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Abstract

The first instinct of any animal (including human) is surviving, which implies
security. It impacts how we perceive the whole universe. The best way of satisfying
this need, consists of being able to control situations in which we are immersed. One
way of doing so, consists of predicting future events. That is why we perceive and
model our environment based on cyclic and periodic events, going back to the earliest

civilizations.

Few examples of such periodic events are:

e The rotation of earth around the sun, which illustrates a spatial cyclic event.

e The alternate of day and night, which illustrates a temporal cyclic event.

So modeling any sort of event happening in our environment by repetitive events
allows us to enforce a secure feeling, since (periodic, cyclic) events have the advantage
of being able to be foreseen, which provides the advantage of being well understood.
Most of the devices fabricated by human beings are inspired by the perception of its

environment, and somehow in most cases we just copy nature. Few examples are:

e Airplanes are similar to birds.

e Submarines are similar to whales or sharks.

That is why basic tools of many applied and engineering sciences are resonators,
which are engineered devices that generate or sustain periodic or cyclic events. One
example of a resonator is a guitar. The string can just take a certain finite number

of shapes since it is bounded on its two extremes. Any excitation of the string can be

decomposed as the excitation of each one of these shapes, which would repeat itself
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after one round trip. These shapes are called the resonant mode of the string. Each
note (the music coming out of it) of the guitar corresponds to one of its resonant
modes. The same way that we use a basis to describe a vector (for example x and y
in the case of two dimensional vector), we can use the resonant modes as a basis to
describe any intensity within the resonator. Therefore in the case of the guitar, any
vibration of the string can be decomposed on a set of vibrations of each resonator
mode, where the intensity of vibration of each mode is independent of the others.
What differentiates any vibration of the string from another is the intensity with
which this vibration couple, to each resonant mode. The same way that the guitar
is a mechanical resonator, we can think of an electromagnetic resonator. The same
way an electromagnetic resonator has different resonant modes, and each intensity
couple to the resonator can be decomposed on a set of intensity of each resonant
mode. Another example is at the atomic scales, where the atoms within a molecule
have specific repetitive vibration and rotation patterns, which are called the resonant

modes.

The overall concept of a resonator is the same whether it is mechanical or elec-
tromagnetic one. The basic concept of a resonator is based upon a feedback, which
guarantees the repetition of an event. At the root there are no more than two ways

of obtaining such feedback.

1 The first idea consists of forcing the feedback. Due to this feed back the
same event would happen at the same time if it is a temporal event or at the same

location if it is a spatial event.

By confining the event within a (temporal or spatial) barrier, and by being sure
that the event would bounce back at that barrier, we would have created such a
feedback. Such a specific barrier is often called a reflector. In the case of a mechanical
resonator, such a reflector could be a wall. As an example, when someone talks within

a confined structure, their voice gets echoed or resonates and in some cases the voice



generated by the speaker would get back to him. This is a resonant phenomenon.
Another example is if someone who is confined in a medium separated by two walls
throws a ball to one of the walls. In a specific case, where the trajectory of the
ball repeats itself, we talk about resonance. The same structure is also used in an
electromagnetic resonator where the two reflectors are now electromagnetic reflectors.
In the case of optics, the reflectors would be mirrors. In that case, the feedback
would be obtained by confining an optical medium (a waveguide) within two optical
reflectors (mirrors). Such a structure is the most basic archetype resonator in optics
and was invented 100 years ago, and was named after its inventors Fabry-Perot.
Fundamentally, this structure is very similar to the mechanical resonator obtained

with the help of two walls.

2 Another way of thinking of such a feedback is by assuring that either the
temporal or spatial path used by the events would be repeated. This can be obtained

if the path shape is closed. An example of such structure is a circular shape.

In this thesis, we present a completely novel resonator that in addition to having
both the advantages of the first and the second types of resonators, has its own
specific features. We have called this resonator a Semi-Ring Fabry-Perot (SRFP)
resonator. In order to better understand this resonator we will focus ourselves in the
field of optics, which emphasizes the best on the wave particularity of resonators.
As we will see almost all optical resonators could be modeled as combinations of
Fabry-Perot and ring resonators. These devices are the most important letter of
the alphabet of the optics, where any device behaves like a word obtained with
the combinations of the letters composing the alphabet, similar to introducing a new
letter to the alphabet. Thus, we can with the use of this new letter create new words,
which are new devices and could be useful. The benefit of the novel resonator that
we introduce is beyond the scope of this thesis, where mostly optical applications of

the resonator have been introduced.
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At the end of the thesis, we will introduce a novel way of measuring the incidence

tilt of a field using a resonator.
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Chapter 1

Introduction

As explained in the abstract, resonators (independently of the field they are used
in like optics, electronics, mechanics, and other ones) could be divided into two
categories. In this thesis we introduce a novel type of resonator that besides combing
the advantages of both types of resonators exhibits its own advantages and has
unique features. In order to better understand this novel structure we will restrain
ourselves to its applications for the field of optics. However, the same structure
could be applied in other fields too. During the 80s and 90s we have a witnessed
the tremendous development of optics. Optical devices are extensively used in fields
like defense, medicine, and space. The main advantages of optical devices are high
bandwidth, low delay time, high isolation of the network from outside agents, and

high signal to noise ratio.
e Higher bandwidth:

Optical communications provide a bandwidth of several THz. This is many orders

of magnitude better than wireless communications, which provide a band width of
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several GHz at best.

e High isolation of the network:

In order to probe an optical network we have to physically interrupt it. This
strongly perturbs the operation of the network. So by just monitoring the flux of
communication between a source and a receiver one could easily see whether an
external agent is listening to the system. This is the opposite in a wireless network,

where listening to the system does not disturb it.

e Low delay time or fast transmission data for transcontinental communication:

In general, optical networks are able to deliver information much faster than
wireless networks. This is because the trajectory traversed by the wave carrying
information is much shorter in the case of an optical network. As an example, let us
consider a transcontinental communication scheme: The optical network between the
source and receiver will use optical cables. In the case of wireless communication, the
information is transmitted from the source to the receiver via a satellite (the more
sophisticated scheme using reflection from the ionosphere also exists, but we will
not consider it here). It is straightforward to see then that in the case of a wireless
network the information has to travel a much longer distance resulting in a higher
delay time and more distorted information. In order to qualitatively appreciate
the advantage of lower delay time in a communication network, let’s consider the
example of a phone communication between the USA and Europe 20 years ago. In
those days there was a noticeable time delay from when the speaker ended speech
and the counterpart heard it, which was a direct consequence of the long distance
that the information had to traverse in the case of a satellite wireless communication.
Since then, the laying of transcontinental optical fiber cables has allowed the use of

an optical network. That is why the communication quality of a transcontinental
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cable is as good as that of a local network and it is very hard to differentiate one

from the other.

e High signal "capture" efficiency:

The amount of received signal relative to the emitted signal is higher than with
wireless communication. Substantial literature comparing wireless and optical com-
munication exists. Usually the authors expect one scheme of communication (wire-
less and optical depending on the field of interest) to prevail over the other one. In
contrast, we would like to mention that these two schemes of communication are
not competing with each other but are complimentary. With the development of
the internet and the increase in the speed and size of communication signals, one
could easily understand the advantages of an optical network. Most of the optics
developments have happened in the area of communication operating in wavelength
windows centered at 1.55 um due to the low silicon loss at that specific wavelength.
The technology has reached a state of relative maturity for this specific wavelength.
Sophisticated fabrication tools requiring very difficult material growths and isotropic
etchings were developed to create devices. That in turn enabled the fabrication of
very complicated structures often based upon three-dimensional designs. One exam-
ple is the buried grating structure used in distributed feed back (DFB) lasers. The
fabrication of these complicated structures is made possible by accurate material epi-
taxial growth with the different materials that are gown on each other being lattice
matched. Thus, lattice-matched conditions in most cases define the materials that
could be used for the fabrication of such structures. The material bandgap energy
defines the wavelength range in which the device could operate. Most of these mate-
rials are III-V materials and their bandgap energies allow optimum operation in the
two most popular wavelength windows centered at 1.55 pmand 1.3 pum. If one finds
in the future a need to develop systems operating in wavelength ranges that are not

allowed by the bandgap energies of material that are lattice matched to each other,
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then one cannot fabricate devices based on material epitaxial growths. That is why
we believe structures based upon planar fabrication to be an emerging technology for
future applications. Planar fabrication could be applied on any materials as long as
they fulfill the conditions of lasing or wave guiding. We will introduce in this disser-
tation novel optical devices based upon planar fabrication. An important advantage
of planar structures over other more sophisticated ones is their noticeable ease of fab-
rication. Most current optical devices are fabricated planar even though they may
operate in telecommunication wavelengths where more sophisticated fabrication can
be done. All optical devices are based upon the combinations and integrations of
resonators and interferometers. The basic fundamental, archetype optical resonator
is the Fabry-Perot, named after its inventors. This is nothing more than the optical
version of the resonator obtained with the combination of a medium with two re-
flectors. Optical reflectors are mirrors. It is interesting to note that this device was
invented 100 years ago - well before the development of any serious optical network.
Another fundamental resonator is the ring. Some people would argue that the ring
resonator is itself a special case of a Fabry-Perot. The ring can be easily integrated
on a chip, since it does not require any mirror. All optical resonators could be seen
as combinations of a variety of ring and Fabry-Perot resonators. In this thesis, we
introduce a novel resonator that we call a Semi Ring Fabry-Perot (SRFP) resonator.
Besides combining the advantages of a ring resonator and a Fabry-Perot resonator
in a single resonator, the SRFP has unique features and exhibits several advantages

over other resonators. The advantages of an SRFP resonator over a Fabry-Perot are:
e The reflection field of an SRFP has a greater finesse than the Fabry-Perot
resonator.
e The SRFP can be integrated on a chip more easily than a Fabry-perot.

e The length of an SRFP resonator is not correlated with that of the chip, in

contrast to the case of a Fabry-Perot. This means that in an Integrated Optical
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Device, the periodicity of the spectrum responses of SRFP resonators are not

correlated. However in the case of a Fabry-Perot they are.
e The SRFP resonator does not interrupt the main waveguide.

e It is easier to fabricate a symmetrical SRFP since its two arms are ended by

the same facet.
There are several advantages of an SRFP resonator over a ring resonator:

e The SRFP supports waves propagating in both directions (standing waves).
This allows the resonator to transmit and reflect at the same time. However,
in the case of a waveguide coupled to a ring resonator there is no standing wave

and therefore no reflected light.

e For the same free-spectral range, an SRFP could be fabricated more compact

than a ring resonator.

e The SRFP exhibits higher delay time than similar Fabry-Perot and ring res-

onators.

In this thesis we will study, design, fabricate, and test different SRFP resonators.
We will also introduce and study some applications of the SRFP resonator. We will
also propose some novel optical devices (tunable lasers and a tiltmeter) requiring

planar fabrications.

1.1 The Fabry-Perot: An archetype resonator

The most basic type of optical resonator is the Fabry-Perot cavity resonator, which is

the archetype of optical devices. The Fabry-Perot cavity is comprised of two parallel
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Figure 1.1: Top view of a Fabry-Perot resonator.

reflective planes separated by a distance L, fig. 1.1, [1]. It is nothing else than the
optical version of a resonator consisting of a medium confined within two reflectors
(which are mirrors in the case of optics). Resonance (constructive interference of
the reflected light) occurs at specific wavelengths of light reflected between the two
reflective planes when the distance between the planes is an even multiple of the
wavelength of the light. Thus, the pattern for resonance is periodic across wave-
lengths, as shown in fig. 1.2. Fig. 1.2 represents the transmission (fig. 1.2 (a)) and
the reflection (fig. 1.2 (b)) spectrum of the Fabry-Perot resonator. The period of
the spectrum is called the free spectral range (FSR) and is defined as

C

free-spectral range (FSR) = T
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Figure 1.2: Pictures of the transmission and the reflection of the Fabry-Perot res-
onator, where Av;/, is the separation between the two frequencies at which the
intensity is down to half of its peak value.

where ¢ is the speed of light, n the index of refraction of the medium, and L the
physical length of the medium. The FSR is inversely proportional to the physical
length of the medium. That means in order to separate well the modes of the struc-
ture, we need to have a relatively high FSR, and therefore a smaller medium length
of the medium. Basically, that means the length L of the medium is an important
parameter and dictates which the modes of the resonator are. Almost all optical
resonators can be modeled as a combination of waveguides and reflectors. Therefore,
they can be seen as a combination of different Fabry-Perot resonators. However, the

integration of a Fabry-Perot resonator on an integrated chip requires a technically
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difficult fabrication. In this case the chip length must coincide with the length of
the Fabry-Perot cavity, which determines the FSR of the (transmission, reflection)

spectrum intensities. An important parameter used to measure the resolution of a

resonator is the finesse, which is defined by

Al/l/g
FSR’

finesse =

where Avy/, is the separation between the two frequencies at which the intensity
is down to half of its peak value. As illustrated in fig. 1.2, the Fabry-Perot could
have an relatively high finesse intensity transmission but has a low finesse reflection

transmission. So in summary, the Fabry-Perot exhibits two main disadvantages:

e Difficult integration on a chip.

e Low finesse intensity reflection.

1.2 Ring resonator

One way to improve the integration of a Fabry-Perot resonator on a semiconductor
chip is to use a ring resonator, which does not require the use of any cleaved facet,
as shown in fig. 1.3. Ring resonators establish resonance in a similar manner to
the Fabry-Perot resonator. The critical distance in a ring resonator is defined by the
circumference of circular waveguide rather than the separation between two reflective
planes as in a traditional Fabry-Perot resonator. The use of ring resonator is often
complicated by the need for multiple coupling regions due to the fact that the device

can only guide a progressive wave. Indeed in the configuration shown in fig. 1.3 there
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Figure 1.3: Top view of a ring resonator coupled to a waveguide.

is no back reflected field. So in summary the advantage of a ring resonator over the
Fabry-Perot is its ease of integration, but its disadvantage is that it does not reflect

back any field.

1.3 Grating structures

An alternate solution to the ring and Fabry-Perot resonator is a grating structure,
which reflects back light and can be integrated on a chip, [4]. A grating structure is
a structure where the refractive index varies periodically in the direction of propaga-
tion. The effect of the periodic structure is to couple forward and backward waves in
the structure. Fig. 1.4 depicts a rectangular grating with period A and mark length
A;,. The field reflectivity per unit length &, is

2F(n1 — ng)

_ 2A”eff5 _ 2Nepp, = Mgy, o)
AB

Ky B B

£ = £, (1.1)
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Figure 1.4: Depicts a rectangular grating. A is the period of the structure, A,, is the
mark length, d, is the grating thickness, n; and n, the indices of refraction of the
materials forming the grating.

where n,;; . and n,;, , are the refractive indices corresponding to the trench and
the ridge regions, where n; and ns are the refractive indices of the two layers forming
the grating, and I' is the confinement factor for the grating region of thickness dg,
and ¢ < 1 is the reduction factor. The calculation of I" assumes replacing the grating

2 _ .2
structure with an unperturbated layer with a refractive index of @

1.3.1 Loss in a grating structure

In terms of performance, a planar grating (not a buried structure grating) structure

has higher loss than a conventional ridge waveguide. The main reason for that is the

10
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Width W

Quaternary material InGaAsP

Figure 1.5: Illustration of a ridge waveguide. Since the etching is not perfect, some
roughness appears in the contour of the ridge.

roughness of the facet, which scatters the light and therefore causes loss, as shown
in fig. 1.5. One may argue that the same phenomenon is happening for any ridge
waveguide. However, in the case of a grating, besides having a longitudinal ridge
we also have lateral ridges, which increase the loss for the same reason discussed
previously. One partial solution would be to design the waveguide in such way that
the propagating mode is mostly buried underneath the ridge and not confined within
the ridge, fig. 1.6. Even in the case of a shallow-etched ridge, the tail of the mode
is still interacting with the side of the ridge, which due to its roughness, scatters

some portion of the light. The extreme case would be that the mode is buried in

11
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a) Shallow etch, the InGaAsP
layer is not etched

Figure 1.6: Represents the wafer before being etched case A, the ridge waveguide
with an shallow etched case B, ridge waveguide with a deep etch case C.

such way that it does not interact anymore with the sidewall of the ridge. But this
extreme case is not practical since that would mean that the ridge is not having any
role anymore on the lateral confinement of the mode. That would basically mean
that we do not have a well-confined guided mode anymore. We also have to keep in

mind that the shallower the etching, the less laterally confined is the mode.

12
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Figure 1.7: Intensity reflectivity as function of ASL with kL as parameter [4].

1.3.2 The reflection spectrum of a grating structure

Fig. 1.7 depicts the reflection spectrum grating structures for different values of k,L,
where L is the length of the grating. The magnitude of the reflection depends on the
value of k,L. For high values of k,L the grating structure behaves like a stop band.
For low values of k,L the reflection intensity is low and behaves like a sinc function.
One of the disadvantages of the Bragg grating is its low resolution (it has a relatively
high line width). The line width of the grating reflection spectrum is approximately
proportional to k,. So in order to decrease the line width of the reflection spectrum
while having a high magnitude reflection, we would have to decrease k, and increase
the length of the grating. It is shown in equation (1.1) that there are two ways of

decreasing k, and therefore the line width of the reflection spectrum:

13
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Figure 1.8: A GaAs-GaAlAs cw DFB injection laser with a corrugated interface
(grating structures) [6].

e Decreasing (n; — ng), which can be done by having a low index of refraction

between the two layers forming the grating structure.

e Decreasing the reduction factor &, which can be done by decreasing the duty

cycle of the grating.

1.3.3 Buried grating structure

The alternate solution that avoids both the loss and the high line width of the

reflection spectrum is to grow the material in such a way that we would have a buried

14
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Figure 1.9: III-V compounds: Lattice constants versus bandgap energy and corre-
sponding bandgaps wavelengths. The solid lines correspond to direct-gap materials
and the dashed lines to indirect-gap materials. The binary-compound substrates
that can be used for lattice-matched growth are indicated on the right, [7].

grating structure, fig. 1.8. This has the advantage of eliminating the roughness of
the ridge, since most regrowth techniques introduce some amount of melt-back due
to the high growth temperatures. This helps to remove some of the roughness as the
new layer is grown. The only roughness that might exist is at the atomic level scale,
which is far below the operating wavelength and therefore does not perturb. As far
as reducing the line width of the reflection spectrum is concerned, that could be
achieved easily by using a buried grating structure, since in that case the difference
of indices of refraction of the two layers of material forming the grating structure is
lower than compared with the case where the upper material layer is air. Therefore
from equation (1.1) k, is reduced. However, even in good cases the line width of the
reflection spectrum of a grating structure is not lower that the FSR of a similar Fabry-

Perot. In general a buried structure requires the regrowth of a different material

15
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above an original material layer. The two materials have to be lattice matched. That
condition limits the number of materials that can be grown on each other. This
technique also has the disadvantages of requiring a very sophisticated fabrication
tool, including a sophisticated material growth technique. We should also keep in
mind that few materials have the advantage of being lattice matched to another [7]-
[16]. One of the major reasons that people have chosen to work with III-V materials
is their ability of being lattice matched, see fig. 1.9. Fig. 1.9 shows the lattice
constant of some III-V materials. However, the fact that just III-V materials are
lattice matched to each other considerably reduces the wavelength range where the
device can operate if one would like to use the optical resonator as a passive medium.
The medium should be transparent at the operating wavelength. This means that

the bandgap of the structure should be bigger than the photon energy, therefore

hv
Eg>hV:7,

where E, represents the energy gap, h is the Planck Constant, v is the frequency
and A is the wavelength. So,

As> ol

L, K,

Besides, the bandgap is a value that is intrinsic to the material and related to the
spacing of the lattice within the material, [17]-[26]. If one would like to use the
medium as an active medium, the bandgap must be equal or slightly smaller than
the photon energy,
E,=hy = h§
One advantage of III-V materials such as GaAs, or InP based substrates is that
their bandgaps correspond to the energy level that is used in WDM applications.
However, even though most of today’s optical applications are related to WDM, this

does not mean that optics is only restricted to applications related to communication.

16
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Indeed, other ranges of wavelength different from the ones used for WDM could be
interesting in applications such as spectroscopy of different gazes. In other words,
there are ranges of wavelength, which are not yet used but might be useful in the
future for applications which are not yet known. Since it would be hard to proceed
to epitaxial growth for some ranges of wavelength that are different than the ones
of WDM. Therefore one may not be able to use the grating structures optimally in
these situations. In summary, a planar grating structure exhibits a high difference
of refraction indices between the layer forming the grating and the cladding layer,
which is air. That results in a high value of k,, which results in a low resolution
(high line width) reflection spectrum of the grating structure. In addition, a planar
grating structure exhibits higher scattering loss than a ridge waveguide having similar
transversal dimensions. An alternate solution is to use a buried grating structure,
where the indices of refraction between the two material layers forming the grating
are very close to each other. This technique has the disadvantages of requiring very
sophisticated fabrication tools and procedure. It also reduces the fabrication of the
grating structure to a group of materials that are more or less lattice matched. The
energy bandgaps of these materials define the range of wavelength where the buried
grating structure could operate. To summarize, in order for a grating structure to
be efficient, we need to have a buried structure, which could be fabricated with a
restricted number of materials and requires difficult fabrication tools and steps. It

is also very difficult to obtain a low line width reflection spectrum from a grating.

17
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Analysis of Hypothetical Alternate
Solutions to the Conventional

Optical Structures

Before introducing our device, we analyze in this chapter some structures based on
the combinations of devices that we studied earlier and that might seem to be able
to solve the disadvantages and weakness of grating structures, Fabry-Perot, and ring

resonators used alone.

2.1 Integration of a Fabry-Perot resonator on a

chip in parallel with a waveguide

As we discussed earlier, one disadvantage of a Fabry-Perot is the difficulty of integra-

tion on a chip due to its facets. Some attempts have been made to use a Fabry-Perot

18
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Figure 2.1: Coupled Fabry-Perot resonator.

resonator in parallel with a waveguide at different lengths on the same chip, fig. 2.1.
However, this sort of structure required a sophisticated etching process, [2]. Also,
in the case where the distance between the two cavities is in the order of magnitude
of the wavelength, the modes propagating are not the modes of one resonator fil-
tered out by the other resonator but rather the mode(s) of the structure composed
of the combination of the two resonators. These modes are called the supermodes,
[2], [3]. One solution would be to implement the Fabry-Perot resonator on the same
waveguide that initially supports the light. The only way to obtain such a Fabry-
Perot resonator would be to avoid fabricating the reflector facets of the Fabry-Perot

resonator by just cleaving the chip. Otherwise the waveguide, which initially is sup-
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Figure 2.2: Crossing view of a Fabry-Perot resonator obtained by the use of grating
structures as reflectors.

posed to support the light, would not be on a single chip anymore since it would
be interrupted by the cleaved facets. We could, however, use an optical resonator
as reflector for the Fabry-Perot resonator. Since the Fabry-Perot has two reflectors,
we would need to have at least two resonators. One way would be to use a grating
structure as reflectors, fig. 2.2. An additional problem is that we would have to
fabricate a nonplanar structure that requires sophisticated techniques of etching and

material growth, [8], fig. 1.3.

2.2 Ring resonator and combinations

One way to improve the integration of a Fabry-Perot resonator on a semiconductor
chip is to use a ring resonator that does not require the use of any cleaved facet, fig.
1.3. Both types of optical resonators (Fabry-Perot and ring resonators) have been
used in a vast number of various optical devices such as tunable lasers. However,
both types present different manufacturing and design challenges. The use of ring
resonators is often complicated by the need for multiple coupling regions due to the
fact that the device can only guide progressive waves. Indeed, in the configuration

shown in fig. 1.3 there is no back reflected field. One solution to this problem is

20
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Figure 2.3: Top view of a ring resonator coupled to a waveguide terminated with a
mirror.

to add a mirror, which would reflect back to the ring resonator the field that has
been transmitted, fig. 2.3. However, in this case we would face the same issue as
with Fabry-Perot resonators: to have a mirror in the direction of propagation of
light fabrication required either cleaving the facet or adding some nonplanar filter
such as gratings. Both cases are complicated to fabricate. Despite these issues of
fabrication we propose looking at the device from a theoretical standpoint. Fig. 2.4
is a diagram of the spectrum of a reflected light of the structure shown in fig. 1.3.
The reflected light has low finesse and its pattern is similar to the one of the Fabry-

Perot resonator. In many cases, for devices such as lasers it is more convenient to
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Figure 2.4: Reflected light intensity spectrum of a ring resonator with a reflector
shown in fig. 2.3.

have a reflection with high finesse. An alternate solution to this problem would be
to have the configuration of fig. 2.5. In this case, in addition to the structure of fig.
1.3, we would have a Y junction, two couplers, and possibly two absorption regions,
which would absorb the light and prevent it from being coupled back to the ring

resonator. In summary, we would ideally like a resonator to have:

1. A reflection pattern that has high finesse.

2. Ease of fabrication: a planar structure and no mirror interrupting the

waveguide in the main direction of propagation. The novel resonator that we
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Figure 2.5: Top view of a structure obtained by the combination of a Y junction and
two coupling regions and two absorption regions.

propose in the next chapter fulfills these requirements.

23



Chapter 3

Introduction to the Semi-Ring

Fabry-Perot Resonator

Here we propose a new resonator, [27]-[38]. This optical resonator, hereafter referred
to as a Semi-ring Fabry-Perot (SRFP) resonator, consists of a medium including an
edge forming a reflective facet and a waveguide within the medium, the waveguide
having opposing ends formed by the reflective facet, fig. 3.1. The High reflection
facet should be located such way where it does not interrupt the main waveguide,
otherwise it is not an SRFP resonator. That means that the high reflection facet

(HR) of the SRFP resonator should not interact with the main waveguide.
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Figure 3.1: Top view of an SRFP resonator.

3.1 Advantages of the SRFP resonator (over a

conventional ring or Fabry-Perot resonator)

3.1.1 Advantages of the SRFP resonator over a ring res-

onator

Some advantages of the SRFP resonator over a conventional ring resonator are that

e The SRFP resonator supports standing waves, which allows having a reflected

intensity in addition of the transmitted intensity, whereas in the case of the
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ring resonator there is just a transmitted intensity.

e In the case of a ring resonator and an SRFP resonator having the same length,
the same loss, and the same coupling region, the transmission intensity of the
SRFP would have a higher extinction ratio. The extinction ratio is the ratio
of the power at its maximum over its power at its minimum. For the same

free-spectral range, an SRFP will be more compact than a ring resonator.

e In transmission even without any loss the SRFP transmission spectrum exhibits
resonant modes, whereas in the case of a ring resonator without any loss, the

transmission spectrum is a flat band.

3.1.2 Advantages of the SRFP resonator over a Fabry-Perot

resonator

The advantage of the SRFP resonator over a conventional Fabry-Perot cavity res-
onator is the use of one plane mirror for both reflecting facets. This simplifies the
fabrication of the resonator, whose length now can greatly differ from that of the
chip. Thus the Free Spectra Range of the SRFP resonator is not strongly dictated
by fabrication requirements, as in the case of conventional Fabry-Perot resonators.
It can be seen in fig. 3.2 that the reflected light spectrum of the SRFP resonator is

much narrower than a similar conventional Fabry-Perot, implying higher finesse.
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Reflection intensity Reflection intensity
of an SRFP of a Fabry-Perot

frequency frequency

Figure 3.2: Representation of the reflection of an SRFP resonator and that of a
Fabry-Perot resonator.
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Figure 3.3: Reflection and transmission light spectrum of an SRFP resonator with a
3 dB coupler versus wavelength.
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Figure 3.4: Reflection and transmission light spectrum of an SRFP resonator with
low coupling.
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Figure 3.5: Reflection and transmission light spectrum of an SRFP resonator with
high coupling (k = j.0.9 ).
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Chapter 4

Different Examples of NonSRFP

Resonators

In this chapter we analyze some structures that might seem to be similar to an
SRFP resonator but behave differently. Fig. 4.1 is an example of a device that is
not an SRFP resonator. The distinguishing feature of the SRFP resonator is the HR
facet being parallel to the main waveguide making the fabrication easy; there is no
interaction with the main waveguide and one can get a reflected light that has high

finesse.

4.1 Discussing the case where the HR facet is in-

teracting with the main waveguide

We here basically are comparing the case of fig. 3.1 and fig. 4.1. At first glance the
structure of fig. 3.1, which we call an SRFP resonator and the structure of fig. 4.1

that is not an SRFP resonator, might seem similar.
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coupling

region

Figure 4.1: Representation of a device in which the HR facet is interacting with the

main waveguide. Hence, this device is not an SRFP resonator.

e In the case of the SRFP resonator the HR facet is not interacting with the

main waveguide.

e In the case of the SRFP resonator, neither of the two waveguides, which com-

prise the SRFP resonator, are brought so close to the main waveguide to disturb

the modes of the SRFP resonator and the main waveguide. This is very impor-

tant because in the case that the distance between the two waveguides is in the

order of magnitude of a wavelength, the modes propagating in each waveguide

will interfer with the modes of the other waveguide. The modes propagating in

the structure obtained by the combination of the two waveguides are no longer
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region A

Figure 4.2: Illustration of the fact that in region A the modes of the resonator and
those of the waveguide can disturb each other.

the superposition of the modes of each waveguide, but rather the supermodes

of the whole structure, [3].

The reflection pattern of the resonator shown in fig. 4.2, 4.3 is additionally
dependent on the length of waveguide (1 and 2) as it is in the case of an SRFP
resonator; (fig. 3.1 is also depending on the length of waveguide 3, (fig. 4.3). Fig.
4.3 emphasizes the existence of three waveguides 1, 2 and 3 instead of two in the
case of an SRFP resonator. Fig. 4.4 represents a structure where in addition to the
SRFP resonator we interrupt the main waveguide by putting a reflector. Again, in

comparing this device (fig. 4.4) with the one shown in fig. 4.2, 4.3 the location of
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Figure 4.3: Representation of the resonator and emphasizing on the existence of 3
waveguides 1,2 and 3 instead of 2 in the case of an SRFP resonator.

the reflector could be chosen independently from the length of the waveguides within
the SRFP resonator. However, we can see that in the case of fig. 4.3 the length
of the waveguide 1 depends heavily on the one of waveguide 2. Also in the case of
fig. 4.4 we can see that r; can be different from ry,.; however, in the case of fig. 4.3

r1 = r9 = 13, unless very sophisticated fabrication techniques are used.
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Figure 4.4: Interruption of the main waveguide using a high reflection facet.
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Chapter 5

Modeling the Resonator

One would like to model the structure of fig. 5.1, where the a; are the input fields
to the coupling region and the b; the output fields from the coupling region.

5.1 Modeling the coupling region

Before modeling the whole structure we are going to model the coupling region. We
assume that within the coupling region there is no back coupling, i.e., there is no
coupling between the forward field and the backward field. Using the same approach
as in [39], we analyze the coupling region, where a; (b;) are the input (output)
normalized complex field amplitude entering and leaving the coupling region. As a
result of the assumption that the forward and the reverse fields are not coupled in
the coupling region we can separate the forward and the reverse fields as illustrated

in figs. 5.2, 5.3.
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Figure 5.1: Representation of an SRFP resonator with the association of the coupling
region.

by = 0.a1+0.a0 +t1(f).as + k1(f).aq, (5.1)
by = 0.ay+0.a9 + ki(f) as +t1(f) a4, (5.2)
bs = to(f)ar + ka(f).az + 0.a5 + 0.ay4, (5.3)
ba = ko(f) ar +ta(f) ag + 0.a3 + 0.a4, (5.4)

where f is the frequency of the field, ¢,(f), t1(f), t2(f), t2(f)’, and ki (f), ki(f)
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Figure 5.2: Representation of the forward light in the coupling region.

ky(f), ko(f) are the transmission and reflection coefficients of the complex field,

respectively. The set of equation (5.1) can be also written in matrix form,

by _ - tl(f)/ k‘l(f)/ (a3)7
ba ki(f) ta(f) a4
b3 N t2(f)/ k2(f)/ (al) ‘
by ko(f) ta(f) @2

We will first analyze the forward light, illustrated in fig. 5.2. We assume that the
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b2

bl

b2

bl

Figure 5.3: Representation of the reverse light in the coupling region.

coupling is lossless, meaning there is conservation of energy between the input light

t
4
,,,,,,,,, -

k ’ T
— B a3
1 B

""" K

E—

intensity and the output light intensity, expressed by the condition

10 + [ba]* = Jar|* + [azl”

The condition expressed in equation (5.5) is fulfilled if the matrix M; is unitary.

This means the columns and rows of M; are orthogonal to each other:
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L) k() + k() 6(f) = 0,
t(f) k() + k(N0 = 0,

and

WP+ (P = 1.
()| + |

The conditions expressed in equations (5.6, 5.7) are satisfied either if

BN = —k(f),
t(f) = ulf),

then

40
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k(f) = k()
t(f) = —t(f),

then,
b t k
1 _ 1(f) 1(f) as (5.9)
ba ki(f) —t(f) ay
5.1.1 Special case where the coupler is symmetric
In the case where the coupler is symmetric as illustrated in fig. 5.4, then,
ki(f) = k(f), (5.10)
t(f) = t(f), (5.11)

equation (5.8) combined with the condition expressed in equation (5.10) results

in

kalf) = —k(f)" = ka(f) = £j k()]

tb(f) = tlf) =ulf) ==£tl)l

If k1 (f) is pure imaginary then t;(f) is pure real. However, when equation (5.9)

is combined with the condition expressed in equations (5.10) we obtain
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Port 2 Port 4
— —
_ 3 - 5

Port 1 Port 3
— [—
P | —

Figure 5.4: Illustration of a symmetrical coupler with respect with the two
transversal axes.

ki(f ki(f)" = ka(f) = £k ()],
t(f) = —t(f) = ulf)==£5t:(f)l,

~—
I

and thus ki (f) is pure real and t;(f) pure imaginary.

42



Chapter 5. Modeling the Resonator

5.2 Modeling the SRFP resonator

5.2.1 Modeling the reflection and transmission

between ports 1 and 3 as illustrated in fig. 5.1

Following the discussion of the last section, we choose to model the coupler region

with the following matrix:

o\ _ [ 6l k() as (5.12)
by —ki(f)" ta(f) ay
and the same way we have
bs _ to(f)  ka(f) a (5.13)
by —ka(f)* ta(f)* as
and furthermore,
ay = e IMeemelap, by (5.14)
ag = e e by, by,

where 7}, is the facet field reflection coefficient, ns Lo is the optical length of waveguide

2, ngL4 is the optical length of waveguide 2, « is the absorption coefficient and k is

the wave vector. We would like to have the expression for the transmitted light bs

and reflected light b; for a given input light a;. Therefore, we assume that,
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as = 0. (5.15)

Using equations (5.12, 5.13, 5.14, 5.15), we get

bl . kfle_jkL46_aL47“hr(—]€5) (5 16)
ap 1 —titteiklre—ol2e—ikLig—aLay, '

bg tg _ tiefjkLz efaLzrhTefjkLél 670[[/47‘}“«

b_l 1= t;t{efjkLgefaLg,rhrefjquefaLAlrhr-

5.2.2 T matrix of the structure

In theory we would like to test the device shown in fig. 3.1. However, in reality we
have to test the device shown in fig. 5.5, where in addition to the high reflection facets
of the SRFP resonator we also have the facets reflection created at the interfaces of
the chip and which are the result of the discontinuity of the index of refraction
between the air and the one of the guiding layer. Fig. 5.5 represents the actual
device where in addition of the HR facets we also have r; and r3 that are created by
the discontinuity in index of refraction between air and the chip. One way of getting
rid of r; and r3, would be that the waveguide would have an angle with the facet
different than 90°. In order to do so, one simple way would be to use the T" matrix
formalism, [40]. In order to obtain the 7" matrix of the structure shown in fig. 5.5,
we would have to multiply the T matrices of each “substructure”, which are the T’

matrix of:

e The interface 3 (interface between waveguide 3 and air): 754,

e The waveguide 3: Tj
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Figure 5.5: Representation of the actual device where in addition of the HR facet
we also have reflection resulting from the boundary between the wavguide and air (
riand r3).

e The SRFP resonator: Tsrrp
e The waveguide 1: T}

e The interface 1 (interface bewteen waveguide 1 and air): T} Jair

So the T" matrix of the structure shown in fig. 5.5 is:

T ="Tjar D1 TsrrrT5Th fair-
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i, -, .
J
; b,

Figure 5.6: Representation of the field flux at port ¢+ and port j of an unknown device.

T matrix of the SRFP resonator

In order to write down the expression of the T matrix of the structure shown in
fig. 5.5, we need first to define the 7" matrix of each “substructure” composing the
structure of fig. 5.5, and more especially we need to define the T" matrix of the
SRFEP resonator. In general a T" matrix is relating the field flux at a certain plane
(for example plane 1) to the flux at another plane (for example plane 2), as illustrated

in fig. 5.6. The way that the field in port ¢ is related to the field in port j is:
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In general, for any two-port device the T matrix can be written as

1 ..

where
ti; stands for the transmission coefficient from port ¢ to port j.
tj; stands for the transmission coefficient from port j to port i.

ri; stands for the reflection coefficient of a field entering the device from port
rj; stands for the reflection coefficient of a field entering the device from port

In the case of an SRFP resonator as shown in fig. 5.5 the ports ¢ and j are
respectively the ports 1 and 3. So we need to write down the transmission and

reflection coefficients between port 1 and port 3 of the SRFP resonator.
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b
lig = <—3) ;
ay a3=0
b
l31 = <_1) )
as a1=0
()
ris = - )
1/ a3=0
()
T3 = —
as a1=0

T matrix of interfaces 1 and 3 as shown in fig. 5.5

The generic form of the transfer matrix at the interfax of two different media as

illustrated in fig. 5.7 is

: (5.19)

where

° t;; stands for the transmission coefficient from medium ¢ to medium j

which is the same as from j to i.

° r;; stands for the reflection coefficient at the interface looking from medium
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N a

Figure 5.7: Tllustration of the interface of two different media (i and j) with respective
indexes of refraction n; and n;.

° r;; stands for the reflection coefficient at the interface looking from medium

J. equation (5.19) is a special case of equations (5.18) where

o= TLZ'—TL]'
tzy = tji7
g * + [t =1
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T matrix of waveguides 1 and 3 as illustrated in fig. 5.5

The generic form of the transfer matrix relating the electromagnetic flux at two

different planes distant to each other of a distance L4 is

ei®a 0
T = ,
0 —el®a
where
na2nw fL ]

is the delay phase happening for a field of frequency f traveling a medium with
physical length L4 and index of refraction n4 and loss coefficient ay. C' designates

the speed of light.

T matrix of the structure shown in fig. 5.5

Now we can write the T" matrix of the whole structure:

Ty Thio
T = = T /0ir 11 TsRrPT3T1 jair-
Tor T

Using the 7" matrix we can deduce the reflection and the transmission expression
of the structure shown in fig. 5.5, where the reflection coefficient is % and the

transmission coefficient is TLH
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input r

Figure 5.8: Representation of a schematic where the output is located on the side of
the high reflection coating.

5.3 Modeling the reflection and transmission be-

tween ports 1 and 4

We are examining here the field that gets transmitted through the facets that are
supposed to have a high reflection coating, see fig. 5.8. Similar to before we have to
write down the 7" matrix that relates the input to the output as depicted in fig. 5.8.

Similarly to the previous case, the T" matrix
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input r

Figure 5.9: Depicts the structure where the input is the field a; and the output field
is b4.

T = Tl/airTl TInput(l)iOutput(él) T4T4/air (5 20)

is composed of different 1" matrices of subsections, where

Tyir1 is the T matrix of interface 1 (interface between air and waveguide 1).

Trnput(1)_Output(4) is the T' matrix of the structure shown in fig. 5.9, where the

input is the field a;and the output field is by.

Ty is the T' matrix of waveguide 4.

Ty /air is the T matrix of interface 4 (interface between waveguide 4 and air).
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5.3.1 T matrix of the structure depicted in fig. 5.9

We first have to write down

in order to describe the 7" matrix of the structure shown in fig.

previous equations, we find that:

Using equation (5.18) which expresses the general form of a transfer matrix be-

tween two ports (i and j), we deduce the T' matrix of the structure shown in fig. 5.9,

which is

—ki(1+

tltge’JkL3e’°‘L3r3 —

t}‘tge_JkL%_o‘L? Thr <1 —

tity e IkL2 efah e Iklsg=alsy, r.

1 + klkfe_jkLQ€_aL2€_jkL3€_aL37’hT’r‘37

5.9. Using the

tieiklse=alapgfe=iklag by, pre—jklso—alsp.t)

( tie Iklse=alsp ko emikbzgmalay, 3

1 + kokie iklze—alze—jklse—alay, rq

“h).

1 + ka:Tei‘jk[Q e*QLQ e*jkLg e*Ong ThTr3
TefjkLg efaLg 7“3]{:267‘7’{[/2 efaLg Thr

1+ kokie—iklze—alze—iklse—alsy, rq

)

Y



Chapter 5. Modeling the Resonator

1 1 —T14

bia | ry tigty — rata

We can write the T" structure that relates the inputs to the outputs, fig. 5.8,

Tll T12

T="1T airTlTIn ut(1)  Out ut(4)T4T4 air —
/ put(1)_Outp / Ty To
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Chapter 6

Case Where the SRFP Resonator
is a Lossless and Symmetrical

Resonator

From a theoretical point, it is interesting to study the case where the SRFP res-
onator is a lossless and symmetrical resonator. The assumption that the resonator

is symmetrical is expressed by
e [,=1,
and
e The coupling region is symmetrical.
The assumption that the resonator is lossless is expressed by

e The waveguides are lossless,

a =0,
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bl=reflected *

b3=transmissiol

Figure 6.1: Representation of an SRFP resonator where a; is the input field, bz the
transmitted field, and b; is the reflected field.

and
e The high reflection facet is perfect, ry, =1

We choose as the input field of the resonator a;, the output field b3, and the
reflected field by, as shown in fig. 6.1. The reflection coefficient of the structure

shown in fig. 6.1 is %, and its transmission coefficient is %} The scattering matrix
that relates the outputs of the device to the input is expressed as
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ri3 13
S = ,
l31 731
where
. (b1> B kie~ikbag=alag, (k)
B=\ " - wep# —jkLa p—ola p—jkLa p—ol
a1/ 4,—o 1 —t5tjeIrbze-alee gklagalap,

is the reflection of port 1,

(b3 B —kottkjeIFl2eolep, emiklagmaLay,
lig=1|— 123
a3=0

a 1 — titje=ikl2e—al2g=jklag—alay,

is the transmission from port 1 to port 3,

S <b3> B koe=ikbze=alag, (k%)
3L\ g - xp*o—jkLa p—ala p—jkLap—alL
as ) .o 1 —t5lie IR emalzemIMaem by,

is the reflection of port 3,

B bl _kztfk;e—jkLze—aLzrhre—jkL4e—aL4rhr
tig=|— =1
a1=0

as 1 — titreiklze=alze—jklag=aLay,

is the transmission from port 3 to port 1. Assuming that the combination of the

SRFP resonator and the coupling region is lossless, it signifies that the scattering

matrix of the structure is unitary. In addition the assumption that the resonator is

symmetrical means that the transmission and reflection coefficient of fig. 6.1 are the
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same that the ones of fig. 6.2, which represents the SRFP resonator where a3 is the
input field, b; is the transmitted field, and b3 is the reflected field. Therefore, the

scattering matrix can be written either in the two following forms:

T t T13 t13
S p— p— 5
—t* r* t31 31
where t13 =t,t31 = —t* and 3 = 7,731 = 173.
Since we know that our device is symmetrical then ri3 = r3; and ¢35 =
t31. That means t = —t* and r = r*.So
ri3 = 131 €R,

tis = t31 = %7 |tis],

r t 13 t13
S p— p— 5
= 31 T31
where 13 = ¢, 133 = t* and ri3 =7, 731 = —rj;. Since we know that our device
is symmetrical then r13 = r3; and t3 = t3;. That means t = t* and » = —r*. In

both cases we can see that there is a difference of phase of +7 between the reflected
field and the transmitted one. As illustrated in fig. 6.3 the condition of having a
difference of phase between the transmitted and the reflected fields is fulfilled under
the condition that the SRFP resonator is a lossless and symmetrical device. Fig. 6.4
represents the difference of phase between the transmitted and the reflected field in

the case that the SRFP resonator is symmetrical but not lossless since Ry, = 90%.
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It can be seen that in the case where the SRFP resonator is symmetrical but not
lossless since the high reflection facet is just equal to 90% the difference of phase
between the reflected and the transmitted fields could be assumed to be equal to
+7%. However this phase condition is harder to satisfy as soon as the device deviates
from the symmetry condition. That teaches us about the advantage of the SRFP
resonator to satisfy the phase condition over any other symmetrical device. Indeed
the fact that the difference of phase between the reflected and the transmitted phase
is +4 is not intrinsic just to the SRFP resonator but rather to any lossless and
symmetrical resonator as long as there is both a transmitted and reflected field.
However, the net advantage of the SRFP over any other resonator is its ability
to satisfy with a higher degree of accuracy the symmetrical condition. Indeed, in
the case of a conventional Fabry-Perot resonator, it is not an easy task to have a
symmetrical device since both mirrors should be similar. However in the case of
the SRFP resonator we have the mirror for both waveguides, which guarantees with
great accuracy the symmetrical condition. In the case of a grating structure, that
is even a more complicated task since each period of the grating should be exactly
the same. In this thesis, we are not exhibiting different applications for such phase
features. However, we are convinced that this specific phase feature of the device is

of great use for many different applications.
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]

id ]
Hransmitted b3=reflected

o
ey

Figure 6.2: Representation of an SRFP resonator where a3 is the input field, by is
the transmitted field and bs is the reflected field.
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XTT s Phasg(bl)—phase(b;%)
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25+

151
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1.548 1.549 1.55 1.551 1.552 1.553 1.554 1.555 1.556

x10°

wavelength

Figure 6.3: Representation of the difference of phase between the reflected field and
the transmitted one when the resonator is symmetrical and lossless, which means
that I‘hrzl.
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X JT Phase(bl)-phase(b3)

0 I I I I I I I
1.548 1.549 1.55 1.551 1.552 1.553 1.554 1.555 1.556

«10° wavelength

Figure 6.4: Representation of the difference of phase between the reflected and the
transmitted fields in the case that the SRFP resonator is symmetrical but not lossless
since the reflection of the HR. is 90%.
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Chapter 7

Characterization of the Waveguide

In order to make a consistent design of our structure we should be able to evaluate
accurately the electromagnetic field profile and characteristic within the waveguide.
For this purpose, we assume the translational invariance of the material properties
such as refractive index, material loss/gain, etc; along the axis of the waveguide.
These properties of the material determine the optical mode profile, the propagation

constants associated with each mode, polarizations, and cutoff conditions.

7.1 Slab waveguide

In the one-dimensional slab case shown in fig. 7.1, we can obtain an exact solution

by solving the Helmholtz equation (7.1):

V2U (2, y) + [ﬁ%g . BQ] Ulz,y) =0, (7.1)
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Figure 7.1: Schematic of a three-layer slab waveguide. Indices are assumed to be
uniform in the z-direction.

where U(z,y) is the complex amplitude of the electric field, kg is the propagation
constant in the free space, n is the effective index of refraction, and B is the prop-
agation constant. An exact solution can be obtained by solving equation (7.1) for
uniformity in each of the three regions and then matching the boundary conditions

at the interferences [40].
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7.2 Effective index technique for two-dimensional
waveguides
In practice, waveguiding happens in two-dimensional schemes both in the lateral

y-direction and in the transverse x-direction. These schemes are called either two-

dimensional or channel waveguide. Then we should solve,

—_2

V2E(x,y) + [n(x, y) ki — Bﬂ E(z,y) =0, (7.2)

where n(x,y) is now a function of both = and y. However, it is impossible to
find an exact analytical solution when matching the lateral boundary conditions for
all values of x. With some consistent assumptions one can still find an analytical

expression that is close to the real physics.

7.2.1 Large index discontinuity assumption

Under the assumption of very strong refractive index discontinuities at the active-
cladding interfaces, the boundary conditions can be set around the perimeter since
the field within the active region will fall to zero at the boundaries. Then we can
express the field within the active region as the superposition of the field in the

two-dimensional transverse and lateral slab waveguides.

TM,T

E(z,y) = Eycos( g ) cos(

TMyY

), (An — 00)
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Transverse X
direction ;

A

>

Lateral direction

Figure 7.2: View of the cross section of the waveguide. The different transverse
regions are denoted A, B, C, and the lateral ones 1, 2, 3 [40].

Since the assumption of large index discontinuities cannot be made all the time,
we should solve the problem numerically. One of these numerical techniques is called

the effective index technique.

7.2.2 Effective index technique

The effective index technique is based upon a sequential solution of the field of the
structure shown in fig. 7.2. In order to express the overall channel waveguide mode
shape in each of the three lateral regions, this technique uses the simple (uniform y)
slab mode solution along x. Then this solution is used to solve the simple (uniform

x) slab mode solution along y. When the contrast of index of refraction between the
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core and the cladding is high and % >> 1, this technique is the most accurate.
The solution sequence for the effective index is as follows:

1. We first distinguish between the longer dimension (y in our example) and the
shorter (x-dimension) one. We assume that the region is uniform in the longer
dimension (y). We then solve the three layer slab problem across the shorter

dimension using n,,ny,, n. and obtain three effective indices ( 77, 712, 73).

2. We solve the three layer slab problem across the longer dimension using
(71, M2, T13), assuming that the regions are uniform across the shorter dimension
(x). The result is a final effective index for the two-dimensional problem. This
is used for the lateral k£, and v . The net axial propagation constant, 5 always

satisfies

B2 = [kon,)” — (k3 + k)

This figure is strictly for TE modes and many problems can not be solved accu-

rately by using the effective index method.

7.3 Numerical finite-difference eigenmode solver

Many problems cannot be accurately solved by the effective index method. A
straightforward alternative solution to equation (7.2) uses the finite-difference tech-
nique. The first step in this finite-difference procedure is the selectivity of a compu-

tational window with the following restrictions:

1. Need to limit the size of the domain for computational efficiency.

67



Chapter 7. Characterization of the Waveguide
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Figure 7.3: Illustration of a finite difference grid over a buried-rib waveguide.

2. The domain should be large enough to contain the field distribution that we

want to calculate.

The second step is to discretize the computational window using a grid as indi-

cated in fig. 7.3, given by

r = iAx,x=0,... [ +1,

y = jAy,y=0,...J +1.

This grid discretization can be either uniform or nonuniform. The lateral normalized
field E(x,y) will be found at the nodes of the grid by converting equation (7.2) into
a set of finite difference equations specified at the grid points. So we have to solve

the following equation:
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+k; ln(m, y)2 — ﬁﬂ E(z,y) =0, (7.3)

*E(z,y) N O?E(x,y)
0x? Oy?

where n(x,y) is the lateral index profile and 7 the modal effective index. We need to
approximate the partial derivatives using the finite-differences. This is accomplished
by using a second-order Taylor series expansion of the fields in adjacent grid points,

given by

Blo+ Any) = Eloy) + an2E@y) | (L) PE@Y)

Oz 2 O0x?
_ 0E(r,y) | (Ax)’ E(z,y)
E(x — Ax,y) = E(z,y)— Az T 0z T

By adding the two previous equations, and neglecting the terms with greater than

two, we will obtain

PE(x,y)  Elr+ Azx,y) —2E(x,y) + E(x — Az, y)

O0x? (Ax)?

. (7.4)

We neglect the high-order terms since we assume that the grid spacings are suf-
ficiently small. The corresponding expression for the partial derivative with respect

toy is

PE(x,y) _ Elr,y+Ay) —2E(x,y) + E(z,y — Ay)

~

Oy? (Ly)®

. (7.5)

Using equations (7.4) and (7.5), equation (7.3) can be written in discretized form

as
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E(x+ Az,y) —2E(z,y) + E(x — Ax,y)
(Ax)®

+

E(x,y+ Ay) — 2E(z,y) + E(x,y — Ay)+
(Ay)?

i [nle) | Be) =

This equation will be rewritten in the form

Efl —9opi+ Bl gl _9F 4 E 2 ,
: L+ I+l L Ly [n(x,y) —ﬁg} E' =0,
(Az) (Dy)
where by denoting

B = By,
EfY = Bz + Azy),
E;_l = E(zr— Auz,y),
E;+1 = B
(

z,y + Ay), (7.6)
E]szl = E(z,y—Ay).

The scalar wave equation equation (7.3) can be discretized to provide the matrix

form,
Eil £ 2 2 A A Ei Eitl ‘
J j—1 1\2\ 1t Jj+1 Jj —92 i
RAZ | RAy (kgAx2 T A (n5)°) 55 + AL IZAL i (1.7)
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To complete the problem we need to specify the boundary conditions. Different
choices exist [69] but the simplest choice is to set the fields to zero around the border
of the computational window. As long as the field is essentially confined within the
computational window, it is a fair approximation to consider the field to be null
around the window border. The set of algebric finite-difference equation (7.7) can

be cast in the form of a matrix eigenvalue problem,

A.E = 7E,

where A is a matrix of dimension I..J x I..J where I, J are the integer numbers of
grid points along the x and y axes, E is a length [..J column eigenvector containing the
field E(z,y) = E! at all the points on the 2 D grid. The details of these calculations
are represented in [69]. m? is the eigenvalue associated with the eigenvector FE and

represents the effective index of refraction.
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Figure 7.4: Beam profile of the fundamental TE mode obtained by using the numer-
ical finite differential method that we implemented. The lines in blue illustrate the
outline of the different material layers composing the ridge waveguide. The structure
of the ridge waveguide is the one shown in fig. 1.5. The effective index for the mode
shown is n.sr = 3.36. Depending on the width and the length of the ridge, we can
either get a single or multi-mode waveguide.
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Fabrication

In this chapter we will discuss the fabrication of the device. The choice of the
material, design of the wafer, and choice of gas for the etching will be described in

the following sections.

8.1 Choice of the material

There is an increasing demand for integrating different modules such as source, mod-
ulator, and other components on the same chip. For optical communication, these
devices need to operate at the wavelengths around 1.55 pm at which the propaga-
tion loss of silica is a minimum [41]. The SRFP resonator introduced earlier can be
realized in a number of different dielectric materials. In the present work, we focus
upon the In; (GayAs,P; . III-V semiconductor alloy, because it allows for the ma-
nipulation of the relative fractions x and y of the elements during the semiconductor
growth process, leading to the tuning of the energy bandgap. For material lattice,
matched to InP, bandgap wavelengths in the range of 1.0-1.65 um are available [70].

The lattice parameters are similar to those of ternary InGaAs and quaternary In-
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GaAsP alloys. Thus, InP is a good substrate for optical integrated circuits operating
around 1.55 um. Besides, it is possible to implement electronic devices as well optical
devices on the same chip due to the high thermal conductivity of the material. We
should also keep in mind that the III-V materials have a direct bandgap, allowing
them to be integrated as a gain medium in different embodiments. Depending upon
the growth conditions of the crystal, the emission intensity of such materials can
change [60]. For these reasons we have decided to demonstrate the device in an InP
based material. However, one could decide to fabricate the device in other materials.
Besides, the range of applications of the device is not restrained to those related to

a WDM application.

8.2 Choice of the gas for etching

The InP and InGaAsP etching is essential for fabricating our device. Structure de-
finition in our material must be carried out by dry etching when profile anisotropy
is required (independent of crystal orientation), particularly for high aspect ratios.
Various plasma etch tools and dry etch approaches have been reported in the liter-
ature [47][46][44][61][51][55][53]. We analyzed those methods and concluded which
ones met the majority of our device dry etching needs, [44]. The etching had to meet

several requirements, most important being [45]:

e High selectivity.

e Good control of the etch depth and etch profile. For an exact definition of
the geometry of the microstructures, it is necessary that etch depth and etch

profile be well-controlled, [46].

e The material must be etched with sufficient selectivity compared to the masking

material.

74



Chapter 8. Fabrication

8.2.1 Several etches

Plasma etching of group III-V semiconductors (GaAs, GaAsP, InP) is of current
interest because of the importance of these compounds in photonic communication,
and high speed and discrete electronic technology. Generally, these compounds had
been etched until the early 1980s in chlorine or its mixtures [47][48][49],[50]. In the
early 1980 many papers praised the advantages of plasma systems using gases based
on different chlorine derivative. Klinger and Greene [51] discussed the etching of
GaAs material (which may be similar to the one of InP) in CCly_,F,(z = 0,2,4)
and mixed CCly_,F,/Ar discharges. They concluded that the rate limiting step of
the reactive ion etching in the halocarbon discharges (especially those containing F')
was not the removal of absorbed C but rather the removal of Ga. Moreover, they
found that the ion-induced chemical played an important role and if one minimized
ion bombardment effects (such as in high pressure barrel reactors) the etch rate
in CF, discharges is reduced to less than a measurable value. They observed the
accumulation of carbon on the target surface during the RIE in CCl,_,F, discharges.
They believed that the carbon deposition occurred due to the impact dissociation of
halocarbon ions (CCL}and/or CF} , depending on the etch gas) and the dissociation

chemisorptions of halocarbon radicals (CCl, and/or CF,).

8.2.2 The carbon tetrachloride etch

Burton and Smolinsky [52] examined the use of CCly as an etching agent for a ITI-V
material. A correlation between Cl atom emission intensity with the etching rates
of GaP and GaAs (but not InP) was proven. This result led to the conclusion that
CCly is the primary etchant for GaAs and GaP, but that other CCIl, species must
also play an active role in the etching of InP. That is why the authors of [47] focused
their effort on understanding CCly plasma etching of InP. They observed carbon
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deposition and showed that this deposition is largely responsible for controlling the
etching rates. They concluded that the rate limiting step in CCly plasma etching of
InP and GaAs is the diffusion of reactants and products through a plasma deposited
chlorocarbon layer. In order to avoid this problem, chlorine derivative gases with
carbon have been proposed, such as Cly [53]. However, phosphorus depletion from
(110) surfaces of InP by exposure to Cly gas has been suggested [54]. Reactive ion
etching of ITI-V materials using SiCly as the etching gas has been demonstrated
[55]. One advantage of SiCly over chlorinated halocarbons is that it will not produce
chlorinated polymer films, which can contaminate the sample, the etching chamber
and the pump fluids. On the other hand a layer of oxidized Si or chloride could be
deposited on the substrate. This necessitates an additional step, which may consist
of either immersing the substrate in an HF solution or bombarding it with Ar. The
ultimate problem is the contamination and redeposition of nonvolatile compounds.
RIE using gases that do not contain halogen have been analyzed too. One example
is the use of Cly, which exhibits phosphorus depletion and indium residues on the
surface, [54]. However, that exhibits phosphorus depletion and indium residues on
the surface. A derivate compound of F-discharge has also been used, but in some
cases it stops etching due to the formation of an involatile group III fluoride, which
makes the surface inert. So we can say that until the mid 1980s the most serious
etchants of III-V material had been halogen derivatives. They exhibited notable

drawbacks:

e Formation of residue on the surface of the wafer that slows or literally stops

the etching, and which can also contaminate the chamber.

e Generally rough surface morphology is observed, [56] [57].

The creation of a rough surface generates additional loss for the guided light due

to scattering, leading to a decrease in intensity proportionally to the roughness of
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the waveguide.

e Some of these gases are toxic and corrosive.

8.2.3 The use of CH,/H, etching

In the late 1980s and the early 1990s, papers had been published suggesting the use
of CH4/H, mixtures [58]. CH;/Hs plasma has been shown to provide certain advan-
tages over some of the halogenated etchants. The feedstock gases are of low toxicity
and are not corrosive (as opposed to Cly and BCl3), although they are flammable.
There is no known threat to the ozone layer, as there is with the chlorofluorocarbons.
The polymer that deposits on mask surfaces gives high etch selectivity between InP
and the mask, whereas chlorinated gases can etch the photoresist, SiOs and SiN,,
at significant rates. The polymer film that deposits on the chamber walls is less
hygroscopic than chlorinated surfaces. Besides, the etching walls are smoother com-
pared to the walls generated by gas mixtures containing chlorine. Surface analysis
shows that under etching conditions that maximize the InP, there is a hydrocar-
bon coverage on the InP surface, and the surface is significantly depleted of P. The
etch rate is limited by the flux to the surface of hydrocarbon reactants responsible
for In desorption. Polymer deposition generates particulates and contaminates the
chamber, which necessitates periodic chamber vacuuming Oy plasma cleaning. In
addition, like most plasma processes, reproducible etching rates are achieved only
after seasoning the reactor by depositing polymer on the chamber walls. One of the
minor disadvantages of this chemistry is the production of phosphine as an etching
product. The quantities produced are 100-1000 times less than those during a typical
InP metal-organic chemical vapor deposition growth run; standard MOCVD scrub-
bing practices can be used to safely detoxify the effluent [58]. But even though the

CH,4/H, mixture overcomes the general rough surface obtained with a Cly—based
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mixture, the major limitation with its use is the slow etch rates, which are typically

<500 A% x min~* for dc biases of < 350 V and pressure < 60 mTorr [60].

8.2.4 Introduction of HI/H,

Gaseous discharges of HI/Hy mixtures [61] etche in an anisotropic manner at much
faster rates while still retaining a smooth, residue-free surface. The mixture displays
very high selectivity for etching over common masking materials such as photoresist,
and the etch rates are approximately a factor of 8-10 faster than those obtained
with a mixture under the same conditions [62]. Due to the absence of any carbon
residue, there is no heavy polymer deposit on the mask within the chamber, which

is characteristic of plasma [63].

8.2.5 Fabrication

The SRFP resonator fabrication process, illustrated in fig. 8.1, proceeded as follows

(described in depth in [64]):

1. A 120 pm Si etch mask layer was deposited by plasma-enhanced chemical vapor

deposition.

2. 550 um of polymethylmethacrylate (PMMA) electron-beam resist was applied
by spin-coating and then baked. Several SRFP geometries were patterned into
the PMMA layer using an electron beam writer. The electron beam writer was
operating at accelerating voltage of 100 KV and 10 nA beam current. Patterns

were written with exposure doses of 625, 650, 675, 700 pc/cm?.

3. The development of the patterned PMMA film was carried out in a solution of
1:3 MIBK: IPA for 60 s.
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a) The wafer b) Deposit Si02 ¢) Deposit PMMA d) Ebeam lithography
and developing

—

i h) Cutting using FIB
. f) Strip PMMA mask ; ‘
€)Si05ICP efch and InGaAsPAnP g) Lapping technique and
ICP etch deposition of HR facet

with beam vaporization

Figure 8.1: Illustration of the different steps of fabrication.

4. The PMMA patterns were transferred into the etch mask layer. The S;0, was
etched by inductively coupled plasma reactive ion etching (ICP-RIE) using
C,Fg plasma.

5. The remaining PMMA was removed with a gentile plasma etching step.

6. The patterned layer then served as a hard mask for transfer into the active
membrane, using a low voltage ICP-RIE etch as we had analyzed it previously.
In the etch recipe used, the gas flow was 10/6 sccm, the chamber pressure was
SmTorr , and the ICP and rf electrodes were driven with 950 W and 30 W.
The plasma dc self-bias was 100 V, and the etch rate was 325 nm/min.
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10.

In our specific application we do not need to remove the SiO, since it can be
used as a protection layer and does not change the optical beam. If we would

like to get rid of it, we can use a buffered hydrofluoric (HF) acid solution.

. The wafer was lapped using Al,O3 powder. The thickness of the wafer was

brought to 100 ym in order to allow a better cleaving.

. Cutting the facet using focus ion beam (FIB) technique.

HR coating deposition.
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Choice of the Coupling Region

We have to choose the nature of the coupling region that couples light from the main
waveguide to the SRFP resonator. As we discussed, we have chosen to fabricate the
device on an InP semiconductor-based material. In this case the index of refraction
of the material is relatively high (around 3.4) and therefore the light is relatively
confined within the waveguide core. There are several candidates for the coupling

region.

9.1 Adiabatic coupler

In general, an adiabatic process is a slowly varying process where the variation is
slow enough that there is no transition between energy levels. Therefore, as the
system is changed from one stage to another, there is no change in level populations.
In the special case of Integrated Optical Circuits (IOC), the variation is the physical
variation of the waveguide structure. This means that if a mode is initially excited

all the power stays in the same mode as the waveguide structure changes. For that to
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happen the mode shape has to change as the waveguide structure changes [66]. Fig.
9.1 illustrates different cases of adiabatic couplers. In other schemes of coupling, the
quality of the coupler heavily depends upon the exact dimensions of the length and
the width of the coupling region. In contrast, an adiabatic coupler is very tolerant
to these parameters. However, an adiabatic coupler is not usually an appropriate
choice for a photonic integrated circuit especially for material where the intrinsic loss
is high, such as in ITI-V materials. The reason is that in order to have a slow varying
change of the optical mode shape a longer coupling length is required compared to
other couplers for similar performance. Thus an adiabatic coupler is not necessarily
an appropriate choice for a photonic integrated circuit (PIC). But it seems to be

appropriate for devices where the dimensions are bigger than a few mm.

9.2 Evanescent coupler

Another commonly used type of coupler is the evanescent coupler. There are mainly
two types of evanescent couplers, the in plane lateral evanescent directional coupler
[67] and the vertical evanescent coupler [68]. The two waveguides are not physically
connected to each other. Each initially separate guide acts as a dielectric perturbation
for the others. The perturbation causes the coupling between the mode of one
waveguide to the mode of the other [67]. This scheme of coupling is essentially used in
cases of low index contrast waveguides where the optical mode is not strongly confined
within the core but where their tails can perturb the mode of the adjacent waveguide
and the opposite one. However, in the case of high index contrast waveguides the
tight confinement of the optical mode within the waveguide requires the coupling gap
be made extremely small around 100 nm for a coupling length of the order of 100pm.
Fabrication of features of the order of 100 nm requires ebeam lithography and very

accurate etch techniques. Due to the very small gap between the two waveguides
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the fabrication tolerance of the device is very important meaning a small change of
the order of magnitude of 0.1 um would drastically change the performance of the
device. The vertical evanescent coupling configuration has the advantages that the
gap between the two waveguides and can be precisely controlled via epitaxial crystal
growth [71], physical vapor deposition [72], and spin-coating of dielectric materials
[73]. The disadvantage of this technique is the very complex and difficult chain of
fabrication requiring several steps of fabrications, in contrast with a simple planar

fabrication requiring only one step of lithography.

9.3 TMI coupler

Two-mode interference (TMI) couplers consist of two single-mode input waveguides
figs. 9.2, [74]-[80]. The structure can be considered to be a directional coupler in
which the gap between the guides in the coupling region has been reduced to zero. As
for an ordinary directional coupler, the eigenmodes of the “coupling section” consist
of one symmetric and one antisymmetric mode. The energy that was originally
concentrated in the “top” half of the guide is found in the “bottom” half at distance

given by

mi mir
L’ﬂ':— =

(Bs—Bas) DB’
where m is a positive odd integer, and 3, is the propagation constant of the symmetric
mode and that of the antisymmetric mode. It is then clear that the energy at the
output of the two-mode section can be switched from the top half to the bottom half
of the guide if we are able to change Af [80]. Fig. 9.3 illustrates the distribution of
energy along the axis. However, requirements of high power coupling efficiency and

proper mode excitation from the single-mode waveguide input to the TMI section
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limit the branching angle of the access waveguides to very small values typically < 2
deg. Due to the finite resolution of the lithographic process, part of the area between
the access waveguides (shaded region in fig. 9.2 will be filled in a non-reproducible
way. This introduces considerable uncertainty in the actual length of the TMI section,
causing spread in coupler performance. Moreover, due to the proximity of the input
waveguides, extra modal coupling occurs. An alternative to all these solutions is the
multi-mode interference coupler, which is easier to fabrication (especially compared
to the vertical evanescent coupler), has high bandwidth (devices having a bandwidth
of 100 pm operating in the infrared have been demonstrated [81]), and is highly
compact. But the major advantage of the MMI coupler compared to other couplers

is that it is appropriate for coupling high index contrast waveguides.

9.4 The multi-modes interference (MMI) coupler

The MMI coupler is composed of single-mode input waveguides, a multi-mode

waveguide and single-mode output waveguides, fig. 9.4. The MMI coupler concept
is based upon the self imaging property of a multi-mode waveguide, where the elec-
tromagnetic field profile at the waveguide input is produced at periodic intervals
along the waveguide propagation direction [83]. For a strongly guided, step-index
multi-mode waveguide, it can be assumed that the penetration depth of each trans-
verse mode into the cladding is equal and negligible. Thus, within the paraxial

approximation, the distribution of propagation [, is quadratic,

) 1 2 2 1 2
RPN YL Sl Gl M A i Gl
Wiiur 2kon Wi

with,
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m(v+1)

kz = ﬁw kz ~
WMMI

, (9.1)

where n,. is the effective refractive index under the ridge, which can be obtained
using the effective index approximation [85] [86]. This allows us to reduce the problem
to a two-dimensional problem. Fig. 9.5 illustrates the index profile and the field
profile across the cross section the MMI coupler. Wy, y,; is the physical width of the
MMI coupler, ky is the wave number in free space. We also made the approximation

that

ko << nyky. (9.2)

Since we have a high contrast index profile, we can assume that the transverse field
at the input of the multi-mode section is completely contained within the width of
the MMI. Let assume that the multi-mode has M modes. Then the total lateral field
profile h, (y,z = 0) at the input of the MMI section can be decomposed as a linear
combination of the fields h, , (y) of the guided modes so,

m—1

he (y,2=0) = coha (y), (9.3)

v=0

where ¢, is the relative contribution of each mode and is given by

o JIhlyr=0h,Wldy
VI e (g2 = 0)dy f [y () dy

We have neglected in equation (9.3) the x dependence of the field because the

planar guide supports only one mode in this direction. Therefore the total lateral
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field profile h, (y,z = 0) at any distance z along the axis of the MMI section can be
decomposed as a linear combination of the fields &, , (y) of the guided modes with

their respective phase factors,

where 3, is the propagation constant of the mode v and is given by equation (9.1).

Under the condition of high contrast that results in strongly confined field we can

mm

use the paraxial approximation and therefore h, , (y) can be written as cos(m

Y).

So h, (y,z) can be written as

y)e_jﬂuz‘

WMMI

That shows that a symmetric intensity pattern is repeated periodically at intervals
of A along the guide, where A = %’;’M! It can also be shown that N images of
a symmetric field from the input guide are formed in the plane z = %,and the
images are equally spaced across the multi-mode guide, with a pitch % [87]. Fig.
9.5 illustrates the total field distribution within an MMI section. It is important
that the multi-mode section supports a sufficient number of guided modes to make
accurate imaging of the input field. This number is decreased by miniaturizing the

MMI. In general we can write down the expression of possible h,(y, Lasar):
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> Cohay (y)
haly, Lnsaar) = S (1 o (3)
> even J (= 1) sl (y) + oy 4, (y,0)
(2¢)3L~
Jor Lymr = (2¢+ 1)3L,
(q+ 3)3Lx

As the self-imaging depends on the interference of different modes the coupling length
L. between the first two lowest order modes of the MMI coupler is used as a charac-

teristic dimension,

T 4 W2
L= — Sp,—, 9.4
BB 37X 64)

where (3, and [3; correspond to the propagation constants of the two first modes,
and W,, corresponds to the equivalent width of the MMI coupler. In the case of a
strongly guided structure, W, is equal to the physical length of the MMI coupler,
W, W equations (9.4) shows that

e When Ly = (2¢)3L5, the field at the entrance is reproduced at the end of
the MMI section (self-imaging effect), and the coupler is in the bar state.

e When Ly = (2g + 1)3L,, the field at the end of the MMI section is in an
x-z plane mirror image of the field at the entrance, and the coupler is in the

cross state.

e When Ly = (¢ + %)3L7r, the field at the end of the MMI section is a linear
combination of the original field at the entrance and its x-z plane mirror image

with relative phase of 7, which means that the coupler operates in the 3 dB
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coupler state. It has been shown in [74] that if the modes 2, 5, 8,. .. in the MMI
section are not excited, i.e, if ¢, = 0 for v = 2,5, 8,then similar resonances as
stated by equation (9.4) occur for MMI section lengths that are multiples of L,
(restricted multi-mode resonance) instead of 3L, (this is typically referred to
as one of general interference), thus allowing the design of couplers with MMI
section three times shorter; this is what is called the restricted multi-mode

interference.

9.5 Restricted interference multi-mode resonance

Fig. 9.6 depicts the top view of a 3 dB MMI coupler based upon the restricted

interference multi-mode resonance

3n,
Lt = = Wi (9.5)

In the case where the cross section of the waveguide is the one shown in fig. 1.6 (a)
and where the width on the single mode waveguide is w = 3 pm, then Wy, = 18
pm. Knowing that n.;r = 3.26, then using equation (9.5) we find that Ly = 520
pm. We fabricated a set of different of MMI whose lengths vary from Ly, = 500 pm
to Laspyr = 540 pm by changing the length of the coupler by 5 um successively each
time. Fig. 9.7 represents the SEM picture of an MMI coupler that we fabricated.
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Figure 9.1: (a) and (b), simulations of light (power) propagation along an asymmetric
adiabatic coupler directional coupler and (c), along a symmetric directional coupler.
The light is coupled through the input guide at the bottom [66].
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Figure 9.2: Representation of a classical two-mode interference (TMI) coupler.
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coupling length

—

Figure 9.3: Energy distribution along the propagation direction in a two-mode
waveguide due to the interference between modes [80].
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Single-mode waveguide

Multi-mode waveguide W

Figure 9.4: Tlustration of a 2 X 2 MMI coupler where the input and output
waveguides are single-modes and where the center waveguide supports multi-mode.
The propagation happens along the z-axis [84].
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Figure 9.5: The cross section profiles of different modes.
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Figure 9.6: Top view of a 3 dB MMI coupler based on the restricted interference
theory.
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Figure 9.7: SEM picture of a fabricated MMI coupler.
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Figure 10.1: Representation of the testing bench.
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Chapter 10

Testing

The optical setup shown in fig. 10.1 is used to characterize the SRFP. A tunable laser
lasing from 1440 nm to 1640 nm and delivering few milliwatts was used. The laser is
used on an automatic mode and sweeps the whole range at a speed of 5 nm/s. The
laser is coupled to single-mode fiber. The polarization of the light inside the fiber
is controlled with a set of fiber paddles. The light coming out of the fiber is then
collimated for free space. A linear polarizer is used to select the correct polarization.
The light is then coupled into the waveguide facet of the device through an aspheric
lens (50-60)X (NA=0.65). Another aspheric lens is used to collect light from the
resonator. For careful positioning of the lenses focal plane relative to the input
and output facets, the lenses are mounted on micrometer translation stage. The
micrometer have five axes and a resolution of 0.02 um. For optimizing the input
and output coupling conditions, an infrared vidicon camera is useful for viewing the
optical mode profile. In order to measure the transmitted light through the device,
a photo detector is placed at the output. The entire optical tool used had an anti-

reflection (AR) coating for the range of wavelength of operation.
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Reflection of the SRFP

Reflection of the Fabry-Perot
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Figure 10.2: (a) Represents the reflection spectrum of the FP and the SRFP sepa-
rately and (b) represents the reflection spectrum of the structure shown in fig. 5.5.

10.1 Preliminary simulation

With the help of the T" matrix formalism, we made different numerical simulations
of the structure shown in fig. 5.5 for a broad range of cases. Our goal was to see in
which cases we were more able to detect the response of the SRFP and to differentiate
its contribution to the responses of the structure shown in fig. 5.5. The simulations

showed that the best case is where the length of the Fabry-Perot obtained with the

combination of waveguides 1, 3 and facets r;, r3 is the same or a multiple of the
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Transmissic_)n of the SRFP

Transmission of the Fabry-Perot
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Figure 10.3: (a) Represents the transmission spectrum of the FP and the SRFP
separately and (b) represents the transmission spectrum of the structure shown in

fig. 5.5.

length of the SRFP resonator. In other words, when

Ly + Ls = Lo+ Ly.

One special case of the previous condition is

Ly = L3 = Ly = Ly,

which means that the structure is symmetrical. That means that the FSR of the

Fabry-Perot (without the presence of the SRFP) and the FSR of the SRFP (without

the presence of the Fabry-Perot) are the same. Figs. 10.2, 10.3 depict the (reflection,
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transmission) spectrum of the SRFP (without the presence of the Fabry-Perot) and
the Fabry-Perot (without the presence of the SRFP) alone. It appears that a similar
spectrum as shown in fig. 10.2 (b) and fig. 10.3 (b) could be obtained by just
superimposing the responses of a Fabry-Perot and SRFP resonator. A node of the

SREP, Fabry-Perot corresponds to a peak of the Fabry-Perot SRFP.

10.2 Testing an ~3 dB SRFP resonator with low

reflection coating

10.2.1 Testing the MMI coupler

We first tested a series of MMI couplers, which are fabricated as depicted in fig. 9.7.
In addition to being interested in testing how well the couplers were working, we were
also interested in looking at the interference fringes created by the discontinuities at
the interfaces between the waveguides and air. Until now interest has been in looking
primarily at the performance of the coupler and has ignored the interference pattern,
just averaging the obtained result. The device depicted in fig. 9.7 is similar to an
SRFP resonator where the HR coating is replaced by a reflection resulting from the
difference of index of refraction between the waveguide and air, as illustrated in fig.

10.4. By testing the different fabricated MMI couplers we were able to measure:
e The characteristic of the coupler itself.
and

e The characteristic of the SRFP resonator when the reflection coating does not
have high reflection. We proceed here to the measurement of the reflected and

transmitted lights through the device, fig. 10.4.
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L SRFP where:

r — rhrl = rhr3 — r’

1 :

Figure 10.4: Analogy between a simple MMI coupler and an SRFP resonator.

10.3 Testing an ~3 dB SRFP resonator with high

reflection coating

We report the measurement of an SRFP resonator with an estimating 3 dB coupler
and a high reflection of 95% that was obtained with the deposition of different layers
of AlO3. A picture of the SRFP resonator is shown in fig.10.11. Using the 7" matrix

model of the structure shown in figs. 5.5 was useful as a design tool guide. It tells
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Figure 10.5: Plot in decibel (db) of the normalized reflection spectrum of the device
shown in fig. 10.4 versus wavelength. Between two consecutive strong modes there
is a less strong mode. This has been predicted by simulations and characterizes the
existence of an SRFP inside an FP. Even in this case where the reflection coating of
the SRFP has a low value, which corresponds to the reflection created between the
waveguide and air interfaces, one can distinguish the contribution of the SRFP alone
to the spectrum shown above. The coupler has been designed to be a 3 dB coupler.
However, testing has shown that the coupling is 51% instead of 50%.

us that in order to be able to detect and differentiate the intensity spectrum of the
SRFP from the ones created by the discontinuity of the waveguides (1, 3) and air,
we should design our structure in such way that L, = Ly = L3 = L4. In order to do
so, we put marks at the places we wanted the cleaving to happen. For an accurate

cleaving we used sophisticated tools.
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Figure 10.6: Plot in decibel of the normalized transmission spectrum of the device
shown in fig. 10.4 versus wavelength. As can be seen the shape of the spectrum
corresponds to that has been predicted by simulations. Similar to the reflection where
we could distinguish the contribution of the SRFP alone, here also the contribution
of the SRFP from the transmission spectrum shown can be easily distinguished.

10.4 Testing an SRFP with low coupling coeffi-

cient and with a high reflection coating

Finally we report on the measurement of an SRFP resonator with a high reflection

facet of ~ 95 % and relatively low coupling (k ~ 0.2).
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Figure 10.7: Plot in decibel of the normalized reflection spectrum of an SRFP, where
the coupler has been designed to be a 3 dB coupler. The contribution of the SRFP,
which corresponds the strong peaks can be clearly seen.

LA LA b

_4 1 1 1 1 1 1 1 1 Il

164 15405 15841 15415 1542 15425 1643 16435 1.544 15445 1545
-6

¥ 10

Figure 10.8: Close-up of fig. 10.7 showing the intensity contribution of the SRFP.
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Figure 10.9: Plot in decibel of the normalized reflection spectrum of the device shown
in fig. 10.11. The coupler has been designed to be a 3 dB coupler. The contribution
of the SRFP corresponds to the strong peaks.
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coupler

waveguides

Figure 10.10: Close-up of the MMI coupler used in the SRFP.
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Figure 10.11: Picture of a fabricated SRFP.
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Figure 10.12: Plot in decibel of the normalized reflection spectrum of a device with
high reflection coating and low coupling coefficient. The coupler has been designed
to be a low coupler. The contribution of the SRFP corresponds to the strong peaks.
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Figure 10.13: This is a close-up of the plot shown in fig. 10.12 in order to emphasize
on the contribution of the SRFP to the intensity.
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Figure 10.14: Plot in decibel of the normalized transmission spectrum of the device
shown in fig. 10.15. The coupler has been designed to be a low coupler. The
contribution of the SRFP corresponds to the strong peaks.
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high reflection facet

coupling region —"—

waveguides

Figure 10.15: Top view of a fabricated SRFP resonator
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@) (b)

(© (d)
Figure 10.16: (a)-(c) represent the pictures of an SRFP resonator; (d) represents an
SRFP resonator before cutting the edges
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SRFP Resonators Used in Delay

Line Schematics

Due to limited time, we cannot investigate in depth the properieties of the SRFP
resonator and different combinations of it. Delay time is crucial in many (optical

and microwave) applications, some of which are
e Optical time division multiplexed [75](OTDM).

e Optical buffering.

e Phase array.

There are two major ways of creating a delay time:

The simplest way is to physically implement, which is very hard to integrate on

a chip and for which tunability is hard to achieve.

The other way consists of using resonators. In that scheme, delay time can be

obtained either by the material resonance where the group velocity becomes very
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small, or by forcing light to travel several times a physical distance. If
H(w) = |H(w)| /™"

is the spectrum of the resonator the time delay associated to it, is defined as

don
dw

A resonator could be modeled as infinite impulse response (IIR), since they are

based on closed loop structure. They can be divided in two groups:
Case 1 Minimum phase filter (MPF):

A filter is said to be a minimum phase filter if

A(z)
B(z)

H(z) =

has all its poles and zeros inside the unit circle z = 1. The minimum phase filter are

stable by definition since the poles must also be inside the unit circle; the inverse

1

7 18 also stable when H(z) is minimum of phase. H(z) is minimum of phase if

both A(z) and B(z) are minimum of phase. B(z) is said to be minimum of phase
if all its roots ¢; are inside the unit circle, i.e, &; < 1. Minimum-phase signals are
maximally concentrated toward 0 among the space of causal signals having a given
magnitude spectrum. As a result of this property minimum signals are sometimes
called minimum-delay signals. In a minimum phase filter, the phase ¢ (w) is the
related to the amplitude by a Hilbert transform. Therefore, large group delays
are possible where there are changes in amplitude. That implies that time delay is
accompanied with amplitude distortion. The minimum phase case is the one in which
the impulse response [hg, by, ...] decays instead of grows. Minimum phase signals are
maximally concentrated toward time 0 among the space of causal signals. As a result

of this property MPF signals are also called minimum delay signals.

Examples of ITR, MPF are:
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e Fabry-Perot.

e Apodized fiber Bragg grating.

Case 2 Non-Minimum phase filter (Non MPF):

In these filters there are not specific relations between the amplitude and the
phase. All-pass filters (APF) are an example of Non MPF. Fig. 1.3 depicts an APF
based on ring resonator. APF filters have a constant amplitude response and a phase
response that can be made arbitrarily. In Non MPF it is possible to have group delay
while avoiding amplitude distortion. In both cases of MPF and Non MPF large time
delay comes at the price of finite bandwidth over which the delay is achieved. SRFP
seems to be an adequate device for delay time applications, since in transmission the

SRFP can behave like a non-minimum phase IIR.

11.1 SRFP can be a non-MPF in transmission

Similar to [75]-[79], the transmission field of an SRFP % expressed in equation (5.16),

can be written as

to — -2
H(z) = %7
1 —thyz2
where
27t = e*jﬁL
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is the delay and

v = t’{e_aLQThre_O‘L‘lrhr.

H(z) posseses two poles, located in

=%/

and two zeros, located in

zzzjq/l.
t

When |t2| < ||, the zeros lie outside the unit circle and a maximum phase behavior
is achieved. The SRFP could be used optimally for dispersion compensation and
delay time applications. When |to| = || the transmission vanishes at the resonance.

When |t5| > || the SRFP is a minimum phase filter (MPF).

11.2 Comparing the delay time of an SRFP with

that of an FP and ring resonators

Since it supports standing waves, an SRFP resonator would exhibit higher time delay
than a similar ring resonator with the same physical length and coupling coefficient.
For the same physical length, an SRFP has an FSR that is twice than a ring with
the same length since the light has to traverse twice the same trajectory in an SRFP
resonator that it traverses once in a ring resonator. So an SRFP resonator could
be used in every application requiring APF, and would probably increase notably
the efficiency of the current state of the art device based upon ring resonators APF.
Comparing an SRFP to a similar Fabry-Perot, the SRFP exhibits higher delay time
in transmission since it is a non-minimum phase filter, while the Fabry-Perot is a

minimum delay filter.
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11.3 A 3 x 3 coupling region

We introduce here the concept of a 3 x 3 coupler having high coupling coefficient
between the two resonators, and low coefficient between each resonator and the
waveguide. Fig. 11.2 depicts a configuration among many others of a structure
based upon the use of SRFPs. The delay time can be further enhanced in cases
where the coupling coefficient between two SRFPs facing each other is high and the
one between the SRFP and the main waveguide is low. It would mean that the
propagation of light, which happens along the axe of the main waveguide, is slowed
down. The structure of fig. 11.2 should increase notably the delay time. We can
also think of using a chain of the previous setup where the delay times are additive,

fig. 11.2
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3 x 3 coupler

waveguide

high reflection
facets

couple of SRFPs

Figure 11.1: Configuration where two SRFP resonators and a waveguide are coupled
to each other with the help of 3 x 3 coupler.
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second couple
of SRFRs coupling

) region
waveguide

high
reflection
facets

N couple of
of SRFPs SRFPs

first couple

Figure 11.2: Depicts a configuration among many others of a structure based upon a
heavy use of SRFPs. Most probably, this structure would exhibit a very high delay
time. This would be further enhanced in the case where the coupling coefficient
between two SRFP facing each other is high and the one between the SRFP and
the main waveguide is low. In that case the light is traveling from one resonator
to the resonator facing it. It would mean that the light would have a much slower
propagation speed along the axes of the main waveguide.
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Combination of an SRFP
Resonator with Other Resonators

and Interferometers

In order to enhance the characteristic of the SRFP one could combine it with other
well-known resonators and interferometers. One interesting combination is the use

of a Mach-Zehnder interferometer inside an SRFP resonator.

12.1 Resonator obtained with the combination of
a Mach-Zehnder interferometer and an

SRFP resonator

The performance of the SRFP resonator can be further enhanced by including a

Mach-Zehnder interferometer inside the resonator, fig. 12.4. The SRFP exhibits
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Reflection of an SRFP alone

frequency

Figure 12.1: Spectrum of an MZI terminated by an high reflection facet and the
reflection spectrum of an SRFP resonator.

its own (transmission, reflection) spectra having a substantially uniform peak at all
resonant frequencies. The free-spectral range of an SRFP is related to its optical
length. Accordingly, tuning can be achieved by shifting the peaks by an adjustment
of the index of refraction in a portion of the SRFP waveguide. That could be done
for example through current injection. In some applications one would like to have
a tunable frequency mirror with a high mode suppression ratio (MSR). The MSR
defines the energy of the strongest mode over the next strongest one. With the help
of an MZI we can further enhance the performance of the SRFP in terms of MSR and
tunability, assuming that the tunability range of the SRFP used alone is equal to its

120



Chapter 12. SRFP with other resonators

Incident field

Reflected field «

Figure 12.2: The MZI is located outside the SRFP.

free-spectral range. The MZI includes an upper arm and a lower arm that are used
to establish a path length differential for the light entering. To describe intuitively
the tunability mechanism one may look at the performance of the unbalanced MZI
and the SRFP resonator individually and then in combination. As shown in fig.
12.1, we can use the MZI response as a rough filter and the SRFP resonator response
as a fine filter. Fig. 12.3 shows the spectrum of the structure shown in fig. 12.2
where the MZI is located outside the SRFP resonator. In fig. 12.5, the spectrum
of the structure shown in fig. 12.4 is plotted, where the MZI is located inside the
SRFP resonator. The MZI alone produces a periodic frequency selectivity, where the

large free-spectral range MZI selects a particular wavelength, which is higher that the
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" frequency

Figure 12.3: Intensity spectrum reflection of the device shown in fig. 12.2.

FSR of the SRFP resonator and which therefore defines the tunability range of the
device obtained by the combination of the SRFP resonator and the MZI. However
the MZI alone does not provide sufficient discrimination between neighboring cavity
modes on account of its low finesse [5], [89]-[91]. Since the finesse of the MZI is
constant in order to increase its selectivity (meaning the slope of its spectrum), one
could decrease the FSR of the MZI. However, doing so means reducing the range
of tunability of the device. So the MZI used alone does not give enough selectivity
and an increase of the selectivity while maintaining the wide range of tunability are
required. The SRFP provides the required selectivity. The SRFP resonator, with a

small free-spectral range and higher finesse selects a particular cavity mode within

122



Chapter 12. SRFP with other resonators

Figure 12.4: Structure where an MZI is located inside the SRFP resonator.

the wavelength region selected by the MZI. The frequency tunability is obtained by
changing the difference of optical length between the two arms of the MZI, and the
SREP cavity defines the finesse of the reflector. We also assumed that the parameter
are chosen such that the peaks of the SRFP resonator corresponds to the peaks of
the MZI filter, which also correspond to a cavity mode of the SRFP resonator.
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frequency

Figure 12.5: The reflected intensity spectrum of the structure shown in fig. 12.4.

12.2 Comparison of two different embodiments

combining an SRFP resonator and an MZI

We would like to compare the responses of the structures shown in fig. 12.2 and
fig. 12.4. In fig. 12.6 the responses are compared in the case where the MZI is
located inside the SRFP (fig. 12.4) where the discrimination between the strongest
peak and the next strongest peak is even further enhanced that in the case the MZI
is not located inside the SRFP, fig. 12.2. This can have a real advantage in many

applications, as will be discussed later.
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12.3 Study of the back reflection

A study of the foregoing analysis can show that the presence of an imperfect high
reflection facet, r3, as illustrated in fig. 12.8, does not significantly deteriorate the
resonator response. In addition, the effect of a back reflection, r3, is to improve
the performance of the resonator in terms of reflection and free-spectral range (the
spacing between two consecutive peaks of the same intensity). Thus, the free-spectral
range can be increased by changing the back reflection, rather than the resonator
optical length. Figs. 12.9 and 12.10 illustrate different cases where the presence
of a back reflection is an advantage. The green curve represents the reflection field
without the back reflection and the blue one with the back reflection. As shown, in
the case where the lengths of waveguides 1, 3 .4 are a multiple of each other, the
reflection of the SRFP is greatly enhanced in terms of intensity and FSR by the

presence of the back reflection.

12.4 Other embodiments combining an SRFP
resonator with other resonators
In the previous sections we studied a few embodiments using combinations of SRFPs

with other resonators. There are many other embodiments that could be of interest

in future applications. Fig. 12.11 depicts several of these embodiments.
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Reﬂéction of the
A | ' n ” structure where the
H H ‘ MZl is in parallel

with the SRFP

Reflection where the

> MZI is inside the
frequency SRFP

Figure 12.6: Comparison of the response of the structure where the MZI is located
outside the SRFP resonator (shown in fig. 12.2) and the structure where the MZI is
located inside the SRFP (shown in fig. 12.4). In the case where the MZI is located
inside the SRFP, the difference between the strongest mode and the next strongest
mode is further enhanced.
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Figure 12.7: Mach-Zehnder interferometer inside SRFP resonator. This picture has
been obtained after devloping the electron beam lithography.
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al

bl«—‘

mirror.

Figure 12.8: Tllustration of an embodiment combining an SRFP resonator and back
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Figure 12.9: Illustration of both the reflection intensity with and without a rear facet
versus the wavelength. The rear facet reflection is assumed to be equal to 0.99 and
HR facet reflection corresponding to the natural reflection appearing between the
semiconductor air interface and Ls = 4L,.
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Figure 12.10: Illustration of both the reflection intensity with and without a rear
facet. The rear facet reflection is assumed to be equal to the SRFP facet reflection
HR facet reflection, which corresponds to the natural reflection appearing between
the semiconductor air interface and Lz = 4Ls.
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Figure 12.11: Case (a) depicts a single SRFP, (b) depicts the combinations of an
SRFP with waveguides of different lengths, (c) depicts combinations of an SRFP with
other resonators and interferometers. The dashed box represents several examples
(among many others) of resonators and interferometers that could be combined with
the SRFP.
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SRFP Resonator Used as
Modulator

Fig. 13.1 proposes a modulator, which operation is similar to the one described in
[39], but differs from it by replacing the ring resonator with an SRFP resonator. The

modulation is obtained either:

e By modulating the coupling coefficients. One way of doing so it to use an MZI
within the coupling region as depicted in fig. 13.1. Between the two arms of

the MZI a phase shift is introduced.

e By modulating the loss (or the gain) within the SRFP resonator.

The advantage of such a modulator over the conventional modulators such as an
MZI is it requires a small phase shift between the two arms of the MZI to switch
from an “on” state to an “off” state, therefore requiring less energy and switching

time between on and off. This structure exhibits the same kind of advantages as
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_________________________________________________________________

coupler region

|

MZI reflector

Figure 13.1: An SRFP modulator obtained with the help of an MZI within the
coupling region.

the device described in [39]; however, there are several advantages in using an SRFP

resonator instead of a ring resonator.

The main advantage of the structure that we proposed over the one using a ring
resonator [39] is that the device can be used either as a modulator in transmission
or reflection, whereas the modulator combining the ring resonator and the MZI can

just be used in transmission.
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Different Laser Applications of the
SRFP Resonator

Presented here are some novel tunable semiconductor lasers. One of the many ad-
vantages of these embodiments is the requirement for only simple planar fabrication
technology. Thus, embodiments of these devices require no grating structure or mov-
ing parts. Using a complex field approach, it can be demonstrated that relatively
wide tunability, high optical power, and large mode suppression ratio (MSR) can be
achieved through a careful design employing a simple architecture. The mode sup-
pression ratio exhibited by some proposed embodiments (even in the case of a bad
coupling, e.g. approximately 3 dB , coupling between the gain chip and the tunable
mirror) is still higher than that obtained with standard designs of tunable lasers
based on interferometer techniques. Such standard designs exhibit typical MSRs
around 30 to 40 dB . For an ordinary Fabry-Perot cavity in a laser device, lasing is
a function of the cavity optical length and typically only occurs near the top of the
gain profile of the gain medium. Because adjustment of the cavity optical length is
limited, there is no simple technique for tuning over a wide range. In addition, the

cavity typically has a relatively broad gain profile, making it possible to have lasing
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at more than one frequency. In order to select a single frequency for operation, it is

necessary to introduce a frequency-selective mirror device.

14.1 Analysis of a laser using a single SRFP

resonator with an MZI

Fig. 14.1 illustrates a top view of two tunable laser embodiments including an
SFRP tunable element, an MZI (and a reflective facet in case (b)). The tunable
laser device comprises a tunable feedback element within a Fabry-Perot cavity. The
tunable feedback element comprises an MZI within an SRFP resonator. There is a
gain medium within a waveguide bounded by reflective facets, a rear facet, and a front
facet at opposing ends of the gain medium. The front facet, bounding the opposing
end of the cavity, comprises the output of the tunable laser device (MZI+SRFP).
As is well known in the art, the gain medium can include a phase shifter to adjust
phase of the laser mode to coincide with a gain peak in order to tune the laser. This
fundamentally applies to all laser embodiments presented herein. There are different
means of coupling the gain medium to the tunable feedback element. However, the
nature of the coupling is not important for the description of the device. So the
proposed tunable element is created by the combination of an MZI inside an SRFP
resonator cavity. As discussed earliear, the large free-spectral range MZI selects a
particular wavelength region within the gain bandwidth, but this interferometer does
not provide sufficient discrimination between neighboring cavity modes [5]- [91]. But

first we must understand qualitatively how the laser shown in fig. 14.1 works.

14.2 Qualitative description of the tunable laser
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Figure 14.1: Illustration of the top view of a tunable semiconductor laser where the
tunable frequency mirror is obtained with the combination of an MZI inside an SRFP
resonator (a). In (b) in addition to the combination of an MZI with an SRFP we
also use a rear facet.

To describe intuitively the tunability mechanism one may look at the performance
of the unbalanced MZI and the SRFP resonator individually and then at the combi-
nation of the two. For a laser that consists simply of a gain medium and a straight
extension ending with a flat mirror, the acceptable frequencies (cavity modes) are
those that satisfy equation (14.1):

mc
— - 14.1
v (nng + ’fllLl) ’ ( )

where n, and n; are the propagation constants and L, and L; are the physical lengths

of the gain and extension sections respectively. But, in the best case scenario the
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Figure 14.2: Depicts a tunable laser, where the tunable mirror is composed with the
combination of an MZI in addition to a reflection.

range of tunability available is equal to the FSR of the Fabry Perot resonator com-
posed with the combination of the gain medium and of its rear and front facet. In
reality, such a range of tunability is not possible since changing the optical length
of the gain medium would also shift the gain profile spectrum. In this case one
would like to have a laser delivering sufficient power, therefore the length of the gain
medium would have to be extended, which would result in a decrease of the available
tunable range (since the FSR will decrease as the length of the medium increases). In
order to achieve single frequency operation, it is necessary to introduce a frequency

selective feedback element such as the MZI, as depicted in fig. 14.2. Consider an
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Figure 14.3: Illustration of the mode filtering by the MZ interferometer filter.

MZI with an upper and lower arm length. In the structure shown in fig. 14.2, the

MZI reflectance is a periodic function of the optical frequency f :

A(TLL))47

where A(nL) is the difference of optical path length between the two arms, f the

R = cos(mf

optical frequency, and c¢ the speed of light. A 27 phase change in one arm tunes the
filter by one free spectral range, F'SR = ﬁ. The optical path length difference
A(nL) is the key parameter of the MZI filter. The cavity mode selection by the MZ
interferometer is shown schematically in fig. 14.3. In an optimum case the peak
of the MZI corresponds to a cavity mode. For a given device length, larger FSR

results in a larger tuning range, but at the expense of the selectivity between the
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Figure 14.4: Tllustration of the reflected intensity from the SRFP resonator and the
location of the different modes of the device.

main and the side modes. Therefore, considering the concept of mode suppression
ratio (MSR), which expressed the ratio of the energy stored in the main mode over
the energy stored in the side mode, one sees that devices similar to the one shown
in fig. 14.2 as the Y-branch laser, do not have high MSR due to the low finesse of
the MZI.

14.2.1 Adding the SRFP resonator to the MZI
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Figure 14.5: Illustration of the filtering of the modes of the laser by the combination
of the SRFP resonator and the MZI.

The MZI used alone does not give enough selectivity. An increase of the MSR while
maintaining the wide tuning range is required. Therefore, a more sensitive cavity
side modes filtering is needed. The ring resonator in series with the MZI provides
the needed selectivity. The reflection of the SRFP is shown in fig. 14.4. The SRFP
resonator exhibits the advantage of being readily integrated with other components
in an optical circuit. As shown in figs. 14.3 and 14.4, in an optimum design one of
the peaks of the SRFP corresponds to the peak of the MZI filter, which corresponds
to a cavity mode. This mode, which is called mode 0, will be the lasing mode. In

order to understand the operation of the SRFP resonator we assume the worst case,
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in which each one of the SRFP peaks corresponds to a cavity mode. The SRFP
resonator should be designed in a way to filter all the cavity modes between the
main mode and the next ring resonator peak. That means if mode 0 is the lasing
mode, mode 1 the next cavity mode, and mode 2 the cavity mode that is aligned
with the next peak of the SRFP, mode 2 should become the side mode. Without the
use of the SRFP resonator, mode 1 is the side mode, as shown in fig. 14.3.With this
implementation, the MSR is no longer a function of the ratio of mode 0 over mode
1, but a function of the ratio of mode 0 over mode 4, making the MSR a function of

the SRFP resonator FSR and MZI gain envelope.

14.3 Engineering a single SRFP laser

This section covers the engineering of the tunable frequency mirror together with the
gain section in order to produce a widely tunable single-mode laser as described in
fig. 14.1. Although embodiments of the laser can be constructed as hybrid devices
with distinct elements separately fabricated and integrated together, the devices can
advantageously be used to form optical devices through monolithic fabrication in
a simpler more cost-effective manner. One can examine a specific design in which
the active medium is a III-V material system operating at approximately 1.55 pum
wavelength. For this specific exemplary numerical application, an MZI free-spectral
range (FSR) of approximately 1,248 GHz (equivalent to a tunability range of approx-
imately 1,248 GHz (10 nm)) is chosen. A fine wavelength selection of approximately
50 GHz is considered. This is the frequency difference between two consecutive fre-
quencies of the laser channels and, in turn, corresponds to the total combined length
of the SRFP resonator of approximately 1 mm. It can also be assumed that the gain
medium is substantially removed from the tunable filter so that the waveguide loss

reaches a maximum value of approximately 10 dB/cm, are substantially equal and
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equal to approximately 0.97, and are essentially equal to 0.7. The main reflection of
the tunable filter is taken to correspond to a cavity mode, which is the laser mode.
The 10 dB/cm loss is applied as a worst case estimate for evaluation purposes; real-
istic losses may be lower in many applications, depending upon manufacturing and
other considerations. Referring to fig. 14.5, it is also assumed that the separation
of the cavity modes is such that the reflection of the adjacent cavity mode from the
tunable filter element is lower than that of the cavity mode, coinciding with the next
strongest reflection peak of the tunable filter element. In the calculation of the MSR,
a worst scenario is assumed in which both the strongest and next strongest field re-
flection peak spectrum of the tunable filter element correspond to a cavity mode.
The contribution of the filter reflection to the energy stored in each mode is included
only in order to calculate the single contribution of the tunable filter element in the
MSR. This means that these calculations represent a pessimistic view where the same
gain is present both for the main and side modes. In reality, this is not truly the case
because the side-mode gain is relatively flat. Fig. 14.6 (a) illustrates the intensity
coming back from the tunable frequency element versus frequency of the exemplary
embodiment of fig. 14.1 (a). A fine wavelength selection FSR of approximately
50 GHz and an MZI FSR of approximately 1,248 GHz are applied. In addition,
an intensity coupling between the gain-tunable element of approximately 0.49 and
a waveguide loss of approximately 10 dB/cm are also used. The considered gain
medium parameters of the exemplary embodiment of fig. 14.1 (a) are approximately
0.2 pm thickness, 3 pm width, 300 um length and have a material loss of approxi-
mately 80/cm. The gain versus carrier density characteristic of the active medium
is associated with a transparency carrier of approximately 5x1076c¢m?. According

to [40], the threshold current is given by
_qVBNZ2 62(<0‘g;ram)
T

where V is the volume of the 7, the quantum efficiency (in our case its value is

I

approximately 0.7), IV, is the transparent coefficient of approximately 2x108cm ™3,
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«; is the gain medium intrinsic loss (approximately 80 cm™!), B the bimolecular
recombination coefficient (usually 1071%cm? /s for most IT1I-V materials of interest).
A passive waveguide loss of approximately 10 dB/cm, a confinement factor of ap-
proximately I' = 0.7 and a differential gain of approximately 5x10~1cm? are also

applied. The mirror loss is given by the following:

1 1
Oy =————In{— |,
Lactivemedium rar

where r3 = )% ‘ is the reflectivity from the strongest peak of the tunable frequency
mirror, r = 0.3922 is the output facet field reflectivity of the tunable laser. Fig. 14.6
(b) is a plot of the MSR versus the current in amperes for the exemplary embodiment

of fig.14.1 (a). According to [40], the MSR can be given by

(14.2)

MSR(db)"101og, {Aa A9, 1] ,

oG
where 0G is the separation between the mirror loss and the net modal gain for

the main mode and is given by

1073[th 1
. 14.
1, cm (14.3)

oG~

Aa = 91.4 m™! is the loss margin and Ag = 0 is the modal gain margin. Pro-
ceeding in this way, I;, = 20.2 mA. Fig. 14.6 (c) is a plot of the output power in
watts versus the input current in amperes for the exemplary embodiment of fig. 14.1

(a). The output power is given by

hv

am
PO =1, <m> 7 (I — Ith) fOT' (I > Ith), (144)

where h is the Planck constant. A much greater MSR can be achieved if the 3 dB

coupler is replaced with a low coupling coefficient coupler.
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14.4 A laser using SRFP resonators on opposite

sides of the gain medium

Fig. 14.7 illustrates a top view of an exemplary laser embodiment where both res-
onators comprise SRFP resonators. The resonant frequencies of the laser are those
that correspond both to the resonant frequencies of the two SRFP resonators and to
a cavity mode of the gain medium. The frequency tunability of the laser is obtained
by changing the difference of optical path length of one of the SFRP resonators
to employ a Vernier effect as described above. As with the underlying SFRP res-
onators a laser according to the embodiment of fig. 14.7 employs relatively simple
fabrication technology and does not require any grating structure or moving parts.
When compared with a known double ring-resonator coupled laser (DR-RCL), [92]
the waveguides composing the SFRP resonators obtain lower curvature. This not
only better facilitates fabrication but also reduces the losses related to the bending
of the waveguides. Also, because the FSR of resonators in general is inversely pro-
portional to the length of the cavity, if a high FSR resonator is desired, the length
of the resonator should be decreased. In the case of ring resonators, the minimum
affordable length of the resonator will be effectively determined by the waveguide’s
bending loss. Because the waveguide’s bending is lower in the present SFRP res-
onators than in ring resonators, a higher resonator FSR should be obtainable with
the laser shown in fig. 14.7. The laser of fig. 14.7 comprises three main regions: a
gain medium and two passive SRFP resonators. There are different techniques for
coupling the gain medium to the SRFP resonators as previously discussed. However,
the nature of the coupling is not critical for the analytical study of the laser. The
gain medium provides light amplification. Each SRFP resonator has a uniform peak
transmission at all resonant peaks if we exclude material dispersion. Their FSR is

related to their optical length. The two SRFPs have slight different optical lengths,

144



Chapter 14. Different Laser Applications of the SRFP Resonator

thus providing the mode selection and the wavelength tuning mechanism. Therefore,
the two SRFP resonator tuning technique (which is based on the Vernier technique)
is achieved by aligning the peaks in the two sets of resonator combs with the ad-
justment of index in one or both SRFP resonators. The proposed device can be
compared to both the known sampled grating-distributed Bragg reflector (SG-DBR)
laser and to the double ring-resonator coupled laser (DR-RCL). However, the laser
shown in fig. 14.7 uses SRFP resonators, on opposing sides of the length of gain
medium. In contrast, SG-DBR lasers employ sampled gratings on opposite sides of
a length of gain medium and DR-RCL uses ring resonators on opposite sides of a
length of gain medium. As we have studied in depth in the first chapter the SRFP
exhibits many advantages over both the ring and the Fabry-Perot resonator. One
advantage of the SRFP resonator over the standard ring resonator is its support of
standing waves (and larger waveguide bending curvature as previously discussed).
This allows the device the use of only one coupling region in order to couple light
from the SRFP resonator back to the gain medium. Further, the advantage of the
SRFP resonator over the standard Fabry-Perot resonator is the use of only one facet.
This eases the fabrication constraints on the SRFP resonator; the length of the SRFP
may greatly differ from that of the chip. Thus, the FSR of the SRFP resonator is
not strongly dictated by fabrication requirements as with conventional Fabry-Perot
resonators. As SRFP resonators produce an essentially uniform peak transmission
at all resonant peaks, the uniform thresholds and efficiencies between the different
operating wavelengths are basically the same. Consequently, the laser of fig. 14.7
and the DR-RCL are nearly analytically equivalent and, accordingly, the laser should
exhibit at least the same advantages in terms of performance (such as tunability and
MSR) as the DR-RCL if manufactured properly. However, the performance of this
laser should be higher in term of MSR because the reflection intensity of an SRFP
has higher finesse than a ring resonator, especially when one uses the back reflection

resulting from the discontinuity between the waveguide and air. In addition, the laser
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of fig. 14.7 exhibits additional positive features. For example, it allows a reduction
in the number of coupling regions as well as the elimination of absorption regions.
Indeed, reflection problems related to the discontinuity between the absorption re-
gion and the passive waveguide in DR-RCL devices are avoided. Furthermore, as
previously mentioned, the overall design has the advantage of planar fabrication and

does require any grating structure or moving parts.
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Figure 14.6: The set of fig. 14.6 is related to the numerical application treated in
this paragraph. Fig. 14.6 (a) represents the intensity coming back from the tunable
frequency element versus frequency, (b) represents the MSR in dB versus the current
in ampere, (c) represents the output power of the device in watts versus injected
current in amperes. We did not take into account nonlinear effects, which limit the
output power.
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Figure 14.7: Laser embodiment where both resonators comprise SRFP resonators and
are located on each side of the (gain and phase) medium. Depeneding on whether
one would like to have a rear facet reflection, we can then decide whether to have
the waveguide 3.
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Chapter 15

Novel Laser Embodiments using
Planar Fabrication and Based

upon Interferometry Techniques

Different from SRFP

The present chapter is directed to other novel laser embodiments based on interfer-
ometry techniques but not using SRFP. Those skilled in the art can apply the analytic
framework used previously for an SRFP resonator to render a similar analysis for
a first laser embodiment using a single ring resonator and a second laser embodi-
ment using two MZIs. Both embodiments require only minimal coupling between

elements, simplifying manufacturing when compared without prior laser designs.

15.1 Tunable lasers combining ring resonators
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Figure 15.1: Top view of a tunable laser where the tunable frequency mirror is com-
prised of the combination of a ring resonator coupled to a semiconductor waveguide
ended by a rear facet.

Various embodiments of the present invention employ ring resonators each having
only a single coupling region with the gain medium. Other embodiments employ one
or more pairs of ring resonators, each pair using a single coupling region. These lasers
can be tuned through a variety methods. For example, tuning can be performed by
changing the phase of the coupling coefficient between the gain medium and a ring

resonator of the laser.

15.1.1 A single ring resonator
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In one ring resonator laser embodiment as shown in fig. 15.1, a tunable laser com-
prises a semiconductor medium having a front and a rear facet and includes a lasing
cavity. A gain medium is contained within the cavity of the semiconductor medium
for amplifying light. A ring resonator is disposed within the semiconductor medium
adjacent to the gain medium and a single coupling region for coupling the light be-
tween the gain medium and the ring resonator, the single coupling region contained
within the semiconductor medium. A reflection from the ring resonator including
a back reflection from the rear facet is tuned to the lasing cavity to produce lasing
light from the front facet. In a further embodiment, an additional ring resonator is
coupled to a 3 x 3 coupling region and a response from the additional ring resonator
is included in the reflection to produce lasing light from the front facet, fig. 15.2.
In order for the tunable frequency filter obtained with the combination of the two
resonators, the 3 x 3 coupling region and the rear waveguide and facet, to have a
high Q the coupling region should be designed such that the coupling between the
two rings is high and the coupling between the waveguide and the rings low. In a
further embodiment of the invention a tunable semiconductor laser uses the Vernier
technique, where the two ring resonators are disposed on opposite sides of a gain

medium, fig. 15.3. There are different ways of tuning the device:

e Changing the optical lengths of the rings.

e Changing the coupling coefficient of the coupling region.

e Changing the optical length of the rear waveguide
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15.1.2 Laser obtained with the combination of ring

resonators located on each side of the gain medium

This embodiment includes the elements of the one ring resonator laser above; how-
ever, an opposing ring resonator is disposed within the semiconductor medium ad-
jacent to the gain medium towards an opposite end of the gain medium and an
opposing single coupling region for coupling the light between the gain medium and
the opposing ring resonator, the opposing single coupling region disposed within the
semiconductor medium. The laser is tuned employing a Vernier technique between
the ring resonator and the opposing ring resonator. In further embodiments, one or
both of the ring resonator and opposing ring resonator can be a ring resonator pair

coupled to the same coupling region.

15.1.3 Conclusion

All the lasers that we covered in this chapter have the advantage of readily lending
themselves to planar fabrication and do not require any grating structure or moving
parts. The gain medium provides light amplification and the ring resonators in
combination with a back reflection from the rear facet exhibit an essentially uniform
peak reflection at all resonant frequencies. The free-spectral range (FSR) is related
both to the optical length of the ring resonator and the length of the waveguide
between the ring and the rear facet. Each laser can be tuned by shifting the resonant
frequencies of the ring resonators. Particularly, tuning of the laser can be obtained
by changing the combination of the resonant frequencies resulting from the ring
resonators and the back reflections from the rear facets. Alternately, this shift can
be obtained, for example, by changing the optical length (circumference) of the ring
resonators or by changing the phase of the coupling coefficient of the coupling region

between the gain medium and the ring resonator. Tuning of some implementations
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of the lasers may not be as wide as the lasers using an SRFP resonator. However,
these lasers exhibit improved performance stability over other conventional designs

of lasers using interferometry techniques.

15.2 A laser using two Mach-Zehnder interferom-

eters

Another new embodiment of a tunable laser comprises two reflector elements coupled
to a gain medium. A typical embodiment comprises a gain medium for amplifying
light across a gain bandwidth and a semiconductor medium including a first reflector
element coupled to receive light from the gain medium and comprising a first Mach-
Zehnder interferometer (MZI) and a second MZI coupled in series and a second
reflector element for receiving light from the first reflector element and returning
the light to the first reflector element. The first MZI has a larger free-spectral
range than the second MZI. The first MZI selects a wavelength region within the
gain bandwidth and the second MZI selects a cavity mode within the wavelength
region for producing lasing light at the cavity mode, fig. 15.4. Figs. 15.4 and
15.5 illustrate an exemplary embodiment of a tunable semiconductor laser. The
tunable laser comprises a combination of a gain medium and two reflector elements.
The gain medium can be implemented within a separate gain chip and coupled to
the semiconductor medium of two reflector elements. The first reflector element
can be described as a tunable filter element. The tunable reflector element can
comprise the combination of at least two MZIs in series. The MZIs have different
free-spectral ranges, i.e, as described above, one has a larger free-spectral range than
the other, and operates as described above. The first MZI has a larger free-spectral

range than the second MZI. In alternate embodiments, the second MZI can have
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a larger free-spectral range than the first MZI. Frequency tunability of the device
can be obtained by changing the difference of optical path length of the MZI with
the larger free spectral range. The MZI with a large free-spectral range selects
a particular wavelength region within the gain bandwidth, but this interferometer
does not provide sufficient discrimination between neighboring cavity modes. The
MZI with smaller free-spectral range then selects a particular cavity mode within
the wavelength region selected by the MZI with larger free-spectral range. Lasing
light is thus produced with the gain medium. The MZI with the smaller free-spectral
range also defines the finesse of the reflector element. The second reflector element of
the laser can comprise a loop that receives light from the first reflector element and
returns it to the first reflector element as depicted in fig. 15.5. Alternately, the second
reflector element can be a cleaved facet of the semiconductor medium as depicted in
fig. 15.4. However, if the tunable element is fabricated in an amorphous medium,
e.g., silicon, it can be difficult to cleave the facet at the end of the first reflector
element that will perform as a high quality reflector. Accordingly, the loop used at
the end of the second MZI can preferably serve as a reflector for implementations
where the tunable element is fabricated in an amorphous silicon technology, fig. 15.5.
This laser can be produced using simple planar fabrication technology, and does not
require any grating structure or moving parts. The tunable element can be easily
fabricated in a silicon technology. In contrast with other conventional designs, the
laser minimizes the required coupling region in the whole structure. For example,
one known design uses an MZI in series with a ring resonator that employs a coupling
region between the waveguide and the ring resonator and also between the ring and
the waveguide in addition to a coupling region between the gain and the passive
medium. Indeed, the only coupling used in the laser is between the gain medium
on the gain chip and the semiconductor (passive) medium including the tunable
filter. The laser has the advantage of easy fabrication of the tunable filter only using

photolithography technology for a silicon medium. In addition, the device exhibits
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an improved mode suppression ratio over comparable lasers.
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(®

Figure 15.2: Top view of a tunable laser where the tunable frequency mirror is
composed of two ring resonators coupled with the help of a 3 x 3 coupler to the same
semiconductor waveguide ended by a rear facet reflection. A special design of the 3 x
3 coupler requires a high coupling efficiency between the ring resonators themselves
and a low coupling coefficient between the ring resonator and the waveguide.
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Figure 15.3: Laser embodiment based upon the Vernier technique and using a ring
resonator as the tunable frequency mirrors diposed within the semiconductor medium
adjacent to the ends of the gain medium.
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Figure 15.4: Top view of a tunable laser obtained by the combination of two MZIs.
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Figure 15.5: Top view of a tunable laser obtained by the combination of two MZIs
and terminated with a loop instead of a cleaved facet.
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General Novel Laser Embodiments

In the previous sections and chapters we studied a few embodiments of tunable lasers.
However, there are many other novel embodiments that could be of interest in future
applications. Fig. 16.1 gives a generic picture of these lasers, where the dashed
box could represent different combinations of resonator (that does not mean that
all of them should absolutely represent a resonator); for example, in one case these

resonators could be chosen from those represented in fig. 12.11.
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Figure 16.1: Illustrates a generic embodiment of lasers, which could be tuned in
frequency also.
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Other Designs of the SRFP

Resonator
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Chapter 18

Semidisk Fabry-Perot Resonator
(SDFP) and Semisphere
Fabry-Perot Resonator (SSFP)

18.1 Semi Disk Fabry-Perot resonator (SDFP)

As studied earlier, one of the key SRFP resonator parameters is the length of the
resonator, which is inversely proportional to the free spectral range of the device. For
many applications it is of great interest to have a resonator with high free-spectral
range. That means fabricating devices as much as smaller possible. But the limiting
factor is the field radiation due to the bending of the waveguide. Indeed, as we have
seen previously, due to its shape for the same free-spectral range, the required length
of the SRFP is half that of the ring resonator. Therefore, the maximum FSR that an
SRFP resonator exhibits is higher than that of a ring resonator. In the case of a ring
resonator, in order to overcome this limit a disk resonator has been introduced. The

modes of the disk resonator are the whispering gallery modes. The same reasoning
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Figure 18.1: An Semidisk Fabry-Perot resonator.

could be made with the SRFP resonator. In order to be able to fabricate very small
devices exhibiting high FSR without being limited by the bending loss, we could use
a disk instead of a ring in the initial SRFP structure, fig. 18.1.

18.2 Semisphere Fabry-Perot resonator

In the past in order to increase further the quality factor of a disk resonator, a
three-dimensional disk resonator, which is a sphere resonator, has been introduced.

Similarly we introduce the semisphere Fabry-Perot (SSFP) where the ring resonator
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in the case where an SRFP resonator is replaced by a sphere.
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An Electronic Version of the

SRFP Resonator

The same way that we have described an SRFP resonator in optics, we can define
a similar device in electronic, which is illustrated in fig. (19.2). The feed-back is
now obtained by the reflection r;,., which is created by electronic blocs. An example
of similar analogy between electronic and optic is the electronic version of the ring
resonator, which combined with others electronic components is illustrated in fig.

(19.1).
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Figure 19.1: Emphasizes the analogy between an electronic oscillator and an optical
ring resonator.
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Figure 19.2: Block diagram of an electronic version of the SRFP.
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Novel Tiltmeter

We are presenting here the concept of using the quality factor of a resonator in order
to monitor angle shift in an incident signal based on a transmission. The Q) factor or
quality factor is a measure of the “quality” of a resonant system. Resonant systems
respond to (frequencies, angles of incidence, etc.) close to their natural (frequency,
angle of incidence, etc.) much more strongly than they respond to other (frequencies,
angles of incidence, etc.). The Q factor indicates the amount of resistance to reso-
nance in a system. Systems with a high Q factor resonate with greater amplitude (at
the resonant frequency) than systems with a low Q factor. Damping decreases the Q
factor. Resonators have therefore been used to measure and monitor any change in
frequency, since a change in frequency would decrease the Q factor of the system. In
addition to monitoring a change in frequency, it is desirable in some circumstances
to monitor the angle of incidence. However, nothing heretofore devised has used a
resonator to monitor this angle. Thus, a continuing need exists for a system that
allows a user to monitor the angle of incidence based on a transmission through a
resonator. Within some regions of application, the quality factor is much more sen-

sitive to angle shift than it is to frequency shift. Using its quality factor, we propose
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for the first time to use the resonator to measure any angle shift from the optimum
angle of incidence. The resonator is any suitable mechanism or device that allows for
the resonant oscillation of an input signal, a non-limiting example of which includes
a Fabry-Perot etalon. Other non-limiting examples include a hollow chamber whose
dimensions allow the resonant oscillation of electromagnetic or acoustic waves, and
an electrical circuit that combines capacitance and inductance in such a way that a
periodic electric oscillation will reach maximum amplitude. Using the resonator, an
incident signal is introduced to the resonator. The measured angle is the incident
angle of the signal entering the resonator. Each time this angle shifts, it changes the
transmitted intensity and reflected intensity. The degree to which the incident angle
has been changed can be deduced by measuring either the transmitted intensity or
the reflected intensity. One example of such embodiment is the one illustrated in fig.
(20.2). However, the novel concept that we introduce here is not just restricted to

that structure but can be expanded to the use of a wide variety of resonators.

20.1 A novel angle tiltmeter based on the use of

a Fabry-Perot resonator

For many years the Fabry-Perot etalon has been used as an efficient tool to monitor
wavelength changes of the input light. In addition, we introduce here the concept of
using the Fabry-Perot etalon as a tool to monitor the incident angle change of the
input light. We will derive a boundary condition determining when the transmission
of an incident light through a Fabry-Perot etalon is either more sensitive to the
wavelength change of the incident light or to its incident angle change. That allows
us to conclude when the Fabry-Perot etalon can be used as a tool to monitor the

wavelength change of the incident light and when it can monitor its angle change.
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A

Figure 20.1: Multiple reflections model for analyzing the Fabry-Perot etalon.

A Fabry-Perot interferometer consisting of a plane-parallel plate of thickness [
and index n is immersed in a medium of index n/, [1]. Let a plane wave be incident
on the etalon at an angle # to the normal, as shown in fig. 20.1. The problem of the
transmission (and reflection) of the plane wave through the etalon can be treated by
considering the infinite number of partial waves produced by reflections at the two
end surfaces. The phase delay between two partial waves, which is attributable to

one additional round trip, is given by

—4mnl cos (0)

0= 3 ,

where A is the vacuum wavelength of the incident wave and 6 is the internal angle
of incidence. If the complex amplitude of the incident wave is taken as A;, then the

partial reflections, By B, and so forth, are given by:
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Bl = rA’i;

Bg = tt/r/Az-eja,

Bg = ttITl3Ai€2ja,

where 7 is the reflection coefficient (ratio of reflected to incident amplitude), ¢ is
the transmission coefficient for waves incident from n’ toward n, and r/ and ¢/ are
the corresponding quantities for waves incident from n/ toward n, and r/ and t/ are
the corresponding quantities for waves traveling from n toward n/. The complex

amplitude of the total reflected wave is

A, = Bi+By+ Bsg+ ...
A, = {7" +tt 7 el (1 + 7268 4 ) } A;

For the transmitted wave,
A = A,
Ay = ttr2A;,
A3 = tt’T,4€2j5AZ’.
Adding up the A terms, we obtain
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Ay = At (1 + 7270 4 ' 1e20 4 )

for the complex amplitude of the total transmitted wave. A is the vacuum wave-
length of the incident wave and 6 is the internal angle of incidence. It can be shown

that the Fabry-Perot etalon has an intensity transmission that is

(1-R)*
(1— R)* +4rsin (2)*

(20.1)

Ttransmission =

Assuming that the geometry and material properties remain constant, equation
(20.1) shows that the transmission is a function of the wavelength of the input signal,
where R is the fraction of the intensity reflected. For many years the transmission
intensity dependence on the wavelength of the input field has been used to monitor
any wavelength change for the input field. Here we propose the same technique to
monitor any angle change of the input field, fig. 20.2. From equation (20.1), it is
clear that the transmission intensity is also angle dependent. That can be done since

the intensity transmission is also angle dependent.

(1- R)’

5
2 . —27nl cos()
(1 — R)” + 4rsin (f>

(20.2)

Transmission =

Taking the derivative of equation (20.2),

OT _ 0 (1= R)Rsin (§) 5 —4 (1~ R)"sin (§) & + 4R (1~ R)" cos (3) &

Rt 0
06 (1 i R)2 + 4Rsin (—27rnl)\cos(9))
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If the reflection R is angle independent meaning %—g = (0 within the working

range, then

9 __r 0 7
00 (1 - R)*+4Rsin ()

or r 4R cos (g) 2
with

) 4l sin (0)

a0~ A

and besides,

ar o 4R cos (£) & 47nl cos (0)

O 1—RP+4Rsin (3’ N
therefore,
T
o7 = tan(0) \. (20.3)
oA

The variation of the light intensity transmission through the Fabry-Perot resonator
dT has two components. One is the contribution ‘Zl—g of an angle change df, the other

is the contribution Z—Cg of the wavelength change d\. Therefore, we can express d1’ as

orT orT
dT = %de + 560\.

In the case that we would like to have a system that is rather more angle sensitive

than wavelength sensitive, we shall have
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S| | 5

and in the case we would like to monitor the wavelength,

55| <| G

using equation (20.3) and under the assumption of small angle change

df ~ 0,
oT 3T oT
So,
‘—dé" ‘—d)\' 62)\— '—d/\‘

Therefore, in satisfying

d\

2] -
> N

we will satisfy equation (20.4), and in satisfying

U
>

0 <

>|
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Incident light Reflected light

Figure 20.2: Tlustration of tiltmeter setup based upon the use of a Fabry-Perot
resonator.

we will satisfy equation (20.5). From [93], we can monitor wavelength change up
d\ = 1072 m for a central wavelength of A\ = 1.55 ym. So from equation (20.6),
with the current technology we are able to detect angle change 6 as small as a few

millidegrees.
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Conclusions

We have seen that resonators, which are devices that create or sustain periodic or
cyclic events (which can be a wave or a material), are the most fundamental and
basic devices in science and engineering. Some examples of resonators are a guitar,

lasers, oscillators, vibration of atoms, etc.

Over all resonators can be organized into two fundamental categories:

1. Using reflectors that reflect back the event, we force the event to come to its

initial state. Examples of such resonators are:

e Whenever we talk within a chamber that echoes our voice, we can call

this resonator the archetype mechanical resonator.

e The Fabry-Perot resonator, which is nothing more than the optical version

of the archetype mechanical resonator cited before.

2. We shape the path of the event in such a way that it will come to its initial
state without the help of any sort of reflector. Examples of such resonators

are:
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e Ring (sphere) resonator.
e Cyclotron.

e Any close shape resonator.

We have introduced, designed, and fabricated in this thesis a novel resonator
that we call an SRFP resonator. The SRFP resonator combines in one resonator
the advantages of the two types of resonator and has additional unique features.
Within this thesis we have focused upon an optical application of an SRFP resonator.

However, the SRFP could be used in any engineering field.

The advantages of an SRFP resonator over a typical optical version of the first
category of resonator, which is called the Fabry-Perot, are:

e The reflection field has a greater finesse.

e [t can be integrated on a chip more easily.

e Its length is not correlated with that of the chip, in contrast with a Fabry-
Perot. The last means that in an Integrated Optical Device, the periodicity of
the spectrum responses of SRFP resonators are not correlated. However in the

case of a Fabry-Perot they are.
e The SRFP resonator is not interrupting the main waveguide.

e [t is easier to fabricate a symmetrical SRFP since its two arms end in the same

facet.

There are several advantages of an SRFP resonator over a ring resonator:

e The SRFP supports waves propagating in both directions (standing waves).

This allows the resonator to transmit and reflect at the same time. However,
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in the case of a waveguide coupled to a ring resonator there is no standing wave

and therefore no reflected light.

e The SRFP exhibits a loss due to the bending of the waveguide that is less than
half of that exhibited by a ring resonator. If we expect that similar to a ring
resonator this loss determines how small the device could be fabricated, then

an SRFP should be smaller than an equivalent ring resonator.

e The transmission extinction ratio of the SRFP is higher than a ring resonator.

We have also seen that one of the very interesting features of the SRFP res-
onator is to be able to generate very easily transmitted and reflected light that are in
quadrature of phase. This interesting relation between the reflected and transmitted
light is true for any symmetrical device. However, as has been shown here, it is
much easier to fabricate a relatively high as accurate symmetrical SRFP resonator
than a symmetrical Fabry-Perot resonator, as the latter requires both mirrors of the
Fabry-Perot to be identical. In order to make optimal use of the phase relation be-
tween the reflected and the transmitted fields, neither the reflected not transmitted
light can be negligible. This requires the resonator to have low finesse because in
the case of high finesse a small variation in frequency will imply a major increase
of the intensity of the reflected (transmitted) over the transmitted (reflected) light.
The major advantage of the SRFP is that its finesse can be tuned by adjusting the
coupling coefficient. By doing so we do not at all change the symmetry of the de-
vice. In case of the Fabry-Perot, tuning the finesse of the device without at the same
time changing the symmetry of the device would mean simultaneously changing the

reflection of both mirrors.

An emerging research field of interest is the reduction of the propagating speed
of light within an optical structure. Most of the current schemes are based upon

the propagation of light through ring resonators. However, if one compares a ring
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and an SRFP resonator with the same length and coupling coefficients, the SRFP
exhibits a delay time of twice that of the ring resonator. Besides, in addition to
having a transmitted light it also has a reflected light that could be used in these
sorts of schemes. So, not only does the SRFP exhibit a longer delay line than the
ring and Fabry-Perot resonators, and therefore if used correctly it could increase
the performance of current state of the art technologies, it also has a reflected light.
If the SRFP is designed correctly then in addition to exhibiting higher performance
than current technology it could also provide for easier fabrication and more compact
devices. In order to cancel the effect of the bending loss and therefore to fabricate
a ring resonator with even smaller features and higher FSR, the disk resonator has
been introduced. Similarly, we have introduced the Semi Disk Fabry-Perot resonator
(SDEP). In the case of the SDFP, a disk resonator is replacing the ring resonator
used in an SRFP. In the past, in order to increase further the quality factor of
a disk resonator, a three-dimensional disk resonator, which is a sphere resonator,
has been introduced. Similarly, we have introduced the Semi Sphere Fabry-Perot
(SSFP), where the ring resonator in the case of an SRFP resonator is replaced by
a sphere. We also have introduced different novel tunable laser embodiments using
SRFP resonators. One of the interesting features of the SRFP resonator is its ability
to have a high finesse and a periodic and uniform reflection spectrum. That can
be used in tunable laser applications that would generate multi modes with high
mode suppression ratios. We also have introduced novel tunable laser embodiments
based on planar fabrication. We indeed believe that besides exhibiting an ease of
fabrication, planar fabrication will be of much interest in the future because it does
not constrain the fabrication of the device on a limited number of materials for which

the frequency range of operation is dictated by their energy bandgap.

We also presented at the end of the thesis, a novel way of measuring the tilt of a

field.
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