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Summary:

The aim of the thesis is to investigate the control of optical propagation in planar dielec-
tric rib waveguides. Quasi-analytic models are suggested as accurate and fast alternative
solutions to pure numerical methods with the intention of exploring the design and the
feasibility of novel structures.

The analysis has been divided in two parts: the electromagnetic optical field propaga-
tion along the waveguide and the injection of carriers as a means to change the optical
propagation characteristics.

The electromagnetic analysis focuses on the field propagation along longitudinally uniform
and non-uniform waveguides, by using functional expansion techniques to describe the ex-
pression of the field. The Spectral Index Method, usually adopted to solve field propagation
along uniform rib waveguides, is modified and adapted to the case of tapered rib wave-
guides and Y-junction structures.

The two-dimensional carrier distribution, subsequent to current injection inside rib wave-
guides, is determined by applying the Lumped Iterative Method, which reduces the two-
dimensional problem to the separate solution of two coupled one-dimensional problems.
Various recombination processes are considered, and included in the model in a general
form, so that a large variety of materials and structures can be modelled with minor modi-
fications.

Both optical field and carrier distribution results obtained with the methods developed in
the thesis are compared with those obtained by using more detailed software packages.
Different device structures are simulated and presented, to prove the usefulness of the
suggested models as a flexible computed assisted design (CAD) tool.
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Chapter 1

Introduction

The continuous demand for functional integrated optoelectronic components requires the
development of novel devices with complex operations. In most cases of semiconductor
based devices the operational characteristics are actuated by altering the optical proper-
ties of the dielectric material.

This purpose can be technologically achieved in different ways, either during the fabrica-
tion process of the device or acting dynamically, while the device is operating. Of course,
the latter is far more desirable, although more difficult to achieve, since it provides a greater
flexibility.

The aim of the work presented in this thesis is to analyse the different aspects of modulat-
ing the optical propagation characteristic of semiconductor devices.

The study has been mainly focused on a specific class of devices, namely planar rib wave-
guides with large refractive index step (deep ridge) between the optical guiding and the
surrounding cladding regions. Examples of such devices are those made on Silicon-on-
Insulator (SOI) technology, [1]. The reasons for this direction of analysis have been dic-
tated by direct industrial requirements and by the fast grow of interest, recently resumed
in the area of SOI devices, [2].

The configurations of devices analysed include:
¢ Uniform rib waveguides and coupler
o Non-uniform (tapered) rib waveguide
¢ Y-junction splitter
¢ MultiMode Interferometer (MMI)

Although these devices have different purpose and functionality, they present some com-
mon features when modelled.

In the process of altering/modulating the optical propagation three major aspects can be
highlighted:
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¢ the optical propagation in the device before modulation
¢ the change/modulation of the optical properties of the device
¢ the optical propagation in the device after modulation

These three points have been followed to establish the workplan of the modelling process
and also applied to the layout of the thesis. Each topic has been tackled and solved separ-
ately and then, finally, the solutions developed for the three different problems have been
combined together to produce a model for the entire process of optical modulation. In all
above cases quasi-analytic techniques have been preferred to pure numerical methods,
in order to have a direct understanding of the links between the physics of the device and
the parameters of the model. Moreover, quasi-analytic methods are convenient for innov-
ation/design of novel structures since they provide an immediate insight of the solutions,
in a (computationally) fast and accurate way.

Optical propagation in the device before modulation

The optical propagation in a semiconductor device has been determined by solving the
wave equation for an electromagnetic propagating field. A possible approach to solve the
wave equation for a complicated structure is by using a pure numerical method, e.g. the
Finite Element Method, [5]. However, in the present thesis a quasi-analytic method for
solving the entire two-dimensional waveguide propagation is introduced. Among several
quasi-analytic methods present in literature to predict the 2-D modal propagation, [6], the
Spectral Index Method (SIM) has been widely preferred, [7], since it is particularly tailored
to solve waveguides with large refractive index step between the core and the cladding.
Moreover, the SIM is even fast in computational speed, resulting in a very efficient method,
since, conversely from many other methods, [8], both accuracy and computational speed
requirements are satisfied at the same time.

The SIM, originally conceived to solve longitudinally uniform waveguides, has been exten-
ded to the case of longitudinally non-uniform waveguides. The same concepts used in
the SIM have been applied to develop a method for describing the field diffraction along a
tapered rib waveguide.

Change of the optical properties of the material

The optical properties of a semiconductor material can be changed by altering its refract-
ive index, n, [4]. An effective way to achieve such changes is by injecting/depleting carriers
(electrons, n, and holes, p) into/out of the material, [3], [9]. The injection of a current pro-
duces a distribution of carriers, p(z, y), n(z, y), across the device which will, consequently,
causes a refractive index change distribution, n(z,y). Therefore, in order to establish the
injected carrier distributions, p, n, a quasi-analytic method for solving the current flow equa-
tions, in both 1-D and 2-D domains, is suggested.

11



Optical propagation in the device after current injection

Once the refractive index has been altered the problem is to predict the effect on the
field propagation. This can be done, for instance, by solving again the wave equation,
but applied to the new altered refractive index profile. Although this approach is correct
it becomes tedious when the distribution of the affected refractive index is inhomogen-
eous. Indeed, one option is to repeat the entire computation. Alternatively, to speed up the
computation the refractive index change can be regarded as a perturbation to the initial
(unperturbed) structure, thus applying a perturbation analysis.

12



Outline of the thesis:

Following the pattern of the introduction the thesis is subdivided in three parts:

The first part is devoted to the aspects of optical propagation inside rib waveguides.
After defining the problem and reviewing some of the most relevant methods of solu-
tion, [chapter 2], the 2-D field propagation along a uniform, [chapter 3], and longit-
udinally non-uniform (tapered), [chapter 4], rib waveguide is determined.

The second part is focused on the semiconductor aspects of the devices, describing
how the perturbation of the material (refractive index change) can be achieved. Par-
ticularly, the injection of carriers into SOl semiconductor devices is investigated. Fol-
lowing a brief review of basic semiconductor equations, [chapter 5], a quasi-analytic
model determining the carrier distribution in both 1-D and 2-D cases is presented,
[chapters 6-7).

Finally, the results obtained from the two previous parts are combined together by
using the perturbation analysis. The entire analysis is applied to a class of devices,
and the results presented in [chapter 8]. Finally, conclusions and suggestions for
possible future works are drawn in [chapter 9].
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Chapter 2

Optical Propagation in Dielectric
Waveguides

2.1 Maxwell’s equations

The distribution of the electromagnetic field in a medium is described by Maxwell’s equa-
tions, [1], introduced here for the case of time harmonic dependence, i.e. for a field of
the form F(z,y, z,t) = F(z,y, 2) - exp(—iwt); w, positive and real quantity, is the angular
frequency, F is a complex vector:

V-D=p (2.1)
V-B=0 (2.2)
V x E = —iwB (2.3)
V x H=iwD +J (2.4)

V is a vector differential operator depending of the spatial coordinates [Appendix A]; E,
H, are the electric and magnetic field vectors, respectively; D, B, are the electric dis-
placement and the magnetic flux vectors, respectively; p is the charge density inside the
medium; J = J5 + J. is the total electric current density flowing inside the medium, made
of the contribution of the current source, Jg, and the conductive current, J..
In the case of linear and isotropic media, these quantities can be related as

D = epcr B
B = popH (2.5)
Je.=0E

with o the material conductivity; no is the magnetic permeability of vacuum, n the relative
magnetic permeability; ¢, is the permittivity of vacuum, e, the relative dielectric constant
of the medium. The dielectric constant, ¢, in general complex, is related to the refractive

index, 7, as € = n2.
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In the rest of the thesis Maxwell’s egns. (2.1)-(2.4) are solved only for the case of semi-
conductors and, henceforth, it is u = 1 (non ferroelectric material) and ¢ = 0, i.e J. = 0,
(non conductive material). Moreover, it is assumed propagation in a free charge, (p = 0),
free source, (Js = 0), medium.

2.2 The wave equation

Applying the operator Vx, [Appendix A], to eqn. (2.3) and eqn. (2.4), and considering
egns. (2.5) yields, after some algebra, the wave equations for the electric and magnetic

fields, [1] v
V2E + k2eE = —V[E - Te] (2.6)

V?H + k2eH = —-Vei‘ x V xH (2.7)

with k2 = w2eouo = (?\—g)Q, and )y the electromagnetic field wavelength in free space.
V2 is the Laplacian operator, [Appendix A]. Eqns. (2.6)-(2.7) produce six scalar equations
describing the six components of the electromagnetic field, in general, all coupled together.

2.3 Scalar wave equation in Rectangular Coordinates

In a Cartesian coordinate system, (z,y,z), the gradient of the dielectric constant is ex-
pressed as Ve = (0.€, Oye, 0;¢€) , with the use of the notation 9, = %, etc. Thus the spatial
changes of the refractive index, Ve in eqgns. (2.6), (2.7), can be highlighted as:

1. d,¢: term representing the longitudinal variation of the refractive index, due, for ex-
ample, to longitudinally tapered geometries, Fig. [2.1]. In the case of longitudinally
uniform waveguide (9,¢ = 0) or weakly varying structure (9,¢ ~ 0) this term can be
neglected.

2. Og¢, Oye: terms representing the transverse variation of the refractive index. The
first term describes, for example, the presence of a rib in a planar structure, while
the second one is used to describe a multilayer vertical waveguide configuration,
Fig. [2.1].

In the case of a longitudinally uniform (or weakly varying) waveguide, e.g. d,¢ = 0, the
vectorial wave eqn. (2.6) for the electric field can be rewritten with three different equations,

17



one for each component of the field, as:

V2EX+ kleEx = -d x[ExdxIn(e) + Eydyln(e)\ (a)
V2Ey+ k@BeEy = —dy[Exdxin(e) + Eydyln{e)\ (6) (2.8)
V2EZ+ kleEz = -d z[Exdxin(e) + Eydyln(e)] (c)

* the terms (dx[ExdxiIn(e)}?j in eqn. (2.8a) and (dy[Eydyln(e)?j in eqn. (2.8b) account
for the polarisation effect on the field solution, (the polarisation describes the spatial

field orientation), [1].

* the terms (dx[Eydyln(e)]) in eqn. (2.8a) and (dy[ExdxIn(e)]* in eqn. (2.8b) imply a
vectorial nature of the solution, since they are responsible for the coupling between

the different field components, [2].

Figure 2.1: Structure of a (taper) rib waveguide in Cartesian Coordinates.

In the case of a slab waveguide (or a sequence of stratified layers), with no ribs, {dxe = 0),
the vertical component Ey is uncoupled from the other components. Indeed, eqn. (2.8b)

for Ey involves only such component and is therefore an uncoupled scalar wave equation

S?-I'Ij7 -|S + h ta]l (2-9)

Moreover, if the Hy component is omitted, i.e. Hy = 0, it is possible to determine all the
other components of the electromagnetic field from Maxwell’s equations, [Appendix Al.
This solution is referred to as TMy polarisation, since the magnetic field vector lies on a
plane transverse to the y axis.

In a similar manner, by starting from the wave eqn. (2.7) for the magnetic field, it is possible
to write a scalar wave equation for the vertical component of the magnetic field, Hy. The
other components are thus determined from Maxwell's equations, after omitting the vertical

component of the electric field, i.e. Ey = 0. This solution is referred to as TEy since the

18



electric field is transverse to the y axis.
Therefore, in a vertical slab waveguide the six components of the electromagnetic field can
be entirely determined by solving two scalar Helmholtz's wave equations independently,

namely for the TMy and the TEy polarisation:

AEy +kleEy = A +§  += 0(2.10)

W2Hy +  kleHy = -0 (2.11)

In the more general case of a rib waveguide it is dxe” 0 in eqns. (2.8). Hence the pres-
ence of the rib produces coupling between TMy and TEy polarisation, and the field is
characterised by a hybrid solution (combination of both polarisation together), [3]. A rigor-
ous analysis will then require that all the six components of the electromagnetic field are

solved together.

2.4 Scalar wave equation in Cylindrical Coordinates

Structures with cylindrical boundaries can be solved in cylindrical coordinates, (r,9,y),
Fig. [2.2]. The six electromagnetic field components in cylindrical coordinates can not
be uncoupled and reduced to a scalar wave equation, even in the case of a vertical slab
waveguide, i.e. if dee = 0. This is because of the form of the Laplacian operator in cyl-

indrical coordinates, [Appendix A], [4]. However, if the field is solved specifically for the

Figure 2.2: Structure of a (taper) rib waveguide in Cylindrical Coordinates.

y component, the Laplacian operator for a vector is the same as that for a scalar field,

[Appendix A]. Thus eqgn. (2.6), assuming a radially uniform waveguide, i.e. (dre = 0),

19



becomes
V2Ey+ kileEy = -dy[EOdeln(e) + E ydyln{e)\ (2.12)

Eqgn. (2.12) is similar to eqn. (2.8b) and, therefore, same considerations on the presence
of the rib, (d0e » 0), as done in the previous section can be made. Similarly to the rect-
angular coordinate representation it is then possible to describe, in approximate terms,
the electromagnetic field by solving separately the Eyand Hy components (TMyand TEy
polarisation). In this way the main component (Ey or Hy) is determined by solving the
scalar wave equation in cylindrical coordinates and the other components are obtained

consequently from Maxwell's equations, [Appendix A],

v9 ©° 9%y, gy 1 9%y, 2y 5y, 0 (2.13)

and similarly for Hy.

2.5 Longitudinally uniform waveguides: eigenmode problem

When the (rectangular) waveguide is uniform along the longitudinal z direction it is possible

to separate the z variable from the others, expressing the field as
E(x,y,z) = Em(x,y) -exp(-«/?mz) (2.14)

and the scalar wave eqn. (2.10) is rewritten as

S50 A = 28

Eqgn. (2.15) constitutes an eigenvalue equation, whose solutions, Em, are the modes sup-
ported by the waveguide and (3n the correspondent eigenvalues describing the phase
variation along the longitudinal z axis. It has been shown, [3], that the set of all possible

modes supported by a uniform waveguide (i.e. guided and radiated) is complete 1.

2.6 Longitudinally non-uniform waveguides

When the (rectangular) waveguide presents a longitudinal z variation of the refractive in-
dex then the term dze constitutes an extra term in eqns. (2.8), contributing to the coupling
between the different components of the electromagnetic field vector. However, the ap-
proximation of weakly varying waveguide, i.e. dze » 0, reduces the full six components
vectorial problem to the solution of Helmholtz’s scalar eqn. (2.10), even in the case of

non-uniform waveguides.

1By definition a set of functions Eo,Ei,E2,... is complete in a space of functions F if every function /
belonging to F can be expressed by a linear combination / = aoEo + a\E\ + a2E2+ ... with a0,0i,az2,...

constant coefficients, [5].
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2.6.1 Initial value problem

Although the analysis can be reduced to the scalar case, the field can not be described as
in eqn. (2.14). The field propagation thus can not be reduced to an eigenmode problem,
eqn. (2.15), but the field profile, E(x,y,z), must be obtained by solving the more general
Helmholtz’'s eqn. (2.10). If a pure single local mode is excited at the start of the waveguide,
i.e. atz = 0in Fig. [2.1], part of its power is transferred to other local guided modes and
also to radiation modes. The propagation is described by the superposition of all these
local modes and not only by the single mode launched initially into the waveguide.

In order to determine a unique field solution an initial distribution of the field at z = 0,
Fig. [2.1] must be assigned. If the transverse profile of the electric field is given at z = 0,
i.e. E(x,y,0) = Eo(x,y), then the solution of eqn. (2.10) will describe uniquely how this

profile propagates and evolves along the longitudinal direction.

2.6.2 Paraxial wave equation

Although the field can not be written in separated variable form, i.e. E(x, y, z) = f(x, y)

g(z), for adiabatically *-varying geometries it is convenient to write
E(x,y,2) = F(x,y, 2) *exp(-ipz) (2.16)

The term p represents the longitudinal fast variation while F(x, y, z) is a slowly varying
term.
The analysis of the electromagnetic field with slowing varying pattern, F(x,y, z), is greatly

simplified by using the paraxial approximation expressed as

d2F(x,y,z) dF(x,y,z)
2.17
dz2 P dz ( :
and
d2F(x,y,z) d2F{x,y,z) d2F(x,y,z) * d2F(x,y,z) (2.18)
dz2 dx2 dz2 dy2 '

Inserting eqn. (2.16) into Helmholtz’s eqn. (2.10) and making use of eqns. (2.17), (2.18)

the paraxial wave equation for the slowly varying term, F(x, y, z), is obtained as

d2 d2 d 2 2
F(x,y,z) =0 (2.19)

The paraxial approximation is particularly valid in the case of waveguide structures with a

slow longitudinal variation of the refractive index (adiabatic geometry).
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2.7 Functional expansion

For some particular waveguide configurations, like dielectric slab, uniform waveguides, etc.
eqn. (2.10) can be solved analytically, while for more complicated structures the solution
is found only by using numerical techniques.

One general way to represent the solution, valid for any type of waveguide, is to express
the field in terms of a complete set of functions, [6]. The description of the solution is
simplified if the set is chosen judiciously, and oniy few terms of the expansion are sufficient
to reproduce the solution accurately.

The general field expansion is of the form

0o
E{x, y,z) = Y™ ak(z)fk(x, y) + b(s, z)r(x, y, s)ds (2.20)
|
fk{x,y) and r(x,y,s) describe a discrete and a continuous set of functions, respectively;
ak(z), 6(s, z) are coefficients to be determined. The union of fk(x,y) and r(x, y,s) must be
complete.
For an orthogonal set of basis functions the coefficients ak(z), b(s, z), are related to the

field through the relations

ak(z)= jD fk(z) E*(x,y,z)dxdy (2.21)

b{s,z)= | r(x,y,s)E*(x,y,z)dxdy (2.22)
JD

D, thedomain of integration, is chosen as appropriate; E* denotes complex conjugate.

The choice of the functional set depends of the waveguide geometry: example of such
sets, useful for describing waveguide modes, are the Hermite-Gauss functions [7], sine/cosine
functions [9], metal waveguide modes [10], etc. These sets are not only complete, but also
orthogonal.

For a rigorous analysis both the contribution to the expansion (2.20) must be considered;
however, in this work the continuous modes have been neglected. The concept of func-
tional expansion will be used later in the thesis, when, in particular, the sine/cosine (Four-

ier) terms and the metal waveguide modes are utilised.

2.8 Review of numerical methods for waveguide propagation

When the geometry of the waveguide is complicated it may not be possible to obtain an
analytic solution and some approximate method must be applied. Approximate methods
can be either purely numerical or quasi-analytic. A complete review of approximate meth-
ods for field analysis of optical waveguides can be found in [11] and [12]. Amongst all

of them the most common methods have been selected and reported more exhaustively
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below. They have also been utilised as benchmark to test the accuracy of the results
presented in this thesis.

2.8.1 Effective Dielectric Constant (EDC)

The Effective Dielectric Constant (EDC) is a method utilised to solve the two-dimensional
mode propagation along a longitudinally uniform rib waveguide (eigenmode problem). Al-
though the presence of the rib generates a hybrid field solution and it is not possible, in
principle, to express the field profile, E,(z, y), in terms of separated variable functions, i.e.
En(z,y) # f(z) - 9(y), the EDC method assumes that E,,,(z,y) = f(z) - g(y), [3].
Moreover, if the ratio between the width, w, and the height, A, of the rib, Fig. [2.3], is large
and the refractive index step, 72 — 11, between the inner and the outer part of the rib is
small, the variation of the field profile along the z direction is much smaller than the vari-
ation along y. It is then possible, as a first approximation, to neglect any variation along
the z axis, [13], i.e. 82E,(z,y) = 0, and consequently to reduce the wave eqn. (2.15) to
the one-dimensional equation, with reference to Fig. [2.3],

2
aagy(zy) + [k02€(y) —_ ﬁg]g(y) =0 q = inner, outer (2-23)

Eqgn. (2.23) is equivalent to the slab wave equation with known analytic solution. The slab
structure is solved twice, in two different regions, corresponding to the inner and outer
parts of the rib, Fig. [2.3a]. The eigenvalue propagation constants 3, are then utilised
as new (effective) dielectric constants of an (effective) slab waveguide uniform along v,
Fig. [2.3b]. Because of the uniformity, 6§Em(m, y) = 0, the slab wave equation to be solved
is

2
TID | 152 g2)f(@) = 0 (2.24)

The solution of eqn. (2.24) describes the modal propagation constant, 3,,, of the mth

mode.

The polarisation effect is also taken into account: if the scalar electric field is directed
along z, E,(z,y), then eqn. (2.23) is for a T M polarised slab, while egn. (2.24) refersto TE
polarised slab. Conversely, for an electric field directed along y, E,(z,y), the polarisation
of the slab is T'E for eqn. (2.23) and T'M for eqn. (2.24), [3].

2.8.2 Finite Element Method (FEM)

The Finite Element Method (FEM) is one of the most accurate methods for solving optical
waveguide propagation, [14]: it is often considered as the "benchmark” for comparison of
solutions obtained by other methods. In the FEM the entire structure is first subdivided into
a finite number of triangular/rectangular regions called elements, Fig. [2.4]. Using many
elements, ij, it is possible to approximate the description of any continuum geometry,
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Figure 2.3: EDC method applied to a rib waveguide: (a) the inner and outer regions are
solved separately as slab waveguides uniform along the x axis; (b) the propagation con-

stants obtained in case (a) are utilised as effective dielectric constants to solve an effective

slab waveguide uniform along the y axis.
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Figure 2.4: Finite Element Method grid.
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with arbitrary refractive index distribution and complex boundaries. The field functions
are defined by a set of polynomials over each element, E;;, whose coefficients must be
determined. In this way, using a variational analysis, the problem is reduced to a matrix
equation, [15]. The field at each node, E;;, is coupled with the field at the surrounding
nodes, F;+1j+1 or with the boundary conditions if the node is at the boundary of the
computational window. The accuracy of the solution depends mainly on the number of
nodes chosen in the discretisation process and the shape of the elements. A large number
of elements will approximate more precisely the physical geometry of the device, but will
increase the computational complexity. However,‘ for some geometries, many elements of
the matrix are zero, therefore they do not contribute to the computation of the fiéld, and
both computer memory and computation times are reduced.

One advantage of the FEM is that it can be used for a full vectorial analysis, including all
the six components of the electromagnetic field, [8]. In the case of a scalar analysis many
nodes of the matrix are uncoupled and the computation process is much faster.

2.8.3 Local Mode Expansion (LME)

The Local Mode Expansion (LME) is a method for describing the field propagation along
longitudinally non-uniform waveguides, e.g. tapers. It is based on a functional expansion,
egn. (2.20), with the set of functions, fi(z,y), given by the so called Local Normal Modes,
[6]. At any given point z the field is expressed in terms of the modes of a hypothetical
straight waveguide with same width as that of the actual waveguide at the point z, Fig. [2.5].
These local modes used for the expansion are not themselves solution of Helmholtz’s
egn. (2.10) for the tapered geometry, but they can be superimposed to represent the field
of the actual non-uniform waveguide, satisfying egn. (2.10).

Since locally there is no z variation for these modes, they can be obtained by solving the
eigenvalue eqn. (2.15). These modes are locally orthogonal. For a particular = the total
field can be locally expressed as '

E@,5:2) = 3 arfu(@,y) exp(=iByz) + / a(s)f(s, 7, y)expl—if(s)s)ds  (2.25)
k

Two different cross sections, (i) and (5), along the z direction, generate two virtual straight
waveguides with width w; and w;, respectively, Fig. [2.5]. The two different widths produce
a step discontinuity at the common interface z = zy.

The continuous taper can therefore be approximated by a series of discontinuous step
regions of uniform slabs. By sub-dividing the taper into a large number of small steps, and
propagating the field from one section to the next section, and repeating this process at
each step, the longitudinally non-uniform field propagation is obtained.

Focusing the attention to two adjacent sections, (i) and (;), assuming that an incident field,
E;(z,y,z), is propagating from section (i) towards section (j), the discontinuity at z = zg
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Figure 2.5: The tapered waveguide can be approximated by a cascade of uniform wave-

guides with different widths.

generates a reflected field, Er, back into section (z), as well as a transmitted field, Et, into
section (j ).
Each field, reflected and transmitted, is expanded using the modes of the local waveguide
where they are propagating, (z) and (j), respectively. The reflected field, Er, is:
Er(x,y,z) = J2akfkexp(-ipkz)+ f al(s)fl(s) exp[-z/?*(s)z]ds (2.26)
k J
fl and p(s) are the local guided and radiation modes of section (i), respectively. The
transmitted field, Eu is:
Et{x,y,z) = "~2a{fHexp(-if3H4z) + f aJ(s)fJ{s) expl-ip {s)z]ds (2.27)
k J
fHand fj(s) are the local guided and radiation modes of section (J), respectively.
The expansion coefficients, a\, ak, a*s), aj (s) are determined by imposing the continuity

of the total electric field at the step interface z = zq,
Ei{x,y, z0) + Er{x, y, z0) = Et(x, y, z0) (2.28)

and similarly for the magnetic field, H(x,y, z).
If the step discontinuity is small enough it is possible to assume that the reflected field is
negligible, [16], and that the amount of incident field coupled to the radiated transmitted

modes is also negligible, [16], i.e.,

Et(x,y,z)&J2 akfke xp (-i*2) (2.29)
k

It is then possible to determine the coefficients a# as the overlap integral
af = - E»(x’ 20 (230)
I D\fI\2(ixdly

The domain of integration D is the transverse cross-section interface between the two

steps, » = zq, Fig. [2.5].
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2.8.4 Beam Propagation Method (BPM)

The Beam Propagation Method (BPM) is a method for determining the field diffraction in a
half-space with arbitrary inhomogenities: it predicts the response of a given structure to an
input field. Although the presence of inhomogenities requires the coexistence of both for-
ward and reverse propagating waves the BPM considers only the forward travelling waves.
Similarly to the Local Mode Expansion the BPM progresses stepwise, assuming that the
dielectric profile remains constant within a section. Inside each section the BPM propag-
ates the field as diffracting in free space and treats the inhomogenities as a perturbation of
the free space propagation. This procedure is valid under the condition of weakly varying
waveguide, and it formally solves the paraxial wave equation, [17].

A qualitative physical interpretation of the BPM is schematised in Fig. [2.6]. For each

section the BPM procedures are:

the input field is Fourier transformed into plane waves

+ each plane wave is diffracted (propagation in uniform medium) by half section
+ the plane wave spectrum is recomposed into the field profile

« the phase profile is corrected by the presence of the inhomogenities

+ the field is Fourier transformed again into plane waves

* each plane wave is propagated in the remaining half section

+ the plane wave spectrum is recomposed into the field profile which is used as input

field for the next section

These steps are repeated at each successive section of the waveguide.

The sensitiveness of the algorithm to the length of the sections depends on the refractive

phase propagated field phase

input field . .
P e correction correction

diffraction/ diffractic

Figure 2.6: Beam propagation along a tapered device.
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index step. It has been shown, [18]-[19], that for slowly varying taper waveguides the BPM
works well and provides accurate results.
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Chapter 3

Analysis of 2-dimensional uniform
waveguides: the Spectral Index
Method

The Spectral Index Method (SIM) is a quasi-analytic method, [1], suitable for solving the
field propagation along longitudinally uniform rib waveguides (eigenmode problem) char-
acterised by a large refractive index step between the core guiding region and the top
cladding region, Fig. [3.1]. The SIM is based on the functional expansion of the field in
terms of two suitable sets of functions: the rectangular metal waveguide modes and the
Fourier spectrum. The method can be summarised in three steps:

e the electric field inside the rib, region A in Fig. [3.1], is expanded in terms of metal
waveguide modes

e the electric field underneath the rib, region B in Fig. [3.1], is decomposed in plane
waves (Fourier transformed along the x axis)

o the above two expressions for the field are matched at the interface between the two
regions, A and B, i.e. the base of the rib, y = 0, utilising a variational technique

As a result, the matching conditions generate an equation (dispersion relation) whose
numerical solutions yield the propagation constants, 3, of the modes supported by the
waveguide. The value of 3 is then used in the expansion expressions to obtain the electric
field profile. Note that for the region B under the rib the field is expressed in the spectral
domain, thus Inverse Fourier transform from spectral to spatial domain yields the field
profile.
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cladding

core
substrate

Figure 3.1: Structure of a rib waveguide.

3.1 Evanescent boundary conditions and Effective Rib

As introduced in Section 2.3 the electromagnetic field propagating in a rib waveguide is
characterised by a hybrid solution. The two polarisation TEy and TMy are coupled to-
gether and all the six field components are necessary to describe the propagation. How-
ever, it has been shown, [1], that if the rib is surrounded by a cladding material with a
much lower refractive index the coupling between the two polarisation is negligible. This
feature is particularly true when the core/cladding interface is straight. In the case of a rib
waveguide, Fig. [3.1], the top wall and the two side walls are both straight, therefore, away
from the corners and the shoulders of the rib the above assumption is valid. In proximity
of corners and shoulders there are sudden changes of the interface; however, since for
guided modes the field is mainly confined across the central region away from the corners,
it is acceptable to neglect the coupling effect due to the corners.

A consequence of the uncoupling between TEy and TM y polarisation is that the field can
still be described accurately by using only five components, [2], and, more importantly, the
problem can be reduced to the solution of the scalar Helmholtz’s equation, eqn. (2.10).
Because the waveguide is longitudinally uniform the field is expressed as in eqn. (2.14),
each Em(x,y) representing a different mode of the waveguide, and (3n the correspond-
ent propagation constant. Henceforth the index m is omitted for simplicity. The scalar

Helmholtz equation is:

(3.1)

Eqgn. (3.1) is solved separately for the vertical component of the magnetic, Hy, and electric,
Ey, field in order to obtain the TEy, TMy modes, respectively. However, in [1] it has also
been proved that in the case of TEy polarisation, solving the scalar wave equation for the
component Hy is equivalent to solving the horizontal component of the electric field, Ex.
Therefore, the field for the TEy polarisation can be determined by treating Ex as the main

component, Tab. [3.1].
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field components TEy TMy
electric Ex, Ez Ex, Ey, Ez
magnetic HX Hy, Hz Hx, Hz

Table 3.1: Definition of TEy, TMy polarisation field components using SIM. In bold are the

main components that are solved in the scalar Helmholtz’s equation.

The large refractive index step between the core and the cladding, i.e. rji « 73 < 772,
Fig. [3.1], produces guided (bound) modes that are mostly confined inside the core re-
gion. As a consequence, the field in the outer cladding region decays rapidly after a short
distance from the core/cladding surface, and its value is almost negligible away from the
interface.

The decaying behaviour is described by evanescent boundary conditions which replace
the physical boundary conditions at the core/cladding boundary, [Appendix B],

En dEt _ Et p)

dn dn dn dt

En and Et are the normal and tangential components of the electric field to the boundary
surface, respectively; dn is the derivative along the direction normal to the surface; the
distances dn and dt describe the penetration depth of the field inside the cladding layer

before its amplitude becomes negligible. These distances are determined as, [Appendix

a= )

<34)
/3 is the propagation constant of the field as described in eqn. (3.1). Itis important to note
that because (3is the sought parameter, the evanescent boundary conditions (3.2) can not
be defined until the final solution is known: this would invalidate the use of such boundary
conditions. However, in the case of guided modes, the propagation constant (3must be in
the range £0771 << g3773 < (3 < KON2. It is thus reasonable to approximate (3« kOe2 in order
to evaluate the distances dn, dt, and define the boundary conditions to the problem. This
approximation has negligible effect on the final value of (3 [1].
A detailed explanation and proof of eqns. (3.2)-(3.4) is given in Appendix B.
Because the distances dn, dt, are, in general, small, the field is almost zero after a short
distance away from the rib. It is then convenient to replace the actual rib with an Effective

Rib, Fig. [3.2], whose field outside is assumed to be perfectly zero, [3].
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Figure 3.2: Replacement of the rib waveguide with an effective rib: (a) TMy polarisation;

(b) TEy polarisation.
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3.2 Modal expansion inside the rib

With the new defined effective rib the wave eqn. (3.1) is applied first to the region y > 0,
omitting, for the moment, the layers below the base of the rib. The electric field inside
region A, Fig. [3.3], is expressed by using a functional expansion (Section 2.7). The artifice
E=0
E=0 v/

cladding

effective rib

core

substrate

Figure 3.3: Region A: inside the rib.

of the effective rib, surrounded outside by zero electric field, introduces new boundary
conditions similar to those applied for parallel metal plates. The two vertical walls of the
effective rib represent in fact two metal plates. It then seems expedient to expand the field

along the x direction in terms of metal waveguide modes (complete set of functions); thus,

oo

Ea(x,y) = *2_FkW ‘Gk 3-5
a(x,y) i (v) (3-5)

where the function Fk(x) is the Ath order mode of two metal parallel plates separated by a
distance w, Fig. [3.3],
F%ix) = cos X for symmetric modes

Fk{x) = sin for anti-symmetric modes

In [1] it has also been shown that for the Ath eigenmode of the rib waveguide only the Ath
term of the expansion (3.5) contributes significantly to the expression of the field, while
the other terms are negligible. Therefore, each mode can be solved by using only one
appropriate term of the expansion; for example, the first (symmetric) mode is described in

region A as, {k = 1)

EA(X,y) « cos (sax) *G(y) sA = w (3.7)
Substituting this expression into egn. (3.1) it is:
- M + [B«=2. sa . p2]G(y) - O (3.8)

dy
The new Helmholtz's eqn. (3.8) is equivalent to a slab waveguide problem uniform in x.

The expression for G(y) is given analytically as
G(y) = Aisin(k2Ay) + A2cos(k2Ay) (3.9)
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with

*L = *of2-4-/92 (3.10)
The constants A\, A2 are determined by applying the boundary conditions at the top and
bottom of region A. At the top of the rib, y = h, the electric field is zero, due to the effective
rib. The second condition should be assigned at the base of the rib, y = o. Because the
region B below the rib is solved by using a different expansion to represent the electric
field, this condition will be imposed explicitely later when the two expressions for the elec-

tric field are matched aty = o.

3.3 Modal expansion underneath the rib

Similarly to region A, also in region B, underneath the rib, Fig. [3.4], the field is expressed
through a functional expansion. In region B there are no variations along the x axis, and
the waveguide is supposed to extend between x = -00 and x = +00. Conversely, along
the vertical y direction the waveguide shows a sequence of layers, each one characterised
by a different refractive index. The bottom layer, extending ideally to y = -00, represents
the substrate of the device, while the base of the rib and the core/cladding interface at

y = 0 constitutes the top of the sequence.

cladding

effective rib

ivXvXv'CQre

Substrate

Figure 3.4: Region B: underneath the rib.

Because of the uniformity, in each layer the field can be Fourier expanded along the x

direction
1 Jf+oc .
EB{x,y) = — £B(s,y)exp(-isx)ds (3.11)

£(s,y) is the Fourier transform of the electric field E B(x,y) in the r-axis

/ EB{x,y)exp(isx)dx (3.12)

fee)
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Inserting egn. (3.11) into Helmholtz’s egn. (3.1) yields, for each vertical layer,
8283(37 y)

Oy?
The dielectric constants € is € = €5 in the core layer, —d < y < 0, and ¢ = €3 in the
substrate, y < —d. Eqgn. (3.13) is equivalent to the slab wave equation with an effective

+ [k2e(y) — s* — B%)Em(s,y) = 0 (3.13)

dielectric constant, ¢,

s2

—e— — 3.14

€s = € kOQ ( )

The field underneath the rib is thus solved in the Fourier Transform domain, in terms of the
spectral wavenumber s. This reduces the problem from a two-dimensional rib waveguide

to a one-dimensional slab. The analytic solutions of egn. (3.13) are:

B sin(kapy) + Bs cos(kapy) —-d<y<0 core

(3.15)
C; exp(k3py) y < —d substrate

Ep(s,y) = {
with ko and ksp vertical wavenumbers inside the core and the substrate region, respect-
ively, _

k%B = kgez —-s2-32

k2p = (% + 5% — k2es
The constants By, Bs, C1, are determined by applying the interface conditions. The type
of solution reflects the fact that the field is bound inside the core region, while it is de-
caying in the substrate layer, thus, assuming an exponential decaying type of solution for
the substrate region, y < —d. It is important to note that, in contrast to the region A, the
electric field is now not expressed as the product of two functions with separate variables.
The z variable is linked to the y variable through the spectral variable s, since the field in
the spectral domain, £5(s,y), depends of both the s and the y variables. The general two-
dimensional physical nature of the problem due to the presence of the rib is still preserved,
although the method of solution has been simplified.

(3.16)

3.4 Interface conditions

In order to determine £g(s,y) uniquely, both the continuity of the electric field and its
derivative are applied at the interface between the core and the substrate regions, y = —d.
The continuity of the field can be equivalently applied to its Fourier Transform in the spectral
domain, thus the interface conditions at y = —d are:

883(8, _d——) _ 883(51 _d+)

dy - 0y

with b = 1 for the TE, polarisation (E, tangential to the interface) or b = e3/e3 in the TM,,
case (E, perpendicular to the interface).

83(37 —d”) = bép(s, —d+) (a) (0) (3.17)
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The continuity of the electric field is also required at the bottom of the rib, y = 0, between
the two regions A and B, except that the field at the two sides of this interface is represented
by two different expansions. In the top part, inside the rib, the field as given by eqgn. (3.7)
is

Ei(z,y =0) =cos(saz) -Gy =0) (3.18)

Underneath the rib the field is Fourier expanded, thus

+o00
Ep(s,y=0) = Ep(z,y = 0)exp(isz)dz (3.19)

-0

In order to match the profile it is necessary to write both the expressions in the same
domain. For convenience the matching is constrained in the spectral domain s

+w/2
/ cos(saz) - G(y = 0) exp(isz)dz = Ep(s,y = 0) (3.20)
—w/2

Before imposing the continuity of the derivative of the electric field it must be pointed out
that because in region A the expression of the field has separated variables solution, while
the same is not true in the bottom region B, it is impossible to achieve the exact matching
of the derivative of the electric field, [1]. This is due to the fact that the field inside the rib
has been represented by using only one term of expansion (3.5), and the approximated
expression (3.7) does not satisfy exactly the wave equation.

However, a second condition is still needed in order to determine all the coefficients B,
B, C1 uniquely in eqn. (3.15). The best option is to minimise the mismatching between
the two derivatives of the field at the two sides of the common interface, y = 0. This con-
dition is realised by using a variational technique and allowing a small discontinuity for the
derivative, 0E /9y, but achieving the stationarity for the propagation constant 3, [4]. This
particular choice is justified since the propagation constant g is the sought parameter. It
is, therefore, more desirable to minimise the error introduced in 3 rather than the error
generated in the field profile, E(z,y). In fact, the error introduced in eqn. (3.1) by the
approximate expression (3.7) can be reflected either on the field profile, E(z,y) or in the
value of the propagation constant, 5.

The application of the interface conditions (3.17) and (3.20), together with the variational
method, provide an equation (dispersion relation) whose solutions are the propagation
constants, 3. The variational technique and the consequent dispersion relation are de-
scribed in Appendix C.

To evaluate the anti-symmetric modes of the rib waveguide it is necessary to begin with
the anti-symmetric metal waveguide modes in the expansion (3.5). As an example, for the
first anti-symmetric mode eqn. (3.7) is replaced by

Ealz,y) =sin(saz) - Oly) 4= o (3.21)
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The Fourier expansion in region B, underneath the rib, remains unchanged, since it is gen-
eral and accounts for any type of field.

Similarly, higher order modes, either symmetric or anti-symmetric, can be found by util-
ising the correspondent metal mode, eqn. (3.6), for the expression of the field in region
A. Alternatively, they can be found by searching for the solutions § of higher order in the
dispersion relation determined for the fundamental mode.

3.5 Computed results: single rib waveqguide

The parameters for the waveguide analysed are described in Tab. [3.2], with reference to
Fig. [3.3]. Three different cladding materials are modelled, namely air (n; = 1), Silicon

Ao = 1.55um
w=352um d=264um h=1.63um
no = 3.4764  n3 = 1.447

Table 3.2: Parameters for the uniform rib waveguide analysed.

Dioxide (n; = 1.447) and Nitride Nq (7 = 2).

Tab. [3.3] summarises the effective propagation constants, ns; = 3/ko, obtained by the
SIM, for both TE, and T'M,, polarisation. These results are compared with those obtained
by applying the Effective Dielectric Constant method (EDC) and the Finite Element Method
(FEM).

The FEM method has been implemented by using the commercial software Silvaco in-
stalled at the company Bookham Technology. Silvaco provides a high-level user interface
to choose the meshing of the structure. The user can select amongst three default mesh-
ing options: coarse, medium and fine. At high-level usage, the user does not access
directly to the meshing parameters. But the software Silvaco, for each of the three options,
generates a grid, by using fixed set up meshing parameters (the meshing procedure is not
adaptive). For the present case the finest meshing option has been chosen.

Fig. [3.5] shows the contour plot of a typical field amplitude profile, E(z,y), for the first
symmetric mode.

According to Tab. [3.3] both SIM and EDC provide accurate results comparable with the
FEM, which is considered the benchmark, although the SIM reaches a better accuracy.
However, there are some situations beyond the limits of the applicability of the EDC, when
the use of the SIM becomes relevant and necessary. As stated in Section 2.8.1, the EDC
is valid for shallow rib waveguides, when the ratio w/h is large. Moving away from this
condition the results obtained by the EDC will deviate from those given by SIM. This effect
is shown in Fig. [3.6].
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EDC, /dff SIM, rjff  FEM, fff
TEy
Air 3.469554 3.468094 3.468184
Si02 3.469567 3.468128 3.468217
N2 3.469593 3.468201 3.468318
TMy
Air 3.469150 3.467784 3.467874
Si02 3.469174 3.467823 3.467973
N2 3.469222 3.467905 3.468049

Table 3.3: Effective propagation constants Vff = P/ko (dimensionless) obtained by using
SIM. Results are compared with those obtained by the EDC and FEM (benchnark). Res-
ults for three different cladding materials (air, Si02, N2) are reported, for both TEy and
TMy polarisation.

x (micron)

Figure 3.5: Rib waveguide: SIM computed contour plot of the field amplitude profile for the
fundamental mode, in Arbitrary Units (A.U.).
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Figure 3.6: Comparison of the effective propagation constant, /?// = P/k0 (dimensionless),
obtained by applying the EDC and the SIM: (a) the width of the rib, w, is varied, (b) the
height of the rib, h, is varied.

3.51 Waveguide coupler

Another important application where the use of the SIM is relevant since the EDC becomes
inaccurate is the waveguide coupler, [5]-[7]. A two ribs waveguide coupler, with center-to-
center distance of T = 2.48/im, Fig. [3.7], and same parameters as for the rib above, is
analysed.

The Spectral Index Method can be easily extended to the coupler configuration by repla-

cing the expression (3.6) of the field inside the single rib with

( Alcos mfci MLx+  (-w - T)l2<x<{w- T)/2

Fk(x) = \ Alcos -QizpE{x- T/2) (T- w)i2< x< (w+ T)/2 for symmetric modes

lo elsewhere
[ Alcos 12)] {-w-T)/2<x<|[w- T)/2

Fk(x) = v Aisin &t(z-T/2)' (T—w)/2 <x< (w+T)/2 for anti-symmetric modes
[o elsewhere

(3.22)
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Figure 3.7: Structure of a two ribs waveguide coupler.

The field representation in the region below the ribs remains the same as in eqn. (3.11),
i.e. Fourier transformed along x, because of uniformity.

Results obtained by using SIM, EDC and FEM are compared in Tab. [3.4], for TEy polar-
isation and different cladding materials. The waveguide coupler is characterised by two
mode solutions, namely the symmetric and the anti-symmetric modes, with correspondent
propagation constants, (3sym and (&3/me Typical field amplitude profiles for the symmetric
and the anti-symmetric modes of a coupler are shown in Fig. [3.8].

If an input field is launched into one of the two ribs, this field will gradually couple to the
secon rib. After a certain distance, L (coupling length), the field is entirely transferred to

the second rib, [6],

Wsym  Hasym) L =M %

Although both EDC and SIM provide values of (3which are sufficiently accurate and com-
parable with the FEM, the EDC becomes inaccurate for the estimation of the coupling
length. Indeed, to obtain accurate difference between the two propagation constants,
(Psim - Pasym)» is particularly important rather than the accuracy of the values of the
propagation constants themselves. This feature can be better appreciated by referring
to Tab. [3.4], and taking the FEM results as the "benchmark”. If EDC produces (3which is
in error by 0.03% from the benchmark, it leads to an error in the range of 20% in the coup-
ling length. The SIM produces a far better accuracy in 77// which translates to a typical

error of 0.02% in the coupling length.
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Figure 3.8: Coupler waveguide: SIM computed contour plot of field amplitude profile, in

Arbitray Units (A.U.): (a) symmetric mode, (b) anti-symmetric mode.
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EDC, TFf SIM, rjff  FEM, jjff

symmetric mode: /3sym /k 0

Air 3.469805 3.468381 3.468506
Si/Sio 2 3.469805 3.468309 3.468403
N2 3.469805 3.468275 3.468370
anti-symmetric mode: /3asym /k0

Air 3.469307 3.467978 3.468100
Si/SiO2 3.469307 3.467907 3.467999
N2 3.469307 3.467872 3.467964
coupling length (*m), L

Air 1559 1922 1910
Si02 1559 1924 1920

N2 1559 1924 1911

Table 3.4: Effective propagation constants /3/ko and coupling length of a coupler wave-

guide, for different cladding material.

44



Bibliography

[1] Robson P.N., Kendall P.C., "Rib Waveguide Theory by the Spectral Index Method”,
RSP, England, 1990

[2] Stern M.S., Kendall P.C., Mcliroy PW.A., "Analysis of the Spectral Index Method for
Vector Modes of Rib Waveguides”, IEE Proc., Part J, V.137, No.1, 1990, 21-26

[3] Mcliroy PW.A,, Stern M.S., Kendall P.C., "Spectral Index Method for Polarised Modes
in Semiconductor Rib Waveguides”, J. Lightwave Technol., V.8, No.1, 1990, 113-117

[4] Kendall P.C., Stern M.S., Burke S.V., CPlanar "Waveguide Analysis by the Spectral
Index Method. I: Rib and Uniformly Buried Waveguides”, Opt. Quant. EI., No.25, 1993,
771-787

[5] Ng W.-C., Stern M.S., "Analysis of Multiple-Rib Waveguide Structures by the Discrete
Spectral Index Method”, IEE Proc., Optoelectron., V.145, No.6, 1998, 365-371

[6] Marcuse D., "Theory of Dielectric Optical Waveguides”, Academic Press, NY, 1974

[7]1 Ng W.-C., Chua S.-J., "The Design of a Twin-Rib Waveguide Optical Switch by the
Discrete Spectral Index Method”, Microw. and Optic. Tech. Lett., V.18, No. 5, 1998,
337-338

45



Chapter 4

Field propagation in tapered deep
ridge waveguides

As stated in Chapter 2, in the case of longitudinally non-uniform waveguides the electric
field can not be written as in eqn. (2.14) and therefore the propagation can not be described
as an eigenmode problem. It is then necessary to solve the more general Helmholtz’s
egn. (2.10) to determine how a transverse field profile, given at a specific initial point,
propagates along the structure. In this chapter an approximate method is suggested for
solving a two-dimensional taper waveguide by using the concepts of the Spectral Index
Method adapted to the present geometry.

41 Taper deep ridge waveguide

The analysis is focused on evaluating optical (electromagnetic) wave propagation in lin-
early varying rib waveguide (taper), Fig. [4.1]. It is also assumed that the refractive index
step between the core and the surrounding cladding is large (deep ridge).

For this structure the width of the tapered rib changes linearly along the (longitudinal) z
w(z)

cladding

core

substrate

Figure 4.1: Structure of a linearly tapered rib waveguide.
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direction, varying from an initial aperture, wo, at one edge of the taper, to a value of w(z),
at any distance z:

w(z) = wo + 2(tan#0)2 (4.1)

9qis the half-angle of the taper.

Because of the large refractive index step between the core and the cladding the taper rib,
in region A, is replaced by an effective (tapered) rib surrounded outside by zero electric
field, Fig. [4.2]. The extra dimensions dn, df, of the effective rib are the same as those
introduced in Section 3.1, eqns. (3.3), (3.4).

Similarly to the uniform waveguide case, in Chapter 3, the replacement of the actual rib

K E=0
cladding 'H 1 A /Z effective rib

actual rib
*1: B

substrate T|j

Figure 4.2: Linearly tapered effective rib.

with an effective rib introduces evanescent boundary conditions. Therefore, for weakly
varying tapers, i.e. dze « 0, it is possible to uncouple the transverse electromagnetic
field components. The vectorial field analysis is thus reduced to the solution of the scalar
Helmholtz’s eqn. (2.10) applied to the Ey and Hy components separately, for TM y and
TEy polarisation, respectively, as described in Tab. [3.1].

Moreover, in the case of small angle € (slowly varying taper) it is convenient to separate
the slow and the fast variation of the field expression, as introduced in Section 2.6.2, and

solve the paraxial wave equation (2.19) rather than Helmholtz’s equation (2.10):
E(:r,y,2) = F(x, Y, z) *exp(-ipz) (4.2)

with F(x, y,z) the slowly varying term and p the fast propagating term. Henceforth in
the present chapter the analysis is directed to tapers with small flare angle y (adiabatic),
which satisfy the paraxial conditions (2.17)-(2.18).

Similarly to the SIM, the analysis of the waveguide is sub-divided in to two regions, namely
inside the rib (region A), and underneath the rib (region B), Fig. [4.1]. Following the same
approach as the SIM, the field in region B is Fourier Transformed along the x axis, while
a convenient functional form is specified for the field inside the rib. Since this functional

expression determines and “drives” the spatial distribution of the field in the bottom region
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B, the choice of the expression of the field inside the rib must be judicious.

As initial field a bound mode of the uniform input rib waveguide (connected to the taper
section) is launched into the taper, Fig. [4.1]. Because the input waveguide is longitudinally
uniform it supports mode solutions and it is reasonable to analyse specifically how each of
these modes propagate along the tapered section.

4.2 Modal expansion inside the rib

Inside the rib (region A), Fig. [4.1], the slowly varying function, F(z,y, z), is expressed by
using the same metal-like modes, egn. (3.6), as for the longitudinally uniform case, but
including the variation of the rib width explicitly inside the functional form of such modes.
Thus, assuming that the argument of the cosine functions varies along z, accordingly to
the variation of the taper width, w(z), the electric field, inside region A, is expressed as

Fy(z,y,2) = ZA’“ Y, Z) - COS [(2k Zz;) :z:] (4.3)

The basis set of functions

cos [%{me] k=12,... (4.4)
is not complete. However, since it is expected that the field profile varies similarly to such
functions, the assumption (4.3) seems physically reasonable. The expression (4.3) thus
constitutes an "educated” approximation of the field, which satisfies in approximate terms
the wave equation for the given taper geometry.
The longitudinal, z, and lateral, z, directions are linked explicitly through the terms (4.4)
to include the effects of the taper, but the longitudinal dependence is retained even in the
coefficients Ax(y, z), in order to maintain the field representation as general as possible.
As a first approximation it is considered only one term of expansion (4.3), similarly to what
assumed in the SIM for uniform waveguides, i.e.,

Fa(z,y,2) = H(z,z) - G(y) = a(z) - cos {wzrz) x] -G(y) (4.5)

Since only one specific bound mode of the input waveguide is launched into the taper the
choice of only one term in eqn. (4.3), i.e. the term corresponding to such mode, is sufficient
to describe the field. In fact, the adiabatic property of the taper does not alter significantly
the shape of the propagating field profile from that of the initial field.

It must be emphasised that the cosine term alone in eqgn. (4.5) is not sufficient to describe
the entire nature of the propagation because, then, the total power transmitted across the
cross-section at any z will not be the same as that transmitted across any other cross-
section at a different value of z; thus the term a(z) is necessary in eqn. (4.5) to account for
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longitudinal power conservation.

4.3 The slowly varying term q(z)

By inserting expression (4.5) into the paraxial wave equation (2.19) it is possible to de-
termine a functional form for the slowly varying term a(z) as

1 . ,
a(z) = exp ( - z%z) q=qr—1iqs (4.6)

Vuw(z)
with p the fast propagating term and ¢ a complex constant. The entire derivation of
eqn. (4.6) is given in Appendix D.
An initial arbitrary but reasonable value for the fast propagating term p is chosen and, con-
sequently, the values of the slowly varying term a(z) are determined.
gr describes the phase correction to the arbitrarily chosen fast propagation p, so that the
total phase variation p + gr/p satisfies the taper geometry.
The amplitude term of a(z):

—u _a
€xXp z ex z
(-%2) _ exp(-%2) “n
Vw(z) Vwo + 2(tan 6p)z
accounts for the field amplitude decrease as it propagates longitudinally. The form (4.7)
is in accordance with the fact that a diffracting field decreases as ~ % This specific

behaviour complies with the principle of energy conservation over the cross-section at any

z.

4.4 Modal expansion underneath the rib

Below the rib, y < 0, region B in Fig. [4.1], the structure of the waveguide is the same as
the longitudinally uniform waveguide. A more general expression for the field can be used
and it is not necessary to specify explicitly the dependence between z and z directions,
as done for the rib part in egn. (4.5). Any effect due to the presence of the taper in the
top region will be enforced by the functional form (4.5) and by satisfying the continuity
conditions at the common interface, y = 0. The term a(z) is maintained explicitly only for
convenience, together with the fast propagating term, p, as follows,

EB(-’E, Y, Z) = FB(‘T? Y, Z) ' exp(_ipz) = a(z) : L(.’E, Y, Z) ’ exp(-—-z'pz) (48)

Similarly to the analysis of a longitudinal uniform waveguide, here too the field is Fourier
Transformed along the z axis and solved in the spectral domain, s,

+oo
Fols.,2) = [ Fals,u,2) - explisn)de = a(s) - £(s,3,2) 4.9)

—00
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with L(s, y, z) the Fourier Transform of L(z, y, z) with respect to z.
Making use of eqn. (4.9) the paraxial wave eqgn. (2.19) becomes

. da(z)

o*L
(8, Y, z) -a(z)+[k(2)€—$2 _p2] .[:(s,y, z) -a(z) = 2ip dz

Oy?

L(s,y,2)+2ip -a(z)
(4.10)
The two terms on the right-hand-side of eqn. (4.10) account for the effects of the taper. Of

these two terms the second is neglected, i.e.,

0L(s,y,2)
Oz

0L(s,y,2) _ OL(s5,9,2) _
52 = 5% ~0 (4.11)

This assumption can be justified because both the amplitude and the (small) phase per-
turbation due to the taper are described by the term a(z) in the top region, where the taper
occurs, and there are no other non-uniformities beneath the rib which generates longit-
udinal field variation in excess to that produced by the taper rib. Thus any field variation
occurring in the bottom part is due to and determined by the top part.

A physical interpretation of eqn. (4.10) can be given by regarding the left-hand side (LHS)
terms as a longitudinally uniform waveguide equation similar to eqgn. (3.13). The right hand
side (RHS) can be regarded as a perturbation term to the uniform propagation. Thus, by
assuming that % ~ 0 the perturbation effect is dictated only by the presence of the taper
in the top part.

The term a(2) and its derivative in eqgn. (4.10) are estimated by making use of the expres-
sion (4.6). Therefore it is possible to determine an analytic form for the term L(s,y, z)

as
L(s,9,2) = Bi1(z) sin(kepy) + B2(z) cos(kapy) —d<y<0 core (4.12)
C1(z) exp(k3pYy) y < —d substrate
‘with k2 and ksp given by:
. 0
kop = koer — 8" — p + dip st — g (4.13)

kip =P + 5% — kjes — dipH% 1 g

and B,, Bs, C; coefficients to be determined by applying the boundary conditions at the
common interface y = —d.

4.5 Interface conditions

The solution of the entire field is uniquely determined by enforcing the interface conditions
at the common planes y = 0 and y = —d, Fig. [4.2]. Similarly to the SIM at y = —d it must

be
afB(Sa —d_,Z) _ aFB(Sv —d+7z)

—d- — —dt
fB(S) d ,Z) b]:B(s) d 7Z) 0y ay

(4.14)
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with b =1 for TE, and b = €3/¢3 for T'M,, polarisation.
The continuity of the field at the bottom of the rib region, y = 0, Fig. [4.2], is enforced in
the spectral domain

w/2 w/2
Fy(z,y,2) - exp(isz)dz = H(z,z)-G(y = 0) - exp(isz)dz = Fp(s,y =0, 2)

—w/2 —w/2

(4.15)
Differently from the uniform waveguide the conditions (4.14) and (4.15) are z dependent
and yet must be satisfied at any value of z. This requirement is accomplished in exact
terms since it is automatically built in the method. In fact, the same way as these conditions
were satisfied for each value of the spectral variable s in the case of the uniform waveguide,
eqgns. (3.17), (3.20), now they are satisfied for each value of the spectral variable s and the
longitudinal variable z.
As final condition the continuity of the field derivative is required at the bottom of the rib. Of
course, since the field inside the rib has been approximated with an expression that does
not satisfy exactly the wave equation it will not be possible to accomplish such condition in
exact terms. However this limitation is overcome by applying a variational technique.

4.6 Variational analysis

The fast propagating term p, egn. (4.2), is fixed in order to assign, as initial condition, a
mode of the input waveguide. Therefore, the only term undetermined in the field expres-
sion, E(z,v, z), is the term a(z). The variational technique is applied by adjusting the
slowly varying term a(z) with the intent of minimising the field derivative mismatch. As
derived in Appendix C, the variational form for a tapered device is given by, eqn. (C.18),

/+m/+w [F* aFA(iE, y= 0+7 Z) —F* aIFB('/L‘a y=07, z)]d$d2+ fffV zipFZ,BazFA’dedydz —
—o0 Jzo A dy B Ay Iffy FapF} pdzdydz
(4.16)

The first integral in egn. (4.16) is similar to the variational expression for the longitudinally
uniform rib waveguide, eqn. (C.6), [3], and accounts for the field derivative mismatch at the
base of the rib. The second integral is due to the presence of the taper and describes the
fraction of energy that is lost by the initial mode as it propagates along the taper (i.e. coup-
ling to other guided or radiated modes). Since the expression (4.5) chosen for the field is
not enough to describe any other modes, but the mode launched at the beginning of the
taper, the second integral is essential to represent (as a global effect) such other modes
(guided and radiated), so that the total transmitted energy is conserved at the transverse
cross-section, for any z, [2].
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4.7 Choice of the fast propagating term p

The value of the fast propagating term p in egn. (4.6) must be chosen much larger than
the phase correction, i.e. p > qr/p, so that a(z) satisfies the slowly varying condition. In
order to assign as initial field a mode of the uniform input rib waveguide it is necessary to
chose p as the value of the propagation constant 5 of such mode. In fact, at z = 0 the
phase correction term ggr/p vanishes and, if p = §-the expression of the field inside the rib
region, eqn. (4.2), is equivalent to that of the uniform waveguide, egn. (3.7).

4.8 Results: optical field distribution

The model suggested here in Chapter 4 is applied to deep ridge adiabatic taper wave-
guides with different flare angle; the dimensions and the refractive indices are summarised
in Tab. [4.1].

The fundamental mode of the straight input rib waveguide is launched as initial field along

/\() = 1.55,um
w=352um d=2.64um h=1.63um
m=1(Air) 1y =34764 73 = 1447

Table 4.1: Parameters for the tapered rib waveguide analysed.

the tapered device. The propagation constant of such a mode is obtained by applying the
SIM, Tab. [3.3].
Figs. [4.3b-c] show how the field Ey(z,y) launched at z = 0, Fig. [4.3a], spreads out as it
propagates along the taper. However, further along z, as the waist of the taper becomes
larger the ridge tends to confine the field more in the lateral « direction. The increase of
the ridge width in effect increases the horizontal confinement of the field (same as in slab
waveguides), considering that both the etch depth and refractive indices are kept constant.
The field in region A is always entirely confined inside the ridge, as enforced by the as-
sumption of external zero electric field. The total field confinement inside the top region
and the gradual broadening of the field in the region underneath can also be observed in
the longitudinal contour plots, Fig. [4.4].

4.8.1 Comparison with BPM and LME methods

In order to test the accuracy of the present model results are compared with those obtained
by Yamauchi et al., [5], by applying a Finite-Difference BPM algorithm (Section 2.8.4). The
taper structure analysed has a flare angle of 8, = 0.5° and the field is propagated for a
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Figure 4.3: Field profile contour plot, in Arbitrary Units (A.U.), at different transverse cross
sections, Fig. [4.1]: (a) z = 0, initial field the input rib waveguide; (b) 2 = 50nm\ (c)
z — 100fim. Angle 00= 2°.
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Figure 4.4: Field profile contour plot, in Arbitrary Units (A.U.), at different longitudinal cross
sections, Fig. [4.1]: (a) top rib region A, y = 0.5pm\ (b) bottom region B, y = -0.5/,m.
Angle 60 = 2°.

54



distance of 50//™; the material refractive indices are: 72 = 3.44,773 = 3.40. Because of the
small refractive index step between the core and the substrate there is less field confine-
ment in the vertical direction, and the field spreads more into the substrate layer.

Fig. [4.5] shows that field profiles at the output of the guide obtained by the two differ-
ent methods are similar. In both cases the adiabatic taper retains the single peaked pear
shape of the field, centred at the same location in the middle of the core region. The two
profiles are normalised in amplitude, so that the lateral spreading at the two sides of the

rib can be compared.

x (micron)

Figure 4.5: Comparison of results with BPM. Field profile contour plot, in Arbitrary Units
(A.U.), at the output transverse section of the taper, (a) present model; (b) Beam Propaga-
tion Method. Angle 00 = 0.5°.
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Results are also compared with those obtained by using the Local Mode Expansion tech-
niques (Section 2.8.3). Fig. [4.6] compares the field longitudinal contour plot in the bottom
region. Both methods predict the increasing lateral confinement of the field as it propag-
ates along the longitudinal direction, z.

The comparison of the computational runtimes shows that the present method is faster
than both the FD-BPM and LME methods. More specifically, in the case of FD-BPM and
LME the structure is divided longitudinally in N sections (the larger the number N the more
accurate being the results) and the field is computed for each section. In the case of the
present method the field is computed overall the entire device in only one computer cycle.
Therefore the FD-BPM and LME require a computational time of the order N times longer
than the present method.

4.8.2 Effect of taper angle on propagation

Optical propagation in different angle tapers are solved in order to examine how the same
field launched at the start of the taper propagates in the structure. Three taper angles are
chosen for comparison, 6, = 0.1°, 2°, 5°, each small enough to ensure that the paraxial
approximation is valid.

When the angle is small, §p = 0.1°, Fig. [4.7a], the field approaches the propagation in
uniform media. Conversely, with a large angle, 6, = 5°, the effects of the taper are more
evident: in one hand the waist of the field increases as the waist of the rib is increased,
but, on the other hand, the taper enforces more lateral confinement in the bottom region,
Fig. [4.7c].

The dependence of the field propagation on the taper angle can be quantified by consid-
ering the values obtained for the parameter ¢ in the slowly varying term a(z), eqn. (4.6).
Tab. [4.2] describes how larger angles require higher correction terms to the chosen fast
propagation term p = 3. The values of ¢ act on both amplitude and phase of the slowly
varying term, F'(z,y,z). However, the effect on the phase is small compared to the fast
variation, so that the slowly varying approximation is valid: in fact, examining the values of
gr in Tab. [4.2] it is always qr/p < p. Regarding the amplitude of a(z), eqn. (4.7), the de-
cay is larger in taper with larger angle, i.e. amplitude of ¢ increases with the angle. Since
in a large angled taper the field waist broadens faster the amplitude decay must follow
accordingly in order to ensure the conservation of transmitted energy at any transverse
cross-section, (z = const).
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Figure 4.6: Comparison of results with LME method. Field profile contour plot, in Arbitrary
Units (A.U.), at the longitudinal cross section underneath the rib, y = -0.5p,m Fig. [4.1].

(a) present model; (b) Local Mode Expansion method. Angle 90 = 2°.

p = 14.5197

angle xR Q
0.5° 0.257 0.054
2° 0.298 0.149
5° 0.308 0.221

Table 4.2: Values obtained for g—qR + % at different taper angles.
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Figure 4.7: Field propagation for different taper angles. Field profile contour plot, in Arbit-
rary Units (A.U.), at the longitudinal cross-segtion y = -0.5pm. (a) 00= 0.1°; (b) 60 = 2°;
(c) @M= 5°.



4.8.3 Total longitudinal phase variation

An indirect test for the validity of the model can be pursued by examining the total longit-
udinal phase variation along the z direction. According to the expression utilised for the
field inside the rib region, eqns. (4.2), (4.5), (4.6), the longitudinal phase variation is given
by the contribution of two terms: (a) the fast propagating term p, (b) the phase part of the

slowly varying term a(z), i.e. qrR/p. Therefore, the total longitudinal phase variation is
%ot = P+ qR/p (4.17)

In the limit case of uniform waveguide, Fig. [4.8a], (flare angle 0O = 0°) the longitudinal
phase constant is equivalent to the propagation constant, $tof = P- The opposite limit
case, with flare angle 00= 90°, Fig. [4.8b], is equivalent to the propagation of the initial field
EO(x,y) into the half space region 2 > 0, made of the vertical layer sequence cladding-
core-substrate. This sequence constitutes a longitudinally uniform slab waveguide and,
hence the total phase 4fof can not exceed the effective propagation constant of such slab
waveguide. The total phase variation for all other angles lie between these two limit cases,

Fig. [4.9].

cladding

substrate

(@)

cladding

core

substrate

Figure 4.8: Limit cases for the flaring angle, (a) 60= 0°; (b) 60 = 90°
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Figure 4.9: Total phase, (ffou of the propagating field for different flare angles. The total
phase varies between the uniform waveguide propagation constant and the half-space

phase propagation (asympotically).

4.9 Y-junction waveguide

The method presented in this chapter for solving tapered devices can be extended to Y-
junction configurations, Fig. [4.10]. The inclusion of the two arms is similar to the extension
of the Spectral Index Method for a longitudinally uniform single rib waveguide to a two ribs
waveguide coupler, presented in Section 3.5.1.

In the present case each mode, symmetric and anti-symmetric, is launched separately

w

Figure 4.10: Structure of a Y-junction waveguide.

from the uniform input rib waveguide at the start of the Y-junction, z —o. The total optical
field propagating along the two arms is then obtained by adding the two field profiles,

calculated separately. The field inside the top part is approximated with the expression
Ea(x>y, z) = FA(x,y,z) "exp(-ipz) = a(z) wf{x, 2) +G(y) -exp{-ipz) (4.18)
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with

(A cos _(Qk_l)"(:v+T/2)1 (—w-T)2<z<(w-T)/2
f(z,z) = Ajcos -(Qk Lr = (g — T/2) T-w)/2<z<(w+T)/2 for symmetric fields
L 0 - elsewhere
( Ajcos [2hUn (z+T/2) (~w-T)/2 <z < (w-T)/2
f(z,2) =< A;sin —21’3)" (z — T/2)] (T-w)/2<z<(w+T)/2 for anti-symmetric fields
L 0 . elsewhere ‘
(4.19)
The slowing varying term a(z) is determined in Appendix D, and given by
.q .
a(z) = exp ( — zz—)z) q=qr—1iqr (4.20)

gr describes the small phase correction to the arbitrarily chosen fast propagation p, and
qr the amplitude decrease as the field propagates longitudinally.

The field in the region below the rib is Fourier transformed along z, the same as de-
scribed in eqgns. (4.8), (4.9) for the tapered geometry. The boundary/interface condi-
tions and the variational expression are similar to those applied in the taper waveguide,
i.e. eqns. (4.14), (4.15), (4.16).

An example of field propagation, for a Y-Junction rib waveguide with parameters as given
in Tab. [4.1] and an angle 8, = 2°, is shown in Figs. [4.11], [4.12]. A symmetric field
is launched at the start of the Y-junction, from the uniform input waveguide, Fig. [4.11a].
The field splits and propagates equally between the two arms, decreasing in amplitude,
Fig. [4.12], because of coupling to other modes (radiative). Although the radiated modes
are not explicitly accounted for, their effect is included implicitly in the variational expres-
sion (4.16), so that the slowly varying term a(z) is determined accordingly.
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(@)

Figure 4.11: Y-junction structure. Field profile contour plot, in Arbitrary Units (A.U.), at
different transverse cross sections, Fig. [4.10]. (a) z — 0, initial field fed by the input rub

waveguide; (b) z= ZZr \(c) z = 66pm. Split angle, Oy = 2°.
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Figure 4.12: Y-junction structure. Field profile contour plot, in Arbitrary Units (A.U.), at
different longitudinal cross sections, Fig. [4.10]. (a) top rib region, y = 0.5 m; (b) region

below the rib, y = -0.5ym. Split angle, 00= 2°.
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4.10 Quasi-modal propagation in taper rib waveguides

The Spectral Index Method determines, under some approximations, the eigenmode solu-
tions of longitudinally uniform rib waveguides, by expressing the field inside the rib region
in terms of metal-like rectangular waveguide eigenmodes. In fact, because of the effective
rib with zero electric field outside, Fig. [3.2], the two vertical walls of the rib can be seen as
parallel metal plates, which admits eigenmodes of the type described in eqn. (3.6).

In the case of a taper waveguide, Fig. [4.2], the effective rib is equivalent to a metal-like
horn waveguide. Since metal horns admit eigenmode solutions it could be argued that, by
applying the éame cdnéepts as in the SIM the field inside a tapér deép ridge could be ex-
pressed in terms of metal horn eigenmodes. However, if by using metal horn eigenmodes
it is still possible to determine eigenmode type solutions in a taper rib waveguide is not
entirely clear, and certainly needs more investigation.

In this section a preliminary analysis is attempted to investigate the possibility of solving
taper waveguides in cylindrical coordinates, by applying metal horn eigenmodes. The the-
ory presented here does not aim to be exhaustive, but mainly to introduce material for
possible further developments and discussions.

4.10.1 Mode solutions of a metal horn

As introduced in Section 2.5, the distinct feature of eigenmode solutions is the fact that they
can be expressed as products of factors with separated variables, i.e. the transverse, z
and y axes are separated from the longitudinal z axis, egn. (2.14). This feature is valid even
for fields propagating in a metal horn of sectoral shape, Fig. [4.13]. In fact, the field in metal
horns can be expressed as separate factors of the transverse axes, 8 and y, and the radial
direction, r, [6]. However, in order to obtain an analytic solution for the eigenmodes of a
sectoral horn it is necessary to solve the general wave equations (2.6), (2.7) in cylindrical
coordinates, (r, 8, y).

As explained in Section 2.4, the electromagnetic field in cylindrical coordinates can be
easily solved, in scalar form, if eqn. (2.6) is solved for the vertical component of the electric
field, E,, or eqn. (2.7) is solved for the vertical component of the magnetic field, H,, (T'M,,
and TE, polarisation, respectively). For T'M,, polarisation the wave equation is, thus,

O’E, + 10E, + l82Ey ’E,
or2 r Or 1?2 962 dy?
Solutions of eqn. (4.21), with reference to Fig. [4.13], are, [7], [6]:

Emn(r,0,y) = cos [Me} - COS (% ) . { H,%:(knr) } (4.22)

+ + ko%eE, =0 (4.21)

8o H) (k,7)

the two indices, m = 0,1,2,... and n = 1,2, ..., are the azimuthal and the vertical mode

numbers, respectively; H,El), @ are the reverse and forward travelling Bessel functions
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Figure 4.13: Structure of a sectoral metal horn.

of the third type (or Hankel functions); v = =P 1# indicates that the Hankel functions are
of fractional order; k\ = k% - )2 is the radial wavenumber. The set of eqns. (4.22) are

orthogonal and complete and are not valid at the apex, r = 0.

4.10.2 Field expression inside the rib

Similarly to the SIM for uniform waveguides, the analysis of the field in taper rib wave-
guides is subdivided in two regions: inside the taper rib and below the rib.

After replacing the actual rib with an effective taper rib, thus introducing metal-like bound-
ary conditions, the field, EA, inside the rib can be expanded, alongthe azimuthal axis, in

terms of metal horn modes, eqn. (4.22),

oo

Ea= cos ™" "7 wG(y)e aiHA(kr) + a2H(kr)

In the case of a metal horn the forward and reverse travelling solutions are not coupled, so
that they can be used separately and independently from each other to represent an exact
mode solution of the horn. In the present case of taper rib waveguide, since the rib region
does not have metal-like boundary conditions at the bottom surface, y = 0, Fig. [4.2],
the forward and reverse travelling waves are, in general, coupled. However, because the
analysis is focused only on adiabatic tapers, it is assumed that the coupling is small so
that the forward and reverse travelling waves are still treated separately. Moreover, as first
approximation, only one term of the expansion (4.23) is considered at a time. Thus, for

m = 1, the electric field inside the rib region is



with & the radial wavenumber to be determined.
Inserting the expression (4.24) in the wave eqn. (4.21) gives

2P 1 dH(2) 42 G
G + -~ C) + (koe - —~)H(2)G( ) + (y) S g@ —¢ (4.25)
utilising separation of variables conditions, yields
CHP (kr)  1dHP (kr v
er( ), - dr( )} (kge - a2)H§2)(kr) - ;ny)(kr) =0 (4.26)
d2G
dygy) = —a?G(y) 4.27)

Egn. (4.26) is the Bessel equation, with k2 = k2e — o?.
Eqgn. (4.27), together with the boundary condition at the top of the rib, E4(r,0,y = h) = 0,

Fig. [4.2], provides the expression for G(y) as
' sina(h —
Gly) = Snalh—y) (4.28)

sin ah

4.10.3 Field expression in the region below the rib

The region below the rib, y < 0, is uniform along the radial and azimuthal axes. A general

field expansion is:
+o0

Ep =) Am(r,y)cos(m) (4.29)

m=0
Inserting egn. (4.29) in the cylindrical wave equation (4.21), and considering the fact that
the cosine functions are orthogonal, produces
2 18A 2 2
0°Apm 8m+(k(2)6 m 0°Am

52 7 or _r_2)Am+ Oy? =0 (4.30)

form=0,1,2,....
The functions A, (r,y) can be expressed by using the Hankel transform, [8],

+o0
Am(r,y) = /0 kG (ks y) - H? (kmr)dkm v = 5 (4.31)

Inserting the expansion (4.31) in eqgn. (4.30), and interchanging the integral and the deriv-
ative operators, yields

+o0 2 77(2) g2 2
/ ko [ﬁfv_gm pldi L (kge - m—Q)Gme) &Gm H<2)] dkm =0 (4.32)
0 r dr r oy?

+ d’l"2 Yy
Because of Bessel’s equation

PHP (kpnr)  1dHP (kpr) , VP
v - v — _ (2)
s 2 I — (2 — 2 HE () (4.33)
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eqn. (4.32) can be rewritten as

+oo
/ o (kge-kfn)GmH52>+(
0

—+

)G H® + aaa’”Hf)] dkm =0  (4.34)

Eqn. (4.34) can be simplified by applying the orthogonality condition, [9],

b _ 0 km # &
r - HO (kpr)H® (kppr)dr = _ mrom 4.35
[ HO ) B Gryar = 2T (4.35)
with 0 < a < b and
2 , 2 b
I(km) = [SHH (k) + (1 = ) HE (ar)} (4.36)
2 ka a

Therefore, multiplying eqn. (4.34) by H ,@(Emr), integrating between the start of the taper
r = rg and r = +oo and using the orthogonality eqn. (4.35), eqn. (4.34) becomes

WKTMH(k%e—%%)[(l?;m)Gm(l_cm, y)+i /0 jw ko (V2—=2) I (k) G (i ) Al
(4.37)

with -
J(km) = / %-H,?)(kmr)H,(?)(l—cmr)dr (4.38)

T0

The integral in eqgn. (4.37) represents the coupling between different terms, G, (kmy), due
to the presence of the top sectoral rib.

In the set of eqns. (4.37) the functions G.,(kn,y) and the constants k,, must be de-
termined, for m =0,1,2,.... In principle, such unknown quantities can be determined
by solving the interface/boundary conditions and by assigning an initial field profile for the
propagating field. However, it is cumbersome to determine a direct quasi-analytic link
between the initial field profile and the values of G,,, and k.

In order to maintain a quasi-analytic approach to the problem an approximation for the field
expression in the region below the rib is invoked. Each coefficient, A, (r,y), is approxim-
ated by using only one spectral term, G, (kn,, y), of the Hankel Transform (4.31). In partic-
ular, the term corresponding to the radial wavenumber & of the top region, eqn. (4.24), i.e.
k? = k%e — o2, is chosen. With this choice the coefficients A,,(r,y) in eqn. (4.31) become

Am(r,y) = Gk, y) H? (kr) (4.39)

and, consequently, the field expansion (4.29) is

+o0
Ep =) Gm(k,y) cos(mb)H? (kr) (4.40)

m=0
It is important to note that although in each term of the expansion (4.40) the transverse
spatial variables are separated, the entire expression of the field, E g, does not have sep-

arated variables. The expression for G,,,(k,y) is determined from eqn. (4.37), which, with
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the present assumption, i.e. k,,, = k, reduces to

%I(k) + (kge — k) I (k)G + (V2 ~ m?)J(k)Gm =0 (4.41)

Solutions of eqn. (4.41) are

B sin(k B k —-d<y<0
Gk = 1 sin(kymy) + Ba cos(kymy) Y core (4.42)
C1 exp(T'ymy) y < —d substrate
with ky,,, and I'y,,, given by:
k2 — k2e —k2+(v2—m2)J—(kl
ym 02 I(k
A (4.43)

Lo =k — kfes — (V2 —m®) 35

~1

and B, By, C; coefficients to be determined by applying the boundary conditions at the
common interface y = —d. The solution in the substrate, y < —d, is such that the field is
guided inside the core and vanishes at y = —o0.

The continuity of the field is also ensured at the bottom of the rib, y = 0, i.e., by using
eqgn. (4.24), (4.28), (4.40),

400
Ea(r,0,y = 0) = cos (%G)H,S"’)(kr) =S Gulk,y = 0)cos(mf) HP (kr) = Eg(r, 6,y = 0)
m=0

(4.44)
Similarly to the SIM for uniform waveguides, the continuity of the field derivative can not
be ensured (Section 3.4), and a variational analysis is therefore applied

ot OFEA(r,0,y =0%) . OEg(r,0,y =07)
/_ ) / 0 [EA 3 ~E} 5 ]dadr =0  (4.45)

The main difference between the variational expression (4.45) and the expression used
in (4.16) to solve the taper waveguide propagation in Cartesian coordinates, is that the
second term in (4.16) is not needed in the present case. In fact, the energy conserva-
tion is ensured automatically by the type of function chosen to describe the longitudinal
propagation, i.e. Hankel function, eqn. (4.24), rather than plane wave function, eqn. (4.2).
In Cartesian coordinates the variational analysis is applied to minimise the field derivative
mismatch at the base of the rib and to ensure energy conservation as the field propagates
longitudinally. In Cylindrical coordinates the variational analysis is invoked only to minimise
the mismatch of the field derivative at the base of the rib. Thus, for taper waveguides, the
choice of Hankel functions to represent the field inside the rib is more appropriate than to
approximate the field with sine/cosine plane waves as in Cartesian coordinates. Moreover,
in the Cartesian coordinates case the fast propagating term, p, was chosen to assign the
initial propagating field, and the variational expression (4.16) was used to obtain the (com-
plex) slowly varying term, a(z). Differently, the variational expression (4.45) is solved to
determine the value of the (real) radial propagation term, k.
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4.10.4 Results: optical field distribution

The taper waveguide with parameters as in Tab. [4.1] is solved in cylindrical coordinates.
Some preliminary results of the field profile are shown in Fig. [4.14]. Similarly to the field
profiles determined in Cartesian coordinates, Fig. [4.3], the effect of the taper produces an
increasing effective lateral confinement as the field propagates.

The side lobes appearing in Figs. [4.14] are generated because the expansion (4.40)

-2
x (micron)

(a)

o
x (micron)

(b)

Figure 4.14: Field profile contour plot, in Arbitrary Units (A.U.), at different transverse cross
sections, Fig. [4.1]: (a) r = 40%ra; (b) r = 400yuni. Angle (D = 2.5°.

has been truncated and the field represented with a finite number of terms, N = 50.
Fig. [4.15] shows how an expansion with too few terms generates a profile which does not

satisfy accurately the continuity of the field at the base of the rib, y = 0, with consequent
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excessive lateral spreading of the field in the bottom region.

if, in the limit case, the depth, d of the uniform core region, Fig. [4.2], is reduced to a small

100 50 O 50 100
x (micron)

(@)

100 50 0 -S0 100

x (micron)

(b)

Figure 4.15: Influence of the number of terms, N, in the field expansion. Field profile
contour plot, in Arbitrary Units (A.U.), at the transverse cross sections, r = 50/xm: (a)

N=10; (b) N=50. Angle 90 = 2.5°.

value, d —0, and the core/substrate refractive index step is chosen large, i.e. (772 - 3) is
large, then the taper rib structure resembles a pure metal horn. Results for such a case
are depicted in Fig. [4.16]. The field profile calculated is similar to a metal horn eigenmode

solution, eqn. (4.22), with the peak centred in the middle of the rib.

The above results on the field propagation solved in cylindrical coordinates are presen-
ted at a preliminary stage and need to be analysed more. In particular, it is necessary to
determine the formal connection between such results and those obtained by solving the

same taper structure in Cartesian coordinates. Nevertheless, the first inspection reveals
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Figure 4.16: Limit case structure: taper rib as metal horn. Field profile contour plot,
Arbitrary Units (A.U.), at the transverse cross sections, r = 50/im.

qualitative satisfactory agreement between the profiles obtained by the two methods.
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Part I

Injection of carriers in
semiconductor devices
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Chapter 5

Injection of carriers into
semiconductors

The first part of the thesis was devoted to describe optical propagation along planar semi-
conductor rib devices. An important requirement for optoelectronic components is the cap-
ability of altering their optical propagation characteristics. One relevant example is given
by the optical switch, whose functional purpose is to select the spatial path of the optical
signal. Similarly, a spatial modulator, for phase/amplitude modulation, requires alteration
of the optical propagation characteristics.

This requirement can be achieved by changing the refractive index of the material thus
affecting the optical properties of the device. The refractive index of a material can be
altered, for example, during the growing process, adding impurities inside the semicon-
ductor lattice to create a new alloy composition. Although this is the most effective way to
influence the refractive index, it is not convenient because it can be only achieved during
material growth.

However, alteration of the refractive index while the device is operating is more useful. One
possible way of changing the refractive index of a semiconductor device is by injecting car-
riers (holes and electrons). It is then useful to determine the carrier distribution (which in
general may not be uniform) inside the device after injecting an externally applied current.

5.1 Refractive index change in semiconductors

There are three most common different ways of altering the refractive index, n, of a semi-
conductor material:

e applying an external electric field (Electrooptic effect)
e injecting/depleting a current (Carriers induced effect)
e altering the temperature of the semiconductor (Thermooptical effect)
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The effectiviness of these methods varies accordingly to the material utilised.

Electrooptic effect (or electrorefraction) is determined by two physical effects, both gen-
erated by an externally applied electric field: the Franz-Keldysh and the Kerr effects. The
inherent on/off response time is very small (generally sub-picosecond), and limited only by
the RC time constant of the device. The modulation depends of the electric field polarisa-
tion.

In the particular case of Silicon material studies on electrorefraction have shown that the
electrooptic effect is small, especially if compared with the other two methods, [1].

The carrier induced effect can be achieved either By injection, (negative An), or by de-
pletion, (positive An), of carriers into the semiconductor. The carrier effect is determined
by three main physical phenomena: 1) free carrier absorption; 2) bandfilling; 3) Coulombic
interaction of carriers with impurities, [1], [2], [3], [4]. However, the major interest here is
the combination of all of them, in order to describe the overall effects. For many applica-
tions it is an important advantage to alter the refractive index by carrier injection because
it is independent of the polarisation of the optical signal.

In the injection case the response time is limited by the minority carrier lifetime (~ ns to
us), the depletion mode is expected to be faster because of carrier sweep out.

In Silicon the carrier injection effect has been empirically determined as, [1]:

An =~ (AN)?8 for holes

5.1
An =~ (AN)'%  for electrons (5:1)

where AN is the injected carrier density.

Thermooptical modulation is in general the slowest way of altering the refractive index. In
Silicon the depth of modulation is as effective as the carrier injection, i.e. Ap =2-10"%/K,
[5]. However, because of high thermal conductivity of Silicon it requires high power con-
sumption, so that carrier injection still remains the preferred way of altering the refractive
index.

A comparison of the refractive index change due to the three different methods is summar-
ised in Tab. [5.1], at A = 1.3um for Silicon material.
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Carrier injection

injection of holes, AN

AN = 1018cm~3 At) =
AN = 1019cm~3 Ar) =
AN = 1020cm*“3 Ay =
injection of electrons, AN

AN = 1018cm~3 Ay =
AN = 1019cra-3 Ay =
AN = 1020cm"3 Ay =

Electrorefraction
Franz-Keldysh effect

E = 75kV/cm Ay =
E = 100kV/cm Ay =
Kerr effect

A= 13fim

E = 100kV/cm Ay =
E = |OOOkV/cm Ay =
Thermooptical effect Ay =

—10-3
—3m10"3
—5+10"2

-6 *10"4
-5 m10~3
-7 m10~2

5¢10"6
1.3- 10~5

10"6
10-4
2s10~4/K

Table 5.1: Comparison of refractive index change, Ay, in Silicon by using electrorefraction,

carrier injection and thermooptical effect, at A= 1.3nm.
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5.2 Injection of carriers into semiconductors

The process of injecting carriers into a semiconductor sample can be entirely described by
the current flow continuity equations, together with Poisson’ s equation, [6]. The injection
of a current results in a net increase of carriers (hole and electron) in the volume of the
sample. However, increase or decrease of carriers from the volume is not only due to
the flow in-flow out, but also because some hole-electron pairs are generated while some
recombine. If recombination (at the rate R for unit volume) or generation (at the rate G for
unit volume) processes occur inside the region the net amount of generation per unit time
per unit volume is (G — R). '

By enforcing hole and electron particle conservation separately yields the equations for
the hole concentration distribution, p(z, y, 2, t), and the electron concentration distribution,

n(x? y’ z’ t)’ [8]’

Op 1
E——;VJP-F(G—R);, (5.2)
on 1
R (N (5.3)

with e the elementary charge constant. J, and J,, are the hole and electron current densit-
ies, respectively. It is useful to note that p and n are scalar variables while the current dens-
ities J, and J,, are vectors. The total injected current density is given by Jiot = Jp + Jn.
If pg, no, are the equilibrium concentrations, before injection, the injection of current in-
troduces excess carriers concentrations, Ap, An, so that the final carrier concentrations,
after injection, are

p=1po+ Ap n=ng+ An (5.4)

The transport of carriers is due to diffusion and conduction phenomena, [7]:
Jp = deiﬂ' + Jpcond = e(—DpvP + p,u'pE) (55)

Jn = Judig + Jncond = e(Dnvn + n/»’an) (56)

where D,, D, are the diffusion coefficients, ., 1, the carrier mobilities and E is the elec-

tric field applied across the semiconductor.

If the diffusion coefficients and the mobilities are constant substitution of the current eqns. (5.5), (5.6)
in the continuity egns. (5.2), (5.3) yields

Op

5 = DpV'P— 1V - (bE) + (G - R), (5.7)
on 2
Frin D,V*n+ p,V - (nE) + (G — R), (5.8)
The diffusion coefficients can be related to the mobilities through Einstein’s relations, [6],
D, = “”:T Dy = “’fT (5.9)
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with k& Boltzmann’s constant ! and T the absolute temperature.
Finally, the electric field, E, is related to the carrier densities through Poisson’s equation

V-Ezg(p—n—po—}-no) (5.10)

In the case of an intrinsic region the concentrations at equilibrium are py = ng = ny;
for p and n doped region it is p9 = N, (acceptor concentration) and ny = Ny (donor
concentration), respectively.

From eqn. (5.10) it is also possible to observe that any electric field variation is present
only in those spatial regions with a non zero net charge.

5.2.1 Recombination

Recombination is an important physical process in semiconductor materials contributing
negatively to the net injection of carriers as it generates losses of carriers from the conduc-
tion and/or valence band. The number of carrier involved in this process, per unit volume
per unit time, is described by the recombination rate R(n,p, T') as a function of the carrier
concentrations and the temperature.

In order to model all the different types of physical recombination it is possible to regard
the recombination rate R(n,p, T), for a fixed value of the temperature, as an expansion in
power series, [6],

R(n,p,T) = c1(T) + co(T)n + c3(T)p + ca(T)pn + e5(T)p*n + co(T)pn? + c7(T)p*n? + ...
(5.11)
Each term of this expansion represents a different physical effect; terms of higher order
represent higher order effects.
It is evident that the coefficient ¢; is zero, ¢; = 0, because there can not be any re-
combination without the presence of any type of carrier. However, in order to represent
recombination processes in eqgns. (5.7), (5.8), it is convenient to represent all the different
recombination terms in (5.11) in the same way. To each type of carrier is then associated
a lifetime constant, 7, describing the time necessary to the carrier before recombining.
Following this definition recombination rates can also be expressed as:
R, = Tl; R, = ;”; (5.12)
The lifetime constants 7, and 7, effectively represent the overall recombination processes,
and each term of eqn. (5.11) contributes, with different weights, to the values of 7, and 7,,.

As a broad convenient classification recombination processes may be subdivided in two
main categories: band-to-band and no-band-to-band recombination.

'k =8617-107%eV/K
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Band-to-band recombination

Band to band recombination occurs when an electron in the conduction band replaces
the location of a hole in the valence band, at a lower energy level, relaxing an amount of
energy equivalent to the difference between the two energy levels. It can be of two types:
radiative and non-radiative.
In the radiative process the relaxed energy is radiated out. Because the process involves
two carriers (electron and hole) it is represented through the term c4pn in egn. (5.11); ¢4 is
also known as bimolecular recombination coefficient B,.. Considering the representation
introduced in eqn. (5.12)

Ry, = Bypn = % R, = B,pn = % (5.13)
it is possible to estimate the effective radiative lifetime constants as:

1 1
=~ Bn Tn = Bp (5.14)

Tp

In the non-radiative case, also known as Auger recombination, the energy relaxed from the
electron-hole pair is passed to a third carrier. The physical process involves three carriers,
and it is thus represented by the two coefficients cs, ¢, (known as Auger coefficients) in
eqgn. (5.11). By using the form (5.12) it is

Ry = Cpp’n = z R, = Cppn® = = (5.15)
Consequently, the Auger lifetime is expressed in terms of the Auger coefficients C,, C, as:

1 1
= Cppn = Chpn

(5.16)

It is important to note that because R,, R, in eqn. (5.15) depend of the third power of the
carrier concentration, Auger recombination becomes relevant only in the case of very large

carrier injection, [9].

No band-to-band recombination

Carriers can also be lost because they are trapped by energy levels located inside the

forbidden energy bandgap. These extra energy levels are often introduced by donors and

acceptors dopant or by dislocation due to lattice imperfections. These types of recombin-

ation have been quantified and modelled by Shockley, Read and Moll as, [9],
np — niQ

Tp0(n + 1) + Tno (P + 74)

Rspym = (5.17)

The time constants 7,9 and 7,0 vary with doping densities and material, n? is the intrinsic
(undoped) carrier concentration. Because only a single carrier is involved when trapped,
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these recombination are represented by the coefficients c¢o, c3 in egn. (5.11). Moreover,
expressing the Rggys coefficient in terms of lifetime constants, egn. (5.12), it is

np — n;?

LA (5.18)

R l= =
SRV o+ 1) + To(P + 1) Tp | Tm

Another important type of recombination occurs near surfaces of semiconductor samples.
In fact, surfaces introduce high densities of extra energy levels acting as recombination
centres, [10]. Because one electron recombines with one hole, the flux of holes to the
surface precisely equals the flux of electrons: thus there is not any net current flowing.
Differently from the other types of recombinations (bulk recombination) surface recombin-
ation can not be expressed through the effective lifetime constant introduced in (5.12).
They are quantified by a velocity coefficient, S, describing how fast carriers recombine at
the surface.

According to the semiconductor material, some of the recombination processes introduced
above are less relevant thus they may be neglected when modelling devices. Tab. [5.2]
summarises the effects of the various recombination processes in the case of Silicon ma-
terial. For each type of recombination it is reported the corresponding effective lifetime
constant: according to eqn. (5.12) a shorter lifetime constant yields a larger amount of
carriers recombining, R.

It is possible to observe that the most important recombination effect in Silicon is due to
carriers trapping, while, in comparison, the radiative electron-hole recombination is almost
negligible, even in the case of large amount of injected carriers. The Auger effect becomes
relevant and must be included in the model only in the case of large carrier injection.

5.2.2 Levels of injection

The amount of carrier injection, or injection level, establishes which physical processes
are dominant when injecting carriers and, therefore, must be considered when modelling
carrier injection. A scheme of different injection levels for a typical n doped semiconductor
is described in Fig. [5.1]. The case for a p type semiconductor is similar. Two main levels
are relevant: the low-level injection and the high-level injection, [10].

At equilibrium, the maijority carrier (electron) concentration, ny, approximately equals the
doping density, ng =~ Ng.

In the case of low-level injection the amount of injected carriers is much smaller than the
doping density, i.e. Ap ~ An <« N4. Therefore, the minority carriers, p = po + Ap, will
be significantly changed, while the majority carriers, n = ny + An, although injected in the
same amount as the minority, will remain almost unaffected, Fig. [5.1b], thus the resulting
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Recombination coefficients of Si

Radiative Br = 10 15cm3/s
Auger Cp= 18 +10-31cra6/s, Cn= 8.3 +10~32cm6/s
RSRM tpo= 200ns, rno= 200ns

Recombination lifetime
Band-to-band (Radiative)

Ap= An = 1017cra-3 o = Tn tt 10-2S
Ap= An = 101%ra-3 p = ™0 % 10-48
Band-to-band (Auger)

Ap= An = 10/7cm~3 o= Tn ~» 4+10_4S
Ap = An = 1019%cm*“ 3 o= Tn « 4+10_8S

Trapping SRM
any Ap, An TSRM = TpQ+ Tn0 « 4+10_7S

Table 5.2: Recombination coefficients for Silicon material and comparison between differ-

ent recombination processes, [3], [9].

Cco
5 20
e
o 16 Nl
3 12 ni for Si
0
o
(e 4
j o)
)
10A

a) equilibrium b) low-level c¢) h gh-level

Figure 5.1: Levels of injection for a n-type Silicon material.
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carrier concentration will be
n =~ Ny p~ Ap (5.19)

In the case of high-level injection, the excess injected carriers are comparable with the
doping density. Therefore, both majority and minority carriers will be significantly affected,
Fig. [5.1c].

Summarising, the conditions for the two cases of injection are:

e Jow-level injection: Ap ~ An < majority carrier concentration

e high-level injection: Ap ~ An almost equal or greater than majority carrier concen-
tration

If the amount of injected carriers is small it is sufficient to solve the carrier egns. (5.7), (5.8)
only for the minority carriers. On the other hand, when the concentration of injected carriers
is large it is necessary to solve for both the two types of carriers. This is usually the case
when carriers are injected with the intention of changing the refractive index of the material.
Indeed, in order to produce a considerable change it is necessary to inject a large amount
of carriers, as shown in Tab. [5.1].
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Chapter 6

Injection of carriers in a rib
waveguide

The general concepts of semiconductor carrier injection introduced in Chapter 5 are now
applied specifically to a planar rib waveguide structure. The method presented for determ-
ining the two-dimensional carrier profile has been made simple to use and transparent to
follow the ’physics in the computation’, albeit at the expense of a slight loss of rigour. It
is meant to provide a means for rapid initial evaluation of desirable design directions as is
often required, for example, in an industrial context. The details of the method presented
here applies to SOI stripe devices, but the method is applicable in a more general context
upon minor adjustments appropriate to the case of interest.

6.1 Structure of the SOI device analysed

In Silicon-on-Insulator (SOI) devices the current can be injected only from the top surface,
as the SiO; deposited in the bottom part of the Silicon optical guiding region is insulating.
As a consequence, the two metal contacts for injecting current must necessarily be depos-
ited on the top Si layer. Although this limitation, different configurations are still possible. If
arib is etched on the top layer, for example, the two metal contacts can be either deposited
on the side of the rib or one contact on top and the other on the side of the rib, Fig. [6.1]. In
the first case, Fig. [6.1a], the current flows mainly between the two side contacts, although
some carriers diffuse inside the rib region. In the second case, Fig. [6.1b] there will be a
distribution of carriers between the top and the side contacts mainly in the central region
A; however, it is expected that a fraction of carriers will diffuse also into region B.

For the purpose of modelling carrier distributions the second structure can be treated sim-
ilarly to the first; with the two metal contacts aligned in a straight line, on the side of a
stripe of length w, separated by a distance I. Therefore, the amount of carriers that in
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,,,,, metal contact
u$$$» doped region

Si (intrinsic)
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metal contact doped region

(b)

Figure 6.1: Different ways of depositing metal contacts in a SOI rib waveguide.
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Fig. [6.1b] diffuses inside region B is represented by the amount of carriers that flows into
the stripe in the equivalent structure of Fig. [6.1a]. Although this equivalence might seem
too approximate it has the advantage of being straightforward.

However, in practice the configuration in Fig. [6.1b] is not very convenient for realising
devices. In fact, in order to increase and facilitate the flux of current from a metal contact
to the semiconductor region it is necessary to dope the region in proximity of the contact.
The introduction of donor/acceptor generates an increase of optical losses. As shown in
part one, the optical field is mainly confined in the central region below the rib, while only
small tails extend on the two sides of the rib. Therefore, because of the optical confinement
it is then more convenient to utilise the structure shown in Fig. [6.1a], in order to reduce
the overlap between the optical field and the doped region, with consequent reduction of
optical losses.

For this reason the carrier distributions analysis will henceforth be focused only to struc-
tures similar to that represented in Fig. [6.1a].

6.2 One-dimensional analysis: the p-i-n junction

As a first approximation the structure of Fig. [6.1a] can be regarded as a one-dimensional
p-i-n structure, Fig. [6.2], ignoring the rib and assuming that the carrier distributions and the
electric field are uniform along the y direction. Thus, in the steady state regime eqgns. (5.7)-
(5.10) can be rewritten, with the use of eqgns. (5.5), (5.6), as

2 T T T
—p, 2% d1;(2 )4 K dﬁ; ) pz) + o dﬁi p(z) = (G - R)y €1
2
_dEd(xx) = Z(p—n—po+no) (6.3)

Because of their complexity this set of equations can not be solved analytically and hence
a numerical approach is invoked. Many examples exist in published literature on how
to determine carrier distributions in semiconductor devices. The seminal paper on the
computation of a p-i-n junction was by Gummel, [1]. He suggested a solution based on
an iterative method. First an educated guess for the electric field distribution is made: this
assumption allows to decouple the two carrier eqns. (6.1), (6.2). Therefore the solution for
the carrier concentrations can be obtained separately for p(z) and n(x). Finally the results
of p and n are inserted back into Poisson’s eqn. (6.3) which is then solved to determine
the electric field distribution. The estimated profile E(z), different from the initial guessed
profile, is used to recalculate, with more accuracy, new distributions of p(z) and n(z). The
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process is repeated iteratively, until the desired degree of accuracy is reached.

Av metal contact
=0os- doped region

Figure 6.2: Structure of a p-i-n junction.

6.2.1 Boundary Conditions

In the present context the contacts of the p-i-n structure are located at infinite distance from
the p-i and i-n junctions. The exact choice for the boundary conditions consists of assuming
the electric field to be zero at the metal contacts, E(—o0) = £(+00) = 0. Moreover, both
the carrier concentrations, p{x), n(x), must reach their equilibrium value away from the
junctions, i.e.,

p(-00) = Po = Na n(+00) = n0= Nd (6.4)

However, these conditions are applicable only if the problem is solved entirely analytic-
ally and the solutions are considered over an infinite spatial range. Conversely, when
eqgns. (6.1)-(6.3) are solved numerically these conditions can not be applied, since the
infinite distance is replaced by an approximate large, but finite, distance (computational
window). The accuracy of the solution will then depend on how far the metal contacts are
chosen from the junctions. As a consequence the conditions (6.4) must be abandoned,
and alternative, accurate yet realistic, boundary conditions need to be considered.

The approach followed in this work is based on the assumption that all the injected carri-
ers recombine inside the intrinsic region before they reach the opposite junction [2]. Con-
sequently, if holes are injected from the p side and electrons from the n side into the
intrinsic region, Fig. [6.2], it follows that there will not be any hole current flowing through

the i-n junction and, similarly, any electron current flowing through the p-i junction, [2],

Ux— I/12)="
Jp(x = 1/20
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Considering both the diffusive and the conductive currents, i.e. using egns. (5.5), (5.6),
the boundary conditions are expressed as

In(z = =1/2) = eupn(-1/2)E(-1/2) + eDng—Z =0

p (6.6)
Jp(x =1/2) = eupp(l/2)E(1/2) — eDp gt =0

With the conditions (6.5) the boundaries are shifted from infinity to finite points of the
device, corresponding to the junctions, aithough this choice limits the solution for p(z) and
n(z) only within the intrinsic region, (|z| < 1/2), Fig. [6.2].

However, since the investigation is focused mainly on the central region of the waveguide,
where the optical field is mostly confined, it is sufficient, for the purpose of the present work
to limit the analysis of carrier distributions only across the intrinsic region. For complete-
ness, a quasi-analytic method for solving the carrier concentrations in the highly doped
regions too is suggested in Appendix E. Although the doped regions may not be relevant,
it is useful to solve for the carrier and electric field distributions also in these regions, in
order to calculate the voltage drop across the entire device, thus determining the current-
voltage, |-V, characteristic.

6.2.2 Intrinsic region

In order to solve egns. (6.1)-(6.3) semi-analytically some approximations are necessary.
Two justifiable physical assumptions can be made inside the intrinsic region, [2]:

e high-level injection
The injection of current from the two highly doped sides introduces a large amount of
carriers inside the intrinsic region. Despite recombination processes, the total carrier
density remains still high compared to the equilibrium values pg, ng. Therefore it is
reasonable to assume
P, n > Po, Mo (6.7)

At equilibrium, at room temperature, the intrinsic carrier density for Silicon is py =

ng = 1.45 - 101%m 3.

e neutrality condition or charge balance
Inside the intrinsic region it is assumed that the excess electron density An = n —ny
is exactly balanced by the excess hole density Ap = p — py, i.e,

p—py=Ap=An=n—mng (6.8)

This is equivalent of assuming charge neutrality, although it can not be exactly cor-
rect. In fact since the two types of carrier have different diffusion rate, D,, # Dy, the
faster diffusing species (electron) would tend to diffuse more ahead than the slower
diffusing species (hole), therefore separating altogether. Moreover, since carriers
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are charged, their separation generates an electric field which tends to counteract
the difference in speed for diffusion. Therefore, it is not be possible to achieve ex-
actly the condition of charge neutrality. However, the difference between hole and
electron densities is small compared with each carrier density, p — n < p, n, and the
aforementioned assumption remains valid within good approximation.

Under the assumptions of high-level injection and charge neutrality it is possible to solve
egns. (6.1), (6.2) and find an analytic form for the carrier distribution, p(z) and n(z),

z + Cy sinh i

I, I (6.9)

p(z) =~ n(z) = Cy cosh

The proof of expression (6.9) and the values of the two constants, C;, Cs, obtained by
applying the boundary conditions (6.6) are detailed in Appendix E.

6.2.3 Current-Voltage (I-V) characteristic

The current-voltage, (I-V), characteristic of a p-i-n junction is similar to that of a p-n junc-
tion, although different in the slope: the difference becomes predominant for high current
injection, which is the case analysed in this work.

Because the I-V curve shows, in general, a large slope it is convenient to treat the current
rather than the voltage as the input parameter. In this way the numerical method is more
stable since the most sensitive parameter (current) is used as input, and the voltage de-
termined correspondingly: large variations of the current do indeed correspond to small
variation of the voltage.

The analysis of the |-V characteristic is subdivided in two parts: inside the intrinsic re-
gion and inside the doped regions. The total voltage drop across the device is thus the
summation of the three contributions

I/pinzv;)i'i"/i'i‘vtm (610)

Vi is the voltage drop across the intrinsic region and V,;;, V;,, are the voltage drops across
the p-i and i-n junctions, respectively.
Since the electric field settles to a value which is almost zero after a short distance away
from the junctions, inside the heavily doped regions, it is assumed that there is no voltage
drop almost anywhere inside the doped regions, but only across some small distances
near the junctions (depletion regions). Therefore, the total voltage drop V, is equal to the
external voltage, V4.5, applied between the two metal contacts, Fig. [6.3].

Inside the intrinsic region the voltage drop is obtained by integration of the electric field

profile, i.e.,
1/2

Vi= V(= —1/2) - V(z = 1/2) = — /_1/2[—E(x)]d:c (6.11)
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Figure 6.3: Voltage drop across the p-i-n structure.

The derivation of the integral (6.11) and the expression of % i, are described in Ap-

pendix F

6.3 Two-dimensional analysis

In a more accurate two-dimensional analysis the current and the electric field vectors de-
scribed in eqgns. (5.2), (5.3), (5.10), must be considered, each constituted by two compon-

ents, X and Y as follows:

Jefay) = Jox(xy)Sc+ Joy(x,y)y
In(x, y) = Jdnx{x, y)x. + Jny{x, y)y (6.12)
E(x, y) = Ex(x inx + Ey(xtyyy

with (x, y) unity vectors. Moreover the device has been assumed uniform along the longit-
udinal Z axis.
Combining eqns. (6.12) and (5.5), (5.6) the single components of the current are expressed

in terms of carrier distributions:

JR(x, i = -eDpakp(x, y) + Lep(x, y)EX(x, ¥)
Joyixiy) = - eDpdyp(x.y) + ppep(x. y)Ey(x. )
Jnx(x, y) = eDnadxn(x, y) + pren(x, y)Ex(x, y)

Jny(x,y) = eDndyn(x, y) + pnen(x,y)Ey{x,y)

(6.13)

6.4 The Lumped Iterative Method (LIM)

In order to simplify the formalism the different types of recombination introduced in Section
5.2.1 are all represented through the lifetime constant, eqn. (5.12), so that the carrier

conservation equations (5.2), (5.3), at the steady state, reduce to

V -gp= —ePXV) (6.14)
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(6.15)

The basic strategy for solving the two-dimensional problem is the effective decoupling,
with some approximations, of the lateral x profile and the transverse y profile of injected
carriers. The structure in Fig. [6.1a] is considered as a lumped element, and described
by two interconnecting wires, representing the horizontal and the vertical flux of carriers,
Fig. [6.4]. The horizontal wire, representing the horizontal currents, Jpx, Jnx, is connected
to an applied external bias, while the flux of carriers along the rib, Jpy, Jny, is represented
by a 'floating’ wire, departing from the intersecting node with the horizontal wire. The node
is the equivalent of the common central region A in Fig [6.1a].

In this way each direction is solved separately by reducing the two-dimensional solution to
a one-dimensional problem, which can be easily solved in analytic form, as described in

the previous section. The error introduced with the process of averaging is minimised by

Figure 6.4: Lumped equivalent representation of the 2-D device.

applying an iterative method, until a convergent solution is achieved.
Each iteration cycle can be described by the following two steps, with the illustrative use
of Fig. [6.5]:

1. Inthe first step the device is averaged in the y direction, so that structure in Fig. [6.1 3]
is reduced to a one-dimensional, (x-axis), horizontal device. The hole current conser-
vation eqgn. (6.14) is integrated in the y axis, between y = -d and y = 0, Fig. [6.5a],

1f° dJry)+

dJ_dL ox dy J ddJ_.d rp
The corresponding equation for electrons and electron current density is similar and
is omitted here for brevity.

Using the expression (5.5) for J p, and defining the quantity

"o

p(x) = dj p(x,y)Ay (6.17)

N
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Figure 6.5: Averaging process, (a) device averaged in the y direction and solved along the

x direction; (b) device averaged in the x direction and solved along the y direction.

eqn. (6.16) becomes

~Dpddx* + flJp*\P(x) ' + = A [Jdpy(x'°) « Jpy{x,-d)\ (618)

In writing eqn. (6.18) it has been assumed that each component of the electric field,
E (x,y), varies only along the corresponding direction, i.e. Ex(x,y) « Ex(x), for the
horizontal component, [3], and Ey(x,y) « Ey(y) for the vertical component. In this
way Ex{x) acts as a constant in averaging over the cross section at fixed x, and it
is in accordance with V x E = o (there is no time varying field in the problem), i.e.
dxEy —dyEx = 0, [3].

The physical meaning of eqn. (6.18) can be visualised in Fig. [6.5a]; the analysis
is focused on the horizontal flux of current, Jpx, inside the region delineated by the
surfaces y = -d and y = 0. Following the averaged representation, eqn. (6.17),
this region is considered uniform along the vertical y direction. However, the effects
of the top rib are represented through the current Jvy escaping out of the horizontal
region, Fig. [6.5a].

In the first iteration the rib is neglected, thus
Jpy(x, —d) —0 Jpy(x, 0) = o for all values of x (6.19)

since carriers do not flow out of material surfaces (the case of surface recombination

is considered in detail at a later stage in the thesis). As a consequence, at the first



iteration, egn. (6.18) reduces to the same form of the 1-D case, eqn. (6.1),

250 . 5
0, 2 + iy o) Bxlo] + 2 o (6.20)

Egn. (6.20) together with the analogous equation for electron carriers can be treated
equivalently to the one-dimensional egns. (6.1), (6.2), obtaining an analytic solution
for the horizontal carrier profiles p(z). However, boundary conditions (6.6) can not
be assigned explicitly to 5(z), unless a separation of variables is assumed, i.e.,

p(z,y) = f(z)-9(y)  n(z,y) =u(=) v(y) (6.21)

With this choice egn. (6.17) becomes

. 1[0 3

3@ = 10)- 5 [ sy =103 (6.22)
and an analytic solution for eqn. (6.20) is obtained

p(z) = (a1 cosh I, + ag sinh E) - g (6.23)

where the constants a;, a9, are determined by applying the same boundary condi-
tions as in eqgn. (6.6),

Jne(@=—1/2)=0  Ju(z=1/2)=0 (6.24)

In successive iterations the effect of the rib on the horizontal flux of carriers is re-
introduced, considering the value of the drain current, J,, in eqn. (6.18). At the
bottom interface, y = —d, there is still no current flow, while at the top interface,
y = 0, there is a drain of carriers toward the rib region, J,, corresponding to the
position of the rib, |z| < w/2. The value of J,, is estimated by using the results of
the vertical current flow obtained in step (2)

Jpy(x,—d) =0 for all values of x

=0) f 2 6.25
Jpy(z,0) = Tpo(y =0) for [z} <w/ (6.25)
0 for |z| > w/2
With this choice eqn. (6.18), in the range |z| < w/2, becomes
d*p(x) d .. . = pz) 1
it 2PN + Npa[P(x) -Ey(x)] + T—p = e—d.]p,,(y =0) (6.26)

while in the range |z| > w/2 it has the same form of eqgn. (6.20), and similarly for
electrons. The solution is uniquely determined by applying the boundary conditions
(6.24) at the two boundaries, x = +!/2, and requiring the continuity of j(z) at the
common interfaces, z = tw/2.
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2. In the second-step the hole carrier eqn. (6.14) is solved along the vertical y direction.
The problem is equivalent of solving a one-dimensional structure as in step (1), ex-
cept that now carrier profiles are solved without any z dependence. This is achieved
by averaging eqns. (6.14) along z. Thus, referring to Fig. [6.5b], it is

1 / w2 3Jpx(:v y) | 3pr(w,y)] Qoo & / w2 pla,y) (6.27)
w/2 ay —w/2  Tp

and similarly for electrons.
With analogy to step (1) the horizontal average value of the carrier profile across the
central regions A and B, Fig. [6.5b], is defined as

w/2
)=y [ plows (6.28)

—w/2
Therefore eqn. (6.27), with the use of egn. (5.5) and the assumption on the electric
field E,(z,y) ~ Ey(y), reduces to
d 1
0,2 4 Loty By )+ B = L (cw/2,0) - w2, 629)
y? dy Tp ew
The illustrative explanation of eqn. (6.29) is given in Fig. [6.5b]. The current J,, in
egn. (6.29) accounts for the escape of carriers out of regions A and B, at the two
interfaces z = +w/2 and it is non-zero only in the range —d < y < 0, because
carriers can not escape outside the boundaries of the rib region, for y > 0. The value
of Jpz(+w/2,y) is approximated with the value of J,, obtained in step (1),

Jpn(£w/2) for —d <y <0

Jpz(iw/27y) = { 0 (6.30)

fory>0

The solution is determined by satisfying the continuity of p(y) at the common inter-
face, y = 0, and applying the boundary conditions at the physical interfaces, y = —d
and y = h. After invoking the separation of variable (6.21), itis

1 w/2

B(y) = = / f(@)dz - g(y) = F - 9(v) (6.31)

W J—w/2

and the following boundary conditions are applied to determine p(y) uniquely:

considering that carriers can not flow out through the top and bottom edges of the
rib, respectively.

Steps (1) and (2) are iterated, thus refining the solution for the carrier profiles, p(z,y), at
each iteration, until the solution converges to a steady distribution.
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It is useful to note that from a circuit analysis the vertical arm in the lumped circuit,
Fig.(6.4), is an open circuit. Therefore the total amount of current coming out of it is
zero, Jy = Jpy + Jny = 0. This condition is true for any value y > 0, along the vertical
wire. In particular, it is true at the top edge of the rib, y = h, where both electron and hole
currents are separately zero, i.e., J,y = 0, Jyy = 0. However, in general this does not
imply that hole and electron currents are each separately zero everywhere: for example,
corresponding to the node, at y = 0, the two vertical carrier currents have a nonzero value,

Joy(y = 0) # 0, Jny(y = 0) # 0.

6.4.1 Surface Recombination

A further refinement of the model can be accomplished by introducing the effects of surface
recombination. As introduced in Section 5.2.1 surface recombination can not be modelled
through an effective carrier lifetime, but must be considered as a boundary condition at
the pertinent surface. The result of such recombination is that holes and electrons will
recombine at the surface, generating an effective flux of carriers through the surface, [4]. It
is important to note that, because one electron recombines with one hole, the flux of holes
at the surface is precisely equal to the flux of electrons, thus resulting in no net current
flow.

in order to model surface recombination in the Lumped lterative Method, the conditions
on the flux of current at the surfaces must be revised. In particular, in the first step it
is assumed that there is a vertical flux of current, J,,(z,0), at the interface y = 0, even
corresponding to the regions C and D, Fig. [6.6a]; thus rewriting eqgn. (6.25) as

Jpy(z,—d) =0 for all values of x

Toy(,0) = { T =0) for [zl <w/2 (6.33)
e eSyp(z,0) for |z| > w/2

with S, the surface recombination velocity, [4].
Similarly, in step (2) the current J,,(+w/2,y) in eqn. (6.30) is replaced by, Fig. [6.6b],

Jpn(£w/2) for -d<y<0

(6.34)
teS,p(tw/2,y) fory>0

Jpz(tw/2,y) = {

Moreover, in the second step also the boundary condition (6.32) at the top edge of the rib,
y = h, is revised and surface recombination included, i.e.,

Jpy(y = h) = eS,;p(z, h) (6.35)
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Figure 6.6: Averaging process with surface recombinations. The effect of surface recom-
binations is represented by the extra drain of carriers at the surface (dotted flux of current
in the picture), (a) device averaged in the y direction and solved along the x direction; (b)

device averaged in the x direction and solved along the y direction.
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Chapter 7

Results: carrier distribution

In this chapter some numerical results for the carrier distributions obtained by applying the
Lumped lterative Method methods (LIM) are presented.

The structure analysed is depicted in Fig. [7.1]. Dimensions and semiconductor paramet-

Si (intrinsic)

Figure 7.1: Structure of the rib waveguide analysed.

ers utilised for the simulation are as in Tab. [7.1]. The LIM determines the two-dimensional
carrier distributions across the transverse x-y plane. The longitudinal length, L, of the
device, Fig. [7.1], is reported only to provide the link between current densities and in-
jected currents. In general, the device can be of any length, L. The particular length,
L = 2000/xm, chosen in Tab. [7.1] reflects typical values of Silicon-on-Insulator realistic
devices.

The carrier distribution is firstly calculated for a one-dimensional p-i-n junction, inside
both the doped and the intrinsic regions. Then the LIM is applied to determine the two-
dimensional profile of carrier and current flow distributions. Results are compared with
those obtained by using a Finite Element Method, showing good agreement. The effect of
the rib on the carrier profile is discussed in details, together with the influence of recom-
bination processes. Finally, the efficacy of the LIM as a way to predict the refractive index

change of the material, prior to carrier injection, is demonstrated by comparing the results

98



dimensions:

w —3.5nm, d = 2.6/lira, h —1.6/im, 1 = 12(im, L = 2000fim
recombination coefficients:

PO = Tno = 2-10 As

Cp = 1.8 +10-31cm6b/s, Cn = 8.3 *10-32cmé/s

Sr = 8 «104cm/s

Table 7.1: Dimensions of the rib waveguide and recombination coefficients for Siiicon ma-

terial.

with a similar published work.

Reference model

In order to test the accuracy of the Lumped Iterative Method the commercial software Sil-
vaco has been adopted as a reference model. Silvaco is designed to solve the continuity
flow eqgns. (5.2), (5.3), together with Poisson’s eqn. (5.10) by using a Finite Element nu-
merical technique.

In general, the carrier mobility, hn, in semiconductor materials depend on the carrier
concentrations, [1]. This effect is not directly taken into account by the LIM; however, at
each step of iteration, np and //,,, are considered constant, and their values are set accord-
ing to the hole and electron concentrations obtained as results in the previous step. These
values are tabulated in literature: in the particular case of Silicon the mobility dependence

of the carrier concentration is shown in Fig. [7.2], [2]. Because most of the devices under

electron

hole
1250

950
650
350

50
le+14 le+15 le+16 le+17 le+18 le+19 le+20 le+21

carrier concentration (cm-3)

Figure 7.2: Mobilities dependence (experimental) of the carrier concentration, N (in cm-3).
Solid line is /4n(IV); dashed line is *P(N), in (cm2/V - s)., [2]
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investigation operate in the range of high-level injection it is possible to assume, by dir-
ect observation of Fig.[7.2], that the values of pp and pn are almost constant. Therefore,
as a first approximation it may also be possible to consider the mobilities as constants

throughout the entire iterative process.

71 One-dimensional p-i-n junction

As a first approximation the device in Fig. [7.1] is solved as a one-dimensional p-i-n junc-
tion, along the x direction, neglecting the presence of the rib.

The carrier concentrations are analysed according to the model described in Section 6.2
for the one-dimensional p-i-n junction. The computation is repeated for two different cases
of recombination: (a) considering the Shockley-Read-Moll (SRM) non-radiative recombin-
ation only; (b) considering both SRM and Auger recombination.

The amount of injected current is varied between /0 = 1mA and /0 = 100mA. Typical
profiles of the hole carrier concentration inside the intrinsic region are shown in Fig. [7.3],
for different values of injected current. The hole and electron concentrations are almost

the same, p(x) « n(x), since inside the intrinsic region the neutrality condition, eqn. (6.8),

is valid.
Results are compared, Tab. [7.2], with those obtained by applying the reference software
8
180 -
teH7
1eH6
tet5

0 2 4 6 8 10 12
X (um)

Figure 7.3: Carrier density distribution, p(x) (in cm-3), inside the intrinsic region, for dif-
ferent values of injected current. 70 = 1,10,50,100mA. Only the SRM recombination has

been included.

Silvaco, which accounts for both SRM and Auger recombination effects.

All results are in agreement for small values of injected current. Since cases (a) and (b)
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current I (mA) | Silvaco | case(a) | case (b)
1 4-101 | 4-101% | 4.10!5
10 3-10% | 4.10% | 4.10%
50 1017 2-1017 | 1.5-10'7
100 1.5-1017 | 4.10'7 | 2.10Y

Table 7.2: Comparison of carrier density (in cm~3), at z = 0, between Silvaco and the
present method. Case (a): SRM recombination only is considered; case (b): SRM and
Auger recombinations are considered.

provide similar results Auger recombination is negligible. Conversely, with large current in-
jected Auger effect becomes predominant. In fact, if Auger recombination is omitted, as in
case (a), i.e. the total recombination process is underestimated, the LIM provides values
of carrier concentration divergent from those obtained by Silvaco.

It is important to note how the assumption of high-level injection is valid even in the case
of small values of injected current, since the amount of injected carriers is still much larger
than the equilibrium concentration, py = ng = 1.45 - 101%cm=3.

Inside the p doped region, far apart from the p-i junction, the charge neutrality condition is
still valid. Since this region is doped, at equilibrium it is pg > ng. Therefore, in order to
satisfy the charge neutrality condition, eqn. (6.8), it is necessary that p > n and p ~ py. It
is then expected that, even at non-equilibrium, the hole density settles to a value near the
equilibrium concentration, pg.

The transition of the hole concentration from the heavily p doped region, p ~ py, to the
value at the beginning of the intrinsic region, p(x = —1/2), Fig. [7.1], occurs within few
Angstroms (depletion region), Fig. [7.4]. Inside the transition region the charge neutrality
condition is not valid, and a high electric field is generated.

It is possible to estimate the length of this transition region from conventional p-n junction
theory. In general the depletion region, where most of the transition occurs, for a standard
semiconductor material is long T}, = sLg4, Fig. [6.2], where s is a constant depending of the
material, and L, is the Debye length, defined as, [3],

Vi

eN,
For Silicon material T, =~ 8L4. The Debye length, L, is proportional to the doping density
as 1/v/N,. With the actual doping density of N, = 10*°cm =3, the corresponding Debye
length is Ly = 4.15A, hence, the transition region is approximately T}, = 33A. This value is
in agreement with the results obtained in Fig. [7.4], where the hole concentration reaches
its equilibrium value, p = py = N, = 102%cm 3, after a distance of approximately 8L, from

Ly=

(7.1)
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hole
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Figure 7.4: Carrier distributions inside the p doped region. Solid line is p(x), dashed line

is n(x) (in cm-3). Doping density is Na = 1020cm-3.

the junction, into the p side doped region.
In lower doped material the carrier profiles reach the equilibrium value at a longer distance
from the junction, Fig. [7.5]. Carrier profiles at the i-n junction can be explained in a similar

way, with electrons replacing holes.

1e+20

doping A —-
doping B —
doping C ......
1e+18
-0.012 -0.01 -0.008 -0.006 -0.004 -0.002 0

x (um)

Figure 7.5: Majority carrier distribution in the p doped region, for different amount of doping
density, Na (in cm-3). A: Na= 1020; B: Na = 1019; C: Na = 1()18.
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7.1.1 |-V characteristic and Current densities

As described in Section 6.2.3 once the carrier profiles are established it is possible to
determine the total voltage drop across the p-i-n junction. Moreover, by iterating the calcu-
lation for different values of injected current, and obtaining the correspondent voltage drop,
it is possible to characterise the current-voltage (I-V) curve.

As an example, Fig. [7.6] shows the |-V characteristic for a p-i-n junction with dimensions
and parameters as indicated in Tab. [7.1].

For completeness, the profile of the total current across the intrinsic region is documented,

0.2
0.18
0.16
0.14
0.12

0.08
0.06
0.04
0.02

0.7 075 08 085 09 0.95 1 1.05

Figure 7.6: Current-Voltage characteristic for a p-i-n junction device.

for an injected current of 70 = 100mA. Both hole and electron currents are determined from
the carrier profiles, and shown in Fig. [7.7] and Fig. [7.8], respectively. In accordance with
the boundary conditions (6.5) there is no flux of electron at the p-i junction (x = -1/2)
and no flux of holes at the i-n junction (x = 7/2). Moreover the total current density,
J tot = jptot + j nfolU as shown in Fig. [7.9], is constant across the device.

7.2 2-D Carrier analysis: the Lumped Iterative Method

The two-dimensional carrier distribution for the device depicted in Fig. [7.1] is analysed by
applying the Lumped Iterative Method (LIM). Dimensions and parameters utilised in the
simulation are the same as those described in Tab. [7.1]. As first instance surface recom-
binations are neglected: the effects of surfaces will be re-introduced and emphasised at a
later stage in the chapter.

A typical two-dimensional hole density profile across the intrinsic region, obtained by ap-

plying the LIM, is shown in Fig. [7.10]. Because the analysis is focused on the intrinsic
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Figure 7.7: Hole current density (in A/cm2). Solid line: total hole current density, Jptot
Dotted line: conduction current density; Dashed line: diffusion current density.
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Figure 7.8: Electron current density (in A/cm 2). Solid line: total hole current density, Jntot

Dotted line: conduction current density; Dashed line: diffusion current density.
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Figure 7.9: Current density across the intrinsic region (in A/cm2). Solid line: total current
density, Jtot\ Dotted line: hole current density, Jp\ Dashed line: electron current density,
Jn-
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Figure 7.10: Contour plot of the carrier density profile, p(x,y) = n(x,y) (in cm-3), inside
the intrinsic region. Injected current: I=50mA.
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region where neutrality has been assumed, the two types of carriers, hole and electron,
have almost the same value.

Part of the carriers redistribute also inside the rib region, hence reducing the amount of
carriers in the region A underneath the rib, Fig. [7.1]. Thus the rib does have an effect on
the carrier distribution and, therefore, the analysis conducted by approximating the device
with a simple p-i-n junction may not be accurate and sufficient to account for all these ef-
fects.

Effect of the rib on the carrier distribution

The influence of the rib can be estimated by comparing the profiles of the carrier concen-
tration for devices with different rib widths. Fig. [7.11] depicts the carrier profile taken at
the horizontal cross section below the rib, correspondingly to y = —1um, Fig. [7.1]. In the
case of the wider rib a larger amount of carriers flow inside the rib region, so that a smaller
amount of carrier remains below the rib (the injected current is kept constant). The results
presented in Fig. [7.11] are also compared with those obtained by utilising the commercial
software Silvaco showing good agreement for the levels of the carrier concentration.
Same effects can be visualised from a different point of view by observing the vertical
cross-section of the 2-D carrier profile at = 0, Fig. [7.12]. The device with the larger
stripe (w = 7um) forces a larger drain of carriers inside the rib region. However, since the
amount of injected carriers is the same the extra flux of carriers toward the rib does reduce

more the amount of carriers left below the rib (y < 0).

A further test has been conducted by comparing the vertical carrier profile of two devices
with same rib width, w, but different rib height, h. Fig. [7.13] depicts how carriers redis-
tribute more in the device with the higher rib (h = 3.5um) than in the case of the shorter
rib (h = 1.6um), thus reducing the level of concentration in the central region below the rib
(y <0).

The limit case has also been analysed by applying the LIM to a large rib, approaching a
1-D p-i-n junction. A rib with width w = [ has been considered, so that the carrier distribu-
tion is similar to the 1-D case where there is no rib, A = 0, but the height d of the bottom
region is increased, Fig. [7.1], as such that the total vertical height d + h is kept the same
in both cases, Fig. [7.14]. '

7.2.1 Current distribution

The distribution of carriers, due either to diffusion or to conduction, does generate a flux
of current across the device. Because the 2-D carrier profile is not uniform both the hori-
zontal and the vertical components of the current are generated, i.e. all the four current
components in eqn. (6.13) are present.
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Figure 7.11: Carrier profile p(x,y) (in cm~s) at the horizontal cross-section y = -1 pm,

Fig. [7.1]. The curved solid line corresponds to a uniform device without rib; the curved
dotted and dashed lines refer to rib devices with rib width of w = 3.5pm and w = 7pm,
respectively, for the same amount of injected current, /0 = 50mA The dotted-diamond
and dashed-diamond line represents results obtained by utilising Silvaco to solve the same

devices (w = 3.50m and w = 7pm), respectively. Injected current: /0= 50mAt.
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Figure 7.12: Carrier profile, p(x,y) (in cm-3), at the vertical cross-section x = 0, Fig. [7.1].

Solid line: device with rib width w = 3.5pm’, Dotted line: device with rib width w = 7pm.

Injected current: 70 = 50m*l.
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Figure 7.13: Carrier profile, p(x,y) (in cm-3), at the vertical cross-section x = 0, Fig. [7.1].
Solid line: device with rib height h = 1.6/xm; Dotted line: device with rib height h = 3.5/im.

The rib region corresponds to the region y > 0. Injected current: /10 = 50m,A

le+17

Figure 7.14: Carrier profile p(x,y) (in cm-3), at the cross section x = 0. The total height is
kept constant (d+h = 7um), the rib width isw = /, Fig. [7.1]: Solid line d = 5fim, h - 2*m;
Dashed line: and d = 7pm,, h = O*m. Injected current: 70 = 50mA.
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Fig. [7.15] shows both hole and electron current flows. Accordingly to the boundary con-
ditions (6.5) there is no hole current flowing at the i-n junction, (x = [/2), and there is
no electron current flowing at the p-i junction, (z = —1/2), Fig. [7.1]. The major flux of
current occurs between the two sides of the device, where the electrodes are positioned.
However, in Fig. [7.15] it is also possible to observe flux of currents, J,, J,, toward the
rib region, where there are no electrodes. These fluxes are generated by the gradient of
carrier concentrations between the bottom region and the rib (diffusion currents). In ad-
dition, part of the vertical flux is generated by surface recombinations at the walls of the
rib. Despite each type of carrier (hole and electron) generate a diffusion current, the total
current, Jiot = Jp + Jn, is Zero, so that, as expected, there is no net flux of current inside
the rib.

The current flows from the p side to the n side since the device is forward biased; however,
the flux is not uniform along the vertical direction, as in proximity of the rib it is influenced
and partially distorted inside the rib. This feature is visualised in Fig. [7.16] where the hori-
zontal component of hole, J,., electron, J,,;, and total current, J, = Jp;+ Jn, are reported.
The assumptions made in the Lumped lterative Method implies that the net vertical flux of
current inside the rib is zero, i.e. Jp, + Jny = 0, as it corresponds to the current flowing
through the arm of an open circuit, Fig. [6.4]. However, this does not imply that both hole
and electron currents must be exactly zero, except at the top of the rib. This concept is
visualised in Fig. [7.17]: each carrier current is different from zero, although there is no net
flux of current. However, corresponding to the top of the rib (y = 1.6um) both electron and
hole currents have zero value.

In both Figs. [7.16]-[7.17] the results are also compared with those obtained by applying
the reference software Silvaco, showing similar profiles.

7.2.2 Effects of recombination processes

Recombination of carriers can be classified as: (a) bulk recombination, i.e. Shockley-
Read-Moll (SRM), Auger; (b) surface recombination.

In case (a) recombinations are distributed across the whole device and represented in the
model through the effective lifetime. A shorter lifetime does determine carriers to recom-
bine at a faster rate.

Fig. [7.18] focuses on the effects of the non-radiative traps SRM recombination by com-
paring the carrier profile for two different values of carrier lifetime, eqn. (5.17), 7p0 = 70 =
2.-10"s and Tpo = Tpg = 2° 10~?s. In the case of short lifetime more carriers would recom-
bine by the time they reach the central part of the intrinsic region and the level of carriers
in the central region does show a deeper well. The results are in agreement with those
obtained by utilising Silvaco.

Differently from bulk recombination surface recombination occurs predominantly in prox-
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Figure 7.15: Current flow across the device (in A/cm2), (a) Hole current density, Jp =

(Jpx, Jpy); (b) Electron current density, Jn = (Jnx, Jny). Injected current: /0= 200mA.
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Figure 7.16: Profiles of the horizontal component of the current density (in A/cm2) at the
cross section x = 0, Fig [7.1]. Solid line: total current density, Jx = Jpx + Jnx, Dotted
line: electron current density, Jnx\ Dashed line: hole current density, Jpx\ Solid-doamond,
dotted-doamond, dashed-diamond: same as before, but results obtained by applying the

software Silvaco. Injected current: /0 = 200mA.

imity of surfaces. The Lumped lterative Method does take in to account surface recom-
binations and the effects are shown in Fig. [7.19]. The surface recombination velocity, Sr,
for Silicon/Air interface lies between 102cral/s and 8 *104cm/s, while at the bottom Si/SiCx2
interface, Fig. [7.1], can be as small as 0.5cm/s, [4], Therefore it is sufficient to investigate
the effect of surface recombinations only at the top Si/Air surface.

Fig. [7.19] shows how the carrier profile is strongly affected by the top Si/Air surface,
when surface recombinations are considered. On the other hand, at a distance from such
surface, in the bottom part of the device, the vertical gradient of the carrier distribution
remains unaffected, independently of the top surface recombination velocity, Sr, that is

considered.

7.2.3 Accuracy of the Lumped Iterative Method

The validity of the Lumped lterative Method as an accurate way to determine the carrier
concentration (and the consequent induced refractive index change of the material) has
been tested by comparing the results with a similar published work. Hewitt et al. in [5]
performed a more systematic application of the software Silvaco to determine the refractive
index change, after injecting a current into a semiconductor rib device.

The parameters for the structure analysed in [5] with reference to Fig. [7.1] are indicated
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Figure 7.17: Vertical flux of current (in A/cm2) at the cross-section x = 0, Fig [7.1]. Solid
line: total current density, Jy = Jpy+ Jny\ Dotted line: electron current density, Jny\ Dashed
line: hole current density, Jpyl Solid-diamond, dotted-diamond, dashed-diamond: same

as before, but results obtained by applying the software Silvaco. Injected current: 70 =

200maA.

10

dy TN

1°—g —2

x (micron)
Figure 7.18: Carrier profile (in cm-3) at the horizontal cross-section, y = -I*m, for two
different values of carrier lifetime. Solid line: rp0 = rn0 = 2 «10-7s; dotted line: Tpo = rn0 =
2 +10-9s. The solid-diamond and dotted-diamond lines are for same lifetime constants as

before, but results obtained by applying Silvaco. Injected current: 70 = 200mA
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Figure 7.19: Effect of surface recombination on the carrier profile p(x,y) (in cm-3), (a)
Sr = 0: surface recombinations are not included. The small vertical gradient is due only to

the presence of the rib; (b) Sr = 104cm/.s. Carriers recombine faster in proximity of the top

surface.

113



in Tab. [7.3].
In contrast to the design of the structure introduced in Fig. [7.1], the waveguide studied

dimensions:

w = 3.35um, | = 10/xra, L = 500fim
d = 2.58fim, h = 1.59/,m
recombination coefficients:

TPO0= 300ns, rno= 700ns

Table 7.3: Dimensions and recombination coefficients for the waveguide analysed by He-
witt et al. in [5].

by Hewitt has highly doped regions which extend only a part away below the surface of
the metal contacts, Fig. [7.20]. However, this difference can be included in the LIM by the
inclusion of the term, Jpv(y = - d), in eqn. (6.25), to account for the escape of carriers into
the bottom Si region, Fig. [7.20].

Fig. [7.21 a] compares the results obtained by the two methods, for the averaged refractive

Figure 7.20: Structure of the waveguide analysed by Hewitt et al. in [5].

index change versus different values of injected current. The relation applied between
carrier concentration and refractive index change is the same as used by Hewitt, already
introduced by Soref in [6], eqn. (5.1).

The total voltage drop between the two contacts is determined by solving Poisson’s
eqn. (5.10) for the electric field corresponding to the carrier profile calculations. Results
for carrier concentration versus voltage drop between the two contacts are compared in

Fig. [7.21b]; the two methods provide results in very good agreement.

114



0.004
0.0035
0.003
0.0025
0.002
0.0015

& 0.0005

oo ogh

Hewitt O

0.5 1 L5 2
Current (A/cm)

(a)
le+19
UM
Hewitt <0
etl8
etl7
le+16

0.75 0.8 085 09 095 1 1.05
Voltage (V)

(b)

Figure 7.21: Comparison of results between LIM and Hewitt: (a) refractive index change
for different values of injected current; (b) averaged carrier distribution versus voltage drop

across the device.
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Chapter 8

Carrier controlled optical devices

As described in the Introduction, after injecting current, the consequent effect of the re-
fractive index change on the field propagation must be determined. This prediction can be
achieved either by solving again the wave equation, but applied to the altered refractive
index profile, or by regarding the change of the refractive index as a perturbation to the
initial (unperturbed) structure, Fig. [8.1].

The change of the refractive index reflects in the dielectric constant term ¢(z, y, z) in the
wave eqn. (2.10). After the perturbation the new refractive index profile may assume a
non-uniform distribution across the device, and, as a consequence, the wave equation be-
comes cumbersome and difficult to be solved with the methods introduced in the first part
of the thesis.

A valid and efficient alternative to this problem consists of considering the solutions of the
original unperturbed waveguide and treating the changes as a perturbation.

After introducing the formalism of the perturbation theory, in this chapter some device
configurations are analysed and given as examples of possible application of the models
suggested in the thesis. The configurations illustrated are firstly solved in absence of any
carrier injection, by utilising the electromagnetic models introduced in Chapter 3 and 4 for
longitudinally uniform and non-uniform waveguides. The new refractive index distribution,
after carrier injection, is then calculated by applying the Lumped Iterative Method. Finally
the consequent changes in optical propagation are determined by applying the perturba-
tion theory.

8.1 Perturbation analysis

The stationary perturbation theory determines the changes of the propagation character-
istics of the modes when a small disturbance is applied, [1].
In the case of a longitudinally uniform waveguide the eigenvalue wave eqn. (2.15) for the
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Figure 8.1: Flow chart describing different ways (in bold boxes) of analysing the effect of

the refractive index change on the optical field propagation.
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unperturbed waveguide can be written in a compact form as
U°E) = a)E) (8.1)

with U0 = 82 + 82 + ko’eo(, y) and af, = (83)*; the superscript zero refers to unperturbed
values, the subscript n refers to the n-th mode of the waveguide.

If the operator U? is altered by the perturbing operator u, the perturbed scalar wave equa-
tion can be rewritten in terms of the new operator U = U° + v, as

(U + wE, = a,E, (8.2)

where E, = E,(z,y) and a, = (2 are the perturbed field and propagation constant,
respectively.

Assuming that the perturbation term, u, is small it is possible to expand the perturbed
propagation constant, a,,, as a power series in proximity of the unperturbed value, a2.

an=ad+atx+a2z? +ad23 +... (8.3)

The expansion coefficients al, a2, a3, etc., represent the first, second, third order of per-
turbation. In most cases it is sufficiently accurate to consider only perturbations of first
order, i.e. evaluate only the coefficient ol in eqn. (8.3), [2]. The theory for the first order
perturbation analysis is developed in Appendix G.

As a result, if the refractive index profile is changed from the unperturbed profile €o(z,y)
to the new value €(z,y) = eo(z,y) + Ae(z,y), the effect of the perturbation Ae(z, y) on the

propagation constant, 82 = (8%)% + AB2, is

Js EnAe(z,y)Ep*dzdy

1 2
a, = AB: =
" " [s|ESPdzdy

(8.4)

the integration is over the transverse spatial domain S. .

In particular, if the perturbation of the dielectric inside the core region of a waveguide is
constant, i.e. Ae(z,y) = A, then the perturbation on the 3 is proportional to the confine-
ment factor of the field profile, I'..e, inside the core region, i.e.,

[, EYEX*dzdy

AB:=A = AT ¢ore 8.5
< fA ]E2|2dxdy ®5)

As indicated in Appendix G, in order to validate the perturbation theory, it is necessary
that the modes of the unperturbed waveguide, E9, are orthogonal. In the case of the
two-dimensional rib waveguides solved by applying the Spectral Index Method it has been
explicitly checked and verified numerically that the modes determined by the SIM are or-
thogonal.

Another important requirement to increase the accuracy of the perturbation analysis is the
accuracy of the unperturbed field profile, EY(z,y). Because the effect of the perturbation
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relies on the integration of the field profile, eqn. (8.4), the description of the profile must be
numerically accurate. However, the SIM does satisfy this requirement, thus providing one
more justification why the SIM is more favourable than other methods for determining 2-D
optical field profiles.
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8.2 A small library of SOI devices

The quasi-analytic models suggested in parts | and Il of the thesis, combined with the
perturbation analysis, are applied to a variety of device configurations to demonstrate how
they can be used as an integrated Computer Assisted Design (CAD) tool to design novel

devices.
The process of analysis can be summarised in the following three steps:

1. The field propagation of the unperturbed device (before injecting carriers, OFF state)
is determined. The eigenmodes, Foft (z,y), and propagation constants, BT, of
uniform parts of the device are determined by applying the Spectral Index Method
(SIM) for longitudinal uniform waveguides, Chapter 3. Each mode propagates along
the longitudinal z axis as

EA (z,y,2) = FA (z,y) exp(—iBef ) (8.6)

The total (unperturbed) field propagation along uniform sections of the device is given
by
onf(xa y,Z) = ZF’rglff(m7y) exp(—i g{fz) (87)

The field propagation along non-uniform sections is determined by applying one of
the SIM modified version for non-uniform waveguides, presented in Chapter 4.

2. The refractive index distribution, Ae(z,y), consequent to the carrier injection is de-
termined by applying the Lumped lterative Method, introduced in Chapter 6.

3. The altered optical propagation (ON state) is predicted by applying the perturbation
analysis. The new values of the propagation constants

B = ol + B, (8.8)

are calculated by using egn. (8.4). These values are then used to determine the
perturbed field distribution, as

E™(z,y,2) = Y F(x,y) exp(—ifin'2) (8.9)
The class of integrated devices which have been analysed and modelled, all based on
Silicon-on-Insulator (SOIl) technology, includes:
¢ Rib waveguide coupler
e Multimode Interferometer (MMI)

e Y-junction splitter
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From the carrier injection analysis obtained in Chapter 7 it is possible to observe that, in
the case of Silicon material, the carrier profiles are, in general, almost flat everywhere
across the device. Although they are injected from the doped regions, carriers tend to
diffuse largely (due to the large diffusion coefficients, D, D,, of Silicon). These resulits
impose a limit on the possibility of localising carriers inside Silicon.

So, for example, in the injection electrode configuration of Fig. [6.1b] there is evidence
that a large amount of carriers diffuse also into the tail region B. Similarly, in the case of
two ribs waveguides, e.g. Y-junction, coupler, Figs. [8.6], [8.2], if the metal contacts are
deposited only at the sides of one rib, in order to alter the refractive index only across that
rib, it will not be possible to confine the carriers locally. In fact a large amount of carriers will
diffuse and spread also corresponding to the second rib, thus generating a wider spatial
refractive index change.

8.2.1 Rib waveguide coupler

The configuration of a two ribs waveguide coupler of length L is depicted in Fig. [8.2]. As
analysed in Section 3.5.1, the waveguide coupler supports two eigenmodes, namely the
symmetric and anti-symmetric modes, Fig. [3.8], characterised by propagation constants,
Bsym and B,sym, respectively. If the coupler is designed with a length L equivalent to the

coupling length, L, i.e.,
v

(Bsym — Basym)
then, by launching the input field in to one branch, e.g. A, the optical power is entirely
transferred to the other branch, B, at the output, Fig. [8.2]. If the length of the coupler is
doubled, i.e. L = 2L, then the same input field is coupled to the parallel rib, B, first and

L=1L,= (8.10)

then coupled back in to the original rib, A, at the output. Therefore, for a given device
length L, by changing the coupling length it is possible to operate the device as a switch
and select the desired output channel, either A or B.

The most effective way to change L. is by altering one arm, e.g. A, of the coupler,
injecting carriers from two metal contacts deposited at the sides of that branch (asymmetric
contacts). However, in Silicon carriers will diffuse even toward the second branch, B, so
that this configuration is practically not realisable. As alternative the metal contacts can be
deposited at the sides of the two ribs (symmetric contacts), Fig. [8.2].
The injection of carriers produces a change on both the two propagation constants, ﬁggg; —
Beym and ﬁ;’szfm — Bgsym» Which, consequently, reflects on the coupling length, eqn. (8.10).
Results for a coupler with dimensions as in Tab. [3.2], and a rib separation of T = 2.48um
are shown in Tab. [8.1].
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;; metal contact

Figure 8.2: Scheme of a two ribs waveguide coupler.

Jo (A/cm2)
0

200

1000

2000

4000

Psym
3.468309
3.468296
3.468253
3.468214
3.468169

Pasym
3.467907
3.467886
3.467824
3.467731

3.467512

Lc(llm)
1924
1891
1808
1604
1180

Table 8.1: Results for a coupler waveguide. JO: injected current density; fisym propagation

constant for the symmetric mode; p asym propagation constant for the anti-symmetric mode;

L c: coupling length.
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8.2.2 Multimode Interferometer (MMI)

In the Multimode Interferometer (MMI) configuration, Fig. [8.3], the input beam is launched
into a (multimode) waveguide section supporting more modes.

When carriers are not injected (OFF state) the field pattern excited at one side of the

channel 1
= * 7

channel 2

input MMI output

in out

Figure 8.3: Scheme of a MMI.

device must emerge on either one of the two output channels. If the waveguide supports
two guided modes, with propagation constants, fa, fa, a phase shift of mn is necessary in

order to produce a total field entirely confined at one output gate,

AF3°ff ml = (fiff(8.11)

L is the length of the multimode section, Fig. [8.3].

When the carriers are injected (ON state) the difference between the propagation con-
stants of the modes changes. The consequence is a shift of the total field inside the
multimode section, from one side to the other side. An additional 1 phase shift is then

needed to steer the optical profile to the opposite output of the device:
A?0 L = - fan)sL = (m + 1)tt (8.12)

From eqns. (8.11), (8.12) it is determined the required length L of the device to achieve

optical switching,

L~ A/3on- A/3°ff 8'13A
L is reduced if the injection of current induces a larger change on the differential of the two
propagation constants for the ON state.
Fig. [8.4] shows the field propagation for the OFF state: at the input stage the field is

confined in the left part of the multimode waveguide; at the output the optical field emerges
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average injected carrier density:

ON state: p = 6.77 * 1018(cm~3)

average refractive index change: ON state: An = -1.5817 «10-~2
propagation constants:

OFF state: ft = 14.068681, ft = 14.053735, A (3°ff = 0.014946
ON state: ft = 14.004533, ft = 13.989523, Aft™ = 0.01501
length L = 49087p,m

Table 8.2: Results for a MMI device.

from the same side. Fig. [8.5] refers to the ON state: the input field is the same as in the

OFF state, but at the output the optical field selects the opposite channel. The numerical

Figure 8.4: MMI: contour plot of the transverse field profile, (A.U.), for the OFF case, at the
input and output stages, Fig. [8.3].

Figure 8.5: MMI: contour plot of the transverse field profile, (A.U.), for the ON case, at at
the input and output stages, Fig. [8.3].

results are summarised in Tab. [8.2].

8.2.3 Y-junction splitter

The configuration of a Y-junction splitter is depicted in Fig. [s s]. The light is coupled from
an external source into the single rib section, (a), and propagated toward the adjacent

(linear) tapering section, (b). At the apex, beginning of section (c), the optical field is split
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equally in two parts and propagated through the two arms of the splitter. By lowering the
refractive index of one arm it is possible to cause the optical suppression of that arm. As a
consequence the optical field will be forced to propagate along the unaltered arm, hence
causing optical switching.

An example of optical field propagation along a Y-junction with no arm suppression is

: metal contact

Sio w

Figure 8.6: Scheme of a Y-junction splitter.

given in Figs. [4.11], [4.12], Section 4.9. As a comparison, the effect of an injected current
(in the right arm of the splitter), and the consequent optical arm suppression is shown in
Fig. [8.7], for the same device. The dimensions and parameters are the same as described
in Tab. [3.2],

However, in the case of Silicon material, because carriers diffuse even toward the non-
injected rib, it is necessary to deposit the metal contacts away from the apex, where the

distance between the two arms is sufficiently large.

All the SOI devices presented in this section (coupler, MMI, Y-unction) can be solved by
applying the software Silvaco. Since Silvaco is based on a Finite Element Method analysis
it can support and solve the most complicated structure geometries. However, even for
simple geometries, like these presented in this Section, the computational time required by
Silvaco is of the order of some hours. Conversely, by combining the SIM for uniform/taper
structures and the LIM it is possible to determine the electromagnetic field and the carrier
distributions across the device with computational runtimes of few minutes (usually less

than 15 minutes).
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Figure 8.7: Optical propagation along a Y-junction after injecting carriers inside the right

arm of the splitter. The lateral field profile (A.U.) is reported for different sections along the

longitudinal z axis, 20,12,3,4 = 12> 48>66 Ali72 Angle 60 = 2°.
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Chapter 9

Conclusion and Future work

9.1 Conclusion

The control of optical propagation inside planar dielectric waveguides has been investig-
ated.

Quasi-analytic models capable of analysing complicated waveguide structures, whose
solution is otherwise known only in terms of pure numerical techniques, have been sug-
gested. The study has been conducted under two broad headings: the electromagnetic
field propagation along deep ridge waveguides and the two-dimensional carrier distribution
subsequent to current injection.

The optical field propagation along longitudinally non-uniform waveguides, such as taper
and Y-junction configurations, has been predicted by using simple functional expansion
techniques. The methods introduced constitute thus convenient tools to design and ana-
lyse the feasibility of novel structures.

An efficient and accurate method for determining two-dimensional carrier density profiles
has been developed. The Lumped Iterative Method provides carrier and current distribu-
tion profiles inside two-dimensional structures with degrees of accuracy as those offered
by more detailed commercial software packages.

The electromagnetic analysis focused mainly on the field propagation in deep ridge wave-
guides, i.e. characterised by a large refractive index step between the guiding region and
the surrounding cladding region. That is the case e.g., of devices realised with the Silicon-
on-Insulator (SOI) technology.

The well established quasi-analytic Spectral Index Method (SIM) has been utilised for the
eigenmode propagation solution of longitudinally uniform waveguides. The use of the SIM
provides results with an accuracy of the same extent of that obtained by using the pure
numerical Finite Element Method (FEM). As a consequence the SIM can be used to over-
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come the limits imposed by other more straightforward quasi-analytic methods (like the
Effective Dielectric Constant), especially when applied to complex integrated structures.
This is the case, for example, with a rib waveguide coupler, where the accuracy of the
difference between the propagation constants of the modes is more important than their
individual values in order to estimate the coupling length sufficiently accurately.

The SIM has also been extended and adapted to the analysis of longitudinally non-uniform
(adiabatic) waveguides, like small angled tapers. The field propagation in taper devices
can not be treated as an eigenmode problem, so the modified SIM has been applied for
determining the longitudinal propagation of a specified input field launched at the start of
the taper.

The field inside the taper has been represented with a judiciously chosen expression and
the error introduced by such approximation minimised by applying a variational analysis.
In this way it is possible to determine an analytic form for the slowly varying longitudinal
field propagation.

Results have been compared with other numerical methods showing satisfactory agree-
ment. The field profile spreads out laterally as the taper becomes larger, albeit it becomes
effectively more confined inside the rib. The stronger influence of larger flare angles on
the field propagation has also been investigated and illustrated.

Within devices with longitudinal variations the method has also been applied to Y-junction
structures. In most published works, the propagation along Y-junction structures is ana-
lysed either by Local Mode Expansion technique or by using Finite Element/Beam Propaga-
tion methods. The approach presented in this thesis represents a unique alternative
method to predict the longitudinal field decay due to the coupling to other guided or ra-
diative modes.

Tapered rib waveguides have also been investigated by using metal horns eigenmodes as
convenient set of basis functions for the functional expansion of the optical field. This ap-
proach constitutes a straightforward extension of the concepts utilised in the Spectral Index
Method for longitudinally uniform waveguides to longitudinally non-uniform waveguides.

The optical propagation characteristics of a device can be altered by changing the refract-
ive index of the semiconductor material. Amongst different possible ways of changing the
refractive index the injection of carrier has been considered in the thesis. Therefore, the
carrier distribution across the device, after injection of current, has been investigated.

As a first approximation the rib has been neglected and the planar structures treated as a
one-dimensional p-i-n junction. However, in order to include the two-dimensional effects of
the rib the Lumped Iterative Method (LIM) has been suggested as a simple, but accurate,
method of solution. _

The LIM reduces the two-dimensional problem, (z,y), to the separate solution of two
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coupled one-dimensional problems in (x) and (y). The errors introduced by the approxim-
ations are minimised by iterating the process, and refining the solution at each successive
cycle of iteration.

The carrier and current density (two-dimensional) profiles calculated by using the LIM have
been compared with results obtained by the pure-numerical commercial software Silvaco,
showing excellent agreement. Different recombination processes have been considered
and represented in the model through the effective carrier lifetime constant. In addition,
recombinations at surfaces have been introduced in the model as boundary conditions.
Results have been calculated for different values of injected current, recombination pro-
cesses, doping densities, etc., matching with the results calculated from the software Sil-
vaco. The presence of the rib has an effect on the carrier distributions as some of the
carriers diffuse toward the rib, thus reducing the carrier concentration across the whole
device. Moreover, the rib generates non-uniform carrier distributions, thus causing spa-
tially localised refractive index changes.

The propagation of the optical field in the structure with the new (altered) refractive index
profile can be determined by applying the Spectral Index Method (SIM). However, the SIM
is not directly applicable to the case of waveguides with non-uniform refractive index pro-
file. Therefore a Perturbation Analysis was introduced to predict the change of the optical
field propagation following current injection. The waveguide is firstly solved for the unper-
turbed case and, then, the solutions used, together with the altered refractive index profile,
to determine the new field solutions for the perturbed case.

Finally, examples of optical modulation in some waveguide structures are given, by ap-
plying all the different techniques described in the earlier chapters of the thesis. Different
geometries have been simulated and presented, to prove the capability of the model as a
flexible computed assisted design (CAD) tool.

In addition to providing a direct insight into the physics of the problem, the quasi-analytic
methods introduced in this thesis offer also computational runtime advantages. In fact,
most of the structures analysed were solved within few minutes, whereas, the same struc-
tures, required few hours computational runtime when solved by using the commercial
software Silvaco (based on the pure numerical Finite Element Method).

Although all the numerical results presented in this thesis refers specifically to SOl devices,
the models suggested are general enough to be applied to a wider variety of devices and
materials, with minor modifications.
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9.2 Future work

Further investigation of some topics presented in the thesis is envisaged, in order to re-
fine the models introduced. Possible, most relevant, improvements are described in the
following sections.

9.2.1 Field propagation in longitudinally non-uniform waveguides: func-
tional expansion

The optical field inside the taper rib of a non-uniform waveguide can be, in general, rep-
resented by the functional expansion, egns. (4.3), (4.4),

Fo2) = Y aul) - cos [ %a] - Gulo) - ex(-ipe) ©.1)

k=1
However, in the thesis only one term of the expansion (9.1) has been used. The simpli-
fied single term expression does not account for the coupling of the input field with other
modes, i.e. guided and radiated, due to the taper effects. The variational analysis utilised,
egn. (C.17), must encompass such coupling, and describe the energy transfer from the
propagating mode to other modes, so that the total energy is conserved.
A more accurate field representation can be obtained if more terms of expansion (9.1)
are considered. In that case the coupling effect is automatically built in to the expression,
and the variational analysis will be reduced to the same form of a uniform waveguide,
eqn. (C.6). On the other hand, more coefficients ax(z), Gx(v), in egn. (9.1) need to be de-
termined. The field expansion (9.1) produces a set of coupled linear differential equations,
that, eventually, can be reduced to a matrix form,

dak(2)
dz

d?Gy(y)
dy?

Gr(y)+

I#k
(9.2)

In order to solve the set of equations (9.2) some approximations are needed, and the
convenient choice of such assumptions is the main object to be targeted in future work.

9.2.2 Field propagation in longitudinally non-uniform waveguides: vectorial
analysis

The field analysis in the thesis has been reduced, under valid approximations, to a scalar
problem. However, the scalar solution can only describe five components of the elec-
tromagnetic field. If an accurate polarisation analysis is required then it is necessary to
consider all the six vector components. As a consequence, all the three electric field com-
ponents eqgns. (2.8), together with the corresponding magnetic field equations must be
solved.
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The solution of six electromagnetic components is not straightforward and major changes
may be needed to the models introduced in this thesis, although the approximation 9,¢ = 0
in eqgn. (2.8) may still be retained in the case of adiabatic tapers or uniform waveguides.

9.2.3 Field propagation in longitudinally non-uniform waveguides: cylindrical
coordinates

The quasi-modal analysis attempted in cylindrical coordinates by using metal horn eigen-
modes is, perhaps, the most challenging and speculative work to be investigated further.
The use of more terms to represent the field inside the rib, eqn. (4.23), is encouraged.
But, more importantly, a detailed analysis of the use of the Hankel Transform, egn. (4.31),
is suggested. In fact, the consequent solution of the differential-integral eqn. (4.37) will
certainly provide a deeper understanding of the coupling effects among different modes
produced by the tapers.

9.2.4 Carrier dependent mobilities

The carrier transport equations (5.2), (5.3) have been solved without including explicitly the
mobility dependence of the carrier concentration, i.e. up = pup(p), n = pn(n). Although in
the iterative process the values of 11, and i, have been readjusted according to the carrier
concentrations obtained as result in the previous step of iteration, the mobilities have been
considered constant within each cycle of iteration. Such artifice used in the model may not
be accurate if the carrier densities are in the range where the mobility/ carrier concentration
curve presents a large slope. That is the case, for example, of carrier concentrations in
the range of [10¢ + 10'8]cm 3, for Silicon, Fig. [7.2].

9.2.5 Refractive index change: electro-refraction, thermo-optical effect

Of all possible physical ways of changing the refractive index of a semiconductor emphasis
has been given only to carrier injection. This particular restricted choice was dictated by
the industrial requirement of analysing Silicon-on-Insulator (SOI) devices. However, as
introduced in Chapter 5, the refractive index can also be altered by applying an external
electric field or by exploiting the thermal properties of the material. Both these two cases
can be accounted for by analysing the effects they produce on the quantum energy level
distributions.

However, the temperature dependence analysis can also be conducted at a macroscopic
level, by applying the same carrier transport equations (5.2), (5.3) and Poisson’s eqn. (5.10)
utilised in this thesis. The temperature effect is encompassed in the model by including
the temperature dependence of the recombination rate, R(T,p,n), the mobilities, y,(T),
un(T'), and the diffusion coefficients, Dy, D,.
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The inclusion of electro-refraction and thermo-optical effects extends the applicability of

the model to a wider variety of semiconductor materials, i.e. GaAs, Nitrides, etc.

9.2.6 Injection of carriers in new device configurations

The two-dimensional carrier distributions have been calculated for rib waveguides with
both the metal contacts deposited on top of the core layer, Fig. [6.1]. This choice was
particularly suitable for SOI devices, because of the bottom insulator layer. In general, the
contacts may be deposited on both the top and bottom parts of the grown wafer (stripe
lasers). This new configuration can be solved by extending the Lumped Iterative Method
to the new structure, Fig. [9.1b].

Moreover the LIM can be easily extended also to other geometries, such as the waveguide

coupler, Fig. [9.1a].

x (metal contacts)

(a) (b)

Figure 9.1: Lumped equivalent circuit for: (a) waveguide coupler; (b) stripe laser.

9.2.7 Dynamic analysis

In the present thesis the carrier transport eqns. (5.2), (5.3) have been solved in the steady
state regime, i.e. without considering any time dependence. Since the main aim of the
work was to analyse the final effects of the injected carriers on the refractive index, the
time-independent analysis was acceptable. But, often, the time dependence is an import-
ant parameter in device modulation, especially in the case of fast modulation.

The dynamic analysis of a device is so cumbersome that may not be described exhaust-
ively in the content of a thesis. However, if one particular dynamic aspect is targeted,
i.e. transient time, stability analysis, etc., then it may be possible to make some specific

approximations and obtain fairly accurate results with limited calculations.
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9.2.8 Perturbation analysis: perturbation of the field profile

The perturbation theory has been applied specifically to determine the waveguide propaga-
tion constants, 8, after altering the refractive index. Thus, it has been assumed that the
main effect of the perturbation acts on the propagation constant, rather than the field pro-
file, E(z,y). In some cases, the perturbation may effect significantly even the field profile,
and such changes can be determined by considering the coefficients ¢, in egn. (G.13).
Moreover, the perturbation analysis requires a complete set of (unperturbed) functions to
~ use as a basis set for expanding the perturbed field profile. Such set is certainly available
in the case of longitudinally uniform waveguide, but must be chosen carefully in the case
of non-uniform waveguides. The application of the perturbation analysis to non-uniform
waveguide is thus a topic which needs to be studied more in detail.
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Appendix A

Maxwell’s equations and Vector

Relations

A.1 Vector relations

/ is a scalar variable
A is a vector
V x(VxA)=VV A - V2A

Vxx({A)y=VIxA+/V xA

V'(VI)=V2
Cartesian Coordinates
unity vectors: x, y, z
f is a scalar variable
A = (Ax,Ay,Az) is a vector
ox oy oz

1 d2* d2y * d2z

V2A = V20 + V2Ayy+ V2Azz

Cylindrical Coordinates

unity vector: r, 6,y

f is a scalar variable
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A = (Ar,AQAy) is a vector

(A.7)
azf Idf , 1d2f , d2f (As)
d2r ' rdr 720287 gy, '

VA VoAr- R, . 2 Ae  2dAT o oA (A.9)
r- . - = .
? ri I~i~dO r r2 de vy

A.2 Maxwell’s equations for dielectric materials

Charge free, p = o, source free, J = o, material and harmonic time dependence are

assumed.

Cartesian Coordinates
dxeEx + dyeEy+ dzeEz = 0 (A.10)
dxHx dyHy - dzHz—0 (A.11)

iujPQHx = dyEz dzEy
upoHy = dzEx dxEz (A.12)
QPoHz= dXEy dyEX

-iu>e0eEx = dyHz - dzHy
-iuj€0eEy = dzHx - dxHz (A.13)

iuje0eEz =dxHy dyHx

Cylindrical Coordinates

-rd rreEr H_r dgtEo + dy€Ey —O0 (A.14)
v
}drrHr "—r dgHiff -\- dyEy = 0 (A.15)

iypQHJ. —-deEy dyEe
UPQHQ= dyEr drEy (A.16)
-icopoHy = IdrrEe- \deEr

-i(jueOeEr = *deHy - dyHe
—iueoeEy = dyHr —drHy (A.17)
- jujeOEEz = IdrrHe- \deHr
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Appendix B

Evanescent boundary conditions

If the refractive index step between the core region of a rib waveguide (where a propagating
guided field is bound) and the cladding region (where the guided field is evanescent) is
large, the field decays rapidly into the cladding, and vanishes after a short distance away
from the interface.

The decaying distance depends of the type of polarisation; that is, if the electric field is
tangential, Et, or perpendicular, En, to the interface.

With reference to Fig. [B.1] and coordinate system (t,n), the electric field inside the

cladding

core

Figure B.1: Cladding/core interface,

cladding region satisfies Helmholtz’s wave equation, eqn. (2.15), [1],

j2mp
A2 + (fde! - 0 (B.1)

with solution
E = exp(yV - *ge,,) (B.2)

E (1) is the value of the electric field at the interface n = o+, on the side of the cladding.

It is then possible to establish two mathematical boundary conditions at n = 0 for the two
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polarisations E,,, F;

()
dES
— = /32 — k2e,EW (B.3)
()
dE 1
= /B~ Ka B (B.4)

However, the field components, ES, Et(l) inside the cladding must be matched with the

corresponding components inside the core, Eff), }2), ie.,

Et(l) = Et(2) elEn(l) = €2En(2) (BS)

and, similarly for their derivatives

dEt(l) dEt(z) dEn(l) dE'n(Q)

dn dn dn dn (B.6)

Substituting eqns. (B.5)-(B.6) into eqns. (B.3), (B.4) yields the evanescent boundary con-
ditions

B _ B (B.7)
dn d, )
2 2
dn dt )

d, and d; represent the penetration depth of the field inside the cladding region before its

amplitude becomes negligible

_ 1
%= e
(B.9)

€2 /ﬂ2'—k861

In the case of a rib structure, with reference to Fig. [3.2], for T'M,, polarisation the electric
field, Ey, is tangential to the side walls of the rib and perpendicular to the top wall; for TE,,
polarisation, the field F, is tangential to the top wall and perpendicular to the vertical walls.
Thus the dimensions of the effective rib in Fig. [3.2] are chosen either d,, or d; according
to the type of polarisation and the direction of the field with respect to the walls of the rib.
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Appendix C

Variational method in the SIM

As introduced in Section 3.4 the assumptions made in the Spectral Index Method (SIM) do
ensure the continuity of the field at the base of the rib, y = 0, Fig. [3.3], but they cause a
mismatch of the field derivative, [1]. A variational technique is then introduced in order to
minimise the error induced on the propagation constant § by the approximate method.

C.1 \Variational analysis for uniform waveguides

In the case of a longitudinally uniform rib waveguide the exact field solution satisfies Helm-
holtz’s equation, egn. (2.15),

9?E(z,y) N O’E(z,y)

= 5yr s+ o%e(z,p) ~ B7IE(z, ) = 0 (C.1)

Eqgn. (C.1) can also be written in the variational form for the propagation constant 3, [1],

(21, (31,
oE|?

) ffA,B [kg€|E|2‘ o

ffA,B |E|2da:dy
The integrals are over the entire transverse section, i.e. the union of the two regions A
(top) and B (bottom), Fig. [3.3].
If the field representation E(z,y) is not an exact solution (as in the case of the SIM) the
variational form which makes 3 stationary assumes a different form than eqn. (C.2). Mul-
tiplying Helmholtz’s eqn. (C.1) by E*(z,y) (complex conjugate) and integrating over each
region A and B, it is possible to obtain a new variational form for the propagation constant

2
_ ’ %_f } dzdy
(C.2)

8. More precisely, it is

2 2
L I [BaGE + By % + ke BaBy | dady

C.3
[J 4 EAE}dady (C.3)

B
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in region A, and

S \Eb * + Eb *
Il EBEBd

in region B.
Integrating eqn. (C.3) by parts, and using the divergence theorem 1, after some algebra,

yields

/L kle2EAZ- g  dxdy -/ E ~di¥

) C.5
02- Ifa EAE\d (€3)

The second and third line integrals at the numerator of eqn. (C.5) are calculated around the
boundary of region A, as indicated by the closed (dotted) curve CA in Fig. [C.1]. Because
the field is zero, E = 0, along the rib, these two integrals reduce to the integration along
the x axis (the only part of the curve CA where the field is non-zero). A similar form of
eqn. (C.5) is obtained by solving the integral egn. (C.4) in region B\ in that case, since the
field vanishes at y = -oo0 the line integrals around CB (dashed line in Fig. [C.1]) reduce to
the integration along the x axis.

Adding (C.3)-(C.4) and making use of eqn. (C.2) yields

j cladding

substrate

Figure C.1: Regions of integration. CA (dotted line): boundary of region A; CB (dashed

line): boundary of region B.

[ +°° \EX°EAIX'y 24y -
J -o0 dy dy J

It is useful to note that if the field expression E(x, y) is an exact solution, i.e. the continuity
of the field derivative at the base of the rib can be ensured, than eqn. (C.s) will be an
identity and eqns. (C.3), (C.4) reduce to the exact form (C.2).

1Divergence theorem, [4]: Let S be a region in space whose boundary is a piecewise smooth closed
curve I, and F (x,y) a continuous function with continuous first partial derivatives. Then fls + Ad.-rdy =

F <ndl, where n is the outer unit normal vector of /

142

“°-)1dx =0



Although in the SIM the two derivatives in egn. (C.6) are expressed in different domains,
namely 8, E4(z,y = 0%) in the spatial domain and 8, Eg(z,y = 07) in the spectral domain,
they can be linked by using Parseval’s identity, [5]. Therefore, considering that the field
outside the effective rib is zero, i.e. E4 = 0 for |z| > w/2, Fig. [C.1], egn. (C.6) becomes

w/2 — 0+ 400 — 0
/ EzaEA(m)y 0 ) 1 / Poga (953(-’13,y 0 )

dz = —
)2 By 21 J_o P By

ds (C.7)

&g is the Fourier Transform of Eg(z, y) along the z axis, eqn. (3.12).

C.2 Dispersion relation for uniform waveguides

Eqgn. (C.7) is the dispersion relation of a two-dimensional rib waveguide, whose roots are
the sought propagation constants .

Evaluation of the left hand side (LHS) of eqn. (C.7)

By imposing the field to be zero at y = h, Fig. [3.3], G(y) in eqgn. (3.9) becomes

sin koa(h — y)

Gly) = A sinkggh

(C.8)

with k24 defined as in (3.10). A; is an arbitrary constant which can be chosen to be unity
for convenience, A; = 1, since the field profile amplitude is calculated in arbitrary units
(A.U.). Using eqgn. (C.8) and the expression for E4 in egn. (3.7) the LHS of eqn. (C.7)
becomes

w/2 * —
/ Ea(z,y=0)2Za@y=0 4, _ 2“ ko cot koah (C.9)

—w/2 oy SA

Evaluation of the right hand side (RHS) of egn. (C.7)

The interface conditions (3.17) are applied at the common interface y = —d, Fig. [3.4], to
the expressions of £z(s,y) in egn. (3.15):

e Continuity of the field, (3.17a):
— B sin(kepd) + Bs cos(kepd) = bC1 exp(—k3pd) (C.10)

b=1orb=e3/e for TE,, T M, polarisation, respectively.

¢ Continuity of the field derivative, (3.17b):

kgB[Bl COS(kgBd) + By Sin(kQBd)] = k3gCy eXp(—kgBd) (C.1 1)
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The continuity of the field is also ensured at the base of the rib, y = 0, by making use of
eqgn. (C.8) in eqn. (3.20). This yields

w/2 9
By = / cos(saz) exp(isz)dz = w (C.12)

Egns. (C.10), (C.11) and (C.12) define uniquely the constants B;, B, C;:

B bsz Sln(k‘zB d) kgB COS(kgB d)B
" bkyp cos(kapd)+kap sin(kzpd)

B, = 2sacos(sw/2) v (C.13)

—g2
SAS

C, = b(Bl Sln(kgBd) + By COS(kQBd)) exp(kggd)

and the consequent expression for £g(s,y) as given in egn. (3.15). Therefore, the RHS of
egn. (C.7)is

1 [t _ WOs(xy=0). 1 /+°° 452 cos?(sw/2)
o Ep(z,y =0) ds = [(s) (5% = 522

5 o) ds  (C.14)

. _ bks g sin(kopd)—ksp cos(kapd)
With I'(s) = k2B g5 b costhon d) T hep sinlkond)

The combination of egns. (C.9) and (C.14) in eqn. (C.7) yields the dispersion relation for
the propagation constant 3,

cos?(sw/2)

e ds (C.15)

43.4 +00
ap cot(kaph) = 2 / T(s)

C.3 \Variational analysis for non-uniform waveguides

The slowly varying term of the field profile, F(z,y, z) in egn. (4.2), satisfies the paraxial
wave equation

92 02 d
[82 Ay 5.2 22108 +k06(:l: y) — }F(w,y, z)=0 (C.16)

Multiplying egn. (C.16) by F* (complex conjugate) and integrating yields
2 _ Iy [F*W + F* f+ kOeFF*]dmdy S 2ipF* 9 dzdydz
P 11T F*dxdy T[T, FF-dzdydz

The integrals are over all of the volume space V' occupied by the tapered rib waveguide.
The first term of egn. (C.17) can be treated equivalently to eqns. (C.3)-(C.4) for the uniform
case. Integrating by parts and after some algebra the variational expression for a taper

(C.17)

device is given by

+o0 +<x> + 2 F*a_Fd
8y [[[, FF*dzdydz
(C.18)
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Appendix D

Slowly varying term for tapered
geometry

The field profile inside the taper rib in Fig. [4.1] has been represented as, eqn (4.5),
T
Fa(@,9,2) = a(2) -cos | 75a] - G(w) (D.1)

Inserting eqgn. (D.1) into the paraxial wave eqn. (2.19), multiplying by cos (Zz) and integ-
rating over z yields

2 aiz Il
- dc?jgy) a(2) + (kie — s% — p*)G(y)a(z) = 22.p[dd(z ) tfll)(:))0 a(z)] G(v) (:2)
with s4 = X,

Wo

In egn. (D.2) it is possible to separate the two variables y and z and obtain two inter-
dependent equations for G(y) and a(z) linked through the common complex parameter

q=qr —1qr 26
dy(zy + (k§e — 53 —p°)G(y) = 4G(y) (D.3)
da(z) tanfy _q
dz *u( o= T (B4)
The first equation (D.3) provides results similar to the uniform case, eqgn. (3.9),
G(y) = Arsin(kzay) + Az cos(k2ay) (D.5)
with
ko =kyer—s3—p’ —q (D.6)

and constants ratio A; /A, to be determined by applying the boundary condition E4(z,y =
h,z) = 0.
The second equation (D.4) provides an analytic form for the slowly varying coefficient a(z),
ie.,
1 .q
- —2 D.
a(z) N exp ( zpz) (D.7)
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D.1 Slowly varying term for the Y-junction configuration

The field profile inside the rib arms of the Y-Junction is expressed as, eqgns. (4.18), (4.19),
Fig. [4.10],

(—rw-T))2<z<(w-T)/2
T-w)2<z<(w+T)/2

0 elsewhere

(2]6—1)7l’ (m _ T/2)

w

Ea(z,y,2) = a(z) - G(y) - { Ajcos

Aj cos [(Qk_l)w (x+T/2)

(D.8)
for symmetric fields, and

Aj cos W(w-i—Tﬂ)} (~rw-T)2<z<(w-T)/2
E4(z,y,2) =a(z) - G(y) - { Ajisin 2'“77’(917—T/2)] T-w)/2<z<(w+T)/2
0 elsewhere
(D.9)

for anti-symmetric fields. Inserting egns. (D.8) (D.9) into the paraxial wave eqn. (2.19),
multiplying by cos (Tz) and integrating over z yields

d*G(y)
dy?

a(2) + (Ke — s ~ P)Gl)a(2) = 2ip 2 gy (0.10)

with sy = I.

The separation of the z and z variables in eqn. (D.10) yields explicitly the expressions for
G(y) and a(z). Namely, the form of G(y) is the same as in egns. (D.5), (D.6), while the
slowly varying coefficient a(z) is obtained as

a(z) = exp ( - 21%2) (D.11)
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Appendix E

Carrier concentration solution in
p-i-n junctions

E.1 Intrinsic region

As introduced in Section. 6.2 in the case of a one-dimensional p-i-n junction the current
conservation egns. (5.2), (5.3) are reduced to

Wtz _ o, - ~2) (E.1)
dJn(@) _ o _ (@)
b eR, =¢e ™ (E.2)

Recombination processes, R,, R,, have been represented through the effective lifetimes
Tps Tn, @s defined in egn. (5.12).

Moreover, inside the intrinsic region both the high-level injection and the neutrality condi-
tions are valid. Under these assumptions it is then possible to solve the carrier transport
eqns. (E.1), (E.2). Specifically, multiplying (E.1) and (E.2) by u,, and p,, respectively, and
adding yields the ambipolar equation,

d?p(z) (z)
D* *FE. == E.
2 TH =P(Z) - (E-3)
with .
1 1
-—=—+4 — (E.4)
T Tp Tn
«_(n+p)DpDy
Df =~/ F E.5
nDy + pD, (E.5)
* (n() - pO):U'n,up (E.G)
Nfin + Plip

the ambipolar effective lifetime, the ambipolar diffusion length and the ambipolar mobility,
respectively.
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Inside the intrinsic region it is pg = ng, thus p* = 0. Moreover, under the assumption of
high-level injection it is, [7],

2
D* = “EHntp (E.7)
Hn + fp
Since D* is typically almost constant, analytic solutions for egn. (E.3) are easily obtained
as
x . A
p(z) = Cy cosh — + Cysinh — (E.8)
L; L;

with L; = v D*r the ambipolar diffusion length. The arbitrary constants C; and C; are
determined by applying the boundary conditions at the two ends of the intrinsic region

dn

Jn(xz = =1/2) = eunn(—1l/2)E(-1/2) + eDnﬂ =0 (E.9)
Jp(x =1/2) = eppp(l/2)E(1/2) — er% =0 (E.10)

The only current flowing through the p-i junction, z = —1/2, Fig. [6.2], is the hole current,
thus

Io(=1/2) = Jo = epyp(~1/D)E(~1/2) - eD, LE= ) (E.11)

where Jj is the injected current density.

The electric field may then be determined from (E.9) as
-D, @

pnp(—1/2) dx

Inserting eqgn. (E.12) into eqn. (E.11) it is possible to express the boundary condition at

x = —1/2 explicitly in terms of the carrier density p(z):

dp, =
dz° = '2) = 2epup Vi

E(-1/2) = (z = —1/2) (E.12)

(E.13)

V; is the thermal voltage .
In a similar manner it is possible to express the boundary condition at the i-n junction,
x = /2, Fig. [6.2], after determining the electric field from eqgn. (E.10),

D, dp(z=1/2)

E(l/2) = E.14
2= )~ (E19)
The only current flowing at z = /2 is the electron current, i.e.,
dp(z =1/2
Tn(1/2) = Jo = emnp(t/2)E(/2) — D, PEZYD) (E.15)
hence, the second boundary condition for p(z) is
dp, _Jo
dx(z =1/2) = eV, (E.16)

'V, = 0.026V at 300K
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Applying the conditions (E.13),(E.16) to the expression (E.8) of p(z) the two arbitrary con-
stants C; and C; are uniquely determined as

Jo wntpp L

CL = E.17

' 2¢ViDp P sinh lI{—z ( )
Jo  pn— Mp L;

Cy = — E.18

2 2¢ViDp  pn cosh %2 ( )

E.2 Doped regions

Across the junctions, Fig. [6.2], the charge neutrality condition is not valid: these regions
have a net space-charge, yielding the generation of an electric field. Within the space-
charge regions the electric field and the carriers are more strongly coupled. Particular
attention is then necessary when developing numerical techniques for determining the
carrier distribution at the junctions.

The physical boundaries of the doped regions are * = —oo0, z = —I/2, and z = 1/2,
z = +oo for the p and n side, respectively.

However, as mentioned in Sect. 6.2.1, it is not possible to use boundary conditions at
infinity. Therefore an alternative approach is proposed which transforms the boundary
value problem to an initial value problem. This implies that all the boundary conditions are
assigned at the beginning of the doped regions, i.e. z = ~1/2 and =z = [/2 for the p and
n regions, respectively. The values of p(z) and n(x) at the edge of the intrinsic region are
obtained by using the analytic solution described in (E.8).

p(=1/27) =p(l/2*)  n(l/2%)=n(l/27) (E.19)
dp(=1/27) dp(-1/2%) dn(l/2%) dn(l/27)
dx - dz dz =~ dz (E.20)

Each region, p, n, is discretised into several small segments. Within each segment egns. (6.1), (6.2)
are linearised and solved analytically,

2

D,,——d di(f ) _ upE(:n)dzf) - p(z) [up diim) - ?1;] =0 (E.21)
2

D4 dr;(f )4 unE(x)———dz(xx) +n(z) {un% - %] =0 (E-22)

The algorithm is described as follows, for the p doped region, Fig. [E.1]:

1. The boundary conditions are assigned by evaluating the carrier profiles at the edges
of the intrinsic region, x = —![/2, Fig. [6.2], using the results obtained in the intrinsic
region.
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2. The majority carrier profile, p(z), inside one segment is determined by solving egn. (E.21).
The electric field, E, and its derivative, dE(z)/dz in eqn. (E.21) are assumed to be
constant within the segment (the constant value is taken to be that at the beginning
of the segment). Hence the differential eqn. (E.21) reduces to a linear second order
ordinary differential equation whose solution for the mth segment is in the same form
as (E.8).

3. Similarly, the profile of the minority carrier, n{z), could be determined by solving
eqn. (E.22). Because at the junction minority carrier densities change more signi-
ficantly than majority carriers the slope of n(z) is expected to be large. An attempt
to determine n(z) in this way has been tried, but the algorithm resulted unstable,
since the profile of n(z) did not converge to the equilibrium value ny away from the
junction. Therefore, the electron concentration has been solved by applying the total
current conservation equation

d;;"‘ = %(Jn +Jp) =0 (E.23)

Expressing the minority current J, in terms of the carrier profile n(z) as given in
eqn. (5.6) itis

eD, d";g”) + epnE@)n(z) = Jo — Jy(z) (E.24)

where J, is estimated by using the values of p(z) obtained from step (2).

4. The values of the carrier profiles, p(x), n(z), obtained from steps (2) and (3) are sub-
stituted into Poisson’s eqn. (6.3), and, after integration, the electric field distribution
is determined.

The n doped region can be solved similarly, substituting electrons with holes.

At each interface, between two adjacent segments, the continuity of the carrier concen-
tration, the electric field and their derivatives are imposed. In this way it is possible to
determine uniquely the carrier and electric field profiles over all the doped regions.
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boundary conditions

P (X)) from carrier transport equation

PI(X ) from total current equation

E(X) from Poisson's equation

Figure E.1: Schematic flow-chart for solving the p doped region.
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Appendix F

Voltage drop across the p-i-n
junction

The excess carrier concentrations, Ap, An, inside the intrinsic region, near the junction
edges, can be related to the equilibrium carrier concentrations, pg, no, inside the heavily
p, n, doped regions, respectively. The two junctions p-i and i-n can be considered as two
different separated junctions, whose voltage drop across is V,; and V;, respectively. From
the p-n junction theory it is, with reference to Fig. [6.2],

p(—1/2%) ~ Ap(—1/2+) = poexp *2*

v (F.1)
n(l/27) = An(l/27) = ngexp TR
Substituting eqgns. (F.1) into the expression for the carrier distribution (6.9) it is
Po €XP Y‘Z—‘ = C] cosh :1—%2 + Cq sinh _—[{{~ (F2)

ng exXp ‘—{}tﬂ = (C} cosh %—12 + Cy sinh l£—2

T

The constant C; and C, are defined as in (E.17), (E.18). L; is the ambipolar diffusion
length.
Multiplying both egns. (F.2) it is
ngPo €Xp Voi + Vin = C? cosh? L2 + C2sinh? /2 (F3)
Vi L; L;

K3 1

Defining the constants A, B as A = C/Jy, B = C3/Jy, €qn. (F.3) becomes

NP €XP Yoi + Vin = Jo2(A% cosh? a2 _ B2 sinh? %) (F.4)
Vi L L
The |-V characteristic, for the pairs of junctions, is then
Jo = TPo exp Voi + Vin (F5)
\/A2 cosh? QLQ — B2sinh? dL/, 2Vt

While in the case of an ordinary p-n junction the relation between current and voltage is of
the type (exp %’), with V, the applied bias across the junction, for a p-i-n junction with high
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current injection, the slope is reduced by a factor of two.

In addition to the junction voltage drop, there is a voltage drop also across the intrinsic
region, V;: it is obtained by integrating the electric field profile over the spatial range of the
intrinsic region.

Adding the two eqns. (5.5), (5.6) for the current, the electric field can be written as

1 . . dp
E(z) = ——[Jo — eV — lp)— F.6
( ) e(lllpp+llfnn)l 0 t(ﬂn up)dfl: ( )
Integrating this expression inside the intrinsic region, is

N Lol D V2 dz Vilun — ), p(1/2)
Vi= /_W( B)dr = it ) /_m 2@ i oty 7

As a result, the total voltage drop across the entire device is

Jo l l
=9 2 2 2 2 cinh2 — . 3
Vpin Vi In [nopo \/ A2 cosh I + BZ?sinh I +V; (F.8)

153



Appendix G

First order Perturbation Theory

An unperturbed system is in general described by the eigenvalue equation
U°ES = ook @

where U? is the unperturbed differential operator, and ag, E2, the unperturbed eigenvalue
and eigenmode, respectively.
If the operator U? is perturbed by a small amount, u, the corresponding eigenvalues and
eigenfunctions, a,, E,, will be perturbed accordingly, [8]. They will satisfy the perturbed
equation

UE, = anE, (G.2)

U is the perturbed operator. The perturbed eigenvalues, a,, and eigenfunctions, E,, can
be expanded in powers series, ™, in proximity of their unperturbed value:

U=U"+uz (G.3)
an=ad +arr+aiz® +ad2®+ ... (G.4)
E,=E)+Elz+E22* + E32® + ... (G.5)

where the coefficients of the power terms with order higher than zero represent the cor-
rections due to the perturbation.
Inserting eqns. (G.3), (G.4), (G.5) in (G.2) yields

(U%+uz) (E2+E},x+Eﬁm2+ng3+...) = (ag+a}1x+afb:ﬂ2+aix3+. . ) (E2+E}lx+Eﬁw2+Egm3+. . )

(G.6)
Equating coefficients with the same power it is
0 UES = aQE? same as (G.1)
zh: U°E} —aE! —al EO = —uE? (G.7)
22 |UE2 — a%FE2 — a2EQ = —uE2 + alE}
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If the perturbation, u, is small, only the first order correction term will be predominant, while
the others can be neglected. Thus, only the first order equation is considered

U°EL —aE! —alES = —uE? (G.8)

The correction term, E}, to the field profile, can be expanded in terms of the complete set,
{E2 }, of mode solutions of the unperturbed eqgn. (G.1)

EY =) cinEd (G.9)
Inserting expansion (G.9) into (G.8) and making use of eqn. (G.1) yields

> chm (= a3) ES, — abES = —uEY (G.10)
m

Multiplying eqn. (G.10) by the complex conjugate E2* and integrating over the transverse
spatial domain S, after some algebra, yields

> ehm (a‘,’n—ag) /S EJ EY*dzdy — al /S EY ES*dzdy = - /S EQuEY*dzdy  (G.11)
m

Because the eigenmodes {ES,} are orthogonal it is

e form=n
v Js Elu(z,y)E%*dzdy

! . (G.12)
S| B8 dady

e form#£n
v Js Enu(x, y) E3*dzdy

c
o (a% - agl) dzdy

(G.13)
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