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SUMMARY

Studies have been made of optical waveguides produced
in GaAs and InP epitaxial layers. Of the possible waveguiding
mechanisms present in these devices the contribution from the
photo-elastic effect (strain-induced refractive index changes)
dominates. Stresses in evaporated metal films and their

control have been investigated.

Strain-induced waveguides have been used to produce a
novel directional-coupler structure with a short coupling
length (“2mm). In GaAs bias has been applied to control the
amount of light at the output of each of the two wavegquides
forming these couplers and it has been possible to isolate

the light in either the excited or the coupled waveguide.

A new theoretical model, based on finite difference
techniques, has been developed and used to analyse strain-
induced, slab and rib waveguide structures. Results obtained
have been compared with those from other methods. Theoretical
predictions of guiding properties in GaAs strain-induced wave-
guides give good agreement with experimental results in all
cases. Optical waveguiding in InP layers using the same photo-
elastic mechanisms, assessed experimentally, indicates that
the refractive index changes are similar to those in GaAs but
slightly larger. One of the first measurements of the non-
zero electro-optic coefficient, ruv,, of InP is described.

Guiding properties vary little with time in both InP and GaAs.

The reflection of light guided in a single-mode photo-

elastic waveguide into a second perpendicular guide using a



vertical etched facet running at 45° to the direction of
propagation is proposed for providing bending with negligible

loss and some experimental results are reported.
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CHAPTER 1

INTRODUCTION

Optical-fibre transmission has established itself as a
reliable and cost-effective technology capable of meeting the
rapidly increasing demand for high bit-rate communications.
Light as a carrier wave, modulated to carry data, offers an
enormous potential bandwidth for communications because of its
high frequency although practical bandwidth is limited by the

components of the fibre system.

The aim of integrated optics is to provide system
components such as switches, mixers and modulators using
light confined in thin dielectric films. The ultimate goal
is "monolithic' integrated optics where light sources [l1l] and
detectors [2] are fabricated on the same substrate as the

other circuit components.

The simplest integrated optical components are passive
waveguides. These require the creation of a region with a
higher refractive index that its surroundings and can be
manufactured, for example, from glasses of different
composition[3]. To provide external control of the light in
the waveguide it is required to use materials in which local
refractive index changes can be induced via the electro-optic,
the acousto-optic or the magneto-optic effects. Of a host of
materials used to make individual devices [4] lithium niobate
(LiNbO3;) has the merits of a high electro-optic coefficient,
good acousto-optic properties and a well-developed technology

for waveguide formation based on titanium in-diffusion. It



is unsuitable for monolithic integration, however, as no

LiNbO3 source is available.

Gallium arsenide (GaAs) and related compounds therefore
hold a major advantage as sources in the right part of the
infra-red spectrum can be fabricated. GaAs based lasers or
light-emitting diodes (L.E.D's) are used as light sources for
multimode fibre systems installed world-wide [5],[6]1,[7].

The emitted wavelengths of 0.8-0.9um enable silicon avalanche

photodiodes (A.P.D's) to be used as detectors.

By operating in a longer wavelength region (1.25-1.6um)
fibre attenuation and material dispersion can be minimised [8].
The InGaAsP/InP materials system has been exploited to produce
highly efficient light sources in this wavelength range.
Changing the composition alters the bandgap and hence the
emitting wavelength. More recent attention has been focussed
onto monomode fibre, where bandwidth is limited solely by
material chromatic dispersion, for higher transmission speeds
and longer distances [9],[10]. The chromatic dispersion of
silica fibre goes through a zero near 1.3um and at this wave-
length there is no first-order limitation on bandwidth. The
continued improvement and acceptance of single-mode fibres
enhances the prospects for high data-rate systems employing
integrated optical terminal devices since the great majority
of integrated optical circuits and devices are single-mode

structures.

Direct modulation of semiconductor laser drive current

is the most convenient way of digital encoding. However,



under rapid modulation wavelength instability is
encountered [l1l]. Fast encoding by external guided-wave
modulators could overcome this limitation, allowing stable

continuous operation of the laser.

The electro-optic effect in GaAs allows for phase
modulation of TE propagating modes whereas TM modes are
unaffected. By exciting both TE and TM modes an external
analyser can be employed to convert the phase shift to

intensity modulation [12].

The directional-coupler switch provides for the modu-
lation of light in a waveguide by the transfer of the guided
light to a similar adjacent waveguide. The device length may
be chosen to give complete power transfer between the two
phase-synchronous guides. Field-induced refractive index
changes may then be used to destroy the phase synchronism
and thereby switch the light back to the initially excited
guide. The switching performance depends critically on the

phase matching between the waveguides and on device length.

Electro-optically controlled directional-coupler
(E.C.D.) switches have been fabricated in LiNbO; using in-
diffused waveguides [13] and in GaAs and GaAlAs using 'metal-
gap' guides [14], rib waveguides of the Schottky Barrier [15]

or M.0.S. [16] type and p+n—n+ channel-stop strip guides [17].

In the stepped AB reversal directional-coupler switch
[18] the sign of the refractive index step induced between
the two guides forming the directional coupler is reversed

halfway along the device. The advantage of multi-electrode
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pairs for a large-extinction ratio switch was first demonstrated
in LiNbOj; [19]. 1In GaAs Leonberger and Bozler [20] reported
up to 99.7% cross-over (254B) using a metal-gap structure with

two electrode pairs.

Modulator structures based on band-to-band absorption
effects at wavelengths near the bandgap [21] have also been
fabricated in GaAs but active Y-junction switches [22] and the
Mach-Zehnder interference modulator structure [23] have still
to be demonstrated in this material. Westbrook showed clearly
that passive single-mode optical waveguides can conveniently
be produced in GaAs epitaxial layers by strain-induced
refractive index changes [24]. 1In this thesis the nature of
the stress in evaporated metal films has been studied and the
findings of Westbrook confirmed. Ways in which the amount of
stress introduced may be controlled and time-dependent
annealing effects have been examined. Strain-induced wave-
guides have been used to produce a novel directional coupler
structure with a short coupling length (+~2mm) and high
synchronism without rigid fabrication tolerances. It is also
shown that in GaAs wavegquides formed by the epitaxy of low-
doped GaAs on a heavily-doped GaAs substrate strain-induced
refractive index changes must also be included to explain the

behaviour of 'metal-gap' E.D.C. devices.

A new theoretical model based on finite difference
techniques has been developed to analyse electromagnetic wave
propagation in waveguide structures in general but in the
inhomogeneous strain structures in particular. In addition

to using the technique to study strain waveguides a theoretical



analysis of some rib-waveguide structures has been made to

allow comparison with other methods.

Optical waveguiding in InP layers using the same photo-
elastic mechanisms has been examined to assess possible

application to integrated optics in the long wavelength systems.

In GaAs guilding around bends has also been evaluated as
these will be essential for increasing device packing density
in envisaged integrated optical circuits. It is shown that
the refractive index changes forming the observed waveguides
are not large enough for fabricating curved waveguide sections
with radii of curvature comparable with integrated optics and
exhibiting tolerable loss. A method for forming bends in
waveguides by reflection off an etched vertical wall is
proposed therefore for providing waveguiding through a right
angle with negligible loss. Experimental results for this

structure are presented.



CHAPTER 2

GUIDED-WAVE OPTICS

2.1 Dielectric Slab Waveguide

The dielectric slab form of optical waveguide,
illustrated in Fig.2.1, consists of a planar film of refractive
index n,; sandwiched between two regions with lower refractive
indices n; and n; respectively. Light is confined by total

internal reflection at each of the material interfaces.

A study of the slab waveguide is useful in gaining an
understanding of the waveguiding properties of more complicated
dielectric wavequides. Its simple geometry enables the finite
number of guided modes and the infinite number of radiation
modes to be described mathematically without difficulty and

obtained as solutions of boundary-value problems.

A ray-optical picture of light propagation in slab
waveguides is first outlined to gain a physical understanding.
Although this approach can provide a number of useful results
such as propagation constants and cut-off widths it is then
shown that a much more complete description is provided by
electromagnetic theory. The results obtained from the two

treatments are in complete agreement.

In the devices described in this thesis GaAs optical slab
waveqguides are produced by growing epitaxial layers of n
+ . .
GaAs on an n GaAs substrate as in Fig. 2.2. The depression
of the refractive index An due to free carriers is given by [25]:
2 2
Ne AO

pn = _ (2.1)
8m2egnom c?




Fig.2.1 Generalised dielectric slab waveguide showing
notation for axes and refractive indices.

Low doped n-GaAs _| _
or InP

Heavily doped
n+—GaAs or InP

Fig.2.2 Slab waveguide due to free carriers as used in
this work.



7.

*
where N is the number of free carriers per cubic metre, m

the carrier effective mass, e the electronic charge, e¢ the
permittivity of free space, c the velocity of light in free
space, no the refractive index in the absence of free carriers
and Ao the free-space wavelength. Because of the large
difference between the doping levels the value of (n.-ns)

is taken as An for the substrate, calculated using (2.1).
Quality is good enough for material and interface perturbation

losses to be neglected.

2.1.1 Ray-optical treatment of slab wavequides

Consider the ray picture of Fig.2.3. For the guided
mode illustrated 6 must exceed the critical angles at both
interfaces to get total internal reflection. 1In the present
case therefore 6 must be greater than sin™! (n;/n,), the
critical angle at P, since the critical angle at the substrate
interface is larger than the one at the air interface because

of the smaller refractive index difference.

The light trapped in the region of refractive index n,
may be considered to travel in a zig-zag path and, by
satisfying the requirement that the total phase shift sums to
2gm where g is an integer, the propagation constant 8 of a
guided mode may be found. B is related to the zig-zag angle

6 by :-
B = konzsine (2.2)
where kO = 2n/Ag.

The critical angle and equation (2.2) produce bounds

for 8 such that
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kona < B < kon2

The determination of B requires knowledge of the phase
shifts 2¢S and 2¢c at the n,-n3 and n;>-n; interfaces
respectively. In Appendix 9.1 expressions for the phase shifts
on reflection of a plane wave at plane interfaces are derived
for both TE and TM polarisations. It follows that in all cases

the angle ¢s is given by :-

tang = Jﬁzzsinze-ngz/nzcose (2.3)
for TE modes, and
2 2 32 2
_ hy n,“sin“0-nj
tan¢s - nyd n,cosb (2.4)

for TM modes. With n; replacing n; the same relationships hold
for tan ¢c for a dielectric/dielectric interface between n, and

the cover n;.

Only a discrete set of angles 6 leads to a self-consistent
picture and "guided modes". Consider a guide cross-section
Z = constant and the phase shifts on moving from the x = -h
boundary to the one at x = O and then back with the reflected
wave. The total phase shift must equal a multiple of 27n for

self-consistency. Thus
2kon2hcose-2¢s—2¢c = 2qm (2.5)
where ¢S and ¢c are functions of 6 as mentioned.

From equations (2.2), (2.3) and (2.4)

_ 2__ 24, 2
20 = 2tan”}{ v, (B Ri ke )%, (2.6)

n,2ke2-p?

- 2_. .2y 2
and 2¢c = 2tan !{ Ya(E——El—El—J%} (2.7)

2
n,’ko?-g2



where Y, = (%%) for TM modes
i
= 1 for TE modes
Defining
p1? = B%-n;%ke?
qz2? = ny?ko?-* (2.8)
p32 = B2-n,;2k, 2

(2.5) becomes

konzhcose—tan-l(Xégi)-tan—l(Xé%l) = qm (2.9)

Now kon,hcos8 = hg, so,

(hgq:—qm) = tan-l(zé%i) + tan-l(zégi),

(nga + Y1p1)
g2 d:2
(1- ElpaYle)

2

d:2

tan (hga=-qm) =

- 92(Y1p1+Y3p3) (2.10)
(g22=Y1Y3p1ps)

(2.10) is an eigenvalue equation for the transverse propagation

constant q..

For the case of a metal cover equations (2.3) and (2.4)
become (see Appendix 9.1)

(n ll).

2 5.2
c n; “sin<0.%
tanq)c v nzcose (l+ (n u)Z ) (2.11)
c
for TE modes, and
nz(nc")zcose
tan¢c v (2.12)

nzz{(nc")2+nzzsin26)};2

for T modes where n; = ncl-jnc" v o-jn "
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2.1.2 Fundamentals of the electromagnetic theory of
dielectric waveguides

Maxwell's equations for time dependent fields in a

source-free region are :-

3D
VkH = == (2.13)
2B
VXE:=—§€ (2.14)
V.g =0 (2.15)
V.E = 0 (2.16)

where E, H, D and B are time dependent vectors of electric and
magnetic field, electric displacement and magnetic induction

respectively.

Assume fields with a periodic time dependence of angular
frequency w and a lossless medium of dielectric constant ¢ and

permeability u,. Now applying the curl operator to (2.14),

using (2.13) to eliminate H and noting that B = ugH and D =
eE gives
3%E
VX (VXE) = -l —— (2.17)
~ at?

For any vector A

Vx (VxA) V(V.A)-V2A

and using this (2.6} ond (2 .171) e2soedre, Lo

32E
V2E = Uge — (2.18)
~ 9t?

In the planar guide the modes are uniform in the y direction
so all derivatives with respect to y are zero. Assuming that

€ = nizeo where 1 = 1,2,3 field solutions of the form
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E(x,y,2z) = Ev(x,y)exp(-jBVZ)

can be found and may be interpreted as modes of the wavequide
with propagation constants BV. The reduced form of the wave-
equation is

32E

— Y 4 (ko2n.%2-B2)E_ =0 (2.19)
x> 1 Y

The remaining requirement is that tangential E and H fields be
continuous at the dielectric discontinuities. For TE ™modes V‘he

QonL-28ve GA\X CompeneNSs  are Ty Wy ond W, . (2.13) and

(L.\%) YggkA,: 8E
H = - —X (2.20)
X WHo
3 %Ey
and HZ = ois 3% (2.21)

For guided modes in slab waveguides power is largely confined
in the central layer of the guide which is satisfied for an
oscillatory solution in region 2 and evanescent tails in the

cladding regions. The field solutions obtained are

Ey = Aexp (-p1Xx) X >0

n

A cos (g:x)+B.sin(g,x) O > x » -h

[A cos (grh) -Bsin(gzh) Jexp{ps (x+h) }x< =h (2.22)

where A _ _d2
B p:

Pi, 92, P3, are as defined by (2.8) and g, obeys the eigen-

value equation (2.10).

Similar forms of the wave-equation for the magnetic
field H may be derived from Maxwell's equations fwr TN odeS

Exact solutions of the eigenvalue equation (2.10) were
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obtained by a computer program listed in Appendix 9.2. For

the case where n;, n, and nj; are real (lossless) the solution
is obtained by continuous bisection in the range (g-1)m <g:h
<qm where g is the solution number. In the case where n;, n;
or n3 are lossy the refractive index becomes complex and the
substitution of (n-jk) for n in (2.10) gives a complex form

of the eigenvalue equation. Numerical solution for the complex
propagation constants also yields the attenuation constants of
the guided modes. The computer program of Appendix 9.2 uses

Newton's method to solve the complex form of (2.10).

2.2 Three-Dimensional Waveguides

2.2.1 Analysis of rectangular waveguides

Propagation in the slab waveguide structures described
in section 2.1 has an exact mathematical solution. In many
applications, however, transverse waveguiding (that is in the
y direction) is also important. Examples of some of the types
of these three-dimensional waveguides have been discussed by
Kogelnik [26]. An exact analytical solution for such a
structure is not possible and for a rigorous solution to the
boundary value problem of a rectangular dielectric waveguide
recourse must be made to numerical analysis and the use of a
computer [27]. It is possible, however, to approximate the
problem by replacing it with two or more planar problems as

discussed in this section.

Consider the step-index rectangular waveguide config-
uration of Fig.2.4. The guiding region is the one with

refractive index nm;’ The propagation constant (B) for the



N
N

2/ W\
AR L/
\\ \\ Ny // //

Fig.2.4 Waveguide cross-section subdivided for analysis by

the method of Marcatili [28].
with refractive index n

mi”

Region i is that
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modes in this guide is given by

2 _ 2 2___2___ 2
B = nm1k° dy qy (2.23)

where no is the refractive index of the waveguide core and
1

gq. and qy are the transverse propagation constants.

X
The approximate analysis of Marcatili [28] is based on
the assumptions that field components in the two orthogonal
directions are independent of each other and at the edges of
the shaded regions of Fig.2.4 boundary conditions may be
relaxed. The simplification arises from observing that for
well guided modes the fields decay exponentially in regions
2-4. Therefore most of the power is contained in region 1,
a small part in regions 2-4 and little in the four shaded
regions. Clearly such an approximation holds only for modes

well guided with most of the light energy travelling in the

waveguide core.

Knox and Toulios [29] modified Marcatili's analysis
for modes which are less well guided by using an effective
refractive index to couple the two slab guides approximating
the original rectangular structure. The method is illustrated
in Fig.2.5 and was shown by the authors to give closer
agreement than Marcatili's method to the computer analysis of
Goell [27] near cut-off, a fact especially noticeable for
low-order modes. In practice the technique involves firstly
calculating the propagation constant of the slab guide formed
if one lets the long guide dimension approach infinity (Fig.2.5
(b)). The propagation constant obtained (qx) is used to

define an effective refractive index, n_.. , through
t



A
)
v

=
-
(2]
=g

N3 ' N .

Fig.2.5 Analysis of a rectangular dielectric waveguide by
the method of Knox and Toulios [29]

(a) Configuration of the waveguide _
(b) Slab waveguide with equivalent confinement
in the x direction
(c) Equivalent slab guide with confinement in
the y direction. n defined from (b).
efft
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2 2 2 2 _ 2
nefftk° = nt1k° dy (2.24)

A second slab guide is now formed filled with a material of

refractive index n by allowing the short guide dimension

eff
t

to approach infinity (Fig.2.5(c)). The propagation constant

of the slab guide so formed is taken as that representing the

original waveguide.

A slightly different approach has been applied to strip-
loaded guides by Furuta et al [30] and to metal-clad guides by
Yamamoto et al [31] who both use an equivalent refractive
index to reduce the structure to an equivalent rectangular

waveguide suitable for analysis by Marcatili's method.

The effective index approach has been further developed
by Itoh [32], McLevige et al [33] and Hamasaki and Nosu [34].
The assumption made by these authors is that if the aspect
ratio of the waveguide is large there is much stronger

confinement in the x direction shown in Fig.2.5 and ‘o Ywe

\Qoﬁeﬁrhkb CLove -
Ey(x,y) v E(y) cos{qxix + ¢i} (2.25)

where i = I, II, III corresponds to the regions illustrated in

Fig.2.5(c).

The wave equation becomes

4’E
Y 2. 2 2 _q2 -
o + (ko n;“-q. -8 ) EY 0 (2.26)
y
or using equation (2.24)
EiEX 2, 2
— 2 -
; + (ko neffi B )Ey 0 (2.27)

dy
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Thus the problem is finally reduced to solving analytically
the three dielectric slab regions (i = I, II, III), obtaining
an effective index for each region which together form a
lateral slab to be similarly solved. Intuitively a TM
solution in this composite guide would appear to be the
correct one but in practice there is very little difference
between TE and TM solutions as generally one is working a

long way from cut-off and the two modes are nearly degenerate.

The effective index analysis can be used in two ways
depending on which lateral propagation constant is calculated
first. A simple argument can be used to show that the method
is particularly useful if there is a large field variation
in one direction and a solution is first found for the larger
transverse propvagation constant in the direction of strongest
guiding. The argument is based on the fact that the d, and qy
terms in equation (2.23) may be regarded as perturbations on
therm& kg? term and in the effective index method the smaller

of qx,y should be neglected to get a first-order approximation

to B which is subsequently improved.

The effective index method will be used in later sections
to analyse some waveguide properties. In particular the method
is compared in section 6.1 with results from computer solutions
for the case of rib waveguides of the configuration shown in
Fig.2.6. This particular structure cannot be analysed directly
by Marcatili's method because,although lateral waveguiding is
observed, there is no physical refractive index change in the

y direction.
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Fig.2.6 Analysis of a general rib waveguide by the
effective index method.

b)
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Buus [35] has also demonstrated good agreement of the
effective index method with a numerical method of calculation
[36] for semiconductor lasers having a gradual lateral

variation in complex permittivity.

2.2.2 Effective index analysis of directional couplers

An exact analytical solution for the coupling length
of rib and strain-induced directional-coupler structures is
not possible and again recourse must be made to a numerical
method or an approximate model lending itself to analytical
solution. A suitable approximation can be made using an

extension of the effective index method.

The device is divided into regions I, II, and III
shown in Fig.2.7 and, by assuming each region to be an infinite

slab in the y direction, effective guide indices N and

1’ V11

NIII can be obtained as Bi/ko where Bi is the propagation

constant of the fundamental TE mode for each slab guide.

The coupling length is calculated by modelling the five-
layer structure of infinite extent in the x direction with
indices N, . The coupling length, L. is taken as (BS—BA)/n
where BS and BA are the propagation constants of the
symmetric and asymmetric TM modes of the double-guide system
(see Appendix 9.8). The characteristic equations for the

symmetric and asymmetric modes are (see Appendix 9.3)

%*
tan[2aq:] = 9£{Z‘P’+Y3P3}* (2.28)
{q2°=-v1v3p1P3 }

patanh{ pj3(c-a)} : symmetric mode

where p3

pi/tanh{ps(c-a)} : asymmetric mode
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2.3 Finite Difference Calculations

A method is deseribed in this section for analysing
electromagnetic wave propagation in dielectric waveguides
where refractive index may vary in both directions of the
cross-section but is constant in the longitudinal direction

(assumed infinitely long).

The basis of the procedure used is to replace the wave
equation by finite difference relations in terms of the fields
at discrete mesh points. Boundary conditions are enforced
by enclosing the wavequide within an arbitrarily determined
electric wall and full advantage taken of symmetry so that in
most of the structures studied only half the waveguide cross-

section is considered.

The finite difference techniques lead to a matrix
eigenvalue problem and the construction of a computer program
to calculate the field distribution and eigenvalue iteratively

is described here in detail.

The importance of finite difference methods lies in the
ease with which many operations and functions may be
represented. Operations are then performed somewhat approx-
imately in terms of values over a discrete set of points and

as the distance between points is made sufficiently small it
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is hoped that the approximation made becomes increasingly
accurate. As will become evident operations such as differ-
entiation and integration reduce to simple arithmetic forms

suitable for digital computation.

From equation (2.24) the wave equation for TE modes is

3%E 3%E ., ,
+ —X 4 k - E =0 2.29
o >y 0 (n neff) y ( )

To apply the finite difference method the waveguide cross
section is covzred with a rectangular mesh of size X and Y in
the x and y directions respectively. The different step
lengths were incorporated to facilitate the study of devices
with large aspect ratios. 1In place of the function Ey(x,y)
consider discrete values of Ey at mesh points only and replace
the partial derivatives of (2.29) by the finite difference

expressions of Appendix 9.4.
Rearrangement of these expressions gives

_ E(I+1,J)+E(I-1,J)+R’*{E(I,J+1)+E(TI,J-1))

E(I,J)
2[1+R?])-ko2X?-{N?2(1,J)-N?}

(2.30)

X/Y, N(I,J) is the refractive index at the point

where R

(IX,JY) and N is the effective refractive index of the guide.

Axes and dimensions were labelled as in Fig.2.8 giving
a waveguide of dimensions AX and 2BY with a centre line of
symmetry at J = 1. The following boundary conditions were
imposed

E(0,J) = E(A,J) = E(I,B+l) = O (2.31)

Symmetry about the centre line was modelled by requiring
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E(I,0) E(I,2) for symmetric modes
(2.32)

and E(I,1)

) for asymmetric modes

It is shown in Appendix 9.5 that a variational
expression can be formed for the propagation constant 8(=N/ko)
of the wavegquide that yields a lower bound for B? which
improves as the trial function for Ey approaches the actual
mode distribution. This variational expression is the

Rayleigh Quotient and is

- BZEY azEY )
N > + + k E)E d
k° JI (ax2 ayz o n y) Y Xdy
Ccross
section (2.33)
” Eyz dxdy
cross
section

A finite difference form of the Rayleigh Quotient is also

required. The integrand in the numerator is expressed as

(E(I+1,3) + E(I-1,J) - 2E(1,J)
X2

E(I,J)

E(I,J+1) + E(I,J-1-2E(I,J)
Y2

+ + ko2N(I,J)E(I,J)}

= T(I,J) say (2.34)

The integration formula used to evaluate the numerator
and the denominator was the "trapezoidal rule" [37] since the
more accurate Simpson's 1/3 rule {37] was seen to give no
improvement in the solution of one-dimensional waveguides.

The trapezoidal rule gives
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B A-1l A-1
IJT(I,J)dxdy =} ] T(I,IXY + ) T(g,l) Xy
J=2 I=1 I=1
= C say (2.35)
and
B A-1 A-1 1
”EZdXdY= I 7 Ea,o)ixy s+ ) EED gy
Y J=2 1=1 L
= G say (2.36)

If the value of the numerator is C and that of the denominator

G then from (2.33), (2.35) and (2.36)

Ccx?

G (2.37)

k02N2X2 2
from which a value of N can be substituted into (2.34).

In the practical solution of the wave equation the
starting point was to draw up the mesh and assign a refractive
index value to each mesh point. The eigenvalue was estimated
(usually as N3) and an approximate field value assigned to
every point. In most cases EY was set initially to unity

everywhere although better approximations speeded up convergence.

Equation (2.30) was then applied pagewise to each value
in turn and field values overwritten. After each complete
scan the latest field values were substituted into the Rayleigh
Quotient from which a better approximation to the eigenvalue
can be expected. The two processes were continued until a
satisfactory convergence on field values or eigenvalue was

attained.

2.3.1 The method of successive over-relaxation

The difference between any two successive E(I,J) values
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corresponds to a correction term to be applied in updating
the current estimate. The rate of convergence may be speeded
by overcorrecting at each stage by a factor S. The process
is known as successive over-relaxation (S.0.R.)and may be
shown to be convergent for any value of S in the range

O < S ¢ 2 [38] with S>1 over-relaxation results.

If over-relaxation is used the finite difference

equation (2.34) is modified to [39]:

E(I+1,J)+E(I-1,0) +R*{E(I, J+D+E(T,I-1)} _ (o 1)g(1,T)
2[1+R%?]-ko?X*{N?%(1,J)-N?}

E(I,J) = s {

(2.38)

The main difficulty in applying the idea of S.0.R. is the
necessity for calculating the optimum accelerating factor (SO)

automatically within the computer program.

In Appendix 9.6 a brief outline is given of the theory
behind the application of S.0.R. to the solution of (2.29) as
given by Sinnott [40], Sinnott et al [41] and Carré [42]. A
practical scheme is also presented there for efficiently
calculating the optimum accelerating factor. S values found
were in the range 1.6 - 1.9. The effectiveness of the method
will become apparent in section 6.4.2 where a comparison is

made of convergence with and without acceleration.

2.3.2 Higher-order modes

It is shown here that the modes of a dielectric waveguide
are orthogonal which allows an arbitrary field distribution
(¢) to be expressed as a superposition of the waveguide modes

(wr). This enables an approximation to higher-order mode
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solutions to be obtained.

2.3.2.1 Orthogonality of the waveguide modes

Orthogonality is easily proved by taking a pair of

eigenfunctions ¢_ and ¢ _ satisfying the wave equation. Then
9 r s

2 2_y 2 2 -
v o+ (n Nr Yko ¢r 0 (2.39)

v2¢s + (nz-st)koz¢s =0 (2.40)

Mulitplying (2.39) by ¢S and (2.40) by ¢r, subtracting and

integrating over the wavegquide cross-section

2_y 2
(Ns Nr YKo [ ¢> d

il

3.

S
(¢r 3n - oy ———)dl (2.41)

J
JJ(@ v? bg=bg v? $,.)ds
%

from Green's theorem.

The contour integral is zero if at least one of the modes is
guided as guided mode field distributions are required to
decay exponentially towards infinity and the line integral
may extend over an infinitely large curve enclosing the wave-

guide. It follows that

Jj¢r¢sds = 0, Ns # Nr (2.42)

Orthogonality has been shown by Marcuse [43] to hold if both
modes are radiation modes although the proof is somewhat more
complicated and involves the oscillatory nature of the

radiation modes.
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For the case s = r solutions may be normalised in the

usual way so that

ff¢r¢s = 6rs (2.43)

where 6rs is the Kronecker delta, being unity for r = s and

zero otherwise.

2.3.2.2 Higher-order modes

Consider a trial function ¢(x,y) satisfying the boundary
conditions of guided modes and having continuous derivatives
up to second order. Expanding ¢(x,y) in terms of the
orthonormal solutions of the wave equation with the enforced

symmetry as

¢ = ) a_o (2.44)
and noting that

V2o+ko2nlo (2.45)

It

I ~18
]
©
w

a Rayleigh Quotient can be formed for the function (¢—ao¢o)

using (2.33) as

JI(¢‘ao¢o)[V2¢+kozn2¢'ao(V2¢o*kozn2¢o)]d5
B > — (2.46)

If (¢-aodo) ?ds

If(ax¢x+az®z+ ) (a1B12¢01+a2B82%¢2+...)ds

JJ(31¢1+a2®2+...)(al¢x+az®z+ ....)ds

Orthonormality of the ®j leads to
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a]

HNe~18jlie~18

BZ >

a

~

o~ 8
w
w>w
N}
I
™w
~N

(2.47)

Following the arguments of Appendix 9.5 a lower bound to the
propagation constant of the next order mode with the required

symmetry is found.

Thus, to determine the mode of propagation constant B;
the function (¢-agde) is used in the Rayleigh Quotient. It
is assumed that ¢, is known to a sufficient accuracy from a

previous finite difference solution.

The value of a, may easily be determined. Since

¢ = adotartr+ ....
it follows from orthonormality that

a, = J¢¢odv (2.48)

This technique is used in section 6.1 where a rib waveguide
structure is analysed. If required, modes of higher order
still can be found, provided all the lower-order modes of the
relevant symmetry are known. This requires a large amount of

computer storage, however.
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2.3.3 Finite difference solution of the one-dimensional

wave-eguation

The wave equation for the TE modes is

az 2 2
(8 Il( 0 ) y

2 x)

X

In finite difference form with a step length h

2 - -
2'B, B, m2B;-Ep
dIx? h?
yielding e . EI+1—EI—1
1 (2-X)
where A = kzhz(nz(x)-nez)
and ne2 = B%ke?

For this problem, from (2.33)

ao

2
f (3°E 4 x2n2(x))Edx
Ix?

2
B2 > =

J E2dx

-0

which is easily expressed in finite difference form using
(2.50). The method is checked in section 6.4.1 against

analytical solutions for slab waveguides and regions of

(2.49)

(2.50)

(2.51)

(2.52)

constant refractive index. Integration was performed using

the trapezoidal rule with E(o) = E(B+1l) = O as boundary

conditions. Integration using Simpson's rule gave little

improvement to results.
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CHAPTER 3

THIN FILM STRESSES AND THE PHOTO-ELASTIC EFFECT

3.1 Thin Film Stresses

3.1.1 Intrinsic and thermal stresses

Stress in epitaxial films consists of two major
components [44]. One is "intrinsic" stress which reflects
film structure in some way that is not well understood.
Inconsistency between the experimental data of different
workers indicates a dependence on film thickness, deposition
temperature and condensation rate. The second component of
stress dominates when the film thickness exceeds a few
hundred angstroms [45] and arises from the different thermal
expansion coefficients of the film and substrate and the
difference between deposition temperature (TD) and the

temperature at which stress measurements are made (Tm).

If the expansion coefficient of the metal film is g

and it were free to contract then its length L v,z along
’ 14
each axis (x,y,z) would change by an amount
AL = (T-T ) (3.1)

X,Y,2 Lx,y,zaf D m

over the temperature range considered (in fact O varies
slightly with temperature). Similarly the substrate would

contract by

' = -
ALx,y,z Lx,y,zas(TD Tm) (3.2)

where o is the thermal expansion coefficient of the substrate.
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! and

Values of a. for gold and aluminium are 1.4 x 10 5k~
2.3 x 10 5K ! respectively [46] and a, for GaAs is 6 x 107 ©

K- '[47].

The f£ilm is constrained from contracting and a strain

is generated equal and opposite to the differential contraction.

. ' .
The strain components e XX, VY 22 are given by
] — ' - . -
e vy €2z T (af 0Ls)(TD Tm) ;
) (3.3)
e! =0
XX )

The thin film stress (of) is given approximately by

Of = Eg e'zz (3.4)

where Ef is Young's Modulus for the film. From the generalised

] 2 : .
Hooke's Law given in section 3.2 the stresses Oxx,yy,zz are
lel
5 - vE'e + XX,VV,22 (3.5)
XX,VY,22 (1+v) (1-2v) 1+v :
1-2v
- ' ' ' =
where e = e XX + e vy te', . (oxx+oyy+czz),

El
E' and v are respectively Young's Modulus and Poisson's ratio

: ] = ' ' - i
for the substrate. Letting e vy e', . and e <X O gives

e' E!
XX

vy zz = (1+v) (1=-2V)

—(af-as)(TD-Tm)E'

(1+v) (1-2v)

(3.6)

The distributed stresses oyy and 9, throughout the substrate

balance the film stress of i.e.
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3.1.2 Experimental determination of thin film stresses

Stresses present in evaporated gold and aluminium films
were measured by observing the curvature of long thin GaAs
substrates, after film deposition, using a sodium interference

microscope.

Flat GaAs samples for the interferometric measurements
were prepared by thinning 400um thick polished slices using
al: 8 : 1 water : hydrogen peroxide : sulphuric acid etch
initially at room temperature. The samples were stuck
polished side down to a glass slide using black wax and pre-
etched in concentrated hydrochloric acid for about five
minutes to remove surface oxide. After rinsing in de-ionised
water and drying in a stream of nitrogen the samples were
etched. The beaker containing the etchant was placed in an
ultrasonic bath. With care to ensure that the wax protected
the polished surface throughout the course of the etch the
technique consistently produced samples with a uniform thick-

ness in the range 75 - 125um.

The flatness of the polished face of the substrates
was checked before film evaporation and re-measured after
etching off the film. The substrate was found to be unaltered
in a control experiment in which it was heated by radiation

from an evaporation source without any metal in it.

The measurement technique assumes that the evaporated
film strains the substrate which bends until equilibrium is
reached. For a film on the top side of a substrate a concave

curvature is defined as tension in the film.



29.

The product of film stress (of) and its thickness (t)
is given by [48]:
E'q?

O'ft =m (3.7)

where p is the radius of curvature of the bent substrate and
d its thickness. The radius of curvature is related to the

deflection § over length L by

L2

p =ﬁ (3.8)

Over the same length, § is related to the lateral shift D in

the sodium interference fringes as

_ DX
§ = 5a (3.9)

where a is the fringe separation and X the wavelength of
sodium light. Fractional fringe shift could be measured

from photographs taken over a lmm section of the sample length.

For many samples the sodium interference microscope
could be adjusted so that up to five Newton's Rings were
observed over the field of view which could be photographed
and in these cases the radius of curvature was also

calculated from the radius of successive rings.

Brenner and Senderoff [49] review (3.7) in detail and
point out several approximations made. These include different
elastic moduli in film and substrate and stress relief in the
film as curvature changes. Experimentally stresses measured
in films evaporated onto substrates constrained from bending
during evaporation (by sticking their reverse side to a glass

slide with photoresist) were the same as those measured on
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similar unconstrained substrates. Brenner and Senderoff also
develop corrections to (3.7) for cases where film thickness
is an appreciable fraction of substrate thickness. The worst

error due to this in samples studied is 3%.

The discussion above assumes that stress is uniform
throughout the film thickness. However it was observed that
films peeled off some substrates and devices curled away from
the substrate indicating that film stress is not uniform.
Stress values found must therefore be regarded as some average

value.

Any thermal gradients across the substrate thickness
would induce a bending of the film-substrate combination which
may be interpreted as a stress. However, the temperature
difference between the two sample faces was estimated as being

less than 1°c.

Evaporation rate was kept constant by using the same
source current although gold tended to run into the corners
of the source boat which it is thought are cooler than the

central part.

3.1.3 Experimental results and discussion

Fig.3.1 shows the experimental plot of oft against
film thickness t for an evaporated gold film. Approximating
the plot with a straight line gives a value of o. = 3.5 x 10°
Nm 2. Using equation (3.6) this corresponds to a temperature
difference (TD-Tm) ~ 230°C. For evaporated aluminium films
the film stress increased with increasing film thickness up

2

to a maximum value of ~1 x 10®Nm 2 for a 2um thickness. The
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Fig. 3.1 Plot of film stress-film thickness product
against film thickness for gold films evap-

orated on to GaAs substrates
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corresponding (TD-Tm) from (3.6) is =30°C. The temperature

TD at which the film forms is determined by thermal radiation
from the evaporation source and latent heat given up by the
condensing atoms. Maximum temperatures measured during
evaporations of lum of gold and 2um of aluminium were 195°¢
and 50°C respectively, in favourable agreement with calculated

values. Temperature measurements were made using a Johnson

Matthey "Thermafilm" platinum resistance thermometer.

The difference (TD—Tm) was increased by evaporating
onto samples heated by placing them on a small metal block
attached to a soldering iron heating element. The block
temperature was determined using a copper=-constantan thermo-
couple and could be varied by altering the heating-element
voltage. A Peltier cooling element was used to cool samples
during evaporation. Cooling of 30°C was achieved and
maintained during evaporation of aluminium films. Films with
no measurable stress could be formed. Two samples showed

small compressive stresses.

Fig.3.2 shows a plot of film stress against temperature
prior to evaporation for lum thick aluminium films. An
increase of film stress with temperature is bObserved at least
up to about 110°c. Although it is tempting to assume that a

2 is reached for higher

constant stress value of 2.9 x 10°Nm
temperatures (which would be in agreement with the results of
Fig.3.1l) as shown by the solid curve of Fig.3.2, it is
evident that in view of measurement errors a curve such as

the dotted one in this Figure could be drawn, indicating
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stress increases with temperature up to 300°cC.

The experimental results of Fig.3.1 and those of Fig.
3.2 using the solid curve agree closely with the interpretation
of Murbach and Wilman [50] who state that appreciable atomic
migration persists in the film until the temperature falls
below the recrystallisation temperature. On further cooling
the mechanical properties of the film return and cause the
Observed tensile stress. The amount of stress developed
depends therefore on the difference between the recrystallis-
ation temperature, or the highest temperature reached if less
than this, and the final temperature (Tm). The recrystallis-
ation temperatures of Al and Au are 150°c and 200°c [50] and
the corresponding stresses compare favourably with those

Observed experimentally.

It should be remembered, however, that no direct
observation of film structure has been made so there is no
direct evidence that recrystallisation does in fact occur.

As the film stress is larger than the yield stress of bulk
material its value might be determined by the yield strength
at the deposition temperature and subsequent hardening on
cooling. Haworth [51] says these are, however, conditions
under which recrystallisation may occur. Neugebauer [52]

does report orientation approaching that of a single crystal
for gold films deposited at ~300°C on a rock-salt substrate
but completely random structure for deposition at temperatures
less than 150°C. He also shows that a stress-strain curve

for the evaporated films has a gradient slightly smaller than

Young's Modulus for low stress but which remains steep even
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for high stresses. He concludes that this is due to a high
concentration of dislocations and other defects impeding but
not preventing dislocation motion even at high stresses.

This also explains an ultimate tensile strength larger than

in bulk material. Although plastic deformation was observable
at stresses very much less than the tensile stress, Neugebauer

reports that there is no sharp yield point.

It is evident that this part of the study needs further
careful experimental work to satisfactorily explain the results.

In particular a study of film structure is necessary.

In a further experiment an already evaporated sample
having a gold film was heated using the heating block whilst
observing fringes formed with the sodium interference microscope.
The sample temperature is assumed to be that of the heating
block. A linear plot of o t/temperature was found up to the
maximum temperature used of 90°c. Extrapolation predicted

0t = 0 at a temperature of ~240°C which can be interpreted

as the temperature at which tensile stress was first developed.

Annealing of samples with evaporated gold films at
temperatures of 8o°c, 140°C and 200°c produced on the whole
no change in film stress. The temperatures used were chosen
as representative of those to which the device is subjected
during fabrication whilst avoiding the appreciable atomic
diffusion of a gold/GaAs system above 250°C [53] which may
cause stress relief. Samples removed from the evaporator
before cooling to room temperature showed stress some 20%
larger than expected but this extra component was rapidly

removed on annealing.
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Attempts made to evaporate metal films onto samples
initially cooled to near 77K by placing them on a stainless
steel reservoir containing liquid nitrogen were unsuccessful.
Both aluminium and gold condensed into long, fine "whiskers"
between source and samples.

3.2 Strain Due to Discontinuities in the Metal Films
and the Photo-elastic Effect

In this section the effect of the metal stress on sub-
strate refractive index near discontinuities in the metal film

is examined.

Consider the discontinuity in a thin film under tension
as illustrated in Fig.3.3. To maintain equilibrium a force
F per unit length in the z direction is transmitted into the
crystal at the discontinuity. This force is strictly distri-
buted in a small region near the film edge but is considered
here to be concentrated directly at the edge. The force is

given by
t (3.10)
If the semiconductor is assumed elastically isotropic

and semi-infinite in the x direction the required stress

components in the GaAs are given by [54]

2
Oy =~ Z—TT]’: X ¥ (3.11)
X (x2+y?2) 2
3
T (3.12)
Yy (X2+Y2)2
2
g = g = - 2F __ xy" (3.13)

Xy ¥YX m (X2+y2)2
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To find the related strain components a generalised Hooke's

Law is used giving [55]

_ 1 _

€y = ET {oxx v(oyy+ozz)} (3.14)
_ 1 -

eyy = ET {oyy v(oxx+ozz)} (3.15)
_ 1 _

e,, = ET {ozz v(oxx+cyy)} (3.16)

In practice cubic crystals such as GaAs and InP are elastically
anisotropic. Isotropic average values for E' and v are taken

in the treatment used.

If the thin film discontinuity is assumed infinite in
the z direction, implying no displacement in that direction

(i.e. €0 = €4, = eyz = 0), then from (3.16)

o] = v(o._ +0._ ) (3.17)

and substitution into (3.14) and (3.15) gives

_ (1+v) _ _

exx = —;—— {(l \))OXX \)Uyy} (3.18)
= (1+v) - -

ey = o {1 v)oyy voxx} (3.19)

If there are two or more discontinuities in the metal film the
strain components at a general point (x,y) may be found by
Superimposing strain components found for each discontinuity

considered in turn.

The photo-elastic effect describes the dependency of
the dielectric constant (and refractive index) on strain.
The effect of the strain is to alter the relative dielectric

impermeability tensor Bij defined as [56]
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aEi
Bl] = €9 D (3.20)
J
by an amount [57]

ABij = pijrs’ers (3.21)
where the pijrs are coefficients of the fourth rank photo-
elastic tensor.

For TM waves (polarisation in the x direction) the
refractive index n_ . is given by

1 1

n* = ( 2 * Pyxrs*®rs’ (3.22)

XX Ny

As AB is small compared to B this equation may be expanded to

first order giving

1 3 _
nxx'\:no - i pxxrs.eran = ng + An (3.23)

The perturbation in relative dielectric constant is

Ae = 2nohAn = —no“pxxrs.ers (3.24)
Similarly for TE waves (polarisation is the y direction )
) (3.25)

- - L
Aer = =Ny (pyyrs'ers

For the 43m crystals (such as GaAs and InP) there are three
independent photo-elastic constants pii, P12 and psus (using
reduced matrix notation [56]). These constants are given in
the literature for GaAs but are referred to the primary
crystallographic axes (x',y',2'). Therefore to determine the
coefficients referred to the axes of the device a tensor

transformation must be applied [24]. The relationship between
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the two sets of axes is shown in Fig.3.4. The x axis is
coincident with the x' but the y and z axes are rotated
through 45° with respect to the y' and z' axes. The photo-
elastic contribution to relative dielectric constant is then,
for TM modes

+ ! 3.26
% Plzeyy) ( )

- = L' ]
Ae = -nyg (pllex
and for TE modes

Aer

-no"{Plkexx +(pul + BL%iEL%eyy} (3.27)

The non-zero photo-elastic coefficients of GaAs are [58]

Py, = -0.165, p,% = -0.140 and p,i, = -~0.072. No photo-elastic
coefficients have been reported for InP although some
information on them can be found from published data on the
piezobirefringence of the material [59]. The photo-elastic
Coefficients are related to the piezo-optic coefficients ”;j

by

c'. (3.28)

where the c'., are the elastic stiffness constants. From the

jk

data of Canal et al [59] (3.28) gives p,;} - p3 = -0.007 and
P,, = -0.051 for InP at a wavelength of 1.15uym using values
for the c'jk quoted by Neuberger [60]. Values of p,}\! - p}%
= -0.036 and p,), = -0.065 from similar piezobirefringence
measurements for GaAs [61] are in reasonable agreement with
the p'ij of Dixon [58]. At the wavelength used the p'ij
values for InP and GaAs are thought similar, therefore. The

sign of +,, and (g, -n', ) reverses for both GaAs and InP

near the respective absorption edges, however.
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Fig.3.4 The relationship between x, y, 2z axes used and
the primary crystallographic axes.
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The effect of the strain on the dielectric constant
is illustrated by Fig.3.5 which shows the variation of €.
with y for a TE mode at depths of 1, 2 and 4um below a l4um
wide channel with F = 1200 Nm ! and a GaAs substrate*. It is
clear that the dielectric constant perturbation decreases
rapidly with increasing depth but it should be remembered that
the optical fields are contained within the first few microns
of the device by the free-carrier contribution to refractive

index in the n+ substrate.

Analysis of the waveguiding characteristics of strain-
induced refractive index profiles produced using several metal

film geometries is given in Chapter 6.

* -
Average values of E' and v for GaAs are [24] 1.2 x 10!!Nm 2

and 0.23 respectively.
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CHAPTER 4

DEVICES AND THEIR FABRICATION

4.1 GaAs Devices

The material used in the fabrication of GaAs devices
had a lightly-doped GaAs epitaxial layer grown on a heavily-
doped n* GaAs substrate (Nd'blolscm_a). Several slices were

used with slightly different doping in the epitaxial layer.

The following initial stages of processing were
identical for all GaAs devices
(a) The wafers were stuck to a lapping block with dental wax
and lapped on a glass plate to a total thickness of 120um
using an aqueous suspension of 3um alumina grit. A finer
(lum) grit mixed with glycerol was then used to get a finish
with a dull shine. The 120um thickness was chosen as the
best compromise to provide a sample both easy to cleave and

handle.

(b) The epitaxial layer surface was cleaned by rubbing gently
with strands of cotton pulled from a cotton bud and socaked in
trichloroethylene. The whole wafer was then cleaned by boiling
in a succession of solvents, usually three times each in tri-
chloroethylene, acetone and iso-propyl alcohol. Each solvent
in turn was allowed to boil for a few minutes before intro-

ducing the sample which was then left for 2-3 minutes.

(c) Some slices required the epitaxial layer thickness to be
reduced to a final value of about 2.7um. This was done using

al: 8 : 1 (H2SO4 : Hz202 : H20) etch cooled to room temperature
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before use and agitated by placing the beaker containing the
etch into an ultrasonic bath. When preceded by a 5 minute etch
in HCl to remove surface oxide [62] an etched surface
indistinguishable from the original epitaxial surface resulted.

The etch rate at 17°C was 7.4um/minute.

(d) In devices requiring subsequent electrical contact to the
Schottky electrodes a gold-germanium ohmic contact with 6%
nickel by weight as a wetting agent was evaporated onto the n+
substrate. The total weight of the evaporation sources was
usually about 0.4g but all was not evaporated as the evaporants
alloyed with the molybednum boat used. The contacts were sub-
sequently alloyed for 2 minutes in a furnace set to a
temperature of 450°C through which pure hydrogen gas was passed.
The sample was held on a quartz boat incorporating a thermo-
couple. Alloying was timed from when monitored temperature

exceeded 400°C.

(e) Wafers were then cleaved into individual samples as
required. The natural {110} cleavage planes were exploited.
Cleaving was performed by trapping the remote edge of the sample
with the point of a fine pair of tweezers. The body of the
tweezers was pointed along the direction to be cleaved but
making an angle of about 45° with the plane of the slice.

Light pressure on the point of the tweezers then caused the

sample to 1lift slightly and cleave in the required place.

The following sections describe briefly the subsequent

fabrication of the various devices studied.
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4.1.1 Stripe waveguides

A device studied by Westbrook [24] and called the
electro-optic waveguide modulator by him has been further

investigated and will be referred to as a stripe waveguide.

The ideal structure is shown in Fig.4.1(a). The
stripe width is typically 20-30um and consequently inhibits
direct bonding of a contact wire. Therefore in devices
requiring an electrical contact a wider stripe, isolated from
the semiconductor surface by a layer of negatiVe photoresist,
was provided for bonding purposes giving the structure of

Fig.4.1(b).
Further processing for this structure was :-

(i) A stripe window of the required width was opened up
parallel to the cleaved sample edges in Waycoat H.R. negative
photoresist spun on the sample at 8000 r.p.m. for 30s. The
high spin speed was used to avoid build-up of the resist near
sample edges. Placing the sample off-centre on the spinner
was also helpful in this respect. To give the samples extra
strength they were stuck onto 2.5 cm square microscope cover
slips with a thin layer of positive photoresist spun for a
few seconds at 6000 r.p.m. Adhesion to the slide was improved

by baking at 60°C under an infra-red (I.R.) lamp.

The negative photoresist was baked at 90°C for 30
minutes before exposure to U.V. light through a suitably aligned
mask using a KSM mask aligner system. An exposure time of 3s
was followed by development under a flow of xylene from a

wash bottle. The sample was next removed from the glass slide

Sk
UNVIRLT
i AR
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' Fig.4.1 Schematic diagram of the stripe waveguide

(a) shows the ideal device while (b) illustrates
the electrically active structure with a contacting
strip for application of bias.



42.

by soaking for a few seconds in ethyl acetate and sprayed with
n-buthyl acetate to ensure complete removal of the negative
photoresist from the window. The photoresist was subsequently

baked for 20 minutes at 135°C.

(ii) A gold Schottky barrier film was evaporated onto the
epitaxial layer after a 5 minute etch in HCl to remove surface
oxide. The evaporation was performed at a residual pressure
of <2.7 x 10 * Pa (2 x 10 °® torr). A fired molybdenum boat
containing melted gold wire provided the source. The thickness

t of the evaporated film was estimated from

t = - (4.1)
2mrlp

where m is the mass of evaporant, r the source-substrate
distance and p the density of the metal. Subsequent measure-
ment of film thickness using a "Talystep" showed actual thick-
ness to be 1.5 times larger than that predicted when all source

material was evaporated.

(1ii) The sample was stuck to another glass slide with
positive photoresist and AZ1350H positive photoresist spun
onto the surface at 8000 r.p.m. for 30s. A 100um mask was
delineated over the stripe window. A 5 minute pre-bake under
an I.R. lamp and a 15s exposure were used. The sample was
developed in a beaker containing AZ developer until the stripe
became visible (after 5-10s). The sample was then rinsed

well in de-ionised water and blown dry in a stream of nitrogen.

(iv) Exposed gold was removed using a solution of potassium
iodide/iodine (KI/I.). The positive resist was next removed
by soaking in ethyl acetate and this also removed the device

from the cover slip.
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(v) The device was cleaved and mounted as described in

section 4.3.

It was shown in section 3.2 that the photo-elastic
effect produces guiding at a remote metal edge. Edge wave-
guides were fabricated by evaporating gold directly onto the
epitaxial layer as in (ii) and then delineating and etching
100-200um stripes as in (iii) and (iv). Direct bonding to

the stripe is possible.

4.1.2 Channel waveguides - novel directional-coupler
structures

Channel structures were fabricated by evaporating gold
onto the semiconductor surface and etching through windows in
negative photoresist spun over the metal. The resist was then
removed using "Microstrip" a proprietory resist stripper.

With the thicker films severe undercutting of the photoresist

was noticed. For example, a 1l5um channel would be formed when
etching a nominal 2uym film through a mask 7um wide. By care-

fully controlling the etching time in the KI/I, solution line

widths were found to be reproducible although photolithography
did not always succeed in giving the narrow window required

for an etched channel width of 7um.

As demonstrated in Chapter 6 channels of intermediate
width show directional-coupler action. In these devices the
total metallised area was reduced by covering the channel and
surrounding gold with a positive resist stripe 100-200um wide
and further etching. Extra electrodes for applying bias in
the AB configuration were formed by another photolithographic

and etching stage. This device is illustrated in Fig. 4.2 .
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Directional-coupler structures formed by the above
multiple photolithography and etching process nearly always
had one or more electrodes with poor Schottky barrier

properties, in particular a soft breakdown on reverse biasing.

A photolithographic mask was therefore designed to
enable the production of AB devices using a one-step photo-
lithography and etching process. 75um square bonding pads
were provided enabling the total Schottky area to be substantially

reduced.

4.1.3 Conventional channel-waveguide directional-
coupler structures

These devices are fabricated by forming two single-mode
waveguides in close proximity as in Fig.4.3(a) (typically edge
separation is 3um). Due to undercutting of the resist by the
etchant a mask-and-etch technique is not suitable for device

fabrication. Two other approaches were tried therefore :-

(1) The directional-coupler pattern was formed in photoresist
on the semiconductor surface and gold, or aluminium, then

evaporated over this to form the devices (Fig.4.3(b)).

In the earlier structures fabricated it was obvious
that the resist thickness of about lum was limiting the effect-
ive thickness of the evaporated metal introducing strain into
the GaAs. By spinning up to four successive layers of AZ 1350H
photoresist thickness was increased whilst avoiding build-up
at sample edges. After spinning, the device was left for 1
hour completed by an oven bake at 60°C before processing. No

significant degradation of line quality was observed.
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Fig.4.3 Directional-coupler structure formed by two
single-mode channel waveguides in close
proximity. (a) ideal structure and (b)
practical structure.



45.

The method is similar to that used by Campbell et al

[14] who used an SiO, mask instead of the photoresist one.

(ii) After delineating the directional-coupler pattern as in
(i) the photoresist was exposed to U.V. light for 1 minute and
then loaded directly into the evaporator. Following evaporation
the device was boiled in acetone to hopefully "lift-off" the
photoresist and the fraction of the metal on top of it. It

is required that the thickness of the resist is greater than
that of the contact metal to ensure a discontinuity in the metal
film at the edge of the resist thus allowing the solvent to
reach the photoresist. Although this criterion was fulfilled,
limited success was encountered. Some aluminium films could

be "lifted-off" but not reproducibly. After heating the samples
to 80°C in the evaporator to introduce more strain (see section
3.1) the photoresist remained firmly attached to the sample

even when subjected to ultrasonic agitation. It is thought

that the large aspect ratio of the guides is at least partly

to blame for the lack of success.

4.1.4 Bends through 90°

Bent waveguides will be necessary to increase device
packing density in integrated optics circuits. Photo-elastic
waveguides have an advantage of identical guide cross-sections
in the (01l) and (011) crystallographic directions. Curved

wavequide sections, however, prove inherently lossy.

Marcatili [63] derived a transcendental relation for
the attenuation per radian (acR) using an approach similar to

that of his described in section 2.2.1. Numerical results
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based on the effective index method of Furuta [30] and curves
presented by Marcatili show that the difference An in effective
refractive index between the waveguide core and its surrounding
regions has to be at least 0.01 for losses of less than 1dB/
radian at a radius of curvature compatible with integrated
optics. Index changes due to doping differences in GaAs and
strain effects are clearly not sufficiently large for curved

waveguide sections exhibiting tolerable loss.

The reflection of light guided in a single-mode photo-
elgstic waveguide into a second perpendicular guide using a
vertical etched facet running at 45° to the direction of
propagation is proposed for providing bending with negligible

loss. This device is illustrated in Fig.4.4.

4.1.4.1 Etching of the {100) surface in GaAs

Two different etchants were tried. The first was a
citric acid : hydrogen peroxide : water system developed by
Otsubo et al [64] for preferential etching of GaAs through
photoresist masks. The composition of the etching solution
was varied by changing the ratio k of 50 weight-per-cent citric
acid to 30 weight-per-cent H;0,. A solution k = 10 was found
to give good clean etching profiles. However, the etching
rate of 258 s~! made it unsuitable for etching walls of depth
lOum necessary to ensure complete reflection of the guided

light.

Iida and Ito [65]report selective etching of GaAs using
the H,S0, : H,0, : H,O system.For reaction-limited etching of

the (100) face with a mask in the {010} or (001} direction
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they found the etched wall to be nearly perpendicular to the

(100) surface. The walls exposed are the {100} planes.

When used at room temperature the etching solution
attacked the photoresist mask in places producing a jagged
edge. On cooling the etchant to 0-2°C the AZ 1350H photoresist
was resistant to attack by the etchant and clean etching
profiles were obtained. Fig.4.5 shows the cross-sections
obtained for edges orientated along various crystal directions
using the 1 : 8 : 1 cooled etch. Etch depth measured for
different samples under a microscope and using a "Talystep"
displayed a linear increase with time showing the process to

1

be reaction rate limited. The etch rate is about 3um min !.

No dependency on dopant density in the GaAs was noted.

The H,S04 : H,0; : H;0 etchant was freshly made up for
each sample. Cooled etchant was produced by mixing 2.5ml H,0
and 2.5ml H,SO, in a beaker surrounded by crushed ice which
was placed in a refrigerator for about 1 hour. 20ml H,0,
were then added and the whole etch cooled in the refrigerator
for a further 5 minutes. Samples were pre-etched in concen-

trated HC1l for 5 minutes.

In studying etching profiles (and later in producing
devices) particular attention was paid to cleaning prior to
processing in order to give good photoresist adhesion and
reproducibility of results. After cleaning in solvents (as
section 4.1(b)) the slices were washed in de-ionised water,
boiled in methanol and blown dry with a nitrogen gun. The

samples were then stuck to cover slips, etched in concentrated
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HC1l for 5 minutes, rinsed in de-ionised water, boiled in iso-
propyl alcohol and again blown dry with nitrogen. After drying
under an I.R. lamp for 15 minutes and blowing cool with nitrogen
AZ 1350H photoresist was spun onto the sample at 6500 r.p.m.

The samples were processed as in section 4.1.1(iii), and following
development of the photoresist, post-baked under the I.R. lamp
for 15 minutes and then in an oven at 80-90°C for another 15
minutes. This post-bake did not cause rounding in the vicinity
of the delineated edge and the corresponding degradation of

line quality found when post-baked in the oven for 20 minutes

at 130°C. The resulting edges were straight to better than

O.5um.

4.1.4.2 Fabrication of waveguides

Photo-elastic waveguides were fabricated by evaporating
1-2um of gold over 8um wide stripes of AZ 1350H photoresist.

The technique is as described in section 4.1.3(i).

4.2 InP Waveguides

The fabrication of devices using epitaxial InP layers
is almost identical to that for corresponding devices in GaAs.
The material used in fabricating the devices examined during
the present studies had a lightly-doped InP epitaxial layer
about 3um thick grown on heavily-doped nt InP substrates
(N v10'%cm™ %). During evaluation experiments L.P.E. layers
were used. In the main two epitaxial slices were used, one
grown by the halide process, the other by M.0.C.V.D. These
3

layers had carrier concentrations of IND-NAI =1 x 10'%cm

and |N-N,| = 1 x 10'fcm * respectively.
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A slightly different cleaning process was adopted from
that used for GaAs. After boiling in solvents the wafers were
etched in 5H»SO, : 1H,0, : 1H,0 for 10 minutes at 50°C. This
slow etch is often used to clean substrate surfaces before

L.P.E. growth.

One important difference between InP and GaAs is that
low leakage Schottky barriers to n-type InP are difficult to
make because of a low metal-semiconductor barrier height.
Incorporation of an interfacial oxide layer in the Schottky
barrier structure and subsequent annealing of the oxidised
surface can increase the barrier height by 0.3 - 0.4eV whilst
still attaining a nearly ideal n-factor [66], [67]. Thus
prior to evaporation the InP surface was oxidised in nitric
acid for 10s at 70°C under illumination from a 12w tungsten
lamp. The thin oxide layer grown was subsequently alloyed in
to the InP for 30 minutes under nitrogen at 250°cC. Schottky
barrier properties with and without the oxide layer present

are discussed further in section 6.6.1.

The presence of the oxide layer was beneficial in also
preventing a reaction between the gold film and the InP
observed after etching of un-oxidised samples. The oxide
layer is thought to make negligible difference to strain

fields.

For InP a slightly larger total thickness of 130um
was found to be the best compromise for a sample both easy to

cleave and handle.
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4.3 Cleaving and Mounting Devices

4.3.1 Cleaving

The coupling of light into and out of the waveguide
requires the device cross-section to be exposed. After fabri-
cation therefore sample ends were cleaved using the technique
described in section 4.1(e). With device thicknesses quoted,
lengths greater than 300um could reproducibly be cleaved off
a sample 5mm long. The resulting cleaves were very clean and
generally free from cracks except at the point where the
tweezers contacted the semiconductor. In several channel
structures with large gold thicknesses localised cracks
developed under the channel itself on cleaving, possibly
because of the large strains there. Where such cracks were
observed devices were re-cleaved until a crack-free cleave

was attained.

In devices where a totally gold-covered sample was to
be cleaved gold films tended to peel off the sample on cleaving.
If a further layer of negative photoresist was spun over the
surface and baked for 1% hours at 135°C the photoresist became
brittle and would subsequently break cleanly along a cleave.
This caused the gold sandwiched between it and the sample to
likewise break cleanly. The technique was found particularly
helpful for cleaving of two perpendicular faces in the study

of waveguiding through 90°.

4.3.2 Mounting on headers

All devices were mounted on headers, about 1l.5cm long

and of width slightly smaller than the sample length, cut from
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printed-circuit board coated on one face with copper.

Passive structures were mounted using wax which was
melted onto the end of the header and wiped to a thin layer
using a filter paper. The sample was then placed on the surface
with the waveguide direction perpendicular to the longest

dimension of the header.

By cutting through the copper coating on the printed-
circuit board, using a fine saw, headers for electrically
active structures were provided with several electrically
isolated regions. The devices were fixed at their substrates
to a central metal pad with a conducting gold epoxy (trade

name "Ablebond" which was then cured for 1 hour at 140°cC.

Electrical connection to the Schottky barrier was
effected by connecting a gold wire of 50um diameter between
the electrode and an isolated region of the header. To do
this the header was placed on a heating stage and a pool of
epoxy was put onto it. The gold wire was bent into a
horizontal "S" shape and its free end dipped into the epoxy
with the aid of a micropositioner. Sufficient epoxy was
picked up to subsequently form a connection to the sample
electrode. With careful positioning the body of the wire
simultaneously dropped into the original pool of epoxy. The
epoxy was then cured as above and the bonding process repeated
until all connections were made. Fig.4.6 shows photographs

of a bonded wide-slot AR directional-coupler.



Fig.4.6 Photographs showing bondinc of gold wire leads
to wide-slot AB directional counler and header
configurations.
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CHAPTER 5

THE OPTICAL EQUIPMENT

Most of the purpose-built optical system used in this
work has been described in detail by Westbrook [24]. The
important features and some of the modifications made will be

outlined here.

5.1 The Optical Bench

The construction of the optical bench is illustrated

in the block diagram of Fig.5.1.

The light source used was a linearly polarised 1lmW He-
Ne laser operating at a wavelength of 1.15um and mounted at
45° to the horizontal. An I.R. polariser at the laser output
enabled TE or TM polarised modes or both to be excited in the
devices. The sample headers were attached to a length of
semi-rigid coaxial cable using "electrodag" (a highly conductive
paint). Where required electrical connections were made to
the cable also using "electrodag". A second length of coaxial
cable was provided for applying a second independent bias to
the electrodes of AR directional couplers. Microscope objective
lenses were mounted in two three-dimensional micromanipulators
positioned on either side of the device. The position of the
input objective could be monitored to lum using a "Baty" gauge.
The output face of the sample could be imaged in white light

for alignment and to check the quality of the cleaved edge.
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5.2 Waveguide Coupling

Light is coupled into and out of the waveguide by 'end-
fire' coupling. To avoid exciting radiation modes the
incident beam should match the profile of the guided mode to
be excited and be carefully aligned with the sample. Westbrook
shows that a 2.5um diameter spot can be achieved by focussing
a laser beam with a x45 microscope objective provided that a
beam expander is positioned between this lens and the laser.
With this arrangement all the light emerges from the epitaxial
region. For many of the waveguides studied this spot was
sufficient to excite only guided modes. In some "weak" guides, .
however, it was found helpful to tailor the beam to further
match the elliptical shape of the guided modes. This was done
by using a narrow adjustable slit to diffract the expanded
beam. Unwanted slab modes could then be eliminated with care-

ful alignment.

5.3 The Detection System

In the main a detection system based on a Siemens XQ1112
I.R. Vidicon tube installed in a LINK 109A camera was used.
The camera was positioned at the focal point of the output lens

and the Video-signal output displayed on a T.V. monitor.

Logic circuitry described by Westbrook [24] enabled
the information contained in a selected T.V. line to be displayed
on an oscilloscope. The circuitry counts line synchronising
pulses down from a pre-set line number and on reaching zero
applies a trigger pulse to the oscilloscope time base. If the

video signal is connected to the Y input of the oscilloscope
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the intensity information of the selected T.V. line can be
displayed. Sampling the T.V. line with a box-car integrator
allows a record of the oscilloscope display to be made on an

X-Y recorder.

The magnification of the output lens was N6l and the:
usable Vidicon target width 12.8mm. Each T.V. line scan lasts
Séus, consequently\each microsecond of video signal corresponds
to (12.8 x 1073/61 x 52) m i.e. ~4dum at the output waveguide

cleave.

The light transfer characteristic or gamma of the
Vidicon tube was determined using a set of neutral density
filters. The transmittances of these at l.lSﬂm were found
using a spectrophotometer. The camera éaturated when the lasér
was focussed directly onto it with no sample present. The
neutral density filters were used in series, and in conjunction
with sevéral single-mode waveguides, to gauge the gamma of the
camera at lower light intensities. The electrical output
signal was proportional to the input light intensity for camera

voltage settings up to the maximum used in making measurements.

A Roffin Ge photodiode (model 7462) was also used for
light intensity meaéurements. Using the neutral\densitylfilters
outputcurrent was shown to vary linearly with opticalAintensity.
LaSer output intensity measured using the photodiode remained
constant with time after an initial warm-up period of about 30

minutes.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 The Finite-Difference Method and Its Comparison
With Some Other Techniques

This section presents and discusses the results of a
theoretical analysis of the rib waveguide structure shown in
Fig.6.1l(a). Comparison is made between solutions obtained
using the effective index method, those given by the finite-
difference method and the results of Austin [68] who used a
variational method of solving the wave-equation developed at

the University of Glasgow and summarised by Macfadyen [69].

Values of effective refractive index (Neff)' for the

four TE modes supported by this structure as given by Austin

are
N, = 3.406179
N; = 3.392070
N2 = 3.369115
N3 = 3.350042

The equivalent slab guide when solving using the effective

index method is given in Fig.6.1l(b) where N, = 3.357639 and

NII = 3.411645. From the TM solutions for this structure the

effective refractive indices for the rib guide are

N_ = 3.407891
O

N, = 3.396829

N, = 3.379297

N, = 3.359158
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Fig.6.1 Rib waveguide structure examined theoretically
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For solution using the finite difference method the waveguide
was considered to be contained in a "box" of half-width 3um
and depth 4um. Increasing these dimensions did not alter

the calculated values of effective refractive index. If
refractive index values at mesh points falling on the boundary
between two regions are taken as the numerical average of the
values on either side of the boundary the following effective

refractive indices are found

3.405947

z
I

N1 = 3.392044

N, = 3.370022

N3 = 3.348966
and

N = 3.406588

N; - 3.392964

N, = 3.371259

i
i
2
It
O
O
wn
o
=

N, = 3.350126

Closer agreement with analytical results was found for slab
waveguides using boundary refractive index values determined
from a consideration of stored energy and the continuity of
normal D and tancential E components at a dielectric boundary.

This leads to boundary refractive indices of

n = /(n12+n22)/2 (6.1)

Vi

for a boundary in the y direction, and

n = «2n12n22/(n12+n22) (6.2)

for one in the x direction. The improvement in effective
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refractive index for a n/n+ slab waveguide can be seen in
section 6.2. Using boundary refractive indices from (6.1)

and (6.2) the finite difference method gives

3.406202

Z
it

N; = 3.392171
O.1lum
N, = 3.369999

—_——— — i —
>
Il
e
il

N3 = 3.349397
and
N = 3.406777

N, = 3.393039 X =Y = 0.05um

R

N, = 3.371299
for the structure of Fig.6.1l(a).

Thus the numerical calculations all agree to within
0.001 (<0.03%) for all modes. Effective refractive indices
obtained using the effective index method are in all cases
larger than those found using the finite-difference
technique. For the rectangular waveguide of Fig.2.4 a simple
argument can be used to show this is the case. The effective
index method overestimates the guiding by including the
"corner regions" twice giving transverse propagation constants
which are too small and a value of Neff which is too large.
This reasoning also explains why the results get worse for

higher-order modes and incidently close to cut-off [27].

If the product of field profiles in the x and y
directions from the effective index method is taken as an
initial gqguess to fields for use in the finite difference method

the correct solution is quickly iterated. The value of Neff
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obtained from the Rayleigh Quotient after one iteration is

too small because the guessed field profile is not the correct
one, being discontinuous at the rib walls (y = +1.5um).
However, because this value for Neff is too small and the
effective index method gives a value which is too large an

immediate error interval is specified for the correct result.

6.2 Attenuation in Dielectric Waveguides

Fig.6.2 presents published data on the attenuation
coefficient at a wavelength of 1.15um as a function of n-type
doping for InP [70] and GaAs [71], [72] and shows InP to give

lower loss than similarly doped GaAs.

Fig.6.3 shows the calculated attenuation coefficient
(o) for the fundamental TE mode in an epitaxial layer with
Nd = 10'%cm ® on a more highly-doped substrate as a function
of guide thickness for both InP and GaAs. The calculation
of a from equation (2.10) was outlined in section 2.1.2. The
loss decreases slightly as substrate carrier concentration is
increased because the greater loss of the evanescent field in
the substrate is off-set by the better light confinement due
to a larger refractive index step. Attenuation increases
rapidly as the waveguide thickness is reduced to the cut-off
value as a result of optical fields extending further into
the substrate where loss is greater. Calculations using
metal claddings of gold and aluminium have also been
considered. Complex refractive indices of (0.34 - j6.4) for
gold and (1.5 = jl2) for aluminium were extrapolated from

published data [74] as values at 1.15um have not been reported.
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Fig.6.2 Attenuation coefficient at a wavelength of 1.15um as
a function of n-type doping.
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Variation of absorption coefficient with waveguide
thickness for the fundamental TE modes in InP and
GaAs n/n slab wa¥eguides. The_full curve for the
GaAs guide with n' = 3 x 10'®%cm ® is given in
Fig.6.4.
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The large imaginary part of the refractive index of metals
reflects their high ref\Rctivity. Fig.6.4 shows that for TE
modes attenuation for a metal-clad n/n+ waveguide is only
slightly higher than that for the equivalent unclad case, a

result of a small field in the vicinity of the metal.

For comparison purposes the variation of attenuation
coefficient with waveguide width was found for the GaAs/Gag.77
Aly.; 3As waveguide discussed in section 6.2. The losses for
this waveguide, presented in Fig.6.5 are due entirely to the
metal cladding with gold affording a reduction in loss when
compared to aluminium. The different behaviour of the two
slab waveguides is again governed by the refractive index

step at the guiding layer/substrate interface.

It is also possible to estimate loss in waveguides from
the field profiles calculated using the finite difference

method. As outlined in Appendix 9.7 the power attenuation

coefficient for the guide is given by

2k JJnkEsz
O

o = - (6.3)
JJnE?dA

The integrals can easily be evaluated in finite difference

form using the trapezoidal rule outlined in section 2.3.
Fig.6.6 shows a plot of @ against epitaxial layer thickness
for an 8um wide slot waveguide fabricated on n/n+ GaAs

¥ 01.2 x 10'%cm”%). vValues are

(n = 10'%and 10'®cm 3, n
slightly smaller than those for comparable slab waveguides

(Fig.6.3). This is thought to be because the strain-induced
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Variation of attenuation coefficient with waveguide
thickness for,TE and TM modes in unclad and aluminium-
clad GaAs n/n waveguides. In unclad guides a for TM

modes is slightly higher than for equivalent TE modes,
the curve is omitted for clarity.
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Fig.6.5(a) Absorption coefficient variation with waveguide
thickness for TE modes in a GaAs/GaAlAs waveguide
with gold and aluminium cover layers.
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thickness for TM modes in a GaAs/GaAlAs waveguide
with gold and aluminium cover layers.
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refractive index changes decrease into the crystal so causing
the fields to be guided more within the layer itself where
losses are lower. If this were so it would be expected that
losses due to the metal cover would become more significant,
as for GaAs/Gal_xAles guides, and that by ignoring these the
finite-difference method underestimates attenuation. It is
thought a reasonable approximation to ignore losses due to
the metal as most of the guided wave is confined under the

channel itself.

6.3 Guiding Mechanisms In Metal Clad Waveguides

Westbrook [24] pointed out that lateral waveguiding
he observed in epitaxial GaAs layers grown on n' Gaas sub-
strates was not due to electro-optic effects [73] which, as
will become evident in section 6.5.1, would give different
guiding properties in the (011l) and (011) crystallographic
directions and no guiding for TM polarised waves. Using
effective index methods Westbrook also showed that inter-
diffusion at the metal-semiconductor interface [53] and small
variations in epitaxial thickness (caused for example by over-
etching with the KI/I, gold etch) would lead to negligible

waveguiding.

The proposed slot waveguide structures show similarities
in design to the "metal-gap" waveguides of other workers [14],
[20] who proposed that lateral confinement is solely due to
a lower effective refractive index away from the slot arising
from the presence of the metal cladding alone. For a 2.5um

thick GaAs epitaxial layer (n2 = 3.44) on an n* GaAs substrate
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(n3 = 3.4375) effective indices calculated using (2.10), (2.24)
and the computer program of Appendix 9.2 are 3.437616 for an
air covering and 3.437600 for a gold covering. The effective
index difference (1.6 x 10 °) is not large enough to cause

the relatively strong lateral waveguiding observed.

Hamasaki and Nosu [34] reported an effective refractive
index difference of 4 x 10 * for a "metal-gap" glass waveguide
with a 2um thick guiding region of refractive index n, = 1.57
and a substrate of refractive index n3 = 1.47. The larger
effective index step in this case is due to the greater
refractive index step at the n:;/n; interface which provides
greater confinement of the light within the guide and hence
in the vicinity of the metal. This was further studied by
calculating effective refractive indices for a GaAs waveguide
with a Gagy.77Aly.23As confining layer which has a refractive
index of 3.35 [60]. This guide supports one TE slab mode for
GaAs thicknesses in the range 0.32 - 1.05um. For a layer
thickness of 0.5um the effective index difference between
unclad and aluminium or gold clad regions is 5.7 x 10 ° and
for a thickness of lpm 1.8 x 10 ®. The effect on optical
loss of the refractive index step between guiding layer and

substrate is discussed in section 6.1.2.

Thus, when discussing waveguides formed using different
impurity concentrations the effect of the metal on effective
refractive index may be ignored. However, when larger
refractive indices caused by material differences are used
this is no longer the case. When using the finite-difference

method of section 2.3 to model the experimental structures,
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therefore, only strain-induced refractive index changes and

those forming the original slab waveguide need be considered.

6.4 The Finite-Difference Method for Strain Waveguides

6.4.1 Slab waveguides

In the development of the finite-difference method in
section 2.3 fields at the air/GaAs interface were equated to
zero (equation (2.31)). The approximation can be made
because the dielectric slab waveguide is strongly asymmetric

i.e.

n22_n12 > n22_n32

and the normalised electric field strength at the n;/n, inter-
face is practically zero. The assumption is tested here by
considering slab waveguides with the short-circuit condition

modelled analytically by allowing ni - O.

Table 6.1 shows optical loss and Neff values
calculated from (2.24) and using finite difference methods
for an n/n” GaAs slab waveguide (n* ~1.2 x 10'%). The
boundary condition of (6.1l) gives a value of Neff closer to
the analytical one than using the arithmetic mean of the

refractive indices to either side.

6.4.2 Convergence of the finite-difference method

The number of iterations required for the finite-
difference calculations to converge to the required solution
depends on the number of mesh points and the accuracy of the
initial guess to the eigenvector. More iterations are
required for convergence when using a larger number of mesh

points as well as each individual iteration requiring more
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computer time. Table 6.2 presents values for the effective
indices NS and NA of the symmetric and asymmetric modes
calculated using the finite-difference technique for a 1l4um
wide strain-induced waveguide with F = 1200Nm ! and different
mesh sizes. The refractive index variation with y at various
depths was given for this structure in Fig. 3.5 . The
approximate number of iterations required for convergence to
six decimal places without the use of S.O.R. is also given

in Table 6.2. Although both Ng and N, vary by "2 x 10" * on

S
halving the X mesh size the coupling length L. calculated
using (9.55) changes only by ~O.lmm between X = 0.25pm and

X = 0.125um.

In practice the use of S.0.R. reduces the number of
iterations required for convergence by a factor of about
three. This is illustrated in Fig.6.7 which shows calculated
effective index against number of iterations for the l4um
slot structure described above for the case X = Y = 0.25um.
It can be seen from Fig.6.7 and Table 6.2 that the value of
the effective index increases as the field approximation
improves, either by having more mesh points or by continued

iteration. This is as predicted in Appendix 9.5.

6.5 GaAs Wavegquides

6.5.1 Guiding at a remote metal edge

Fig.6.8 shows the positional change € calculated
from equation (3.26) for TE waves l.5um below a remote dis-
continuity such as that illustrated in Fig.3.3. 1l.5um is

the approximate depth at which field strength of modes
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confined in the epitaxial layer is a maximum. In this

example F = 360Nm .

The waveguiding properties of the refractive index
changes produced by such a remote discontinuity were examined
using a 100um wide, O.6um thick+, gold stripe. Single-mode
waveqguiding was observed at each discontinuity for both TE
and TM polarisations. Fig.6.9 shows the TE polarised mode
observed experimentally together with the intensity profile

predicted by the finite-difference method.

The application of a reverse electrical bias to the
deposited metal Schottky electrode depletes the epitaxial
layer which quickly becomes punched-through. A large electric
field then fills the region under the Schottky diode and
fringing fields extend to the light-guiding region. The

electric field Eb is a solution of Poisson's equation

P
_ . d
v. gb = = (6.4)

where Pg is the charge density.
For reverse bias voltages Vb greater than the punch-
through voltage the electric field is given to a good

approximation by

, 0> x> =h (6.5)

+All gold thicknesses quoted subsequently in this thesis are
nominal values calculated from (4.1) to be consistent with
Westbrook [24] and papers published on the present work. As
mentioned in section 4 film thicknesses estimated from (4.1)
are v1.5 times smaller than measured values. Measured film
thicknesses are used to calculate quoted figures for F.
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TE polarised mode profile found at the remote
discontinuity of Fig.6.8 and profile predicted
by the finite-difference method.
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For TE waves the refractive index change produced through the
electro-optic effect by an electric field in the (100)
direction is [24]

+n03r41E

5 for Oli propagation

and

)
)
) (6.6)
)
)

—noarulE

5 for Oll propagation

where r,, is the non-zero electro-optic coefficient in the
reduced notation of Nye [56]. For GaAs ry; = 1.4 x 10 !'?mv !
[25]. These is no electro-optic interaction with TM-like

modes [24].

As both TE and TM modes are guided by the strain-
induced refractive index changes the electro-optic interaction
with the TE waves may be measured. Equal amplitudes of each
mode were excited and the output focussed onto the Vidicon
camera. A crossed analyser was positioned between the sample
and camera and reverse bias applied to the Schottky barrier.
Fig.6.10 gives the resulting plot of intensity (normalised to
its maximum value) as a function of reverse bias for an edge
guide in a sample 4mm long. Total intensity was measured by
summing values taken from the oscilloscope for each T.V. line
on which the guided light showed. Relative intensity measure-
ments taken in this way gave agreement within 5% with those

taken using the Ge photodiode.

If the field distributions of the TE and TM guided

modes are assumed the same the intensity varies as

I = Iosin2 (A%L (6.7)
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Fig.6.10 The variation in the total near field intensity
(TE and TM), caused by the interference of two
edge modes, as a function of bias voltage.
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where

3
BB = | (Byg-Bpy) | = TROTAE (6.8)

and L is the sample length.

Using (6.7) to model the intensity distribution of
Fig.6.10 gives AB.as a function of Vb as presented in Fig.6.11.
The graph obtained is linear above =7V. The intercept voltage
Vb = 3.4V agrees with a calculated punch-through voltage of
3.9V for a 2.7um epitaxial layer with a carrier concentration
Ng V7 x 10'*cm ®. The stripe direction was determined to be
in the (Oli) crystallographic direction from etch character-
istics (see section 4.1.4.1). Corresponding results were

found for edge guides running in the (0Oll) direction.

6.5.2 Stripe waveguides

The device structure is illustrated in Fig.4.l1 and was
studied in detail by Westbrook [24] who used stripe widths
between 17 and 29um and gold thicknesses in the range 0.6 to

1.8um.

All devices exhibited transverse waveguiding for both
TE and TM polarisations, most with stripe widths between
about 17 and 30um in three separate regions of the cross-
section, others at the stripe edges only. Measurements were
made on two devices of Westbrook's (A6XA and Al8YA) over a
period of 30 months. Fig.6.12 compares the guiding properties
of A18YA measured in November 1981 and by Westbrook in 1978.
It is clear that they have changed little. A summary of the
measurements made on this and other devices is given in

Table 6.3.
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Fig.6.11 Phase modulation characteristic obtained from
Fig.6.10 using equation (6.7).
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The three guiding regions observed in the stripe devices
of width 17-30um suggested that each of the three minima in
the Aer profile of Fig.6.13 is capable of supporting a wave-
guide mode. Westbrook analysed the guiding properties by
approximating the refractive-index profiles to ones for which
the wave equation can be solved analytically. He chose a
parabolic profile for the centre regions and l/cosh2 ones for
the edge regions. The experimental results he obtained showed

good agreement with his theoretical predictions.

To gain further insight into the validity of ‘these approx-
imations the guiding properties of an edge waveguide (F = 360
Nm !) were analysed using the l1/cosh? approximation, an
exponential one [26], [75] and a one-dimensional finite-
difference technique. Using the refractive index variation at
a depth of 2um the intensity half-widths and effective
refractive indices of Table 6.4 were found. Effective indices
obtained using the finite-difference method at depths of 1.5um
and 2.5um are 3.440975 and 3.44064 respectively and corfes—
ponding half-widths are 5um and 6.3um. For a full two-
dimensional analysis field profiles at each depth were in
Precise agreement with the finite-difference values above and

a value of Ne = 3.43845 is obtained (this analysis includes

ff
the substrate refractive index of 3.4375). Experimentally
determined half-widths were 7.6um for a TE mode and 7.3um for

a T™™ mode.

Finite-difference calculations for a 28um stripe with
F = 360Nm ! show light mainly guided in the edge region with

a secondary peak under the stripe centre having a maximum
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amplitude less than 20% of that in the edge mode. By artif-
icially forcing zero field "walls" at the stripe edges modes
with half-widths of 1llpm and 12um are found under a 27um
stripe with F = 360Nm ! and 1200Nm ! respectively. The
parabolic profile approximation of Westbrook predicts a half-

width of 10.6um for F = 360Nm '.

In device 1OFEBOA6, with a 10um stripe width, no central
guiding region was found. This is in agreement with strain-
induced refractive index changes since the central guiding
region vanishes for this stripe width as illustrated by the

perturbation in €. for TE waves shown in Fig.6.14.

It was shown in section 3.1 that by evaporating aluminium
onto a substrate pre-cooled using a Peltier cooling element
metal films with no measurable stress could be formed. A
stripe of width 12.7um was formed in such a film using a 5 : 1
orthophosphoric acid : acetic acid etch at 70°C and a positive-
photoresist mask. No waveguiding was observed in this sample.
As the laser was coupled into slab modes a short distance to
either side of the stripe some bright and dark regions were
observed in the guiding layer. As the stripe was approached
the spacing of these increased until just the bright centre
region remained and finally this spread out and disappeared.
The origin of these regions is thought to be interference
between the incident light and that reflected from the region
under the stripe. This indicates some very slight change in
refractive index either due to the loading effect of the metal
on effective refractive index or to a small residual metal

stress not detectable by the method of section 3.1.
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The bright and dark interference bands were observed in
all the stripe samples examined but in general an edge wave-

guide was seen on approaching the stripe edge.

6.5.3 Channel (slot or metal—gap) waveguides - novel
directional-coupler structures

The strain components and dielectric constant changes in
channel structures may be determined by superimposing those
found for each discontinuity considered on its own. Fig.6.15
illustrates this at a depth of 1.5um for a l4um wide slot with
F = 1200Nm ' and TE waves. Fig.6.16 shows the positional

change in Aer for a similar slot 7um wide.

Channels with widths between 6 and 10um in 0.6-2um of
gold supported one TE and one TM mode directly under the
channel centre. Confinement improved as gold thickness was
increased. Fig.6.17 shows the TE mode supported under a slot
10um wide, together with the profile of the fundamental mode
calculated using the finite-difference method (F = 600Nm ').
The experimental intensity half-width of 9.6um agrees
reasonably well with the predicted value of 7.5um. The
effective refractive index calculated for the next mode in

this structure suggests that it is cut-off.

The intensity of the TE polarised light transmitted
through this device was measured using both the camera output
and the Ge photodiode for various sample lengths. To ensure
that the same amount of light was coupled into the guide the
device length was reduced by sequential cleaving at the output
side only and aligned by observing that the sample remained

in focus over all of the cross-section when viewed using white
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light from the back illuminator. Fig.6.18 gives the resulting

plot of loge (intensity) against sample length.
If the intensity varies as

I = Ioexp(—aZ) (6.9)

1

a value for the attenuation coefficient o of 1.7cm ! is found

from the gradient of Fig.6.18. This value is in good agreement
with the predictions made in section 6.2. The epitaxial layer
thickness was 2.8um and its carrier concentration 6-8 x 10!°cm 2.
Multiple reflections can be ignored as they contribute less

than 3% to the total output intensity even for the shortest

sample length used (2.5mm).

By extrapolating the straight line of Fig.6.18 to Z =0
comparison can be made with the intensity of the incident
laser beam (found with a neutral density filter included in
the optical system). If 30% reflection is assumed at each
cleaved facet [76] an extra loss of *10% is found. This can
be explained by imperfect matching between the exciting laser
beam and the guided- wave profile and the resulting excitation

of unwanted slab modes. Total insertion loss of a sample 2mm

long is therefore 5.5dB.

For a channel width of 15um and a gold thickness of 2um
two guiding regions were observed with a centre separation of
about 12um. The two regions were observed simultaneously with
relative light intensities dependent upon the sample length.
The relative light intensity in the initially excited guide
followed closely a cos? variation with sample length as in

Table 6.5. It follows from the discussion of Appendix 9.8
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71.

that the structure forms a novel, highly synchronous directional
coupler. The coupling length, Lc’ consistent with the experi-
mental results of Table 6.5 is (2.2 +0.2)mm. Thus two synch-
ronous waveguides forming the directional coupler are the
respective edge guiding regions at each discontinuity forming
the channel. As the laser beam was scanned across the wave-
guide input slab guiding could be seen at first, then the
intensity pattern corresponding to exciting one guide, then
nothing, then the intensity pattern for excitation of the
second guide and finally slab guiding once more. The input
coupling lens moved about 12um between excitation positions in
agreement with the guide separation measured from the near-

field intensity pattern.

Applying a bias to one electrode introduces a propagation
constant difference AR in one guide through the electro-optic
effect and so alters the amount of light in each guide at the

output facet. From the coupled-wave theory of Appendix 9.8

it is expected that the power in the initially excited guide

obeys
2
P . = cos?alL + 2B~ sinZalL (6.10)
excited 402
o
2
where a? = {C? + (%?) } and C is the coupling coefficient, C
= “/ZLC. It was mentioned in section 4.1.2 that the total

metallised area of the device was reduced to give the con-
figuration of Fig.4.2. A guided mode could be excited at the
edge of each electrode remote from the channel and the electro-
optic interaction with the TE mode measured using the method

of section 6.5.1. This value of AB can be used as an estimate
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of the phase change introduced between the two coupled TE waves

in the directional coupler on the application of bias to one
electrode. Equation (6.10) may then be used to estimate the

power in the initially excited guide as a function of bias;

giving the plot of Fig.6.19 for a 15um wide channel 1.9mm

long, assuming a coupling length of 2.4mm (which is within

the error limits of the Lc value measured by sequential cleaving).
This plot is consistent with the experimental results presented

in Fig.6.20.

The directional-coupler switch proposed by Kogelnik and
Schmidt [18], [19] in which the sign of AR is reversed midway
along the sample length allows for electro-optic control of
the cross-over state (i.e. light at the device output is
confined to the non-excited or coupled guide) for a broad
range of sample lengths greater than Lc' This can only be
achieved for a sample length of (n+l)Lc where n is an integer
for normal biasing. 1In principle both switch states can be
achieved using a reversed AR configuration but in practice
uniform biasing requires a lower value of AB to achieve the

"straight through" state.

The device was realised by etching a 20um gap in each
electrode perpendicular to the guiding channel. Bias voltage
may then be applied in such a way that the sign of AB is
reversed along the sample length or kept the same. Extra loss

introduced by the gap was negligible.

Fig.6.21 presents experimental results on the transfer
of light with applied bias for a 15um wide channel orientated

along the (011) crystallographic direction for a device with
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Fig.6.20 Near-field intensity nattern at the output of

a 15um wide channel 1.9mm long. At the wavecuide
input, the laser is focussed on the right-hand
guide (a) with zero bias light emerges mainly
from the unexcited guide since sample lencth =L .
For biases of -21V (b) and -30V (c) on the righ%-
hand electrode the amount of light coupled to the
non-excited guide is reduced.
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electrode lengths 2.9mm (near the input) and 2.3mm (near the
output). Bias was applied in the normal A8 configuration and
unbiased electrodes were grounded. Fig.6.21 also gives a curve
calculated from (6.10). Biasing in the reverse AR configur-
ation (Fig.6.22) gave an improved switching performance with
9% of the light emerging from the excited guide at a bias of
-20V. The best isolation obtained was 15dB in the crossed-
over state (3% of the intensity in the excited guide) using a
reverse AB configuration with the bias on the first electrode
-15V and that on the second electrode -20V. The different
biases are required because of the unequal electrode lengths
enforced by a fabrication error. Families of curves taken
for this device by fixing the bias on the "input" electrode
at values between O and 30V and varying the bias on the
"output" electrode all showed good agreement with the pre-

dictions of coupled-wave theory.

A similar AB directional-coupler switch was fabricated
with a 14um channel orientated along the (OlI) crystallo-
graphic direction. Electrode lengths for this device were
2.6 and 1.9mm. It was intended to make this device length
equal to 2Lc with a channel width of 15um. Switching into
both states was achieved as shown in Figs.6.23 and 6.24
although a rather large bias of -42V was required in the
normal AB configuration to achieve 13dB isolation in the
"straight through" condition. Isolation of 16d4B in the
crossed-over state (2.5% in the excited guide) was achieved

with the reversed A8 configuration.
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When bias was applied in the normal A8 configuration to
the electrode pair near the excited waveguide some leakage of
light, from the directional coupler to the increased region of
refractive index under the biased electrode, was seen for
voltages greater than 25V. Thus as the light is transferred
back into the initially excited guide its field profile changes
not its maximum intensity. This is illustrated by the photo-
graphs of Fig.6.25 showing the transfer of light on application
of bias. Fig.6.25(a), (b),(c) are for initial excitation of the
right-hand guide with bias applied to the left-hand electrode.
Fig.6.25(d) shows similar information for initial excitation
of the left-hand guide with T.V. brightness controls and camera
gain adjusted to show more clearly the observed leakage under

the biased electrode.

For larger channel widths (>~20um) it was found possible
to excite the asymmetric and symmetric modes forming the
directional-coupler separately. Directional-coupler action

could still be produced by careful beam alignment.

With less strain (film thickness <vlum) a more general
illumination was seen when light was coupled into the slot.
In particular a single bright TE mode of half-width 10.6um
was observed for central excitation in a channel of width 1l4um,
F = 600Nm '. Directional-coupler like action could be observed
with careful alignment of the input beam to either side of the

centre but was not as convincing as for larger film thicknesses.

No change in passive guiding properties has been noticed
in channel structures examined regularly over periods of up

to 18 months.
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Fig.6.25

L
L4 L]

1Spm

Transfer of light on application of bias in
the normal AR configqurationrn for the device
described in Fig.6.23. In (a), (b), (c)
the guide on the right-hand side is excited
at the input cleave and bias of (a) OV (b)
-25V and (c) -38V applied to the left-hand
electrode. (d) shows similar information
for initial excitation of the left-hand
guide and a bias of -33V. Note leakage
under the biased electrode.
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Experimentally determined values for the coupling length
for various slot widths and gold thicknesses are summarised
in Table 6.6. These values and the guiding properties of
channels with width between 14 and 20um are now discussed in

the light of results from finite-difference calculations.

The asymmetric and symmetric TE mode profiles are found
by considering half the waveguide cross-section and applying
relevant boundary conditions at the symmetry plane as described
in section 2.3. Fig.6.26 shows the normalised TE amplitude
and intensity profiles at 1l.5pum calculated for a 1l4pum slot
with F = 1200Nm '. From the amplitudes of the asymmetric and
symmetric modes output intensity patterns can be modelled.
Fig.6.27 shows the predicted intensity output profiles for
Z = 2nLc, (2n—l)Lc, nLc/2, 1.38Lc and l.62Lc. From the super-
imposition of the computed symmetrical and asymmetrical normal
mode profiles (Fig.6.26(a) and (b)) it was noted that a 25dB
isolation in each state, in agreement with the value reported
by Leonberger and Bozler [20], could be expected. Calculations
using coupled-wave theory show that the experimental isolation
of better than 16dB in the crossed-over state is limited by
the unequal electrode lengths used. Du and Chen [77] show
that with equal bias in the reverse AR configuration a cross-
talk level better than 20dB requires that |L;-L,| < 0.0198

(Li+L,).

From the calculated effective refractive indices NS and
NA of the symmetric and asymmetric modes the coupling length,

L for the directional coupler was found using (9.55).Fig.

cl
6.28 shows the theoretical variation of L, with F for a l4um
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(c) Intensity of the symmetrical mode
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channel with a 2.5um thick epitaxial layer together with experi-
mental values from Table 6.6. Small deviations in epitaxial
thickness in the experimental devices have been ignored. As

the confinement of each mode increases with F so the coupling
between the two guides is reduced and the coupling length
increased. The minimum observed in this curve may be explained
by imagining an effective index model as in section 2.2.2.

For a small refractive index difference NII-NI Kogelnik [26]
shows that the effective refractive indices NS and NA may be

written in terms of a normalised guide index b as

NA b~ NI + bA (NII—NI) (6.11)
S S
2 _ 2
Np = Np
where bA - S5 .
2 g 2
S (NII NI )
From (9.55)
A A (6.12)

L = =
c 2(NS—NA) z(bs-bA)(NII—NI)

As F + 0 NI > NII and Lc + «, The increase in Lc as F + o«
described qualitatively above is also explained by this model

since F » o , bS > bA and Lc > »,

By assuming a cos?(Cz) variation in intensity in the
excited guide Fig.6.28 shows that with F nominally 1200Nm !
a 20% error in strain can be tolerated whilst still maintaining
a 90% cross-over condition at the nominal coupling length.

Using the thermal-stress model of section 3.1 this corresponds

to an operating temperature range of +45°C. In the directional-
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coupler of length 4.5mm described, however, light would switch
from being mainly in the coupled guide to the excited one for

a similar increase in F.

Fig.6.29 presents the theoretical variation of L. with
slot width for F = 1200Nm !, together with experimental data
from Table 6.6. In this case Lc increases as slot width is

increased and coupling between the two guides is reduced.

Fig.6.30 illustrates the change of Lc with epitaxial
thickness. As the layer thickness is increased the field
maximum occurs deeper in the material where Aer is smaller.
Here lateral confinement is less and coupling lengths are
consequently reduced. The reduction of coupling length with
depth was confirmed by solving the wave-equation for NS and
NA for one-dimensional strain-induced refractive index profiles
at various depths beneath a 1l4um channel with F = 1200Nm '.
It is interesting to note that Leonberger et al [78] found a
slight increase in coupling length with epitaxial layer
thickness for their p+n.n+ channel-stop stripe guides. This
was confirmed by effective index calculations based on the

method of section 2.2.2.

Fig.6.31(a) (b) show intensity profiles of the symmetric
and asymmetric modes for a l4um wide slot with F = 500Nm .
There is no central dip in the symmetric mode profile of Fig.
6.31(a) as for the F = 1200Nm ! case of Fig.6.26. Excitation
of this symmetric mode (with a half-width of ~1lum) would
explain the experimentally observed guiding for central

excitation in slots with metal thickness lum or less.
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Addition of equal amplitudes of each of these modes and squaring
the result gives the intensity distribution of Fig.6.31(c)
confirming the experimental observation that directional-
coupler like action could still be observed experimentally by
careful alignment of the exciting beam. Because the
directional-coupler behaviour is more distinct for larger F

this outweighs other advantages of working near the minimum

in the LC/F curve of Fig.6.28.

No propagating modes of higher order could be found in

the calculations for these structures.

After the metal film was removed from a slot-waveguide
sample there was no evidence for lateral waveguiding. In
another experiment a single-mode slot waveguide was formed
in a 2um thick gold film and a further O.2um of gold then
deposited over the whole surface to eliminate topographic
guiding effects. Waveguiding was still observed, although
the attenuation of the TM polarised mode in particular

appeared to increase slightly.

A 12.4um wide slot waveguide produced in a "strain-free"
aluminium film using the method of section 4.1.3 showed no
lateral confinement for TE polarised waves. Slab modes were
seen for excitation on either side of the slab and some
interference effects similar to those described in section
6.5.2 for a "strain-free" stripe device. For TM polarised
waves no slab guiding was seen except for excitation
immediately under the channel when evidence was seen for very

weak guiding.
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6.5.4 Single-mode channel waveguides in close proximity

Results for passive directional-coupler structures with
the geometry of Fig.4.3 are described in this section. The
aim of the present study is to show the importance of strain-

induced refractive index changes on device coupling length.

Fig.6.32 illustrates the variation of coupling length
with F for two 7um wide channel guides separated by various
widths as calculated using the finite-difference technique.
Fig.6.33(a), (b) shows the predicted symmetric mode intensity
profiles for a lum central electrode for F = 1200Nm ! and
300Nm ! respectively. Comparing this Fig. with Fig.6.26 and
Fig.6.31(a) shows the considerable difference to the profile
even such a narrow electrode makes. Table 6.7 presents
coupling lengths determined by the sequential cleaving method
of section 6.5.3 for directional-coupler structures with wave-
guide widths ~8um and separation 3-4um. Coupling lengths
calculated from the finite-difference method, using measured
guide dimensions and a value of film stress determined from a
sample placed adjacent to the device during evaporation, are

shown for comparison.

In each case the separation of the guided modes was
about 15um. For excitation directly under the central thin
electrode the device SS1 with F ~150Nm ' (i.e. the smallest
film thickness) showed two peaks separated by "v12um but of
lower intensity than for excitation of one or other guide.
Nothing was seen at the output for similar excitation in the

samples with larger values of F.



Fig.6.32
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Variation of coupling length with edge separation

and F for two 7um wide channel guides.
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In most cases the calculated coupling length agrees well
with those determined experimentally, the exception being
sample SS2. For this sample, however, examination under an
S.E.M. showed that the metal film thickness was greater than
that of the photoresist. In devices SS3 and SS4 therefore
multiple layers of photoresist were used for masking as
described in section 4.1.3. The other devices show a clear
trend of coupling length increasing with F indicating the
importance of strain. The increase between device SS1 and
devices SS3 and SS4 is not, perhaps, as marked as might be
expected but is masked to a degree by a slightly smaller guide
separation arising from the thicker photoresist mask used.
Fig.6.34 shows the near-field intensity profiles recorded on
the X-Y plotter for various lengths of device SS3 and

excitation of each guide in turn.

In the small lengths of the samples remaining after the
sequential cleaving to determine coupling length no change in
guiding properties with time have been seen over a period of

up to 3 months.

No attempt was made to switch the devices using electro-
optically induced phase changes as such studies have already
been reported by Campbell et al [14] and Leonberger and
Bozler [20] who each quote coupling lengths which, using the
curves of Fig.6.32 suggest F * 300Nm '. The metal films used
by these authors were electrodeposited so there is no thermal
component to film stress but it is feasible that the guiding

behaviour they observed was caused by refractive index changes

arising from an intrinsic film-stress component [44].
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6.5.5 Evaluation of 90° wavegquiding

Infra-red radiation from the laser was coupled into the
input waveguide by 'end-fire' coupling, using a x45 objective
lens in the usual manner. The small sample sizes meant that a
similar objective could not be brought physically close enough
to image the orthogonal output cleaved facet onto the Vidicon
camera. A long-working distance x20 microscope objective was
therefore used for this purpose. A x10 objective at the output
was found to make preliminary alignment easier as it required
a smaller change in position to focus the guided light after
initially imaging the wavequide with white light from the back

illuminator.

The effectiveness of the reflection was first evaluated
by forming an etched edge on n/n+ GaAs material and cleaving
in a position to dissect the "wall" formed. On subsequent
examination slab waveguiding was observed as far as the etch
only. In the vicinity of the exposed end of the edge no
evidence of radiation into slab modes or other forms of loss

was found, even using a high camera sensitivity.

Extra loss introduced by the reflection was estimated
by producing a straight waveguide section from an adjacent
Pliece of material using the same fabrication technique. The
length of this waveguide was cleaved to match the total length
of the two orthogonal guides in the bent structures. Loss
measured in this way showed that for different devices between
35 and 70% of the light was reflected into the second waveguide

by the etched wall. Typical etch profiles are presented in



82.

Fig.6.35(a), (b) and show some roughness of about 0.5um in
magnitude. From an examination of waveguide structures under
an S.E.M. (as for example in Fig.6.35(c)) a qualitative
relationship between edge roughness near the point of
reflection and loss was found. The smoothness of the etched
wall is limited by the resolution of the optical photolitho-
graphy used. Although the reflection technique has been
successfully demonstrated it is thought that reproducibility

and improvement of results will require better definition of

the edge, perhaps using a combination of electron-beam litho

graphy and dry etching.

6.6 InP Devices

6.6.1 InP Schottky diodes

This section describes measurements to verify the work
of Wada [66], [67] on increased barrier height in Au/n-InP
Schottky barriers incorporating an interfacial native oxide.
Current-voltage (I/V) measurements were performed on 600um
diameter circular diodes fabricated on epitaxial InP slices
with carrier concentration 1 x 10'°cm °. Measurements were
taken either using a Tekronix 577 I-V curve tracer or an
electrometer (model Keithley 602) and in the dark as the
characteristics were light-sensitive. Fig.6.36 shows a typical
forward-bias characteristic for an unoxidised device and a
device oxidised for 10s and subsequently annealed as described

in Chapter 4. Fig.6.37 shows the reverse-bias characteristics

for the same devices.

The I/V results are analysed using the thermionic-emission
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Fig.6.35 Etch wall profiles (a), (b) and waveguide
structure (c) for provnosed bent-waveguide
structure.
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model for a Schottky barrier given by Wada as

v
J = J_ [exp(—<Y)-1] (6.13)
S nIkBT

where the saturation current density

* % ed)b

J_ = A T?exp(-

s EET) (6.14)

* %
A is the effective Richardson constant, for an effective mass

* * % - -
m = 0.078 m,, A = 8.4 Acm %K ?, k. is Boltzmann's constant,

B

V the applied voltage, and n; is an ideality factor which
accounts for departures from the simple thermionic-emission

model.

From the gradient of Fig.6.36 an ideality factor of 1.05
is obtained from (6.13) for both unoxidised and oxidised
barriers. Using (6.14) barrier heights of 0.46eV (unoxidised)
and 0.77eV (oxidised) are found from the current-axis inter-
cepts. The reverse characteristics of Fig.6.37 show that due

to the oxidation leakage current is reduced considerably.

The results obtained show excellent agreement with those
of Wada who successfully applied a general theory of oxidised
Schottky barriers incorporating the effect of fixed charges

in the oxide layer to interpret his results.

A linear (capacitance C) 2/V characteristic taken on
another oxidised device confirms that the Schottky barrier
behaves normally but with an increased barrier height. The
technique is useful therefore for forming Schottky barrier

stripes for the waveguide structures described in Chapter 4.
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6.6.2 InP waveguides

6.6.2.1 Stripe structures

Schottky barrier stripe structures with various gold

thicknesses and stripe widths have been studied.

A 39um wide stripe with a 2um gold thickness showed two
very intense, well-confined- guiding regions one at each stripe
edge for both TE and TM polarisations. Further a broader, less-
intense guiding region could be excited directly under the
stripe centre for both polarisations. Fig.6.38 shows the three
TM polarised modes for this structure. The half-width
measured for the centre mode is 15um, those for the edge modes
6um.

Both TE and TM polarised modes are guided under the
Schottky barrier stripe at zero bias enabling the electro-optic
interaction with the TE waves to be measured using the technique
described in section 6.5.1. Fig.6.39 shows the resulting plot
of HBTE-BTM)IL = ABL as a function of the bias voltage. Using
(6.5) and (6.8) the non-zero electro-optic coefficient r,, of
InP was found to be (1.6 *t 0.4) x 10 '?mv_!. This is in good
agreement with the value of 1.45 x 10 !'2?mV”~! measured at 1.06pm
by Tada and Suzuki [79]). The intercept on the voltage axis
agrees closely with that calculated as required to deplete
the epitaxial layer. It is larger than the intercept of Fig.

6.11 due to a thicker layer and a slightly higher carrier

concentration.

Stripes of width 27um and gold thicknesses of 0.3, 0.7

and 2pm also showed guiding at both stripe edges together with



Fig.6.38

o
e

20um

Experimental mode profiles for the three TM
polarised modes supported by the photo-elastic
refractive index changes from a 39um wide gold
stripe 2pm thick on n/nt InP.
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Fig.6.39 Phase modulation characteristic obtained from
the interference of the TE and TM polarised
centre guided modes of a 39um wide gold stripe
on n/nt InP.
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less~intense but well-defined guiding under the stripe centre.
Figs. 6.40 and 6.41 are composite pictures of the three TM
polarised guided modes for the 2um and O.7um gold thicknesses
respectively. The ease with which the guided modes could be

excited increased with gold thickness.

The results on stripe structures described so far may be
explained by a positional change in Aer similar to that shown
for a similar stripe on GaAs in Fig.6.13. The two edge guiding
regions only were observed in 16 and 18um stripe devices with
2um gold thicknesses and a 24um stripe structure with a lum
gold film. In these cases light input under the stripe was
expelled to either side probably because of the central
increase in refractive index being absent or too small to

support a guided mode.

A summary of the guiding properties of stripe waveguides

fabricated in InP is given in Table 6.8.

6.6.2.2 Channel structures

Channels less than 1Oum wide showed single-mode wave-
guiding for both TE and TM polarised waves. Fig.6.42 gives
the guided mode profile for the TE mode beneath a 1Oum wide
channel in a gold film 2um thick. By observing the output
intensity for various sample lengths progressively reduced by
sequential cleaving at the output side the intensity attenuation
coefficient was measured as l.2cm !'. This value is slightly
larger than expected from section 6.2 but a poor guality layer

(incorporating several "pin-holes") might account for this.

Channels of widths between l4um and 18um showed two
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Fig.6.40 The three experimental TM modes for a 27um
wide gold stripe 2pum thick on n/n% InpP.



Fig.6.41 The three experimental TM mode profiles for
a 27um wide gold stripe O.7um thick on n/n%
InP.
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Fig.6.42 Guided mode profile for the TE mode beneath

a 10um,wide channel in a gold film 2um thick
on n/n InP.
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guiding regions positioned under the channel itself. The two
regions were observed simultaneously with their relative
intensities dependent on the sample length. Fig.6.43(a), (b)
shows intensity profiles recorded on the X-Y plotter for a
2.1lmm length of a 15um wide channel structure with a 2um gold
film. At the input cleave light was coupled into the guide on
the right-hand side in Fig.6.43(a) and into that on the left-
hand side in Fig.6.43(b). Fig.6.44 shows a similar profile

for a 2.6mm length of the same sample with the guide on the
left excited at the input cleave. The relative light intensity
in the initially excited guide plotted against sample length
followed closely a cos? variation showing that, as for similar
GaAs structures, a highly synchronous directional coupler is
formed. A coupling length of (3.1 # O.4)mm consistent with the
cos’ intensity variation is larger than that of (2.2 : 0.2)mm
for a similar channel in GaAs indicating confinement is tighter
in InP strain-induced waveguides. If the photo-elastic
coefficients are assumed the same in InP as for GaAs the
increase in confinement would be explained by a smaller value
of E' and a larger value of v, calculated for InP from the

data of Neuberger [60] using the method of Kirkby et al [37],
and the subsequent increase in €yx and eyy from (3.14) and

(3.15).

6.7 Strain-Induced Waveguiding With No Epitaxial Layer

It is apparent from the discussion of section 3.2 that
strain-induced refractive index changes decrease rapidly with
depth into the crystal as well as laterally. It is reasonable

to expect that some form of strain-induced waveguiding will be
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Fig.6.44 TE intensity profile for a 2.6mm length
of the guide described in Fig.6.43 with
the guide on the left excited at the
input cleave.
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present in a channel structure without the initial confinement
of the epitaxial layer and this is confirmed by finite-

difference calculations.

Experimentally, guiding was found in a short InP slot
device with a gold thickness of 2um but confinement was poor
and there was much leakage of light into other parts of the
semiconductor. The finite-difference calculations suggest
that under an 8um slot with F = 1200Nm ' most of the light
should be confined in the first 1Opm or so of the substrate
and under the slot. By using different box depths for these
calculations the guiding was shown not to be an artefact of

the imposed boundary conditions.



88.

spInbsserm geTSs

B JI0J PoO3RINOIRD XOpUT SATIORIISI BATIDS9IFS pue ssor 1eoT3do

o5LEp ¢!

S, u O JISTTrUSG PVURIXFITJ =23TUTH g*Z O
- S,U JO I9bae] | 90UDASIITA OITUTA | PLLED € 4 0
LTV GZ°0 (T1°9) s¥Y 90UDIDFITA SITUTA! 6GLEV € G- ¢ o}
G0
LT ¥ uesw OT3BWYITIAY S0UDASFFTA DITUTA| LGLED € ¢ o}
Gz 0 m
LT ¥ uesw DTIBWYITAY 90UDIDFFTA 2ITUTA ! LGLEV "€ G ¢ 0
62"V - TedT3ATeuy 09LEV "€ S ¢ ny
LE ¥ - TedoT3ATRUY 09LEV "€ Sz 18
€TV - TeoT3ATRUY ToLEVY €| G°C , _OTXT
AR - TeoT3ATRUY Z9LEY "€ "2 T
()
U3busT Teaxd23ul pue uoTjeTndoITed s
A~|Eov suo13Tpuoo Aaiepunoq JO pouylz=Nn 33 N (wur) y tu
0

90U8I9IJTP 93 TUTA

T°9 dIdVL




89.

*S9zZTS Yyssu
JUSASIFTP PuUR | WNOOZT = 4 Y3ITm apInbasem 0TS 9pTM wrlpT
© 10J poylsw S0UdA8IIJIP-23TUTI oYz HbUTISN pajeTndIed sapoul

DTIjowwiAse pue DTIFoWUAS ay3x JO N pue SN SOOTPUT O9AT309IIA

9°1 [ANAA AR 89¢Cvv "¢ GZ°"0 | SCT1°0

-
j
0f£? LT ozZhv ¢ £6Zhv ¢ gz"0| Sz'O
05T CoLeT oYAA A AN €GZYv € s*0| 6z°O
oL 0°2 TOZVb "€ 622V € GZ°0 G 0
oL 0°¢ 9TOZHY "€ olxAdAks S0 G0
dp 9 o v S
103 suotjerssr | (W T N N (ur) X (wrf) X

Z°9 J149VYdL




90.

soptnboaem ad1a3s syen jo sarjzasdoag burpiny jo Axeuuwmg

—_—

- 9°¢ . 9 | uess 30N z 00T< .7 3904,
i‘
- € L 9°L uosag 30N 9°0 00T« o[ dDd4d,
, 9% o) T /A u=9g JON 9°0 OT 9VYO08HAOT
P pe3BRIOST
I+ ‘O 78 96 ¥ -OT JION T LT O8BVYNHLT
€T+ ‘O 8°9 'L 00T 00T ST 1< GY08H4ATC
LTF 'O 79 c L 9°0T1 ¢ 0T ¢ 1-1 LC Y0O8dYLC
“AO o
8T+ 'O oT | zl | 8°0T €T : 9°0 87 (TeeT "oon)
aun N
LT ‘O OT T 9°TT €T 9°0 8¢ (0861 «xmw
ﬁll -y
_ — 1 seT_ pa3elOST . (8L6T Sunp)
| LT+ 0 ceT-0T| <1 OT 20N 9°0 8¢ YX 9V
— ) _ ) ) (1861 "AON) |
81+ 0 0°6 Z°6 A\ 8°1 6¢C VASTY
- 4+ ]
- 4 . . . (086T =2unr)
8T+ 0] 0°6 T 9°¢ ZT 8°1 6¢C VASTVY
_ . . . (8L6T) |
8T+ 0 26 - Z°8 1T 8°T 6¢C VATV
WL A WL oL
sopTnb (ur) =bpg (ur) sa3UsDO (umM) ssSoUdOTYL (ur) yaIpIm
jo (wrl) uoT3ITSOg U3IpTM-ITRH ‘U3pTM-ITBH odT1a3s odTa3s 90 TAD(Q

£°9 dI9VL



91.

TABLE 6.4
Method of calculation Neff t%(pm)
Exponential approximation 3.44033 7.
1/cosh? approximation 3.44019
One-dimensional finite difference 3.44077
Guiding Properties of an Edge Guide (F = 360Nm ')
Analysed at Depth 2um by Various Methods.
TABLE 6.5
Sample Percentage of Light in cos? (Cz) !
Length excited guide at (L, = 2.2mm) i
(mm) Output Cleave (Experimental) '
2.1 <5 0.01
3.4 ~50 0.57
35 0.43
7.6 40 0.43
9 95 0.98

Experimentally determined light intensity in the initially
excited guide for various lengths of a 15pm channel wave-
guide and proposed cos? variation
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CHAPTER 7

CONCLUSIONS

It has been demonstrated that optical waveguides may
be produced in both GaAs and InP epitaxial layers through
the photo-elastic effect. Such waveguides have been exploited
to produce a novel directiocnal-coupler structure for integrated
optics with the advantages of high phase synchronism and a
short coupling length ( ~2mm) without rigid tolerances on the
fabrication process. By applying reverse-bias in suitable
configurations one of these directional couplers could be
switched to give either the straight-through or the crossed-
over state at the device output. The capacitance of each
electrode was "V2pF per mm. corresponding to a 3dB bandwidth
of 1.6GHz with a 500 line system for a 2mm long coupler.
This bandwidth could be improved by reducing the electrode
width thereby lowering capacitance. However, to ensure
guiding properties under the channel are not affected by
strain-induced refractive index changes arising from the
remote metal edges, an electrode width of at least 1l5um is
needed. The Schottky diode structure of Fig.4.2 can be used
as a microwave strip-line. Ono [80] proposed a modulator,
based on the novel directional coupler structure described,in
which a microwave modulation signal propagates along the line
together with the light wave. The proposed structure allows
for an increase in operation frequency above the limit

imposed by the time-constant of the diode.
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A new method of analysing electromagnetic wave propa-
gation in wavegquides where refractive index may vary in both
directions of the cross-section but is constant in the
longitudinal direction has been developed. Using this method
of calculation, which is based on finite-difference techniques,
experimental results in GaAs have successfully been described
in terms of the strain-induced refractive index changes. The
importance of strain in directional-coupler structures formed
by having two "metal-gap" guides in close proximity has also

been demonstrated both experimentally and theoretically.

In InP epitaxial layers similar strain-induced wave-
guiding has been observed experimentally. Although refractive
index changes cannot be calculated the experimental results
indicate that these are slightly bigger than in GaAs, possibly
as a result of larger strains due to a smaller Young's modulus
and a larger Poisson's ratio in InP. By applying electrical
bias to a Schottky metal stripe under which a guided wave with
equal amplitudes of the TE and TM polarised modes propagates
the non-zero electro-optic coefficient r,; of InP was
successfully measured. This was the second measurement of this

coefficient in the world and the first using this technique.

Strain-free devices have been fabricated by evaporating
aluminium films onto cooled substrates and confirm that the
dominant lateral-guiding mechanism is strain-induced refractive
index changes. This technique might be useful for eliminating

strain-effects in other devices incorporating evaporated films.

A proposed method for forming bends in waveguides by
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reflection off an etched vertical wall has been shown to be
practicable, although different masking and etching techniques,
possibly using electron beam lithography are required if the

negligible loss predicted theoretically is to be achieved.

The ease of fabrication of all these strain-induced
waveguides makes them ideal for producing other devices, for
example Y junctions and Mach Zehnder interferometers could be
made using strain-induced waveguides with suitable electrode
geometries. Further work is required to understand more fully
the nature of the stress in evaporated metal films. These
studies should include an examination of the film structure

during growth and on subsequent cooling.
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CHAPTER 9

APPENDICES

9.1 Reflection of Plane Waves at Plane Interfaces

Consider a ray of light incident on the general boundary
between two regions with refractive indices n, and n, at an

angle 9; to the normal. Let Ei’ E, and Er be the electric

t

field amplitudes of incident, transmitted and reflected rays

and Hi’ H Hr the corresponding magnetic field amplitudes.

tl

TE Polarisation

Hy
Eq
6,
6,6,
E; £
Hi Hr r
Matching E components
= 2.1
(El + Er) Ey ( )
Matching tangential H
H. cos®1-H_ cos®1 = H, cosb: (9.2)
i r t
Also Ei .
= = 19
H. n, (9.3)
i
and E
_t _ o (9.4)

where no =Vuo/co



From equations (9.2)

n, ke

From equation (9.1)

Hence

Now

SO

, (9.3) and (9.4)

.cos81-n1E_cosfB; = noE, cosb
i llr 1 Zt 2

= +
nz(Ei Er)cosez

3

r _nicosf8;-ny;cosb,
Ei n;cosb,+n;cosH
n;sint; = nzsin62

2 3 2
n;“sin“90,;
cosf, = 1- —i———;———-
\ n»

E 2 2 .2

r nijcosf-,ns"-n;“sin“0,
E. ,

1

n,cosb+/n,’-n1?sin%6,

)
)
)
)
)
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(9.8)

For total internal reflection at the interface nisinf:;>n;

equation (9.8) mav then be written as

which is of the form

where tan ¢TE = b/a.

/

E

—

. . 2
_ n,cos6-jVni1%sin?6:-n,

7

i

n,cosb+3 /n12sin26;-n, 2

(a=jb/a+jb) = V=

The phase shift is therefore 2¢TE where

tand)TE =
If n, = -jn» equation (9.9) becomes:
n1COSQL ‘j/l+ El2sin261
E n " 2
r _ n, (n ,)
E. - TSin?
i nlc?sel + j/l+ n, sin 81

Ni (n» )2

{Jnlzsinzel-nzz}/nlcosel

(9.10)

(9.11)
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and the new phase shift is 2¢TE where

" ; 2 (i 2
tan(bTE = rl—(_:rol—;@_ [1+ &___si_rl_.e_l (9.12)
1 1 J (nz")z
TM Polarisation
&
H,
96,
Hr
H.
[}
E, €,
Matching tangential H
= 9.13
H, + H_ = Hg ( )
Using equations (9.3) and (9.4) this gives
(Ei + Er)n1 = n2E (9.14)
Matching tangential E
(E; - E )cosb, = E_ cosb 2 (9.15)
i r
Eliminating E_ from equations (9.14) and (9.15)
By _ npcosB8;-n1cosb,
EI T h,cosf;+ni1cos6,
: 2
nzcosfy —/l—(%i) sin’9,
= 0L : (9.16)

| 2
n .
nocos®y /1 (Bl) sin?e,
n, n

N

As in the TE case there is a phase shift 2¢TM on total

internal reflection where



2 2 7- 2 2
N n;“sin“f;-n;
tandmpy = = n1coS0,
n»
If n, is purely imaginary (n, = -jn,") equation (9.

leads to
(n,")?n,cos6,

tan¢TM =

I'112\; (nz")2+n1 2811’1261

since the numerator becomes

. 2 a2
-9n," n;“sin“o
g 2_ cosfH;- 1+ -t == 71

1 - (n2||)2
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(9.17)

16)

(9.18)
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9.2 Computer Program for the Solution of the Eigenvalue
Equation




PROGRAN(ITSI)

INPUT 1=CRO
OUTPUT 2=LPO ,

TRACE 1

END 109.

NASTER SLABS
COMPLEX CN(3),CGUESS,CNGUESS,CSOLN,CHSOLN
COMPLEX CEGANMA,CFK,CNGAMNA
DIMENSION RK(3),DECUT(4),DNCUT(4)
REAL MSOLN
COMMON WAVEL,PI,FK
5 PI=3.14159265
10 READ(1,15) CN
15 FORNAT(2(2E0.0/),2E0.0)
20 READ(1,25) T,WAVEL
25 FORMAT(E0.0/E0.0)
30 READ(1,35) NY
35 FORKAT(IT)
40 WRITE(2,45) CN
45 FORMAT(1H ,2(2F10.7,5X),2F10.7/1H )
50 WRITE(2,55) T,WAVEL,NY
FORMAT(1H , SLAB THICKNESS=",E14.7/
11H ,"FREE SPACE WAVELENGTH=",E14.7/
21H ,“HKODE=",11)
FK=2.04F1/UAVEL
CFK=CHFLX(FK,0.0)
DO 80 J=1,3
RK(J)=REAL (CN{J)#CN(J))
CONTINUE
CALL EMODES(RK(1),RK{2),RK(3),T,HODES)
URITE(2,95) HOILES
95 FORMAT(IH ,"NG. TE MODES=",I1)
100 DO 120 JK=1,4
105 CALL ECUT(RK(1),RK(2),RIL(3), K, DECUT(JK))
110 WRITE(2,115) JK,DECUT (JK)
115 FORMAT(IH ,“TE MOLE *,11,  CUT OFF WIDTH=",E14.7)
120 CONTINUE
125 IF(T.LT.DECUT(NY)) GO TO 409
130 CALL REETA(RK(1) ,RE(2),RE(3),T,NY,HOUES,ESOLN)
135 CGUESS=CHFLX{ESOLN,0.0)
140 CALL CNTE(CN(1),CN{2),CN{3),T,CGUESS,CSOLN)
145 CEGANMA=CMPLX(0.0,1.0)*CSART(CN(2)4CN{(2)+CFK*CFK-CSOLN+CSOLN)
150 WRITE(2,155) NY,ESOLN,CSOLN,CEGANHA
155 FORMAT(1H ,“TE MODE ~,11,7 : “/1H , ESOLN=",E14.7,5X,
1551°CSOLN=",2E14.7/1H , GAMNA=",2E14.7/TH , kb shbbsadbmddnddins )
160 CALL FLOT(RK(1),RK(2),RK(3),ESOLN,T)
165 CALL MMODES(RK(1),RK(2) ,RK(3),T,H0DKHS)
170 WRITE(2,175) HODMS
175 FOKMAT(1H ,~NO. TH MODES=",11)
180 DD 200 JKK=1,4
185 CALL HCUT(RK(1),RK(2) RK(3), JHK, IHCUT (JiK))
190 WRITE(2,195) JNE,DHCUT(JRK)
195 FORKAT(TH ,~TH MOLE ~,I1,° CUT OFF WIDTH=",E14.7)
200 CONTINUE
210 IF(T.LT.DMCUT(HY)) GO TD 409
220 CALL REBNTA(RK(1),RK(2),KI(37,T,NY,HOIMS, H50LN)
225 CMGUESS=CHFLX{HK50LN,0.0)
230 CALL CNTM(CN(1),CN(2),CN(3),T,CiHGUESS,CNSOLN)
235 CHGAMHA=CMFLX(0.0,1.0)%CSQRT(CN{2)*CN(2)#CFK+CFK-CHSOLNYCHSOLN)
240 WRITE(2,245) NY,NSOLN,CHSOLN,CHGAMNA
245 FORMAT(1H ,“TH KODE “,I1,7 : “/1H , H50LN=",E14.7,5X,
2451°CNSOLN=",2E14.7/1H , "GhaMMA=",2E14.7)
255 CALL FLOT(RE(1),RK(2),EK(3),HSOLN,T)
260 G0 TO 500
400 URITE(2,405)
405 FORNAT(IH ,“NODE CUT OFF ")
500 STOP
END
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SUBROUTINE EMODES(RK1,RK2,RK3,T2,NE2)
COMMON WAVEL,PI,FK

C THIS SUBROUTINE FINUS NO. TE MODES

c

c

L G = -
S Lhen © NN

L oLh Ut o WA

o B — —

o

1
15

G1=1.

022= (RK2-RK3)#FK#FK

02=SQRT(022)

P1=5ORT( (RK2-RK1) +FK*FK-022)
NE2=INT((G24¢T2-ATANC(G1#F1)/02))/PI+1.)
RETURN

END

SUBROUTINE ECUT(RK1,RK2,RK3,NE2,D)
COMMON WAVEL,FI,FK

G1=1.

022= (RK2-RK3)#FK*FK

82=5QRT(Q22)
P1=SORT((RK2-RK1)#FHAFK-G22)

D=(ATAN{ (G14P1)/02)+FLOAT (NE2-1)%F1)/Q2
RETURN

END

SUBROUTINE RBETA(RK1,RKZ,RK3,72,NX,NE2,GUESS)
COMMON WAVEL,FI,FK

9 Q22=0.0
0 L=0

IF(NX.GT.HE2) GO TO 110

C THIS FART FINDS THE TE MODES BETWEEN 1 AND NEZ

c

110
115
120
125
130
140
150
160
170
172
175
177
178
180
185
190
195
200
210
2135
220
2390
235
240
250
255
260
265
270
400
405
410

Q2= (FLOAT (24— 1)#F1/(2.0472))-1.0E-7/12
B=5QRT(RK2-RK3)+FK

IF(Q.LT.02) GO T0 170

CALL FE(RKI,RK2,RK3,02,T2,F1,F2)
IF(F2.LT.0.0) GO 70 250
BA=(FLOAT(HX-1)4FP1) /T2

AB=Q2

60 TO 175

GE=0

QA= (FLOAT(NX-1)4F1),/T2

A2={0A+05) /2.0

L=L+1

IF(L.GE.100) GO TO 410
IF(ARS((Q2-022)/02).LE.1.0F-5) GO TO 400
CALL FE(RK1,KK2,RK3,02,T2,F1,F2)
IF(F1.GE.0.0.ANI.F2.LT.0.0) GO T0 2
IF(F1.LT.0.0.AND.F2.6E.0.9) GO 70 2
IF((F1-F2).L7.6.0) GO T0 230

A22=02

GB=02

60 T0 175

622=02

a4=02

60 10 175

QA=02+2.0E-7/12
OE=(FLOAT(NX)API) /T2

IF(Q.GE.QF) GO 1O 175

@E=0

60 TO 175

GUESS=02

RETURN

STOF

END

110.
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SUBROUTINE MMODES(RK1,RK2,RK3,T2,NE2)
COMNON WAVEL,PI,FK

C THIS SUBROUTINE FINDS NO. TM MODES

C

9

7
10
15
35

30

61=RK2/RK1

022=(RK2-RK3) *FK*FK

02=5QRT(Q22)

P1=SQRT( (RK2-RK1)+FK#FK-022)
NE2=INT((Q24T2-ATAN((G12P1)/82))/PI+1.)
RETURN

END

SUBROUTINE MCUT(RK1,RK2,RK3,NE2,D)
COMMON WAVEL,FI,FK

G1=RK2/RK1

022=(RK2-RK3)#FK#FK

0 02=5QRT(Q22)

P1=SQRT((RK2-RK1)+*FK+FK-022)
D=(ATAN{(G1+F1)/G2)+FLOAT(NE2-1)%P1)/Q2
RETURN

END

SUBROUTINE KBHTA(RKY,RK2,RK3,T2,NX,NE2,BUESS)
COMMON WAVEL,FI,FK
022=0.0

0 L=0

IF (NX.GT.NE2) GO TO 110

C THIS FART-FINDS THE TH HONES RETWEEN 1 AND NE2

C

110
113
120
125
130
140
150
140
170
172
1735
177
178
180
185
190
195
200
210
213
229
230
235
240

(S IS B 6 BN SO N )
~N O~ O~ U on

Lo IR A B - T A, Y

2 b
o O
o

410

B2= (FLOAT(24NX-1)4F1/(2.64T2))-1.0E-7/T2
B=5SQRT(RK2-KK3) #FK

IF(R.LT.G2) GO TO 170

CALL FM(RK1,RK2,RK3,02,72,F1,F2)
IF(F2.LT.0.0) GO TO 250
BA=(FLOAT(NX-1)4F1)/T2

@B=02

60 TO 175

QK=0

QA=(FLOAT(NX-1)#P1) /T2

02=(QA+QE) /2.0

L=L+1

IF(L.GE.100) GO 70 410
IF(ABS((02-022)/02).LE.1.0E-5) GO TO 409
CALL FHM{RK1,RK2,KK3,02,T2,F1,F2)
IF(F1.GE.0.0.AND.F2.1.T.0.0) GO TO 230
IF(F1.LT.0.0.AND.F2.GE.0.0) GO TO 210
IF({(F1-F2).LT.0.0) GO 70 230

022=02

@B=02

60 TG 175

022=02

3A=02

60 TD 175

BA=02+2.0E-7/72

QB=(FLOAT(NX)#F1) /T2

IF(Q.GE.QE) GO TO 175

RE=0

60 TO 175

GUESS=Q2

3 RETURN

STOP
END
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THIS SUEROUTINE SOLVES THE COMFLEX EIGENVALUE EQN. FOR Tif MODES

10
12

SUBROUTINE FE(RK1,RK2,KK3,02,72,F1,F2)
COMMON WAVEL,PI,FK

61=1.0

63=1.0

P1=5QRT ( (RK2-RK1)#FK#FK-02+02)

P3=SQRT( (RK2-RK3)#FK4FK-02402)
F1=TAN(02+T2)

F2=024(B614P1+G3%P3)/ (R2402-G1#G3+F13P3)
RETURN

END

SUBROUTINE FM(RK1,RK2,RK3,02,T2,F1,F2)
COHMON WAVEL,FI,FK

G1=RK2/RK1

63=RK2/RK3

P1=5QRT ( (RK2-RK1)#FK4FK-02402)

F3=5QRT( (RK2-KK3)#FK#FK-02+02)
F1=TAN(024T2)
F2=02+(G1#F1+G3#F3)/(Q2402-614G3+F14F3)
RETURN

END

SUBROUTINE CNTM(RN1,RN2,RN3,T2,GUESS,SOLN)

COMFLEX KN1,RN2,RN3,GUESS,SOLN,F1,02,F3,002,FUNCT,DIFF,CFK,CT2

COKFLEX CG1,C63
COMMON WAVEL,PI,FK

CFR=CHFLX(FK,0.0]
CT2=CHFLX(T2,0.0)

(CFK,CT2 ARE FK,T2 IN COMPLEX NOTATION)

30
40
50
60
70
79
100
129

150

SOLN=CHFLX(0.0,0.0)

QQ2=CHFLX(D.0,0.0)

82=6GUESS

LN=1

CG1=RN24RN2/ (KNT#*RN1)

C6I=RN2:#RN2/ (RN3+RN3)

F1=CSORT(CFH#*CFI# (RN2#RN2-RNT4RNT)-G2+Q2)
F3=CSORT(CFK#CFR* (RN24RNZ-RN3#RN3) -Q2+Q2)

FUNCT=CSIN(Q24CT2)/CCOS(A24CT2)-02+(CC1+F1+CE3+F3)/

1501(R24@2-C61*+F1+C63+F3)

170

DIFF=CT2/(CCO5{Q24CT2)+CCOG{Q2+CT2) )~ ({Q2+Q2-CG1+CG3#*

1701F14F3)$(C614(F1-02402/F1)+C634 (F3-02+Q2/F3) )~ (Q2+(
1702CG14F14C634F3) ) #(Q2% (CHFLX(2.0,0.0)+COT#COI+{F1/F3+
1703F3/F1)))) /((Q2402-C614C634F14F3)# (Q2402-CE1ACGI#F14F3) )

190
200
210
212
213
220
240
250
260

270

IF(CABS((Q2-002)/02) .LE.1.0E-9) GO TO 240
IF(LN.GE.200) 6O TO 27
LN=LN+1

WRITE(2,213) Q2,FUNCT,BIFF
FORMAT(1H ,3(3X,2E14.7))
002=02

G2=02-FUNCT/DIFF

GO TO 100

SOLN=02

RETURN

END
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SUBRUUTINE CnTBE Tyl hiedy bl LUl 22, sUL)

COMFLEX RN1,RN2,RN3,GUESS,50LN,F1,02,F3,002,FUNCT,DIFF,CFK,CT2
COMFLEX €61,CG3

COMMON WAVEL,PI,FK

THIS SUBROUTINE SOLVES THE CONFLEX EIGENVALUE EQN. FOR TE MODES

10
12

CFK=CHFLX{(FK,0.0)
CT2=CHPLX(72,0.0)

(CFK,CT2 ARE FK,T2 IN COMFLEX NOTATION)

30
40
90
60
70
79
100
120

150

SOLN=CNPLX(0.0,0.0)

Q02=CNPLX{0.0,0.0)

@2=6GUESS

LN=1

CoT1=CHFLX(1.0,0.0)

CG3=CHFLX(1.0,0.0)

F1=CSQRT(CFK+CFK+ (RN2#RN2-RN1#RN1)-0Q2+Q2)
F3=CSORT(CFK4CFK+ {RN2+#RN2-RN3I4+RN3)-Q2402)

FUNCT=CSIH(R22CT2)/CCOS(AQ2+CT2)-A24(CH1#P1+CG3+F3)/

1501 (Q2:4Q2-CO1+F14C03+F3)

170

DIFF=CT2/(CCOS{Q2+CT2)+CCOS{A24LT2) ) - ((R2+4Q2-CG1+COI+

1701F14F3 )4 (CG1#(F1-Q2+4Q2/F1)+C03#(F3-Q2+Q2/F3) ) -{Q2#(
1702C61#F1+4C634F3) ) # (Q2%(CHFLX(2.0,0.0)+C61+COI+{P1/F3+
1703F3/F1))))/({Q24A2-CO1+CG3+P14P3)# {02402-CO1+L634+FP14F 1))

190
200
210

O LN O L O B

S IS I = L v SO R B L R S S SE R NI S IS
LN O L O LN O LR

o
wth O

~3
<

100
105
110
115

TIF(CARS((R2-002)/G2).LE.1.0E-9) GO TO 260
IF{LN.GE.200) GO TD 276

LN=LN+1

WRITE(2,213) Q2 ,FUNCT,DIFF

FORMAT(IH (3(3X,2E14.7))

az2=0z

Q2=02-FUNCT/DIFF

GO T0 100

SO0LN=02

RETURRH

SU¥ROUT IHE FLOT(R1,R2,K3,02,T2)
DIHENSION A{101)

COMMON WAVEL,PI,FK

DATA ELANK,STAR,LINE/TH ,iH+,1HI/
F1=SORT((R2-F1)4FK+FK-024Q2)
F3=SORT((R2-R3)+FRiFK-02402)
E1=1.0/SQKT(1.0+F1+F1,/(G2402))
WRITE(2,10)

FORMATCIH ,“X:Y*,56X, FIELD STRERGTH )
X=-T2

IF(X.GE.0.0) GO TO 35
FA=BT4EXP(F14X)

GO TO 49

IF{X.GE.T2) GO T0 S0
FAE14(COS (A2 + (F1/02)+5IN(024X))
50 TO 60

IF(X.GE.(2.04T2)) GO T0 113
Fa=E14(COS(R2#T2)+(F1/02)#5IN(A24 T2 ) FEXF (-F3+ (X-T12))
NA=NINT(FA450.0)+51

[0 75 J=1,101

A0J)=ELANK

CONTINUE

A(NA)=5STAR

ACST)=LINE

WRITE(2,100)%,4

FORMAT(IH ,E9.3,10141)

X=X+T72/20.0

GO 70 20

RETURN

END
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9.3 Characteristic Equations for the Effective Index
Analysis of Directional Couplers

For T™™ modes in the equivalent slab guides (Fig.2.7)
elementary solutions of Maxwell's equations are sought
describing waves that do not radiate away from the structure.

Exponential or hyperbolic functions are suitable in regions I
and III: sine or cosine functions in region II. Taking

advantage of symmetry, suitable mode profiles are
H = Hiyexp-(p: (v-c-a)) y>(c+a)

Ho{cos(q, (y-c-a)) - Asing, (y-c-a)}

(c=a) < y < (c+a)
Hiy{cosh(p;y)} (c-a) > y > (a-c)
H, {cosq, (y+c+a) + Asing, (y+c+a)} -c-a < y < a-c

Hi exp(p1 (y+c+a)) y < -a-c.

P1, d2, p3, ¢ and a are as in section 2.2.2.

Asymmetric Mode

H = Hiexp-[p1 (y-c-a) | v > (a+c)
H,{cosq, (y-c-a) - Asinqg;(y-c-a)} c-a < y < atc
Hy; sinh(piy) c-a > y > a-c

-, {cosq(y+c+a) + Asing. (y+c+a)} a-c > y > c-a

-H1 exp{p, (y+c+a)} y < -c-a
oH
. 1 X . _ -
Matching H_ and E_ (« —= ) fields at y = (a+c) and x =
X z N 2 dy
-

(c-a) the characteristic equations (2.28) are derived.



9.4 PFinite-Difference Form of Partial Derivatives

Consider the following mesh points

® ¢ ¢
. & s
x = -h @) h
From Taylor's Theorem |81]
2 2
¢ (x+dx) = ¢(x) + 90 (x)dx + a°e (df) + ...
9 X 82 2!
X
Thus
P L L (9.19)
B~ A " 3x , Lo T :
o) IxX“ o
and
_ I 3°¢ | h?
O = Oy < | bt 2|2!—+... (9.20)
0 X< O
Adding (9.19) and (9.20)
2 b td =20
) | B B "C A_+_thL+ (9.21)
yx? o h?

Where D, is a combination of third-order partial derivatives

in the interval considered.
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9.5 The Rayleigh Quotient

Multiplying the wave-equation for a trial field ¢ (x,vy)

by ¢(x,y) and integrating over the cross-section yields
{{{évzé + n’k?$p? - N°k?¢? }dS =0 (9.22)
J.

Replacing ¢ by (¢+8¢) and k° by (k?+8k?) and neglecting

second-order variations in ¢ gives
J{{¢+6®)}V2¢+¢V26¢+(n2—N2)(k2+6k2)l¢2+2¢6¢]}d8 (9.23)

From Green's theorem

HVCEH=80V2e = i@[ d>i (8¢) = S¢ 8—¢1 ds

and following the same arguments as in section 2.3.2.1 the

contour integral is zero for guided modes. So (9.23) becomes

JJ{(¢+26¢)V?¢+(n2-N2)(k2+6k2)[¢2+2¢6¢]}d8 =0 (9.24)
But V%?¢ = -(n’-N?)k?%¢ and hence
JJ[ékz(nz—Nz){®7+ 20861]ds = O (9.25)

i.e. 8k? =0

Orthonormality gives ©
§a262
r "r
B?= N°k,’ = L0
Loat
r=0

rlr Y
=8,° + (9.26)
) a’
r
The Br are such that
Bo2 > B1°% > By” > > g2 >
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It has been shown therefore that a variational expression for
the propagation constant £ of a planar waveguide follows

from the wave-equation and is

J((¢v2¢+ n‘k?¢?)ds

o

O for r > O i.e. if ¢ = Yg.

(9.27)

W

Equality holds if a.

(9.27) yields a lower bound for B° which improves
as the trial function ¢ approaches the actual mode distri-
bution. For ¢ = Y, the expression has a maximum value equal

to BZ2.

The improvement of the value of R? as ¢ approaches
the actual mode distribution is illustrated by the results

of Fig.6.7.
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9.6 A Method for Finding the Ovtimum Acceleration Factor
for S.0.R. (SO) and a Practical Scheme of Computer

gé;ution
The problem of solving the wave-equation is reduced
by the finite difference operator to solving the matrix eigen-

value problem

Ap = Ad (9.28)
for the smallest eigenvalue *; and eigenvector ¢y. If an
initial guess bi is made to the eigenvector an approximation
U to Ay may be found from the Rayleigh Quotient as

*

b, Ab,
b= =T (9.29)

*
b. b,
i 71

and a bi+l found from the relation

by, = Hby

where H is the S$.0.R. matrix for solution of (A-u}b = O.

Sinnott [40] shows that the eigenvalues of the
matrix H converge to give bi = ¢g and ¥ = Ay. He also states
that the optimum convergence to the required eigenvector is
attained when the largest subdominant eigenvalue Xi; is a
double root of magnitude (So—l)-

S, may be estimated from a value of A, determined
whilst iterating with s < §_ as [42]

2

L 1

S = 2{ 1+ [1- iliigill,]%} (9.30)
o 2
X2 S

If a displacement vector r, defined as
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is computed after a complete iteration then [41], [42]

r. .|
o,
o= i AL (9.31)
.|
1

where [ri+l{ is any norm of the vector Tiv1e

The practical scheme used for solving waveguide
problems using S.0.R. is
(1) Guess eigenvalue and eigenvector.
(2) Perform 5 iterations with S = 1 and then use the Rayleigh
Quotient to improve the eigenvalue.
(3) Estimate X, using the absolute values of the elements of
the displacement vector

(k)

¢ = b, -b

k™ “k-1
A norm of the root of the sum of the squares of bi
elements has also been used successfully.

(4) calculate S, from (9.30) and reduce it slightly [41]

using the expression

(2-5.)
m o 4
suggested by Carré [42].
(5) Set s = S,s re-iterate 3 times and recalculate S,- If

successive estimates of SO differ by an amount Ase such

that

—-< < 0.05 (9.33)

then the value of SO is deemed to be the correct one and

no further estimate undertaken.
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(6) Proceed with iterations until convergence is obtained to
the accuracy required and then perform a few final sweeps

with S = 1 to smooth the field solution [38].

A feature was included in the computer program to avoid
attempting to take the square root of a negative number when
Calculating SO from (9.30). This occurs when A, > 1 indicating
that S is too large and the solution is oscillating. The
difficulty was overcome by reducing S as in (9.32) to a
minimum value of one and then recalculating after subsequent

iterations.

All the features described are incorporated in the
following computer program for finding the symmetric mode in

a strain-induced slot waveguide.



100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
99

- )
ul

Gl Gd Gkt vy 2y tJ
[ R e 1N BN
<

r) -
C’O(DOOOOO

Gl Gd Gl Ll oG
DU S &, I S Y

ay
D QDO

Col
~Q
(o)

R
<
<

560
579
550
T90RD=
500F =0
41GFS=
629
439
540

660R1=
670

ABODTM
670
700
10

-~
s

730

kKe# FROG TO CALCULATE KI AND FIND' FIELLS
U=3.14159
FRINT “X STEP LENGTH NICRONS-
INPUT X
PRINT Y STEP LENGTH MICKONS”
INPUT Y
X=X
Yo=Y
FRINT “INFUT FILM DEFTH(STEFS)-
INPUT H
FRINT “BOX HALF UIDTH STEF5 k-
INFUT F
PRINT “EQOX DEFTH & STEFS
INFUT 4
FRINT "STLOT HALFUIDTH S STEFS
INFUT §
FRINT N2z~
INFUT N2
FRINT "N3=
INFUT N3
PRINT TINFUT & THICKNESS RICRONS S
INFUT T
F=60047
U=.23
E=120090
D=24Fa (130 /(e )
Fr=X
n=T
T0=5+F
DIN HO1S30,1350)
FOR J=1 70 k
Y=(J-1)uF
FOR I=1 70 H-1
X=1+P
GOSUE 1510
NCD ) =N R CTHND 2 (02 PB4, 1130ED))
NEXT 1
FOR I=H+1 70 -1
X=]aF
GOSUEB 1519
NOL o dd =3 T+ 20 070 14, 113 0ED S
NEXT I
I=H
GOSUE 1519
NOHOJ = WZeaT e s id2suis oy Tac BRI
NE¥T
FRINT 0 2F I7oeav7oq:
INFUT
NI
!
)
C=9
Y=Vg
G6=17
1
DI Ei-c -no
E1(3S80.120)
FOR I=1 72 a-;
FOR J=0 "0 e
ECl, 0=
NEXT
NEXT 1



740 MN=N3
730 FB=-12
740B2=1
770B7=R2
780F0RI=0T0A
790F0RJ=0TOB 122,
800E1(1,)=E(I,])

BIONEXTJ
820NEXTI
83002=D1
840D1=0
850F0R I=1 T0 A-1

860 FOR J=1 TO E

870 E(0,J)=9

880 E(A,J)=0

890 S=ECI4+1,0+E(I-1,0)+{X/Y) " 2e(E(],J+1)3E(T,J-1))

900 ECI,J)=5/ (28 (1+(X/Y)"2Z)-K 24X "2+ (N(1,J)72-N"2))
910E(I,J)=E2+E(1,))-{B2-1)4E1{1,J)

926 E{(I,R+1)=0

930 E(I,0)=E(].2]

QA0 =Dt 4+ABES(E T Uy EIT, DY -E1 (I, el (T )

$50  NEXT

960 NEXT I

270 F=FP+i
$E0 D1=50R{Lit:

1090 C=C+Q/2

1100 NEXT I

11ig FOR I=1 70 A
1120 FOR J=2 70 K

1130 F=g(I,J)2

1140 G=F+GC

1150 HEXT J

1160 G=G+E{I,1;°2/2
1170 NEXT I
118ON=SQR(C/G) /(KT
1190C=0
12006=9

12190 IF F5I50 THES 1210
122060 SUF 1399

12301F PBR3 THEXN 172%4
1240 0 SUE 1449

250 IF Fx(Q-21 THER 770
1240 30 70 32%0

12708221

1280 PRINT &= :df

1290 IF F=1 THEM 1327
13001F F.0 THEGIZEC

1316 60 T Too

1320 B2=1.57
1330F7=E2
1340 60 70 "o

1350 FRINT  dnvai=i,°%

(S

1380 FRINT RN
137 TH
1320 FRINT A="th
1390 FRINT F=':F

<O
-
a3
—
2
4
g
|
I



1420 PRINT “DO YOU WANT FIELD--TYPE Y OR N-
1430 INPUT Z3

1440 IF Z9="N"THEN 1500

1450 I=6

14690
1470
1480
1500
1520
1330
1540
1530
1560

FOR J=1 T0 B

PRINT “E(“:1sd:7)=":E(1,J)

NEXT J

M= (X 24(Y-Y0)"2)"2

E1=D*({(1-V)*X 2% ((Y+YOQ )} /N-(Y-YO0) /M) =V ({Y+Y0) "I/N-(Y-Y0)"3/H))
E2=D#((1-V)4({Y+Y0) "I/N-(Y-YQ) "I/H)-V+X "2 {T+Y0 ) /N-(Y=-Y0) /H))
RETURN :
O=E(I+1, D+ECI-1, ) -24E{1, J)+{X/Y) "2 (BT, J+13+E{I ,J=-1)-24E{1,J))+

(NI, D) #K*X) "25E(1,J)

1570
1389

0=G+E(I,J)
RETURN

1590F3=0

1600FRINT"P="3F

161GPRINT“FACTOR="2:B2

1620PRINT“N=":N

1630RETURN

1640L1=T11/D2

1650 B1=B2

1660 P8=0

1670B9=B7

16801IF B6=5 THEN1830

1690 IF(((L1+B1-1)"2)/(L1*B1xB1))>1 THEN 1750
1700 52=2/C1+5QR(1-{(L1+B1-1)"2/{L14B1%B1))))
1710B7=R2

1720 B2=B2-0.4%(2-B2)

1730R5=(B7-B9)

174060 T0 1780

1750PRINT “4007 OK FOR F=":F
1760B2=K2-0.4%(2-E2)

1765 IF B2<1 THEN E2=1

1770 RETURRN

1780 IF ABS(BS/(2-B7))<0.05 THEN 1800
1790RETURN

1800B6=3

1810FRINT 4035 SATISFIED WHEN F=":F
1820 FREINT FACTOR=":R2

1830 RETURN

123.
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9.7 Loss in Waveguides

From Maxwell's equation

(0+jwe)E (9.34)
VxH= jue E
~ C~

where e = (n-jk)?%e, (9.35)

(o]

From the imaginary parts of (9.34) and (9.35)

2 = 2nke,
w
g
or k =
2wneg

The loss per unit volume is

E.J = %(IEZ — wnke E2 (9.36)

where E is the maximum electric field amplitude and the

intensity from the time-averaged Poynting vector is

1 )
i'[EIIdA )
) (9.37)
where E_ 1 [uo )
H n eo )
Writing I = Ioexp(—aZ)
& = -z (9.38)
From (9.36) the power loss in distance dzZ is
(weo[nkEsz)dZ (9.39)
and using (9.37) and (9.39), (9.38) may be written as
(weankEsz)
adz = dz (9.40)

Ho J nE?da
€0
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But w/igeq = w/c = kg (9.41)

2kofnkE2dA
Hence o =

(9.42)
InEsz
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9.8 Coupled Wave Theory of Directional-Couplers

Consider two waveguides (labelled a and b) whose
evanescent fields overlap and each of which would propagate
with normalised amplitude A satisfying the equation

dA

az (9.43)

= —jBA

without the other waveguide present. Interaction between the
two modes of the waveguides couples the differential equations

for their mode amplitudes Aa and Ab so that

= -JBaAa-jCAb
(9.44)

dF 8.

where C is the coupling

lap of the modes.

Unger [82] shows

= —ijAb_jCAa

coefficient giving the extent of over-

that in the coupling region the two

modes of the uncoupled waveguides form two new modes propagating

independently with propagation constants

By, = (Bcta) (9.45)
8 = 1(B_,+B )
where c = 7bg1tPy, (9.46)
a? = (AB! +C?) (9.47)
ABY = 1 (B.,=B: ;) 48
and B® = 2 al b1 (9. )

It should be noted that AR = 2A81. are the propagation

8a1' Bbl
constants of the waveguides a and b in the section of the wave-

guide considered. The extra subscript has been added because
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later the possibility of having a second section of waveguide
is considered where the propagation constants for waves in
guides a and b are Baz and Bbz respectively. Bi1 is called

B. and B, is called BA elsewhere in this thesis.

S
Combining the two modes given by (9.45) the general

solution to (9.44) is

A

a Ajexp(-jB12) + Azexp(-jB2Z)

)
)
B1-B B2-8 ;

(——21)A1exp(-3812) + ——L Azexp(-3B2Z)

(9.49)

By

If at 2

O mode a is launched with unit power and mode b with

no power then

1
AB"4

a

A, = (1-a,) = %{l—

and the amplitudes in each waveguide mode along the coupling

region are determined using (9.49). 1In particular at z = ¢,
1 -jB %) )
A (21) = (cos¢1-3 2E— sings) e ~ € )
) (9.50)
and . )
-JBcll )
)

(- € singy) e

n

Ab(11)

where ¢; = af:.

For phase synchronism between both coupled modes AB!= O

and from (9.50) the power Pa in the excited gquide is
P_ = cos? Cg, (9.51)
while it transfers the power

P, = sin®cg, | (9.52)
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All the power incident in mode a transfers to mode b at
distances

z =(—PZ—%ﬂ P =o0,1,2... (9.53)

The coupling length Lc is the shortest length for complete

power transfer between phase synchronous modes and is from

(9.53)
_m
Lc = 3¢ (9.54)
From (9.47) and (9.48)
= T
Lo = (B1-B2) (9.55)

In devices studied AB! is introduced by the applied bias. 1In
order to model directional-coupler structures having a reversed
AB electrode configuration consider a second region of the
guide of length L, with a AB! of the same magnitude but of

reversed sign.

In this region 2

. . -jB 2> )
Aa = (Alle Jazz+Azle]aZ2)e ¢ )
2 . g - . ; (9.56)
1= - 2= . ~-JjB Z2
Abz = [ . a2)a,le jaZ2+( = az)AzejaZ2]e c )
where now
81 = 7(8,, 48, )% a (9.57)
. _ 1 -
i.e. 81-Ba2 = 7(Bb2 Ba2)+ a
_ 1 - _
and Bz-Ba2 = §(Bb2 Baz) o

and Z; is measured from the front of the second section.
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As the sign of AB! is reversed

Ba1 = Bb2 }
- (9.58)
Bbl - Baz
so By - B, = ABY + o
2 } (9.59)

= 1 _
B2 - B, AB o

Thus from (9.49), (9.50) and (9.59)

A_ (o) A, '+A,! = cos¢;- 1%;— sing;

az

ABY+a AR -0

Abz(O) = (=) A11+(——E——)A21 (9.60)

= = %% sing,

e N N Nt Nl sl S

Solving for A;' and A,! and putting Z, = %, and ¢, = al, yields:

2
Aaz(zz) = [cos¢1cos¢2+-3; (AR} -Cz)sin¢1sin¢2 )
a )
. )
1 -jB L2
+ jég— sin(¢2-91)]e c ;(9,51)
. )
1 -jB %2
A, (22) = - S(28E- singisings+isin(gi+er)le ~ © )
*
Pa(lz) = Aaz(lz)Aaz(ﬁz) ;
l 1'2' 2 . . 2 )
= [cos¢icosda+ -~ (AB" —C®)sind;sind,]1“ )
a® )
1 )
v B8 sin® (¢2-¢1) ) (9.62)
a? )
)
- * (2 ) )
Pb(lz) = Abz(lz)Abz 2 )
2 )
2pp1
= 4C74B sin2¢1sin2¢2 + Ei sin2(¢1+¢2) ;
a? a?
N.B P + P =1
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In a similar manner expressions may be derived for the
power in each guide at the output of a device with more
sections or with the magnitude of AB! different for each

electrode pair.



