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ABSTRACT

This thesis aims at investigating the feasibility of realizing antireflection (AR) and high-
reflection (HR) to the semiconductor waveguide end facet using monolithically integratable
deep-etching technology to replace the conventional thin film dielectric coating counterpart.

Conventional AR coating and HR coatings are the building blocks of semiconductor
optical amplifier and semiconductor lasers. In this thesis, the AR coating and HR coating are
first studied systematically and comprehensively using two computational electromagnetics
approabhes: plane wave transmission matrix method (TMM) and finite difference time domain
(FDTD) method. The comparison of the results from the two approaches are made and
discussed. A few concepts are clarified based on the different treatment between the AR
coatings for bulk optics and those for semiconductor waveguide laser structure.

The second part uses the same two numerical tools and more importantly, the knowledge
gained from the first part to analyze and design deep-etched waveguide gratings for the
advantage of ease of monolithic integration. A variational correction to the TMM is provided
in order to consider effect of the finite etching depth also in the plane wave model. Specially, a
new idea of achieving AR using deep-etched waveguide gratings is proposed and analyzed
comprehensively. A preliminary design is obtained by TMM optimization and FDTD
verifications, which provides a minimum power reflectivity in the order of 10° and a
bandwidth of 45nm for the power reflectivity less than 10”. In order to eliminate the non-
physical reflections from the boundary, the perfectly matched layer (PML) absorbing condition
is employed and pre-tested for antireflection analysis. The effects of etching depth and number

of etching grooves are specifically analyzed for the performance of proposed structures.
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Numerical results obtained by FDTD method indicate a promising potential for this alternative

technologies.

Keywords: Antireflection coating (AR), high-reflection coating (HR), finite difference
time domain method (FDTD), transmission matrix method (TMM), perfectly matched

layer (PML), deep-etched waveguide grating, semiconductor optical amplifier.
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1 Introduction

1.1 RESEARCH BACKGROUND

Optical communication is the key answer to the ever-increasing demand for data
transmiésion capacity. Thin film optical coating technology provides huge number of optical
components such as bandpass filters, antireflection (AR) coatings, high-reflection (HR) coatings,
beam-splitters, etc [1]-[6],[9]. Among the various applications, the antireflection coating, which
is crucial for travelling wave semiconductor optical amplifier (SOA)[8]-[29], has the greatest
importance and most stringent requirements on precision control, and hence is costly. Driven by
the significant cost-effective advantages provided by the photonic integrated circuits (PICs) [41]-
[45], this thesis is aimed at searching for a monolithic integration alternative solution to
conventional AR coatings, as well as a continue study on the integration replacement for HR

coatings based on some existing publications[69]-[79].

1.1.1 Thin Film Optical Coatings

An optical thin film has been defined in mathematical terms as in [1]:

A thin film is one whose thickness is of the order of the wavelength of light and whose
extent is infinite compared to its thickness; we assume it is bounded by semi-infinite planes. The
film is characterized by its refractive index, its absorption coefficient and its thickness (assumed

to be uniform).



2 CHAPTER 1: INTRODUCTION

The so-called classical thin film optical coatings consists of a sequence of dielectric
layers with thickness comparable to the wavelength, and exhibit one of the spectral

characteristics shown in Fig. 1-1, where R stands for reflectance and T stands for transmittance

[6].

R AR A R
1] Anti-reflection L L
(AR) Coating High-reflection 0.5
(HR) Coating Neutral Beam
0 - 0 Splitter
A A
1 T AT
1 1
Narrow Long (high) Short
Bandpass Pass Filter (Low) Pass
Filter Filter
E > > 0 —
0 A A A

Fig. 1-1 Characteristics of so-called classical optical coatings [6]

Thin film coatings are used to alter the reflectance, transmittance, absorbance, or
polarization properties of optical components. In Bulk optics, the medium to be coated is usually
called the substrate. Thin film coatings are deposited in high vacuum (<10 Torr) using the
processes such as evaporation, thermal vaporization, sputtering, etc.[1], [5], [12]. The accurate
controls of layer thickness and layer refractive index are crucial in the deposition of optical
coatings. Therefore, In-situ monitoring is highly desired in the thin film coating manufacturing,
especially for antireflection coatings. The higher the requirement is, the more fabrication cost is

needed.
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In the great majority of cases the thin films are completely transparent, so that no energy
is absorbed. The thin film coatings studied in this thesis is also based on this assumption.

A simple antireflection coating should, therefore, consist of a single film of refractive
index equal to the square root of that of the substrate, and of the optical thickness one quarter of a
wavelength. As it will be explained in the next part briefly and in the specific chapter (Chap. 3)
in detail, there are other improved coatings covering wider wavelength ranges involving more

coating layers.

Incident Iaeﬁacted

Incident Reflected light
light beam \ f ; f g'

Air tgh index

y ngli‘:ndex | [lowindex

Low index ou L High Index
High index ) Cavity layer

V// Lowindex [ QWOT _ I

Toh 5 igh index

V/ High index : b

V. ow Index i High index

y Substrate T

Y
A Transmitted beam Transmmitted beam
(a) ®)

Fig. 1-2 (a) Schematic view of thin film high-reflection coating; (b) A Fabry-Perot filter showing
multiple reflections in the spacer layer.

Another basic type of thin-film structure is a stack of alternating high- and low-index
films, all one-quarter wavelength thick (see Fig. 1-2 (a)). Light reflected within the high-index
layers will not suffer any phase shift on reflection, while that reflected within the low-index
layers will suffer a change of 180° or = phase shift. It is fairly easy to see that the various
components of the incident light produced by the reflection at successive boundaries throughout
the assembly will reappear at the front surface all in phase so that they will recombine

constructively. This implies that the effective reflectance of this assembly can be made very high
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indeed, as high as may be desired, merely by increasing the number of layers. This is the basic
form of the high-reflection (HR) coatings. When such a coating is constructed, it is found that the
reflectance remains high over only a limited range of wavelengths, depending on the ratio of high
and low refractive indices. Outside this zone, the reflectance changes abruptly to a low value.
Because of this behaviour, the quarter-wave stack is used as a basic building block for many
types of thin-film filters. It can be used as a longwave- (high) pass filters, a shortwave-(low) pass
filter, a bandpass filter, a straightforward high-reflection coating as shown in Fig. 1-1. The
application examples can be found in semiconductor laser mirrors, and as reflectors in a thin-film
Fabry-Perot interferometer, which is another fundamental filter type.

A thin film bandpass filter consists of a spacer or cavity layer, which is usually a half a
wavelength thick, bounded by two high-reflection coatings (see Fig. 1-2 (b)). Multiple-beam
interference in the spacer or cavity layer causes the transmission of this filter to be extremely
high over a narrow band of wavelengths around that for which the spacer is a multiple of one half
wavelength thick. A more rectangular pass band shape can be achieved by coupling two more

Fabry-Perot filters in series, similarly to lumped electric circuits.

1.1.2 Semiconductor Optical Amplifier and Antireflection Coatings

With the increasing bandwidth demand, the construction of optical packet-switching
nodes targeting optical routers would benefit from fast optical switches. Semiconductor-optical-
amplifier (SOA) technology provides this high-speed switching capability as well as gain, high
extinction ratio, and high integration potential. Moreover, it is a key technology for several other

functions, including all-optical wavelength conversion, regeneration, wavelength selection,
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booster and in-line amplification, in-node optical pre-amplification, and mid-span spectral
inversion [9], [11].

An SOA is based on the same technology as a Fabry-Perot diode laser. Such a laser
consists of an amplifying medium located inside a resonant (Fabry-Perot type) cavity. The
amplification function is achieved by externally pumping the energy levels of the material. In
order to obtain this amplification function only, it is necessary to protect the device against self-
oscillations generating the laser effect. This is accomplished by blocking cavity reflections using
both an antireflection (AR) coating and techniques such as angle cleaving the chip facets [8]-
[11].

Depending on the efficiency of the AR coating, SOAs can be classified as resonant
devices or traveling-wave (TW) devices. Resonant SOAs are manufactured using an AR coating
with a reflectivity around 102 They typically feature a gain ripple of 10 to 20 dB and a
bandwidth of 2 to 10 GHz. TW devices incorporate a coating with a reflectivity less than 10,
which show a gain ripple of a few dB and a bandwidth better than 5 THz (e.g., 40 nm in the 1550
nm window). From ﬂow on, the SOAs discussed in this thesis refer to TW devices, which place a

stringent requirement on AR coatings.

AR coated, R=0

P / T \V Pou= Pl €
)

Fig. 1-3 A Schematic view of a standard SOA
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cost and size. Meanwhile, PICs are also expected to achieve packaging robustness, associated
with replacing individually aligned, single-mode optical connections between discrete
optoelectronic devices with lithographically produced integrated waveguides [70].

Manufacturing processes of monolithic PICs are based on semiconductor industry
techniques, and can be applied to optics industry through changes to the photo-mask design with
pre-knowledge obtained from the computer aided design (CAD) results and related practical
experiences. Nowadays, the electronics industry has successfully evolved from discrete
transistors to Very Large Scale Integrated Circuits (VLSI), and the significant cost and reliability
improvements have been achieved accordingly. Photonic devices are largely based on similar
materials, typically III-V semiconductor materials, and are processed or fabricated using many of
the same technologies that form the basis for silicon-integrated circuits fabrication. However,
optical components rely both on the optical and electronic properties of the materials they are
fabricated from, and they often require heteroepitaxial material with accurately controlled
composition to achieve optimum performance. As a result, PICs are typically more complicated
in structure than silicon ICs [43].

PICs have gained significant progress during the last two decades. Among all these
advances, one of the major improvements is the routine fabrication of grating-based distributed
feedback (DFB) and distributed Bragg reflector (DBR) lasers [69], allowing high-Q on-chip
resonators without cleaved facets. Critical to the success of PIC technology is the ability to make
reproducible, high-quality active-passive waveguide transitions. The early approaches in PICs
employed butt-coupling, where the active waveguide was removed, and followed by a regrowth
of an aligned passive waveguide. Spot-size converter integrated lasers and electroabsorption

(EA) modulator integrated DFB lasers have been developed and introduced for practical
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1.1.4 Main Goal and Challenges

The thesis is attempted to investigate the feasibility of achieving an antireflection by
deeply etching the waveguide, instead of cleaving and depositing the dielectric coatings. The
main advantage it offers is the significant cost reduction with easier fabrication. From another
point of view, the goal of this thesis is to build a complete transition bridge between the thin film
coating applications and the on-chip deeply etching waveguide applications, especially when this
transition has been partially achieved from HR coating to HR waveguide grating as discussed in
the previous part. The question becomes:

1) For an end’ deep-etched semiconductor laser waveguide structure, can this become a
traveling wave amplifier, if we re-design the etching profile by varying the groove width
and etching depth? More technically, the problem could be described as, whether we can
achieve the very low reflection (<10 with this deep-etched waveguide grating
structure?

2) If answer is yes to the above question, how wide this low reflection bandwidth is?

The first major challenge is the large refractive index contrast provided by semiconductor/air
pairs in our proposed new structure, which ever worked as a big advantage for high-reflection
applications. As we all know, in the thin film coating structure, the anti-reflection is achieved by
complete destructive interference introduced by the multiple dielectric boundaries. In our
problem here, the interference mechanism is similar, but only with two fixed media, one is
semiconductor waveguide (refractive index around 3.2), the other is the air (1.0). This can be
roughly viewed as a coating design problem with two uniform layers with equivalent indices of

ng, and ng.
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The second challenge is to find a reliable simulation tool to simulate this structure. The
conventional simulation tools of thin film coating devices are based on plane wave model and
represented mathematically in a transmission matrix method (TMM)[5]-[10] or its equivalent
forms. However, this model has been proved to be sufficiently valid only for glass substrate,
which occurs in bulk optics. When the thin film coating is deposited at the optical waveguide end
facet (in the cases of semiconductor lasers and amplifiers), the plane wave model is no longer
sufficient for accurately simulating the wave propagations within the structure. The structure we
are about to study has finite etching depth, and the resulted electromagnetic radiations can not be
neglected. A more accurate model is needed in order to provide reliable predictions with the thin
film coating design as well as deep-etched waveguide grating structures for the integration
photonic devices.

The finite difference time domain (FDTD) method has been believed to be a reliable
electromagnetic analysis tool [46]-[57]. This method can be easily employed to analyze our
structure. However, FDTD simulation normally takes a large amount of computation time, and
hence contradicts somehow with the design requirement, that an efficient tool is highly desired.

In summary, the main challenges of this research are:

1) How to accurately simulate the deep-etched waveguide grating structure.

2) How to combine this time-consuming FDTD simulation, with the desired broadband

antireflection (BBAR) design.
Another important issue is the QWOT and HWOT are no longer valid in antireflection
coatings to the optical amplifier waveguide end, which will be discussed in more detail both in

Chapter 3 and Chapter 5.

10
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1.2 MAJOR CONTRIBUTIONS

1)

2)

3)

4)

Systematic study of the characterization and design of thin film coating devices,
especially for the antireflection (AR) coatings, by employing two different numerical
methods (TMM and FDTD), comparisons and possible improvements are made.

Employ all the experiences gained with thin film coating design to analyze and design of
deep-etched waveguide grating structure. Specifically, for the relatively difficult part,

antireflection design, the optimum conditions and solutions solved with TMM work as an

initial design. The more reliable design is achieved by a refinement with FDTD method.

Theoretically prove that deep-etched semiconductor/air gratings can provide not only
high-reflection (HR) facet application, but also antireflection (AR) application by using
conventional thin film coatings analysis method. Numerically verifying by more accurate
finite difference time domain method. Broadband design is preliminarily achieved by
applying more grooves design.

Effect of etching depth on the field distribution and modal reflectance is studied by
FDTD method. The contribution from radiation mode can be clearly observed from the

calculated field distribution.

1.3 THESIS OUTLINE

The arrangement of this thesis can be read from Fig. 1-6. The whole contents can be divided

into two parts, with one part as thin film coating applications (Chapter 3 and 4) and the other part

as deep-etched waveguide applications (Chapter 5 and 6). Before discussing any of the

applications, the numerical methods to be employed in simulation and design are introduced in

Chapter 2, which includes plane wave transmission matrix method (TMM), the finite difference

11
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time domain (FDTD) method, and the effective index method (EIM). These three sections
compose the body part of Chapter 2, and are used in every part of the later chapters. The
following chapter contains the simulation and design for anti-reflection (AR) coatings both for
glass substrate and semiconductor amplifier waveguide. The chapter followed is the similar
treatment for high-reflection coatings. Due to the fact that the HR coating for glass substrate is
trivial from a theoretical design point of view, we only dealt with HR coated laser facet. For both
chapters, TMM and FDTD and combined with refining method to achieve proper coating design.
After we have gained the experience of applying these two numerical tools into thin film coating
structure, in Chapter 5, we studied the deep-etched waveguide grating for antireflection
application. The numerical design results have theoretically proved that a low reflectivity at
center wavelength of 1x10° and a bandwidth as wide as 45 nm (R<10?) can be achieved by
applying two deeply etching grooves at the waveguide end. In Chapter 6, the same waveguide
structure is used for HR design. Effects of grating period and etching depths on the power

reflectivity as well as the bandwidth are considered.

12
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2 Numerical Methods

2.1 INTRODUCTION

. This chapter presents the numerical methods for the simulation and design of the thin
film coating components, including anti-reflection (AR) coatings, bandpass filters, and high-
reflection (HR) coatings, etc., as well as the semiconductor waveguide. The first part of the
chapter will discuss the transmission matrix method (TMM), which assumes plane waves in all
dielectric media[1],[8], [4],[6]. It starts from the fundamental electromagnetic theory, derives the
reflection and transmission coefficients for a single boundary, followed by the formulas of
calculating the reflection and transmissions of plane waves propagating in one thin film layer and
multilayer dielectric stacks. The formulations introduced in this part will be employed in the
numerical analysis of thin film coating components, which will be treated in Chapter 3 and 4.
The second part of this chapter is another important numerical techniques in electromagnetic
simulation, which is, the finite difference time domain (FDTD) method[49],[46],[52]. Unlike the
previous plane wave TMM, which assumed all dielectric layers to be homogenous, this method is
able to treat with layered waveguide structure. FDTD method will be used to verify some results
with antireflection coating structures in chapter 3 and simulate the deep-etched antireflective and

high-reflective waveguide gratings structures in Chapter 5 and Chapter 6.
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2.2 PLANE WAVE TRANSMISSION MATRIX METHOD

2.2.1 Maxwell’s Equations and Plane Electromagnetic Waves

In this section, we review some of the basic properties of the propagation of optical wave
(one special case of electromagnetic wave), beginning with Maxwell’s equations and boundary
conditions. These are followed by a derivation of the wave equations and an analysis of the

propagation of monochromatic plane waves and some of their properties.

2.2.1.1 Maxwell’s Equations

VXE= _98 2.2-1)
Jt
VxH = 9 +7J (2.2-2)
ot
V-(D)=g¢q (2.2-3)
V-(B)=0 (2.2-4)

In these equations, E and H are the electric field vector and magnetic field vector,
respectively. These two field vectors are often used to describe an electromagnetic field. The
quantites D and B are called the electric displacement and the magnetic induction,

respectively. These two quantities are introduced to include the effect of the field on matter. The
quantities q and J are the electric charge and current densities, respectively, and maybe

considered as the sources of the fields £ and H . These four Maxwell’s equations completely
determine the electromagnetic field and are the fundamental equations of the theory of such

fields, that is, of electrodynamics.
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In optics, one often deals with propagation of electromagnetic radiation in regions of
space where both charge density and current density are zero. In fact, if we set g =0 and J=0

in Maxwell’s equations, we find the nonzero solution exist. This means that an electromagnetic
field can exist even in the absence of any charges and currents. Electromagnetic fields occurring

in media in the absence of charges are called electromagnetic waves.

In order to uniquely solve the 12 variables, 3 for each of the 4 vectors E,H, D and
B, Maxwell’s equations must be supplemented by the so-called constitutive equations (or

mateﬁa1 equations)
D=¢eE=¢c,E+P (2:2-5)
B=uf =y H+M (2.2-6)
€ and u are known as the dielectric permittivity and permeability tensors, respectively.
If the material is isotropic, both £ and 4 reduce to scalars, which is true for the problems
studied in this thesis. P and M are electric and magnetic polarizations, respectively. The
constant £, is called the permittivity of a vacuum and has a value of 8.854x10™2F/m. The
constant /4, is known as the permeability of a vacuum with a value of 47x10”” H/m. Since
our study in this thesis assumes no non-linear optical effects, the dependence of £ and 4 on E

and H is neglected.

2.2.1.2 Boundary Conditions

One of the most important problems in determining the reflection and transmission of
electromagnetic radiation through a layered medium (for example, thin films) is the continuity of

some components of the field vectors at the dielectric boundaries between the layers. Although
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the physical properties (characterized by £ and ) may change abruptly across the dielectric
interfaces, there exist continuity relationships of some of the components of the field vectors at
the dielectric boundary. These continuity conditions can be derived directly from Maxwell’s
equations. The derivations can be found in any book on classical electromagnetic theory and
therefore are omitted here. The continuity relations on the interface between medium 1 and

medium 2 are expressed as

ix(E, -E)=0 @27
,—H)=K 22-8)
These two relations tell us that the tangential components of electric field vector E is always
continuous at the boundary surface, and the difference between the tangential components of the
magnetic field vector His equal to the surface current density K.In many areas of optics, one
often deals with situations in which the surface charge density o and surface current density K
both vanish. It follows that, in such a case, the tangential components of E and H and the

normal components of D and B are all continuous across the interface separating media 1 and 2

as shown in Fig. 2-1, which can be expressed mathematically as:

E, =E, 22-9)

H,=H, (2:2-10)
D,, =D, (2.2-11)
B, =B, (2:2-12)
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Fig. 2-1 Discontinuity boundary in material properties

These boundary conditions are extremely important and the foundation to solve any

electromagnetic problem, including the wave propagation in optical media.

2.2.2 Reflection of plane waves at a dielectric boundary

In this part, the problem of reflection and transmission of monochromatic plane waves at
a plane boundary between two homogeneous isotropic media. When a plane wave incident on the
interface will, in general, be split into two waves: a transmitted wave proceeding into the second
medium and a reflected wave propagating back into the first medium. The existence of these two
waves is a direct consequence of the boundary conditions on the field vectors.

Thin film coatings usually consist of a number of boundaries between various
homogeneous media and it is the effect, which these boundaries will have on an incident wave,
which we will wish to calculate. A single boundary is the simplest case, which is sketched in Fig.

2-2.
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The boundary conditions tell us that, at this boundary, the tangential components of E
and H, that is, the components along the boundary, are continuous across it. In this case, the
boundary is defined by z = 0, and the tangential components must be continuous for all values of

X,y and t.

Incident plane
wavefront

V2

Fig. 2-2 Plane wavefront incident on a single dielectric boundary

Let E, = E, exp li (o - Ei T )J be an electric field of an incident plane wave with frequency
@ and wave propagation vector ic}. The reflected and transmitted plane-wave fields are

designated as

E, =E, expli(ar -k, -7)] 2.2-13)

)J 2.2-14)

il

E =E, expli(a)t - E, .
Here, E, and E, are the corresponding propagation vectors. Any boundary conditions that

relates these three field amplitudes at the plane interface z = 0 will require that the spatial

variation of all fields be the same. From Fig. 2-2, we see immediately that all three waves
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propagation vectors K, l?, and k, must lie in one plane. This plane is known as the plane of

t
incidence. Furthermore the tangential components of all three wave vectors must be equal. If &,
0, and 6, are the incident, reflected, and transmitted angles, respectively, of the wave vectors
with respect to the normal of the plane interface, the following relation must hold:
n,sinf, =n,sinf, =n, sinf, (2.2-15)
This implies the angle of reflection must equal the angle of incidence (6, =6, ) as well as
Snell’s law:

n,
. =2 (2.2-16)
sind, n,

sin 6,

2.2.2.1 Reflection and Transmission of s-polarized light (TE wave)
We denote waves in the direction of incidence by the symbol + (that is, positive going)
and waves in the opposite direction by — (that is, negative going). The s-polarized light is also

known as a TE electromagnetic wave because the electric field vector E is transverse to the
plane of incidence. Referring to Fig. 2-3, we consider the reflection and transmission of the TE
wave. All electric field vectors are perpendicular to the plane of incidence, and the magnetic field
vectors are chosen to give a positive energy flow in the direction of the wave vectors.

Imposing the continuity of the tangential E and H fields at the interface z =0 leads to

E/ +E_ =E; +E,, (2.2-17)

Ii(E; —E[)cosf, = ’—‘EL(E;x — E;,)cosé, (2.2-18)
M M,

27



28 CHAPTER 2: NUMERICAL METHODS

H1+ I_Il--

R R R R R R R R R T x

Fig. 2-3 Convention defining the positive directions of the electric and magnetic vectors for s-
polarized light (TE waves)

Since we assume the light is incident from medium 1 to medium 2, the reflection and

transmission coefficients for a single interface are given as

_|Es ) _ncos 6, —n,cos6, 2219
* Elt)z;,:o n, cosd, +n,cos6,
E;, 2n, cosé,
L = =% = (2.2-20)
E.)ew ™COS 6, +n,cosb,

where we assume K&, = i,, which is generally true for most materials at optical frequencies. The

refractive indices of media 1 and 2 are n; and n,, respectively. The suffix s has been used in the

above expressions to denote s-polarization.

2
2 | nycosf, —n,cosd
R _Ir:| _( 1 i 2 t)

: 2.2-21)
n,cosd, +n,cosé,
2
n,coso, It,l 4n,n, cos @, cosf,
T = - 2 (2.2'22)
n, cos@, (n, cos 6, +n,cos6,)
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It should be noted eqn. (2.2-22) is only valid for pure dielectric media with real n, and
n,,and @, and 6,. It can be shown that eqns. (2.2-21)-(2.2-22) are in agreement with the law of

conservation of energy, thatis (R+7T)=1.

2.2.22 Reflection and Transmission of p-polarized light (TM wave)

The p-polarized light is also known as a TM electromagnetic wave because the magnetic

field vector H is perpendicular to the plane of incidence.

E*

H,” Index n,

R R R ™ x

\

Fig. 2-4 Convention defining the positive direction of the electric and magnetic vectors for p-
polarized light (TM waves).

Referring to Fig. 2-4, we consider the reflection and transmission of the TM wave.
Similar to the above analysis to TE wave, by imposing the boundary conditions, the following
two relations hold:

(E}, + E;,)cos 6, =(E;, + E;,)cosé, (2.2-23)

g ., - E -
";’l-(Elp -E)= ‘,;2:( 20 —E3p) 2:2-24)
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When we assume the light is incident from medium 1 to medium 2, the reflection and

transmission coefficients for a single interface are given as
E,
14 +

E,)., ™ cosd, +n, cosb,

2p

_ncos 6, —n,cosf,

+
E,, 2n, cosé,

P + -
E,)., ™ cos@, +n, cosb,

2p

The reflectance and transmittance are therefore obtained accordingly as

2
n,cosf, —n, cosé,
R = r2 - 1 t 2 i
n, cos@, +n, coso,

2
_ nycosb, |t p| _ 4nyn, cos, cosf,

2
n, cos@, (n, cos@, +n, cosd,)

P

(2.2-25)

(2.2-26)

2.2-27)

(2.2-28)

The suffix p has been used in the above expressions to denote p-polarization. Again, the

law of energy conservation (R + T) =1 holds at the boundary.

2.2.3 Reflection and transmission of a thin film

In many classical books dealing with thin film optics [6], [7], the optical admittance

(instead of wave impedance to be discussed in the next section) is used extensively in order to

calculate the reflectance with multilayer boundaries. The optical admittance in free space is

defined as

Yo = (eo/ﬂo )1/2 = 1/770 =2.6544x107S

The characteristic optical admittance of a medium with refractive index 7 is written as

y =(eon*/ 1o )" = my,

30
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y is also the optical admittance for normal incidence. The optical admittance for oblique

incidence are defined

Yy
Y = 2.2-31
P cosé, ( )
Y, = ycosé, (2.2-32)

A simple extension of the above analysis for the single boundary occurs in the case of a
thin, plane parallel film of material covering the surface of a substrate. The presence of two (or
more) interfaces means that a number of beams will be produced by successive reflections and

the properties of the film will be determined by the summation of these beams.

Incident plane

n Incident medium

Physical )
thickness of n Film
film

nsz
Normal to film Substrate

boundaries

Fig. 2-5 Plane wave incident on a thin film

The schematic diagram of this thin film case is illustrated in Fig. 2-5. The interface
between the film and the substrate, denoted by the symbol b, can be treated in exactly the same
way as the simple boundary already discussed in 2.2.2. We consider the tangential components of
the fields. There is no negative-going wave in the substrate and the waves in the film can be

summed into one resultant positive-going wave and one resultant negative going wave. Due to
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the limited space, here it only lists the resultant characteristic matrix. The detailed derivation can

be obtained from [6],[7]

E,] [ coss jsind/y|E,
L—I }—[jy, sind cosd | H, (2.2-33)

a

where 0 is defined as
d =2mdcos6, /A (2.2-39)

Equation (2.2-33) can be written as

Ea[l] _ [ cosd  jsind/y, }[ 1 :lEb (22-35)

Y| |jysind cosd |y,

where Y is the input admittance of the assembly defined by

Y = Ha / Ea (2.2-36)
and Y can be obtained as
A 5 + jy, sin o (2.2-37)
cosd + j(y,/y,)sind

Normally, Y is the parameter which is of interest and the matrix product on the right hand side of

eq. (2.2-35) gives sufficient information for calculating it:

B cosd  jsind/y | 1
B 2.2-
[C] [jy, sind cosd ||y, (2.2-38)

where

B
[ ] is defined as the transmission matrix (or characteristic matrix) of the assembly. Clearly,

Y = C/B, the reflectance of this single film is then calculated by
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2
R= (_}3,_;_;) (2.2-39)
Yo

Note that for the above equations, the subscript s or p are both omitted, which implies these

equations apply to both cases.
2.2.4 Reflection and transmission of an assembly of thin films
Let more films be added to the single film of the previous section 2.2.3, so that the results

obtained in (2.26) can be extended to the general case of an assembly of g layers, when the

characteristic matrix is simply the product of the individual matrices taken in the correct order,

B el cosd, jsind, [y, || 1
=1L . . (2.2-40)
C r=1 Jy r s Jr cos 5r Y m

8, =2m.d, cos6 [A

ie.

where

y, = y,n, cosf, , for s-polarized wave (TE)
¥, = Yon, [cos8, , for p-polarized wave (TM)
If §,, the angle of incidence is given, the values of 8, can be found from Snell’s law, i.e.
n,sin6, =n, sinf, =n, sinf, (2.2-41)
Equation (2.2-40) is of prime importance in optical thin-film optics analysis and forms the
basis of almost all calculations in this area [6].

A useful property of the transmission matrix (characteristic matrix) of a thin film is that the

determinant is unity. This means that the determinant of the product of any number of these
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matrices is also unity.

o Incident medium

A )
] v d
n §a

f THIN FILMS
A

"a Y % J
Mim SUBSTRATE

Fig. 2-6 Schematic diagram for q layer of films on a substrate

2.3 FINITE DIFFERENCE TIME DOMAIN METHOD

2.3.1 Basic Formulations
For the linear, isotropic, non-dispersive, time invariant medium, the two Maxwell’s curl

equations can be rewritten as:

- oH
VXE =—u— 2.3-1
H 9 (2.3-1)
VxH = silz 2.3-2)
Jt

The decomposed scalar expressions are

oH, 1 90E, OE,
s (S22 _pH 23-3
ot ,u( dy Ox pH.) @33
H
aEz =—1_ a y _ aHx -—OE ) (2.3_4)

ot € dx Oy ‘
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where ' is an equivalent magnetic resistivity in ohms per meter and o is the electric
conductivity in siemens per meter. For H, , H , E and E, we have similar equations. We
denote a space point in a uniform rectangular lattice as

@i, j, k) = (iAx, jAy, kAz) (2.3-5)
where Ax, Ay and Az are, respectively, the lattice space increments in the x, y, and z

coordinate directions, and i, j, and k are integers. Further, we denote any function u of space and

time evaluated at a discrete point in the grid and at a discrete point in time as

u"(i, j, k) =u(iAx, jAy, kAz, nAt) 2.3-6)
y (i=Lj+Lk+1)

E
Ex/ H‘V iE,
E,

—>— E

Fig. 2-7 Position of the electric and magnetic field vector components

around a cubic unit cell of the Yee space lattice

Yee used centered finite-difference (central-difference) expressions for the space and
time derivatives that are both simply programmed and second-order accurate in the space and

time increments [10]. The expressions are as follows
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N RN B
G, jky 4 Gty =2, k)

ox Ax

+O0(Ax?) @2.3-7)

1 1
our(i, j, k) u"2(i, j,k)—u""2(i, j, k)
dt At

+ O(A£2) 2.3-8)

Substituting (2.3-7), (2.3-8) into (2.3-3)The other components may be obtained in the same

way. They form the Yee algorithm, which is the basic relation in FDTD.

.1 R
+%=1—(p'At/2y) "% A 1 Ex(z+§,]+1,k)—Ex(z+5,j,k)

H?=—— o H 2+ — .
1+ (p'At/2p) u 1+ (p'Atf2u) Ay

1 1
Er(i,j+ -, k)—ErGi+1,j+—,k
. s+ k) —Epi+] j+ o0 k) 239)
Ax

2.3.2 Semi-vectorial Wave Equations

The wave equation representations of FDTD method has been proved to save the
computer storage memory as well as the CPU time, when the problem to be analyzed can be
treated as a two dimensional case [11]-[21]. This assumption is valid for most of the stripe
waveguide structure. The following time domain wave equations will be based on this semi-

vectorial assumption. The coordinates and an example of structure are shown in Fig. 2-8.
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==
A
s
o
 /

Fig. 2-8 Two-dimensional model for the analysis of a multilayer coated laser diode in the full wave
FDTD analysis.

23.2.1 TE Wave
The assumption made here is y-invariant field distribution. For TE-polarized light (Ey,

Hx, and Hz), the Maxwell’s equations can be written as

JE, (x,z) __ 1 oH ,(x,z) _0H (x,2) (2.3-10)
ot n*(x,z)| oz dx

oH ,(x,z) __1 OE, (x,2) (2.3-11)
ot U ox

H (x,z) __1 9E, (x.2) (2.3-12)
ot £ 0z .

In the semi-vectorial approximation, the optical signal is assumed to be linearly
polarized, and hence the coupling terms can be eliminated{11], [14]. The resulting 2D semi-

vectorial wave equations (SVWEs) are

0°E, 0°E, p%0%E
AT Y - X =0 2.3-13
YR VR R @3-13)
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n® 0z

0°H, ,0(10H,\ n*d*H,
~— +n p ~ T =0 2.3-14)

where n’ = ¢/¢,
Following the standard finite difference time domain scheme, the central difference is

implemented for both the spatial (x and z) and time dimensions.

The following gives the time marching iteration formula for the user-defined

computation region.

En+1_ En—l 1 5x2 57,2En 5x2En En é‘zzEu En
vig = Ly t T2 T T2 Bk +_2( vise T )'i-l.k)+_2( vigrn T Yi,k—l) (2.3-15)
n n n n
where
- At <At
5x _c ’ 52 _c
Ax Az

In order to truncate the infinite space to be finite computation region, absorbing
boundary condition is needed in order to simulate the finite space by using finite calculation

window.

23.22 TM Wave

For TM-polarized light (Hy, Ex, and Ez), the Maxwell’s equations can be written as

oH ,(x,z) _ _l[aEx (x,z) 9E (x, z)} 2.3-16)
ot ul oz ox ’
E,(yz) 1 9H/(37)
o  ni(xnz) Oz &
0E,(y,z) __1 oH ,()’, 2) (2.3-18)

ot n*(x,z) Ox
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Similarly, the resulting 2D semi-vectorial wave equations (SVWEs) for the TM wave case

are

d(10H,) a(10H,) 19°H,

= 2= 2= 2.3-19
ox\n® ox J+8z(n2 9z ) c¢* or? ( )
9(103E\ 9E. o ¥E,

axln? ox )+ 32 n® o’ =0 @320

2.3.3 Numerical stability

The Numerical algorithms for Maxwell’s curl equations defined by the finite-difference
systems require that the time increment Az have a specific bound relative to the lattice space
increments Ax, Ay, and Az. This bound is necessary to avoid numerical instability, an

undesirable possibility with explicit differential equation solvers that can cause the computed

results to spuriously increase without limit as time-marching continues. To reveal the physic
insight, we take the one dimensional wave propagation as an example, for space step As, = Ax,
the time step Az should be less than

Vit < Axfv,, (2.3-21)
where v . is the maximum possible phase velocity of waves. Only in this way, one may keep

tracing the information from time to time continuously.

The extension to the 3-D case is straightforward with the stability criteria as

o [T

(2.3-22)
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2.3.4 Numerical dispersion

Dispersion is defined as the variation of a propagating wave's wavelength A with frequency
[ For the physical insight of the numerical dispersion

Consider the 1-D case

OH, 10E, 2323
ot U dy )

9E, _ 194, (2.324)
ot £ dy )

from (2.3-7), (2.3-8) we may have

1 1
n— 1 n— 1
H 2 .+— -H 2 j — — n+ . n .
_l x (] 2) x (] 2)=Ez1(])—Ez(J)
£ Ay At }

2.3-25)

BTG -ma G
_1EIG+D-Er() _ = VTP TS
y7i Ay At

Let Hr=H e/®i-mb) — Er=F /by anq substitute them into

(2.3-25) we have

= Zrgin 2= (2.3-26)

—2 gin—2—="ZXgin——o0m (2.3-27)
Ay 2 A 2

The combination of (2.3-26) and (2.3-27) yields
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2 k A

A 85=2/20 Ideal

»
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Wave propagation angle
%a)
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a=0°90" | =45
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0 ! 1 | 1 _’ 5 (l)
0 01 02 03 04 05
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(b)

Fig. 2-9 Variation of FDTD numerical wave phase velocity (dispersion). (a) with wave propagation
angle in the grid for three different grid discretization; (b) with grid resolution for three different
wave propagation angles

The extension of (2.3-28) into 3-D case leads to
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2 k A
[——1——) sinz(wm)= 1 5 sinz(k"Ax)+ ! —sin’ (-2 y)+ 1 - sinz(k‘AZ) (2.3-29)
cAt 2 ) (An) 2 (Ay) 2 ' Ay 2

2.3.5 Perfectly Matched Layer Absorbing Boundary Conditions

The truncation of the computation region should simulate the infinite space, that is, the
wave is transparent without reflection. The boundary condition introduced on the truncated
boundary is called the absorbing boundary condition, or ABC in short. The frequency domain
information is quite sensitive to the accuracy in time domain analysis, therefore, the low
reflection of the ABC is important. Usually, the reflection should be at least less than 1%~5% at
the absorbing boundary which is 10~20 meshes away from the interacting structure.

Existing analytical ABC's such as Mur, provide effective reflection coefficients in the
order of -35 to 45 dB for most FDTD simulations. To attain a larger dynamic range, more
accurate ABC's are needed than currently exist analytical ones. Such an advance may be realized
with the appearance of PML. In 2-D, it is reported that reflection coefficients for PML as low as
1/3000™ those of standard second and third order analytical ABC's such as Mur. PML involves
creation of a non-physical absorber adjacent to the outer grid boundary that has wave impedance
independent of the angle of incidence and frequency of outgoing scattered waves.

On the boundary between PML and the usual medium, the tangential wavenumbers should
be equal and the normal wavenumber k, within PML should be complex in order to have a
decay factor. Therefore, PML should be anisotropic.

For the simplicity of illustration, consider 2-D TE, case, namely k, =0, E,6 =0,

H, =H =0, the interface between PML and free space is xoz plane shown in Fig. 4.9. If O
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and 0" denote electric conductivity and magnetic loss assigned to PML to absorb outgoing waves
respectively, it is well known that

ole, =0 u, (2.3-30)
provides for reflectionless transmission of a plane wave propagating normally across the
interface between free space and the outer boundary layer. However, the absorption is thought at
best to be in the order of the analytical ABC’s because of increasing reflection at oblique incident

angles.

€0 My

PML 7
728

Fig. 2-10 Boundary between PML and free Space

The PML technique introduces a new degree of freedom in specifying loss. In the same time,

the anisotropy may be realized by defining different o and ¢ along x and y direction.

2.3.5.1 Implementation of PML in wave equations

According to the stretched coordinate approach [19], [21], the PML for the semi-vector

wave equation (SVWE) for 2D TE case can be modified as

2 2
2 n* 0 _ _ a1 d .19
v A P P @330

x

where s, , s, are the stretched coefficients in X- and Z-directions respectively.
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First we only consider PML in z-direction, and PML in other directions can be

4

JWELN

considered the same way. s, =a, + > and s, =1.

In frequency domain, the wave equation we discussed in the previous part eq. (2.3-31)

becomes

E, +
x> 7 5,0z

92 3 (9 nt o,
(sz . Ey) -7 (@)’E, =0 23-32)

By introduce two auxiliary variables [19],[21] as follows:

10
jwD,, = —— (2.3-33)
I8 s, 0z °
) 10,.
jwD,, =——(jwD,) 2.3-39)
s, 0z

z

Then in frequency domain eq. (2.3-31) becomes

2

n2 . N2 d Ey .
20 E, ===+ jaD,, (2339)

From eq.(2.3-33)-(2.3-35), we can easily write the wave equations in PML region in time domain

by replacing jw with % :

oE
. ——aaDt“ + % D, = azy (2.3-36)

2
9D, O 9Dy (2.3-37)

ot n® ? ong

n OE, I + 9z (23-38)
ot o o '

The FDTD time marching iteration equations in the PML region becomes:
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2
nr2 _ 4, -0 At/ 26015017 - nar

D

2lik+1/2 — 2 z1i,k+1/2
a, +o,At/2e,n .,
+ 1 " —E") (2.3-39)
2 Yik+ Yik o
a,+0 Atl2en;, ., ! !
2
D w2 _ a,—o A28 i 1
z2i.k - At/2 2 22i.k At/2 2
a, + O'Z 8071‘-,,‘ az + Gz 80n,.,k
n+l/2 n+l1/2 n-1/2 n-1/2
(D Aik+/2 D 2ik-1/12 Dzli,k+l/2 +D zli,k-llz) (2.3-40)
2 2 2
n+l __ _ n-1 _ Jx Y n 5; n n
En,k - En,k +2[1 n: n? }En,;‘.k + n? (Eym,k +Eyi—1,k)
ik ik ik
82 1/2 1/2
n+ n-
+ "'22_ (D 20k D 22ik ) (2.3-41)

ik
where 8, =cAt/Ax, &, = cAt/Az. D,, locates at the same position of E, and D,, is half of

a grid away from E both in Z-directions.

As discussed previously, PML is a non-physical absorber, and its equivalent conductivity

in z-direction (for simplicity) is defined [16]- [21]as

m m 2
z Z) n°ge(m+1)In(R,)
o =l=| o =—1 — 2.3-42

where d is the depth of PML along z direction, m is the order, and R, is the initially defined
reflection from PML at normal incidence. It is to be noted that the best absorption efficient of
PML absorber is obtained by choosing special parameters, which results in a specific o . This

choices of parameters could be different for different structures to be analyzed. In our
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antireflection coating design presented in Chapter 3 and 5, the parameters used in PML are tested

before they are employed to analyze a waveguide structure.

2.3.6 Source Excitation and connecting boundary

The computation region can be separated into two sub regions, the total field region and
the reflected field region. The plane separating these regions is called the incident plane. In the
total field region, structures of interest such as a junction or more complicated structures are
defined. The interaction between the incident wave the waveguide geometry will take place in
this region so that its field quantities must retain the information of both incident and scattered
waves. In the reflected field region, there are no junctions or discontinuities and the field
quantities in this region are the reflections from the total field region. Since there are no
discontinuities in this region, these signals will not be reflected back into the total field region.
The excitation scheme of a +z propagating incident waveform consists of a total field region and
a reflected field region that are located at z 20 and z <0, respectively. The incident wave can
be generated by specifying the exact field distribution on the incident plane at each time interval.
Although the excitation can be of the form of a point source or a plane wave, the incident wave in
most optical waveguide problems generally has the form of a guided mode. A poor excitation
scheme will generate unwanted transient and backward propagating parasitic waves, which can
create noise problems. If the excitation scheme is perfect, there should not be any light detected
by an observer located in the reflected region, unless there are some obstacles such as
discontinuities in the total field region which would generate the reflection.

As shown in Fig. 2-11, the connecting condition between total fields and scattering field

should be properly treated. On this boundary, when calculating the total field on the boundary of

46



CHAPTER 2: NUMERICAL METHODS 47

total field region, according to the difference approximation, it requires the total field in the
reflected field region. For a reflected field, the situation is the same. The 1-D free space case is
chosen as an example to show how to solve this problem. Consider the wave propagates along z

axis with the incident field components E,,, H , as shown in Fig. 2-11, we may write the

following expression for incident wave
At 1 1 1 1
E/ ' (K)=E"(k)+—|H, "2(k—)~-H "2(k+— (2.3-43
wi (K) ; (k) gAz[ wi 2( 2) yi 2( 2) )

H ."*‘;(k+%)=H z(k+—)+—[ (k)—Ex,,."(k+1)] (2.3-44)

it

At the source point
E/ (' -)=E,,,, 2.3-45)
At the connecting boundary shown in Fig. 2-11, for certain space step k' related to connecting

boundary, when k <k'-lor k>k', the original FDTD equations remains unchanged. For

k=k'-1/2 or k = k', they should be modified. When k =k', we have

n+l At n+l n+l ' 1
E,"(k)=E,"(k)+——|H,6 "2k ——) H, "2k +—)] (2.3-46)
’ EAz ’ 2
""‘l ' 1 'H'l ' 1 n+—1- ' 1
H, "2k =) =H,," (k —5) +H, "1k -5) (2.3-47)

where subscripts i, r, ¢ denote incident, reflected and total fields respectively. In (4.7-4), the total
field in reflected field region H ;‘;l'z(k'—ll 2) is required which is not recorded in this region.

However, it may be obtained by the superposition of reflected and incident fields as shown in
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(2.3-47). From (2.346), (2.3-47), the modified expression for E ;’:" (k') in total field region at

k = k' is obtained as
E™\(k') = E", (k') +%2—[H;;”2(k'—1/2) FH™ 2 (=-1/2) - HV (k'+1/2)] 2.348)

Similar to (2.3-48), we may have the modified expression for H ;;llz(k’—1/2) in

scattering field region at k = k'-1/2

. ' e , At [, 0 n oy nop
H" (k' -112) = H7ZP (K-1/2) + ﬂAz'[Ex,s (k-D~EL()+ELGY] @349
Ex,i Hy,,' Ex,i Hy,i Ex.i
Source point ’]\ 1\
o T O
Incident
wave

E ) H Ex,t Hy,t EXJ

- —®,1\ X~ »> <
Computed k=k -2 k=k
field

Reflected Total field
= region
Connecting
boundary

Fig. 2-11 Illustration of the connecting boundary.
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2.4 MODE CALCULATION AND EFFECTIVE INDEX METHOD

2.4.1 One-dimensional Slab Waveguide Mode

Mode analysis involves solving the propagation constant £ or the effective index N

of a slab waveguide. For a simplest three-layer symmetric slab waveguide shown as Fig. 2-12 (a),

the mode can be obtained by the approximated analytical formula provided in [24] as

Acos(dh, [2)explh,(d/2-x),  d/2<5x

E,(x)=1 Acos(h,x), -df2<x<df2 @24-1)
Acos(dh, [2)explh (d/2+x),  -d/22x
where
h: = p* -k} (2.4-2)
hy =k; - B* 2.4-3)
which satisfy
h, cos(dh, /2) = h, sin(dh, [2) (24-49)

k,.=2m,, //1 are the phase constant or wave numbers in the active and cladding region,

respectively, and A is an arbitrary constant. For the symmetric three-layer slab waveguide, this
analytical solution can provide a Gaussian-like mode profile as illustrated in Fig. 2-12 (a), which
is highly accurate compared to a more general numerical approach to be discussed next.

For the more complex waveguide structure with mutiple layers, especially like quantum
well structure, the above eq. (2.4-1) can not be applied and a more general numerical tool such as
finite difference (FD) method has to be employed, in order to calculate the modal propagation
constant of a slab waveguide with arbitrary index distributions. We will only highlight a few

important steps for this general approach, and the interested readers can refer to some literatures,
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which talked about this topic in a more detail [25], [26]. The discussions on FD in the next part is

for the general 2D planar waveguide. The 1D mode can be simply obtained by setting %7 =0.

X n
nc \ ©
Y AR IRSREE) IR
ot R S bl d T o g -:-v:-r:-:}r'_-'f-:- ----- L» ------- "l oy o i b ot T e e ———
nc / nS

(@) (b)

Fig. 2-12 One dimensional Slab waveguide. (a) three layer symmetric slab waveguide; (b) Multilayer
slab waveguide.

2.4.2 Finite Difference Analysis

The scalar Helmholtz equations can be summarized in the form
VIF +k*F = B*F (2.4-5)
For scalar mode, the eigenfunction F(x,y) and its gradients (3F/dx), (3F/dy) are continuous
throughout the modelled waveguide structure. In the case of semi-vectorial polarized modes,
F (x, y) represents one of the principal transverse E - field or H - field amplitude components

which are required to satisfy appropriate continuity and discontinuity conditions across each cell
boundary. The finite difference schemes ([25], [26]) will convert eq. (2.4-5) into the matrix

eigenvalue problem as

AF = B*F (2.4-6)
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where B is the modal propagation eigen value and F is the corresponding normalized eigen

vector, representing the appropriate modal field profile F (x, y). A is a real band matrix (called

the finite difference matrix) which is symmetric for scalar modes but non-symmetric for semi-
vectorial polarized modes.
The finite difference grid is enclosed by an outer rectangular box boundary along which

it is usual to impose either a closed boundary condition with zero values for the field profile
F (x, y) at all points provided the box is sufficient large (called perfectly electric conductor, PEC
boundar_y), or an open boundary condition with exponential decay of the field (like perfectly
matched layer, PML discussed previously).
The matrix eigenvalue problem eq. (2.4-6) may be solved by means of the shifted inverse

power iteration method [26],[27] as

Fo) = (o p21) F@ @47)
used in the form

(A-p21)Fe) = Flm [y (2.4-8)
where p2 is an initial estimate of £ 2 I is the unit matrix, and m = (0,1,2,3, .. .)is the iteration
counter. 77, is chosen to normalize each F'™ 50 that the latter’s element of largest magnitude is
equal to unity. The iteration processes in (2.4-8) converges to the eigenvalue f%of A (together

with its corresponding eigenvalue of this matrix. Thus, any required propagation mode (i.e.,

propagation constant plus related field profile) of a waveguide structure may be determined by

choosing a suitable initial value of p”.
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2.4.3 Effective Index Method

The typical buried planar structure, namely the buried channel and buried rib waveguides
shown in Fig. 2-13 (a) can be fabricated in II-V semiconductor compounds, which might form
part of a number of active devices in Optoelectronics. The internal refractive index of the

structures fabricated from ITII-V compounds may be assumed to be of low contrast, or termed as

the weak guidance approximation.

m
Ny ni2 ny3
np
N2y ny Nn23
N3 ns2 N33 x ns3
(a) I (b)
y
m ne=m
ny I
Np= N2
ns Nv= N3
(c) @

Fig. 2-13 (a) A buried channel waveguide; (b) A buried rib waveguide. (c) The divisions of the buried
rib waveguide from x direction. (d) The four uniform regions equivalent to (c)

The effective index method (EIM) is a variational method in principal [33]. For a

simplified explanation, we use the simple case of the rib waveguide shown in Fig. 2-13 (b). After

finding the propagation constants £, , which is a three layer symmetric waveguide we discussed
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previously, the rib layer in Fig. 2-13 (c) is replaced by a homogenous region II. Therefore a new
4 layer homogenous slab waveguide is shown in Fig. 2-13 (d). Finding the propagation constant
for a two-dimensional rib waveguide becomes solving the propagation for an equivalent 1D slab
waveguide. In our full wave analysis for the 2-D ridge waveguide in Chapter 5 and 6, we use this
EIM to decrease the dimension from 2 to 1, and combined with 2D FDTD and simulate the wave
propagation within the deep-etched multi-boundary structure. The information from the finite

etched ridge in y direction is involved by this EIM.
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3 Antireflection Coatings

This chapter presents one of most important application for thin film interference
coatings, the antireflection (AR) coatings. Two major AR applications are discussed, which
include AR coating for conventional bulk optics glass substrate, and for semiconductor laser and
travellihg wave amplifiers (TWA). The two numerical methods discussed in the previous chapter,
the transmission matrix method (TMM) and finite difference time domain (FDTD) methods, are
both employed for the analysis in this chapter. Comparisons and some improvements are made,

based on the published literatures data.
3.1 INTRODUCTION

Of all the possible thin film coating applications, antireflection (AR) coatings have had
the greatest impact on technical optics, and exceed all other types of coatings. In some
applications, AR coatings are simply required for the reduction of surface reflection. In others,
not only must surface reflection be reduced, but the transmittance must also be increased (optical
bandpass filters) [1]- [5].

The antireflection coating depends for its operation on more or less complete cancellation of
the light reflected at the upper and lower of the two surfaces of the thin film. The following will

give a brief explanation of the AR coating.
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It is known that when an electromagnetic radiation reaches a dielectric boundary between
two media of different refractive indices, n; and n,, respectively, Fresnel reflection occurs. The
reflection is a result of the dielectric discontinuity and can be reduced or even eliminated by the
proper coating of thin dielectric layers.

From the theory we discussed in chapter 2, at normal incidence case, the intensity of
reflected electromagnetic wave at a boundary between two dielectric media is expressed by the

reflectance

(nz - )2
R=->=z2__ "/ (-3.1-1)
(my +m )

For the case of a glass-air interface, which has a refractive index contrast of 1.52/1.0, this
reflectance is approximately 4% in the visible spectrum regime. This reflectance is much higher
in the case of infrared materials, which can have very much higher refractive indices.

Antireflection (AR) coated lasers are of great interest for applications such as external
‘ cavity lasers and optical amplifiers. In both cases, it is desirable to reduce as much as possible he
modal reflectance, in the former case so as to avoid resonance due to the semiconductor chip
cavity, and in the latter case, the low reflectance results in the so-called travelling wave
amplifiers (TWA). Two issues are important for fabricating a high performance AR coating for
laser structure. One is the accurate control of the coating refractive index as well as the thickness
during the deposition process; the other is the accurate theoretical prediction for the coating
parameters.

This chapter begins with the study on AR coatings for the glass substrate, which is
widely used in conventional bulk optics. Based on the transmission matrix method (TMM)

introduced in Chapter 2, for both the single and double layer AR coatings, the optimum design
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solutions (optimum index and quarter wavelength optical thickness QWOT rule) are given.
Supporting numerical examples show the necessity of AR coatings for eliminating the residual
reflection. AR coatings for a semiconductor optical amplifier waveguide facet have been studied
extensively by various numerical strategies [6]-[19]. In the second part of this chapter, numerous
examples of AR-coated TWA were analyzed based on simulation with FDTD. The emphasis is
given to the study of the optimum AR conditions, specifically compared to the one with AR
coating on glass substrate. Studies show that the optimum index and QWOT requirement
obtained with AR coatings on homogenous substrate cannot be applied directly in the case of AR
coating at waveguide end. A higher coating index than the square root of the effective index of
the waveguide and a larger thickness than QWOT are required, especially when the waveguide
has large index contrast between core and cladding and the active layer is thin. With this case, the
contribution from radiation mode cannot be neglected. The double-layer AR coating, according
to its advantages of broadening the bandwidth and more flexible in choosing material, is very
attractive and also widely used.

The research on AR coating in this chapter is a foundation to the study of our proposed
integration compatible structure, the deep-etched antireflective waveguide gratings in the next
chapter, in the sense of achieving a low reflectivity within certain wavelength range. The more

important feature is its potential of reducing fabrication cost.
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3.2 AR COATINGS ON GLASS SUBSTRATE

3.2.1 Single-layer AR Coating

3.2.1.1 Basic Theory

The single homogeneous layer AR coating is the first and simplest dielectric structure to
achieve this goal and is still widely used. Such AR coating consists of a single homogeneous

layer a quarter-wavelength in optical thickness, that is,

=20

=— 3.2-1
4n ¢ )

where n; and d are refractive index and thickness of the coating layer, respectively. The

reflectance of this single film has already been evaluated by TMM in Chapter 2. The solution to

achieve zero reflectance at the desired wavelength A, requires the refractive index must satisfy

n=,lnyn, (3:2-2)

In practice, materials with such a refractive index may not exist. Nevertheless, using
available materials with refractive index close to that given in (3.2-2), a great reduction in
reflectance is obtained. According to the theory we discussed in Chapter 2, the residual

reflectance at the desired wavelength is given by

th%‘ﬁz (3:2-3)
(nsno + nlz)

Note that residual reflectance is of the second order of the deviation in the index. We also
notice that by using materials with an index of refraction between n and n,, a single-layer

coating as shown in Fig. 3-1, will reduce reflectance regardless of the layer thickness. Thus, the
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reflectance of a coated surface is always lower than that of an uncoated one, provided that the
refractive index of this coating layer is between that of the two media. In some sense, the coating

layer smoothes the sharp dielectric discontinuity between two media.

Fig. 3-1 Schematic diagram of a single layer antireflection coating on a homogenous substrate.

3.2.1.2 Numerical Examples by TMM

According to eq.(3.2-2), the choosing of the film refractive index is crucial to achieve the
antireflection purpose. In Fig. 3-2, it shows the reflectance of single-layer AR coated substrate,
simulated by TMM, with three different choices of film refractive index n; and substrate

refractive index ns. The physical thickness d in all three cases is fixed with satisfying QWOT at
centre wavelength A,. The refractive index 1.38 refers to MgF,, which is the coating material

with smallest refractive index available in practice. From the three curves, it can be clearly seen

only the second curve approaches antireflection requirement and film refractive index (1.38) is

close to its ideal value +/1.75 =1.322. From this example, it can be clearly observed that for the

single layer AR coating, coating material index is required to be as close to the square root of its

substrate as possible. Once this optimum material is fixed, the physical thickness d is therefore
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determined according to the QWOT rule. The achievable bandwidth with this single layer AR

coating is around 30nm for a reflectivity less than 10™* theoretically and numerically.

Fig. 3-2 Reflectance of single-layer antireflection coatings simulated by TMM. 1.0|L|ns with ny;=1.38
and ng; = 1.52 (open circle), n;,=1.38 and ng; = 1.75 (up triangle), n;3=2.2 and ng; = 4.1(down
triangle).

3.2.2 Double-layer AR coating

3.2.2.1 Basic Theory

It is possible to achieve antireflection by using more than one layer. Generally speaking,
the addition of layers offers the possibility of achieving zero reflectance at the desired
wavelength using available materials, and the possibility of achieving low reflectance over a
broader spectral region [1]-[3].

The disadvantage of the single-layer coating, as far as the antireflection design is

concerned, is the limited number of the adjustable parameters, or the degree of freedom. The
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refractive index or optical admittance, of the layer is uniquely determined as n, = (nsn0 )1/2.
There is thus no room for manoeuvre in the design of a single-layer coating. In practice, the
refractive index is not a parameter, which can be varied at will. Materials suitable for use as thin
films are limited in number and the designer has to use what is available. A more rewarding
approach, therefore, is to use more layers, specifying obtainable refractive indices for all layers at
the start, and to achieve zero reflectance by varying the thickness. Then, too, there is the
limitation that the single-layer coating can give zero reflectance at one wavelength only and low
reflectance over a narrow region. A wider region of high performance demands additional layers.

| The problem of ensuring zero reflectance at a single wavelength by using two layers of
coatings will be first investigated through TMM theory and then the attempt is given to achieve a
broader bandwidth by manipulating the two refractive indices. Compared with single layer AR

coating, one more degree of freedom is obtained and therefore a broader bandwidth is expected

to be achievable.

Fig.3-3 Schematic diagram of double-layer AR coatings on a homogeneous substrate.

The transmission matrix method (TMM) is employed in calculating the reflectance from the two

layer coating as shown in Fig.3-3 with the refractive index as n; and n,, respectively. The
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solution of the zero reflectance requirement can be summarized in a useful diagram shown in Fig.
3-4, known as Schuster diagram after one of the originators [2] and the shaded areas are those in
which real solutions for n; and n,, satisfying zero reflectance at single wavelength.

(1) Zero reflectance at single wavelength

nli

1.001.251.501.752.002.252.50

n2

Fig. 3-4 A Schuster diagram for two-layer coatings on glass substrate for the possible coating indices
n, and n; (n:=1.52, ng=1.0).

(2) Broadband antireflection design

Among all the possible solutions in Fig. 34, the solutions which satisfy
ny, =nyafn, (3.2-4)
are widely used and in this case, each layer still satisfy the quarter wavelength optical thickness
(QWOT) rule, or n,d, =1/4 4, n,d, =1/4 A, is satisfied.
It has been proved analytically that among all the solutions, the one which provides the
low reflectivity over broadest bandwidth is given by [3], (4]

n=n" n=n" (3.2-5)
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3.2.2.2 Example by plane wave TMM

The reflectance of double layer AR coating with two different material coating
combinations are calculated by TMM and shown in Fig. 3-5. For both curve 1 and curve 2, the
relationship given in (3.24) is satisfied, therefore both cases, QWOT are required for the
thickness. It is shown in the figure that with different choices of n; and #n,, the bandwidth is also
not the same. Curve 1 gives a broader bandwidth than curve 2 simply because the combination of

n; and n; in this case is closer to the broadband AR optimum solution given in (3.2-5).

Wavelength (nm)

Fig. 3-5 Reflectance as a function of wavelength for double layer AR coating on a glass substrate.
Simulated by TMM, 1.0|L|H|1.52 with n;;=1.38 and ng, = 1.7 (open circle, curve 1), n;,=1.86 and ng,
= 2.3 (up triangle, curve 2).

3.3 AR COATINGS FOR SEMICONDUCTOR WAVEGUIDE FACET

As we have discussed in Chapter 1, AR coating is a crucial component for fabricating the
semiconductor optical amplifier (SOA). What is different from AR coating in the previous part is

that the media is optical waveguide with dielectric boundaries, instead of a uniform, homogenous
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3.3.1.2 Example by full wave FDTD

3.3.1.2.1 Numerical test for absorbing boundary condition

The FDTD method and PML absorbing boundary conditions (ABC) have been
introduced in Chapter 1. It should be noted that the performance of the absorbing boundary
condition (ABC) used with FDTD method determines thev dynamic range of the numerical
simulation. Widening the dynamic range is crucial to the evaluation of low power reflectivities,
particularly for a multilayer AR coating. It has been studied with comparisons among different
ABCs (like Mur second order ABC) that PML is necessary and sufficiently accurate for
evaluating low reflectivities from the endface of optical waveguides with an AR coating [17].

Before we move on to calculate the reflectivity for structures with single and double-
layer AR coatings, it is necessary to test the parasitic or non-physical reflection generated with
our FDTD-PML computer program. This is also meaningful in the sense that PML’s perfomance
depends on choices of absorbing parameters. For a stringent requirement like AR coating, the
parasitic reflectivity from PML has to be as small as possible, in order to guarantee obtaining a
reliable design solution. The testing example we choose is a two-dimensional three-layer optical
waveguide without any dielectric discontinuity, which ideally will result in zero reflectivity. A
three-layer symmetric slab waveguide without any discontinuity along z direction is simulated by
FDTD with PML absorbing boundary conditions. The incident plane is chosen at the half of the
structure. The fundamental mode of this slab waveguide is calculated in advance analytically or
numerically which is shown in Fig. 3-7 (b). The steady state field distribution is obtained as

shown in Fig. 3-7 (a). The calculated power modal reflectivity is 2x10” and is sufficiently low.
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3.3.14 Further investigations on optimum nl and t with different examples
The waveguide structure we have chosen for the previous example has two features: (1) very
small refractive index difference between the core and cladding layer, which is 3.6/3.564. (2) the

active layer thickness is large (1.46pm). The single-layer antireflection solution obtained for this
structure, which are n, = 1/”4; and n,d, = A,[4 coincides with the one for glass substrate

coatings. Then the question we are asking is: will this condition be valid for any structure?
Therefore, further investigation on the optimum AR design condition for different waveguide
structures is necessary. The next example is channel stripe waveguide as shown in Fig. 3-11 (a).
The cross section shows the active region is rectangular with thickness (x-direction dimension)
much smaller than width (y-direction dimension). The same structure has been analyzed by
integral equation method based on Fourier decomposition in [9]-[10] which predicted a different
optimum condition for AR coatings at laser diode end facet, with different active layer thickness
d. For an equivalent 2D structure, that slab waveguide with n.,=3.524, n=3.17, is shown in Fig.
3-11 (b). The core layer thickness can vary from 0.11 pum to around 1.0um. It is expected that the

analysis done by FDTD here should provide similar solutions.

The effective index of this slab waveguide N as a function of active layer thickness d

is calculated and shown in Fig. 3-12. As d increases from around 0.1 pm to 1.0 pm, N, varies
monotonically from 3.18 (~n_) to 3.50 (~n_,). If we assume that the optimum refractive index

of the single layer AR coating always satisfy the optimum condition n, = ./n , as what

occurred in the last example we calculated or from [17], then the optimum coating index should
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n? =1.92> =3.686 > n,, =3.524 > n,; =3.3856, and n,d, = 0.2764, > 0.254,, with the

center wavelength A, chosen as 1.55um. In other words, we’ve obtained an antireflection in the
case that none of the optimum conditions satisfied. Then we can take a look at the second curve

with the up-triangle symbol. The coating index for this case is chosen as n; =, /neﬁ, =1.84. For

a coating thickness, which satisfy QWOT (d, = 0.214m), the modal reflectivity is only around

1x107%, which is far from the AR coating requirement for SOA facet. The lowest reflectivity

with this coating index is obtained as 1.2x107, by varying the coating thickness to be larger, as
shown in Fig. 3-13. From this example, we can conclude the assumption about same optimum
condition is invalid. Although the results we calculated with the first example and from the

reference [17] are correct, the AR solutions cannot be applied to arbitrary waveguide structures.

350 F

(

3,40 e
335 ﬂ‘/)p ? T —

320 e

00 02 04 0.6 0.8 1.0 1.2

d(m)

Fig. 3-12 Effective index vary as a function of the active layer thickness d.
Parameter chosen as n,,=3.524, n,=3.17, wavelength=1.55um.
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—o0—n,=1.92
| —a— nl=1.84
FDTD simulation

i
i

g
1

0.24
d,(pm)

Fig. 3-13 Modal reflectivi

as a function of the film thickness d, for the film refractive indices n,
=1.92 and n;=1.84= (N.¢)

as a function of film thickness when n., = 3.524, n = 3.17, active layer
thickness is 0.5um, the operating wavelength is 1.55um.

We provided two more examples for the effect of waveguide structure on the optimum

coating index in Fig. 3-14 and Fig. 3-15.

CABSE 1: Structure with very thin active layer thickness d (<0.2um)

Fig. 3-14 presents the E, field distribution for the single layer AR-coated waveguide
structure with very thin active layer thickness (d=0.11um), simulated by FDTD. The coating
parameter is given as n;=1.81, d,=0.222um. The according modal reflectivity is R= 6.4x10°.

CASE 2: Structure with relatively wide active layer thickness d (>1.0um)

Fig. 3-15 presents the E, field distribution with relatively thick active layer thickness

d=1.5pm. In this case, the coating index is n,=1.87 = JN . (Nesi= 3.496). mid; = 0.277hg. The

reflectivity calculated is around R=4.0x10™.
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For single-layer AR coating, it requires a higher coating index than the square root of the
waveguide effective index as well as a larger thickness than QWOT. Similar conclusions have
been obtained with different simulation tools or observed through practical experiments [9]- [13].
For double-layer AR coatings, the requirements on the coating index are not as critical as what is

required for single-layer AR coating. However, a non-QWOT thickness for both layers is

expected.

Power Reflectivity R

DY) i PP EUPU S AP
1.50 1.52 1.54 1.56 1.58 1.60

Wawelength (um)

Fig. 3-17 Modal Reflectivity as a function of wavelength for double-layer AR coating structure
shown in Fig. 3-8 (b). Parameters used in the calculation: n,,=3.6, ny= 3.564, n,=1.46,

ny=n;Ny 2=2.76494, dy= Ag/(4n,)=0.138 pm, d,= A¢/(4n2)=0.266pm, Ay=1.55um is the centre
wavelength.

The field distributions for both the total region and reflected region are shown in Fig.
3-18. It is seen that the reflected fields are successfully suppressed due to the double-layer AR
coatings. From a detailed view of the reflected field distribution in (c), the dominant component
in the reflected field is still the fundamental mode, with the largest value occurring at the core
region. The contributions from other component (higher order guided mode and radiation mode)
are relatively small. This could work as the main reason why the AR solution obtained with this

structure is so close to the solution obtained by plane wave model.
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3.3.3 Comparison with Experimental Data

In order to verify the validity of our simulation, we compared our results simulated by
FDTD with the experimental measured data provided in [10]. In Fig. 3-20, the modal reflectivity
is calculated for a double-layer AR coated waveguide with variations of the second coating layer
thickness d,. The parameters of the waveguide are chosen as n.=3.524, n,=3.17, and

d =0.11zm . Measured data is shown in open circle symbol, and a minimum reflectivity of
around 1x10™ was achieved. The curve with up-triangle symbols denote our results simulated by
FDTD,l using n, =1.82, d, =0.1816m, and n, =1.65, and the operating wavelength is
1.54pm.

Refractive index of evaporated SiO, film can vary from 1.85 to 1.5 continuously, by the

control of pressure of the oxygen [10]. AR coating formed by SiO, film has two major

advantages: 1) It is possible to control the refractive index by adjusting the evaporation rate
and/or the partial pressure of the oxygen. Therefore, one material can form two layers of
coatings. 2) There is no surface damage, usually observed with the sputtering method. The
optimum value of d, we calculated by FDTD agrees very well with both the experimental data
and theoretical results in [10]. However at the same time, the disadvantage with this pressure-
controlled coating ‘is the coating continues to oxidize in air so that the refractive index reduces
with time.

An interesting phenomenon can be observed from the figure, as the authors in [10]
pointed out, the reflectivity dependence measured seems somehow broader against the film

thickness than the theoretical predictions.
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o Measured Data (Ref)
—&— Our Results in FDID

Modal Reflectivity R

0.08

Fig. 3-20 Facet reflectivity of double-layer AR coated BH laser structure as a function of a second-
layer coating thickness for n,=1.82, d,=0.1815um, n,=1.65, and wavelength at 1.54um. The open
circle symbol and the curve with up-triangle represent the experimental values and our theoretical
results, respectively.
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4 High-Reflection Coatings

This chapter presents another important thin film coating applications, high-reflection
(HR) optical coatings. Both TMM and finite difference time domain (FDTD) methods are
employed to analyze a semiconductor laser facet reflector. The results show significant difference

between FDTD and TMM, especially for TM wave incidence.

4.1 INTRODUCTION

High reflectors are coatings, which maximize the reflectance of an optical surface in a
specified wavelength region. The optical performance outside the specified region is generally of
no interest. In Chapter 1, it was mentioned that a high reflection (HR) coating can be obtained
from a stack of quarter-wave dielectric layers of alternate high an low index. This is because the
beams reflected from all the interfaces in the assembly are of equal phase when they reach the
front surface, where they combine constructively.

These multilayer dielectric HR coatings are very useful in many applications, since
mirrors made of metallic films often cause severe heating problems and large absorption loss. For
conventional HR coating, the transmission matrix method (TMM) [2], [4] has been widely used
to design an HR coating. However, TMM assumes a homogenous medium in the transverse

direction, so that the estimated results do not necessarily agree with the experimental results.
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Since the HR coating for a homogenous substrate is trivial, by alternating quarter wave
optical thickness layers with low and high index will result in perfect 100% reflection. Therefore,
in this chapter, we will only deal with the HR coating for a laser facet end, which makes FDTD
analysis inevitable. This Chapter first based on one of the published literature [7], by using the
same method and same parameters, trying to produce the same results. After that, we extend the
analysis and discussions with applications on 1.55um, since the original work only dealt with 0.8
pum application. The study with effect of core width on the reflectivity is done, both for TE and
TM wave. The calculated wavelength dependence showed existence of the field propagating
along the coating layers, resulting in the deterioration of reflectivity, especially for TM wave.

Increasing the core layer width can increase the reflectivity with TM wave.

4.2 HIGH-REFLECTION COATINGS AT LASER FACET

2.5 .
" ar
o
' nll 3 tﬂ
[ 1 1, ]t
fo.  |Po| ¢ Ta
-2.0 0 2.0
»x[1m]

Fig. 4-1 Configuration of an HR-coated waveguide [7].
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The structure we use for HR coating study is the same as in [7]. As shown in Fig. 4-1, a
two-dimensional waveguide whose facet is coated with alternating dielectric layers. The low-
index dielectric is chosen as Al,O;, which is adjacent to the facet, and Si as the high-index
dielectric material, i.e. ny=1.7, and ny=3.5. The refractive indices of the core and cladding are

chosen as n.,,=3.6, n=3.24, respectively.

4.2.1 Reflection for TE and TM mode

. This part, we will re-calculate the results provided by [7]. When it has proved to have
good agreement, we can move to obtain some new results.

In the Fig. 4-2 and Fig. 4-3 we calculated the steady-state field distribution for both TE
and TM polarizations. The results are for a six-layer stack with parameters chosen as 2d = 0.487

um. For TE, mode incidence, the modal reflectance calculated is R=0.97. For TMO mode

incidence, the modal reflectance calculated is R=0.88, both for the wavelength of 0.8um. The
results we calculated agree perfectly with what provided from [7]. By looking at the field
distributions, it can be found that there exists some power propagating along the coating layers,
especially for TM wave, which results in a decreased reflectance for this polarization. It should
be noted that the alternating dielectric layers on a waveguide facet could be regarded as a leaky

wave structure [7], [8].
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core layer width, both TE and TM results will converge with TMM results and approaches to 1.0
for HR design [7] Here, we observed the same phenomena with the 1.55um operation.

Final consideration is given to the wavelength dependence of reflectivity. Fig. 4-6 shows
the results for a six-layer stack with 2d=0.487um. Each coating thickness is fixed to be a QWOT
at A=1.55um. The TE wave exhibits high reflectivities over a wide spectral range from 0.7 to 1.0
um, showing good agreement with the TMM results. It should be noted that the alternating
dielectric layers on a waveguide facet can be regarded as a leaky wave structure [8], so that the
field propagating along the coating layers tends to decay as it propagates. Furthermore, the
reﬂectéd field from the coating involves radiation modes, particularly for the TM waves. The low

reflectivity in the TM waves can be explained by these observations.
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Fig. 4-6 Modal reflectance wavelength dependence for a 3 LH stack, (6 layer) structures.
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5 Deep-etched Antireflective
Waveguide Gratings

5.1 INTRODUCTION

The term optoelectronic integrated circuit (OEIC) refers to the integration of optoelectronics
devices, such as sources and detectors, which electronic devices such as transistors are also included.
Photonic integrated circuits (PICs) are a subset of OEICs focusing on the single-substrate or
monolithic integration of optically interconnected guided-wave optoelectronic devices [1]-{4],[70].

The driving force for PICs is the expected complexity of next-generation optical
communication links, networking architectures, and even possibly switching systems. The wavelength
division multiplexing (WDM) scheme [5], as well as high-speed time division multiplexing (TDM),
involve a great variety of optically cascaded sources, modulators, filters, amplifiers, switches,
detectors, etc. A large component of the cost of such architectures is due to the single-mode optical
connections between the guided-wave components. Such devices normally provide optimized
performance with tightly confined waveguides, resulting in difficult submicrometer alignment
tolerances when coupling to single-mode optical fibers [3]. By replacing such individually aligned
connections with lithographically produced waveguides, PICs offer the promise of cost reduction,

dramatically reduced size, and increased robustness [3], [70].
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The replacing of conventional coating at the semiconductor laser waveguide end to form a
distributed Bragg reflector (DBR) instead of a high-reflection (HR) coating has been proven to be
successful, although this research has only started for a few years [74]- [79]. The advantage of large
semiconductor/air refractive index contrast has been utilized to achieve a high-reflection mirror with
much fewer grating period and significant cost reduction. This deep-etched waveguide grating
structure in the application of semiconductor/air Bragg reflector (SABAR) provides a solution of
manufacturing arrays of lasers on-chip based on a full-wafer technology.

As we have discussed in Chapter 1 and 3, another important coating application, anti-
reflection coating is always considered as a crucial component for building semiconductor travelling
wave amplifiers (TWA). Large amount of research work have been dedicated to accurate analysis and
design of antireflection coating for a laser diode structure [29]-[29]. Fabricating high-performance
antireflection (AR) requires in-sizu monitoring and enough practical experiences [5], [17]. The charm
of PICs has enlightened a lot of researchers to come up with new structures that are easy for
monolithic integration. Successful theoretical design and manufacture of SABAR is a good example.

In this chapter, we are attempting to analyze the feasibility of designing a deep-etched
waveguide grating structure for AR application, by varying groove widths or the overall etching
profile. The theoretical design results shown in this chapter can prove preliminarily that this idea is
feasible and has the hope of being employed by PICs in the future [80].

This chapter first tried to obtain an equivalent 1D homogenous structure in order to use what
has been available in thin film dielectric antireflection (AR) coating simulation and design. The plane
wave transmission matrix method (TMM) has been employed to simulate semiconductor/air-grating
structure. The design strategies have also been applied to obtain maximally flat and low reflection
spectrum. The design procedure started from one etching groove structure and then extend to

structures with more etching grooves for the purpose of widening the bandwidth. After certain

96



CHAPTER 5: DEEP-ETCHED AR WAVEGUIDE GRATINGS 97

numerical refinement, for a 3-groove structure, the results obtained by TMM show a 60 nm and 90
nm bandwidth with the reflection less than 1x107 for a 2-groove structure and 3-groove structure, are
achieved accordingly. The further full wave verification is done by 2D finite difference time domain
(FDTD) method [23]-[27] , together with the effective index method (EIM)[21],[22] in order to
consider the 2D-cross-section of the waveguide, as well as decreasing one dimension of computation
effort). Results show that 40nm is achieved for 2-groove etching structure, with the reflectivity less

than 10,

5.2 SOA STRUCTURE WITH DEEP-ETCHED WA VEGUIDE GRATING

The structure chosen for our analysis is depicted in Fig. 5-1. The semiconductor optical
amplifier (SOA) was fabricated from expitaxial material with an In ,,Ga,As,.,P,-InP waveguide,
and InGaAsP as an active layer. The physical and geometric parameters are listed in Table 1. An
N doped InP buffer layer is grown on the InP substrate in (8). The active layer (5) is sandwiched
between an upper and bottom layer shown as (4) and (6). In order to obtain polarization
insensitive gain media, a tensile stress has been applied to the middle layer. The InP cladding
layer on above is etched as shown in (2). The ridge structure which is symbolized with W, has
the typical dimension of 2~3 um. In the following calculations, this parameter is chosen as 2um.

The semiconductor optical amplifier with deep-etched waveguide grating as antireflection
element is schematically shown in Fig. 5-2. By etching the waveguide with a depth of H, the
semiconductor/air grating is formed. The groove width is depicted as dj, and the semiconductor layer
is dy. Similar structure has been employed in fabricating a distributed Bragg reflector (DBR) with the

laser resonator[74]-[79]. When this structure was used as a reflector, the dimensions for d; and dy are
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normally required as odd number of quarter wave optical thickness (QWOT), such as A, / 4 for the

air groove layer, and 34,/4 or 54,/4 for the semiconductor layer [78], [79]. By using a few

number of grating periods, (typically around 3, [79]), the reflection over 90% is achieved. For our
problem in this Chapter, the parameters that we can vary limited to dy, , dy and grating numbers Np. It
has to be noted that dj, and dy are not fully independent. Based on the knowledge we have gained
from antireflection coating design in Chapter 3, when the coating indices are not chosen as optimum
(from Schuster diagram, here n; and n, are chosen as 1.0 and N.g, typically 3.2), the QWOT rule will
not apply to the optimum d;, and dy . Meanwhile, we are expecting to see a narrower bandwidth for
our structure compared with optimized double-layer AR coating, according to our discussions on
optimum coating indices for broadband AR coatings in Chapter 3. However, one fact that has to be
kept in mind is that the huge cost-effective benefit is gained through this integration-compatible deep-
etching technology. As long as the low reflectivity (<10 is achieved at single wavelength, the
bandwidth is expected to be broadened by increasing the grating period, similar to what happened in
antireflection coating design with increasing coating layers. It has to be noted that increasing the
number of etching grooves will not increase fabrication cost, which is another important feature
compared to thin film dielectric multilayer coatings, where the case is that the cost is increased

significantly with the number of coating layers.
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5.3 ARDESIGN BY TMM

Similarly to the AR coating design procedure we applied in Chapter 3, the simplest 1D
plane wave Transmission matrix method (TMM) is employed first. Although TMM is not
considered sufficiently accurate for analyzing the deep-etched waveguide structure, its analytical
and computationally efficient nature has provided great convenience for AR design, especially
for the case that no previous references could be found for our problem. The plane wave
assumption requires us to get an equivalent 1D homogeneous layer stack for the 3D structure

shown in Fig. 5-2, for the purpose of evaluating its reflectance by TMM. The substrate layer of

this stack is chosen as the modal effective index of the 2D waveguide N, which has been

already obtained in Table 2. Same refractive index will also work as the high index layer, or
mathematically, n, =n, =N .
The refractive index of the low index layer (etching groove) can be calculated through

the following equations by variational method shown in eq. (5.3-1), and the results are shown in

Fig. 54. It can be seen that after the etching is deep enough to reach some threshold value

H , (typically 3.4um), the equivalent index of this etching groove layer will work the same way

as an air gap, which mathematically means n, =1.0, when H > H, =3.4um.

o0 12 - 2
jnz (x,H)E . (x)dx Inz(x, H)H y20 (x)dx

ny = , n =|2 5.3-1)

JE} (x)ax JH; (x)ax
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The following part will study several structures, starting from one etching groove structure,
and then extended to structures with 2 or more etching grooves. The antireflection is obtained both by

TMM and FDTD.

H (um)

Fig. 5-4 Equivalent index of the etching groove layer as a function of the etching depth H.

5.3.1 One Etching Groove structure

5.3.1.1 Model illustration

The plane wave model for this 1-groove structure is illustrated in Fig. 5-5, it is easy to see
that this structure is very similar to the double-layer thin film stack, therefore, the theory with double-

layer AR coating can be employed in our analysis with this model directly. The important feature is

the refractive index of the second “coating layer” is fixed as n, = N o in this case. The first

“coating” layer can vary continuously with etching depth H as shown in Fig. 5-4. However, due to the
large electromagnetic radiations from the air/semiconductor boundary, it can be understood that the
plane wave model will not be valid for the middle range of etching. In other words, only the low end

of Fig. 5-4 can be equivalent to a homogenous media. A more practical way of varying n; can be
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implemented by filling stable materials into the deep-etched air groove. This situation has been

considered in the one-groove structure design.

rei = ? dH

»idy 3"
@
Fig. 5-5 Illustration of equivalent 1D plane wave model with one etching groove structure; (a)

completely etching the waveguide, similar to form a distributed Bragg reflector; (b) the model for
the structure of filling materials after deep etching.

5.3.1.2 Analytical solutions
By employing the 1D plane wave analytical TMM discussed in Chapter 2, and note the
fact that n, =n_ = N, the transmittance of a substrate with two layer coating can be written as
T =4nyn, {4n0ns + [(no —n, )cos @, cos @, — (nonl /n, —n?[n, )sin @, sin ¢2]2
+ [(ns —n, )sin @, cos @, + (n, —nyn, /n, )scos @, sin g, 5 }_1 (5.3-2)
In order to get R(4,)=0, or T(4,)=1, the solutions are

n,—n 1go. n,—n
10189, = i, and =1 = "
nyn, /ns —n /nx 189, nonl/ns —n /nl

where
o= 27m1dL//10 , and @, =2/m,d,, //10
and

n,=N,, and n, =10 (5.3-3)
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Finally we can solve d, and dy from the above equations. For the power reflectivity R
becomes zero at 1.55um, di. and dy can be calculated analytically as 0.107um and 0.286um,
respectively. Fig. 5-6 gives the numerical solution for the optimum index for achieving AR. It
shows the minimum reflection Ry, at single wavelength (1.55um) varying as a .function of nl.
The results show that, in order to obtain small enough reflection (<10°®) at one single wavelength,
the refractive index of this etching layer has to be chosen from 1.0 to (n)"? or greater than (ne)**.
One thing, which is worth mentioning, is that Fig. 5-6 is actually a one-dimension representation

of the Schuster diagram discussed in Chapter 3. It gives a special solution for the condition

thatn, =n, =N 4.
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Fig. 5-6 The minimum reflectivity as a function of optimum index of the etching layer.

53.1.3 Design examples

Fig. 5-7 shows the design resuits for the one etching groove structure analyzed by the

above model, with different filling materials. The parameters d;, and dy have been optimized in
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advance both analytically and numerically. For the etching without filling material, the result is
solved numerically as d1;=0.107um, dy;=0.268um (n;;=1.0, open circle), or expressed in
conventional thin film coating design representations as Ns|0.282L|0.211H|1.0, where L and H
stand for the quarter wavelength optical thickness (QWOT) for the low (1.0) and high (n,) index
layers. This results accord with the ones we obtained previously by analytical method. For a SiO,
filling structure, the design result are di,=0.129um, dy,=0.260um (n,=1.46, up triangle), or
similarly expressed as Ns|0.228L{0.204H]1.0, where L and H stand for the QWOT for the low

(1.46) and high (Ns) index layers. As for the third example, the results are dj;=0.169um,

dH3=O.248um (n;=1.75, down triangle), or represented in an alternative way as
Ns|0.249LJ0.195H]|1.0. It is to be noted that although the three curves are obtained by different
combinations of dj, and dy, the ultimate performance of wavelength dependence is almost the
same, and can not be distinguished. The main reason is, for this one-groove structure, the degree of
freedom is only one, there’s no more room of manoeuvre. This situation is very similar to what we
have experienced with the single layer antireflection coatings in Chapter 3, where the refractive index
of this single film is the only parameter to be varied. The bandwidth with obtaining a zero reflectivity
at centre wavelength is uniquely determined.

Therefore, the similar situation with bandwidth limitation enlightens us to investigate
structures with more than one etching groove. We are expecting this multi-groove structure will also
bring the same broadening benefit as what a double-layer AR coating does. Another worth-noticing
fact is that the bandwidth for the reflectance lower than 107 is only around 20nm, it is much narrower
compared to the single and double layer AR coating structures in Chapter 3. This result is reasonable
due the fact that we lost the degree of freedom, which was gained double-layer AR coating, since the
high-index is fixed as N And this makes the design away from the optimum design from the
bandwidth point of view.
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Fig. 5-7 Wavelength dependence of the designed one etching groove structure with different choices
of ny, simulated by TMM, R (1.55um)=6.911x10".

5.3.2 Two-Groove Deeply Etching

53.21 Model illustration

The plane wave model for this two-groove structure is illustrated in Fig. 5-8, it has two
etching grooves with the indices as n; and thickness as di; and dj,, respectively. For the high
index layer, the refractive indices are both N, the thicknesses are dy, and dy,, respectively.
Based on a homogenous layer assumption for the waveguide layers, this structure shown in Fig.
5-8 can therefore be analyzed the same as multiple layer of coatings by TMM. We give a few

design examples for this two-groove structure with this plane wave model.

5.3.2.2 Design Examples

The structure is simulated in TMM, and the refining method is used in order to obtain an

ideal design for antireflection application, based on manipulating all the adjustable parameters.
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Fig. 5-8 Illustration for two etching groove structure to be simulated by 1D TMM

1) CASE I: Single Wavelength R=0, Bandwidth (R< 10 = 25nm.

3.0x10°
i
2.0x10° |

1.0x10°

[1 Y1) P P <. PP B
1.53 1.54 1.55 1.56 1.57 1.58 1.59

Fig. 5-9 Reflectance of one design example after refining, dy;=119.74nm, dg; = 271.20nm, dy,
=419.31nm, dy, = 241.64nm, R (1.55um) = 7.2x10°%,

2) CASE II: Bandwidth (R<107) = 65 nm, flat, and 3.0 x10™*at 1.55um
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Fig. 5-10 Reflectance wavelength dependence of one design example for the two etching groove
structure with parameters chosen as dy;=0.111pum, dg;=0.267um, d; ,=0.409um, dg,=0.235um, the
reflectivity at centre wavelength R (1.55um)=3.54x10"%,

Fig. 5-9 gives a design example after refining method is employed, for the case that the
reflectance at single wavelength (1.55um) is extremely low, which is in the order of 10°®. However,
the bandwidth for the reflectance lower than 10 is only around 25nm, not much improvement
compared to a single etching groove structure shown in Fig. 5-7.

What shows in Fig. 5-10 is another example for the case that the reflectance at single
wavelength (1.55um) is not zero, but the design can maintain a low reflectivity over a wider
bandwidth (65nm for R<10), for the broadband design requirement, this is a better design than the
previous one. The design results obtained here in plane wave model combined with refining method

will work as the initial design for our design in the second step by FDTD method.
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5.3.3 Three-Groove Deeply Etching Structure

5.3.3.1 Model Illustration

By adding one more grooves, we form the structure with three grooves as depicted in Fig.
5-11. One more degree of freedom is gained accordingly. The bandwidth is expected to be wider than
what we have obtained for two-groove structure (65nm). Using the same refining design procedure,

the design examiples for different cased are shown in Fig. 5-12 - Fig. 5-13

re?=7

Fig. 5-11 Model illustration for three etching groove structure to be simulated by TMM

Fig. 5-12 gives a design example for the case that the reflectance at single wavelength
(1.55um) is almost zero, which is numerically obtained as 1.2x10°®. However, the bandwidth for the
reflectance lower than 107 is limited at only 12nm, which is an even worse situation compared to a
single etching groove structure shown in Fig. 5-7 or two-etching groove structure in Fig. 5-9. This
tells us if the design target is to ensure zero reflectivity of single wavelength, there’s no need to use
structures with more than one etching groove.

What shows in Fig. 5-13 is another example for the case that the reflectance at single
wavelength (1.55um) is not zero, but the design can maintain a low reflectivity over a much
wider bandwidth (100nm for R<10®), for the broadband design requirement, this is a better
design than the previous the last one. The improvement of the spectrum shape provided by
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employing multiple etching layers can be understood similarly as what a multi-cavity can
improve the spectrum shape of a thin film multilayer filter. Again more layers can form more
resonance peaks (wells), by designing them to be aligned properly, the spectrum shape can vary

at will. This is the basic idea of applying thin film synthesis.

1) Case I: Single Wavelength Zero Reflection, R~1.2x10% at 1.55um, but bandwidth

<15nm for the criteria of (R<10).

5.0x10°

40x10°

3.0x10°

20x10° |

1.0x10° -

1.540 1.545 1.550 1.555 1.560

Fig. 5-12 Reflectance wavelength dependence of one design example of the three etching groove
structure with parameters chosen as (d1,=0.108um, dg; = 0.317pm, d; ; =0.142um, dg, = 0.336um,
dy13=0.169um, dg;=0.276um), the reflectance at centre wavelength R (1.55pum)= 1.2x10°%,

2) CASE II: 100 nm Bandwidth (1.0x10?%), R~3.0x10* at 1.55um

111


http:1.55J.tm
http:l.SSJ.UD
http:dw=0.276J.UD
http:du=0.169J.UD
http:0.336J.UD
http:0.142J.UD
http:0.317J.UD
http:du=0.108J.UD
http:1.55J.tm






http:0.272J.UD
http:dL=0.116J.UD
http:751.001.25

114 CHPATER 5: DEEP-ETCHED AR WAVEGUIDE GRATINGS

5.4 VERIFICATION AND REFINEMENT BY FDTD

From the initial design provided with TMM, the more accurate but local design can be
done by using FDTD method and combined with refining method. By adjusting the variables, the
reflectivity can be expected to reach a low value within a certain bandwidth. FDTD can easily
pick up any discontinuities within the structure, including the groove with finite etching depth.
Another reason by applying FDTD method for our problem is this method can obtain the steady

state distribution, and all the physics involving mode interactions can be clearly observed.

5.4.1 One-Groove Design

The model used for verification and further refinement by FDTD is illustrated in Fig.
5-14, with the 2D waveguide with one deep etching groove at the end. The waveguide mode is
obtained by combing EIM and 1D multilayer slab mode solver as explained in 5.3.1.1 part, where
only the effective index was used. Here, the resulting mode will work as the incident mode for
the FDTD propagation.

By refining the solution in a certain range, the final design for a one-groove structure is
obtained and its wavelength dependence is given in Fig. 5-16. Modal reflectance as low as
6.5%10-5 is obtained for the center wavelength 1.55um. The bandwidth of the interested range is
only 17nm, which is not wide enough for working as an AR coating. The steady field
distributions are shown in Fig. 5-15, from where we can observe the radiation mode components
are significant larger than the fundamental mode for the reflected region. Similar to what we have
experienced with AR coating in Chapter, when the active layer thickness is small, the reflected

field has the similar phenomenon. This radiation loss results in a lower reflectivity.
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Fig. 5-16 Modal reflectance wavelength dependence of one design example of the one-etching groove
structure simulated by FDTD, with parameters chosen as dy1=0.121m, dg, = 0.272m, the
reflectivity at center wavelength R (1.55um)= 1.2E-5.

S54.2 Two-Groove Design
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Fig. 5-17 Schematic diagram of two-groove structure simulated by FDTD method

By increasing one groove, and using the initial design obtained by TMM design in the
previous part, we can verify and obtain a more accurate design for the two-groove structure as

shown in Fig. 5-17
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For the distribution shown in Fig. 5-20, since the etching depth is 1.0um, not entering the
active region, still staying in the upper cladding InP layer, the field didn’t get much affected by
this discontinuity. This structure has almost the same effect as a waveguide end facet without any
etching or coating. The calculated modal reflectance 0.37 is close to the Fresnel reflectivity with
InP substrate.

For the results shown in Fig. 5-21, the etching depth is chosen to be just reaching the
center of the active region. The steady state field distribution distorted sharply at the air-
semiconductor etching boundary. Part of the light is radiated (in optics, it can be described as
divergence at the semiconductor-air interface); therefore, the resulting reflectance is 0.06, lower
than a shallow grating as shown in the previous figure.

Fig. 5-22 refers to the results in the case of full etching. Due to that the structure we have
chosen for this analysis is an optimized structure for deep-etched antireflective waveguide
grating structure, the results obtained in Fig. 5-22 can not be distinguished from Fig. 5-15, where

the etching depth was chosen as Hy=3.4pm.

5.5.2 Effect of the etching depth on the reflectance

In order to gain a continuous concept of the effect of etching depth on the reflectance, we
calculate this dependence by FDTD, and show the results in Fig. 5-23. From the figure, it can be

clearly seen that the modal reflectance changed smoothly for the two ends (H <1.5um , and
H >34um, but very sharply in between. This is due to the extremely thin active region

(0.15um), and the field has the maximum value in this small region. Etching into this layer will

result in the sharp end of the electromagnetic field. For the two ends, the fields almost decay to

120


http:0.15J.tm
http:Ho=3.4J.tm

CHAPTER 5: DEEP-ETCHED AR WAVEGUIDE GRATINGS 121

very small values, the small variations with etching depth is reasonable. This also tells us why the

waveguide grating only applies at both ends, either shallow grating or deep-etched grating.
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Fig. 5-23 Modal reflectance as a function of the etching depth H.
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6 Deep-Etched High-Reflective
Waveguide Gratings

6.1 INTRODUCTION

6.1.1 Deep-etched distributed Bragg Gratings (DBR)

Conventional edge-emitting semiconductor lasers are fabricated through cleaving,
resulting in mirror reflectivities in the range of 0.3~0.4. Monolithic integration excludes cleaved
facets as feedback elements for the laser resonator. One of the integration-compatible alternatives
is deep-etched distributed Bragg reflectors (DBRs) formed from the cavity material itself and a
few’number of air gaps created via etching. Deep-etched semicondutor/air DBRs (SABARSs) act
as 1-D photonic bandgap structures.

It has been reported theoretically and experiementally that high reflectivity over a wide
range of wavelengths and angles of incidence can be provided by SABAR, with only a few
numbers of periods [9]-[13].

Schematically, a SABAR structure can be depicted as in Fig. 6-1, both 3-D and 2-D

views, and several mirrors are formed by deep-etched the waveguide by certain distance d,,, .
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Fig. 6-1 (a) A three-dimensional visualization of the basic structure for the model used in its study
and (b) a two-dimensional projection of (a) with the corresponding parameters labelled [13].

In our study in this chapter, instead of using the structures that have been studied in
published literatures, we chose the same structure, which we used for design the antireflection
(AR) grating for semiconductor optical amplifier. In this chapter, with the same waveguide
structure, we can design a high-reflective (HR) grating, used to form edge-emitting laser mirrors.
The conclusions obtained in this chapter should be useful to the design with different structures.

From the experiences we have gained from Chapter 4 with HR coatings. A stack of high
and low index layers with the thickness as quarter wave optical thickness (QWOT) should
provide high-reflectivity.

In this chapter, the HR design will also be divided into two parts: HR design with TMM,
and HR design with FDTD method [6],{7]. Results from both approaches are compared with the

effect of number of periods and etching depth on the reflectance. Results from both strategies
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show that a three-groove deep-etched waveguide grating (uniform grating) is a good choice for

building a SABAR.

6.2 HR DESIGN BY TMM

Fig. 6-2 Schematic diagram for a deep-etched waveguide grating structure with three etching
grooves.

As shown in Fig. 6-2, the deep-etched waveguide grating structure, which we have
studied in Chapter 5 is replotted here. In order to reach a high-reflection, we chose a uniform
periodic grating structure with air gap and mirror width chosen as 1/4A¢ and 3/4N.gAo, same as
[13] respectively. A is the center wavelength, and we chose it as 1.55pum.

The effect of number of periods on the reflectance are studied in Fig. 6-3, by increasing
the number of periods (grooves) from 1, to 3, to 7. The reflectance increases quickly from 0.9 to
0.99 when the period number increases from 1 to 3. When the period number increases further

from 3 to 5, to 7, the effect on reflectance is not very obvious, same with the bandwidth.
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Fig. 6-3 Reflectance wavelength dependence for structures with different number of groove/periods.
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Fig. 6-4 Reflectance at 1.55pum varies as a function of number of periods, simulated by TMM.
By fixing the wavelength to be 1.55um, we can study the effect of number of grating

periods Np on the center wavelength reflectance as shown in Fig. 6-4.It is seen that the
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reflectance quickly jumps from 0.88 to 0.99 when the grating number increases from 1 to 3. The
reflectance will saturate at 0.999 (almost 1.0) with adding the number of gratings. This prediction
in TMM shows the reflectance will increase with Np, but will saturate when Np is larger than 3.

In this sense, Np more than 3 is not necessary.

6.3 VERIFICATION BY FDTD METHOD

In order to give a more reliable design, FDTD is needed to simulate the whole structure.
Same as what we have dealt with AR design in Chapter 5. Since TMM already predicts a good
HR design with (L3H) stack, the same structure can be used for FDTD verification. The results

are shown in Fig. 6-5.

1.05
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5

Fig. 6-5 Reflectance at 1.55um varies as a function of number of periods, simulated by FDTD, results
done by TMM are also shown for comparison.

Fig. 6-5 also shows the reflectance will increase from 0.88 to 0.982 when the grating

periods increase from 1 to 3. But when the period numbers increases to 4, it drops to 0.97 and
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7 Conclusions

Based on the comprehensive and systematic study of the conventional antireflection (AR)
coating for semiconductor optical amplifier (SOA) and the high-reflection (HR) coating for
semiconductor lasers, a new deep-etched waveguide structure which is appealing for photonic
monolithic integration is proposed and theoretically studied in this thesis. The numerical results
simulated by finite difference time domain (FDTD) approach show that a power reflectivity in
the order of 10° at 1.55um and a bandwidth of 45nm are achievable if a multiple-groove
structure is employed.

We expect that more research will be carried out in putting this technology forward by
further theoretical study and experimental verifications if possible. We foresee that this research
will lead to the following development:

1) Application of optimization algorithms to the design of deep-etched
antireflective waveguide gratings. Possible choices could be space mapping
(SM) technique and other robust optimization engines.

2) Toleration Sensitivity studies. The difficulty of considering structure toleration
sensitivity using FDTD can be overcome by introducing other algorithms, such

as adjoint gradient method, etc.
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