)
(FE1a(w) FEralwp) FE (1) F Ejylwn)+
F E3a() F Bao(wp) F B3 (1) F B (w2) ) (3.44)
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the last integral can be approximated, the second sinc function is non zero only when
W F+w—w—wp >0 = w +wy =w-+ wp =~ 2wp, with this approximation the
integration can be done more easly and the result is

2
Lynp/ Prwh
J, =|——1 3.45
bb(wh w2) 47”}9 (WP) (wlv wQ) ( )
In conclusion, for the probability we obtain
L 2R2wh|al?
B |? = ( W;zz(wP)f’ | / |1 (wr, we) [P dwy dw, (3.46)

In figure 3.3 the (non-normalized) probabilities |Sy|? and |S..|* are shown. It must be
notice that in equation (3.46) the factor I(w,ws) is a function of the phases ¢y, ¢o, this
because the field enhancements are a function of ¢y, ¢y and recalling equation (3.44),
I(wy, we) is a function of the field enhancements. Thus the probabilities depend on the
phases ¢1, ¢ and by changing them the probabilities change as well. As we can see
from figure 3.3 these probabilities are not negligible on the diagonal ¢1+¢o = 27, which
is something we studied in section 1.4; only with this condition the two resonators are
indistinguishable which is a necessary condition for the system to work. In the diagonal
of |bb) state we encounter a maximum when ¢; = m% and ¢, = 27 — m7, while the
minimum is when ¢; = 7 +m3 and ¢ = 27 — 7 — m3, with m an integer. For
the state |cc) the maxima and minima are approximately in the same condition of the
state |bb), just slight more asymmetric. Figure 3.4 shows the probability |3y, again
this probability is non negligible only on the diagonal, for the same reason. But more
interesting is that now, along the diagonal, the maxima are when ¢; = § +m75 and
¢2 = 27 — 7 — m7 and the minima when ¢; = m7 and ¢ = 27 — m7. Therefore a
minimum in the probability of |bb) or |cc) is a maximum for |bc) and vice versa. This
fact can be exploited to manipulate the output state of the photons simply by acting

on ¢; and ¢. Indeed the state of the generated photons can be written as

hgen) = § telO1,82) o) b1 =T+mE gy =27 — % —m3
T B0, 62) 10b) + Bee( 1, 02) |ec) $1=mT ¢y =2m —m?T
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Figure 3.3: Simulated probabilities (a) |By|? and (b) |B.|? for the state |bb) and |cc)
as a function of phases ¢; and ¢-, not yet normalized. Credits to: Massimo Borghi
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Figure 3.4: Simulated probability |8s.|* for the state |bc) as a function of phases ¢; and
¢2, not yet normalized. Credits to: Massimo Borghi
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Chapter 4

Conclusion and further
developments

In this thesis I showed how entangled photon pairs are created inside a structure com-
posed by two coupled resonators. Spontaneous Four Wave Mixing is used to generate
photon pairs inside rings, I described the process from a quantum mechanical point
of view and derived the output states of the system. Furthermore I showed how the
output states change introducing two phases in the system. The final probabilities are
a function of such phases and, as we analyzed in the last section, it is possible to decide
where the photons exit. Exploiting this feature, there are two possibilities, by choosing
the right phases a photon pair can exit either in B and with a similar probability in
C, or the photon pair is splitted and one photon exit in B, while the other in C. This
result has been obtained by computing the probabilities, but the calculation can go on,
it is possibile to derive the power of the generated photons and also the rate. But the
next important step is the experimental verification which is being performed by the
nanoscience group of the University of Trento.

In this conclusion I want to dwell on entanglement, which in this work is almost not
present. The generated photon pairs are energy and time entangled; the fact that the
energy is entangled can be seen from equation (2.6) which express the conservation of
energy of the generated photon. The sum of the frequencies of the generated photons
is fixed, so if a photon has a determined frequency, the frequency of the other one is
determined. The frequency is linked to energy by the Planck’s constant £ = hw, so
speaking about photon frequency is to speak about photon energy. The time entan-
glement is trickier to see from a theoretical point of view since it involves Feynman
diagrams where the interaction of photons can be sketched. Rather it is simplier to
perform coincidence measurements. From the photodetection it can be seen that there
is zero delay between the photons’ arrival, this means that the photons are emitted at
the same time.
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