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Introduction

Nonlinear optics has become increasingly important during the last decades
because it has found application in the telecommunication field, especially
for what concerns the propagation of optical signals in dielectric fibers and,
above all, because of the possibility of exploiting harmonic generation in
order to obtain coherent light in different spectral regions [1, 2.

Harmonic beam generation was observed for the first time in 1961 by Franken
et al. and, just one year later, Bass et al. demonstrated the possibility to
obtain monochromatic waves characterized by frequencies equal to a linear
combination of those of incident waves on the sample [3, 4]. This process
can be briefly summarized as it follows: while two monochromatic waves
of frequencies w; and ws propagate in a nonlinear medium, they generate
a nonlinear polarization that can be seen as an ensemble of dipoles that
oscillate at multiple frequencies, or in general equal to a linear combination
of wy and wy. For example, when w is converted to 2w we have the so-called
second harmonic generation (SHG) process and when we get 3w we have
third harmonic generation (THG). As a matter of fact the nonlinear polar-
ization is the source of electromagnetic waves at frequencies different from
the initial one. If we look at the experiments of Franken et al., we observe
that nonlinear effects in a dielectric medium are usually quite small and they
require very powerful sources. Thus most of the efforts during these years
have been devoted to achieve high enhancement of the harmonic generation
process, in more and more compact devices, and to reduce the input power.
Associated to harmonic generation is the occurrence of a phase matching
condition, i.e. when harmonic beam propagates in phase with the nonlinear
polarization. In such case the conversion efficiency is highly enhanced.

Since the first studies on second-harmonic generation (SHG), periodic
structures have been indicated as suitable systems for achieving the phase
matching condition even in cubic materials like GaAs, where there is no bire-
fringence to compensate the refractive index dispersion [5, 6]. Other forms
of phase matching have also been proposed, like using form birefringence
induced by refractive index modulation in the long-wavelength limit [7, 8]
or incorporating a separated quantum well region in the nonlinear media
[9]. Another possible route for increasing SHG is to embed the nonlinear
source in a Fabry-Pérot cavity, in order to enhance the pump field intensity
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or to optimize the extraction efficiency of the harmonic field. Several studies
have been conducted on external cavities [10, 11], where it is relatively easy
to achieve double-resonance for both the pump and harmonic frequencies.
Concerning monolithic cavities with dielectric mirrors, most studies focused
on SHG in the presence of a single resonance [12, 13]. A doubly-resonant
microcavity (DRM) is desirable since the performance of the structure can
be optimized at both pump and harmonic frequencies [14-16].

In the last few years the concept of a photonic crystal has been in-
creasingly applied to nonlinear optics [17, 18], especially for what concerns
frequency conversion. The possibility of tailoring the dispersion relation
through a periodic modulation of the refractive index gives additional de-
grees of freedom to achieve phase matching, moreover using the high density
of states at the band edges allows increasing the amount of pump power
available in the nonlinear layers [19-24].

More recently, one- and two-dimensional photonic crystal structures em-
bedded in self-standing membrane [25] or in a planar waveguide [26] have
been proposed as suitable platforms for integrated photonic circuits. In
this structure light confinement along the vertical direction is determined
by the waveguide, while the photonic pattern modifies propagation of light
in the plane. These systems have attracted much attention since they can
exhibit many properties of 3D photonic crystals but they are much easier to
fabricate at sub-micron lengths. Theoretical and experimental studies have
already demonstrated the possibility of achieving several order of magni-
tude enhancement of harmonic generation in carefully designed structures
[27, 28].

Among many solutions, the choice of a Silicon-On-Insulator (SOI) waveg-
uide offers great advantages in view of future integration of photonic devices.
Indeed the SOI planar waveguide is characterized by a large refractive in-
dex contrast which allows good light confinement in a thin waveguide and,
above all, the great development of silicon integrated circuits offers a high
degree of control of processing technology.

The aim of this work is to give an original contribution to the knowledge
of harmonic generation of light in photonic systems of present interest, such
as planar microcavities and photonic crystals slabs. Our research study
is mainly devoted to the understanding of the conditions that determine
a considerable enhancement in the conversion efficiency, thereby providing
some guidelines to the design of new devices.

For what concerns SHG, we concentrate our attention on doubly resonant
microcavities: their design is challenging because of the refractive index dis-
persion. In this thesis we have developed an efficient method in order to
solve this problem and to enhance SHG as much as possible. The nonlinear
response of the DRM has been investigated in the case of bulk nonlinear-
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ities and when it arises from symmetry breaking at the interfaces between
two different media. In the first case we have considered cavities made of
GaAs or AlGaAs embedded between Alox/AlGaAs dielectric mirrors, and
we present theoretical results obtained in the un-depleted pump approxi-
mation. In the second case we present theoretical and experimental results
regarding the nonlinear response of a doubly resonant microcavity of amor-
phous silicon nitride, whose design has been carried out with the method
developed in this thesis.

A theoretical analysis of THG in the case SOI PhC slabs has been performed
and compared with the experimental results. For the analysis of THG in
photonic crystal slabs we have developed a numerical method, based on the
well known linear scattering matrix theory [29]. This new method allows
to treat nonlinear interactions in layered two-dimensional systems and we
hope it is suitable for the investigation of nonlinear phenomena in several
kind of photonic structures.

The work is organized as it follows. In chapter 1 we discuss some as-

pects of the nonlinear interaction which takes place in a bulk medium or at
the interface between two media. The purpose of this chapter is to provide
the necessary instruments for understanding the subsequent chapters, where
second- and third- harmonic generation are analyzed in more complicated
systems.
Second-harmonic generation in the case of a doubly resonant microcavity is
discussed in detail in Chapter 2, where we present first a study of the linear
properties of the microcavity and its design method, followed by nonlinear
results for bulk and surface nonlinearities. In Chapter 3 we present the nu-
merical method used for the calculation of THG in the case of PhC slabs,
then we discuss the linear and nonlinear properties and finally we compare
the results with the experimental data. Since the nonlinear response of the
photonic crystal slab arises from a superposition of the effects of the SOI
waveguide and the photonic crystal pattern, we present first the study of
the un-patterned waveguide followed by those of the PhC slab.

This work is closely related to projects carried out by the Solid State
Theory group of the University of Pavia at Department of Physics "A.
Volta”, headed by Prof. L. C. Andreani. Part of the work has been fi-
nanced by "Istituto Nazionale per la Fisica della Materia” (INFM) through
the project PRA-Photonic, and supported by MIUR through FIRB project
"Miniaturized electronics and photonic system” as well as Cofin programs.
The experimental results presented in this work has been obtained by the
Department of Electronic (LAILAM - Laboratorio di Interazione Radiazione
Materia) for SOI photonic crystal slabs and by University of Napoli and Po-
litecnico di Torino in the case of amorphous silicon nitride microcavities.






Chapter 1

Elements of Nonlinear
Optics

The purpose of this chapter is to introduce some basic concepts of nonlinear
optics, especially for what concerns harmonic generation. First of all, in Sec.
1.1 we will try to understand which are the origins of the nonlinear response
and how it can be described in a simple system, such as a single atom,
using the anharmonic oscillator model. In Secs. 1.2 and 1.3 the problem of
second harmonic generation will be analyzed in the case of bulk and surface
nonlinearities. Finally, in the last part we shall introduce some important
physical quantities which describe the nonlinear response of a system.

A detailed discussion of these topics is beyond the aim of this chapter and the
reader can find a more complete treatment in several specialized textbooks
[30-33].

1.1 Nonlinear Dielectric Response

The interaction of the electromagnetic radiation with matter will be treated
within a macroscopic framework, i.e. we shall always deal with electric fields
whose wavelength is several times larger than the size of the atoms and the
interatomic bonds, characterizing the systems of interest. In this context,
the electromagnetic properties can be described through the Maxwell equa-
tions, which can be written in the absence of sources as

V.-D=0 V-B=0 (1.1)
10B 10D
VXE__EE VXH_EE. (1.2)

From now we assume nonmagnetic media (i.e. B = H) and absence of
external currents or charges (i.e. p =J = 0). The vectors E and H are the

1



1. Elements of Nonlinear Optics

Nonlinear

susceptibility

electric and magnetic fields, respectively, while the electric displacement D
is given by
D =E + 47P, (1.3)

where P is the electric dipole moment for unit of volume. The polarization P
is a complicated function of the electric field and it depends on the physical
and chemical nature of the materials considered.

We can notice that an electron bound to an atom or molecule, or moving
through a solid, experiences electric fields of the order of 109 V /cm. We shall
assume to work with electric fields several times smaller than this value, so
that P(r,t) can be treated as locally and instantaneously dependent on the
electric field. This assumption is strongly restrictive and there are many
implications of a more realistic relation between E and P. Nevertheless, it
allows introducing some of the most important concepts while keeping the
discussion to a reasonable degree of complexity.

Under this approximation, each component of the polarization vector can
be expanded in a Taylor series of powers of the electric field

Zx(l)E (r,t —l—Z)(EJQ,)CE t)Ey(r,t)

+ Z XhEs(r, t)Ek(r, E (r,t) +---, (1.4)
jkh

where the x( ) 5]2,1

and x; j,)cl are referred to as the second and third nonlinear susceptibilities,

are the elements of a linear susceptibility tensor and y

respectively.! As indicated by the notation used in Eq. (1.4), the linear and
nonlinear responses of a medium are described through tensorial objects
whose rank depends on the interaction order. The susceptibility tensors
have explicit form reflecting the structural symmetry of the medium. In the
following, we shall briefly discuss some important properties of these ten-
sors which derive from simple symmetry considerations. During this work
we shall deal with isotropic media, or cubic materials, for which the linear
response has the same direction of the applied electric field. Nevertheless,
we cannot forget that, in nonlinear optics there are several effects related
to the tensorial nature of the linear response.?

In any real medium, the polarization vector, P(r,t), does not depend
only on the value of the electric field at the point r at the instant ¢. In

IHere we have not consider the first term of the Taylor series that corresponds to a
spontaneous electric dipole moment which characterizes a particular class of materials,
known as ferroelectrics.

2A very important class of materials is the birefringent one. These media are charac-
terized by diagonal linear tensor with two different eigenvalues lead to the ordinary and
extraordinary refractive indices.



1.1. Nonlinear Dielectric Response

(a) T v (b) 1 V)
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Figure 1.1: Electron in harmonic potential V (z) = 2mwoz®(a) and in the case of
cubic potential V() = tmwoaz®+ tmé&x® (b). The presence of a cubic term in the
potential V(x) breaks the symmetry respect to the vertical axes and gives origin

to a nonlinear motion of the electron.

fact there is a time lag in the response of the medium. Such consideration
results in a relation more complicated than Eq. (1.4).

If we consider the electric field E as a sum of monochromatic plane waves,
this relation can be written, in a simpler way, in a Fourier space as

P(k,w) =PV (k w)+ PP (k,w) + - (1.5)

where 3
PY(k,w) =Yk w): Bk, w), (1.6)
PP (k,w)=xP(k =k +ko,w = w1 +ws) : E(ky, w1 )E(ka, ws).(1.7)

We assume to work only in the dipole approximation, therefore in the fol-
lowing discussions dependence of (™) on k will be neglected.

Before starting our study on the harmonic generation phenomena in ma-
terials, let us consider a short example in order to better understand the
origin of the nonlinear terms appearing in Egs. (1.4) and (1.5).

We consider an electron that is bound to an infinitely massive center owing
to a given potential V(x). In the one-dimensional case the equation for the
electron motion can be written as

oV (z)

mi + ml't + o —eE(t) (1.8)

3Here the symbol : indicates the tensorial product
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Lorentz model

Anharmonic

oscillator

where m is the free electron mass, I' is a damping rate and E(t) is the
external applied scalar electric field. For the harmonic potential V(z) =
%mwoxg, this problem reduces to the well known Lorentz model. If we

consider an electric field

it is easy to find that the motion of the electron is described by the equation

z(t) = z(w)e™* + c.c.

ew}t

e
=——F —_—— .C. 1.9
m (w)w8—2ww—w2+cc (1.9)

The applied electric field E(t) induces an electric dipole moment in the
atom p(z) = ex(t). If we consider an ensemble of atoms, with an electron
density NV, it is possible to provide an analytic expression for the nonlinear
susceptibility

Ne? 1

= . 1.10
x(w) m wi — 21w — w? (1.10)

Let us suppose, now, to drive the electron with two superimposed elec-
tric fields, with frequencies w; and ws respectively. We observe that the
resulting displacement is the simple superposition of those at frequencies
w1 and we, which have the same expression of Eq. (1.9). Therefore, with a
harmonic potential no second harmonic generation, or a interaction between
the two input waves occur.

The latter example shows that if we wish to describe any frequency
mixing we have to go beyond the harmonic approximation by considering
a more complex potential, V' (z). Thus, we extend the previous model by
introducing an anharmonic term [33].

1 1
V(z) = §mw0x2 + §m£x3 (1.11)

Equation (1.8) then becomes:

eFE(t
¢+F¢+w§x+5x2:—ﬁ. (1.12)
m
Because of the quadratic term, Eq. (1.12) cannot be solved in the same
way as the linear Lorentz model. However, since in general the anharmonic
term is very small compared to the harmonic one, it is possible to assume
a solution in the form of a power series

x(t) = x1(t) + @2(t) +xs(t) + - - . (1.13)
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where each term, x;(t), is proportional to the i-th power of the applied
field, E(t). If we consider again an external field given by the superposition
of two plane waves, the nonlinear term appearing in (1.12) gives rise to a
frequency mixing. Therefore, the propagating electromagnetic field gener-
ates a nonlinear polarization that oscillates at frequencies which are linear
combinations of wy and ws.

Even in this case we can derive an analytic expression for the linear
polarization, which is identical to Eq. (1.10), but we can also provide an
expression for the second-order nonlinear susceptibility. In particular, for
the case of frequency sum w; + wo, we get

X (s = wn +02) = e OO @)D ws)]  (114)

The analysis of this simple model can help to better understand some
characteristics of the nonlinear interaction. First of all, we notice that the
nonlinear interaction has its origin in the potential that the electrons, or
more generally the charges, experience. Such potential, which cannot be
simply an harmonic one, and the nonlinear response must reflects its sym-
metry properties. In particular, it is worth noting that if we consider an
even potential (i.e V(z) = V(—x)), we would not observe any second-order
nonlinear effect *. Such model can be extended to the case of higher order
susceptibility tensors by considering a more complex potential, V(z), in Eq.
(1.8).

Another important information can be obtained by observing the three di-
mensional generalization of the Eq. (1.14)

Xt (ws = w1 w2) = Ay @DI0G (@)Dl (wa)]  (1.15)
This result is known as "Miller’s rule” [34]. The coefficient A;j; can be
empirically determined and Miller has shown that it is almost constant for
a wide range of materials. This rule has turned out to be a very important
one in the search for new nonlinear media, since it tells basically that high
refractive index corresponds to high nonlinear coefficient.

In the example we have just described, we assume a solution in the form
of a Taylor series by making the hypothesis that the nonlinear interaction
is small compared to the linear one. It is worth spending few words about
the order of magnitude of the nonlinear susceptibilities in dielectric media,
which will be considered in the next examples and chapters.

The dominant contribution to the nonlinear susceptibility at optical fre-
quencies is due to the outermost electrons of the atoms constituting the
material, which experience an average electric field E,. In practice, the

4This is, in general, the case of amorphous media, or Si and Ge, in which the second-
order nonlinear susceptibility , X(2), is very small and it is due only to quadrupole terms.

Miller’s rule
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Nonlinear wave

equation

Semiconductor xé?g (1079 esu) xé‘?gg (10710 esu)
Ge — 6.0 + 50%

Si — 0.32 £50%
GaAs 2.0 0.5 (@)

InAs 2.4 0.6 (@

(a) Theoretical values

Table 1.1: Second- and third- order nonlinear susceptibilities for some typical
semiconductor materials. In the coordinate s¥stem defined by crystallographic
axes, the only non-vanishing components of X for these materials correspond to

i # j # k. In the table for III-V compound ngg =
3 (3) (3)

fxg,l, while for the Si and

nonlinear effect starts to be significant only when the incident field inten-
sity is of the same order of magnitude as this field. We can therefore es-
timate that the average second- and third-order nonlinear susceptibilities
scale as (x®@) ~ (xW)/E, and (x®) ~ (x(V)/E2, respectively, where
(X(l)) indicates the average value of the linear susceptibility. In Table 1.1,
the nonlinear susceptibilities of some typical semiconductor are reported as

a guide for the reader [33, 35-37].

1.2 Second Harmonic Generation

In the example of the anharmonic oscillator we have seen that when two
monochromatic waves at different frequencies wy and ws propagate within
a medium characterized by x # 0, they induced a nonlinear polarization
that oscillates at frequencies which are a linear combination of w; and ws.
The polarization can be viewed as an ensemble of oscillating dipoles, or
antennas, which are source of electromagnetic waves. As a result, we assist
to a partial or total frequency conversion of the initial field. In this Section
we shall briefly describe the simplest case of frequency conversion i.e. the
second harmonic generation (SHG).

The electromagnetic field propagation in a medium is described by the
equation

1 92 A1 9?
Zort | BeD =—F5m

V x (Vx)+ NL(r 1) (1.16)

where PV7 indicates the nonlinear polarization. We now restrict ourselves
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to the one-dimensional problem, and we assume the field propagation along
the direction Z. As we are interested in the description of the second har-
monic generation, we limit our discussion to two interacting waves: the so
called pump field, at frequency w, and the second harmonic one at frequency
2w, which can be written as

E,(z,t) = Ew(z)e_i(“’t_k“z)
Eou (2, ) = Bgy (z)e (2wt kawz), (1.17)
Here k(w) = wn(w)/c is the wave vector of the pump field. Since we are

working with complex fields, even the complex conjugate counterpart of the
Eq. 1.17 has to be considered.

From the Eqgs. (1.7) and (1.17), we can write the nonlinear polarization

at the pump and the harmonic frequencies as
PYE(2,t) = X EX (2, 1) Egy (2, t)e Wi~ (k2w —ku)z] (1.18)
PYE(2,t) =X Eu(2, 1) By (2, t)e (2 2he) (1.19)

In the linear case of isotropic medium, or in a cubic material when the
propagation of the electromagnetic wave is along one of the principal axes,
the polarization and field lie in the zy plane. However, when the nonlinear
interaction is considered, even in such a simple case, the nonlinear polariza-
tion (and therefore the pump and harmonic fields ) is not transverse respect
to the propagation direction. In this case, it is worth decomposing PN’
and E in the sum of transverse (L) and the longitudinal (]|) components
(see Fig. 1.2). Now, Eq. (1.16) can be written for the pump and harmonic
field as®

2 € ) Arw?
2¢L(wi) TWi 5 NL
@Ewhl + W 62 Eu},’,,L + TP"‘H’L (120)
e (w; Arw?
7 {‘"? ”(2 )Ewi,n + Pﬁﬂ N
c c ’

while the first of Egs. (1.1) gives

% [21(@i) B + 4P| = 0. (1.21)
Here we have introduced e and €, which describe the linear dielectric
response along the directions parallel and perpendicular to the pump prop-
agation axis, respectively.

As a matter of fact, we obtain a system of nonlinear differential equa-
tions in which the presence of the nonlinear polarization terms couples Eqs.

5Tt is straightforward to show that V x V x E = 0?E /922.

Second-
Harmonic

Generation

Non-depletion

approximation
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Figure 1.2: (a) If we neglect any nonlinear effect on the pump field we get that it is
transverse respect to the propagation direction. (b) The direction of the nonlinear
polarization generated depends on the tensor shape and in general it is different
from the incident one. The nonlinear interaction propagates with a wave vector
equal to 2k,,. (c) Finally, the second harmonic field generated by the nonlinear
polarization propagates with a wave vector ka,, and the electromagnetic field has
a transverse component and one along the propagation direction.

(1.20) for the pump and harmonic fields. As the two waves propagate
through the nonlinear medium, the electromagnetic energy is transferred
from the fundamental to the second harmonic, and viceversa. A general so-
lution of this problem is complicated even in this simple case, nevertheless
we can introduce a further simplification: in the following discussion, we
shall assume that the pump field propagates linearly, neglecting the pump
intensity depletion due to the harmonic generation. This assumption is
known as pump non-depletion approzimation. As a matter of fact, this is
not a physically unrealistic situation. Indeed, as we have seen in the pre-
vious Section, the nonlinear coefficients are very small and thus, in many
cases, the amount of radiation generated is small as well.

In this approximation the solution of Eq.(1.21) is immediately given by

47 NL

Euh,”(z) = _W I

(2). (1.22)

Then, by inserting the expression of E) in (1.20) we obtain a new equation
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for the transverse generated field, which is written as

0? 167w?
<@ + k§w> E(z)=-—73 PYL(2). (1.23)

The transversal component of the harmonic field can be found easily in the
limit of slowly varying envelope approzimation, when Eq. (1.23) becomes®

dEs, (2) 8TW? _(2) 12\ unk
=— E v 1.24
L X w(2)e (1.24)

where Ak = 2k, — ka,,. Notice that Eq. (1.24) is a scalar equation, since
we can write Eo, = &Fs,, with & directed as PTL, while )Z(g)Ef, is the
amplitude of the effective transverse nonlinear polarization.

Now, let us suppose that at the surface of the nonlinear material (z = 0)
the harmonic field vanishes, while it builds up as the pump field propagates
within the medium and is expressed as

16mw? sin (Akz/2) 2k
Foy(2) = ——— P E2 217 0 55% 1.25

2(2) = o X B g (1.25)
The energy per unit area and unit time is determined by evaluating the
corresponding Poynting vector

B 647w |y (22

Sal2) = — 51 (Akz/2)

(Ak?)

B |4 sin
w

(1.26)

This simple result allows us making some important and general considera-
tions on the second harmonic generation process, which are at the bases of
several applications.

The first obvious consequence of Eq. (1.26) is that the strength of the
nonlinear response depends on |y |2, therefore the choice of the material is
extremely important in the applications. In the previous Section, we have
seen that Miller’s rule can help in the search for best material. In this work
we shall only deal with semiconductor materials, which are quite interesting
not only because their considerable nonlinear properties, but also because of
the high degree of control in the growth process, which gives the opportunity
of creating artificial structures characterized by high x(? values. In these
systems, thanks to an optimization of the width and the composition of
the different layers, it is possible to engineer the electronic and the optical
properties [38, 39].

SHere we assume that the variation of the complex field amplitude with z is small
enough to neglect the term d2E | /dz2 << —2kdE, /dz.
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Coherence

length

Pump Field

NL Polarization

d1=2k ,Lon
¢2=k2wLC0h

Harmonic field

N SN, Ad=Tm
\*|, ’ N
S, -’

N
>

O LCoh z

Figure 1.3: Because of the refractive index dispersion, the pump field and the
harmonic generated one travel at the different velocities thus, in general, two
contributions generated in two different points of the nonlinear medium are not in
phase. The distance at which the two contribution are exactly in phase opposition
is called coherent length (Lcon ).

Eq. (1.26) shows that the second harmonic intensity scales quadratically
with | E,|?. This fact, even though not surprising, underlines that the possi-
bility of achieving high pump field intensity in the nonlinear medium is a key
point of nonlinear applications. In the present case, the pump power is just
determined by the incident power (that is by the available laser source), but
in other systems, high pump field intensity can be achieved, i.e., by exploit-
ing resonance effects in a microcavity or slow group velocity at the photonic
band edge [12, 13, 19-21]. Finally, another crucial parameter appearing in
the expression (1.26) is Ak, which is a function of the phase velocities of
the pump and harmonic waves. When the pump field propagates through
the nonlinear medium, it generates a nonlinear polarization whose spatial
periodicity is given by 1/2k,, while any second-harmonic generated wave
propagates with a wave vector ko,. If we consider two different contribu-
tions generated at z=0 and z=L, respectively, we observe a phase mismatch
A¢p = 2k, — ko, = (Ak)L. As a consequence, only the contributions gener-
ated within a length

™
Looh = 37 (1.27)
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will interfere constructively. Alternatively, the highest output we can expect
to be generated from a nonlinear crystal is the signal from one coherence
length, no matter how long the crystal is. If, on the other hand, Ak = 0
(phase matching condition), and in the pump non-depletion limit, the signal
is proportional to the square of the crystal length.

Because of the natural material refractive index dispersion, in general the
phase matching condition is not automatically fulfilled. Nevertheless several
techniques have been proposed in order to exploit the total length of the
nonlinear crystal even when it is larger than the coherence length. A first
way to do this was suggested by Bloembergen et al. [5, 40] and it consist
in a periodical modulation of the x(?) sign: if the period is taken equal to
the coherence length, all the different contribution interfere constructively.
This strategy is called quasi-phase matching. We notice that in this case
the phase matching condition is not satisfied, since the dispersion of the
refractive index is not compensated at all, and Ak # 0.

A method to obtain true phase matching (i.e. Ak = 0) is to employ the
birefringence of a uniaxial crystal. In this method, proposed by Therhune
et al. [41], and independently by Giordmaine [42], the refractive index dis-
persion is compensated by working with the pump and harmonic field which
are differently polarized. In particular, if both the pump field components
have the same polarization, we speak of "type-I” phase matching, otherwise
the phase matching is called of "type-117.

Other forms of phase matching have also been proposed, like using form
birefringence induced by refractive index modulation in the long-wavelength
limit [7, 8] or incorporating a separated quantum well region in the nonlinear
media [9]. The possibility of tailoring the dispersion relation through a pe-
riodic modulation of the refractive index, as it happens in photonic crystals,
gives additional degrees of freedom to achieve phase matching [19, 21, 43].

1.3 Bulk and surface nonlinearities

In Sec. 1.1 and 1.2 we have treated the case of nonlinear response taking
place in bulk matter. Nevertheless, on the surface of a material, or at the
interface between two media, one can experience the presence of nonlinear
interactions that differ distinctly and qualitatively from those we have seen
in bulk materials. The origin of such nonlinearities lies in the low symme-
try of the atomic and molecular sites at a surface. In particular, even a
material with an inversion center, as gases, liquids or silicon and germa-
nium, for which the bulk second-order nonlinear contribution vanishes, can
exhibit second harmonic generation at the surface, or interface with another
medium [44-47].

The experimental results collected in almost 40 years, clearly suggest that

Phase-
matching

techniques
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Figure 1.4: The surface nonlinear contribution is modeled introducing a layer of
thin § with a bulk nonlinearity X(Q) whose non-null elements are the same of the
surface tensor.

there are two distinct contributions to the surface nonlinearity. In the sur-
face layer, or at an interface, the inversion symmetry is necessarily broken,
and hence the second-order nonlinearity is nonvanishing in the dipole ap-
proximation. Nevertheless, the structural discontinuity can determine a field
discontinuity at the surface leading to a quadrupole-type surface contribu-
tion. Notice, that the field discontinuity and the structural discontinuity
contribute separately to the surface nonlinearity [48]7. Since the nonlinear
response depends on the surface geometry, where the inversion symmetry
is broken, it follows that the second harmonic signal is a powerful probe of
surface and interface shape.[49-51].

In this work we have conducted a study of systems in which the surface
contribution plays a central rule in the nonlinear response. In order to model
the surface nonlinearity, we have introduced an interface layer, character-
ized by an effective bulk nonlinearity (see Fig. 2.21). For our purposes, this
layer can be defined as the region where the structure and the field change
significantly. In general, the thickness  of an interface layer is always much
smaller than an optical wavelength and even in real cases the nonlinear con-
tribution is originated in a small region, and not by an infinitesimal surface
[32]. As we shall see, this approximation allows providing a description a
multilayered system, in the case of interface nonlinearities by using the well
known nonlinear transfer matrix method [52].

We discuss now the simple example of the second harmonic radiation
from a plane of nonlinear dipoles for which an analytic approach is still pos-
sible. An incoming pump field at frequency w from the medium 1 gives rise
to a nonlinear polarization PV in the interface layer (see figure 2.21. This
nonlinear source determines a reflected and transmitted field at frequency

"Let us consider, for example, a liquid-solid interface with a refractive index matching,
only the structural contribution is present since the field is continuous along the interface.
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2w, here we shall consider only the reflected one.

We treat the nonlinear contribution as originated from a sheet of polariza-
tion embedded in an interface layer with a dielectric constant 8, thus the
PV has the form

PYE(2) = PVEG(2) expli(2k,, - T — 2wt)] (1.28)
By solving the nonlinear wave equation (1.16) with the appropriate bound-

ary conditions we obtain the reflected second-harmonic field amplitude for
the p and s polarization respectively [53].

4k €2
v AT (k _pNLg —kTPNL“) 1.29
P cok1, + e1ka, 2.1, X+ oz z ( )
4 2
L L L EY (1.30)

N

where k1 and ko are the wave vectors of the harmonic field in the media 1
and 2 respectively; while x, y and z denote the components in the laboratory
coordinate system, with ki, = kj cos@;, ko, = ko cosf, and ko, = ko siné,.
The angle 6; is the incidence angle, while 6, can be evaluated through the
Snell’s law. Finally PX%, PNY and PN* are the Cartesian components of
the second-order nonlinear polarization.

The knowledge of the reflected second-harmonic amplitude is determined
only by the complete knowledge of the nonlinear polarization which is de-
termined by the shape of the tensor x(2). For a planar interface, as the one
considered in this example, the inversion symmetry is broken along the z
axis, nevertheless the rotational symmetry around the z axis is preserved.
As a result many of the 27 components of x(?) disappear. There are only
seven non-vanishing components of the second order nonlinear tensor and,
since there is also an equivalence of the x and y direction at an isotropic
surface, only three tensor elements are independent:

X, (1.31)
2 =x2), (1.32)
& = xZ, =P, =, (1.33)

Let us compare this result with the one obtained in the previous section
for the harmonic generation in a nonlinear medium in the case of bulk x(2).
The first important difference which characterizes the surface and the bulk
response is that the first one is independent on the layer widths. Indeed, in
the case just described we observe that the layer length, even the one of the

8Here we shall assume that the dielectric constant ¢’ is the average of the one of the
medium 1 and 2, nevertheless the choice is not unique.

Nonlinear

tensor shape
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interface layer, does not enter in the final results, therefore the amplitude
of the harmonic field depends uniquely on the nature of the interface and,
in this case, the coherence length that we have defined in the previous sec-
tion is totally meaningless. In both cases the nonlinear response depends
on the tensor shape. Nevertheless, while for the surface nonlinearity x® is
determined by the interface geometry, in the case of the bulk the tensor it
depends on the material considered.

1.4 Nonlinear coefficients

In the previous example we have seen how to evaluate the amplitude of
the second harmonic field inside a nonlinear medium. In practice, one can
not measure this quantity but rather the intensity of the harmonic field
generated outside the system. In the case of the harmonic generation it is
useful to define the conversion efficiency which measures the amount of the
pump field which is converted into the harmonic one. We can simply write

IT

’[’]r = —Iharm (134)
pump
I

’[’]t = arm (135)
Loump

where Iharm and Ipump are the intensities of the reflected or transmitted
harmonic and pump fields, respectively. This definition is completely general
and it holds also in the case of third harmonic generation. It is worth to
underline that, since the intensity of the n-th harmonic field is a function
of the n-th power of the pump field, n does not simply depend on the
characteristics of the system, but even on the pump field intensity. For
this reason it is useful to introduce two other quantities, called nonlinear
reflectance and nonlinear transmittance, which are defined as
I{;arm
Do) (1.36)
Ilrtlarm
Do) (1.37)
We emphasize that these coefficients are not dimensionless and they have
the dimension of the inverse of the (n-1)th power of the field intensity. It
is straightforward to relate the conversion efficiency to the nonlinear trans-
mittance

RNL _

TNL _

m = TN" (Ipump)n_l (1.38)
In presenting our results we prefer using nonlinear reflectance and transmit-
tance, since they are only a function of the system properties, and they are
independent of the pump field intensity.



Chapter 2

Second Harmonic
Generation in a Doubly
Resonant Microcavity

The possibility of exploited nonlinear effects, such as harmonic generation,
in integrated optical devices, requires the capability of achieving high con-
version efficiency in micrometer scale devices. Semiconductors are among
the best candidates because of their high nonlinearity and the high degree
of control of the growth process technology. Unfortunately frequency con-
version in cubic materials like GaAs or AlGaAs is limited by the difficulty
of achieving phase-matching which is instead easily obtained in birefringent
nonlinear materials. Even amorphous silicon nitride (a-Si;—,N,:H) is a suit-
able system for generating second harmonic generation, and in particular
in the visible range due to is large band gap. In this system surface second
order nonlinearity arise at the interface between layers with a different sili-
con concentration due to breaking of symmetry.

In this chapter we discuss the possibility to design a microcavity in order to
achieve a great enhancement of second harmonic generation (SHG) in the
case of bulk and surface nonlinearities. We demonstrate that the conversion
efficiency is maximum when the structure is resonant for both the pump and
harmonic frequencies, and phase matching is achieved. The design of a dou-
bly resonant microcavity is difficult because of refractive index dispersion.
In order to achieve double resonance, it is necessary to provide a design of
DBR characterized by high reflectivity at the pump and harmonic frequen-
cies, and furthermore to determine the appropriate cavity layer length.

In Secs. 2.1 and 2.2 the problem of design a doubly resonant microcavity
in presence of non-birefringent dispersive media is theoretically discussed.
We present the concepts of photonic gap and defect mode maps, which rep-

15
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resent the fundamental tools in the search for doubly resonant microcavity
parameters. Even though the aim of the discussion is to provide an efficient
design method for doubly resonant microcavity, most of results are general
and can find application in the design of several one dimensional photonic
structures.

A Theoretical study of SHG problem in doubly resonant microcavities with
dielectric mirrors is presented in Sec. 2.3. Here the problem is analytically
treated: starting from the fundamental work of Berger on SHG in monolithic
cavities [14], we complete the discussion by providing simple expressions of
the cavity enhancement factor in phase-matching and anti phase-matching
cases in the limit of highly reflectance mirrors. These results show an expo-
nential growth of SHG efficiency as a function of the number of periods in
the mirrors. The exponential growth is maximum when double resonance
as well as phase matching are simultaneously achieved.

Numerical results obtained with a nonlinear transfer matrix method are in
substantial agreement with the analytical model. In Sec. 2.4 a preliminary
study of GaAs DRM with Alox/AlGaAs periodic mirrors is done for a pump
wavelength of 2um. In Sec. 2.5 the problem of SHG is widely discussed in
the case of a AlGaAs cavity, when the pump can be tuned at the more con-
venient wavelength of 1.550um and higher enhancement can be achieved.
Here localized phase-matching and anti-phase matching concepts and their
roles in harmonic generation process are presented in detailed.

A collaboration with the research groups of F. Giorgis in Torino and S.
Lettieri in Napoli has offered the opportunity of studying second harmonic
generation in doubly resonant microcavities based on amorphous silicon ni-
tride. We design a DRM that has been growth in Torino and whose linear
properties have been characterized in Pavia, finally SHG measurements were
performed in Napoli. This work led to the non obvious conclusion that even
in the case of surface nonlinearity, enhancement of SHG can be obtained
using doubly resonant systems. All these results are presented in Sec. 2.6.

In Sec. 2.7 some considerations on Kerr effect in doubly resonant cavities
are presented. Here we want to justify the approximation adopted in all
SHG calculation in which higher order nonlinear effects have been neglected.

2.1 Dual wavelength dielectric mirrors

The possibility of designing a doubly-resonant structure, in order to en-
hance SHG process, depends on the capability of growing dual-wavelength
dielectric mirrors (DWDM) characterized by two stop-bands, at the pump
and harmonic frequencies. In this case, one has to depart from the usual
A/4 condition for which no stop-band is present for the harmonic field, and
to look for a more general design. Different approaches are possible: op-
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Figure 2.1: Scheme of a distributed Bragg reflector. (DBR)

timizing the performances of the mirrors by building them layer-by-layer
in a non periodic structure [15], or working with non-A/4 periodic mirrors
[14, 16, 54]. Here we assume to work only with periodic distributed Bragg
reflector (DBR) formed by the repetition of a bilayer period as sketched in
Fig. 2.1. The equivalent infinite system is an ideal onedimensional 1DPC,
characterized by a periodic dielectric function along the z direction. The so-
lution of the Helmholtz equation for the electromagnetic field can be reduced
to an eigenvalue problem, where the field is described by Bloch functions
and the eigenvalues represent the energies allowed to the propagating modes.
In perfect analogy with the electronic problem in a crystal, the eigenvalues
can be organized in a photonic band structure [55]. The dispersion rela-
tions w = w(k) for the propagating modes are found by the transfer-matrix
method and Bloch-Floquet theorem in the form of an implicit equation that
is the optical analogue of the Kronig-Penny model[56]:

cos(qA) = cos(ky L1)cos(ksa . L2) (2.1)

1
-3 <Z—; + Z—j) Sin(klyle) Sin(kQ’ZLQ),

where A = L + Ly is the DBR period, ¢ is the Bloch vector, L; and
Lo are the layer widths (see Fig. 2.2a), k; , = (w/c)n;cosb;, i = 1,2 are
the z-components of the wave vectors in the layers, n, = n;(w) are the
refractive indices including material dispersion, while 6; depends on the in-
cident angle # and the external refractive index ney¢ through Snell’s law
0; = arcsin{(next/n;)sinf}. Since we work at a finite incidence angle
we have to distinguish between transverse electric (TE or s-polarized) and
transverse magnetic (TM or p-polarized) modes, with the following expres-

Gap map
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Figure 2.2: (a) Linear transmittance for a DBR consisting of Alox (material 1)
and Aly.4Gag.¢ (material 2) with period A = L1 + L2=292 nm and filling factor
f = Li/(L1 + L2) = 0.4 All the calculations are performed assuming incidence
angle 0 = 30° and p-polarized electric field.(b) Gap map as a function of the filling
factor.

sions for the factors «; of Eq.(2.1):

a1 = n cosby TM modes
Q2 = N1 COS (92 ’
a1 = ny cosby TE modes

Q2 = N2 COS (92 '

A notable feature of the formalism is that the material dispersion of the re-
fractive indices can be easily taken into account. In the following examples
we shall use the material dispersion of GaAs, AlAs and of the Al,Ga;_,As
alloy as reported in the literature [57]. As in the case of the Kronig-Penney
model we find forbidden frequency intervals or photonic gaps, for which the
Bloch vector is completely imaginary, corresponding to non-propagating
electromagnetic modes. Solving numerically Eq.(2.1) we can easily provide
a map of the position of the gaps by varying the DBR, parameters or the in-
cidence angle. We show an example in Fig. 2.2b, where the gap position of a
DBR made of oxidized AlAs (or Alox, layer 1) and Aly.4Gag ¢As (layer 2) is
plotted as a function of the filling factor f = L /A with A = 292 nm, for an
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Figure 2.3: Imaginary part of the Bloch wave-vector as a function of the filling
factor. for a 1DPC consisting of Alox (material 1) and Alp.4Gao.¢ (material 2)
with period A = L1 + L2=292 nm All the calculations are performed assuming
incidence angle 0 = 30° and p-polarized electric field

incidence angle 6 = 30° and p-polarization. In the figure 2.2a we report the
linear transmittance of the DBR corresponding to the filling factor f = 0.4,
note that the stop-bands of the finite structure correspond to the gaps of the
equivalent 1IDPC.When the A/4 condition is fulfilled, the first-order gap has
a maximum width while the second-order gap vanishes: the corresponding
filling factor will be called f = f)/4. Under this condition, the reflectance
at the center of the first-order stop band is also maximum. The gap maps
available in the literature are usually reported in dimensionless units, since
they are calculated for fixed values of the dielectric constant and they are
scalable with the period of the photonic lattice [55]. Here the gap positions
are reported in energy units because our goal is to study the relative posi-
tions of the photonic gaps at w and 2w, hence the material dispersion cannot
be neglected and the gap maps are not scalable. Within the gap, Eq. (2.1)
can be solved only for an imaginary Bloch vector which indicates an expo-
nential decay of the electric field in the DBR. This decay is strictly related to
the mirror reflectivity of a finite structure, which scales exponentially with
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Figure 2.4: Reflectance phase delay as a function of the filling factor. for a 1IDPC
consisting of Alox (material 1) and Aly.4Gag.¢ (material 2) with period A = L1 +
L2=292 nm All the calculations are performed assuming incidence angle 0 = 30°
and p-polarized electric field

the number of periods. Thus, the dielectric mirrors offer the advantage of
great flexibility and the possibility of tuning the reflectance by varying the
number N of periods in the multilayer. It is possible to provide a map of the
imaginary part of the wave vector as a function of filling factor. In Fig. 2.3
this map has been evaluated for the example just described above. Even if
this study can give many informations about the reflectivity of the mirrors
and therefore about the quality factor (Q-factor) of the final microcavity,
the reader must remember that the Q-factor does not depend only on the
imaginary part of the wave vector, but also on the refractive index contrast
between the cavity layer and the adjacent mirrors layers. Therefore, this
map can not be considered any sort of "Q-map” nevertheless, it describes its
exponential growth as a function of the number N of periods in the mirrors,
as it will be clarified later.

A remarkable difference between dielectric and metallic mirrors is the
phase change of the field associated to reflection. Indeed, while in a metallic
mirror the phase of the field changes only of multiples of 7, dielectric mirrors
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are characterized by a complex reflection coefficient
r=VRe", (2.2)

where R = |r?| is the mirror reflectance, while ¢ is the reflection phase
which is, in general, a complicated function of the mirror structure, of the
incident external medium refractive index n.,:, and of the field polarization
and frequency. In the case of periodic mirrors in the limit R ~ 1 (i.e., for
sufficiently large NN), it has been demonstrated by Apfel [58, 59] that the
reflection phase delay within the stop-bands depends only on the period
composition and external medium refractive index, but it is independent
on N. Moreover the phase delays seen by two different external media of
refractive index ng and n., respectively, are related by the simple equation

e

ng tan% =N, tan; (2.3)
In Fig. 2.4 we report the first example, to our knowledge, of a map of
reflection phase delay as a function of filling factor. The phase is shown in
a color scale within the photonic gaps where, for the case of finite IV, the
reflectance is close to unity. The results for the phase delay in reflection will
play a crucial role for SHG problem, which will be discussed in Sec. 2.3

Let us look for a DWDM whose first-order gap (for the pump beam) is
centered around the convenient wavelength A = 1.55 um. In Figs. 2.5a and
2.5b we plot the gap maps for two systems with weak and strong refractive
index contrast, respectively. The energies of the second-order gap (for the
harmonic beam) are divided by two in order to visualize better the filling
factors for which two gaps occur simultaneously at w and 2w: the darkest
regions in the plots correspond to their superposition. In both cases we
consider p-polarized pump, s-polarized second harmonic beams and an angle
of incidence 6 = 30°.

Figure 2.5a refers to the case of AlAs/GaAs mirrors with A = 250 nm.
This material combination presents a low refractive index contrast, therefore
the photonic gaps are quite small. Moreover, the relatively high dispersion
in the energy range under consideration makes the harmonic gap to lie below
the pump one. The combination of these features allows designing a periodic
DWDM only for a narrow range of filling factors 0.63 < f < 0.83, with a
very small superposition region in energy.

In Fig. 2.5b we present the case of a Alox/Aly4GagsAs DBR with
A = 292 nm. The harmonic gap is almost entirely contained in the pump
one, hence a DWDM can be realized for any filling-factor values, except
the one corresponding to the A/4 condition for which no harmonic gap oc-
curs. With a filling factor f = 0.4, which is the case indicated by arrows in
Fig. 2.2a, the pump gap is centered around 0.8 eV (A = 1.55 um). The situ-
ation presented in Fig. 2.5b is the most advantageous one, indeed the small

Material choice
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Figure 2.5: Gap maps as a function of filling factor in a low index con-
trast AlAs/GaAs DBR with A = 250 nm (a) and a high index contrast
Alox/Aly.4Gap.s As DBR with A = 292 nm (b). The energies of the harmonic
gaps are divided by two. In both cases we assume p-polarized pump, s-polarized
harmonic and an incidence angle 6 = 30°.
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material dispersion guarantees that the pump and harmonic gap centers are
close to each other for any filling factor values, while the high refractive in-
dex contrast allows to achieve large gaps with a wide superposition region,
and also to get high reflectance in the stop bands with a small number of
DBR periods. The solution presented in Fig. 2.5b for a Alox/Aly 4Gag gAs
DWDM centered at 0.8 eV is not unique, since the period A or the incidence
angle can be tuned in order to center the pump and harmonic gaps at the
desired energy. The structures with a pump gap centered at 0.8 eV will be
thinner when f is small, therefore we speak of a thin configuration when
J < faja and a thick configuration in the opposite case f > fy,4. It will be
clear in Sec. 2.3 that, in the case of a DRM, the choice of working in thin
or thick configuration is not arbitrary. Indeed, as shown in Fig. 2.4b, these
two configurations are characterized by a different reflection phase: this
fact has important consequences in the phase matching of second harmonic
generation process.

Using the gap map technique it is possible to design a dual-wavelength
dielectric mirror taking into account the refractive index dispersion. It
has been shown that periodic DBR structures cannot be usefully employed
in the case of low index contrast, highly dispersive material combinations
like AlAs/GaAs. For these materials, non-periodic structures like those of
Ref. [15] may remain the best solution for the realization of DWDMs. In the
more favorable case of high index contrast DBRs like Alox/Alp4Gag.gAs,
the superposition region between pump and harmonic gaps is sufficiently
large to have a robust DWDM structure which can be tuned by changing
either the DBR period (in the design) or the incidence angle (in the experi-
ment). In the following Section we discuss how such a DWDM can be used
to achieve double resonance in a microcavity structure.

2.2 Doubly-Resonant Microcavity

The possibility to obtain doubly-resonant microcavities has been already
investigated for pseudo-metallic mirrors at normal incidence [14] or for non-
periodic mirrors [15]. With metallic or pseudo-metallic mirrors the phase
delay in reflection is ¢ = 0 or 7 and therefore the position of the resonances
depends exclusively on the cavity length, L.. The index dispersion of the
cavity material may be compensated by taking L. to be equal to the coher-
ence length [14]. Moreover, the temperature-dependence of the refractive
index is taken as an experimental tuning parameter. On the other hand,
for non-periodic dielectric mirrors, the cavity length is of the order of the
wavelength of light and the angle of incidence is used as a tuning parameter
[15]. The disadvantage of non-periodic mirrors is that the structure is very
sensitive to small deviations in the layer thicknesses, and also it is not easy
to derive clear trends for the Q-factors and the conversion efficiency as a
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Figure 2.6: Scheme of a doubly-resonant microcavity (a) and the corresponding
ideal periodic system (b).

function of structure length.

In this Section we investigate the possibility of realizing a microcavity
with two resonances centered at w and 2w, even in the presence of dispersive
materials. The idea is to employ periodic DWDM with high refractive index
contrast and to use the angle of incidence as a fine-tuning parameter. We
consider a microcavity composed by a layer of width L. embedded between
two identical mirrors characterized by a complex reflection coefficient r(w) =
v/ R(w) exp [1¢(w)]. The linear transmittance is

(1-Rw))?

Tw) = 14+ R(w)? — 2R(w) cos §(w) (24)

with
d(w) = 2ke,»(w)Le + 2¢(w), (2.5)

where k. . = (w/c)n.cos b, is the z component of the wave vector, n. is the
refractive index in the cavity layer and 6. is found again by Snell’s law. The
system is resonant at specific frequencies w,,, when d(wy,) is a multiple of 27
[14]. The phase change ¢(w) of a DBR is strongly dependent on frequency
[58-63], thus the resonance position of the cavity mode inside the stop band
is a complicated function of the structure parameters and of the incidence
angle. Analytic expressions for the resonance position are available only
when the cavity mode is close to the center of the stop band [62], where
¢(w) can be approximated by a linear function of frequency.
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Figure 2.7: Position of p-polarized pump (solid lines) and s-polarized harmonic
(dashed lines) defect modes inside their respective gaps as a function of feay =
L./A. The mirror is composed by P = 20 periods of alternating L1 = 116.8 nm
(Alox) and Lo = 175.2 nm (Aly.aGao.cAs) layers, with A = 292 nm; the incidence
angle = 30°. Harmonic energies are divided by two. The white region indicates
an harmonic gap superimposed to the pump one (light grey), while the darkest
zone indicate the absence of a gap.

Once a DWDM at the working frequency regions is designed (i.e., A,
f and @ are known), the DRM is obtained by introducing a defect with
length L. in the periodic structure, as shown in Fig. 2.6a. We consider an
equivalent infinite periodic system constituted by the repetition of a super-
cell composed by P + 1/2 periods of the DWDM and by the defect, as
shown in Fig. 2.6b. The presence of periodically repeated defects in the
1DPC structure introduces localized states in the photonic band gaps *.
The problem of finding the desired cavity width for double resonance can
be solved as follows. If we consider the transfer matrix M of a single mirror
period and the transfer matrix D of the bilayer L./Ls (see Fig. 2.6b), then
the transfer matrix T of the super-cell is given by

T = DM?”. (2.6)

By indicating with Eg and E_ the electric field vector at the beginning and

IThe number P of periods in the equivalent infinite systems should be large enough
to avoid coupling between the different defect layers.
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Figure 2.8: Position of p-polarized pump (solid lines) and s-polarized harmonic
(dashed lines) defect modes inside their respective gaps as a function of incidence
angle 6. The mirror is composed by P = 20 periods of alternating L1 = 116.8
nm (Alox) and Ly = 175.2 nm (Alp.4Gao.sAs) layers, with A = 292nm; L. =
449.7nm.. Harmonic energies are divided by two. The white region indicates an
harmonic gap (light grey) superimposed to the pump one (grey), while the darkest
zone indicate the absence of a gap.

at the end of a single super-cell, discrete translational symmetry implies that
Ea, = "% By, (2.7)

where Ay = PA+ Lo+ L, is the super-cell length and ¢ is the Bloch vector.
Thus it follows that exp(+ugsAs) are the eigenvalues of T and therefore

Tr(T) = 2cos(qsAs). (2.8)

This equation is the generalization of Eq.(2.1) and it contains implicitly
the dispersion relation of the photonic system described above. In perfect
analogy with the strategy we used in Sec. 2.1, it is possible to provide a
defect map, i.e., the positions of defect modes inside the gap can be evaluated
as a function of the cavity length L. or the incidence angle 6.

In Fig. 2.7 we show an example of a defect map, where the defect po-
sitions are plotted as a function of feqy = L./A [64]. As the thickness of
the cavity layer increases, the defect modes move across the gap but with
different slopes because of the material dispersion. For a wide range of f.q,
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Figure 2.9: Tuning of the resonance positions by changing the incidence angle
in a DRM: linear transmittance for p (solid) and s (dashed lines) polarizations
for the pump and harmonic fields at § = 25°,33° and 40°. Structure parame-
ters: L1 = 116.8 nm (Alox), Ly = 175.2 nm (Alp.4Gag.¢As) and L. = 449.7 nm
(Alp.25 Gao.7s As), with N = 6 periods in the DBRs. Double resonance occurs at
0 = 33°.

values we find that the p-polarized defect mode is close to the s-polarized
harmonic one. The small difference could be compensated by changing the
angle of incidence. Here we choose the parameters in such a way that the
double-resonance condition occurs close to the center of the stop bands,
where the Q-factor of the cavity modes is largest.

Analogously, in Fig. 2.8 we report a defect map as a function of the
incidence angle 6. This parameter affects strongly linear and nonlinear
properties of the structure, in particular the gap and defect mode positions.
Another crucial quantity which characterize the microcavity is its quality
factor, which depends on the mirror reflectance that depends on the field
polarization and the incidence angle. In the design of microcavity struc-
tures we chose to fulfill the double-resonance condition at a finite 6 and
for different polarizations of the pump and harmonic waves. In Fig. 2.9 we
show the linear transmittance of a DRM for the pump and harmonic fields

Resonance

angle tuning
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in both s and p polarizations. The harmonic energies were divided by two
in order to visualize better the occurrence of a double resonance. Because
of the polarization splitting of cavity modes, four resonances (two at w and
two at 2w) are present. When the angle grows from 6 = 25° to 6 = 40°,
the resonances shift towards higher energies, and at § = 33° the p-polarized
pump resonance overlaps the s-polarized harmonic one.

The power of the incidence angle as a tuning parameter depends on
the strength of the polarization splitting [62, 65]. A careful study of this
problem, conducted through the defect-map method, has shown that the
polarization splitting is extremely sensitive to the DBR parameters. In par-
ticular, the splitting is larger for a high refractive index contrast and when
[ is far from fy,4. In actual experiments, besides the incidence angle, the
thickness variation of the epitaxial structure due to growth inhomogeneity
could also be used to adjust the energy position of the double resonance.

As a general remark in closing this Section, the gap- and defect-map
methods represent an efficient tool for the design of microcavity structures.
Moreover this method can be applied even working at normal incidence
when other resonance tuning parameters (e.g. temperature) can be used.
Since the results are not scalable when material dispersion is considered,
the design should be studied for each specific case. In the following we give
examples of microcavities that are optimized for efficient SHG at double
resonance.

2.3 Theory of Second Harmonic Generation
in Doubly Resonant Microcavities

In this Section we analyze the results for second-harmonic generation (SHG)
in a doubly resonant microcavity and in the case of bulk nonlinearity and
when pump delpletion can be neglected. This assumption allows to divide
the SHG process in three independent steps: (i) linear propagation of the
pump field, (ii) generation of a nonlinear polarization and of a source field at
the harmonic frequency, (iii) propagation of the second-harmonic field along
the structure. We show that in DRM all these aspects can be optimized
simultaneously and a great enhancement of the nonlinear conversion may
be achieved.

The second harmonic generated by the DRM can be compared to the
one by the isolated cavity layer (or single-pass conversion). The ratio be-
tween the nonlinear transmittance of the cavity TN and the one of the
correspondent single layer Tl{a\;gr represents the enhancement due to the res-

onant cavity. Berger [14] has given an analytic expression for the cavity
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enhancement factor 7 of a symmetric structure:
B TV Tow{l + Ryv/ Ray exp(16m) }
= {1 — Ry exp(20,) }2{1 — Ra, exp(202,)}|

where d,, = d(w) and da,, = §(2w) have been already specified in Eq. (2.5),
while

2

(2.9)

(Sm = ¢j,w + ¢k,w + ka,wL + ¢i,2w + kz,QwLy (210)

where ¢, j, k are the cartesian components coupled by the nonlinear sus-

ceptibility xfﬁ The factor 6,, describes the phase mismatch between the

nonlinear polarization PV% and the free harmonic field.

From Eq. (2.9) we observe that the cavity enhancement of SHG de-
pends on the terms in curly brackets, which describe the effects of pump
and harmonic field distributions (in the denominators) and of their phase
mismatch (in the numerator). When a resonance at w and 2w occurs, the
denominators of the expression (2.9) tend to vanish: this is the signature
of a double-resonance condition. However, the SHG efficiency is enhanced
only when the quantity d,, # 7 [27], otherwise the numerator also tends to
vanish and the efficiency is reduced. The cavity enhancement is maximum
when all the factors d,, d2,, and 6, are multiple of 27. Starting by the
relation (2.5) and (2.10), it is easy to demonstrate that, in a symmetric
cavity with double resonance, d,, must be an integer multiple of 7: the two
situations that can occur are analyzed below.

When §,,, = 2nm, which we call a phase matching condition, the nonlinear
polarization is in phase with the harmonic field. For high reflectance mirrors
we get A

~ 2
Tlpm = (1= R,)2(1 — Raw) x QR0 (2.11)
In this situation all aspects of the harmonic generation process are opti-
mized, and the cavity enhancement of SHG grows with the Q-factors at w
and 2w.

When 6,,, = (2n+1)7, which is called anti-phase matching condition, the
nonlinear polarization PN” in the cavity layer is exactly out of phase with
respect to the free harmonic field. This means that the coupling between
the nonlinear polarization and the free harmonic field is weak, yielding a
low extraction efficiency. Again we look at the R, 2, — 1 limit and obtain:

(1= Ry +3(1 = Ra))?
flapm = TR 21— Ray)

(2.12)

Here we observe that there are two types of behavior according to the ra-
pidity with which R,, and Rs, tend to unit. In particular we obtain:

1 — Ray, Q7

apm =~ T 5 2.1
v 4(1 - Ry,)? = Q20 (2.13)

PM case

APM case
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SRM case

1-R,

when e — 0, and

1

apm ~ T~ w 2.14
77p (1_R2w) OCQQ ( )

when 11_’1%’ — 00. This result shows that, in the case of anti-phase match-

ing, the enhancement of SHG is much smaller than in the phase-matched
situation.

The expressions (2.11), (2.13)-(2.14) can be compared with the enhance-
ment factor of a single-resonant microcavity. We treat only the case of a
resonance at the pump frequency w. The cavity enhancement can be ex-
pressed as

1 2
MSRM = RW)QTQMMM x Qs (2.15)
where M (w) is a function describing the mismatch between the nonlinear
polarization and the harmonic field. In general, since 15, and M do not
present any resonance, pump field confinement is the only relevant effect.

The cavity enhancement factor is a function of mirror reflectance at w
and 2w and therefore of the number N of periods in the DBRs. It is useful
to express the Q-factors as @ o exp(2N«xA), where k is the imaginary part
of the Bloch vector in the photonic gap. From expressions (2.11), (2.13)-
(2.15) we can derive the trend of the cavity enhancement as a function of
N:

NDRM,pm X €XP[2N (2K, + Kaw)A] (2.16)
exp[2N (2, — Kaw)A], K > Ko

TIDRM,apm X (2.17)
exp[2N (K )A], Ko < k2w,

nsrM o< exp[4N k], (2.18)

The conversion efficiency 7 is largest in the phase matched DRM when

Q2 prM@20,DRM > Q2 SR (2.19)

and the exponential growth with the number of period is faster when

2H5R]VI DRM

+ KDRM > 9 SRM. (2.20)

This condition can be fulfilled by proper structure design, as illustrated
below. The Q-factors of the resonances depend also on the refractive index
of the cavity medium and on which way the DBR is truncated near the
cavity. The expression above refers to the case of equivalent microcavities
in the sense that both have the same number of periods, the mirrors have
the same composition, and they are truncated in the same way.
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In expression (2.9) we have implicitly considered the case in which the
generated second harmonic has a specific polarization and, in particular,
that only one element Xg?,i of the nonlinear susceptibility is involved in the
process. In general, for specific in/out polarization configurations, more
than one tensor component is involved and the phase-matched one (if any)
will be dominating. Also, Eq. (2.9) is derived by assuming that only the
cavity layer be nonlinear. Thus Eq. (2.9) should be viewed as a useful
guide for the design of microcavities with high SHG efficiency, but it cannot
replace the numerical calculations which are presented below.

Although it is not possible to provide a general rule which tells a priori
which DRMs are characterized by phase matching for a specific x(?) con-
figuration, the DRMs can be divided in two classes, namely thick and thin,
which depend on the DWDM used. We observe that, in general, these two
classes are characterized by complementary behavior of §,,. This fact is a
consequence of the different phase delay which we have in thick and thin
configuration at 2w, in particular by looking at Fig. 2.4 we can notice that
the phase delay changes by m when f)/4 is crossed. In the following we
discuss examples of doubly-resonant microcavities for p-s and s-p nonlinear
conversion where thick and thin mirror configuration are assumed.

In the following section we present a systematic study of DRM with
GaAs or AlGaAs cavity layers and Alox/AlGaAs dielectric mirrors. All the
results are presented with a chronological order, from the first designed and
studied DRM, composed by a layer of GaAs embedded between two periodic
mirrors in thick configuration, to the last structure, designed in order to
work at pump wavelelngth equal 1.550um in s-p configuration, for which the
cavity enhancement is maximum. Numerical calculations presented in Secs.
2.4 and 2.5 are performed using nonlinear transfer matrix method [52] (see
appendix A) with the measured nonlinear susceptibilities of the Al, Ga;_,As
alloy [66] and are valid in the limit of negligible pump depletion.

2.4 GaAs cavity with AlGaAs/Alox dielectric
mirrors

The goal is to demonstrate the possibility of designing a DRM with non-
birefringent dispersive media. The choice of GaAs as a cavity layer is mo-
tivated by its high nonlinearity, nevertheless it forces to work with a pump
wavelength larger than 1.8y in order to avoid SH signal absorption, which
starts at 0.9um.

The following results refer to single and double resonant microcavities with a

GaAs cavity

GaAs cavity layer and with DBRs constituted of alternate layers of Aly 4Gag.gAs

(layer 1) and Alox (oxidized AlAs, layer 2). The field components coupled
by the x(?) tensor depend on the growth direction of the sample as dis-
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Figure 2.10: Energies of p-polarized pump (solid) and s-polarized SH defect modes
in the stop bands (dotted) as a function of the angle of incidence. The dark and
light grey areas denote the regions outside the stop band for the pump and SH
wave, respectively. Parameters are given in the text.

cussed in Chapter 1. We have considered two different orientations of the
nonlinear GaAs layer: [111] (with plane of incidence [110]) and [001] (with
plane of incidence [010]), the non-vanishing x(?) are reported in Fig. 2.13.
In all calculations we take into account the refractive index dispersion of
the materials.[57].

The design of a DRM structure is made for a pump wavelength A =
2pm using the method presented in Secs. 2.1 and 2.2. We optimize the
thicknesses L1, Lo of the DBR layers in order to obtain first- and second-
order stop bands (or photonic gaps) of comparable size, working in thick
configuration.[14] Moreover, we choose the cavity layer thickness in such
a way that the defect modes are resonant with the pump and harmonic
waves at a finite angle of incidence. The following parameters are obtained:
L; =104.8 nm, Ly = 408.9 nm, L. = 675 nm. Figure 2.10 shows the an-
gular dispersion of the defect modes at w and 2w, the latter being divided
by two in order to visualize the double-resonance condition. The two defect
modes are seen to cross at an angle of incidence around 6 = 30°.

We now calculate numerically the SH conversion efficiency by the nonlin-
ear transfer matrix method.[52] The nonlinear transmittance TN" normal-
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Figure 2.11: Linear and nonlinear transmittance versus pump wavelength for a
single-resonant (left) and doubly-resonant microcavity (right) with N = 6 periods,
at @ = 30°. The SH calculation assumes a [111] orientation and p-s conversion.

ized to that of an isolated cavity layer directly yields the cavity enhancement
7. In Fig.2.11 we compare the linear and nonlinear transmittance of SRM
and DRM with [111] orientation. While in the first case the structure is
designed to obtain only a pump resonance (A\/4 DBRs and no gap at 2w), in
the DRM all aspects of harmonic generation are optimized. In fact, in the
DRM we have at the same time pump field confinement, good extraction
efficiency of the SH, and phase matching between the two waves. Notice
that the cavity modes at 2w are shifted towards lower energies with respect
to the pump by the material dispersion and that double resonance for p-s
SH conversion is achieved by taking advantage of the polarization splitting
since we are working at finite incidence angles. As we shall see in Sec. 2.5
linear transmittance does not provide any information on the phase of the
nonlinear polarization relative to the harmonic field. Here we can certainly
affirm that we are in phase matching condition, by looking at the great en-
hancement in SHG associated to double resonance. This is confirmed by the
results shown in Fig. 2.12, where cavity enhancement peak value is plotted
versus the number N of period in the DBR. As we have seen in previous sec-
tion, in all cases T™¥ depends exponentially on N through the Q-factors:
TNE x Q?Qa, for a DRM with phase matching, TV oc Q2 /Qa, for a
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Figure 2.12: Nonlinear transmittance as a function of N for double-resonant mi-
crocavities with both phase matching and anti-phase matching, and for single-
resonant microcavities. The symbols denote the results of the transfer matrix
calculation, while the lines represent the trends given by the Q-factors.

DRM with anti-phase matching, TV’ oc Q2 for a SRM.

The results that have been shown demonstrate a great enhancement of
SHG in a phase-matched doubly resonant microcavity. Nevertheless this
structure present several practical limitations: a shorter DRM is desirable
, in which the pump wavelength is tuned around 1.550um, and finally the
growth orientation [001] is preferable. This new goal requires a more in-
depth study of the SHG process in doubly resonant systems, which is pre-
sented in the following section.

2.5 AlGaAs cavity with Al1GaAs/Alox dielec-
tric mirrors

In this section we are going to consider AlGaAs cavity with periodic di-
electric mirrors made of Alox/AlGaAs in thin configuration [67]. All the
structures presented here are designed in order to operate at a pump wave-
length around 1.5um, the choice of a thin configuration allows to achieve
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Figure 2.13: Scheme of nonlinear microcavity, with two different growth directions
[001] (a) and [111] (b). In the former case the nonlinear polarization is proportional
to E.E., while in the latter case PN* is proportional to E'g

high conversion efficiency in very compact structures and offers the experi-
mental advantage of growing the phase matched structure in [001] direction.
Two different in/out field polarizations are considered, p — s, with growth
orientation [001] and [111], and s — p when the z axis is taken in the [001]
direction.

2.5.1 P-S configuration

The DRM is composed by a Alyo5Gag.r5As cavity layer of width L. =
449.7nm, embedded in two DWDM that are composed by alternated lay-
ers of Alox and Alp4GaggAs, whose gap map is presented in figure 2.5b.
When f = 0.4 we get a wide superposition of the pump and harmonic
gaps around 0.8 eV, which corresponds to the following mirrors parameters:
Ly = 116.8nm (Alox) and Ly = 175.2nm (Al 4Gag gAs). The pump reso-
nance is tuned at the convenient wavelength of 1.55 ym (E = 0.8 €V). This
corresponds to the thin configuration marked with arrows in Fig. 2.5.
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Figure 2.14: Nonlinear polarization (solid line) and free harmonic field (dashed
line) in the DRM structure at the resonance frequency E = 0.8 eV in the case
of phase matching (a) and anti-phase matching (b). The growth orientation is
taken to be [001] and [111], respectively. The number of periods N = 7 and the
incidence angle 0 = 33°. The white area represents the cavity region.

The microcavity has been designed in order to achieve double resonance
in p-s configuration and phase matching when the growth orientation is
[001] so that the only relevant element of the nonlinear susceptibility tensor
is Xg(fz)x. In the case of a [001] growth direction (see Fig. 2.13a), the s-
polarized nonlinear polarization is proportional to the product E,.F, and,
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as it turns out, we get phase matching. In the opposite case of a [111] growth
direction (Fig. 2.13b), instead, the nonlinear polarization is proportional to
Eg In this case the anti-phase matching situation is realized.

If we look the s-polarized nonlinear polarization and harmonic fields
at the resonance frequencies, shown in Fig. 2.14, we notice that the two
quantities oscillate in phase in the phase matching case (a) but are out of
phase in the the anti-phase matching case (b). This figure allows to visualize
in physical terms the reason for the strongly increased SHG efficiency in the
case of phase-matching. However, these conditions are satisfied only inside
the cavity layer. Since the x(2) of the Alyo5Gag.75As and Aly4Gag gAs are
comparable [66], the contributions of the nonlinear layers of the DWDM
have to be considered. Nevertheless we observe that, in both cases, the
behavior of the system is well described by Eq. (2.9): indeed at 0.8 eV
the pump field is strongly confined in the cavity layer which represents the
dominant contribution to SHG.
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Let us demonstrate more generally that the same structure parameters
can be used in order to achieve double resonance with phase- or anti-phase
matching when the growth direction is changed from [001] to [111]. From
Eq. (2.10) we evaluate 6y, for the two different cases:

51[1(1)01] = ¢r,w + ¢z,w + 2k52,wL + ¢y72w + kaQWL’ (221)
51[]}‘11] = (bf,w —+ ¢£,w + QkZ’wL + (bn,Qu + kz,QwL~ (222)

Since ¢, = ¢z w + 7, if we subtract (2.21) from (2.22) we obtain that
o100 _ gltt] — o, (2.23)

Thus, for the present p-s configuration it possible to switch from the phase-
matching to the anti-phase matching condition by changing the substrate
orientation.

We compare the DRM with a single-resonant microcavity formed by a
A/2 layer of AlgosGag75As with L. = 242.8 nm embedded between two
identical A\/4 DBRs constituted by N = 7 periods of Alox/Aly4Gag gAs
with L1 = 231.6 nm and Lo = 123.8 nm. The linear transmittance at w
and 2w and the cavity enhancement factor of the SRM and DRM in the
phase matching and anti-phase matching cases are plotted in Fig. 2.15 as
a function of pump wavelength. In the case of the SRM the pump lin-
ear transmittance exhibits two resonances tuned around 1.55 pym, while the
transmittance at 2w is structureless. Both DRMs are characterized by the
same linear transmittance spectra, in particular we observe resonances for
the p and s modes at w and 2w, double resonance being achieved in p-s
configuration. From the linear spectra of Fig. 2.15 it is possible to have
indication about the values of the Q-factor for the pump and the harmonic
resonances, in particular we notice that in the single-resonant microcavity
Q. is greater than in the DRM. Nevertheless, the cavity enhancement fac-
tor is about 10 times larger in the DRM with phase matching because it
is proportional to the product Q?Qa,. Also, the DRM in phase-matching
configuration has 10% higher SHG efficiency than in the anti-phase matched
case.

In Fig. 2.16a we compare the trends of the cavity enhancement factors
calculated through the nonlinear transfer matrix method to the ones pre-
dicted by the analytical formulation as a function of the number N of mirror
periods for the DRM. In all cases we observe an exponential growth. The
phase-matched DRM exhibits the highest cavity enhancement for all values
of N. For N=6 periods the enhancement factor is higher than 106. The
analytical results are generally close to the numerical ones, except in the
SRM, for which the mirror layers give a significant contribution and the an-
alytic formula (2.9) underestimates the conversion efficiency. In Fig. 2.16b
we report the quality factors of the resonances involved in the nonlinear

PM and growth

direction

Exponential

growth with N
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Figure 2.16: (a) Cavity enhancement factor in p-s configuration as a function of the
number N of mirror periods for a doubly-resonant microcavity in phase matching
and anti-phase matching, and for a single-resonant microcavity. The symbols
denote the results of the transfer matrix calculation, while the lines represent the
exponential trend predicted by the analytical formulation. (b) Quality factors of
the resonances at the pump and harmonic frequencies. Structure parameters are
as in Fig. 2.15. The incidence angles are § = 29° and 6 = 33° for the SRM and
DRM, respectively.

process. Note that, while the Q-factors of the pump resonances are compa-
rable, the Q-factor of the harmonic one is considerably higher, therefore the
cavity enhancement in the anti-phase matching condition follows the trend
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Figure 2.17: Cavity enhancement factor (color scale) as a function of pump energy
and incidence angle, for N=7 and in phase matching configuration.

predicted by Eq. (2.14). The higher Q-factor at 2w follows from choosing
a p-s configuration (the DBR reflectance at finite angle of incidence is ob-
viously higher for s than for p polarization). In real samples, the Q-factors
of Fabry-Pérot in high-quality microcavities can be of the order of a few
thousands: thus the enhancement factor for the present DRM is limited
by the Q-factor at 2w. In the following subsection a different configuration
with more balanced Q-factor values is proposed.

In Fig. 2.17 we give a summary of the above discussion: the enhancement
factor due to the presence of the resonance at the pump and harmonic
frequencies is clearly visible. As we have seen their relative position is a
function of the incidence angle, which is as a powerful tuning parameter so
that at 6 = 33° we achieve the maximum cavity enhancement because of the
doubly resonance condition. Notice in particular that the higher Q-factor of
the harmonic resonance is well visible since the corresponding enhancement
line is thinner than the pump one.
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Figure 2.18: Nonlinear reflectance of a semi-infinite Aly.o5 Gag.75 As layer oriented
along [001], as a function of azimuthal angle with respect to [100] direction. The
incidence angle is § = 45° and the pump wavelength A = 1.5 pm.

2.5.2 S-P configuration

The DRM structure presented in the previous section exhibits a very high
enhancement of the generated second-harmonic as compared to the SRM
one, especially if we consider the conversion efficiency vs the total device
length. Nevertheless, the strong SHG enhancement is mostly related to the
very high Q-factor of the harmonic resonance, which followed from choos-
ing a p-s polarization configuration (the DBR reflectance at finite angle of
incidence is obviously higher for s-polarization).

In this subsection we present a DRM with phase matching in which the
Q-factors at w and 2w are of the same order. We choose to work in s-p
configuration in order to reduce the Q-factor at the harmonic frequency,
while maintaining the polarization splitting of the cavity resonances in or-
der to use the incidence angle as a tuning parameter. We consider only a
[001] growth direction: in order to have a finite nonlinear polarization with
s-polarized pump, the plane of incidence must be oriented along a [110]
crystallographic axis. In other words, as compared to the structure shown
in Fig. 2.13a, the sample must be rotated by an azimuthal angle ¢ = 45°. In
Fig. 2.18 the nonlinear reflectance is plotted as a function of the azimuthal
angle ¢ between the plane of incidence and the direction [100]. The crystal
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Figure 2.19: Linear transmittance versus pump wavelength for a phase-matched
DRM (a) and a SRM (b) and their respective cavity enhancement factors in s-p
configuration (c),(d). The growth direction is assumed [001] and the incidence an-
gle § = 41°. The DRM and SRM are formed by a defect of Aly.25 Gag.75 As embed-
ded in two mirrors composed by N=5 periods of alternating Aly.aGag.¢ As/Alox.
In the case of DRM L. = 744 nm, L1 = 170 nm and Lo = 140 nm, while for the
SRM L. =245 nm, L1 = 113 nm and L2 = 230 nm.

orientation is still assumed [001] and the incident angle is § = 45°. All
the possible in/out polarization configurations are displayed. We observe
that for any value of ¢ the conversion s-s is forbidden, while for ¢ = 45°
the SHG in s-p and p-p have a maxima. If we look at the nonlinear tensor
x? in s-p configuration, for ¢ = 45°, we observe that only the component

Xﬁ)y takes part in the SHG process. In this section we shall assume this
configuration and consider only phase-matching microcavities. Following
the gap-map method developed in Secs. 2.1 and 2.2, we design a DRM in
which double resonance is achieved for an incidence angle close to § = 40°
at the pump wavelength A = 1.5 yum. We found the following parameters:
the DRM is formed by a Aly.o5Gag.75As layer of width L. = 744 nm embed-
ded in A10_4Ga0.6As/Alox DWDM with L1 = 170 nm (A10_4Ga0.6As) and
Ly = 140nm (Alox). The SRM is made of a A\/2 Alg 25Gag.75As layer of
width L. = 245 nm embedded between two Aly 4Gag gAs/Alox A/4 mirrors
with Ly = 113nm (Alp4GagAs) and Lo = 230nm (Alox). Note that the
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Figure 2.20: (a) Cavity enhancement factor in s-p configuration for a phase-
matched double-resonant microcavity and for a single-resonant microcavity. The
symbols denote the results of the transfer matrix calculation, while the lines rep-
resent the exponential trend predicted by the analytical formulation. (b) Quality
factors of the resonances. Parameters are as in Fig. 2.19.

DBR layer nearest to the cavity is Alox.

In Fig. 2.19 the linear transmittance at w and 2w is plotted as a function
of pump wavelength for the DRM (a) and the SRM (b) in s-p configura-
tion. Again for the DRM we get a superposition of the pump and har-
monic resonances, while in the SRM we have only one resonance centered
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around 1.5 um for the s-polarized mode. It is interesting to observe that
the Q-factors of the DRM resonances are both lower than the SRM one.
Nevertheless, the enhancement factor of the DRM is superior to that of the
SRM by more than two orders of magnitude. Therefore in the present s-p
configuration a DRM can have higher nonlinear conversion as compared to
a SRM while requiring lower Q-factors. Thus, the DRM is on all respects
more convenient than a SRM.

In Fig. 2.20 we plot the cavity enhancement and the Lower Q-factors
quality factors as a function of the number N of mirror periods. Again
the cavity enhancement 7 grows exponentially with N, moreover there is
good agreement between numerical and analytical calculations. This result
follows from the different DBR configuration, in which the Alox layer is
adjacent to the cavity one. In this way the index contrast close to the
cavity increases and furthermore the two Alox layers do not present a y (2
nonlinearity, so that their contribution is vanishing.

The present DRM structure in s-p configuration allows achieving a cav-
ity enhancement of the order of 107 and a nonlinear transmittance of ~
10712m?2 /W with a device length smaller than 4ym and Q-factors of the or-
der of a few thousands. The notable feature of this configuration is that the
Q factors at w and 2w are comparable. In conclusion the present structure
may be a convenient one in view of obtaining high nonlinear conversion in
a double-resonant cavity system.

2.6 Amorphous silicon nitride doubly reso-
nant microcavities

In the previous section the problem of SHG in doubly resonant system has
been discussed for the case of bulk nonlinearity. As we have seen in Sec. 1.3,
SHG from centrosymmetric materials originates from two different sources:
surface nonlinearity and non-local bulk quadrupole nonlinearity. It has been
suggested in Ref. [68] that the mechanism for SHG in the related system
a-Si:H does not follow from a bulk nonlinear susceptibility y(* (which van-
ishes on the average for these amorphous materials, due to a small-range
topological disorder), but rather from a surface contribution, i.e., inversion
symmetry is macroscopically broken at the film-substrate and film-air in-
terfaces, thereby leading to a surface x(?) originating from dipole layers. In
that work a clear evidence was found for two resonances at about 1.2 eV
and 1.4 eV, independently of the polarization state of the impinging beam.
These results strongly suggest that the (local) surface contribution in second
order nonlinear susceptibility is the dominant one in amorphous silicon. In
fact, those resonances are close to the 1.15 and 1.3 eV spectral resonances
observed by Pedersen and Morgen in the SHG spectrum of bulk silicon due

Surface

nonlinearity
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Figure 2.21: Layout of the microcavity structure, made of a defect layer "c” em-

bedded between two dielectric mirrors made of layer ”1” and ”2”. A fictitious layer
is introduced at each interface, the red arrows denote the directions from low to
high refractive index, which determine the sign of the X(z) components.

to transitions from rest-atom to ad-atom dangling-bond surface states [69].
The same conclusion is expected to apply also to the a-Si;_,N,:H multi-
layers investigated here. In order to verify such effect, one can monitor the
SH signal while exposing the sample to the same surface selective process
or interaction, such as, for example, gas and/or liquid absorption. Here
we analyze the nonlinear response of a doubly resonant microcavity based
on amorphous silicon nitride (a-Si;_,N,:H), for which second order nonlin-
earity arises from lack of inversion symmetry at the interface between two
different layers.

These structures are suitable systems for generating second harmonic in the
visible region, due to their large band gap [70]. The microcavities can be
produced by modulating the refractive index, which increases as a function
of the nitrogen content [71, 72].

The transmitted second harmonic intensity was calculated by means of the
nonlinear transfer matrix method [52]. The surface x(?) is described by in-
troducing very thin layers of thickness ¢ (typically 0.1 nm) at the interfaces,
with a refractive index which is the average between those at the two sides of
the interface and an effective bulk th)ﬂk given by th)ﬂk =x® /5. The sur-

face nonlinear susceptibility has three non-vanishing components: sz)z, ngz)x
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and ch)w since the surface y(?) is generated from dipoles which have a com-

ponent pointing from the low to the high refractive index medium as shown
in Fig. 2.21. Each of the x(?) component changes its sign when the ordering
of the refractive indices is reversed [73]. For simplicity, we assumed the sur-
face X(Q) of the a—Si0_57N0_43/a—SigN4 and a—SigN4/a—Si0_45N0_55 interfaces to
be the same.

A layout of the microcavity is shown in Fig. 2.21. The structure pa-

rameters are as follows: L;=73nm (a-Sip57No.43), L2=219 nm (a-SizNy),
L.=613nm (a-Sig 45Ng.55). The design has been done by the procedure de-
scribed in Secs. 2.1 and 2.2 in order to achieve double resonance at a finite
incidence angle 8 = 40°, for p-polarized pump and harmonic waves. The
sample has been grown in Torino by the research group of Prof. F. Giorgis
using 13.56 MHz Plasma Enhanced Chemical Vapor Deposition (PECVD)
system on 7059 Corning glass substrates with area 10 x 10 cm?.
The composition of the a-Si;_,N,:H layers was controlled by operating on
the ammonia fraction present in a SiH4+NHj3 plasma, by fixing the total
flux at 75 sccm. Their thickness was estimated taking into account the
growth rate calculated by homogeneous thin films previously grown, while
the composition (z=N/Si+N) of the alloys has been estimated by consid-
ering their refractive indices n, through a calibration curve n(z) obtained
by Rutherford backscattering spectrometry and optical interferometry per-
formed on some selected a-Si;_,N,:H specimens. The substrate tempera-
ture, gas pressure and electrode distance were fixed at 200 °C, 0.35 Torr
and 20 mm respectively.

Measurement of transmittance spectra were performed in Napoli by the
research group of S. Lettieri [74]. The results are in close agreement with
numerical calculations of the transmission spectrum based on a linear trans-
fer matrix method. In Fig. 2.22 we show the experimental transmittance
for p-polarized impinging light at # = 40° (open dots) in a wavelength range
centered on the fundamental resonance (A = 1.09 um) and the transmission
at the doubled frequency (full dots). It is to be noted that the transmission
peaks overlap: in other words, double resonance occurs.

In Fig. 2.23 we show a typical SH spectrum obtained in transmission geom-
etry for p-polarized fundamental beam. The full dots are the experimental
data, while the continuous line is the result of the numerical calculation
which we will discuss below. The SH signal increases by a factor of about

2The sign change of x(2) (or of the effective X{fl)ﬂk) when the interface is reversed is

analogous to the mechanism occurring in periodic poling, which may be used to achieve
quasi phase matching in isotropic nonlinear materials.

Sample growth

Linear

characterization

Nonlinear

results



48

2. Second Harmonic Generation in a Doubly Resonant Microcavity

N
e
5 :
&

@Q»G@Q

0-06 00000

0.2

Transmittance

0.0 | |
0.90 0.9 1.00

1 1 1
1.05 110 1.15 1.20 1.25
A (um)

Figure 2.22: Linear transmittance for p-polarized light at an angle of incidence
0 = 40°, in the spectral region of the pump wave (open dots and dashed line) and
of the harmonic wave (full dot and solid line), as a function of pump wavelength.
Points: experimental results. Lines: theory.

102 as the fundamental wavelength goes from the first order stop-band to
a resonant wavelength of the structure (central resonance and band-edge
peaks): the central peak in the SH spectrum corresponds to the double res-
onance of the microcavity, while the other features corresponds to the edges
of the stop-bands. The resonant enhancement can be ascribed to a high
intensity of the light beams at the fundamental and harmonic frequencies
at the interfaces surrounding the cavity layer. Moreover, it is interesting
to note that the SH signal detected at the central resonance is hundreds
of times larger than the one obtained on a single amorphous silicon nitride
film.

The nonlinear performances of a-Si; N, :H microcavity are quite similar
to the bulk system one, in the sense that in both cases the double resonance
condition determines a good enhancement of SHG. Nevertheless we wish
to emphasize that the analytic treatment of SHG presented in Sec. 2.3
is based on the assumption that the cavity layer is characterized by bulk
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Figure 2.23: 'Transmitted second-harmonic signal as a function of pump wave-
length, for p-polarized pump and harmonic waves, at an angle of incidence § = 40°.

nonlinearity, while in the present case nonlinear polarization is localized in
only at the multilayer interfaces. For this reason the analytic results can
not be immediately applied and require an opportune generalization, which
is beyond the aim of this work.

2.7 Remarks on Kerr effect in microcavities

In Secs. 2.4, 2.5 and 2.6 we have described the use of planar microcavities
in order to increase the conversion efficiency of SHG and, in particular, we
have focused our attention on double resonant microcavities. It should be
clear that the main advantage in using a MC is the high pump field inten-
sity that can be achieved in the cavity layer, which is proportional to the
cavity Q-factor. When the pump field intensity is so high, further higher
order nonlinear effects which can affect light propagation in the structure
are present. If we limit our attention to third order nonlinearity, the most
important one is the Kerr effect 3. As a matter of fact in a medium charac-

3This effect is at the base of many interesting phenomena such as light and dark
solitons and light filamentation [75, 76].

Kerr effect
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terized by cubic nonlinearity the propagating field induces a refractive index
change which is proportional to the field intensity

n =mng+nal, (2.24)

where ng is the linear refractive index, while no depends on the third order
nonlinear susceptibility according to

2,(3)

ng= X (2.25)

nge
In a microcavity (or simply in a Fabry-Pérot resonator) with cubic nonlin-
earity, Kerr effect can lead to optical bistability [77-80]. Here we are not
interested in a detailed study of the phenomenon, even though it is the sub-
ject of considerable applicative interests.
In the calculation of the second-order nonlinear response, which we have pre-
sented in Secs. 2.4, 2.5 and 2.6, we completely neglected any other nonlinear
effect. Of course this drastic approximation has to be justified, since very
high Q-factors have been predicted for Alox/Al;_,Ga,As microcavities and
the electric field in the cavity is enhanced correspondingly. We performed
a calculation of the linear transmittance at the pump frequencies by using
the transfer matrix method which has been modified in order to include the
refractive index modulation induced by the third order nonlinearity *.

In Fig. 2.24 we show the linear transmittance as a function of the pump

energies for increasing incident intensities. We observe a slight shift of the
pump resonance position peak (only 40p €V !) due to the induced refractive
index change. This very small deviation is obtained by considering input
intensities which are compatible with a non depletion regime for second
harmonic generation (i.e. conversion efficiency less than 10%). In this case
the refractive index can change considerably across the cavity layer, but
since, very high field intensity are reached only in a small cavity region, the
average refractive index deviation is small.
Other calculations have been performed for higher pump field intensities
and effects of optical bistability have been observed, nevertheless in this
limit the nonlinear transfer matrix method cannot be applied for a descrip-
tion of the second harmonic generation because pump depletion should be
considered.

In conclusion we can affirm that in the cases we have examined, higher
order nonlinearities, and in particular refractive index change induce by
the Kerr effect can be neglected. the physical region is the distributed
nature of the dielectric mirrors: a high refractive index change occurs only

4Note that the Kerr effect can affect only the pump resonance position, as a matter of
fact, in the limit of negligible pump depletion, the harmonic generated field is not enough
intense to induce sensitive refractive index changes at 2w, even for very high Q-factors.



2.8. Conclusions

o1

1x1 01 1 Peak shift \.E.

—
—
—

)

(i

2

—

1x109 |
0.8240  0.8245 08250  0.8255  0.8260

Energy (eV)

Figure 2.24: Linear transmittance as a function of the pump energy and intensity
of a doubly resonant microcavity, at an angle of incidence 6 = 40° for s polarized
incident field. The structure is the same of the linear and nonlinear calculations
shown in Fig . 2.19 The DRM is formed by a defect of Aly.o5 Gag.75 As embedded
in two mirrors composed by N=5 periods of alternating Aly.4 Gag.6 As/Alox with
Le="T44nm, L1 = 170 nm and L2 = 140 nm.

in the cavity layer, but it has small effect on the mode frequency which is
determined to a large extent by properties of the mirrors. This is true in
particular in doubly resonant structure in which high conversion efficiency
require lower Q-values and therefore it is easier avoiding bistability effects.

2.8 Conclusions

We have shown that it is possible to design doubly-resonant microcavi-
ties using cubic materials where there is no birefringence to compensate
the refractive index dispersion. To this purpose, it is essential to realize
dual-wavelength dielectric mirrors with two stop-bands centered around the
pump and the second-harmonic frequencies. The use of periodic mirrors al-
lows the design to be carried out by means of the photonic gap map concept,
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and makes the sample growth more robust against imperfections. Analo-
gously, a planar microcavity can be viewed as a one-dimensional photonic
crystal with a repeated defect layer. All the structure parameters can be
found as a function of incidence angle and field polarizations. This way the
incidence angle can be used as a powerful experimental parameter in order
to tune the relative pump and harmonic resonance positions, in particular
by exploiting the polarization splitting in p-s and s-p configurations.

A symmetric doubly-resonant microcavity is characterized by the pres-
ence of a precise phase relation between the nonlinear polarization and the
harmonic field within the cavity layer. In particular we observe two dif-
ferent situations, namely phase matching and anti-phase matching. In the
phase-matched case the nonlinear polarization is perfectly in phase with the
harmonic field, resulting in a very high cavity enhancement factor which can
be more than two orders of magnitude greater than in an equivalent single
resonant microcavity. Furthermore, the increase in nonlinear conversion can
be achieved with Q-factors at the pump and harmonic frequencies which are
lower than in the reference single-resonant microcavity with A/4 mirrors. In
the anti-phase matched situation, the second harmonic generation turns out
to be much less efficient since the nonlinear polarization is out of phase with
respect to the harmonic field and the extraction efficiency of the generated
harmonic field is drastically reduced. In all these cases there is exponential
growth of the conversion efficiency as a function of the number of periods in
the dielectric mirrors. Specific design for phase-matched, doubly-resonant
microcavities in both p-s and s-p configurations have been provided that
are amenable to experimental verification.

We have reported the first realization of a doubly resonant microcavity
based on periodic mirrors, using a-Si; N, :H based multilayer with surface
nonlinearity. Second harmonic emission properties of the structure were
experimentally investigated, demonstrating that the double resonance con-
dition significantly enhances the second harmonic conversion efficiency even
in the case of surface nonlinearity. We also demonstrated that the exper-
imental results can be properly described by a theoretical model based on
the nonlinear transfer matrix method, in which the nonlinear polarization
localized at the interfaces is taken into account by the introduction of ficti-
tious layers at the interfaces. The results open the way towards improving
the conversion efficiency in monolithic cavities made of centrosymmetric or
amorphous materials.

Finally, we have briefly investigated the behavior of a doubly resonant
microcavity including the Kerr effect, taking place inside the cavity layer.
We have observed that for pump field intensities in the limit of negligible
pump depletion, in these structures third order nonlinear effects can be
neglected.



Chapter 3

Third-Harmonic
Generation in Waveguides

and Photonic Crystal
Slabs

In this chapter we present a detailed study of third harmonic generation
(THG) in Silicon-On-Insulator planar waveguides and photonic crystal slabs.
Theoretical modeling of these phenomena has required the development of
a new numerical method in order to describe nonlinear properties of PhC-
slabs. In fact, the analysis of a planar waveguide can be performed by using
the nonlinear transfer matrix method [52], nevertheless in the case of pho-
tonic crystal slabs, this method is numerically unstable. In Secs. 3.1 and
3.2 we present theoretical and numerical results regarding THG in a sim-
ple waveguide and corresponding one-dimensional photonic crystal slabs,
respectively. The comparison of the nonlinear response of these two sys-
tems is necessary in order to understand the different roles of vertical field
confinement induced in the waveguide and in the photonic crystal slab. In
particular, we report the first observation of resonant enhancement of THG
in SOI PhC slabs when the pump is frequency- and momentum-matched
to a photonic mode of the structure. This work is the results of a collab-
oration with the research group of M. Malvezzi at electronics Department
of the University of Pavia, where all the measurements presented here were
performed.

In order to improve the agreement of theoretical calculations with mea-
surements, we have developed an extension of the well-known scattering
matrix (S-matrix) method [29] in order to include the analysis of nonlin-
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Figure 3.1: (a) Nature of photonic modes for a waveguide in the kyw plane.
The light lines define radiative and guided mode regions. (b) Scheme of the SOI
waveguide and geometry of the optical setup for third harmonic generation.

ear response of periodical pattern multilayer systems in limit of negligible
pump depletion. This method is presented in Sec. 3.3 but unfortunately no
numerical results are shown since its numerically implementation has to be
still completed.

3.1 The SOI Planar Waveguide

In this section we shall describe the nonlinear response of a planar waveg-
uide. This system has been chosen to represent the standard specimen, for
comparison with the optical response from a 1D patterned sample.

Planar waveguide are commonly constituted of a thin slabs of high refrac-
tive index material (core), embedded between low index semi-infinite me-
dia (cladding). When the thickness of the core region is comparable with
the wavelength of the electromagnetic radiation, we observe interesting ef-
fects in light propagation which are determined by the vertical confinement.
Photonic modes can be calculated by solving Maxwell’s equations and the
solution are classified as guided and radiative (leaky) modes[56]. The first
ones are evanescent in the cladding and oscillating within the core region,
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and are discretized by the confining potential along z. The latter are os-
cillating also in the cladding region, as they radiate energy far away from
the guiding layer. In the plane k,w the guided and radiative modes lies in
different regions which are separated by the dispersion light lines (see Fig.
3.11).

The waveguide investigated here is a SOI wafer constituted by a silicon
substrate , a SiO9 layer, and a thin silicon top layer as shown in Fig. 3.11a.
The high refractive index contrast between silicon (n; ~ 3.5) and silica
(ng ~ 1.45) defines a planar waveguide, whose silica cladding and silicon
core layers are 1um and 0.26um thick, respectively.

As we have seen in Chapter 1 silicon exhibits a very low second har-
monic generation because of its centrosymmetric crystalline structure. On
the other hand, the third harmonic generation process does not require the
lack of inversion symmetry and is quite efficient in silicon. The study of re-
flected THG in this system can be done using the nonlinear transfer matrix,
theoretical results are compared with measurements performed in Pavia.
The geometry of the experimental layout is sketched in Fig. 3.11b, includ-
ing notations for angles involved in the experiment: the angle of incidence 6
and the azimuthal angle ¢. THG is measured in a reflection geometry at two
different pump wavelengths of 810nm and 1550nm, the choice of reflection
geometry is due to high absorption of TH signal by silicon which makes it
difficult to perform an experiment in transmission configuration [81].

In Fig. 3.2 we report measurements of reflected THG as a function of the
azimuthal angle ¢. Note in particular that since we are dealing with cubic
materials, all linear properties are independent of ¢ and the 7/2 periodic
trend reported in Fig. 3.2 follows form on the symmetry properties of third
order nonlinear susceptibility tensor. In centrosymmetric crystals, like sili-
con, x® has two independent nonvanishing elements A and B, and the i-th
component of nonlinear polarization generated can be written as [82]:

Py, ;=B(E-E)E;, + (A—- B)E}. (3.1)

where E indicate the pump field vector. The first term of Eq. (3.1) deter-
mines a THG which has the same polarization of the incident pump field,
while the second term exhibits a rotational symmetry which depends on the
growth direction that, in the present case, is equal to [100] and is associated
to a fourfold rotational symmetry. An analysis of the reflected THG inten-
sity shows that the signal generated in the case of a waveguide can be two
orders of magnitude higher than in the case of silicon, as reported in Fig.
3.2. This enhancement cannot be considered as a general characteristic of
a SOI waveguide and it depends on the pump wavelength. Nevertheless it
indicates that a modification of the spatial distributions of pump and har-
monic fields along the vertical direction can lead to a great amplification of
the TH signal. In our case, multiple reflections of the pump beam from the

Nonlinear

tensor shape
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Figure 3.2: Experimental TH nonlinear reflectivity as a function of azimuthal
angle from the surface of the SOI planar waveguide (open circles) and of [100]
bulk silicon sample (full circle), for p-polarized pump (blue) and s-polarized pump
(red). Pump wavelength A = 810nm and incidence angle 6 = 45°.

interfaces result in constructive interference of the fundamental field into
the core Si layer.

The waveguide configuration strongly modifies also the TH nonlinear
reflectance when measured versus the angle of incidence 6. In Figs. 3.3 and
3.4 the nonlinear reflectance is plotted as a function of incidence angle for
s-polarized (a) and p-polarized (b) input power for pump wavelength equal
to 810nm and 1550nm, respectively. Note that the angular trends are com-
pletely different from those of the corresponding bulk silicon response [81]
and that they depend on the pump wavelength. In both cases, at 810nm and
1550nm, the agreement between measured and experimental data is quite
satisfactory. In Figs. 3.3 and 3.4, panel (c), the linear Fresnel transmission
coefficients calculated for the multilayer structure are plotted. In the first
case, for A = 810nm, the TH escape length is less than 10nm (the TH linear
transmission coefficient across the waveguide is zero for both polarizations),
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Figure 3.3: Experimental (open circles) and calculated (continuous lines) TH
nonlinear reflectance at 810 nm as a function of the angle of incidence, of a SOI
planar waveguide, for (a) s-polarized and (b) p-polarized input. (c) Calculated
linear transmission coefficients at w for the two polarizations. The transmission
coefficient at 3w are zero because of the high absorption.
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Figure 3.4: Experimental (open circles) and calculated (continuous lines) TH
nonlinear reflectance at 1550 nm as a function of the angle of incidence, of a SOI
planar waveguide, for (a) s-polarized and (b) p-polarized input. (c) Calculated
linear transmission coefficients at w (solid line) and 3w (dashed line) for the two
polarizations.



3.2. The Photonic Crystal Slab

99

while the pump beam is fully propagating across the multilayer. In this case
the reflected TH field is generated very close to the air/silicon interface and
its angular behavior can be described starting from the linear transmission
at w, which gives indication on the pump field intensity flowing in the struc-
ture.

When the pump wavelength is tuned at 1550nm, the TH beam propagates
along the structure (the penetration depth is about 1.4 micron) and the
pump beam is not absorbed. In this case the nonlinear SOI reflectance is
heavily affected by the response of the system at the TH frequency. As a
matter of fact TH reflectance closely follows the angular behavior of the
linear transmittance coefficient at 3w, thus reflecting the higher extraction
efficiency of the TH field generated from the silicon waveguide.

We can conclude by observing that even a such simple system the re-
flected THG can be characterized by a complicated angular and frequency
dependence. This is the resuld of an interplay of linear propagation at w
and 3w, nonlinear interaction and absorption.

3.2 The Photonic Crystal Slab

Let us consider now the case in which a periodic pattern is superposed on
the SOI waveguide. A photonic crystals embedded in a planar waveguide
is called photonic crystal slab (PhC-Slab). A scheme of the structure and
an image of the sample are shown in Fig. 3.5a and b, respectively. In the
last few years these systems have attracted a lot of interest since they allow
a full three dimensional control of light and they are also much easier to
fabricate than a three dimensional photonic crystal [55, 56]. Before con-
sidering the problem of THG it is necessary to give a brief overview of the
most interesting linear properties of such systems.

Light propagation in a patterned waveguide presents several differences with
respect to the ideal reference system (i.e. the bare waveguide). One of the
most important issues is the so-called light-line problem: as a matter of fact
only the modes whose energy lies below the light line are truly guided, while
those lying in the radiative region are coupled to leaky modes and thus are
subject to radiative losses (see Fig. 3.5¢). Truly guided mode exist only in
systems with a strong refractive index contrast as in present case. They are
evanescent in the direction perpendicular to the plane and their dispersion
can be measured by attenuated total reflectance [63, 83], in this case light
propagation is characterized only by extrinsic losses due to disorder. On
the contrary, quasi-guided modes lie above the light line and are associ-
ated to sharp resonances arising from coupling of the incident light with the
photonic structures: the dispersion of these mode can be measured using a
variable angle reflectance technique [84]. Analogously, linear scattering ma-
trix theory can be used in order to evaluate theoretical reflectance spectra

Light-line

problem
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Figure 3.5: (a)Geometry of the optical setup for TH nonlinear measurements.
The in-plane angle 6 identifies the incident direction of radiation and 0’ indicates
the direction of radiation collection. The angle ¢ describes the rotation around
the vertical axes respect to the I' — X direction.(b) Picture of L4 sample. (c)
illustration of the nature of photonic eigenmodes in photonic crystal slabs.

and to reconstruct the mode dispersion curves [29].

The sample L4 we have considered is constituted by a patterned waveg-
uide whose silica cladding and silicon core are 1000nm and 260nm thick,
respectively (as in Sec. 3.1), and a periodic pattern in the core layer with
lattice constant equal to @ = 650nm and 0.18 of air fraction [85]. The sample
was prepared at LPN-Marcoussis by D. Peyrade and Y. Chen, the scanning
electron microscope image of the lattice, shown in Fig. 3.5b, reveals the
very good quality of the sample.
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Figure 3.7: Calculation of E, amplitude distribution inside L4 sample in the case
of resonant (a) and non-resonant coupling (b). The shaded areas represent linear
regions (air and silica) while the brightest area indicates the silicon.

In Fig. 3.6 calculated reflectance spectra of L4 for TE (s-polarized) and
TM (p-polarized) modes are shown as a function of energy at several in-
cidence angles. The theoretical calculation shows narrow resonant peaks
superimposed to an interference pattern which is associated to the waveg-
uide vertical structure. This peaks correspond to a resonant coupling with
a quasi-guided mode and their dispersion as a function of incidence angle
describe the photonic bands dispersion. When the electromagnetic radia-
tion is coupled to a quasi-guided mode, the electric field turns out to be
much more intense in the core region as it is shown in Fig. 3.7. This effect
can be exploited in harmonic generation process, in particular to obtained
intense nonlinear polarization when pump is resonant with the photonic
band, or to achieve high extraction efficiency by coupling the harmonic sig-
nal to a quasi-guided mode. Enhancement of harmonic generation through
resonant coupling was theoretically predicted in Ref. [27] and observed in
GaAs [28, 86] and GaN [87, 88| systems. When frequency- and momen-
tum matching is simultaneously realized for pump and harmonic beams we
are in resonant to resonant configuration, otherwise when only the pump
or the harmonic field are coupled to a photonic band we are in resonant
to non-resonant and non-resonant to resonant case, respectively. In the
present case we look for resonant coupling of laser radiation with photonic
modes structures (i.e resonant to non resonant configuration), and we select
an infrared wavelength for the pump field. There are several reasons that
motivate this choice: from an experimental point of view, the effect of the
disorder associated to Rayleigh scattering grow like w*, leading to a general
broadening of higher-lying bands, but also photonic bands calculations are
increasingly less accurate at high energies, also because the present PhC slab
becomes multimode. One expects that therefore higher pump and stronger
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Figure 3.8: Experimental (a) and theoretical (b) behavior of third-harmonic non-
linear reflectance of sample L4, as a function of the angle of incedence for various
wavelengths, with s polarized pump. the curves are offset for clarity.

nonlinear signals may be obtained.

It is worth remembering that the experiment is conducted in a surface

reflection geometry, in which the incident electromagnetic wave dose not
propagate along the waveguide plane. The comparison between PhC-slab
and the bare waveguide can be done without introducing any coherence
length, which is not easy to define in a PhC-slab.
Experimental and theoretical results for reflected THG are shown as a func-
tion of incidence angle for different pump wavelength, in the case of s-
polarized pump, in Fig. 3.8a and b, respectively. For each pump wavelength
the peak position corresponds to the linear reflectance resonance associated
to a photonic mode and the dispersion as a function of pump A is reproduced
in the nonlinear calculations. This demonstrates that the enhancement of
more than two orders of magnitude with respect to the bare waveguide sig-
nal is due to a resonant coupling of the pump with a quasi-guided mode.

3.3 Nonlinear scattering matrix method

Using the nonlinear transfer matrix method, it is possible to describe second-
and third-harmonic generation in any homogeneous multilayer structure. In
the limit of negligible pump depletion this method is an exact solution and it
requires little computing time. Nevertheless the use of this method, even for
solving linear problems, has found several limitations in patterned multilayer
structures (like the one shown in Fig. 3.9a) due to its intrinsic numerical
instability in the presence of evanescent Fourier model method. In order
to study linear light propagation in these systems, Whittaker and Culshaw

Nonlinear

results
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Figure 3.9: (a) Typical two dimensional pattern multilayer structure.(b) Forward
and backward propagating waves in each pattern layer.

have described a scattering matrix method, which is essentially equivalent
to Fourier modal method well known in diffraction grating theories. [89-
92]. Here we present an extension of this method which allows to treat
not only the linear propagation, but also harmonic generation in limit of
negligible pump depletion. After a brief overview of the linear scattering
matrix method we shall present its nonlinear extension, that can be divided
in three independent steps: (i) description of pump field propagation and
calculation of the nonlinear polarization, (ii) evaluation of the bound field
in the nonlinear layers and (iii) calculation of reflected and transmitted
harmonic fields.

3.3.1 The Scattering Matrix Method

A detailed description of the linear scattering matrix method implemented
in this work [29]. Nevertheless it is worth to recall the main features of
the method before introducing its nonlinear extension. The outline of the
numerical method is as follows: the electromagnetic waves are expanded on
a plane-waves set and Maxwell’s equations are written in-plane momentum
representation. The band structure of each patterned layer, taken to be
homogeneous in the z direction, is evaluated yielding a set of states which
propagates in the z direction as simple plane waves exp(1gz) (see Fig. 3.9b);
the electromagnetic field is expanded on this set in terms of forward and
backward Bloch states; finally the scattering matrix is constructed.

We consider Maxwell’s equations (1.2), we assume a harmonic time de-
pendence exp (—wwt) for all fields and a linear displacement vector D = ¢E.
Rescaling w/c — w we obtain

VxH=-¢E,  VxE=wH (3.2)
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These equations can be written in the momentum representation and, if we
consider the field components separately, we obtain a set of six equations

thyh.(2) — hly(2) = —1éeq(2) (3.3a)
RL(2) = tkgh.(2)— = —iée,(2) (3.3b)
thphy(2) — thyha(2) = —Ee.(2) (3.3¢)
and
ikye.(z) — €l (z) = w’hy(2) (3.4a)
el (2) — thye.(2)— = w?hy(2) (3.4b)
z/;‘ze'y —ikye,(2) = w?h,(2) (3.4¢)

where h;(z) and e;(z) are the in-plane fourier component vectors whose
elements depend on the incident wave vector k and are a function of z.
Here the symbol (/) indicates partial derivative respect to the z coordi-

nate'. The matrices k, and k, are diagonal, with (k;)ce = (ks + G5) and
(k))aa = (k,+G,), where G, and G,, are the reciprocal lattice vector com-
ponents. Finally the matrix ¢ is defined as égg = (G — G’), where the
symbol ~ indicates the in-plane Fourier expansion of the dielectric function
for a single layer. In practice, for a numerical calculation, the set of recip-
rocal lattice vector must be truncated, thus h;(z) and e;(z) have dimension

N¢, while k; and é are Ng x Ng matrices.

Now the electromagnetic field is expanded in terms of plane waves, in
basis state with zero divergence in order to guarantee V- H = 0

=2 (%(G) [X - gtht Gw)i] (3.5)
+0y(G) {S’ - é(ky + Gy)zD ot (k+G)rtagz

where ¢,(G) and ¢,(G) are the expansion coefficients, and %X, § and Z are
conventional unit vectors that indicate axis directions. It is useful defining

the vectors ¢, = [0;(G1), ¢2(G1),...]7 and ¢, = [¢y(G1), ¢y (G1),...]T in
order to obtain in the momentum representation

h(z) = e'%* {%5{ + ¢yF — %(l%mqbw + f%(z)y)z} . (3.6)

Using the Egs. (3.6) and (3.3) it is possible providing an analogous expres-
sion for electric field Fourier components e(z). Finally, by substituting these

INote that the whole calculation is carried out for a fixed value of k.
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expressions in Egs. (3.4), we get an asymmetric eigenvalue problem

(5 2 (e, 50 (ki 48))
0 ¢ ki ik, fyks  heyhy
¢z _ 2 ¢z
X<¢y)‘q<¢y) (3.7)

which can be written in a more compact form as

[c(w® ~ K) — K] 6= ¢ (3.8)

where ¢, and K are 2N x 2N matrices. The eigenvectors ¢, and the
corresponding eigenvalues g, can be used in order to provide an expansion
of h and e in terms of backward and forward propagating plane waves in
the z direction

(1) -2 (4 Jermeenny oo

where d is the layer thickness, while a,, and b,, are the coefficients of the
forward and backward going waves at z=0 and z=d interfaces, respectively.
The Eq. (3.9) can be written in a more compact notation by introducing
a diagonal matrix f(z), such that fn,(z) = "7, and the vectors hy(z) =
[he(2), hy(2)]T, a = (a1, a2,...)7 and b = (b1, b2, ...)T

hy(z) = ®[f(2)a+ f(d — 2)b], (3.10)
where the 2N x 2N matrix ® is composed by the column vectors ¢,,.

Similarly it is possible providing an analogous expression for the electric
field vector, defined as e (2) = [—ey(2), €2 (2)]7,

e1(2) = (@* — K)DG [ (2)a — f(d— )b (3.11)
Using the Egs. (3.10) and (3.11) we can write

()= () (jan,) e

M (f(z(i)if)b) 349

Tangential field components must be continuous at the interface, thus the
amplitudes a; and b; satisfy the relation

fzal _ G4
( bi ) =1+ ( Jir1bita ) (3:14)
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where f; = fi(d;), while the interface matrix is related to the layers matrices
M; and M;1, by the simple equation

I, 14+ 1) = M My (3.15)

Now we have all the elements in order to evaluate the total structure scat-
tering matrix. If we consider two layers ! and I, the scattering matrix S(I’, 1)
relates the field amplitude vectors in the following way

(i)=sen(5)=(8 2)(%) oo

The total scattering matrix can be evaluated through an iterative procedure
starting by the obvious relation S(I,!) = 1. The recipe is the following:

Sll(l/, |+ 1) = (111 — flslg(l/, l)]Ql)_lfl511(l/l)
Sio(l' 14 1) = (Iy1 — fiS12(l', 1) I) ™"
X (fiS12(1") oz — hha) fi41
SQl(l/, |+ 1) = SQQ(l/, l)]lell(ll, [+ 1) + SQl(l/, l)
Soa(I' 1+ 1) = Sao (I, 1) 121 S12 (', 1+ 1) + Sao(I', ) Ina frer  (3.17)
Once the scattering matrix S(0, N) is found, the linear reflected and trans-
mitted amplitudes can be easily evaluated
b() = SQl(O,N)a() (318)
CLN:SH(O,N)CLQ (319)

Now it is only necessary to translate these amplitude into the electric and
magnetic field [29].

3.3.2 Pump field propagation

In this section we briefly present how to evaluate the pump electric E,, (z, y, 2)
and the nonlinear polarization PV*(z,y, z). As we have seen in Sec. 3.3.1,
the electric field can be expanded in terms of an appropriate set of function
and the expansion coefficients for the forward and backward propagating
waves are a; and by, respectively. Reference [29] has provided a simple ex-
pression for the amplitudes a; and b; in a generic [-th layer as a function of
the reflected (agp)and transmitted (by) amplitudes.

a; = [1 — 512(0, 1)521(1, N)]71
X[SH(O,Z)CLO +S12(O,Z)SQQ(I,N)5N], (3.20)

b = [1 — Sgl(l, N)SQQ(O, l)]_l
X[Sgl(l,N)Su(O,l)ao+Sgg(l,N)bN], (321)

Scattering

matrix
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problem

where S(0,1) and S(I, N) are the scattering matrices between the [-th layer
and the first and last one, respectively.

Knowing the amplitudes a and b it is possible calculating the parallel
components e|(z) using the relation (3.11), already given in Ref. [29]. Here
we provide an analogous formula in order to evaluate even the component
e.(z), that is required to the calculation of the nonlinear polarization

e.(2) = f(ky®, — ke ®,)[f(2)a — f(d — 2)0]. (3.22)

Note that in this equation ®, and ®, are rectangular matrices N x 2N, which
are formed by the first N and last N rows of the matrix ® respectively.
The electric field in the real space can now be evaluated as

Ei(z,y,2) = Z Ei(G, z)e'ktG)r i=2x,y,% (3.23)
G

and hence the nonlinear polarization can also be calculated. For example,
in the third harmonic generation case we get

Pigw (x’ Y, Z) = Z Xijkh (x7 Y, Z)Ej (x7 Y, Z)Ek(x7 Y, Z)Eh(x7 Y, Z) (324)
i.k,h

It is worth to remember that in numerical calculation the field is evaluated
only for certain finite ensemble of point and therefore the accuracy of the
numerical results depends on the chosen mesh.

3.3.3 Solving the bound field problem in a single layer

We assume to work in the regime of negligible pump depletion, this ap-
proximation greatly simplifies the HG problem since PN” is independent
of the harmonic field so that the contribution of each layer can be treated
independently as it happens in the transfer matrix formalism.

If we assume an harmonic time dependence e~**, where now w indicates
the harmonic frequency, we can write Maxwell equations (3.2) including
nonlinear polarization terms:

VxH = —icE— P\t (3.25)
VxE = iw*H. (3.26)

The bound field is the particular solution of this non-homogeneous Maxwell
equations in which the nonlinear polarization PN% acts as a source of a
harmonic electromagnetic field. In order to solve Eqgs. (3.25) and (3.26) in
a patterned multilayer system it is convenient to introduce a further simpli-
fication. Each layer is divided in Ng,; thinner slices along the z direction,
as shown in Fig.3.10. In each slice PV* is taken constant and equal to:

PVE(r) = %/OL PNE(r, 2)dz. (3.27)
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Figure 3.10: Discretization of nonlinear polarization along the vertical direction.
Each nonlinear layer is divided in smaller sublayers where PNT is taken equal to
the averaged value.

where L = d/Ngyy is the subdivision length while d is the total layer width.
The contribution of a single layer is the sum of all the subdivision contribu-
tions where PV is taken to be constant, now we have to solve the problem
in each "sublayer” (see Fig. 3.10).Thus all the discussion henceforth will be
referred to the generic single sublayer.

We expand PN in terms of plane waves

PNU(r) = ) Py (G)e!: )T (3.28)
G

where G are the reciprocal wave vectors defined by the layer pattern and
k is the in-plane component of harmonic field wave-vector. It is convenient
to define a new vector

p(2) = [PK(G1), Pu(Go), }T (3.29)

Now we write Egs. (3.25) and (3.26) in a momentum representation and we
obtain two equation sets analogous to Eqs (3.4) and (3.3)

kyh. = —é e, — pa (3.30a)

koh. = ée, +py (3.30Db)

kohy — kyhy = —ée, —p, (3.30c)
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by a layer

and
l;‘yez =w?h, (3.31a)
kpe. = —w?h, (3.31b)
l%mey — I%yew =w?h, (3.31¢)

There are two important differences: we have an additive nonlinear polar-
ization term in the first set, which represents the source of harmonic fields
and the z dependence is suppressed.

In order to evaluate the reflected and transmitted harmonic field we need
to calculate the electric and magnetic bound tangential field components
€z, €y, hy and hy. From (3.30a),(3.30b) and (3.31c) we obtain a linear
non-homogeneous system in the bound components of the paralle electric
field:

l%wfcm lAcIIAcy of € 0 —ey o =Dy
JTE — A k = : 3.32
ik o )2 (o )l ) () o
which can be written in a more compact form as

(K —w’e) e =w’p (3.33)

where p”:[—py,pm]T. Analogously, using the equations (3.30c), (3.31a) and
(3.31b), we obtain a system in h, and h,,.

2 ];yﬁ];y _];yﬁ]%w ha 2 _I%yﬁpz
— 2 PN = A 3.34
[“’ < ~kaitky  kuihs hy )7\ ks (3.34)
which can be written as
(W= K)h) =pL (3.35)

where p J_:[—l%yﬁpz, l%mﬁpz]T The solution of these systems can be easily
performed numerically. It is worth to notice that, for sublayers which belong
to the same layer, the coefficient matrix of the linear system is the same.
This fact has important consequence in the numerical implementation for
what concerns the computing time.

3.3.4 Third-harmonic emission by a nonlinear layer

Once the bound field is known, the contribution of the nonlinear layer to
reflected and transmitted harmonic field is evaluated by imposing continuity
of tangential components of the field at layer interface. We consider the I-th
layer and the interfaces 1/(I 4+ 1) and (I-1)/l, as shown in Fig. 3.11. In the
nonlinear layer the total field is the sum of the bound contribution, which is
constant, and the free harmonic field, while in the adjacent layers we have
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Figure 3.11: Nonlinear polarization generates in [-th layer bound electric and mag-
netic fields, solutions of the non-homogeneous problem. The terms are constant
within the layer and have to be taken into account at the interfaces with [ — 1/I
and I/l + 1. By imposing continuity of field tangential components it is possible
evaluating reflected (bo) and transmitted (an) nonlinear amplitudes.

only free harmonic contributions. The continuity relation can be written as
2 bound
fi1a1—1 ap e
M;_ -M;{ » = 3.36
-1 < b1 l b hlﬁound ( )

Mo () o (e ) 2 el@ound (3.37)
U fabi A N h”mmd '

where eﬁ"”nd and hﬁ"”nd are the parallel components vector of the bound
field, solutions of systems (3.32) and (3.34). Multiplying both Eqs. (3.36)
and (3.37) by M; ' we get the nonlinear analogue of Eq. (3.14)

fi1ai 1 a €1|
1,01 —( 3.38
.- ) (flbl)+< h (3.380)

S I

I(l,1+ 1)( , dit ) = ( fias ) w9 (3.38Db)

fir1bi1 b I

e/ B ebound
< ‘i‘l ) = Ml ! < h%ound )

The boundary condition in the external media is that there are no incom-
ing waves, therefore ap=by=0. Using the scattering matrices given by the

where
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resolution of the linear problem for the free harmonic field, we have that

a1 = S12(0,1 — 1)by_1 (3.39a
by = S22(0,1 — 1)1 (

ay =S11(l+ 1, N)aj11 (3.39¢

bror = Sor(l+ 1, N)ap,1. (3.39d

Now, using equations (3.39a) and (3.39d) we can evaluate a;—1 and by
and, substituting these expressions in (3.38a) and (3.38b), we obtain a linear
algebraic systems in a;4+; and b;_;.

< AR11 + 1?12fl+}5'21(l +1,N) _flLllAfl—lsIQ(O,l —-1)— fiL12 ) «
—fjRo1 — fi Ra2f1 41521 (1 + 1, N) Lo1f;—1512(0,1 — 1) + Laa

aj+1 o (I - %l)eil
x < b1 ) - ( (1—f)h] (340)
where we have indicated with L and R the interface matrices I(l,1—1) and
I(l,1+4 1), respectively. Once this system has been solved we obtain by and
an through the relations (3.39b) and (3.39¢c), and therefore the reflected

and transmitted contribution of [-th layer. Finally a sum over the nonlinear
layer gives the total reflected and transmitted harmonic fields.

3.4 Conclusions

In this work we have presented some preliminary results concerning the
analysis of third harmonic generation problem in a photonic crystal slab.
These results have been compared with the nonlinear response of an un-
patterned planar waveguide. The investigation has revealed an unexpected
richness in nonlinear effect encountered. Theoretical results have been com-
pared with experimental measurement, reaching a first partial agreement.
Basically we observe an increase of THG efficiency when going from bulk
silicon to SOI planar waveguide, due to a partial field confinement in the
slab. The addition of a 1D pattern to the SOI waveguide can determine
a dramatic improvement of the nonlinear response when pump radiation is
resonant with a quasi-guided mode.

In order to increase the accuracy of theoretical results we have developed
a new numerical method based on linear scattering matrix formalism, in
order to calculate harmonic generation in patterned multilayer structure, in
the approximation of negligible pump depletion.



Conclusions and future
perspectives

In this work a theoretical study of second- and third- harmonic genera-
tion in photonic systems of present interest, such as planar microcavities
and photonic crystals slabs, has been conducted. We believe that a better
understanding of nonlinear effects in such systems is important for devel-
opment of new optical devices, in which nonlinearities can be exploited in
order to achieve new functionalities or to improve the existing ones.

Doubly resonant cavities have been already indicated as suitable sys-
tems in order to achieve great enhancement of second-harmonic conversion
efficiency. We have shown that it is possible to realize a doubly resonant
microcavity with periodic dielectric mirrors even when the refractive index
dispersion cannot be compensated by birefringence, for example in cubic
or amorphous materials. The design method, that we have developed in
this work, has required an in-depth study of periodic dielectric Bragg reflec-
tors and microcavities. In particular, we have given a complete description
of optical properties of periodic dielectric mirrors, such as reflectance and
phase delay, as a function of composition. We observed that, even though
mirrors in thick and thin configuration can have similar reflectance, their
phase behavior is complementary. This finding turned out to be crucial in
DRM design, where refractive index dispersion is compensated by an ap-
propriate engineering of mirror phase properties.

The use of periodic mirrors allows the design to be carried out by means
of the photonic gap map concept and, analogously, a planar microcavity
can be viewed as a one-dimensional photonic crystal with a repeated defect
layer. In these systems the external angle of incidence is an important tun-
ing parameter, which becomes a very powerful tool when input and output
field polarizations are different, because of polarization splitting of cavity
modes.

The study of second-harmonic generation in DRM has been performed in
the presence of bulk and surface nonlinearities. In the first case we provided

73
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a theoretical description of SHG in symmetric microcavities, giving an an-
alytic expression for the cavity enhancement in phase-matching and anti
phase-matching conditions. Numerical calculations have been performed on
GaAs and AlGaAs cavities with Alox/AlGaAs dielectric mirrors. We have
introduced the concepts of phase-matching and anti phase-matching with
reference to microcavity systems. Furthermore we demonstrated that, in a
doubly resonant microcavity with bulk nonlinearity, nonlinear polarization
and harmonic field are phase-matched, or anti phase-matched, only within
the cavity layer. The simulations were found to be in a satisfactory agree-
ment with the analytical model, showing that the conversion efficiency in
resonant cavities grows exponentially with the number N of mirror periods.
In particular we demonstrated that in a phase-matched doubly resonant
microcavity the cavity enhancement can be two orders of magnitude more
intense than in the single resonant case.

We also performed a study of amorphous silicon nitride multilayer systems,
where a second-order nonlinearity arises from symmetry breaking at the
interface between two layers, and thus SHG is a surface effect. Numeri-
cal calculations have been performed using the nonlinear transfer matrix
method, which has been adapted in order to describe surface nonlinearities.
We have found good agreement with the first experimental results, thus
opening the possibility to a more detailed investigations of such systems.

We presented some preliminary results on third-harmonic generation in
photonic crystal slabs. The aim of this work was the understanding of
the enhancement in THG due to resonant coupling of the pump field with
a quasi-guided mode in a Silicon-On-Insulator one-dimensional patterned
waveguides. First, the analysis of PhC-slabs has required a detailed study
of the bare waveguide nonlinear response, in order to separate the THG
enhancement due to the waveguide configuration from that determined by
the photonic pattern. Theoretical and experimental results agree in showing
that THG increases when going from bulk silicon to the SOI waveguide, be-
cause of vertical confinement, and from SOI to the patterned system, when
the pump is coupled to a photonic mode. Preliminary theoretical results
have shown only a partial agreement with measurements. Thus we have
developed a new numerical method which, in principle, allows to describe
nonlinear interactions in one- and two- dimensional patterned multilayer
systems. This method has been presented in detail, nevertheless no numer-
ical results have been presented since its numerical implementation has still
to be completed. The great flexibility of this method opens the possibility
to the study of harmonic generation and parametric conversion in a great
variety of photonic systems.



Appendix A

Nonlinear Transfer Matrix
Method

The transfer matrix method is a commonly used approach in order to
study linear propagation in a one-dimensional multilayer structure. Here
we present an extension which allows to treat harmonic generation process
in the limit of negligible pump depletion [52].

We wish to emphasize that, when the effects of harmonic generation on
pump field can be neglected, the nonlinear transfer matrix method is an
exact solution of the problem and that the process can be divided in three
independent steps: (i) linear propagation of the pump field, (ii) nonlinear
polarization generation and (iii) propagation of the harmonic field through
the structure. The central idea of the method is that, the total reflected
and transmitted harmonic fields can be expressed as the sum of separate
layer contributions from all nonlinear layers.

A.0.1 Linear transfer matrix method

Since we are working in the approximation of negligible pump depletion, we
assume the pump field to propagate linearly in the multilayer. This fact can
be expressed in terms of interface and propagation matrices, which allow to
evaluate field amplitude variations at the interface between two layers and
to describe the field propagation in an homogenous medium, respectively
We consider the multilayer shown in Fig.A.1 composed by n layers of width
d; and dielectric constant €;, with i=1,2,...n. The axis z is normal to the
structure and x — z is the plane of incidence. If we assume an harmonic time
dependence exp (—wt), the electric field in each layer (for each polarization
s or p) can be written as

Ej(r) = [Bf % 4 Ej e~ "F=7|erFermet) (A1)

()
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Figure A.1: Amplitude scheme in a multilayer

where k., and k, are the wave-vector components along axis = and z, re-
spectively, while Ej+ and EJ_ indicate forward and backward propagating
wave amplitudes.

By imposing continuity of the tangential components of electric and mag-
netic fields at the interface i-j, we obtain a linear homogeneous system in
field amplitudes Ej =) and E;-L(_). This systems can be expressed by the
help of matrices in a more compact form

E; = M,,E; (A2)

where E; is the vector of forward and backward propagating filed amplitudes
in the i-th layer and M;; is the interface matriz from the j-th to the i-th
Interface matrix layer

Ef
o j
B-| g | (A3)
with )
1 7y
M;; = — ! ] . A4
= ] (A.0)
The elements ¢;; and r;; depend on field polarization and they result
N; — N; 2N;
Tijs = ~—x  lijs = o (A.5)
J N; 4+ N; / N; 4+ N;
and s
GZ‘NJ‘ - GJ‘NZ‘ - 2[@‘6]‘] / Nl (AG)

Tijip = ij,p —
7P EiNj + elev’ 7P 61‘Nj + 6jNi’

for s- and p- polarized fields, respectively. Here IN; = ¢; cos;, where 0; is
the refraction angle in j-th layer given by Snell’s law.
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The propagation of the electric field in the i-th layer is described using the
propagation matrix @, which is defined as

and
qn:[%’ 05(: ] (A.8)

where ¢; = exp (1k,,; d;) and ¢; represents field dephasing of forward and
backward propagating waves, respectively.

The structure transfer matrix can be evaluated by simply multiplying in-
terface and propagation matrices following the order given by multilayer
structure:

Tnl = Mn,nflq)nfanfl,n72(I)n72 cee (I)2M21~ (Ag)

Once the transfer matrix is found it is possible to evaluate linear reflectance
and transmittance coefficient. In fact, in the hypothesis that the field is
incident in the first layer, we can write

EfXl [ Tu To Ef
[ 0 } B [ Tor T Ey (A.10)
where E] is the incident field, while £, and E;' are the reflected and trans-

mitted ones, respectively. Thus, reflectance and transmittance coefficients
r and ¢ result

E; T51
=L =22 All
r Ef’_ T22 ( )
EFf  det(T)
t= " — A.12
Ef’_ TQQ ( )

Once the reflectance coefficient is known, it is straightforward to evaluate
the electric field amplitudes in the f-th layer. In fact, if we consider the
amplitude vector of the firs layer E1, where E] = rE}", we obtain

E;=THE,; (A.13)
where Ty, is the transfer matrix from the first to the f-th layer, evaluated

by using Eq. (A.9) where n must be substituted with f.

A.0.2 Second harmonic generation by multilayer struc-
tures

The method, which has been described in the previous section, allows to
study pump field propagation in a multilayer structure. Now we introduce

Propagation

matrix

Transfer

matrix
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Bound
interface

matrix

the hypothesis that one or more layers are made of nonlinear material, and
we restrict ourselves to the case of second order nonlinearity .

In the approximation of negligible pump depletion, Maxwell equations be-
come non-homogeneous linear differential equations so that the total field
can be expressed as the sum of two contributions: a free electric field E,
solution of the corresponding homogeneous problem, and a bound electric
E,, that is particular solution of non-homogenous wave equation 2. In a
homogeneous layer the particular solution can be analytically found and it

results

4 4
E,= — (PN 4 PYL) - TP, (A.14)
€s —€J €

where €; = €;(2w), €5 = €j(w) and PN is the nonlinear polarization which

can be evaluated once nonlinear tensor x(? is known. P, is the s-polarized
nonlinear polarization, while the components of p-polarized nonlinear po-
larization, which are parallel and orthogonal to the pump wave vector, are
indicated with subscripts || and L, respectively.

The problem can be solved separately for each field polarization (y, ||
and 1). From now we shall use E; in order to indicate the generic bound

field vector
ET
B, = { E; ]

S

(A.15)

where Ef and E; indicate forward and backward waves amplitudes.
Because of the presence of bound field terms, the condition of tangential
field components continuity must be reformulated by including Eg. The
resulting algebraic linear system can be written in a form similar to Eq.
(A.2):

E; = M;E; + M{E} (A.16)
where MEJS) is the bound interface matriz which have the same form of Eq.

(A.4) but r;; and t;; depend on field polarization and have the following
expressions:

N
o Nz N e 2N (A17)
ij,8 N; +Nj§8) ij,8 N; _|_NJ(S)
(s) _ €i(w)N; — ej(2w)Ni(s) ) 2n2w)n;(w)N; A8
Tijpl = ) Yigel = ) (A.18)
€ (w)N; + €;(2w)N; € (w)N; + €;(2w)N;
() _ (s) 2 cos (92“,71'
Tl = 71 Pl = sinf,; (A.19)

IThe reader can find a complete treatment of third harmonic generation problem in
Ref [52]
2All field and polarization terms are intended to be at 2w.
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where N; = ¢; cos by, ; and N;S) = €gcosb, ;.

In analogy with the linear problem, we can define the bound propagation
matriz, which describe E¢ propagation in the j — th layer. This matrix is
indicated with @ and it has the same form of (A.8), but with

¢;s> — ik, d;) (A.20)

Let us calculate the j-th layer contributions to second harmonic field in
the adjacent layers ¢ and k. If we express the boundary condition at the
interfaces ¢ — j and j — k we obtain the following linear system

{ E;(z) + MyiM{ E; () = MyEi(2) (A.21)

Ei(21) = My @,E;(2;) + My 0 E; (2)©)

where (s) indicates all quantities referred to the bound field. From the first
equation we evaluate E;, and if we substitute the result in the second of
Eq. (A.21), we get:

Er(zx) = My ®;M;iEqi(2)
+ (MY — M@, M MIDE; (2)). (A.22)
Now we define the vector
S; = (&, MM 0% + M;MI)E; (2)) (A.23)
and use the identity Ty; = My;®,;M;;, in order to write Eq. (A.22) as
Ei(z) = TrEi(z) + My, ®,S; (A.24)

Note that the first part of Eq. (A.24) describes the linear propagation of
the free harmonic field, while the terms containing S; represents a field
contribution originated by the nonlinear polarization.

Now, starting from Eq. (A.24), and putting k = n and i = 1 we obtain

E,(zn) = TruEi(21) + M,,;®;8S; (A.25)

If we assume that no harmonic fields are incident on the multilayer, we can
write

R, [ Efto(j) } Ly [ E;O(j) ] —s, (A.26)

where we have multiplied both members of Eq. (A.25) by the transfer
matrix from layer n to layer j Rj, = (M,,;®,)~!, and we have defined the
matrix Lj; = R;, Ty, which is the transfer matrix from the first layer to
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the j-th one.
Solving this linear system in the reflected and transmitted amplitudes, we
obtain the contribution of the j-th layer:

EY(j) 1 Lo —Lyo
o = S.. A.27
[ By (4) Ri1Lyy — Ro1Lqs | R —Rn / ( )

Finally the total reflected and transmitted fields, for each polarization, are
given by the sum over all nonlinear layers:

e[ ED ] (429

Note in particular that p-polarized result is the sum of the ones obtained
for parallel and orthogonal components of nonlinear polarization, that is

] -x[E0] x[Ea] am

|
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Conversions Tables

Quantity Gaussian MKSA

Velocity of light c (o€o) /2

Electric field

(potential or voltage) E(®,V) VAregE(®, V)
Displacement D \/ %D

Charge density
(charge, current density,
current, polarization) p(q,J,1,P) L_s(q,J,1,P)

4meq

Magnetic induction

. . 4
(magnetization) B(M) \/ H—ZB(M)
Magnetic field H VAarpeH
Conductivity o ﬁ
Dielectric constant € =

o ZS
Permeability " m
Resistance
(impedance,inductance) R(Z,L) dreoR(Z, L)

. c
Capacitance C Tre
Linear susceptibility X(l) ﬁx(l)

Second-order
nonlinear susceptibility X(Q) mx(”

Third-order
nonlinear susceptibility X(B) leeox(g)

Table B.1: To convert any equation in Gaussian variables to the corresponding
MKSA quantities, on both side of the equation replace the relevant symbols listed
below in the "Gaussian” column by the corresponding in the "MKSA” one. The
reverse transformation is also allowed. Notice that the symbol of mass, length,
time, force, and other not specifically electromagnetic quantities are unchanged.
Quantities which differ dimensionally from one another only by power of length
and/or time are ecrouned tocether where possible.



Conversions Tables for Given Amounts of Physical Quantity

Physical Quantity Symbol MKSA Gaussian
Length l 1 meter (m) 10% centimeters (cm)
Time t 1 second (sec) 1 second (sec)

Mass m 1 kilogram (Kg) 103 grams (g)

Force F 1 Newton (N) 10° dynes

Energy W 1J 107 ergs

Power p 1w 107 ergs sec™!

Charge q 1 coulomb (C) 3 x 10?2 statcoulombs
Potential |4 1 volt 355 Statvolt

Electric field E 1 volt m~! % x 10% statvolt cm ™1
Polarization P 1Cm? 3 x 10° dipole moment cm ™3
Displacement D 1Cm™2 127 x 10° statvolt cm™*
Linear susceptibility X 1 ﬁ

Second order suscept. X lmV! % x 10% esu

Third order suscept. x® 1m2V—2 % x 108 esu

n-th order suscept. x™ 1 mr=t v-(=1) % x (10%)"~1 esu

Table B.2: The table provides the conversion of the most used physical quantities
from the MKSA to the Gaussian system and viceversa. All factors of 3 (apart from
exponents) should be replaced by (¢=2.99792456). The second order nonlinear
susceptibility are in general expressed in units of pm V™', where Ipm V~'=2 x
1078 esu.
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Fundamental Constants and Conversions

Constant Symbol Value

Velocity of light c 2.99792456 x 100 ¢cm- 7!

Electron charge —e —4.803 x 10719 esu

Electron mass M 9.10953 x 10728 ¢

Proton mass myp 1.67252 x 10~ g

Plank constant h 6.62559 x 10727 erg- s~ !
4.1357 x 1071 eV-Hz !

h=h/2r 1.054588 x 1027 erg- s—!

Boltzmann constant k 1.380662 x 10716 erg- K1
0.861735 x 1027 eV- K~!

Avogadro Number Na 6.022045 x 1023 mol~!

leV

(in frequency units)
(in wavenumber units)
(in wavelength units)

(in temperature units)

= 1.602189 x 10712 erg
= 241797 x 10'* Hz

= 8.06548 x 10% cm™!
= 1.23984 x 10~* c¢cm

= 1.16045 x 10* K
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