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ABSTRACT

This thesis presents a theoretical and experimental study of micromachined v-groove
waveguides. The theoretical study involves the calculations of singlemode sizes of
several v-groove waveguides with different dielectric material compositions and the
simulations of v-groove waveguide amplifiers. The experimental study involves fabri-
cation of v-groove waveguides with polymer cores and the metallization of the end-
facets of the waveguides. As well, the feasibility of integrating sidewall taps with sin-

glemode v-groove waveguides was investigated.
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Chapter 1 Introduction
1.1 Background and History of the V-groove waveguide

In general, an optical waveguide can be defined as a light conduit consisting of a
dielectric core material surrounded by another dielectric material of lower refractive
index. The light is guided and transported mainly through the core to the destination with
only small amount of cptical power radiating into the surrounding medium. The structure
of an optical waveguide can, in theory, be any shape, but the structure should be designed
so that tne fabrication can be done without a lot of difficulties. Also, an optical waveguide
should be low loss and the light with desired wavelength should be easily coupled into the
waveguide.

One type of optical waveguide is the optical fiber, which is now often used in
high-speed optical commaunication system for long-distance signal transmission {1].
Another type of optical waveguide is the integrated optical waveguide used in optoelec-
tronic circuits. In an optoelectronic circuit, the integrated optical waveguide acts likc a
wire in the electronic circuit, and transmits optical signals at a very high transmission rate.
One way of making integrated optical waveguides is by etching grooves in the substrate of
the circuit and filling the grooves with several layers of dielectric materials. This fabrica-
tion technique is called micromachining. The most often-used substrate material for mak-
ing the optoelectronic circuits and other semiconductor devices is the silicon wafer which
has the crystal structure. The etch rates of different crystallographic planes of the crystal
silicon are quite different, which can be utilized for etching waveguide grooves. The v-

groove waveguide is fabricated by this preferential etching, in which more details will be



given later.

The micromachined v-grocve waveguide has been one of active research topics
at TRLabs. In the past, researchers at TRLabs had fabricated very low-loss singlemode v-
groove waveguides [2] and had demonstrated the feasibility of usmg the v-groove
waveguide for light distribution applications [3]. These successes demonstrated that the v-
groove waveguide is a potential element to be used in the optoelectronic circuit. In 1994, a
joint project called IIyPIC (Hybrid Photonic Integrated Circuit) was started in TRLabs to
develop the integrated optics technology for wavelength division multiplex systems,
instrumentation, computers, and switching subsystems. The micromachined v-groove
waveguide is one of the optical components to be investigated in this project. This
research is a part of the v-groove waveguide investigation in HyPIC, which is intended to
provide a theoretical and experimental study of the possible applications and fabrication
methods of the v-groove waveguide. The following is a brief description of the back-
ground and history of the v-groove waveguide.

The triangular structure of the micromachined v-groove waveguide is defined by
the crystallographic planes of silicon. Usually, the crystallographic planes of anisotropic
materials are labelled using the Miller Indices. The Miller Indices consist of three integer
numbers, h, k and 1, which are usually written as <hkl>. These three integess ¢osrzspond to
the reciprocals of the intercepts of a crystallographic plane with the three Crystet -8, If
the reciprocals of the intercepts are not all integers, they are multiplied by the least com-
mor. - altiplier of the intercepts. For crystal silicon, the etch rates of the major crystallo-

graphic planes generally follow the order <100> > <110> > <111> [4]-6]. The silicon v-

groove is fabricated by this preferential (anisotropic) etching phenomenon and photoli-



thography. The purpose of the photolithography is to pattern the desired opening shape in
the masking layer which is deposited on top of the silicon wafer. One commonly used
masking material is thermally grown silicon dioxide which has uniform and defect-free
film properties [5]. The anisotropic etchant attacks the bare silicon exposed by the opening
in the masking layer. Aqueous potassium hydroxide (KOH) and an aqueous mixture of
ethylenediamine and pyrocatechol (EDP) [7] are the most commonly used anisotropic
etchants for silicon. For a <100> oriented silicon wafer with a rectangular opening in the
masking layer properly aligned in the <110> direction, the etching process is as illustrated
in Fig. 1.1.1. The etch rate in the <100> (downward) direction is much faster than in the
<111> direction. Therefore, the etching is effectively bounded by the <111> planes. The
<111> plane makes an angle of 54.74° with the <100> silicon surface. After a sufficient
etch time, the four <111> planes wiil meet and the v-groove is formed. If the rectangular
opening is misaligned, the sidewalls of the resulting waveguide will have a stair-case

appearance. The v-groove etching procedures can be found in Appendix C.
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Fig. 1.1.1 Etching Process of a silicon V-groove

One advantage of this type of waveguide is that the sidewalls defined by the
<111> planes are very smooth, and this greatly reduces the propag« .ng loss introduced by
the edge roughness. Other types of waveguides such as strip-loaded waveguides, channel
waveguides and rib waveguides cannot eliminate this sidewall roughness completely [10],

and hence introduce higher attenuation. There are also other attractive features of the v-



groove waveguide such as fabrication compatibility with v-groove fiber alignment [8],
vertical coupling to surface-mounted optoelectronics from end-facets or integrated taps
formed by micromachining techniques[3], and high precision ensured by the self-limiting
geometry obtained during preferential etching [2].

Over the years, much research has been done to investigate various ways of fabri-
cating this type of waveguide. As early as 1975 [10], the successful fabrication of a v-
groove waveguide was reported. The v-groove was etched in a mixture of KOH+IPA (iso-
propyl alcohol). The resulting v-groove had very smooth <111> sidewalls. The width of
the waveguide was 4.8 um. The core was filled by polyurethane after 1pum of silicon diox-
ide was deposited into the v-groove. No optical testing was done to the resulting
waveguide, and therefore the quality of the waveguide was unknown. However, the exper-
iment demonstrated that the anisotropic etching can provide a rather simple way of mak-
ing waveguides with smooth sidewalls.

More than a decade later, the fabrication of a very low-loss singlemode phospho-
rus-doped silica v-groove waveguide was reported by Narendra [2]. The loss of the
waveguide was about 0.1 dB/cm, which is very low. The anisotropic etching was done
using EDP. The core and cladding layers were both deposited using low pressure chemical
vapor deposition (LPCVD). The core of the waveguide was formed by first depositing a
thick layer of phosphorus-doped glass which was then etched in buffered oxide etchant
(BOE) until the desired shape was obtained. The width of the waveguide was less than 2
pm.

At about the same time, Kumar reported the fabrication of an integrated multi-

mode polymer v-groove waveguide [3]. In one such waveguide, 12 sidewall taps were



integrated into the v-groove in an attempt to tap the same amount of optical power at each
tap. In general. a waveguide tap can be viewed as a beam splitter in which a portion of the
propagating light in the waveguide is reflected by the surface of the tap to another direc-
tion (usually in an out-of-plane angle). A sidewall tap is formed by undercutting the two
convex corners of an indented rectangular block attached at one side of the rectangular
opening in the masking layer. These convex corners are illustrated in Fig. 1.1.2 a. During
the anisotropic etching, the etchant attacks the two orthogonal sides of the convex comers
and the undercutting occurs. Since the ¢tch rates for both sides of the corner are the same,
the undercutting direction follows the 450 diagonal line of the corner as shown by the
arrows in Fig. 1.1.2 (b). Fig. 1.1.2 b shows the etching sequence for the sidewall tap. The
plane exposed in the undercutting depends on the type of the etchant used. A general
shape of the sidewall tap is illustrated in Fig. 1.1.2 c. By metallizing the undercutting
planes (shaded in the figure), the sidewall tap can act as a beam splitter, which reflects a
portion of the propagating light out of the waveguide. In Kumar’s work, the v-groove was
etched by EDP, and the undercutting plane was <212>. The multimode waveguide was
made of a LPCVD oxide lower cladding and a polymer core. The deposition of the poly-
mer core was done by dispensing the polymer using the squeezable container on the v-
groove. The excess polymer was removed by a rubber sheet with a sharp edge. The
remaining polymer on the surface was removed by soft abrasive paper after curing. The
resulting waveguide had a concave surface. At the edges of the waveguide, roughness was
seen which was due to the abrasive action. The measured loss of the waveguide was close
to 1 dB/cm. The experimental results showed that the tapped power was not uniformly

distributed among the taps. However, Kumar’s work demonstrated that this integrated



waveguide is a potential light distribution device for a hybrid integrated optoelectronic

circuit.

Convex Corners

Bare Silicon

(a) The convex corners of the mask that form the sidewall tap

etc

direction

etched v-groove sidewall

(b) etching process of a sidewall tap (c) a resulting sidewall tap

-

Fig. 1.1.2 The formation of a sidewall tap

(a) Mask outline before etching

(b) Details of undercutting at convex corners

(c) Overview of etched v-groove with a tap

Two years later, Fei fabricated another type of integrated multimode v-groove

waveguide for optical coupling [40]. Center taps were used for the out-of-plane tapping in
this waveguide. The fabrication of a center tap requires two masking steps. The first mask
contains a single rectangular opening, which defines the etching area of the waveguide.
The second mask is modified fron« the first mask, with the area intended for forming the

center tap blocked; the resulting mask has two rectangular openings of the same width

side by side as shown in Fig. 1.1.3. At first, the v-groove is partially etched using the first



mask. Then the area for forming the center tap is covered by a protective layer. This is
done by depositing another masking layer and patterning the masking layer with the sec-
ond mask. The partially etched v-groove then undergoes the second anisotropic etching,
and two v-grooves will be formed side by side at the end of the etching. The center tap is
formed by removing the masking layer on the center tap region, and the wafer is immersed
into the etchant again. After a sufficient amount of etch time, the resulting tap has the
shape as illustrated in Fig. 1.1.4. In Fei’s work, EDP was used and the two planes that
define the center tap were <211>. Unfurtunately, the optical measurement of the resulting

integrated waveguide is inconclusive. The performance of the tapping mechanism is not

certain.

flrstmask o second mask

Fig. 1.1.3 Two photolithography masks for making center tap

/

[ o~/

Fig. 1.1.4 A center tap in the V-groove

Recently, Macleod [37] attempted to refine the design of multimode v-groove

waveguides. In order to accurately design the required dimensions for the center and side-



wall taps, Macleod developed a computer program to simulate the beam propagaiion in a
multimode v-groove waveguide with these taps in place. The simulation results showed
that the amount of tapped power is proportional to the ratio of the tap area and the
waveguidr: cross-sectional area. Also the results showed that a 3 mm separation between
the taps is sufficient to avoid any shadowing effects. Fabrication methods for both side-
wall and center taps were repeated by Macleod. KOH was used in the center tap etching
experiment. The planes that define the center tap were found to be <411> instead of
<211>. The <411> plane is too shallow for tapping purposes. Therefore, the investigation
of the center tap array was terminated. Both KOH and KOH+IPA were tried in etching the
sidewall tap. It was found that the undercutting rate of KOH was too rapid to be of use.
The KOH+IPA mixture provided the suitable etch rate. A mask was then designed based
on the simulation results for the sidewall taps, and an integrated multimode v-groove
waveguide with four sidewall taps was fabricated. The results show that the loss of the
waveguide was about 1 dB/cm, similar to Kumar’s results. The tapped power was quite

uniform, except that the tapped power at the end-facet was a few dB lower.

1.2 Other applications for the v-groove waveguide

Vertical light coupling from a v-groove waveguide can also be achieved simply
by using the metallized end-facet of the waveguide as the reflective surface. Fig. 1.2.1 and
Fig. 1.2.2 illustrate two different applications of this simple light coupling feature. The
optical reader shown in Fig. 1.2.1 may provide an alternative way to integrate a discrete
optical reading unit with other components in a CD player. The gratings on top of the end-

facets would be used to redirect the reflected light to the vertical direction, since the end-



facets do not make an 450 angle with the vertical axis. Flip-chip interconnection shown in
Fig. 1.2.2 is a simple and inexpensive way to establish high-speed chip-to-chip communi-
cation. Information between chips can be carried by light in v-groove waveguides. Light is
coupled in and out of the waveguides by reflective taps under the chips. In this way, the

speed of information transmission would not be limited by the medium that guides the sig-

nal to the destination.

ODetector e lOptica‘l l?isc ]
ratings\A-m
end-facet ’

Fig. 1.2.1 Schematic diagram of a Optical Reader

(Wit

optical fiber

Fig. 1.2.2 Schematic diagram of flip-chip interconnections

Another important application of the waveguide may be in optical amplification.

The first amplification in a fiber laser [12] was demonstrated in 1964 using Nd3+-doped

10



glass. The making of a fiber amplifier by doping rare-earth metal into low-loss singlemode
silica fiber was reported two decades later [13]. Among the rare-earth metals, erbium is a
widely used material for making fiber amplifiers. Erbium-doped glass has several advan-
tages. It has a relatively long metastable life time which is one of the key factors in pro-
ducing an efficient amplifier. Also, the erbium glass has an emission spectrum which
coincides with the long-wavelength optical communication window around 1550 nm, and
it has 5 absorption lines (at around 380 nm, 530 nm, 650 nm, 780nm and 980 nm [20])
which are all practical for pumping purposes. A practical absorption line is referred to as a
particular optical frequency region (line) where the optical power of the pump light can be
absorbed by the amplifier material and use for increasing the signal power. More theoreti-
cal background about the absorption of the pump light is given in Chapter 3. In addition,
evidence has shown that the erbium glass is relatively polarization-insensitive [14]. Now-
adays, the Erbium-Doped Fiber Amplifier (EDFA) has become a major component in
high-speed long-distance fiber communication systems.

In the past few years, many researchers have switched the focus to making a
waveguide amplifier. The erbium concentration of the waveguide amplifier must be a few
orders of magnitude higher than the conventional EDFA [15]. This reduces the required
gain-length to a few centimetres, a suitable length for hybrid integrated optoelectronic cir-
cuits. Many different fabrication methods and waveguide structures have been tested in
the past decade [15]-[25] and in general the results are promising. However, among these
reports, none has investigated the v-groove structure. The advantage of using the v-groove
structure is that it has fabrication compatibility with tne fiber alignment groove, which is

used to align the optical fiber to the optoelectronic circuit board. Fig. 1.2.3 shows a sche-
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matic diagram of the possible configuration of a v-groove amplifier.

Multiplexer

Amplified\il

Fig. 1.2.3 Schematic Diagram of the V-groove Waveguide Amplifier

1.3 Research scope

As mentioned in the last section, major potential applications of the v-groove
waveguide are vertical coupling applications and optical amplification. Previous research
has shown some success in multimode light coupling, but not in the singlemode
waveguide [37], [39], [40]. Singlemode propagation is an important requirement for high-
speed fiber communication; therefore an investigation of the singlemode coupling is inter-
esting. The dimension of a singlemode waveguide is only a few times the wavelength of
the propagating light in the communication window (whereas the size of a multimode
waveguide is typically greater than 50 times larger). Therefore, the propagation of light
can no longer be described by simple ray optics. Also, the problem of light coupling is
expected to be more difficult than for multimode waveguides. Thus experiments are

required to examine both the coupling efficiency and the mode shape. It is also worthwhile
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to investigate the feasibility of integrating sidewall taps into the singlemode v-groove for
optical interconnect applications. Since previous research has shown that many metals
cannot withstand the high temperature fabrication procedures after the metal has been
deposited into the v-groove [36], experiments have to be conducted to determine a suita-
ble candidate for metallizing the tapping plane.

In order to estimate the waveguide amplifier performance before actual fabrica-
tion, simulations are required to design the optimum length of the waveguide and to calcu-
late the desired erbium concentration and v-groove dimensions. The simulations consist of
two parts. The first part determines the optimal size of the v-groove for singlemode propa-
gation. The second part simulates the gain characteristics of the active waveguide. Moreo-
ver, these simulations can also be used for analysing the dispensed singlemode polymer
waveguide. The polymer dispensing technology may provide an inexpensive and less

time-consuming method of making singlernode waveguides.

1.4 Thesis Outline

This thesis is divided into two parts. The first part involves the theoretical calcu-
lations of the singlemode sizes of different type of waveguides and the amplifier simula-
tions. The second part deals with the actual waveguide and tap fabrication experiments
and their experimental measurements.

Chapter 2 discusses the modal analysis for both erbium-doped waveguides and
polymer waveguides. Various parameters that affect mode field distribution and
waveguide performance will be analysed. Chapter 3 discuss the amplifier simulation

results. The effect of pump power, waveguide length and erbium concentration will be
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analysed. The fabrication of polymer waveguides and sidewall taps will be presented in
Chapter 4. The waveguide measurement and the results of metallizing the end-facet wilt
be included in this chapter. Chapter 5 discusses the results obtained from this reseavch and

proposes some recommendations for future work.

14



Chapter 2 Mode Field Calculations using Finite Element
Analysis

2.1 Introduction

The Finite Element Method (FEM) is a widely-used numerical tool for solving
electromagnetic wave problems [33]. In this method, the problem domain is divided into
sub-domains (finite elements), and the solution of the problem is obtained by finding
approximated numerical values of the electromagnetic field at the vertices of the finite ele-
ments which can closely fit into the approximate problem equation. For two-dimensional
problems, the triangular element is the most popular choice.

There are numerous methods to search for the numerical solutions for FEM prob-
lems. Most of these methods belong to the two major branches of the FEM, namely the
variational method and the weighted residual method. This project uses Galerkin’s method
which belongs to the weighted residual family. One of the advantages of Galerkin’s
method is that it can solve many electromagnetism problems directly from sgcond order
differential equations, whereas for variational methods, the problem must be expressed as
a variational equation before solving it.

In the following sections, the background theory for solving the mode field is
given, then the procedures for solving the mode field will be described. The last section

analyses the FEM results and the effect of various waveguide parameters.

2.2 Background Theory for Modal Analysis

In general, the mode field of the guided propagating light cannot be computed

analytically. In many cases, the mode-field distribution is obtained by numerical methods.
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These numerical methods find the best-fit propagating constant and the corresponding

field to the wave equation derived from Maxwell’s equations. A brief derivation of the

wave equation is presented next.

The elecixic and magnetic fields are assumed to have sinusoidal time dependence,
that is, E = E(x,y,z) e/ (electric field), H=H(x,y,z)e’" (magnetic field), and the material
is assumed to have zero conductivity (w is the angular frequency of the propagating light).
The electric permittivity of the material is assumed to have the form € = n(x,y,w)2€o,
where n is the refractive index of the material and €, is the electric permittivity of the vac-

uum. Hence, the vector Maxwell’s equations can be written as follows,

VxH = imnzeoE 2.1
VXE = -iop H 2.2)

In these equations, E is the electric field intensity (volts/meter), H is the magnetic field
intensity (amperes/meter); |, is the magnetic permeability in vacuum. By taking the curl

of (2.1) and substituting (2.2) into the resultant equation, the following equation is

obtained.

Vx(VXE ) = n%k2E (2.3)

where k, = ,/eop.o . With the mathematical identity

Vx(VXE ) = V(VeE ) — V2E (2.4)

and the third Maxwell’s equation in a source-free region,

V(eEE) = 0 = E ¢Ve+€eVE (2.5)
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(2.3) can be written as
1 2.2
V2E +V| -E Ve | = -n'k E (2.6)
8 0

The second term on the left side of the equation is assumed negligible to simplify the cal-
culation. This assumption is valid if |Ve| < &/A [26], which implies that the scale length -
of the refractive index in the waveguide is large compared to the wavelength of the propa-
gating light. For guided propagating modes, the field solution has a z-dependence which is

written as ePZ, where each mode has a unique B. Thus the Laplace operator assumes the

form V2 = 92/ (9x2) + 92/ (dy?) — B2 and the final wave equation has the form of

OB+ 2E + (02— BHE = 0 @
dx2 oy?2 0
This is a typical differential form for Scalar Finite Element Method (SFEM). The vectorial
version of the finite element method (VFEM) usually gives more accurate results, but the
major problem is that it might have spurious solutions [27]. Some researchers have shown
that SFEM can also provide good estimates of the field even for strongly guided light[27].
The modal analysis in this research has been carried out by the SFEM. The analysis

assumes that the electric field distributions of both TE and TM waves are close; thus only

the TE wave is analysed. The modal analysis is applicable to both polymer and glass

waveguides.
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2.3 The mode-solving procedures

Upper Cladding layer

Lower Cladding Layer

Substrate

Fig. 2.3.1 Diagram of the V-groove Waveguide Structure

Fig. 2.3.1 shows the problem domain for the v-groove waveguide. The problem
domain consists of four regions which have different refractive indices. The refractive
index of the silicon substrate is fixed at 3.5 [28]. The core and cladding indices can be var-
ied according to the selection of materials.

The first step in solving the mode field of the waveguide is to divide the entirc
waveguide domain into small triangular finite elements. There are no fixed rules for deter-
mining the sizes of the finite elements but the rule of thumb is to avoid having very differ-
ent neighboring element sizes; that is, the sizes of the elements should change gradually.
Also, where more detail is required, more elements should be present. In particular. since
the change of the electric field is often more rapid near the corners of the waveguide, more

elements may be needed at these regions. Within each element, the refractive index is set
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constant; therefore, one finite element cannot cover two different refractive index
regions.The optimal number of finite elements required is determined by actually increas-
ing the number of finite elements in the prdb]‘em domain until the convergence of the cal-
culated solution is obtained, that is, the solution no longer changes. The coordinates of the
nodes (vertices of the triangles) and the refractive indices of the elements are stored in
matrices. Fig. 2.3.2 shows two ways of dividing a waveguide into finite elements. As
shown in the figure, the first dividing scheme does not really follow the rules mentioned.
The difference in the sizes of neighboring elements change quite remarkably. The second
dividing scheme follows the guidelines more closely. However, the calculations from
these two dividing schemes show that the calculated propagation constant, B, agrees to 3
significant figures in many cases. The reason is that in many cases only the fundamental
mode is calculated, and the mode field is concentrated inside the core. Therefore, the sizes
of the elements outside the core region do not affect the calculated results significantly. In

any case, the second dividing scheme was used in the analysis.
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After dividing the waveguide into finite elements, the next step is to extract
required information from each finite element to construct the approximated equation
derived from the wave equation for solving. In the wave equation (2.7) and many other
second other differential equations, the right-hand side of the equation is zero. The
weighted residual method treats the left-hand side of the problem equation a5 a residual, 1,

which is to be minimized. A weight factor, W, multiplies to the residual and the weighted

residual is minimized in each finiie element in a way that I WrdA = 0. Here, A is the
A

area of a finite element. Three equations are generated from this weighted residual equa-
tion for each finite element. In Galerkin’s method, W is derived from the shape function
which approximates the numerical solution in each finite element. In many cases, the
shape function has the planar form of ¢ = a + bx +cy; a, b and c are constants. Since the
nodes (vertices of the triangles) of the elements are interconnected, the equations corre-
sponding to the same nodes can be assembled together. After assembling, the total number
of equations for all elements is equal to the number of nodes. There are two unknowns in
each approximated equation, the electric field amplitude and the propagation constant.

These equations can be put into a matrix form as follows,

[a] {6} = ~[B1{¢}

where A and B are matrices, A is the eigenvalue (the square of the propagation constant)
and ¢ is the eigenvector (the discrete values of the electric field). This is a typical general-

ized eigenvalue problem. A detailed description of the SFEM procedures can be found in
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[331.

After solving for the eigenvalues and eigenvectors, the guided mode fields can be
found by examining the eigenvalues. The eigenvalues give the squares of the propagation
constants, B, which can be written B=n.gk,, where n is the effective refractive index.
Therefore, a list of n.g’s can be found from the cigenvalues. For guided propagating
modes, neff is bounded between nclad and ncore. In the case of an optical amplifier, the
core is filled with erbium-doped glass and the refractive index is labelled as nerbium;
therefore neff’s are bounded between nclad and nerbium. The mode fields of the propagat-
ing modes are the corresponding eigenvectors of those valid eigenvalues.

A brief description of the finite element program can be found in Appendix A.
The erbium-doped silica waveguide and the polymer waveguide will be analysed in the
following section. The parameters determining the singlemode light propagation, such as
the size of the waveguide, the refractive indices of different regions, and the wavelength

of the propagating light are analysed. Other factors that influence the performance of the

waveguides will be discussed.
2.4 Analysis and Discussion of the SFEM Results.

2.4.1 The erbium-doped waveguide amplifier

The refractive indices of the upper and lower cladding are both set to 1.44, which
corresponds to that of the undoped silicon dioxide. The index of the erbium-doped core is
set to 1.59 which is the value of the erbium-doped silica glass being studied at TRLabs.
The lower cladding thickness is set to 4.5 um to avoid any tunnelling effect. The most

important result in the analysis is the size of the core which allows only singlemode prop-
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agation. Since the core height and width have a fixed ratio, the value of the core height is
used to indicate the core size in the following discussion. The core height is defined as the
distance from the upper surface of the lower cladding layer to the lower tip of the core, as
shown in Fig. 2.3.1.

Fig. 2.4.1.1 shows the singlemode intensity contour plots at both pump, 980 nm,
and signal, 1550 nm, wavelengths. The contour lines represent 10% intervals in intensity.
The core height is 1.30 um which is the maximum for singlemode propagation at 980 nm.
The waveguide is always singlemodc at 1550 nm if it is singlemode at 980 nm. The con-
finement factors at this core size are 72.4% and 42.7% for 980 nm and 1550 nm respec-
tively. The confinement factor is defined as the percentage of the optical power confined in
the active region and should be as high as possible for a short amplifier. The mode contour
lines at both wavelengths are circular near the center of the core, and they gradually
become more triangular in shape as the lines draw closer to the core-cladding boundaries.

In general, the fundamental mode shape resembles the shape of the core.
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Fig. 2.4.1.1 Intensity Contour Plots at 980 nm and 15§50 nm
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In an optical fiber, the number of guiding modes can be determined by finding the

normalized frequency, V, which can be expressed as V = 2—% nl2

- n.zza; where A is the
wavelength of the propagating light; nl1 and n2 are the refractive indices of core and clad-
ding; and a is the radius of the core. The V number is directly proportional of the radius of
the core and the numerical aperture (equal to square root term in the V expression), and
inversely proportional to the wavelength of the propagating light. An optical fiber is sin-
glemode if V<2.4 [1]. For the v-groove waveguide, a similar expression for the V
number can be derived. Instead of being proportional to the radius of the core, the V
number of the v-groove can be made proportional to the core height. The following is a

derivation of the V expression for the v-groove waveguide.

V = %—n nlz—nzza

24/m

where a, = ta? = area of the fiber core

the core area of the v-groove waveguide is proportional to the square of the
core height because of the fixed ratio between height and width.Taking into
account the curvature at the core surface, the area of the v-groove core equals
0.6123 h2 (h = core height). If the area of the fiber core is replaced by the

area of the v-groove core, the expression for the V number becomes

2.774h / 2 2
= = n, -n;

Using this expression and setting V = 2.4, the estimated maximum core height would be
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1.25 um, which agrees quite well with the calculated value (1.30 um) from the modal
analysis.

The above calculations provide an estimate of the maximum core size. However,
during the fabrication process, the size of the waveguide, the thickness of the deposited
material and the etching depth cannot be exactiy matched to the specifications. Various
factors affect the fabrication precision. Typically, the height of the core varies by +£0.2
pm. Thus, even if the SFEM provides an accurate estimation, a design margin must be
imposed to guarantee the singlemode propagation in the waveguide. Nevertheless, the size
of the waveguide cannot be made too small, because the mode field spreads more into the
cladding layer as the core size is reduced. This in turn reduces the optical power confined
in the active region. Therefore, an optimal size of the core must be computed to obtain an

acceptable power confinement and coupling efficiency.

Taking the £0.2 pm uncertainty into account, the waveguide should have a core
height of 1.1 um to ensure singlemode propagation. Fig. 2.4.1.2 shows how the confine-
ment factor decreases as the core height is reduced. As shown in the figure, if the core is
1.1 pm high, the confinement factors will drop by 10.7% and 14.7% for 980 and 1550 nm
respectively. With 0.2 pm tolerance, the actual fabricated waveguide may have a core
height of 0.9 um and the confinement factors will drop to 46.1% and 13.5% respectively.
The confinement factor of the signal light may be insufficient to provide a reasonable gain

in a short distance. This will be justified in the next chapter.
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Fig. 2.4.1.2 Confinement Factor versus Core Height.

To increase the signal confinement factor, the only simple solution is to increase
the core size, but this might result in multimode propagation for the pump light. The opti-
cal power distribution of a multimode waveguide is no longer necessarily concentrated
around the center «f the core, but spreads to the entire core. Also, the distributiori will
depend on the launching condition. In order to obtain high gain efficiency, the mode shape
of the signal must resemble that of the pump. Thus, even if the confinement of the signal is
enhanced, the gain efficiency does not neccessarily increase accordingly. Fig. 2.4.1.3
shows 4 propagating modes at 980 nm for a singlemode signal propagation. The core
height is 2.0 um which is at maximum for singlemode propagation at 1550 nm. As
depicted in Fig. 2.4.1.3, the 4 propagating modes have very different field distributions
and the combined field will spread over the entire core area. Simulations and experiments

would be required to determine the actual gain efficiency for this core size.
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Other than the size of the core, the index difference between core and cladding
may also affect the confinement factor. The index difference may vary due to the slight
index change during the deposition. Also, in order to reflow the cladding layer to obtain
the desired shape, one may be required to dope the silicon-dioxide with boron and phos-
phorus to reduce the softening point. The dopant increases the refractive index by an
amount proportional to the concentration of the dopant. The index can be increased up to
1.48. With the core height at 1.3 pm, Fig. 2.4.1.4 shows how the confinement factor

decreases as the cladding index increases. The confinement factor of the signal is reduced
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by 12% as the cladding index increases to 1.48; the change is quite signiticant. Since the

exact index change due to dopant addition is unknown, it is advisable that the doping con-

centration of silica cladding be minimized.

Confinement Factor (%)
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Reflective Inaex of the Cladding

Fig. 2.4.1.4 Confinement Factor versus N 4

Another method of making large increases in the cladding index is by adding
nitrogen during the deposition. The refractive index of the oxinitride, in theory, can be as
high as the refractive index of the erbium-glass. Although the deposition of the material
might be problematic, it is worthwhile to know how this change of cladding material
affects both the confinement factor and the maximum core size. The results from SFEM
are depicted in Fig. 2.4.1.5. It should be noted that the values of the confinement factors at
each refractive index are calculated after the core height is increased to the maximum size
for singlemode propagation at 980 nm. The change in confinement factors for both signal
and pump light are about equal as the index increases. Only a 3% increase is observed as

the index increases over the entire range. However, the maximum singlemode core height
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increases rapicdly as the cladding index increases. At an index of 1.56, the allowed sin-
glemode core height increases by 115%. The increase in core size will provide more effi-
cient light coupling. Thus, it is worthwhile to investigate the possibility of using silicon

oxinitride as the cladding material.
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Fig. 2.4.1.5 Core Height and Conf. Factor versus Refractive index of the
Cladding Layer

The other factor that influences the performance of a v-groove amplifier is the
surface curvature of the core, which for the erbium-doped glass, is mainly determined dur-
ing the etching of the core. Fig. 2.4.1.6 shows the relation between the confinement factor
and the depth of the crescent. The confinement factor drops at an approximate rate of 10%
for every 10% increase in crescent depth. This result indicates that the mode is more con-
fined with the flat core surface than with the curved surface. A 0.1 ratio of the crescent to

the core height is assumed for all the above calculations to simulate the shape of the most

recently fabricated waveguides.

29



L

g

Depth of the Crescent
\J

....... -+ Core Height = 1 um -

lambda = $80 nm

:

:

Confinement Factor (%)

38.1 . 0.115 0.2 025 0.3 0.35
Ratio of the Depth of the Curvature to the Core Height

Fig. 2.4.1.6 Conf. Factor versus the ratio of Crescent depth to the Core
Height

In addition to various fabrication considerations mentioned above, there is one
major problem in fabricating erbium-doped waveguides. It is difficult to deposit more than
a 2 um thick erbium-doped glass on the wafer. The fabrication of the erbium-doped core
requires, first, the deposition of a thick layer of erbium-doped glass (usually 5 pm), and
second, a reflow to flatten the deposited film. The desired core shape is obtained by etch-
ing away the excess material above the cladding surface using either wet or dry etch
media. Although the singlemode core height is about 1 um, 5 pm of material is required to
ensure a flat surface for etching after the reflow (as shown in the above calculations).
Therefore, the fabrication of the calculated core dimension might not be possible. Thus,

other erbium-doped waveguide structures might be required. Fig. 2.4.1.7 shows some pro-

posed waveguide structures.
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Configuration A

n=1.44
n=1.46

_\W?_

Configuration B

Ers* layer (n = 1.59)

n=1.46

Configuration C

n=1.44 or 1.46
n=1.44

Configuration D

Fig. 2.4.1.7 Different structures of the V-groove waveguide

Waveguide A is the originally proposed structure, which in theory should have

the highest gain cfficiency due to its high confinement factors. Other structures will possi-

bly have smaller confinement factors. In Waveguide B, only a strip of the erbium-doped

glass is deposited into the core. The rest of the core is filled with borophosphorus-doped

silicon-glass (BPSG) or silicon oxinitride which can have the same or smaller refractive

index with the erbium glass. Several more masking procedures are required for this struc-

ture. Waveguide C is a modified version of B, whick does not require many masking steps.

The erbium glass is deposited prior to the core material. In this structure, the power con-

finement will be reduced even further. The reason is that the mode field is largely concen-
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trated at the center of the v-groove, whereas the erbium layer is deposited along the
sidewalls of the v-groove. Therefore, only a small amount of light power will overlap the
erbium region in this design. Waveguide D is the simplest waveguide to make. The depos-
ited erbium layer does not require the etch-back step. However, the mode shape of this
configuration is not easy to predict; the confinement factor might drop even further. Also,
if the core material is replaced by the cladding material to further simplify the fabrication
process, the existence of the propagating mode is uncertain. The investigation of these
configurations is presented in the following.

Fig. 2.4.1.8 shows the intensity contour plots of these designs. The core refractive
index is set to 1.46 to simulate a BPSG core. The cladding index remains at 1.44. The
wavelength is 980 nm. The core height is set to 1um to ensure all configurations are sin-
glemode for comparison’s sake. The thicknesses of the erbium layers for these waveguides
are all 0.17 um. The mode shape of waveguide B depicted in the figure is very similar to
A, that is, the mode field is at maximum in the erbium layer. If the erbium layer is shifted
in the vertical direction, the mode field would also be shifted accordingly. The mode shape
of waveguide C is more triangular because of the erbium glass placement. Similarly, the
contour plot of waveguide D shows that the mode field resembles the shape of the erbium
layer. For waveguide D, a propagating mode does exist, even without filling in the silicon

dioxide into the v-groove; however, the mode field spreads more into the cladding, which

reduces the confinement factor further.
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Fig. 2.4.1.8 Intensity contour plots of various waveguide configurations

The signal confinement factors of B and C are 13.1% and 4.3% respectively,
whereas for D, the confinement factors are 5.6% and 4.5% for with and without the core
filled. The confinement factor is still defined as the fraction of optical power confined in
the erbium-doped layer. As expected, the confinement factors are reduced significantly in
these configurations, especially for C and D. With these low confinement factors, it is
questionable whether these waveguide structures can produce any reasonable gain. This

will be explored in the next chapter.

2.4.2 Waveguides with polymer core

There are two ways of making polymer waveguides, either by direct dispensing
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or by reactive ion etching (RIE). The details of these twc Fabrication methods will be pre-
sented in Chapter 4. This section is concerned with the maximum core size that can have
singlemode propagation. The confinement factor is less important for the polymer
waveguide.

Since the waveguide will be tested with the 632.8 nm helium neon laser, the
waveguide will be designed to be singlemode at this wavelength. The available refractive
index of the polymer is either 1.54 or 1.56, which can be used as cladding and core mate-
rial. The proposed polymer waveguide consists of silicon-dioxide lower cladding, poly-
mer core with 1.56 refractive index, and either air or lower index polymer as the upper
cladding. From the above discussion of erbium waveguides, it is expected that the sin-
glemode core size of the polymer waveguide with polymer upper cladding is larger than
that of the erbium amplifier, since the index difference is smaller. Similarly, the core size is
expected to be significantly smaller for the air upper cladding.

In practice, the core height of both dispensed and RIE waveguide cannot be fabri-
cated less than 1 um. Therefore, it might not be possible to produce a singlemode
waveguide with air as the upper cladding. Moreover, for the dispensed waveguide, it is not
certain whether a core of a few microns wide can be filled with polymer without overflow-
ing onto the surface of the wafer, since the smallest syringe tip diameter is 19 um. If over-
flowing does occur, the resulting waveguide will be similar to an inverted ridge-loaded
waveguide as shown in Fig. 2.4.2.1. The thickness of the thin film layer is determined by
the viscosity of the polymer. If the film is thin enough, the waveguide can be singlemode

with core height bigger than 1 pm. These concerns will be analysed below.

34



Upper Cladding layer

Vv SOIymer Core

Lower Cladding Layer

Substrate

Fig. 2.4.2.1 Thin-film V-groove waveguide

With upper cladding filled with 1.54-index polymer and no assumed overflow,
the maximum allowed core height is about 3.0 um. The mode shape is similar to that of
the erbium amplifier except that the mode is slightly shifted toward the upper cladding, as
shown in Fig. 2.4.2.2. If the polymer cladding is replaced by air, five propagating modes
will exist, as shown in Fig. 2.4.2.3, even if the core height is reduced to 2 um. If the core
height is reduced to 1 pm, the first 3 modes will still exist. Even if the lower cladding
index increases to 1.46, there still exists more than one mode in the waveguide. This sug-
gests that a singlemode polymer waveguide requires an upper polymer cladding. Never-
theless, the optical power carried in the second and third modes shown in Fig. 2.4.2.3
would possibly be greatly attenuated during the propagation. The attenuation is due to
these two modes being located near the interface between the core and the lower cladding
which has a rough surface that causes scattering (More details about the cladding rough-
ness are given in Chapter 4). Moreover, the shapes of these two modes are very different
from the fiber mode, which is circular and larger. Thus the efficiency of exciting these two

modes is much smaller than the fundamental mode. Therefore, the fabricated polymer
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waveguide might still be effectively singlemode.
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Fig. 2.4.2.2 Contour Plot of the fundamental mode of the polymer
waveguide with upper cladding

If the overflowing condition is considered, 3 modes will exist for the 3.0 um core
height with upper polymer cladding as shown in Fig. 2.4.2.4, even though the thin film is
only 0.1 um thick. For the limiting case, where the core height is 1 pm, the polymer does
become singlemode, with the thin-film thickness of 0.6 um. However, the number of
modes is very sensitive to the thin-film thickness. An increase of 0.1 um in thickness
causes 3 modes to appear. If the polymer upper cladding is not deposited, it will be sin-
glemode only if the thin film is 0.2 pm thick with 1 pm core height. Based on these
results, the waveguide cannot tolerate any overflowing. Since this is difficult to avoid, the

dispensed waveguide is most likely to be multimode.
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Chapter 3 Optical Amplifier Simulations

3.1 Background Theory for the Optical Amplifier

The behavior of the optical amplifier is governed by various optical and electrical
characteristics of the active ions, such as transition cross sections, spectral shape of the
emission and absorption bands, excited state lifetimes, ion-ion interactions, as well as
static and dynamic ion-lattice interactions [20]. The major activities occurring during the
operation of the erbium amplifier are illustrated graphically in Fig. 3.1.1.

The basic operations of the amplifier are shown in Fig. 3.1.1 (a). The erbium ions
are first pumped from the ground level to the intermediate level by absorbing the photon
energy of the pumping light. In the erbium amplifier, the pump wavelength is 980 nm. The
activated ions then fall rapidly and nonradiatively into the metasfable level, in which the
ions will stay for a relatively long period of time (typicaily on the order of milliseconds).
The erbium ions will then return back into thé ground level both radiatively and nonradia-
tively. The nonradiative transition is referred to as relaxation, which is the result of the
interaction between the electrons and the dynamic lattice [20]. The radiative transition
includes both stimulated and spontaneous emissions. The stimulated emission happens

when a photon with energy matching with the energy difference between the two levels
stimulates a downward transition of au ion in the metastable level (*1;3/,) into the ground

- state, causing the emission of another photon into the same electromagnetic mode [28].
This is the only transition that contributes to the actual gain. The spontaneous emission
does not require any external stimulation and the probability of this transition depends on

the transition cross section and the metastable lifetime. The spontaneous emission is the
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major contributor to the noise of the amplifier. An efficient amplifier requires the erbium
ions stay in the metastable level as long as possible, so that a high ion population inversion
in the metastable level can be achieved and hence the signal photons can have a higher

probability to stimulate the activated ions.
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Iintermediate
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sianal (1550 nm)
Relakation (As4),
Absprptior (Az1)

12) Stimulated (W,4) & Spontaneous

Emigsion—§=
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(a) Basic Operation of the optical amplifier
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(b) Upconversion Phenomenon

Fig. 3.1.1 Four-level energy model for Optical Amplifier (the symbols in the
parentheses corresponds to the variables in the equations that described
the amplifier model)
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There are several mechanisms that may reduce the population inversion. One of
them is the nonradiative transition mentioned previously. Another mechanism is known as
the excited-state absorption (ESA), in which the metastable ions absorb either signal or
pump photons and jump to even higher energy levels. ESA happens only if there exists an
energy level in which its energy equals to the sum of the energy in the metastable level and
the absorbed photon energy. Even if an ion returns to the metastable level, the absorbed
photon energy will be lost through heat or spontaneous emission at an undesired wave-
length [20]. The third mechanism 1is related to ion-ion interactions, which is believed to be
the major factor that reduces the amplification efficiency at a high concentration. The ion-
ion interactions can be due to the high concentration and the non-uniform distribution of
the erbium ions called clustering [15]. In some cases, the ions are close enough to interact
in pair, and the energy of one ion is absorbed by the other one. As a result, one ion jumps
to the fourth energy level (419/2)and the other one falls to the ground state. This process is
called cooperative upconversion. The promoted ion will eventually return to the metasta-
ble level, and the net result is the loss of one photon. Fig. 3.1.1 (b) illustrates this upcon-
version. Much research [20] has been conducted to seek possible ways to reduce this
concentration quenching. One method is to codope the host glass with Al to increase the
solubility of the erbium. Since Al is soluble in silica glass and erbium is soluble in Al, the
Al acts as a bridge to incorporate the erbium ions into the silica network [18],[20].

In the past few years, many researchers have attempted to accurately model the
complex activities in the amplifier [29]-[32]. The model used in this research is based on

the latest four-level energy model[32]. In the mechanisms described above that reduce




population inversion, only ESA is not included in this model. The rate equations that

describe this model are presented below:

on
i

5 - W,,n,-Rn, +A21n2+W21n2+Cupn§- 3.1
- Cy4nn,+Cynd

an2

5 = Wpoon -A,n,-W, n,+A;;n, +2C,,nn, (3.2)
—2Cupn%

an3 )

on, C. n2-C A C.n2 3.4

3t - Cupl2 T Cra Py Ay +L3ng (3.4)

where n;_ n,, nj and ny4 are the ion population densities in the levels 411 5/2s 4113/2, 4111 ;2 and

419/2 respectively; W5, R and W5, are the signal absorption, pump absorption, and emis-
sion transition rates, A, is the spontaneous transition rate, A3, and A3 are the nonradia-
tive relaxation rates, and C,,, C3 and C;4 are the upconversion .and cross-relaxation
coefficients. It should be noted that in the above equations, n, W12,W21 and R are func-
tions of x,y and z; they are.not shown in the equations for the sake of simplicity. The
number of ions that is upconverted to other higher levels such as 4f7/2 is assumed to be

negligibly small. In the steady-state condition, the population densities n; ny, n3 and ny

are computed by setting the left side of the equations to zero and using the conservation

law:

n;+n,+n;+n, = ng 3.5
where nr is the erbium concentration which is assumed to be spatially independent. The
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steady-state profile of the signal, pump and amplified spontaneous emission powers, Pp. P

aiid P,¢, are described by the propagation equations.

2p,@ = ~1,(2)P, (2) 3.6)
LP.(2,v) = [y (2 v) ~ 1, (5 V) 1P, (V) @7

d
EPASE (z, Vj) == ['YZI (z, Vj) -2 (2, Vj) ]PASE (z,v)) (3.8)

imhvjAvj')(21 (z, vj)
with boundary conditions:

P0) = Py (3.9)

PO,v) = P(v) (3.10)

PASE+ O, Vj) = PASE_ (L, Vj) =0 (3.11)
=1.M

where M is the number of frequency slots used to model the amplified spontaneous emis-
sion and v; is the frequency at the jth slot; the coefficient m in (3.8) represents the number
of guided modes propagating at signal wavelength. The absorption and emission coeffi-
cients Yp,Y;2 and v, in (3.6)-(3.8) are spatially integrated expressions which depend on the

normalized pump and signal intensity profiles Wp(x,y),Ws(x,y), and the absorption and

emission cross sections, 0,13, 0,12, T2 as follows:

Y@ = [[w, (x,y) 0,y3n,(x, y, 2)dxdy (3.12)
A
Y12 V) = [ WX ¥)0,1,(v)n,(x, ¥, 2)dxdy (3.13)
A
Yy (2, V) = j j Y (X, )0, (VIN,(X, ¥, Z)dxdy (3.14)
A

where A is the cross-sectional area of the active region. As shown in the above equations,

the value of the y’s depend on the normalized intensity, which in turn depend on the opti-
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cal power. The normalized pump and signal intensity can be obtained from the mode field
intensity calculated from the modal analysis.

In this model, the output pump and signal power can be calculated. Also the
amplified spontaneous emission power spectrum can be obtained. The input signal and

pump light is assumed to be polarized in x-direction.

3.2 Brief Description of the Simulation

A L program was written to simulate the gain profile of the erbium waveguide.
This program is based on the four-energy-level model described in the previous section.
The simulation is divided into three main parts. The first part of the simulation calculates

the erbium ion densities at all four energy levels for each finite element by solving (3.1) to

(3.4), with cach gltl = 0. In order to solve these equations, the program is required to first

calculate W12,W21 and R. To calculate these three parameters, the program is required to
know the mode field distribution and input optical power at both pump and signal wave-
lengths. The input mode fields are calculated from the modal analysis presented in the last
chapter. The optical powcr is specified by the user. Once these parameters are calculated,
(3.1) to (3.4) are solved by the multi-variable Newton-Raphson method [41]. The second
part of the simulation calculates the absorption and emission coefficients according to
(3.12)-(3.14). The integrations in these equations are calculated numerically. The ¢’s and
ion densities (calculated in the first part) are assumed constant in each finite element. To
reduce the computation time, the normalized intensity is also assumed constant in each
element, the value being calculated by taking the average of the values at the three vertices

of the element. The integration for each element is simply (\on)AA, where AA is the area
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of the element. Once ¥’s are obtained, the program proceeds to the last part of the simula-
tion which calculates the optical power for signal, pump and amplified spontaneous emis-
sion at the next position in the propagation direction according to (3.6)-(3.8). These first-
order differential equations are approximated by the 4th order Runge-Kutta method [41]
but assuming the ¥’s are constant. Once the optical power of the next position is calcu-
lated, the program can repeat the three-part simulation for each point in the entire
waveguide. The program then checks if the boundary conditions in (3.11) are satisfied. If
not, the program adjust initial values of the antipropagant ASE spectrum at the input end
of the waveguide and repeats the entire simulation until the boundary conditions are met.
The ASE boundary conditions are adjusted using the bisection method; therefore the user
is required to specify both an upper limit (used in the first iteration) and a lower limit (sec-
ond iteration) for the bisection method. A brief description of the program can be found in
Appendix B.

The values of the parameters used in the program are listed in Tabie 3.2.1. These
values are taken from [31,32]. It should be noted that although the upconversion coeffi-
cients depend on the concentration of the erbium [34], some experiments have shown that
the energy transfer rates are constant [35]; thus all C’s are assumed constant. Also,

because of the lack of any experimental values, C3 and C,, are theoretically calculated.

Moreover, the chosen emission and absorption cross-section spectra are typical for the
erbium-doped silica materials as shown in Fig. 3.2.1 [31]. The spectrum considered ranges

from 1.419 pm to 1.654 pm. The spectrum is divided into 64 wavelength slots of width AA



of 3.67 nm to perform the simulation.

Table 3.2.1 Parameters of the Amplifier Simulation

Parameter value

Ay 90.0/s

Azp 1.0e9/s

Ass 1.0e9/s

Cup 5.0e-23m’/s
C3 5.0e-23m’/s
Cia 3.5e-23m’/s
Ce21(1.531 pm) | 5. 41e-25m?
Ca12(1.531 pm) | 536¢-25m?
0,13(0.98 pm) | 2 58¢-25m?>

cross section (mz)

107 o H H
1.45 1.5 1.55 1.6 1.65

wavelength (m)

Fig. 3.2.1 Emission and Absorption cross-section spectra.
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3.3 Simulation Results and Discussion

The éore height of the waveguide is set to 1.30 pm and the entire core is filled
with erbium glass to estimate the maximum performance of the amplifier. The refractive
indices of the core and cladding layer are 1.59 and 1.44 respectively. Fig. 3.3.1 shows the
gain characteristics of the amplifier as a function of the erbium concentration for a
waveguide length of 4 cm. The signal power is set at 1 pW for the entire analysis. The sig-
nal gain curves at two pump power levels, with and without upconversion, are plotted on
the grapt:. The simulation results show that if upconversion is not considered, the signal
gain would increase directly proportional to the waveguide length at both pump levels.
Also, the graph shows that the 10 mW pump power already saturates the signal gain. With
the upconversion considered, at 10 mW pump power, the gain peaks at 1x1026 ions/m3
concentration and declines beyond this concentration, and loss appears as the concentra-
tion reaches 2.4x1026 ions/m3. More signal photons are absorbed by the erbium than are
produced from the stimulated emission. This shows that the upconversion has a strong
effect at high concentration at this pump level. Large numbers of metastable erbium ions
are being upconverted and cross-relaxed to higher levels and the ground state level respec-

tively. As a consequence, the population inversion in the metastable level is reduced sig-

nificantly.
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Fig. 3.3.1 Signal Gain versus Erbium Concentration at two pump levels.

The effect of upconversion can be compensated by increasing the pump level,

which increases the number of ions in the metastable level. At 100 mW, the curve in Fig.
3.3.1 shows that the effect of the upconversion is suppressed at even 3.4x10%% jon/m? for
which a detailed explanation will be presented later. At 3.0x1026 ions/m3, the signal gain

is about 7.2 dB. This shows that the 3.0x102° jons/m® erbium glass being used in the

amplifier fabrication is adequate for the 100 mW laser pumping.
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Fig. 3.3.2 The Output spontaneous emission spectrum at 3x102% jons/m3

The corresponding output amplified spontaneous emission noise power (Pase)
spectrum is shown in Fig. 3.3.2. The total spontaneous noise power equals the area under
this spectrum and is about 5.7 pW (close to the signal power). This noise power can be
reduced by filtering at the output of the amplifier. Using the Pase spectral density value at
1.531 pm and a reasonable optical bandwidth of 1 nm [42], the actual output spontaneous
noise would be approximately 0.15 uW. This corresponds to an optical signal-to-noise
ratio (SNR) at the output of the amplifier of 15 dB. This optical SNR value does not really
reflect the actual SNR at the receiver, because the SNR at the receiver would be affected
by other noise as well; therefore, it is more important to know how the ASE noise actually
contributes to the total noise at the receiver. Olsson has theoretically calculated the noise
power at the receiver of a 5 Gbit/s transmission system with an optical amplifier acting as

a preamplifier [42]. His simulation results show that for signal gain less than 15 dB, the

AQ



dominant noise at the receiver is the thermal noise, and the receiver sensitivity increases
proportionally to the signal gain. For the erbium-doped v-groove waveguide, the signal
gain appeared at the receiver would be about 7.2 dB assuming 100% signal coupling effi-
ciency at both input and output ends. Thus, the thermal noise would dominant and the
ASE noise would not contribute significantly to the total noise power at the receiver.

Fig. 3.3.4 shows the signal gain profile along the waveguide at two different
pump levels; the erbium concentration is set at 30x1025 ions/m3. At 100 mW pump level,
the signal power increases almost linearly as it propagates. The signal gain is about 1.8
dB/cm. At 10 mW, the gain curve has a concave shape, the signal has a little gain at the

beginning then it starts to decline. This behaviour is explained in Fig. 3.3.5.
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Fig. 3.3.3 Signal Gain versus propagating distance at two pump level.

It is evident from Fig. 3.3.5 that the pump power is depleted significantly as it

propagates through the waveguide. At about 0.6 cm, the graph shows that y,, equals Y,
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which indicates that the number of ions in the metastable level almost equals the number

of ions in the ground level. The signal gain can be obtained only if v,; is larger than vy, ,.

At 0.6 cm, the pump photons can barely pump enough ions into the metastable level to
yield sufficient population inversion to produce stimulated emission which compensates
for the loss of photons due to upconversion and spontaneous emission. Further from the
input end, the pump power can no longer compensate the loss. The signal loss starts to
appear at about 1 cm. In order to obtain signal gain throughout the waveguide, the pump
power must be increased to a level that the depletion will not be very significant. In other
words, with the energy loss from the upconversion and relaxation, the pump light must
still provide enough energy to achieve sufficient or excess amount of population inversion
so that the number of photons produced by stimulated emission can increase as the
number of signal photons increases along the entire waveguide. The minimum value of

this required pump power is found from Fig. 3.3.6.

Pump Power(mW)/Signal Power(100nW)
Absorption and Emission Coeff.'s
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-
>
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Fig. 3.3.4 Signal and Pump powers and emisslon and absorption con-
stants in a 4 cm waveguide
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Fig. 3.3.6 shows the signal gain of a 4 cm long waveguide at different pump lev-

els. The erbium concentration is set at 30x10%° ions/m> and will be fixed at this value for
the rest of the analysis. It can be seen from the figure that the gain curve rises rapidly at the
beginning, then levels off and approaches a limit value. Clearly at low pump power, the
number of ions in the metastable level is not enough to produce a sufficient number of
stimulated emissions to compensate the number of signal photons loss in the absorption.
This implies that a good number of metastable-level ions pumped by the pump power are
lost in the upconversion, and population inversion is insufficient. The upconversion effect
becomes less significant as the pump power increases beyond 100 mW. This shows that
the upconverted ions from the metastable level do not affect the population inversion
significantly. It should be mentioned at this point that if the waveguide length is allowed to
be sufficiently long, the signal gain at any pump power will climb to a maximum point
before declining as the signal propagates through the waveguide. For an optimal fixed-
length waveguide amplifier, the pump power should be set at a level such that at the end of
the waveguide the signal gain is at the maximum point. Fig. 3.3.7 shows the gain profile at
various pump levels. The optimal pump power appears to be about 20 mW at this
waveguide length. Nevertheless, this optimal pump power does not provide the maximum
achievable gain but rather the maximum gain efficiency, defined as the gain in dB per mW
_ of pump power. The maximum achievable gain is close to 9.5 dB. If the pump power can
" be increased without limit, it should be increased until the change of the achievable gain is
very close to saturation as shown in Fig. 3.3.7. This particular pump level should be at the
knee of the gain curve in Fig. 3.3.6, which is about 100 mW. The shortcoming of this large

pump power is that the gain efficiency is relatively low as shown in Fig. 3.3.8. At the opti-



mal 20 mW pump power, the efficiency is about 0.11 dB/mW; at 100 mW, the efficiency

drops to about 0.05 dB/mW.
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Fig. 3.3.5 Signal Gain versus Pump power
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Fig. 3.3.6 Gain Profiles at different pump levels
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In addition to the erbium concentration and the pump power, a crucial parameter
that affects the signal gain is the core size. Fig. 3.3.9 shows how the change of the core
height affects the signal gain. Evidently, the signal gain decreases dramatically as the core
size is reduced. The gain at 1.1 um core height is reduced by about 32% from the maxi-
mum value. This large gain decrement is expected because the confinement factors of both
signal and pump light decrease rapidly as the core height decreases. Also, the smaller core
area contains fewer erbium ions. Since the width and the height of the core have a fixed
ratio, the cross-sectional area of the core would be proportional to the square of the core
height. The area of the core with 1.1 pm core height is 72% of the area of the core with 1.3
um core height; this implies that the number of erbium ions in the core are also decreased
by 28%. If the core height is reduced to 0.9 pum, the gain is about 2.5 dB in a 4 cm long
waveguide. In practice, the coupling and waveguide losses can easily add up to 2.5 dB;

therefore, at this core size, the active waveguide acts more like a transparent waveguide. A



longer waveguide length is required in order to obtain any reasonable gain. If the core

height varies between 0.9 to 1.3 um during the fabrication, the signal gain will range from

2.5dB to 7.2 dB.
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Fig. 3.3.8 Signal Gain versus Core Height

Fig. 3.3.10 shows the gain profile of the other three waveguide structures. The
core height of these waveguides is set at 1.5 pm. The thickness of the erbium layer is set at
0.25 pm. The pump level is 100 mW. The achievable gains are 2.9 dB, 0.45 dB and 0.20
dB for structures B,C and D respectively (assuming Waveguide D has the v-groove filled
with BPSG of 1.46 refractive index). All three curves display a linear profile, indicating
that the waveguide length is not optimum; higher gain can be obtained by increasing the
length. The low gain of waveguides C and D suggests that they are not practical for mak-
ing waveguide amplifiers. The increase in pump power will not enhance the performance

of these waveguides significantly, as suggested in Fig. 3.3.6 and Fig. 3.3.7. A very long



length is required to achieve any reasonable gain. Although the gain is considerably
higher in waveguide B than the other two structures, it still requires a long length to

achieve the same amount of gain as with the pure erbium-glass core.
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Fig. 3.3.9 Signal Gain for three different waveguide structures



Chapter 4 Fabrication of Polymer Waveguides and
Sidewall Taps

4.1 Introduction

It was concluded in the last chapter that it is required to fill the entire v-groove
core with erbium-doped glass to obtain sufficient gain over a short distance. However, the
deposition of more than 2 pum of erbium-doped glass is difficult, and hence the fabrication
of a 1.1 um erbium-glass core is not yet possible. Therefore, it was decided that the
waveguide amplifier would not be fabricated. The polymer waveguide with the metallized
end-facets was fabricated in this research. Also, an investigation was conducted to deter-
mine the feasibility of integrating the sidewall tap into the singlemode v-groove
waveguide.

The next section describes the fabrication and measurement of waveguides with
polymer cores. Section 4.3 presents the methods for metallizing the end-facets of the
waveguide. The investigation of integrating the sidewall taps into the singlemode v-

groove waveguide will be presented in the last section of this chapter.
4.2 V-groove waveguides with polymer cores

4.2.1 Introduction

The fabrication of a polymer waveguide consists of two major steps. The first
step deals with the etching of the v-grooves in the silicon wafer. The second step deals
with the deposition of different layers of materials into the v-groove. The etching proce-

dures can be found in Appendix C. A mixture of KOH+IPA was used in the anisotropic



etching. The mixture is highly corrosive, but it is safer to humans than EDP [37]. Also, the
etch rate of the mixture does not vary significantly with time. 30% (by weight) KOH solu-
tion was used in this research. An excess amount of IPA solution was poured into KOH to
ensure that the IPA was always saturated in the KOH solution. The function of the IPA in
the KOH solution seems to produce smoother etching, more details of which will be dis-
cussed below. The etching temperature was set at 76° C. The downward <100> etch rate is
about 0.6 pm/min.

To examine the function of the IPA in the KOH solution, several wafers were
etched in pure 30% KOH solution. The side walls of the etched v-grooves were quite
rough. It was initially thought that the solution was contaminated. Therefore, a fresh KOH
solution was prepared and was allowed to settle for 2 days. However, the v-grooves etched
by the new solution showed similar roughness. To ensure that this was not due to insuffi-
cient etch time, wafer was immersed into the solution for another 30 minutes. No apparent
change was observed after the extra etching. An excess amount of IPA solution was then
added into the KOH, and the wafers were put into the mixture for 5 minutes. The rough-
ness was rex‘noved. The result is quite different from that obtained by other researchers
[37.39], who claimed that the addition of IPA makes the sidewall surface rougher. The dif-
ference in the etching results maybe due to the difference in waveguide size, which affects
the actual chemical reaction.

The remaining discussion in this section concentrates on the deposition of differ-
ent layers of materials into the v-grooves. The polymer waveguide consists of the silicon-
dioxide lower cladding, the polymer core, and the optional polymer upper cladding. A

very persistent problem occurred in the deposition of the lower cladding which caused the
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delay of the entire fabrication for a fair amount of time. The following subsection focuses
on the discussion of the lower cladding layer and the associated problem. The description
of two different ways of making polymer cores follows in the subsections 4.2.2 and 4.2.3.

The waveguide measurements will be included along with the effects of depositing an

upper cladding.

4.2.2 Lower Cladding layer

—\/ N N/

(a) Bare Silicon (b) deposit lower (c) deposit a thick
Substrate cladding layer layer of core
material

_ cea' ter

=~ v

(d) reflow the film (c) etch the core material  (f) deposit the upper

for flattening until desired core shape cladding layer
is obtained

Fig. 4.2.2.1 Fabrication procedures for making V-groove waveguide

Usually, a v-groove waveguide is fabricated by depositing three layers of materi-

als after the v-groove has been etched. The fabrication procedures are shown in Fig.

|



4.2.2.1. First a lower cladding layer is deposited, then another layer of material with
higher refractive index is deposited. In order to obtain the triangular core shape, an etch-
back step of the second layer (procedure (d) in the diagram) is required. Either wet or dry
etching can be used. The dry etch can be performed using RIE. The wet etch of silica glass
is usually performed by using buffered oxide etchant (BOE). Before the etch-back step,
the deposited core material must be reflowed to flatten the material. Without this step, the
curvature on the top of the etched core would be very deep. After the desired shape of the

core is obtained from etching, an upper cladding layer is then deposited on top.

T lower
i i cladding
' A layer

Silicon
substrate

Fig. 4.2.2.2 SEM picture of the Silicon Oxinitride Cladding

According to the modal analysis, the maximum core size for which the
waveguide is still singlemode is inversely proportional to the refractive index difference
between the core an-. < =dding {see Fig. 2.4.1.5). Therefore, the silicon oxinitride which

can produce sma:i-* ~.42X difference than by using the silicon dioxide was first used as the



cladding material. Fig. 4.2.2.2 shows a SEM shot of the 5 um oxinitride cladding layer.
The cladding appeared to have good uniformity. Another layer of oxinitride with slightly
higher index was then deposited on the top in an attempt to make an oxinitride waveguide.

In making the oxinitride waveguide, a big hole was observed at the tip of the
groove after the BOE etch-back step, indicating that there is a weakness at the centre line
of the v-groove. More SEM pictures were then taken, which revealed that a seam was
formed along the centre line of the v-groove. One possible reason for the seam formation
may be due to the chemical reactions occurring in the PECVD chamber as explained
below.

The actual reaction chain in the PECVD is complicated and goes through a series
of radical formation branches catalysed by surfaces. The silane diffuses from the gas to the
surface of the wafer where it is adsorbed. The molecule then diffuses on the surface of the
wafer until it reacts to O, or else it desorbs. The diffusion length of the SiH4 molecule is
small and this is part of the explanation of the seam formation. The growth rate of the film
at any point is proportional to the number of silane molecules which land there. Because
fewer silane moiz<ues land at the bottom of the v-groove the deposition rate is slowest
there. The reason tiat fewer molecules land at the bottom is because the diffusion from the
gas phase to the surface is isotropic but the bottom of the v-groove only sees a limited
angular section of this isotropic distribution. This results in a minimum growth rate at the
bottom. As the film grows this situation will get worse as the bottom is left behind in the
growth process. The result is seam formation [43].

To solve the seam problem, the deposition rate was reduced in the belief that the

diffusion of silane can be improved. But the experimental results indicate no significant



effect, even when the deposition time was increased to rmosre than 7 hours. Another

attempt to solve the problem was to reflow the cladding layer. The wafer was put inside

the 1000 °C furnace in a steady nitrogen flow for 90 minutes, but no change in the clad-

ding shape was observed; the seam was still visible. It is believed that the softening point

of the oxinitride is above 1100 °C. Because of the lack of any possible solution at the
moment, the attempt to use the oxinitride as the cladding material dropped.

The LPCVD silicon dioxide was then used. Nevertheless, the same LPCVD
device used by Narendra [36] was not available and thus a deposition process using her
recipe [36] was not possible. The oxide layer obtained from the LPCVD device available
in Alberta Microelectronics Center (AMC) showed the similar seam formation. After the
reflow, the cladding layer was pulled laterally apart and a wider crack was resulted as

shown in Fig. 4.2.2.3.

Fig. 4.2.2.3 SEM picture of the cladding layer after wet reflow at 950 °C



A series of reflow experiments were then conducted in attempt to remove these
air bubbles and smooth out the surface. The reflow results are shown in Fig. 4.2.2.5. Most
of the results shown in the SEM picture were reflowed in steady water-vapor flowing con-
dition (wet reflow), except one picture that is specified ‘dry reflow’, which was reflow in

steady nitrogen flow. It turns out that the wet reflow yielded slightly better results. Accord-

ing to Fig. 4.2.2.5, the BPSG begins to reflow properly above 1000 °C. At lower tempera-

ture, no significant reflow was observed. Even if the reflow time was doubled (2 hours),

the seam was still apparent. At 1100 °C, it seems that the reflow time was too long, which
causes the original v-shape to disappear. Nevertheless, we observe from the last SEM pic-
ture which displays the same waveguide with slightly tilted angle, the profile is quite non-
uniform; the air trapped in the cladding layer has not been fully released. This implies that
it requires to reflow the cladding for a longer time. Based on these observations, it can be
deduced that the optimal reflow temperature should be between 1000°C and 1100°C, and
the reflow time should be more than 1 hour.

Unfortunately, the problem of the seam formation was not solved and more
experiments are required to fine-tune the reflow condition. Instead of spending more time
to develop the deposition process, this BPSG cladding was used for making the polymer

waveguide. It should be reminded that due to the roughness of the cladding, the

waveguide will have a higher loss.



4.2.3 Dispensed Polymer Core

One way to deposit the polymer core is by direct dispensing. In this research, the
direct dispensing was done by utilizing the computer-controlled dispensing setup at
TRLabs. To dispense the polymer into the v-groove, the computer program requires the
user to specify the starting and end points of the dispensing course, and the dispensing
speed. The polymer is released from the syringe by forcing compressed air into the
syringe. The pressure of the compressed air is pre-set by the user. Once these parameters
are set, the computer will perform the dispensing automaticailly. The schematic diagram of
the set-up is shown in Fig. 4.2.3.1. In the past, this dispensing set-up has been successfully
used to fill the core and upper cladding of multimode v-groove waveguides [37].

One major difficulty in dispensing the polymer into the singlemode v-groove is
that the size of the syringe tip is larger than the width of the waveguide. The available cép-
illary tips for the syringe have diameters of 12 pm, 19 pm, 30 um and 50 pum, but the com-
pressed air does not provide enough pressure to release the:polymer out of the 12 pum tip
consistently. Therefore the smallest usable tip size is 19 gm which is much larger than the
width of the singlemode v-groove. Because of this, it seems that an overflow of the poly-
mer onto the wafer surface cannot be avoided, and a convex waveguide top will result. To
minimize the thickness of the overflow, NOA (Norland Optical Adhesive) 81 polymer was
used, which has the lowest available viscosity. Also, the dispensing speed and the pressure

of the compressed air was adjusted so that the minimum amount of polymer was dis-

pensed.



j

abeys Ax

- _ L @O 1 Jajjonuod

% - > Jojow
wonskol \4 IIK X8! aindwon
BSqns
J1asuadsip XN

uphs

sixe-z ‘l0)emoe / ,m

adoososolw

Schematic Diagram of the Polymer Dispe.ising Set-up In
TRLabs

Fig. 4.2.3.1



During the dispensing, the syringe was tilted at about 45° and the tip touched the
surface of the wafers.The result of the dispensed waveguide is shown in Fig. 4.2.3.2. The
SEM picture shows that only a thin layer of the polymer is seen on the neighboring sur-
face. The core itself has a concave top surface, but the predicted overflow did not appear.
The cross-section of the waveguide appears to have good uniformity. However, for most
of the dispensed waveguides, the polymer core was separated into one or a few segments,
due to occasional beading during the dispensing. It was initially thought that the beading
was due to the high dispensing speed. More trials with slower speed were done, but the
beading problem still occurred, which demonstrated that the beading was not caused by
the high dispensing speed. Another possible cause is the presence of dust particles inside
or near the waveguides, which causes the syringe tip to leave the wafer surface and hence
yield the discontinuity. The dust problem was indeed observed, but only in a few occa-
sions. It is not quite certain which is the main cause of the beading, but it seems that the
beading is possibly related to the contact between the syringe tip and the v-groove. For a
perfectly smooth wafer surface, the syringe tip would slide along the wafer surface. If
instead some roughness is present on the wafer surface, the tip would possibly be bumped
up as it moves. However, as observed from Fig. 4.2.2.4, the surface of the cladding layer is
quite smooth, the roughness is only seen on the surface of the sidewalls. The syringe tip
has little contact with the sidewalls because of the large tip diameter; therefore it is still
not certain whether this is the main cause of the beading.

To eliminate the beading, the only solution seems to be to aveid touching the
wafer surface with the syringe. This requires one to bring the syringe very close to the sur-

face without touching it. The polymer hanging at the tip of the syringe still needs to touch



the wafer surface. To increase the contacting surface between the polymer and the wafer,
the syringe is placed vertically above the wafer surface. The maximum separation between
the tip and the surface must be less than or equal to the thickness of the polymer hanging
at the tip. The approach is difficult because the 3" wafer, which initially is very flat, warps
due to siress exerted from the lower cladding after the wafer is cooled off from the
LPCVD process. By touching different points on the wafer surface with the tip of the
syringe, it is confirmed that the wafcr has a height variation of at least 20 pm with the
center being highest. Because of the convex surface, the tip may touch the surface at one
point, but may be too distant at another point. The wafer is held on a vacuum chuck when

dispensing the polymer, but this does not improve the flatness of the wafer. Details of this

approach are described below.

Fig. 4.2.3.2 SEM picture of the cross section of the dispensed polymer
waveguide

For the new trials, the tip of the syringe was polished. The capillary tip was cut to

about 5 mm long to provide higher pressure. The dispensing speed in both x and y direc-



tions were set to 5 (the actual speed = 5 x 0.0205 mm/sec = 0.1025 mm/sec), because
higher speeds than this caused the beading to occur. The pressure of the compressed air
was set at 60 psi. Before the dispensing procedures, the stage that holds the wafer was lev-
elled. The dispensing procedures started by bringing the syringe to the middle of the
waveguide which was believed to have the maximum bowing, and setting the distance
between the tip and the surface to less than or equal to 10 pm. The syringe was then
allowed to travel the entire waveguide length prior to dispensing to ensure that the syringe
did not touch the surface at any point within the dispense course.

The results show that it is difficult to dispense a continuous polymer core along
the entire v-groove length (about 6 cm). Very often, the polymer started to fill the grooves
after the syringe had been travelling for 1 cm and ceased a few centimetre before the des-
ignated end-point. Also, the thickness of the dispensed polymer line varied from one
waveguide to another even though the material was dispensed at a constant rate. This was

caused by the difference in distance between the tip and the surface from one waveguide

to another.
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Finally the distance between the tip and surface was manually adjusted during the
dispensing. This is not an ideal solution because the z-axis positioner is very sensitive to
manual adjustment on this scale. Sometimes, the adjustment was too extreme, which
caused the tip to either touch the surface or to rise too far away from the surface. Very
often, the dispensing had to be stopped at some point in the waveguide and then resumed
after adjusting the height of the syringe. This affected the quality of the waveguides. An
optical picture of the cross-section of the dispensed polymer waveguide is shown in Fig.
4.2.3.3. An overflow layer can be clearly observed, and its thickness is about 1 pm.

The resulting waveguides were then tested. The output light distribution of the
waveguides was captured using the set-up shown in Fig. 4.2.3.4. One of the distributions
is shown in Fig. 4.2.3.5. In the figure, the core height of the waveguide is about S um. The
output light distribution of the other waveguides with different widths is similar. The opti-
cal picture reveals that the light coupled into the waveguide excited the modes both in the
v-groove and the overflow layer. At 1 pm thick, the overflow layer can support many
guiding modes. There was an attempt to change the launching condition to excite solely

the modes in the v-groove. But it seemed that the modes in the overflow layer were always

excited as well.
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Fig. 4.2.3.4 Schematic Diagram of the set-up for capturing the output mode
field.

Fig. 4.2.3.5 Gray-Scale image of the output light from the waveguide

The waveguide loss was not measured since it is not possible to isolate the light

that propagates in the overflow layer. Also, the upper cladding was not deposited. An
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additional upper cladding layer would cause the modes in the v-groove to shift toward the
overflow layer. This would make it harder to isolate the modes in the v-groove from the

modes in the overflow layer.

In conclusion, the dispensed waveguide seems always to be multimode because

of the relatively thick @¢#rflow layer.

4.2.4 RIE Polymer Core

The second way to fill the core with polymer is by spinning a layer of polymer on
the silicon wafer and then etching off the excess. The fabrication procedures are very sim-
ilar to those shown in Fig. 4.2.2.1, except that no reflow is performed. In: this method, the
beading problem can be totally eliminated, and the overflow can be avoided. The major
disadvantage of this approach is that the etched surface is not as smooth as the dispensed
core. It is difficult to polish the core surface, since the polymer is soft compared to the
glass, and it requires some mechanism to hold the wafer stable for polishing.

NOA 81 polymer was used, which gives the thinnest spin-on polymer layer. Prior
to the spinning procedure, the wafer was immersed into a Piranha solution for about 20
minutes to remove any organic substance from the wafer. After the cleansing, a sufficient
amount of the polymer was put on the wafer. Any visible air bubbles trapped in the poly-
mer layer were removed. The wafer was then spun at 7000 rpm, which yielded a thickness
of about 4.5 um. The polymer was cured for 450 seconds under the 245 W ultra-violet
source of the mask aligner. After the exposure, the wafer was put into the RIE device for
etching. The gas composition included 80% CHF3, 15% nitrogen and 5% Oxygen. The
power and pressure was set at 140 W and 40 mtorr respectively. The etch rate of the poly-

mer for this recipe is 0.04 pm/minute. The cross-section of the resulting polymer
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waveguide is shown in Fig. 4.2.4.1. No defect is observed in the SEM picture, and the pro-
file of the waveguide is fairly uniform.

The output modes of the waveguides were captured using a set-up similar to the
one in Fig. 4.2.3.4. A 632 nm HeNe laser source was used, and the light was free-space
coupled into the waveguide using a 60 X objective lens. The output mode fields for differ-
ent waveguides are shown in Fig. 4.2.4.2. As shown in the figure, the mode field was first
magnified by the 60 X objective lens, then the image of the field was captured by a camera
with zooming capability. The exact magnification ratio is not certain; therefore the dimen-
sions of the captured mode fields was not deterr'nined. 1t is evident from the figure that as
the waveguide core size reduces, the number of propagating modes reduces accordingly.
With the core height reduced to 1.5 pm, the waveguide seems to become singlemode. Dif-
ferent launching conditions were tried to observe any change in output mode shape for this
waveguide size. No significant change was observed. According to the modal analysis, at
this core size the waveguide can support 3 modes. But, as mentioned earlier, because of
the cladding roughness, the optical power carried in the second and third modes might be '
significantly attenuated after 3 cm of propagation. Also, the chance of exciting tliese two
modes by the input light is smaller than that of exciting the fundamental mode, because of

the difference in mode shape. Therefore, it is very likely that the waveguide is effectively

singlemode.
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Fig. 4.2.4.1 SEM picture of the RIE polymer waveguide
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Fig. 4.2.4.2 Gray-Scale Image and the corresponding contour plots of the
output modes
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The scattering loss measurement was carried out using the set-up shown in Fig.
4.2.4.3. The measured results are presented in Fig. 4.2.4.4. From the linear curve-fit, the
propagation loss seems to incrcase as the core size decreases. The loss increases from 1.8
dB/cm to 3.8 dB/cm. One source of the waveguide loss is the roughness of the cladding
layer. As the size of the waveguide decreases, the roughness occupies a relatively larger
volume of the waveguide and hence more light is scattered out of the waveguide and the
propagation loss increases. The other cause of loss would be the roughness of the core sur-
face due to the RIE process. For the smallest waveguides, the attenuation is so high that
the scattering power cannot be measured. Therefore the cutback method was used. In the
cutti-ck method, the waveguide is cleaved a number of times from the cutput end of the
waveguide. After each cleaving, the output power is remeasu: > i. From these output power
measurerients, the attenuation loss can be estimated. In order :> <1 32 a precise estimate
of the loss, the width of the cleaved-off piece of the waveguide should be kept small. Also,
the input optical power should be kcpt constant. One way to keep the input power constant
is to pigtail the input fiber to the waveguide. The difficulty of this approach is to hold the
fiber steady without bending after the fiber is pigtailed to the waveguide. One way to hold
the fiber is to use a separate piece of wafer which contains some large v-grooves to fix the
fiber. The fiber can be put inside one of these large alignment grooves and then a layer of
silicone can be pasted on top to fix the fiber in the groove. However, this makes the cleav-
ing of the waveguide very difficult because the two separate pieces of wafers are required
to be levelled at all times. Therefore, in this research, the fiber was butt-coupled to the
waveguide without any fixation. The accuracy of the measured output power would

depend heavily on the realignment of the input fiber to the waveguide after each cleaving.
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The accuracy of the estimated attenuation loss can be improved by performing the cutback

to several waveguides with the same size.

Plastic Fiber
(1 mm core)
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Mechanical objective
Chopper ens wafer

He-Ne lase
I
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818-SL
Detector

| Lock-in Amplifier|<ime——

Fig. 4.2.4.3 Schematic Diagram of the set-up for measuring Scattering
Loss.
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Fig. 4.2.4.4 Scattering Loss Measurements for different waveguide sizes

The light was coupled into the waveguides from a singlemode fiber of 3.5 um
core diameter. As estimated from the measurement, the propagation losses of four
waveguides with 4.5 um core height are well matched to the values obtained from the
scattering loss measurement. The plots of the measured results are shown in Fig. 4.2.4.5.
For the waveguides with 3 pm core height, the propagation losses of three waveguides are
9.6 dB/cm, 11.2 &B/cm and 8.8 dB/cm respectively. These values are not quite accurate,
because the output power of a 5 cm long waveguide is less than 1 nW, which yields a rela-
tively high uncertainty as to the measured value. The attenuation losses of different
waveguides are plotted as a function of the core height as shown in Fig. 4.2.4.6. There is
some evidence which shows that as the core height is increased to a very large size (> 100

pm), the attenuation levels off at about 1.0 dB/cm [37],[39]. On the other ha:::;, as the core
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height is decreased, the attenuation would be increased greatly because the roughness of

the cladding becomes relatively bigger compared to the size of the waveguide core. In Fig.

4.2.4.6, a curve is fitted to estimated attenuation losses which shows that the attenuation

indeed levels off as the core height is increased and approaches a large value as the core

height is decreased; therefore, it is reasonable to believe that the attenuation loss of 3.0 um

core is about 9.5dB/cm.
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Fig. 4.2.4.5 Measurements from cutback methods for 4 4.5 ym core height

waveguides.

81



25

- N
] [s]

Attenuation Loss (dB/cm)
(=]

o — i i

®
©

5 6 7
Core Height of the Waveguide (micron)

Fig. 4.2.4.6 Attenuation Loss versus Core Height

The coupling losses of different waveguides are calculated 1sing (4.1). Table
4.2.4.1 shows the estimated coupling losses of some of the waveguides whose attenuation
losses are shown in Fig. 4.2.4.4 and Fig. 4.2.4.5. The output power of the waveguides was
measured several times, the measured values vary about.ii:3 dB; therefore the estimated
coupling losses are not quite accurate. But it is certain that the coupling losses of the
waveguides are more than 10 dB. Possible reasons are that the modes in the fiber are quite

mismatched with the waveguide modes, and the ends of the polymer waveguides are not

cleaved well. The experience of our research group has been that polymer does not cleave

as cleanly as glass.

Losscoupling = Powerinput'P‘)weroutput‘Lengmwavguide*Lossattcnuation (4.1)
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Table 4.2.4.1 Coupling losses of different waveguide sizes

Cotcig | opurows | Qups | temaion | W | Coping
(dBm) (dB/cm) (cm) (dB)

45 2.8 32.8 31 48 207

6.0 6.0 23.0 2.7 5.0 15.5

8.0 6.0 -18.9 1.8 5.0 15.9

A layer of NOA 68 polymer (refractive index = 1.54) was then spun on the poly-
mer waveguide to form an upper cladding. When light was launched into the input end of
this waveguide by free-space coupling, a large amount was coupled into the upper clad-
ding layer. The coupled light was seen to fan out in a wide angle and it was not possible to
distinguish the propagating light in the waveguide core from the light in the cladding.
Therefore, the scattering loss measurement could not be performed. To reduce the amount
of light coupled into the upper cladding, the polymer layer was deposited on another wafer
using the direct dispensing technique. The resulting upper cladding layer has a width of
about 150 pum and height of 1 pum, and the cross-section of the cladding has a convex
shape. A laser was then launched to this new waveguide. The output light distribution was
similar to that in Fig. 4.2.3.5. The scattering light in the upper cladding was guided
because the cladding layer is laterally confined. There was an attempt to lower the input
fiber to reduce the amount of light coupled into the upper cladding, but the scattering light
was always seen in different launching conditions. Therefore, both scattering loss and cut-

back measurements could not be performed. It seems that the mode mismatching between
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the fiber and the waveguide causes a significant amount of light to be coupled into the

upper cladding in any launching condition.

4.3 Metallizing the waveguides for vertical coupling

Two ways of metallizing the end-facets of the waveguides have been tried. The
simple way is to metallize the entire wafer before putting on the cladding layer, but this
would probably introduce higher attenuation. Another problem associated with this
method is that, due to the high temperature CVD process, the reflectivity of many metals
is reduced significantly as mentioned in [36]. The reason is that at an elevated tempera-
ture, the metal melts and recrystallizes when it cools. As a result, the metal surface has
small bubble formations which reduce reflectivity.

To discover the metal that could withstand the high temperature CVD process,
several different metals were deposited on the smooth silicon wafers and covered with the
CVD oxide. The reflectivity of these metal-glass surfaces was measured. The measure-
ments show that the gold and titanium metal surfaces yield higher reflectivity after the
CVD process. The reflectivity of both gold and titanium surfaces was close to 55% at a
45° incident angle for non-polarized light of 632 nm wavelength. Several trials were con-
ducted to deposit the titanium into the v-grooves. Unfortunately most of the time smudges
were observed on the wafers. To investigate the cause of these smudges, the oxide layer
was stripped off. It was observed that some parts of the titanium layer had changed its
color to brown, which indicated that the metal was oxidized. T¥:e causes of the oxidation
are unknown. It was decided not to pursue the causes.

The second method is to metallize solely the end-facets surface after the cladding
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layer is deposited. This requires extra lift-off procedures as illustrated in Fig. 4.3.1. A

layer of HPR-506 positive photoresist was spun on the cladding layer at a speed of 5000

rpm for 20 seconds to yield a 2 pum thick layer. The wafer was pre-baked at 110 °C in vac-
uum for 50 seconds using the Solitec hot plate to vaporize the solvents completely and to
enhance adhesion to the cladding. Then the wafer was put und=r the microscope for objec-
tive lens exposure. A 100 X objective lens was used, which exposes a spot of 150 pm in

diameter. The exposure time was set at 60 seconds. The exposed wafer was developed

using Microposit developer 354. The wafer was post-baked at 120° T for 60 seconds. A
0.1 um thick of titanium was then deposited on the wafer. After the metal deposition, the
unwanted metal layer along with the photoresist was lifted off using acetone. Several
wafers were tested with this technique. The results show that the titanium bonds strongly

on the end-facets and the surface appears to be quite smooth.
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(i) deposit a layer of positive

photoresist ftv) deposit the metal layer

(ii) shine the UV light on the

end facet (v) lift-off the photoresist

(iil) develop and strip-off the
photoresist on the end facet

Fig. 4.3.1 Procedures of Metallizing the end-facets

NOA 81 polymer was then used to make waveguides using the RIE method. The
optical power reflected from the end-facets was measured at 675 nm wavelength. The
input power was 1.34 mW, and the reflected power from the end-facets for 9, 6, and 4 pm

waveguides was 1.6 pW, 0.28 uW and 0.86 nW respectively. To estimate the excess loss
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in the tapping, the 1.45 cm long waveguide was cut 3 mm before the end-facets, and the
throughput power was measured. The values of the power were 19.7 uW, 2 pW and 47
nW for 9, 6 and 4 pum waveguides respectively. The excess losses at the end-facets, calcu-
lated by dividing the reflecied power by the throughput power, were 8.3 dB, 8.5 dB and
17.4 dB for 9, 6 and 4 um waveguides. Due to the low measured power for the 4 jun
waveguide, the estimated power loss may not be accurate. It should also be noted that the
actual loss from the end-facet would to be lower because a portion of the reflected power
was not picked up by the plastic fiber. It had been estimated that this waveguide-to-fiber
coupling loss is approximately 3 dB {37]. Since the light was not reflected at a right angle,
it was required to tilt the fiber at an angle to the surface in order to properly capture the
light. The actual excess loss is around 5 dB.

One source of the loss is the placement of the metal layer. Because the end-facet
was metallized after the cladding layer was deposited, only the light that propagated in the
core would be reflected. Another source of loss is the titanium metal surface, which has
lower refiectivity. Also, the throughput power was measured 3 mm before the end-facets;

therefore the actual power arriving at the end-facet would be about 1 dB less.
4.4 Sidewall Taps

In this part of the research, the main objective is to investigate the feasibility of
integrating the sidewall taps into singlemode waveguides for interconnection application.

According to Macleod’s simulation [37] for the multimode waveguides, the
amount of power reflected by the sidewall taps is proportional to the cross-sectional area

of the waveguide and the area of the tap. To make an array of taps that can tap equal
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amounts of light out of the waveguide, the last sidewall tap must cover 50% of the
waveguide cross-sectional area. The analysis might not apply to the singlemode

waveguide, but at least the analysis provides a coarse estimation. In order to make a 50%

tap, Macleod calculated that the undercutting rate along the 45° diagonal line of the con-

vex corner should be less than /2 of the downward (<100>) etch rate.

To integrate the sidewall taps into the v-groove, the size of the taps must also be
controllable. The etch rate must therefore be slow enough so that both large and small taps
can be formed in the same waveguide.

To conduct the investigation, direct e-beam writing was utilized to pattern the
masking layer. The procedures of the e-beam writing can be found in Appendix D. The
advantage of using the direct e-beam writing is that the mask pattern can be easily modi-
fied. The final mask pattern used in the experiments is shown in Fig. 4.4.1. The wafer was

etched in a 76° C KOH+IPA solution.

According to the etching results, the diagonal etch rate is about 0.3 pum/min.,
compared to the downward etch rate of 0.6 pm/min. This satisfies the /2 criteria for mak-
ing the 50% tap. The SEM pictures of some of the sidewall taps are shown in Fig. 4.4.2.
Due to some error in e-beam writing, the width of the waveguides is slightly different at
the two sides of the taps, as shown in the figure. For most of the sidewall taps, the meas-
ured angles between the sidewall of the waveguide and the tapping plane of the sidewall
tap are between 110° and 115°. This indicates that tapping plane is possibly the intermedi-

ate plane between <212> and <313>, which would have made angles of 116.6° and 108.4°

with the sidewalls. This matches the results obtained by Macleod [37].
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The dimensions are in um

Fig. 4.4.1 Mask Pattern for Direct E-beam Writing

The SEM pictures show that taps with different sizes can be formed in the same
waveguide. The tapping planes are very smooth, and no other crystal planes were
observed. Also the diagonal etch rate is slew enotigh to form a 50% tap Therefore, inte-

grating the sidewall taps into the singlemode v “wgride should be feasible.
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6 um X 6 um 7 pm X S5um

8 um X 5um 8 pm X 8um

Fig. 4.4.2 SEM Pictures of different sidewall taps
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Chapter S Conclusion

5.1 Summary of Works

Several tasks were accornplished during this research. First, a modal analysis
program was written to estimate the required sizes for several types of singlemode v-
groove waveguides. The program is based on the scalar finite element mcthod (SFEM),
which is a popular numerical method for solving second order differential equations. At
the present, it is capable of analysing five different waveguidc suuctures at any wave-
length. Both erbium-doped silica waveguides and waveguices with polymer corcs were
analysed. In the case of erbium-doped wz+-. guides, four different waveguide structures
were analysed. For an erbium-doped waveguide with triangular core, It was found that
with a 1.44 cladding index and a 1.59 core index, the maximum singlemode core height at
980 nm is 1.3 m. The corresponding confinement factors for signal(155¢) nn:) and pump
wavelength are 42.7% and 72.4% respectively. For the other three waveguide structures,
the confinement factors are a few times smaller. Also, it was found that by reducing the
refractive index difference between core and cladding, the maximum singlemode core
height can be greatly increased, while the confinement factors remain abcut the same.
Another result obtained from the analysis is that the confinement factor drops rapidly as
the core height decreases. At the signal wavelength, the confinement factor is decreased
by about 8% for every 0.1 um of core height reduction. For waveguides with poiymer
cores, it was found that with a 1.56 core index, even without the polymer upper cladding,
the waveguide can be effectively singlemode if the core height is less than 2 um. Also, it
was found that if overflow occurred, the waveguide is most likely multimode.

To estimate the amplification performance of the erbium-doped silica waveguide,
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a computer program was written based on a four-energy level model, which takes into
account the upconversion phenomenon. The program is capable of simulating the gain
profile and computing the output noise spectrum of the amplified spontaneous emission.
The simulation program uses the mode field data calculated from the modal analysis for
input conditions. It was found that only the waveguide with a pure erbium-doped core can
obtain a reasonable gain in a few centimetres of propagation. Therefore, other erbium-

doped waveguide structures are not practical for optical amplification purposes. For an

erbium concentration of 3x10%% jons/m3, the maximum achievable gain for a 4 cm long
waveguide with 1.3 pum core height is about 9.5 dB, but this requires 300 mW of pump
power. If the pun:, >wer is optimized at 100 mW, the gain is close to 7.2 dB. The signal
gain decreases rapidly as the core height is reduced. For a waveguide with 0.9 pum core
height, the gain drops to 2.5 dB, amd this would virtually be a transparent waveguide
instead of a waveguide amplifier.

Knowing that it is not yet possible to Tabricate a waveguide with a pure erbium-
doped core, only the waveguides with polymer cores were fabricated. Both the direct dis-
pensing method and the RIE method were used to form the polymer core. The experimen-
tal results show that when using the direct dispensing technique, the resulting waveguide
would always be multimode because of the thick overflow layer. It was also found that
although no very sophisticated device is needed in the direct dispensing, this approach of
depositing the polymier core is not easy because it requires a high degree of precision in
manipulating the device and the fabrication time is rather long (total of S hours for 1
wafer). In contrast, the waveguide with a RIE polymer core has fairly good uniformity and

the core height can be etched to as low as 1.5 pm. The loss measurement shows that the
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propagation loss of the waveguides is inversely proportional to the core height. By reduc-
ing the core height from 9 yum to 4.5 pum, the propagation loss increases from 1.8 dB/cm to
3.5 dB/cm. The effect of depositing a layer of polymer upper cladding is inconclusive,
because a large amount of light was scattered in this cladding layer and consequently the
loss measurement could not be performed. One source of the propagation loss is the sur-
face roughness of the cladding layer. Unfortunately, the lower cladding has a seam along
the centre line of the groove and a rough surface, which is possibly due to the short diffu-
sion length of the silane gas during thc LPCVD process. Many attempts had been made to
improve the cladding quality, but the solution has not yet been obtained. Morcover, from
the captured output mode field, it was found that the RIE waveguide becomes effeciively
singlemode at 1.5 pm core height. This agrees with the results of the modal analysis.

Another part of this research was the metallization of the end-faccts of the v-
groove waveguides for optical coupling purposes. A lift-off technique was used to deposit
the metal solely on the end-facets. The results show that the metal bonds strongly to the
lower cladding layer and the metal surface is quite smooth. The measured excess loss in
the tapping is about 8.5 dB, but the actual loss value is probably closer to 5 dB duc to the
fact that not all the reflected light was captured by the detector.

The last part of this research was the investigation of integrating the sidewall taps
into the singlemodc v-groove for optical interconnect applications. A mixture of

KOH+IPA solution was used for the anisotropic etching. The experimental results show

that the undercutting rate of the convex corner along the 45° diagonal line is 0.3 pm/min.,
compared to the 0.6 pm/min. downward (<100>) etch rate, which satisfies the criteria for

making a 50% tap. Also, the tapping plane of the sidewall tap was found to be the interme-
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diate planc between <212> and <313>. No other crystallographic plane was observed on

the sidewall tap. It can be concluded that integrating the sidewall taps into the singlemode

v-groove waveguide is feasible.

5.2 Future Work

To obtain better waveguide quality, the most important future project is to solve
the seam problem in the lower cladding layer. In Chapter 4, it was mentioned that the
problein could be solved by fine-tuning the reflow process. An alternate approach may be
to increase the diffusion length of the silane during the deposition. This could be done by
replacing the silane gas source by a liquid source of silicon, which has larger molecules
and possibly has a longer diffusion length. The major disadvantage of using the liquid
source is that much longer deposition times are required.

The propagation loss of the RIE waveguide can be reduced by etching the poly-
mer in a wet etchant. The resulting core surface should then be smoother. A KOH solution
could be used for wet etching, but previous experiments showed that the etch rate is quite
fast. Some experimentation would be required to discover the proper etching temperature
to obtain an acceptable etch rate.

The optical coupling efficiency of the metallized end-facet might be increased by
depositing the metal before putting on the lower cladding layer. Although the reflectivity
of the metal might decrease significantly, the attempt is worthwhile. The second option
might be to use gold for metallization although this might only improve the efficiency by

less than 1 dB.

Another future investigation would be the fabrication of a singlemode v-groove
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waveguide with integrated sidewall taps. A 3-dimensional beam propagation is required to
simulate the tapping mechanism. The SFEM program used in this research can be modi-
fied to handle the 3-dimensional beam propagation problem. However, a huge amount of

computing power is necessary to perform the required calculations
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APPENDIX A Description of the SFEM Program
The main program for the SFEM calculation is called vcupdate.c. It is written in
standard C language. It can be compiled by both ‘cc’ and ‘gcc'. The program reads the

required parameters from an input file called ‘Vinput.dzt’. A sample of the input file is

shown below.

0.632¢-6 wavelength

2.0e-5 height_of_the_substrate
6.9e-6 height_of_the_cladding
3.0e-6 height_of_the_core
3.8e-6 distance_between_core_and_cladding
6.0e-6 covering_layer

3.5 substrate_index

144 lower_cladding_index
1.44 upper_cladding_index
1.54 core_index

1.56 erbium_index

6 core_divide_layer

1 starting_layer_of_erbium
6 ending_layer_of_erbium
4 dope_format

1 fill_layer

0.2¢-6 erbium_thickness

0.1e-6 overflow

10.0 curve

The definitions of some of the above parameters are graphically illustrated in Fig.
A.l. The parameter ‘core_divide_layer’ specifies the number of equally-spaced layers that
the core is to be divided into. Usually, this parameter is set at 6 and the core is divided into
72 elements in 6 equally-spaced layers. A smaller core size . .ay require more layers in
order to find the mode. The starting_ and ending__ layer_of_eribium specifies which core
layers are to be filled with erbium. The numbering of the layers starts at the bottom of the
v-groove. These two parameters are used to simulate Waveguide B mentioned in Chapter

2. The parameter ‘dope_format’ specifies which type of waveguide structure is to be cal-
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culated. The waveguide structures are specified as follows,

1. Waveguide A or B, depends on how many layers are filled with erbium.

2. Waveguide D

3. Waveguide C

4.  This is used to simulate the overflow condition for polymer waveguide.
Since the core is divided into a specified number of layers, the thickness of the erbium
layer for waveguide C and D can only be specified in terms of number of layers. The
number of erbium-filled layers is specified in the parameter ‘fill_layer’. The overflow
layer of the polymer waveguide can be arbitrarily specified by the parameter ‘overflow’.
When the overflow condition is to be simulated, the parameter ‘fill-layer’ must be set to 1.
The last parameter ‘curve’ specifies the curvature of the crescent on the core surface. The
valug: corresponds to the ratio between the core height and the depth of the crescent.

The program starts by computing the overall dimensions of the ﬁroblem domain,
and the required coordinates in different regions, from the input parameters. Then the pro-
gram divides the problem domain into finite elements. The vertices of the triangular ele-
ments form the grid points of the entire mesh. Each vertex is given a particular number
and the number is usually called the global number. The assignment of the global numbers
to the vertices are arbitrary. Two vertices of an element are not required to be numbered
consecutively. The global numbers of the three vertices of each element are stored in a
matrix called Nl. The matrix has N X 3 dimensions, and N corresponds to the number of
finite elements. It does not matter which vertex is assigned to which one of the 3 columns
of the matrix, as long as the global number is stored in the matrix consistently in either a

clockwise or counter-clockwise fashion. The coordinates of the vertices are stored in two
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aiﬁerent matrices. The first matrix is called ‘coord’, which stores the vertices according to
the N1 matrix; the matrix has 6 X N dimensions (3 pairs of (x,y)). The second matrix stores
the coords of the vertices according to the ascendnig order of the global numbers; there-
fore the matrix has 2 X N1 dimensions, and N1 corresponds to the number of total verti-
ces. The refractive index of each element is stored in a vector called INDEX. Once all
these matrices are ready, the program then calculates the A and B matrices mentioned in
Chapter 2. The derivation of the approximated equations for forming the A and B matrix
is found in [33]. Since the subroutine for solving the eigenvalues and eigenvectors is writ-
ten in Fortran, the A and B matrices and other related matrices are exported to files in
order to be read by the Fortran program, and this is the final task of the program. The
names of the files are identical to the names of the matrices. Some other useful parameters
are exported to a file called ‘counter’. In order to view how the problem domain is divided
into finite elements, a MATLAB called ‘di.m’ is used.

The Fortran eigenvalue solver is called ‘rsg’. It is compiled using standard For-
tran 77 (£77). The program reads in all the required matrices and performs the eigenvalue
solving. The desired eigenvalues are then selected and exported to a file called ‘eigen’,
and the corresponding eigenvectors are stored in a file called ‘evector’.

The calculated mode fields can be viewed graphically in MATLAB by running a
script called ‘outl.m’. To calculate the confinement factor of the calculated mode field,
another MATLAB script was written: ‘conf.m’. The script is written only for singlemode
calculation. The script reads in the values from ‘evector’ and performs the calculation.

It should be kept in mind that since this SFEM program deals with S different

configurations, there would be some cases in which the program divides the problem
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domain incorrectly. To ensure that proper division is obtained, the user is advised to view

the resulting mesh using ‘di.m’ before beginning to solve.

thickness of
coverjng layer
g laye Nupperclad
Nlowerclad T
A
height of
distance core
between
height of coreanddpdding  \ / /¢
substrate
Nsub
Y

Fig. A.1 Schematic Diagram of a V-groove Waveguide
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APPENDIX B Amplifier Gain Simulation Program
The amplifier simulation program is called ‘prop.c’. The program begins by read-
ing in the required parameters. The parameters are stored in a file called ‘Input.dat’. A

sample of the file is shown below.

3.0e26 Erbium_Concentration
90.0 A21

1.0e9 A32

1.0e9 Ad43
5.0e-23 Cup
5.0e-23 C3
3.5e-23 Cl14
2.58e-25 Sigmal3
5.41e-25 Sigma21
5.36e-25 Sigmal2
1.0e-6 Ps
100.0e-3 Pp
100.0e-6 deltaz
400 step
1.0e-6 posbound
1.0e-11 negbound
1.0e-22 toll

The second to tenth parameters correspond to the parameters in the four-energy-level
model described in Chapter 3. ‘Ps’ and ‘Pp’ are the input signal and pump power. ‘deltaz’
specifies the simulation step size in the propagation direction and the umit is in metre.
‘step’ specifies the number of step to be calculated. The length of the waveguidc is thus

equal to ‘deltaz’ multiplied by ‘step’. The last three parameters are used for searching the

correct P, values, more details are discussed later.

After receiving these parameters, the program imports three matrices, ‘coord’,
‘NI’, and ‘Index’ generated from the modal analysis. ‘coord’ is used for calculating the
area of each finite element. ‘N1’ is used for calculating the field intensity at both signal and

pump wavelengths. ‘Index’ tells the program which elements are doped with erbium.
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The input mode field at the two wavelengths are read in from two files, ‘evectors’
and ‘evectorp’. The ‘rsg’ program only generates the ‘evector’ file; therefore the user is
required to run the mode-solver program twice for both signal and pump wavelengths and
copy the ‘evector’ file into the two files separately.

After all required information is imported, the program then calculates the area of
each finite element and the normalized intensity. The intensity of the element is calculated
by squaring the average of the mode field values at the three vertices. The normalized
intensity of each clement is obtained by dividing the power of the element by the product
of the total power and the area of the element.

The simulation program calculates the output power of the signal and pump, as
well as the Pase spectrum. In order to satisfy the boundary condition (3.11), the program
uses the bisection method to pin-point the correct value of each P,¢(0,vj) frequency slot.
The parameters, ‘posbound’ and ‘negbound’, specify the upper and lower boundaries used
in the bisection method. At the first iteration, ‘posbound’ is assigned to each P,s.(0,v;)
slot. The simulation begins by first solving the rate equations of each finite element at the
input end using Newton-Raphson method. After obtaining the ion population densities in
different energy levels, the program calculates the absorption and emission coefficients

using (3.12)-(3.14). Then, the program calculates the signal power, pump power and P,

spectrum for the next step using the 4® order Runge-Kutta method according to (3.6)-
(3.8). The program then repeats the same calculation procedures for each successive step.
At the end of the first iteration, the program obtains the output signal and pump power,

and the Pase spectrum. The program then examines the P, values at the output end. If

the sum of the square of the Pyge (L,v;) is larger then ‘toll’, the program proceeds to the
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next iteration. The new Pase-(0,vj) values are the average of the posbound’s and neg-

bound’s. These two boundary values are updated at the end of each iteration. The simula-

tion ends when the boundary condition is satisfied.
[
The program outputs the final results into two files. The file ‘temp’ stores the
propagation distance, pump power, signal power, ¥;3, Yi2 and v¥,; in 6 columns. The file

‘Pase’ stores the Pyge,(L,vjy) and Pyse.(0,v;) in the first and second columns. The length of

the columns is equal to the number of frequency slots, in this version the number of slots

is equal to 64.
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APPENDIX C Procedures for etching V-grooves

The following steps describe the procedures for etching v-grooves in <100> ori-

ented silicon wafers.

1. Thermal Oxidation

3” bare silicon wafers are placed in a furnace. The furnace is then heated to 1100 °C.
Nitrogen is bubbled through a flask of deionized water heated to 92 °C. After 75

minutes, the wafers are taken out of the furnace and are rotated 180 °C to improve
the uniformity of the growth. The wafers are then inserted placed back into the fur-

nace for another 75 minutes of oxidation. This process yields about 0.6 um of oxide

on the wafers.

2. Vapour Prime
The wafers are primed with HMDS in the YES oven to improve the adhesion of the
photoresist to the oxide. The step takes about 45 minutes.

3. Photoresist Spin-On
The wafers are coated with Shipley HP504 positive photoresist. A sufficient amount
of photoresist is poured on the wafers, then the wafers are spun for 5§ seconds at 500
RPM to spread the resist, and 17 seconds at 3500 RPM to obtain a 1.5 um resist
lailer.

4. Photoresist Softbake

The coated wafers are softbaked for one minute on a 110 °C vacuum-applied hot
plate for 50 seconds, followed by 10 seconds of nitrogen backfill.

S. Mask Alignment and Exposure

The wafer is then placed in the Suss mask aligner. The alignment marks on the pho-
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tomask are lined up with the wafe: flat. The photoresist is then exposed tor approxi-
mately 3.5 seconds to UV light shining through the mask.

6. Photoresist Development

The exposed photoresist is developed using Shipley 354 developer. The entire devel-
opment cycle involves a 5 second deionized water pre-wet, a 60 seconds of devel-

oper spray, a 90 second rinse and a 30 second spin-dry.

7. Hardbake

The developed wafers are hardbaked on a 120 °C vacuum-applied hot plate to
harden the remaining photoresist.

8.0xide Etch

The exposed silicon dioxide under the masking layer is etched away by a 10:1 BOE

at room temperature. The etch rate is about 0.05 pum/min.

9. KOH Etch
The photoresist is removed using acetone. The patterned wafers are then immersed

into a 76 °C KOH+IPA solution. The etch rate is about 0.6 pum/min.
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APPENDIX D Borophosphorus Silicon Glass (BPSG)

The recipe for the growing BPSG in LPCVD is as follows

The flow rates for BPSG:
SiH,4 30 sccm
0] 45 sccm
TMP S sccm
TMB 5 sccm
Pressure: 250 mTorr
Temperature: 410°C

The schematic diagram of the LPCVD device is shown below

Pressure sensor
)
OO0 OO0 OO0
[ Wafer Quartz tube Qo vacuum pumg
Gas inlet
O XOX®) OO0 OO0 Trap
Three zone heater
Oil pump @ -
Mass flow
controller Filter
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APPENDIX E Procedures for Direct E-beam Writing
3” silicon wafers with a 0.1 um layer of thermal oxide are coated with a 0.6 pm
layer of PMMA. The PMMA is diluted with chlorobenzene in 2:1 ratic. The diluted
PMMA has 5% concentration. The wafers are spun for 10 seconds at 100 RPM for
spreading, and 30 seconds at S000 RPM.
The wafers are hard-bake in an oven for 1 hour at 150 °C
The wafers are soft-bake in vacuum for 1 minute at 150 °C
The wafers are cleaved into small pieces (about 1cm x 1cm)
The small pieces of wafer are put inside the scanning electronic microscope (SEM)
for e-beam writing. The e-beam dose is 170 uC/cm?

The exposed wafer pieces are developed first in MIBK for 60 seconds, then 20 sec-

onds in IPA, follows by 20 seconds in deionized water

The pieces are dry-etched in the RIE machine for 3.5 minutes. The gas composition
is 80% CHF3, 5% O, and 15% N,. The etch rate for PMMA and SiO, are 1000 A/
minutes and 450 A/min respectively.

The PMMA on the wafer pieces is stripped off using acetone

The pieces are etched in a 30% KOH + IPA solution for 15 min at 76 °C.

The thermal oxide on the pieces is stripped off using BOE
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