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Summary

The principal concerns of this thesis are the design, fabrication and
demonstration of an optical pressure sensor in the aluminium gallium
arsenide (AlGaAs) ternary epitaxial layer system. The device is based
on a ridge optical waveguide traversing a section of GaAs wafer which
has been wet— chemically etched, in a well—defined area, from the
wafer base, through the substrate (approximately 400um thick) to
within approximately 10um of the top surface of the wafer. A
deflection of the membrane from equilibrium by a pressure differential
across its thin dimension results in a stress—induced change in the
refractive index of the membrane material. A guided wave on the
top surface of the membrane experiences a change of phase as it

passes through the stress field produced by the membrane deformation.

A mathematical theory of photoelasticity is developed to model the
deflection and stress— induced refractive index changes of a membrane
of material in the zinc— blende cubic crystal class (43m), of which
GaAs is a member. The theoretical model was firstly tested by
measuring the deflection of membranes under pressure by observing
them in a microscope equipped with a Tolansky interferometer. Using
the experimental apparatus described in this thesis, membrane
deflection was achieved by evacuating one side of the membranes.
This resulted in the pressure being limited to one atmosphere across a

membrane (or limited by the evacuating capability of the vacuum

pump).

Two types of device are investigated — the first uses only straight

waveguides and is here referred to as a birefringent pressure sensor

ii



while the second incorporates a Mach— Zehnder waveguide structure.

1)

(2

The Dbirefringent pressure sensing device was fabricated and
tested. It consisted of a number of straight waveguides crossing
a membrane and was placed in an external Mach— Zehnder
interferometer in order to measure the phase— shift of light in
the waveguide when a uniform pressure was applied to one
surface of the membrane. The theoretical model indicates that
the change in phase for TE and TM polarisations is different
i.e there is stress—induced birefringence. Thus linearly polarised
light launched into a straight waveguide (equally exciting the TE
and TM polarisations) experiences a change of polarisation with
pressure.  The polarisation of the light output by the device
could be monitored without placing the device in an external
interferometer — hence the name ‘'birefringent pressure sensor'.
This sensor was studied using both the techniques described
above.

The design considerations for a waveguide Mach— Zehnder
interferometric  pressure sensor are based on both the
photoelasticity model developed in this thesis and the results
obtained from the birefringent pressure sensor. The device
parameters were chosen to allow at least 21 phase— shift (i.e
one cycle) within the one atmosphere pressure limit in this
thesis. The arm separation of the Mach— Zehnder structure is
300pym and the total device length is about 17mm. The
Y~ junctions are symmetric and are formed by two intersecting
S—bends of radius of curvature 40mm. The arm separation and
S—bend radii are limited by the losses of the device.
Theoretical calculations indicate that considerably smaller radii

for the S—bends would be acceptable with only a small

iii



reduction in optical transmission.

In order to estimate the losses, the transmission of the Mach— Zehnder
waveguides was compared to those for straight waveguides of the same
overall length. The Y- junction structures forming the Mach— Zehnder
waveguide configurations were also fabricated individually in order to
assess the losses relative to straight guides. The results have been
compared to theoretical models of the losses in S—bends and

Y— junctions.

The fabrication methods for waveguides and membranes are described.
Straight waveguides, Y— junction and Mach— Zehnder waveguide
structures were fabricated by both Reactive Ion Etching and
wet— chemical etching and a comparison of the propagation
characteristics is given. Dry etching was not used for membrane
fabrication mainly due to the extensive etching depths required to
form membrane structures (several hundred microns). In addition
wet— chemical etching was more readily available and better developed
for selective etching which allowed greater control over the thickness

of the membranes.
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CHAPTER ONE

Introduction

1.1 General Background

In 1969, S.E. Miller coined the phrase ‘'Integrated Optics'. The
'Optics' part involves the generation and manipulation of light, but
what exactly does 'Integrated' mean? Integration, in this case, is the
incorporation of a number of optical components in a system in which
light is the carrier of information. Information is kept in the form of
light all the way to its destination point — ideally all processing
(modulation/demodulation and re— direction) should be carried out
using only optical components. At present, a great deal of work is
currently being carried out in the field of non—linear optics'’
demonstrating that modulation could possibly be carried out by light
sources. There. are a number of good introductory texts to the field
of integrated optics2~ 5 which provide the basic mathematics and

terminology of the field.

1.2 Optical Sensors

Optical Fibres

The rapid growth rate of the optical fibre sensor field during the late
'70s and early '80s led to the demonstration of a large number of
devices. Two review articlesé™ 7, containing some 262 references
between them, cover the majority of optical fibre sensor applications.
Pressure, magnetic, chemical, rotation and temperature sensors are just
a few of some 60 different types of device which have been
demonstrated to have sensitivites comparable to or surpassing existing
technologies. The devices can be conveniently divided into two

groups: amplitude sensors and phase sensors. In a typical sensor



arrangement, a light source (e.g LED or laser) is used to couple light
into a fibre in which it is guided to a detector. At some point along
its length, the interaction path, the fibre passes through the field to
be sensed (e.g a magnetic field) and this alters the amplitude and/or
phase of the light. Amplitude changes can be monitored directly by a
photodetector, but in the case of phase sensors the devices need to be
somewhat more complicated. Firstly, the sources must produce
coherent light and secondly the light must be divided into two paths,
the lengths of which must not differ by more than the coherence
length of the source. One path passes through the region to be
monitored while the other, the reference path, ensures that the light
experiences no phase changes. The phases of the two paths can then

be compared at the detector.

The sensitivity of an optical sensor is dependent on the interaction
length and the detection system. In the case of fibres, one can wind
the fibre into coils within the region to be sensed and hence increase
the overall interaction length, and it is often the case that the
sensitivity is quoted ‘'per unit length'. In addition, the smallest change
in amplitude that can be monitored by the photodetection system
limits the sensitivity of the device. In order to avoid confusion which
may result when detection systems are compared, the sensitivity is
given relative to a 10~ & radian change8. Typical values quoted for a
1m— length of fibre, and assuming a 10~ © radians detection limit, are

given in Table 1.17;



TABLE 1.1

PARAMETER POTENTIAL LIMIT
Pressure 10-2Pa
Magnetic field 10~ 9%Tesla
Rotation rate 10~ 2deg/hr
Temperature 10-8°C

Planar Technology

‘Integrated Optical Sensors' is the term which will be used to refer to
sensors using light guided in thin planar films e.g exploiting GaAs or
LiNbO , technologies. The aim of these devices is to permit more
processing power at the sensor site — a definite trend in the
commercial area.  Although optical fibre technology has been well
established for about a decade, the area of optical sensors in LiNbOj
is relatively new and for GaAs even more so. The demonstration of
sensors on LiNbO,®" 14 includes displacement, temperature and
electromagnetic field sensors but none, to the authors knowledge, have
been demonstrated in the AlGaAs/GaAs system. The principles on
which optical sensing devices operate can often quite easily be
achieved in fibres, LiNbO,, GaAs or silicon technologies, but for
optoelectronic purposes the lack of devices based on GaAs is possibly

due to the present difficulty in obtaining epitaxially grown material.

The comparison of performance between optical fibre sensors and
planar waveguide sensors is not a simple one. Optical fibres have the
general advantage of increased interaction length but there are two
points to note: (i) one must bear in mind that the sensing region may
be spatially limited, thus restricting the amount of fibre usable and (ii)
if a sensing field gradient is required, geometry considerations are
once again important. In both cases, small sensors based on planar

wafers may allow measurements to be made in steep field gradient



situations. On the other hand, fibre devices are, in general, more
robust than their planar counterparts and can be coated to survive in
harsh environments. The advantages and disadvantages are very
dependent on (i) the exact nature of the environment in which the
sensor is placed, (ii) the required sensitivity, (iii) the phenomenon to
be sensed and (iv) whether fast intelligent feed— back at the sensor
site is necessary. Before a manufacturer can embark on such a
venture, a great deal of research and developement will be necessary
to devise an approach which is easily adaptable to a number of

sensing areas.

One of the inherent advantages of compound semiconductor based
devices is the possibility of monolithic integration? i.e placing laser,
sensor, plus the electronics for drive, detection and processing, onto
one chip. At present no other technology can match such
capabilities. There are still a number of problems to overcome, with
the most difficult likely to be robust packaging of thin— film devices, a
consideration which at present has not received much attention. Many
optical sensors are susceptible to a number of other phenomena which
may be considered as noise in the system. A badly packaged device
may have enhanced sensitivity to noise, thus reducing the overall
sensitivity of the device, or may allow corrosive environments to
damage the sensor. Much work is required before completely
integrated, monolithic chips are readily available, but present efforts

are likely to increase the importance of integrated optic devices.

At present, the techniques for growing epitaxial layers on GaAs
substrates, for example Metal Organic Chemical Vapour Deposition

(MOCVD) or Molecular Beam Epitaxy (MBE), can be quite difficult



and may, in some circumstances, lead to a delay in the supply of
requested material. For this reason individual components of the
pressure sensor e.g the behaviour of straight waveguides, Y— junction
waveguides and membranes were assessed independently before

fabricating the complete device.

In the commercial field it is the integration of components to produce
devices which is important. Integrated optical devices, e.g fast
modulators, are now appearing on the market and commercial interest
is growing rapidly. The efforts of integrated electronics, where vast
sums of money are spent pushing back its frontiers, will always

provide stiff competition for optoelectronics.

1.3 Thesis Outline

Two basic designs for a pressure sensor are given in Fig.1.1. The
first, Fig.1.1a—b, consists of a straight ridge optical waveguide
traversing a section of a GaAs wafer (shaded region) which has been
etched, in a well—defined area from the wafer base, through the
substrate, to within approximately 10um of the top wafer surface. The
etched region, which is much thinner than the normal wafer thickness
of 400um, is referred to as a membrane. The second type of device,
Fig.1.1c—d, is an advanced version of the former, incorporating a
Mach— Zehnder waveguide configuration which has only one arm
crossing the membrane. Deflection of the membrane due to a
pressure differential across its thickness will lead, via the photoelastic
effect, to a phase change in the light crossing the membrane. The
Mach— Zehnder arrangement has the advantage that the phase changes
caused by pressure are immediately converted into amplitude changes

at the output of the device.



(b) ()

Fig.1.1

Two types of waveguide pressure sensing device where

(a) is the birefringent pressure sensor and (c) is the
waveguide Mach — Zehnder Interferometric pressure sensor.
(b} and (d) are cross — sections through (a) and (c)
respectively.



A theoretical description of the characteristics of the optical ridge
waveguides is given in Chap.2. Models for the losses in the
Y- junctions and S—bends is discussed separately and the overall losses

for a Mach— Zehnder waveguide interferometer is aslo presented.

A mathematical theory of elasticity is developed in Chap.3 to predict
the deflections of membranes for an applied uniform pressure. The
stress— induced changes in refractive index of a membrane du¢ to a
pressure differential across its thin dimension allows the phase— shift of
guided TE and TM modes on the top surface of the membrane to be

calculated.

The actual fabrication techniques for the waveguides and membranes
are given in Chap.4. Waveguides were fabricated by both Reactive
Ion Etching and wet— chemical etching. But the extensive depths
required to form membranes (hundreds of microns), plus the lack of

selectivity, ruled out dry etching as a feasible approach.

In Chap.5, a number of experiments related to various aspects of the
pressure sensing devices is presented. The results are discussed in
relation to the theoretical models which have been developed

throughout the thesis.

Finally, the conclusions are given in Chap.6 together with suggestions

for future work.
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CHAPTER TWO

Analysis of Optical Waveguides in GaAs

2.1 Introduction

Accurate modelling of the behaviour of light in a waveguide allows
quantities such as power distribution, propagation velocity and power
losses to be estimated. For some simple index distributions it is
possible to obtain an analytic solution, but the majority of cases
require a numerical analysis or a physically intuitive approximation -
invariably involving the use of a computer. The models presented in
this chapter include ones for straight guides, curved guides and
waveguide Y— junctions with numerical examples based on waveguides
actually fabricated. The final section brings the models together in
order to optimise the characteristics of the Mach— Zehnder

interferometer pressure sensor.

2.2 The Control of Refractive Index in GaAs

An optical waveguide is a structure which confines light energy to
either one or two dimensions. The most common techniques used for
confinement in semiconductors are (a) altering the free— carrier

concentration or (b) changing the material composition.

2.2.1 Free Carrier Concentration

Doping a layer of an intrinsic GaAs crystal, either n— type or p— type,
causes a reduction in the dielectric constant and hence refractive
index. Waveguides formed by epitaxial layers of high resistivity
(low—doped) GaAs grown on low resistivity (high—doped) GaAs can
be obtained by a number of growth techniques including Metal

Organic Chemical Vapour Deposition, MOCVD, and Molecular Beam



Epitaxy, MBE. Guiding can also be achieved by utilising the

carrier— free depletion region between an n— type and p—type layer'.

In semiconductors, the change in refractive index is given by2:

N\Ze?

Ang = - ——— 2.1

%
€ N.8M2m” c?
where 0’s

N : free— carrier concentration

ng: refractive index of the intrinsic semiconductor
Ao wavelength of light in vacuum

e : free— carrier charge

€,: permittivity of vacuum

¢ : speed of light in vacuum

* . .
m" : effective mass of the free carriers

At a wavelength of 1.3uym and for a relatively high free— carrier

concentration of 10'8 cm—3, Ang 0.003. Holes have ten times the

R

effective mass of an electron (m’fl = 10mz £ 0.7mg)® and hence, for

a given carrier concentration, produce a smaller index reduction.

The presence of free carriers, however, leads to optical absorption4 as
well as a reduction in the refractive index — the two processes being
inseparable. At. a wavelength of about 1um, Rashevskaya and Fistul4
measured losses of 20dB/cm for free carrier concentrations of
10"8e¢cm™ 3.  However, if an intrinsic GaAs layer is grown on a
doped substrate, the losses only occur in the evanescent tail of the
guided modes. High substrate doping increases the refractive index
difference between the guiding layer and the substrate, which in turn
means that the mode becomes more tightly confined. Confinement can
also be increased by using thicker guiding layersS5. Thus, less light

travels in the more lossy substrate, leading to a trade— off between



loss and confinement.

2.2.2 Material Composition

When altering the material composition of GaAs to form an optical
waveguide the aim is to do so with as little crystal damage, or
distortion, as possible. Dislocations and strains can result in
unnecessary optical absorption. Either diffusion or epitaxial growth is
used to change the refractive index of the GaAs zinc blende structure,
the latter being favoured since it allows more control over the index
profile. Various group III or V elements can be incorporated into the
GaAs crystal substituting at either the gallium or arsenic sites.
Examples of ternary compounds include Al,Ga,— ;As, In,Ga,— As
and GaAs,_ ,Sb, and there are also the quaternary compounds e.g
GalnAsP. Although the number of combinations is large, two
parameters restrict choice — the lattice constant of the binary
components (GaAs, AlAs etc) and the position of the band edge of
the composite material. = The lattice constant is a measure of the
interatomic separation of a compound. The lattice constants of GaAs
and AlAs are 5.64A and 5.66A respectively while that for InAs is
6.06A6. Thus the strain in Al,Ga,_ yAs will typically be much less
than that for InyGa,_ yAs and there will be far fewer dislocations per
unit area. The band edge of AlAs is at 580nm (corresponding to an
energy gap of 2.14eV) while that for InAs is at 3.4um4 (0.37eV).
With the GaAs edge at 870nm (1.43eV) one might expect that the
addition of indium to the crystal lattice will, in general, produce a
red— shift (shift to longer wavelengths) in the band edge while

aluminium content produces a blue— shift7.

The availability of good quality epitaxial layers of AlGaAs, plus the

10



existence of infra—red HeNe and semiconductor lasers with which the
fabricated waveguides can be analysed, makes it an obvious choice for
this project. In addition, AlGaAs/GaAs is the most established for
wet— chemical etching properties, Chap.4. As mentioned above, the
partial substitution of aluminum in GaAs moves the band edge from
870nm to shorter wavelengths which means that waveguide analysis
with wavelengths greater than 1um does not require a detailed
knowledege of the absorption edge as a function of aluminium
concentration. However, the change of refractive index as a function
of aluminium content is an important consideration. The variation of
the refractive index of Al,Ga,_,As is given by the Sellmeir
equation® which is based on a fit to experimental data:

B
n(x) = A+ 2.92x + —————— — D(x)\2 2.2

2 _
where for GaAs: A2 - C(x)

Ay: operating wavelength (um)

A = 10.906

B = 0.97501

C = (0.52886-0.735x)2 x £ 0.36
= (0.30386-0.105x)? x N 0.36

D = 0.002467(1.41x+1)

Typical values, calculated using the Sellmeir equation, are given in

Table 2.1 for wavelengths of 1.15um and 1.3um.

TABLE 2.1
WAVELENGTH (pm) GaAs Al, ,Ga, ,As AlAs
1.15 3.4406 3.3889 2.9560
1.30 3.4049 3.3566 2.9269

A 10% Al content in GaAs changes the refractive index by An20.05.
The refractive index changes produced by partial substitution of
aluminium into GaAs is thus much larger than that achievable by

altering the free carrier concentraion, Sec.2.2.1, without the same

11



levels of loss. At the time of writing, a *2% accuracy on the
aluminium concentration in a layer, which corresponds to An = 0.01,

is achievable using MOCVD.,

2.3 One— dimensional Slab Waveguides
2.3.1 Maxwell's Equations
Maxwell's equations for an isotropic, homogeneous, source free

medium are as follows:

v ¢eE =0 2.3

V-pyH=0 2.4
oH

VAE=-p— 2.5
ot
JE

VAH= ¢ — 2.6
ot

where:
E and H : Electric and magnetic field vectors

€ and p : Permittivity and permeability of the medium

It is assumed that the solutions to Eqns.2.3—6 are harmonic, single
frequency waves travelling in the z direction, and have a form given
by:

E(x,y)el(wt-f2) 2.7

ler1
I

- i(wt-Fz)
where: H = H(x,y)e 2.8

o: radian frequency
B: propagation constant is real for a lossless medium
Combining Maxwell's equations leads to the wave equation:

V2E(x,y) + w?peE(x,y) =0 2.9

This equation or its magnetic equivalent forms the basis for all

12



modelling of waveguides. It is the boundary conditions present in the

medium which dictate the exact form of the solution.

The waveguides throughout this thesis are fabricated using
non— magnetic media and hence u=pu, where p, is the permeability
of free space. In addition, for lossless media e= e, e~ ¢ n? where n
is a real number representing the refractive index of the medium and

€, is the permittivity of free space.

The one dimensional slab waveguide is the simplest to model and
analytic solutions can readily be obtained. A detailed analysis is given
in standard texts® but an overview is described here. Fig.2.1 shows

schematically the fundamental parameters of a single layer slab.

X
A, vacuum wavelength
ng 0
X =1
nf
x =0 >y
Ng
Fig.2.1

Two self- consistent types of solution exist for the slab guide, where
9/dy=0. The first is referred to as transverse electric (TE), since
there is no component of the electric field in the direction of
propagation. Its finite components are Ey, Hy and H,. The second
type of solution contains only Hy, Ey, and E; and is referred to as a
TM wave.  Assuming solutions to Eqn.2.9 of the form given in
Eqn.2.7 leads to the wave equation for TE modes.

32E

Y. (n2k3-52)Ey =0 2.10

ox?
where:

13



The corresponding wave equation for TM modes is given by:

d [1 am
n?2 — |— —| + (n?kZ-62)H, = 0 2.11
dx n2? ox

If n is constant within each layer, Eqn.2.11 reduces to the same form

as Eqn.2.10, where y= Ey or Hy:

a2y

M + (nzkg—ﬂz)lffy =0 2.12
ox?

For non—magnetic media, Maxwell's equations require all magnetic
field components to be continuous across boundaries. But in the case
of electric fields, the tangential components and the perpendicular
displacement components are continuous across boundaries. Only this
difference in boundary conditions distinguishes between the TE modes,

Ey, and the TM modes, H For the TE modes, Ey and aEy/ax are

y-
continuous across a boundary whereas, for TM modes Hy, and

(1/n2) oHy/dx are continuous.

2.3.2 Dispersion Relations
Applying the boundary conditions to Eqn.2.12 for guided modes in the
structure shown in Fig.2.1 leads to the dispersion relations which

contain all the parameters required to define the behaviour of light in

the slab:
Kt = o5 + pc + TI¥ v =0,1,2... 2.13
where:
k = ((ngk,)2-p2)% 2.14
vs = (B2-(ngky)?)? 2.15
Yo = (B2-(ngky)2)? 2.16

For TE modes:

14



Ys Ye
pg = tan™'|—| , ¢c = tan™'|— 2.17
K K
and for TM modes:
nfyg nfye
pg = tan™! , ¢o = tan~! 2.18
nZk n2k

Eqn.2.13 is a transcendental equation which can be solved for § using
standard techniques. The guided mode solutions are discrete
(»=0,1,2..) wﬁere v=0 gives the propagation constant of the
fundamental mode. The propagation constants of all the guided
modes must lie in the range ngk < f<ngk, or, equivalently, ng< N<n¢
where N is the effective index of the guide. For the above notation,

the forms of the function, y=E or H, within each layer is given by

Fig.2.2:
X N\, vacuum wavelength

‘/’y = Yeexp(~ye(x-t)) B>nck,

X =1t
¢y = ygcos (Kx-pg) p<ngk,

x=20 >y
Yy = ¥gexp(ygx) p>ngk,

Fig.2.2

2.3.3 Power Distribution in a Slab Waveguide
In the AlGaAs/GaAs system the layers are grown on a GaAs substrate

as indicated in Fig.2.3:

ng Al Ga, _,As

Oéxéy
ng AlyGa1_yAs

GaAs Substrate
Fig.2.3

It is important to be able to calculate the power distribution in the

layers in order to select the thickness of layer ng which minimises the

15



penetration of the evanescent tail of the guided mode into the GaAs

substrate, where the light is lost.

The distribution of power between layers is calculated for TM modes

but the procedure is similar for TE.

x
A\, vacuum wavelength
Hy = Heexp(-yo(x-t)) ng
X =1t
Hy = Hgcos (kx-pg) ng
x=0 Sy
Hy = Hgexp(ygx) ng

Fig.2.4

The flow of power carried by an electromagnetic wave through a

plane of constant z is given by the Poynting vector, S:

[o0] [oe]
§=ReJ Jﬁxﬂ* dxdy 2.19
-0 =0
For a TM mode propagating in the slab of Fig.2.4, the Poynting
vector can be expressed as the power per unit length:
1

2]
S, = " ReJ HyE, *dx 2.20

-0

Maxwell's equations, which relate the magnetic and electric field
components, can be used in conjunction with Eqns.2.7—8 to express
Ey in terms of Hy. The integral in Eqn.2.20 must be carried out for
each layer to give the power in the guiding layer, Pg, the substrate,
Pg and cover, P,:

P= P, + Pg + P 2.21

=
o
< =
on
[y

— 2.22
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NkHZ [t 1
Py = -+ — {sin[Z(Kt-(ps)] + sin(2¢pg)} 2.23
2wegng 12 4k

Nk HZ 1
Py = —_ 2.24
boe ng g

The boundary conditions in Fig.2.4 allow the field amplitudes H, and

Hg to be expressed in terms of Hy:

Hé/c Hf K2

-— 2.25
2

ng/;c  nf|vd/c + [ESA‘&D-]

Substitution of Eqn.2.25 into each of Eqns.2.22—24 and dividing by
the total power, P, gives the relative power in each layer in terms of
the refractive indices and thickness of the slab. One can also
calculate 1/v4 which represents the distance, into the substrate, from
the film/substrate interface where the field intensity falls to e~ 1.
Fig.2.5 contains parameters for one of the epitaxial layers grown by
MOCVD. The etch stop layer is incorporated into the structure for
the purposes of membrane fabrication and ideally the mode should be
unaffected by its presence. When the Al, ,.Ga, ,,As layer is
assumed infinitely thick, 1/4¢ for the fundamental TE mode is 0.6um.
Thus, the intensity at the position of the etch stop is 1/100 of the

value at the GaAs/Al Ga As interface.

g.08 0.92
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Air

GaAs 1.2pum
Alg ,4Ga, g,As 2.5pm
Al, ,Ga, ,.As 3.0pym Etch Stop

GaAs Substrate

Fig.2.5

2.4 Two— dimensional Channel Waveguides

For one— dimensional slab waveguides, TE and TM modes are natural
solutions to Maxwell's equations. This terminology is often carried
over to two— dimensional guides but it is not strictly correct. In
scalar numerical analyses of waveguides, quasi- TE and TM mode
solutions are assumed where the respective electric and magnetic field
components in the direction of propagation are assumed small
compared to the transverse components. To overcome this particular
problem requires a full vector analysis® which is very difficult to
implement and requires a great deal of computer time to find
solutions, even when using the fastest commercially available
minicomputers. In Sec.2.4.1, the main principles of two scalar
techniques are described, but there are a number of other methods
including finite element methods'?, the beam propagation method!’
and mode— matching techniques!?™ '3 which the reader will find
useful for obtaining further literature on many aspects of waveguide

analysis as well as useful comparisons of the various methods.
One finds that many of the complex problems involving
two— dimensional analysis can be approximated by a simpler

one— dimensional approach which vyields useful information about the

18



structures’ 7~ '8, In Sec.2.4.2 one such method, 'the effective index

method' will be described.

2.4.1 Numerical Techniques

Scalar Variational Analysis

This method solves Eqn.2.9 by taking advantage of the variational
properties of the modal propagation constant, B, which is expressed by
the Rayleigh Quotient!4:

Jj{k5n2<x,y)l¢t(x,y)|2 - 1Vl 2)dxdy
B2 2= 2.26

_BUT\//t |2 dxdy

where:

k : wavenumber of the light in vacuum

0

n(x,y): value of refractive index at the point (x,y)

Yt is a trial field i.e a summation of orthogonal functions whose
resultant form is required to match that of the true modal function as
closely as possible. The trial functions have a number of parameters
whose values can be changed to alter the functional form. Variational
methods rely on the fact that the correct modal function, for a given
index distribution, and boundary conditions, will place f at its
maximum value. One should add that the maximum value of
provides only the best modal fit that the particular trial function can
generate. Thus, judicious choice of trial functions is essential if good
approximations to the propagation constant and mode field are to be
calculated. Examples of trial function families include parabolic
cylinder functions'S and Hermite— Guassian functions. A variational
method using Hermite— Guassian trial functions has been developed at

Glasgow University by Prof. C.D.W and Dr. J.A.H. Wilkinson which
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has since been modified by Dr. R.G. Walker, Plessey Research
(Caswell) Ltd to deal with step—index stripe waveguides. The
characteristics of the program have been extensively studied by Dr. M.

Mac Bean'6,

Finite Dif ference Method
For quasi— TE modes, the wave equation (Eqn.2.9) can be written:
9%E(x,y)  9ZE(x,y)

+ + (WPpe-B2)E(x,y) = 0 2.27
ox?2 dy?

In the Finite Difference Method, the waveguide cross— section is
divided into a large number of mesh points each of which is labelled
with a refractive index and an electric field value depending on its
position, hence forming two matrices n(I,J) and E(I,J) where IxJ is
the number of mesh points. Eqn.2.9 is evaluated by considering the
gradients between neighbouring points:

32E,  E(I+1,3)+E(1-1,3)-2E(1,J)

7 - 2.28
ox? (Ax) 2

E(I,J+1)+E(1,J-1)-2E(I,J)
— v _ 2.29
dy? (4y)?

where Ax and Ay are the distances between neighbouring points in the

x and y directions. Substituting Eqns.2.28—29 into Eqn.2.27 and

rearranging for E(LJ) gives:
E(I+1,J)+E(1-1,J)+R2{E(I,J+1)+E(I,J-1)}

E(1,J) = 2.30
2(14R?) - k2(4x)Z{n%(I,J)-N2)

where R = Ax/Ay.

A typical program can begin with an arbitrary field distribution
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E(1,J), which is integrated using the variational expression, Eqn.2.26,
to provide the first estimate of the effective index N= B/k, which can,
in turn, be used to modify the electric field distribution in Eqn.2.30.
The iteration is repeated untii E and N have converged to the final

values determined by the required accuracy.

Computing Time versus Accuracy

In both methods described above the normal procedure is to encase
the cross—sectional area of the waveguide in a larger region where
the field is assumed to fall to zero at the boundary. Because there
are always limitations on computing time, there is a corresponding
limit on the number of mesh points used to define the cross— section
and, in the case of variational method the number of orthogonal trial
functions that can be used. If fields at the boundary have fallen to a
sufficiently low value, then any perturbation to the position of the
boundary should result in very little change in the propagation
characteristics or the mode profile. In addition, alteration to the
density of mesh points, or the number of trial functions used, should
have no effect on the propagation characteristics. = Determining the
optimum values for all these parameters can be a very time

consuming task.

2.4.2 The Effective Index Method

The numerical methods described in the last section, if carefully
formulated, are only limited in accuracy by the computation time,
which can, in some cases, be quite extensive. For this reason,
methods, more intuitive than analytical, have evolved which can
provide information about structures without resort to exhaustive

calculations'?7. The results may then be compared to those acquired

21



through numerical analyses and the weaknesses are noted and taken
into account. One such technique is the ‘effective index method®,
which has been compared to many other methods in the past!8. The
method is quite simple only requiring knowledge about slab
waveguides, but the information it supplies is very limited.  Unlike
many of the numerical techniques, there is no way to retrieve the
final mode profile of the waveguide structure. It is suited to

rectangular ridge structures like that shown in Fig.2.6:

X A\, vacuum wavelength

Nc

Xx=h| -------

x-t] — L
ng

x =0 >y
Ng

Fig.2.6

The procedure for applying the effective index method for a TE mode
in this ridge structure (considered to be a single— mode guide), is now

outlined. The guide is first divided into the three slabs in Fig.2.7:

ng ng > “w
{ ng ng E N,| N, [N,
ng Ng
(a) (b) (e)
Fig.2.7

The propagation constant of the fundamental TE mode, N,, is
calculated for the slab in Fig.2.7a (TE implies that the electric field
is parallel to the layer boundaries). The same procedure is applied
for that in Fig.2.7b, giving N,. To obtain the propagation constant
and confinement in the y— direction, the ridge is represented by the

slab in Fig.2.7c using the previously calculated effective indices N,
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and N,. This final effective index, N, which must be calculated for
TM (the electric field is now perpendicular to the layer boundaries),

is taken as the effective index of the ridge waveguide.

Care must be exercised when applying and interpreting the information
supplied by the effective index method. For asymmetric guides it is
possible for the outer slab of thickness t to be below cut— off and
thus N, cannot. be calculated, but this certainly does not imply that
the whole ridge structure is below cut—off. N, is often substituted
by the substrate index in order to continue with the calculations when
the inner slab, of thickness h, is above cut—off. The second problem
arises when the inner and/or outer slabs support more than one
guided mode. Under these circumstances the logical procedure would
be to calculate all combinations of inner and outer indices and label
the modes starting with that of the highest effective index as the
fundamental mode. The author has not seen any evidence of this
continuation in the literature, which usually restricts itself to the
single— mode regime of the analysis. For regions where h—t € t and
the slab modes are far from cut—off the effective index method
proves very useful for obtaining propagation characteristics. In
addition, any ridge structure found to just reach cut—off will,

according to numerical analyses'8, still support a guided mode.

Apart from these difficulties, the effective index method is a useful
and yet simple technique which provides propagation characteristics and
trends for analysing complicated structrures.  The method will be
applied to curved guides and Y- junctions in the following two
sections which would otherwise be extremely difficult to analyse and

understand.
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Numerical Evaluation

AN=1.15um
x = 10pm -------
X = 99’“1] —ﬂ_M
Al ;,Ga, (oAs 3.2844
x = 9.3um
Al, ,.Ga, g.As 3.2420
x =0 >y
GaAs Substrate
Fig.2.8
TABLE 2.2
RIDGE WIDTH (pm)| MODE Neff 1/v¢ (pm) P.R (%)
3 0 3.24728 1.44 97
4 0 3.24778 1.31 98
4 1 3.24497 5.35 91

Table 2.2 shows values calculated for 3um and 4um wide ridges for
the structure in Fig.2.8 using the effective index method. The 3pum
wide guide is single— mode while that of 4um supports two modes. If
the intensity at y= t}(Ridge width) is given by I, then at =Yg
(where yg= *{{Ridge width +1/%4}) it has fallen to I,e” '. The P.R
value represents the percentage of light which travels in the region
defined by |y| < Yg- For the 4um wide guide, the mode is thus
considered to be spread over 4+2x1.31=6.62um and this region
carries 97% of the power in the wave. On the other hand the first
asymmetric mode of the 4um wide guide is more weakly confined and
is spread over 14.7um carrying 91% of the power in this region. In
the following section, the confinement factor indicated here is shown
to play an important role in interpreting the loss experienced by

guided modes in the curved sections of a waveguide.
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2.5 S—Bend Waveguides

Understanding the losses due to curved waveguides is an important
feature of integrated optic design. Complex methods have been
developed for their analysis'®~ 27 and a great deal of experimental
work has been -carried out22™ 25, The Mach— Zehnder pressure
sensor, Fig.1.1, proposed in this thesis uses S—bends to form the
Y— junctions. Fig.2.9 shows the parameters involved with an S— bend
Y— junction structure. The S—bends were initially designed with
40mm radii of curvature sections providing a 300um separation
between the Mach— Zehnder interferometer arms. In this section the
transmission Pq,¢/Pj,, for one S—bend (ignoring the Y- junction) is
calculated by integrating the loss per unit length of a curved section
of waveguide over the length of the S—bend. This recent study
indicates that the 40mm radius of curvature, for which experimental

studies have already been carried out, can be greatly reduced.

2.5.1 Mathematical Formalism

The analysis developed by Marcatilli and Miller26 leads to a simple
expression for the loss experienced by modes in curved sections of
waveguides as a function of the radius of curvature. Minford et al?7
have more recently extended the formalism to cope with Ti:LiNbO ,
waveguide bends and have obtained good experimental agreement.
Due to the generally unfamiliar concept, the mathematical model will
be detailed at some points. The waveguide considered is a

one— dimensional slab with a radius of curvature R, Fig.2.10.
The guided light travels with a velocity ¢/N where N is the effective
index of the slab, and N,<N<N,. For a curved waveguide, a

distance x, exists where the light must travel at ¢/N, in order to
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maijntain a constant wavefront. Beyond this distance, x>x,, the light
energy in this region would have to travel faster than the speed of
light to keep up with the remainder of the light in x<4x,. So, in the
current framework, this light is assumed to be radiated. The distance
X, is given by:
k,NRdy > N k,(R+x.)dp
leading to:
(N-N,)

Xp = R 2.31
N

1

Denoting the energy in the region x>x,. as ¢] and the total energy
carried by the mode as eT, the fraction of energy lost is given by

)/ eT.

In an infinite uniform medium, light energy of wavelength NN,
remains collimated for a distance given by:
(transverse field width)? a2N,

Z, = = 2.32
2 x wavelength 2N,

Assuming an approximate distance Z. required for energy to flow out
from the guided field of the same width 'a' and a power decay rate
e~ 20Z = 1—20z, the fractional powerloss is:

€] 1 €1

— = 20z 0= — . — 2,33
€T 2Z, eT

The exact forms of ¢ and et are given in Appendix A.

The effective transverse field width is simply given by:

a=w+ 2/yg 2.34

which, when substituted in Eqn.2.32 leads to:
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w2 /vg | 2
Ze = | —— 2.35

2(M/Np)

Eqn.A.1—2 in Appendix A and Eqns.2.34—35 substituted into

Eqn.2.33 provides the loss, o, as a function of radius, R:

where: a(R) = C,exp(-C,R) 2.36
1 81'
C, = — — 2.37
2ZC €T
ko[ 2(N-N,) J3/2
C,= —— 2.38
/N,
el' = e1exp(2ygXy) 2.39

The calculations for the loss per unit length along a curved waveguide
have now been derived. A numerical example is now given to
provide the magnitude of the loss likely to be experienced by S— bend

waveguides fabricated in this project.

2.5.2 Numerical Evaluation

A numerical analysis is now presented for the ridge structure shown in
Fig.2.8 and the S—bend parameters are indicated in Fig.2.9. The
effective index method is used to convert the two— dimensional ridge

waveguide into a slab waveguide as described in Sec.2.4.2.

Fig.2.11a—b are plots of the S—bend length and Offset angle based
on the simple geometrical relationships:
Length, L = 2(0 x R - (30)2)% 2.40
Offset angle = tan~'(0/L) 2.41
where: L is the S—bend length, O is the S—bend offset and R the
radius of curvature of the curved sections. For the initial

Mach— Zehnder design, an offset angle of 150um with 40mm radii of
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curvature was chosen, based on an intuitive desire to keep the offset
angle around 0.5°. Since there are two S— bend Y— junctions in a
single Mach— Zehnder waveguide (input and output), the overall length
of the Y— junction is around 10mm. This length does not include the
straight section of the input, output and arms of the structure.
Reducing the radius of curvature to 6mm results in a total S— bend
length reduction to just 4mm. The important question to bear in
mind is: How do the inevitable losses in the S—bends vary with the

radius of curvature?

Fig.2.12 gives some idea of the complexity of the problem. For a
0.1ym etch depth, Fig.2.12a, a 150um offset has a transmission very
close to 100% for a 40mm radius of curvature, but when the radius is
reduced to 5—6mm, the transmission is still very high (about 90%).
Calculations carried out for a 0.2um etch depth, Fig.2.12b, show a
very different picture. The extra etching provides more confinement
for the guided mode and hence even smaller radii of curvature are
negotiable. In the latter case, a 150um offset now gives 90%
transmission for- a radius of 2mm. The total S—bend length is
reduced to just 2mm. Mode confinement can also be increased by
fabricating wider ridge waveguides. Fig.2.12c shows the variation of
transmission with ridge width for a 0.1um etch. However, increasing
the etch depth reduces the number of guided lateral modes while
increasing the ridge width increases the number of modes.  Single
mode guides are crucial to Mach— Zehnder interferometric operation,
Sec.2.7, so it is safer to vary the etch depth of the ridge. As the
etch depth is increased the modes experience scattering losses from
the ridge walls and this is likely to be the limiting factor for high

ridges with small radii of curvature?8.
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2.6 Y— Junction Model

Theoretical models for both symmetric and asymmetric
waveguides29™ 33, as well as experimental investigations34— 36, have
been carried out for Y— junction waveguides. The more difficult task
of multimode Y- junctions37 39 has received less attention, probably
due to the complexity of the problem. The model used here is one
developed by Anderson“0 for the TE-— transmission coefficient of a
single— mode dielectric slab waveguide Y— junction. TE refers to a
mode with its electric field in the plane of the slab waveguide. The
analysis was initially designed to cater for straight input and output
slab waveguides with a Y- junction half—angle, o, Fig.2.13a. The
effective index method can then be wused to convert the ridge
Y- junction waveguides into the slab waveguides of the Anderson
model. However, two major changes have been made to the
formalism in order to make it directly applicable to the structures in
this chapter. (i) The first involves a switch from TE— to
TM— transmission. The propagation constants of the TE modes in the
initial ridge structures are replaced by the TM propagation constants
of the slab waveguide approximation, Fig.2.7c, as described in
Sec.2.4.2. For this reason, the Anderson model is modified to cope
with TM modes. (ii) The second change involves the Y- junction
arm separation which is achieved by two S—bends where the curved
sections have a radius, R. Thus the Y- junction (one branch of
which is high— lighted in Fig.2.9) is shaped like the tangential
intersection of two sets of circles where the join point is shown in
Fig.2.13b. In this instance the Y— junction half— angle, c, is assumed
to be that of the tangent to the curved guides at the point z=0,

where the total guide width is approximately 2w. The insertion loss
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will be an underestimate for the straight guide case since the mode is
entering a curved guide. But for large values of the radius of
curvature, and good mode confinement, the loss matches that for a

straight guide more accurately.

2.6.1 Mathematical Basis

The waveguide structure analysed is a symmetrical Y- junction
composed of one straight and two curved dielectric slab waveguides of
width w, the latter overlapping to form a tapered section of length L.
The medium is assumed to be isotropic, source— free and lossless and
the guiding and substrate indices are N, and N, respectively,
Fig.2.13b.  The aim of this section is to model the Y- junction
mathematically and obtain the transmission, reflection and scattering
coefficients which dominate the behaviour of the fundamental mode

travelling from the input guide to the two output guides.

A preliminary study of the work on tapers carried out by Marcuse4!
for sufficiently long tapers, applicable to the regimes encountered
during the present analysis, indicate that the transmission coefficient is
close to wunity and hence the overall transmission coefficient is

characterised by that of the Y— junction.

Far from the junction, all three waveguides are considered to support
the fundamental mode dictated by the thickness, w, of the waveguides
and the guide indices N, and N,. Close to the junction, however,
coupling phenomena do exist and have been analysed by Yajima<2.
In order to simplify the mathematics, the field distribution in z>0 is
assumed to be a superposition of the modes of each of the output

waveguides in isolation. This assumption results in the transmission
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coefficient being less than that for the real junction and can be
pictured as an abrupt Y— junction where the propagation constant at
z=0 is assumed to change discontinuously. As the Y— junction angle
is increased, the calculated transmission becomes more accurate since

the strong coupling effects are experienced for smaller values of z.

2.6.2 Transmission, Reflection and Scattering Coefficients

With reference to Fig.2.13b, the incident TM mode, Hi, on the plane
z=0 excites a transmitted mode, TH§,, in the region z>0. In
addition, the discontinuity at z=0 produces a reflected mode, rHi, in
z < 0 plus radiation fields which are summed over the plane z=0.
Matching tangential electric and magnetic field components in zy0 on
the plane z=0 produces a pair of equations similar to those for the

TE— case solved by Anderson<40:

I

(1+r)H§(x,O)Zqu(p)H§(p)dp TH§(x,0)tIqt(p)H§(p)dp 2.42

(1-r)E§(x,0)+J:r(p)E§(p)dp TEﬁ(x,0)+Iqt(P)E§(p)dP 2.43
1] 0

where i, r, and t indicate incident, reflected and transmitted waves,
the integrals represent the radiation modes and H)1, (x,0) is the
incident field of the TM guided mode. Ir]2 and |[7]2 are the
reflection and transmission coefficients respectively. Brooke and
Kharadly42® have verified that most of the unguided radiation is
scattered in the forward direction and so it is safe to assume that
qr(p) is small as assumed by Marcuse' and Anderson“C. Thus, 7
and r can be isolated by relying on the orthogonality of the modes,
in the isolated waveguides, and multiplying Eqns.2.42—43 by E}(x,0)
and Hjt,* (x,0) respectively and integrating with respect to x over the

z=0 plane.
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Pafo 1 Thi(x, 00HE* (x,0)

T = - dx 2.44
Ba+6b w—oo €
Ba—Bp

r = 2.45
Bathp

where (3, and (p, are the propagation constants just before and after
z=0 in Fig.2.13b.  and ¢ are the radian frequency and permittivity
respectively. The transmisson, reflection and scattering coefficients, T,
R and S, are related by:

T 1712

Ir|2 2.46
T+R+S=1

The evaluation of the integral in Eqn.2.44 has been determined for
the TE— transmission case#®.  The analytical procedure was repeated
for the TM—case by the author and the main results will be quoted
here. The transmission, 7 (Eqn.2.44), can be written as:

7 = 2AB[J, + J,cos(3kpw)

+ exp(yaw)cos(kaw)cos(ikp) {exp(ypwW) I (o) + J,(-a)}] 2.47
where ,, k; and v, are functions of the propagation constant of a
guide of width 2w, representing the tapered guide at the z=0
boundary, Fig.2.13b. The method for calculating them is given in
Sec.2.3.2.

Bp, kp and vy are calculated for the isolated guides, of width w, in
the region z0.

J,, J, and J, are complex functions of the propagation constants for
the guide widths w and 2w, and are detailed for the TM case, in
Appendix B. The equations can be directly related to those derived
by Anderson40.

A and B are the amplitudes of the incident and transmitted waves
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which are normalised so that the power is unity (W/m in the
y— direction) for both z<0 and z>0. Expressions for A and B are

given below for the TM case:

20) 21 sin(2k w) 1 cosZ(kyw) -3
A=|—| |—flw+ ———"| 4 — — =7 2.48
Bal INZ 2Ky N Ya
o |31 [w  sin(2kpw) 1 cosZ(kpiw)
B=|—| |—|-+ —4| + — ———— %
Bpl LNZL2 2kp N w
-3
bexp(-3ypw)cos (3kpw)Re(} 2.49
where:

exp(-%ybw—iaﬁbw)cos(%wa)

{}=exp(-ia6bw)[ + C(kp) + C(—Kb)}

2NZ (ypt+iafy)

with:
sin{3(kp-20Bp)w + ifypw}
C(kp) =

NZ2{(kp-20Bp) + iyp)

This section has provided the mathematical basis for calculating the
transmission, reflection and scattering coefficients for a ridge waveguide
Y- junction via the effective index method. A numerical example will

now be provided for the ridge waveguide shown in Fig.2.8.

2.6.3 Numerical Evaluation

In Fig.2.13, the relations between the junction half angle, o, the taper
length, L, the radius of curvature used to form the S—bends and the
waveguide widths is fairly complex. A study of the diagrams show
that the angle and taper length vary with the guide thickness and the
radius of curvature. The variations are depicted in Figs.2.14—15
where it can be seen that, for a given radius, narrow lines have
shorter taper lengths and experience a smaller junction angle than

wider guides.
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Fig.2.16 is a plot of the Y- junction transmission as a function of the

radius of curvature forming the S— bends. The fundamental

parameters are:

(1) The radius of curvature of the waveguides forming the
Y- junctions, Fig.2.13b.

(2) The widths of the ridge waveguides.

(3) Mode confinement to the guiding region — controlled by the
ridge heights.

For a given ridge width and etch depth, large radii of curvature lead

to less loss at the Y- junction. As the radius is increased, the

Y— junction half— aﬂ\iép decreases, Fig.2.14, and hence the mismatch

between the incident and transmitted fields is reduced49.  Although

the taper length also increases, Fig.2.15, the losses within the taper

are negligible for radii of curvature much larger than the guide

widths.

For a given radius of curvature and etch depth, narrower lines

experience less loss at the Y- junction. Fig.2.14 shows that the

narrower lines lead to a smaller Y— junction half—angle and hence

less loss.

For a given radius of curvature and ridge width, an increase in the

etch depth results in greater mode confinement and the Y- junction

transmission increases. It would appear that the loss experienced by

the field within the waveguides (the internal field4°%) is, in general,

less than that experienced by fields in the evanescent tail of the

modes. The reasons for this are at present unclear.

The reflection losses for the above cases were found to be negligible,

and via Eqn.2.46, this indicates that any power not transmitted
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through the Y- junction is scattered into radiation modes. Hence the

Y— junction scattering coefficient, S, is given by S =~ 1—T.

2.7 Mach— Zehnder Interferometer

2.7.1 Device Operation

40mm Radii
S-Bends Reference Arm
Input Arm
Y,
~N
Sensor Arm Membrane position
Fig.2.17

For the Mach— Zehnder waveguide structure proposed in this project,
the Y— junctions, Y, and Y,, are symmetrical and identical resulting
in a symmetrical device. @ All waveguides are single—mode, a fact
which is essential for efficient operation. The four S—bends, S,
etc, are described in Sec.2.5 and the Y- junctions in Sec.2.6. Due to
the symmetrical nature of the Y— junctions light coupled into the input
arm is divided equally between the S—bends, S,, and S,,, as
described in Sec.2.6. At this junction, some of the light is lost to
radiation via a scattering process. The guided modes travel along the
curved sections of the S— bends experiencing some loss due to the
curved nature of the guides. The two curved waveguide sections
which form one S—bend have the same radius of curvature and the
intersection point is tangential to both curves, Fig.2.9.  Therefore,
well— confined modes experience no transition loss when moving from
the first curve to the second4’. The modes then arrive at the
straight sections of the reference and sensor arms and propagate
towards the junction Y,. The sensing arm crosses a thin membrane

which, when deformed by a pressure differential across its thickness,
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causes a phase— shift (via the photoelastic effect, Chap.3) in the light
relative to that in the reference arm. Thus, as the modes in the
S—bends, S,, and S,,, approach Y, a phase difference may exist
between them. Is the behaviour at Y, identical to that at Y,? The
answer is no since (i) a phase— shift now exists between the modes
which, due to symmetry was not present after passing through Y, and
(ii) the transmission characteristics may alter, depending on the nature

of the taper as described below.

Rediker and Leonberger44 have studied the junction Y, as a
four— port lossless network where the fourth port is a window to the
radiation modes, which remove power from the guided wave system in
the vicinity of the coupler. The technique uses the properties of a
scattering matrix, successfully applied in microwave circuits45, to
determine the outputs from a Y— junction for arbitrary combinations of
input power and phase. There are, however, a number of restrictions
on the use of the formalism which will now be discussed with respect

to the analyses carried out in this chapter and the proposed device.

Assumptions

(1) The two input arms and the output arm of Y, must be
single— mode, and thus this junction, operating as a power
coupler (i.e Y,), must act as a near—3dB splitter.

(2) It is also assumed that there is no coupling between the input
ports of Y, — an assumption adopted in the analysis of
Sec.2.6.

(3) The final assumption is that all the power of the input arm is
transferred to the output arms — i.e zero coupling to radiation

modes which implies no scattering. But, as discovered in
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Sec.2.6. smaller radii of curvature in the S—bends forming the
Y~ junction, results in the scattering at Y, becoming more
important. However, if Y, operates with a transmssion close
to one, which happens to be the case for the design under

consideration, this assumption is valid.

Now applying the formalism developed by Rediker and Leonberger44
to the Mach— Zehnder of Fig.2.17, gives the power, P, at the output
to the device in terms of the powers reaching junction Y,:

P(p) = 3{P,(1+8)+P,(1-8)+2(P,P,(1-52)) 2cosp)} 2.50

where:
P,(1+8),P,(1—6) are the input powers to Y, from the
S—bends S,, and S,, respectively. & represents any imbalance
that may exist.
@ is the phase— shift experienced in the sensing arm.

For an input power, P, and equal power division at Y,:

P(p) = 3yP(l+cosyp) 2.51

v accounts for the overall losses of the Mach— Zehnder structure
where the losses are assumed to be equal in each of the paths. Thus
if there is no phase—shift in the sensing arms the the output is P
and a 1 phase—shift between the two arms reduces the output to

Zero.

If the tapered sections of Y, and Y, can, at some point along their
length, support more than one symmetric mode then the formalism
presented still applies, although the losses at Y, may increase.
Consider the case where there is no mode coupling in the taper

section. For Y,, the propagation constant of the mode in the input
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arm would increase as the taper widens. At some point along its
length more guided modes would be permitted. Since the Y— junction
is symmetric, only the symmetric modes need be considered at this
stage. With no mode conversion, the higher order symmetric modes
are not excited. At Y,, the recombination of the light in sections S,
and S,, (single— mode guides) would excite the even and odd modes
of the structure depending on their phase difference. In the ideal
case, zero phase difference should transfer the total power in S,, and
S,, into the fundamental mode of the output arm. If the taper
supports higher order modes these may be excited and will be lost to
radiation as thay travel down the narrowing taper. This loss can be
incorporated into the +— factor, Eqn.2.51. Hence, for a given

detection system, the device becomes less sensitive to phase changes.

2.7.2 Device Parameters

— Lg—1iReference Arm

Input Arm / Output Arm
output Arm_ 440,n
— Tom — — Tom —
|—— Smm

Sensor Arm }— Lgo—
i ' L¢ i

Fig.2.18

Lg is the length of the S—bends and L; is the total length of the
device. The input and output arms are cleaved to have lengths of
1mm or more to ensure that the radiated modes do not appear at the
device output4®. The Smm length of the reference and sensing arms
was based on calculations of the phase change experienced in the

sensing arm which traverses a membrane, Chap.3.
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The table in Appendix C shows device characteristics calculated from
work presented in Sec.2.5-6 for the device in Fig.2.18 with 3um

wide ridge waveguides of height 0.1 um, Fig.2.8.

It is evident from Table C that the device length of 17mm (0.4dB
losses), fabricated in this thesis, can be reduced to 10mm (2.8dB
losses) without a great penalty in transmission power. Alternatively, a
reduction of radius to Smm would allow greater arm separation e.g
Imm with a device length of just 13mm. Increasing the arm
separation allows wider membranes to be fabricated under the sensing
arm without affecting the reference arm. There is more on this

subject in Chap.3

A recent report on a GaAs— GaAlAs Y— Branch Interferometer
Modulator, based on the same design for the Mach— Zehnder
waveguide structure presented here, was fabricated at BTRL by
Rodgers48. This device has an arm separation of 20um and uses
S—bend radii of 5Smm incorporated into a device of total length 7mm.
Losses of 5.5dBcm™ ' were measured for the device, but direct
comparison of the theories presented in this thesis is impossible since

essential data in the epitaxial layer structure were not reported.

2.8 Summary

Before the theory presented in this chapter was finalised, the
Y- junctions of the Mach— Zehnder waveguides fabricated in this thesis
were formed by two intersecting S— bends where the radii of curvature
were 40mm. An arm separation of 300ym was used giving a total
device length of 17mm. The S—bend radii of curvature and the arm

separation were chosen intuitively to keep the S—bend offset angle
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small and hence the Y- junction loss minimal.

The recently completed theory indicates that the original design of the
Mach— Zehnder waveguides given above have a calculated loss of
0.4dB. Further, using S—bend radii of 5mm reduces the overall
device length the just 10mm while the loss becomes 2.8dB. Reducing
the radius of curvature further leads to a rapid increase in the loss at
the Y- junctions and S— bends. A shorter device has the added
advantage that the material losses are reduced. Alternatively, the
radius of curvature of the S—bends can be traded for greater arm
separation allowing membranes of larger area and hence a device with

greater sensitivity as described in the following chapter.
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Appendix A
The power distribution calculations, ¢ and e are based on the
formulation given in Sec.2.3.3, they are detailed here for

completeness.

The coordinate system will be shifted to the slab centre in order to

clarify the equations:

* A, vacuum wavelength

X = Xp |=——mmmmmmmmmememm e

Hy = Hgexp(-(yg(x-3iw)) N,
X = +iw

Hy = Hycos (kx-pg) N,
X = -iw >y

Hy = Hgexp(ygx+iw) N,

Fig.A.l

The power is obtained by integrating over the relevent regions:

Nk, [*® H)z, 1 Nk, HZ
€] = — dx = — —  — exp(-2yg(x,-3w)) A.l
2ue n? 2vg 2we, N2
Xr
Nk, [® H2 Nk, (T2 ng = HZ
e = — —Z dx = — — dx + 2 — dx
20e, J n? 2we s N2 L N2
Nk, [[w Hf 1 H3
= — | |-+ sin(kw)cos(2pg) [— + — — A.2
we, LL2 N2 2p5 N2

N%@s]

where: Hg = Hpcos(ikw-pg) and ¢g = tan"[ -
Nk

Appendix B
Functions controlling the transmitted Y- junction power for L )
1B w2:

J, = D(Kka,Kp) + D(Ky,-Kp) + D(-kg,Kkp) + D(-Kg,=Kp) B.1

where
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sin{(afp + Kk + Kb) }

D(Kk4,Kp) = %exp{i%(a6b+Ka)w}

ofptK gtk
J, = E(kg) + E(xp) B.2
where
sin{(ofp + k5 - iyy))
E(ky) = exp{—ﬁ'ybw-if(aﬁb—xa)w}
oy + Ky - iy
exp{-(va+typ)W + icBpw)
Ji(a) = B.3
Ya t vb - 1B
Appendix C
TABLE C
S-B Radius (mm) 40 6 5 4 3 2

Y-J % Angle, o (deg) 0.5 1.1 1.3 1.5 1.8 2.2
Y-J Taper Length (pm)| 340 | 135 | 120 | 110 95 80
Y-J Transmission 0.97] 0.86] 0.82] 0.80} 0.74] 0.62

S-B Length, Lg(mm) 5.0 1.8 1.6 1.4 1.2 1.0
S-B Offset (deg) 1.5 4.4 5.0 5.5 6.2 7.8
S-B Transmission 0.99] 0.96]| 0.88] 0.70} 0.40} 0.11

Device Length, Li(mm)| 17.0| 10.6| 10.2| 9.8 9.4 9.0

Device Transmission 0.92] 0.68} 0.52] 0.31] 0.09]0.005

Device Loss (dB) 0.4 1.6 2.8 5.0 10.6] 23.3

where S—B and Y—J refer to S—Bends and Y— Junctions respectively.
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CHAPTER THREE

Mathematical Theory of Photoelasticity Applied to Thin Plates

3.1 Introduction

Elasticity theory has been applied to many waveguide devices including
photoelastic waveguides?!, a wide variety of acoustic interactions2™ 8
and is currently being applied to the relatively new field of
Strain— Layer Superlattices® (SLS's). The complexity of the analyses
often means that the models are restricted to the structures and
boundary conditions for each field. The mathematical analysis which
follows has been specifically developed for direct application to a thin
plate though, where possible general equations, are indicated. A thin
plate is defined as one in which two dimensions are much larger than
the third. Since it is intended to apply the results to a GaAs plate
(or membrane) it must be borne in mind that GaAs is a
single— crystal material. From the viewpoint of elasticity, GaAs is an
anisotropic material, which means that the principal crystal axes play
an important role and care must be exercised when defining a

coordinate system with respect to these axes.

The membranes are formed in only a small section of a wafer so it
is pertinent to assume that the edges of the membrane are pinned to
the surrounding material and so do not experience any movement.
The border of the membrane can be considered elliptical due to the
etching procedure used in its fabrication, Chap.4. In addition, the
pressure is regarded as uniform over the membrane. This results in a
pressure differential across its thin dimension. These assumptions
make the task of obtaining a analytic relationship between the

deflection of the membrane and the applied pressure rather than
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having to carry out a finite element analysis requiring a minicomputer.

3.2 Membrane Coordinate System

The membrane of Fig.3.1 is treated as a thin plate i.e the membrane
thickness, h is much less than the planar dimensions a and b. The
principal crystal axes (<100>, <010> and <001>) are clearly
indicated and are chosen to conform to those obtained in crystal
growth for this project. In this orientation the <100> crystal axis

points out of the optical surface the wafer.

The cartesian coordinate system x,,x,,x, chosen for this analysis has
axes which are rotated anti— clockwise through 45° about the <100>
axis. The natural cleavage planes of the wafer lie along <01T> and
<011>, which correspond to the x, and x, directions respectively.
For reasons discussed in Chap.4, the elliptical axes of the membrane
were also aligned along these directions. The tensors generally found
in standard texts'?” 11 are defined with respect to the principal axes.
Thus it is required to rotate the tensors through 45° anti— clockwise
about the <100> axis in order to align them to the membrane

coordinate system.

The middle plane or neutral plane of the membrane is also shown on
Fig.3.1. It is defined as the plane which bisects the membrane in the
thin dimension (perpendicular to the x; axis). The origin of the
cartesian coordinate system is taken to lie in this plane, thus making
the boundaries x, = tih while the major and minor axes of the
ellipse are x, = *a and x; = b respectively. The pressure P is

uniform over the x,= 3h face of the membrane, and acts in the —x,

direction.
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3.3 Strain— Displacement Relations
In one dimension, strain e, has the simple definition of increase in

length, du, per unit length, dx:

e = — 3.1

However, when three dimensions are involved the strain becomes a
second rank tensor consisting of nine components. The strain is
represented as follows:

€11 €12 €43
€ij = |®21 €22 €23 3.2
€37 €32 €33

The relation between the strains and the material displacements is

given below:
1 aui 3Uj
eij = —-|— + — i’j=1’293 3'3
2 BXj 3Xi
€,,,€,, and e,, are known as the normal strains and the remaining

six strains are termed the shear strains. A physical interpretation of

e,, and e, , is given in Fig.3.2.

Due to the obvious symmetry in the shear strains (Eqn.3.3) it is

possible to reduce the number of components from nine to six:

s o= 3.4
€ij 2e,,

2e,,

2e, ,1

At this point a number of assumptions attributed to Kirchhoff 10 are
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made which restrict this mathematical analysis to deflections of the

membrane which are small compared to its thickness.

Kirchhoff's Assumptions:

1. The middle or neutral plane of the membrane remains unstrained
throughout its deformation. The equilibrium of the forces acting on
an element of the plate in the Ox, and Ox, directions can be
neglected.

2. The normal strain e i.e that normal to the plane of the

11’
membrane, is negligible and the corresponding stress d,, € 0,,,05,.
This allows e,, and o,, to be neglected from the stress—strain
relations.

3. The normals to the middle plane before bending remain normal to

this plane after bending. This results in the out—of—plane shear

strains e, ,,e,, being negligible.

A great deal of simplification can now be achieved based on the
above assumptions. From assumptions 2 and 3:

e,y = e;3=¢€,,=0 3.5

There are now only three strains to take into account:

du,

ey, = — 3.6
X,
3u3

€,y = — 3.7
Ox,4
1|ou, du,

e,3 = =|— + — 3.8
2lox, 9x,

All three strains can now be expressed in terms of u,. In Eqn.3.5,
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€,,=90u,/ox,=0 which implies that u,=u, (X,,%,). Consider the

out— of— plane shear strains given in Eqn.3.5:

1 '3u1 Bus'

;3 = —|— + — 3.9
219x, 9x, |
1 '8u1 8u2'

e, = —|— + — 3.10
2 lox ox

2 1°

Integrating Eqns.3.9 and 3.10 with respect to x, gives:

ou,

u, = -x,— + f(x,,x,) 3.11
ox,
du,

u, = -x,— + g(x,,x,) 3.12
ox

2
The functions f and g represent deformations in the neutral plane.
But from assumption 1, negligible strain exists in this plane so these

functions can be approximated to zero.

ou,

u, = -x,— 3.13
X,
du,

u, = -X,— 3.14
ox,

Finally, the three remaining strains can be re— written in terms of u,
by substituting Eqns.3.13—14 into Eqns.3.6—8. Thus the strains can

be given in terms of the displacement in the direction of the applied

pressure:
d%u,
e,, = —X4 » 3.15
Ix2
2y,
€55 = X, » 3.16
ox32
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32u1
e,, = -X, 3.17
3x26x3

3.4 Stress— Strain Relations

In order to discover the relation between pressure and displacement it
is necessary to take the intermediate step of considering the
stress—strain  and hence  stress— displacement  relations. The
stress— strain relations are defined in terms of a generalised form of
Hooke's Law which simply states that each component of the stress

varies linearly with the components of the strain:

0ij = ¢jjklekl 3.18

The inverse relation can be expressed as follows:

ejj = Sijkl10kl 3.19

where ¢ and s are the stiffness and compliance tensors respectively.
They are both fourth rank tensors which mean that they each, in
their most general form, consist of 81 independent constants. The
symmetry of the stress and strain tensors, e.g &ij= &ji (Eqn.3.3),
results in a reduction in the number of components to 21, Appendix
A. The 21 independent components of the stiffness and compliance
tensors can be reduced still further when the elastic symmetry of the
crystal is taken into account. GaAs has a zinc— blende structure
which puts it in a cubic class often referred to as possessing 43m
crystal symmetry'?. This notation can be broken down into its three
components, each a spatial transformation which maps the crystal back
onto its original geometry:

(1) 7 implies an axis about which 4—fold rotational symmetry exists,

where each rotation is followed by an inversion i.e
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(xl,xz,xa)-;(—x1,—xz,—xa).
(2) 3 corresponds to an axis which has 3—fold symmetry.
(3) m is simply the existence of a mirror plane in the crystal.
The three transformations result in a reduction in the number of
stiffness and compliance components from 21 to just three:

€11=Cyq11>» €1,=€,,,, and c44=202323, arranged as shown below:

[, ey ¢, ¢, O 0 0 ][eq4]
03, Ci2 €1y € O 0 U I P
Oy3] = {12 €72 ¢4, 0 0 0 €5, 3 20
(1PN 0 c,s O 0 |le,s
043 Y Cagq 0 €3
Loy, L 0 0 0 0 0 Cyqdle, !

The strain— stress relationship is similar.

It was emphasised in Sec.3.2 that the stiffness and compliance tensors
are defined with respect to the principal axis coordinate system. So it
is necessary to rotate the tensors anti— clockwise through 45° about
the <100> axis in order to realign them with the membrane
coordinate system (Fig.3.1). This results in a mixing of components
although the number of independent constants remains identical. The
tensor below shows the final general stress—strain relation for the
zinc— blende structure of GaAs when the stiffness tensor undergoes the

above transformation:

.0'11. -°1z Ci;o €4, 0 0 ] Te”
022 €12 [+]C [_]C 0 0 PP
0-33 = %12 [_]C [+]C 0 0 €453 3.21
0-23 0 0 0 (_)C O 0 ez3
0,3 0 0 0 0 Caq 0 e, s
L [0 0 0 0 0 cylle,,l
where:
[+]C = [%(C11+C12)+C44] 3.22
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[—]C = [%(011+C12)—C44] 323

()e = #(cyy-cyy) 3.24
Similarly:
Pe11. -slz S12 S, 0 0 0 ] .0'11
€22 sy, [+t]s[-]s O 0 0 {|o,,
essl = [sq12 [-Is [+]S 0 0 0 ||og, 3 25
€23 0 Y 0 (-)g O 0 ||0,,
€13 0 0 0 0 s40 0 |]0oy,
ey 5! L 0 0 0 0 0 s, llo,,
where:
[+]S = [%(S1I+S12)+S44] 3.26
[']S = [%(511+S12)‘S44] 3.27
(_)S = %(511_512) 3.28

Eqns.3.25— 28 allow the three remaining strains to be written in an

expanded form:

ezz=[+]sdzz+[']soga 3.29
eg57[-1s02H+ 15033 3.30
e,5=(-)g0,3 3.31

Rearranging these equations in terms of stress gives:

_ {[+]se22-[-1sess} 3 39

25 ,44(s,,%8,32)

_ {[+]sess-[-]se22}

032

033 3.33
2544(541%8, ;)
2e,,
0,3 = 03, = 3.34
S117S12

The final step is to substitute Eqns.3.6—8 into Eqns.3.32—34 to
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obtain the stress— displacement relations:

-X, d2u, d2u, ]
022 = [+]1s -[-1s 3.35
2s4,(s,4+s,,) L %2 ox?Z |
-X, d2u, azu,.
033 = [+]s -[-1s 3.36
28 ,4,(8,,+s,,) | Ix2 ox3 |
-2x, d2u,
0,3 =04, = 3.37
$11-S1; 9X,9X,

3.5 Equilibrium Relations
The stress at a point is defined by Eqns.3.35—37, but a controlling

interaction which relates the stress at one point to that at

neighbouring points must be taken into account. A balance of forces

throughout the material is required, which implies the enforcement of

the laws of equilibrium. Each volume element of the material

experiences surface forces, Z&aji/8x~ and body forces Fj. In

J

equilibrium, the resultant force must be zero e.g for the Ox,

direction: Kirchhoff's

3¢, ,/9x ,+ 90 ,,/9x,+ 80, ,/9x ,+ F,=0.
assumptions have led to e,,.e,, and e,, being taken as negligible,
which makes the determination of the associated stresses o,,, 0,, and
0,, impossible from Hooke's Law. In this instance the differential

equations of equilibrium shown below are used, where the body forces

are neglected:

90, 90, 904,
+ + =0 3.38
X, 9x, ox,
ac -l o0
12 N 22 . 3z 0 3 39
X, X, 90X,
-1 o0 -1
Ca B2 3.40
x, ox, Ox 4

Rearranging Eqns.3.38—40 and integrating with respect to X, leads to:
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-
90,, o0
044 = - +

Jlox

31

dx, 3.41

ox., |

2 3

((30,, 30,,]
0y =0,, = — + dx
~L3X2 ox

, 3.42
5 |
{{8023 30 ,,]

013 = 03¢ = — +
J lox

3.43

2 ox

3
These equations can be solved by direct substitution of Eqns.3.35— 37
but the solutions are not unique until the boundary conditions are

taken into account.

3.6 Boundary Conditions

The plate is considered to have pinned edges, i.e. the material at the
boundary experiences no displacement, u,(x,,x;), and the first
derivative is also zero, ou,/9x;=0 for i=2,3. The applied pressure,
P, is considered uniform over the membrane surface x,= th (Fig.3.1).

The resulting boundary conditions are summarised below:

At x,=%th, o0, ,=0,,=0 3.44
At x,=-%h, o¢,,=0 3.45
At x,=+th, o, ,=-P 3.46

Because the pressure is constant and acts only in the Ox, direction,
the out— of—plane shear strains o,, and o,, are zero at the
boundary x,=*3h. These conditions allow the differential equations
of equilibrium, Eqns.3.41—43 to be solved exactly. The mathematics
is straight forward but somewhat cumbersome and will be omitted

here. The final result is:

he[ a%u 34y 3%y
P--—|A + 2B ——— + A — 3.47
120 ax3 32x,32x, x4
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where:

[%(511+S12)+544]
A= 3.48
25 44(s,,+s,,)

2 [2(sy1+s,,)-5,44]
B = - 3.49
117842 2544(511+S12)
and u=u, is the deflection of the membrane. This differential

equation is commonly known as Lagrange's Equation'® or sometimes
the Biharmonic Equation. By solving for u, the relation between the
deflection u and the applied pressure P can be derived. As
mentioned in Sec.3.2, the membrane border is considered elliptical and
this dictates the type of solution one should expect from Lagrange's
Equation. (For a material which is elastically isotropic with respect to

elasticity A=B).

3.7 Elliptical Solution of Lagrange's Equation
The elliptical boundary of the membrane obeys the equation:
x2 %2

—t — =1 3.50
a? b2

Due to the elliptical nature of the boundary, the deflection, u, of the
membrane is taken to have the form:
x2  x2|?2

1] = — — — 3.51
a? b2

u=M

where M is a constant and a and b are the respective major and
minor axes of the ellipse. At the membrane edge the deflection, u,
and its first derivatives, ou/dx, and oJu/dx,, are zero, which agrees
with the boundary conditions of Sec.3.6. In order to obtain the
constant M, Eqn.3.51 is substituted into the Lagrange Equation,

Eqn.3.47, and the coefficients equated to give:
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3P
M= - 3.52
3A 2B 3A
— + + —
a4 a?2p?2 b4

2h3

The final form of the deflection— pressure relation is then given by:

x2  x2|2

3P|l - — - —

a? b2

u=- 3.53
[3A 2B 3A

2h3|— + + —

la4  a?b2 b4

The maximum deflection, u,, at the centre of the membrane is given
below and compared to experimental results in Chap.5:

3P
u, = — 3.54
3A 2B 3A
— + —
a?® a?b2 b4

2h3

Choosing an elliptical solution can be justified in view of the fact that
one can quite easily engineer the etching parameters to produce an
approximately elliptical border, Chap.4. The mathematical analysis
becomes much simpler than that, for example, of rectangular
membranes where discontinuities at the corners would require a

numerical approach.

3.8 Photoelastic Effect

The stresses and strains experienced by the medium are imparted to
the light as phase changes. The phase—shift is composed of two
components: one due to changes in the refractive index of the
material, Ap,, and the other as a result of increases in the path
length of the light, Ap. The total phase change is given by:

Ap = App + Ap) 3.55
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where:

Apy = klAn 3.56

Apy = knAl 3.57

and k is the wave number of the light, 1 is the original path length,
n the refractive index of the unstrained material and An and Al are

the changes of refractive index and path length respectively.

3.8.1 Phase Shifts due to Changes in Refractive Index

The linking factor between the strain and refractive index changes is a
fourth rank tensor — the photoelastic tensor, Pijki-  The refractive
index changes are calculated using in a second rank tensor called the
impermeability tensor, dBjj:

dBjj = Pjjki1ekl 3.58

where the relation between refractive index change and impermeability

is given by:

B = — > dB = -~ — dn 3.59

Care must be exercised when converting changes of impermeability
into changes in refractive index to ensure that the right components
are chosen, depending on both the polarisation and direction of

propagation of the light. This is explained below.

When all the symmetry considerations are taken into account, the 81
components of the photoelastic tensor reduce to just 3 in a similar
way to those of the stiffness and compliance tensors described in

Sec.3.4. Since the photoelastic tensor is also defined relative to the
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principal crystal axes, it is again necessary to rotate the tensor
through a 45° anti— clockwise rotation about the <100> axis in order

to align the tensor to the membrane coordinate system:

.dB11. (p11 Pi2 P2 0 0 11 0 ]
dBZZ P2 [+]p [_]P 0 0 0 e,
dB5| = |P12 [‘]p [+]p 0 0 0 ||ess 360
dB,, 0 0 0 (—)p 0 0 {le,,
dB, , 0 0 0 0 pys O 0
LdB, , ] L O 0 0 0 0 pagll 0
where:
[+ = [3(Py1+P12)*P4s] 3.61
[-1p = [$(P11+P12)-Pas] 3.62
(-)p = %(P11'P12) 3.63
In expanded form, Eqn.3.63 can be written as:
dB,; = P28, ¥ P12833 3.64
dB,, = [+]pes, + [-1pess 3.65
dB,, = [—]pe22 + [+]pe33 3.66
dB,, = (-)pess 3.67
dB,, = dB,, =0 3.68

Substituting Eqns.3.6—8 into Eqns.3.64—68 gives the impermeability

components in terms of displacement.

d2u
dB,, = -pPq.X%,|— + —_— 3.69
ox2 9x2
d2u d2u]
dB,, = -Xx, ["']p— +[- ]p 3.70
ox2 x2)
d%u d2u]
dB,, = -Xx, [—]p—— + [+]p 3.71
L ax2 %2
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d2u

dB,, = -x,(-)p 3.72

ax23x3

At this point, it is necessary to integrate the impermeabilty changes
over the length of the path along which the light is guided in order
to obtain the total effect of the change in refractive index. In
addition to the directions and length of the light path, the polarisation
dictates the components of the impermeability involved in interaction

with the light wave and the medium.

Consider light confined to a waveguide, of length 2a, aligned with the
major axis, x,, of the membrane, Fig.3.3. Integrating Eqns.3.69— 72
with respect to x, will give the total effective change in

impermeability over the path length, where u is given by Eqn.3.51:

affa2u  du? 16Mx,p,,
AB,, = -p,, %, ||— + —|dx, = —m— 3.73
_gd %2 ox2 3b2
aff d2u du?] 16Mx1[-]
AB,, = -x, [+]p——— + [—]p——— dx, = — 3.74
-a-L Ix3 9x2l 3b?
af d2u du?] 16Mx,[+]
8By, = o, |[[-Jp + [ lp—]ox, - ———  3.75
—al %2 Ix 2] 3b
af a2y
AB,, = —x1(—)p dx, =0 3.76
-a axzax3
AB,, = AB,, = 0 3.77

One of the clearest ways to view the effects of a perturbation of
refractive index in a material is to introduce the concept of an
indicatrix ellipsoid?'. The general geometry of the ellipsoid is
described by the following equation:

Binin =1 3.78
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where B is related to the refractive index by Eqn.3.59.
A specific, simple, example will serve to describe its implementation:
1 1 1

— x?+ —y?+ —22=1 3.79
nZ ng n2

To determine the refractive index experienced by the light, one
considers the plane perpendicular to the direction of travel and its
intersection with the index ellipsoid. Consider light travelling in the
z— direction, Fig.3.4. The refractive index is taken as the length of
the line from the origin to the intersection with the ellipsoid, in the
direction of the electric vector. Thus Eqn.3.79 can be interpreted as
follows: For light travelling in the z— direction, polarisation in the
x— direction sees a refractive index ny while that polarised in the

y— direction sees an index ny.

Unstressed GaAs is optically isotropic i.e the refractive index seen by

the light is identical regardless of direction. The ellipsoid indicatrix is

thus a sphere with n, = ng = nz = 1, where n, is the refractive
index of the unstressed material. The indicatrix is described by a
sphere:

1 1 1

ng ng ng

Strain or stress present in the material results in a deformation of the
indicatrix sphere into an ellipsoid. This is observed as an introduction
of cross terms in Eqn.3.80:

B, ;X2+B, ,x2+B, ;x3+2B, ;XX 3+2B 3%, X3+2B, ;XX ,=1 3.81

Substituting Eqns.3.73— 77 gives the indicatrix ellipsoid when pressure

is applied to the membrane:
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(B, +AB, | )x2+(B, ,+AB, ;) x 3+ (B, ,+AB, ,)x2 — 1 3.82

This is no longer the sphere characteristic of GaAs, as given in
Eqn.3.80. The strain has deformed the sphere into an ellipse whose
axes still coincide with the membrane coordinate axes X ,X,,X, (i.e no
cross terms). For the guide running along the major axis of the
membrane, Fig.3.3, light polarised along the x, axis in the plane of
the membrane (TE polarised), experieneces a new refractive index
given by B, +AB,,, while light polarised along the x, axis
perpendicular to the membrane plane (TM polarised), experiences a

refractive index given by B, ,+AB,,. For wunstressed material,

B,,=B,,=B,=1/n2. Thus:

1 1
— = — + 4B, 3.83
nfg nj
1 1
— = — + AB,, 3.84
nfy nj

For small changes in refractive index Eqns.3.83— 84 lead to:

ng

Anpg = — — AB,, 3.85
2
ng

AnTM=—;-AB1, 3.86

Substituting Eqns.3.73—77 into Eqns.3.85—86 provides the refractive

index changes, expressed in terms of the photoelastic constants and

membrane dimensions, using Eqn.3.73— 74 into Eqns.3.85— 86:
4n3Mx,[+]

Anpp = - ————— _ 3.87
3b?

4ndMx,p,,
Anpy = - ———— 3.88
3b2
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where M is given by Eqn.3.52 and x, is the distance of the guide
from the middle plane. In GaAs, guides are normally formed on the
surface of the material so it is correct to set x,= h. Substituting for

both x, and M leads to:

n8[%(p11+P12)+P44]P

AnTE = 3.89
3A 2B 3A
b2h2|— + + —
a4 a2h2 b4

An nip,,P 3 90

™ ~ .

3A 2B 3A
b2h?2|— + + —

a4 a?b? b4

Assuming that the change of phase experienced by the light travelling
in the guide of Fig.3.3, is totally accounted for within the refractive
index change, then the phase change in crossing the membrane is
given by Ap, = klAn, where 1 = 2a and k is the wave number of
the light. The final phase change experienced by the TE and TM
modes, due to stress induced changes in the refractive index of the
material, for a path length of 2a is given by:

2kang[§(p,1+p12)+p44]P

ApTE = 3.91
3A 2B 3A
bzh?2|— + + —]
a4 a?b? b4
2kandp, ,P
ApryM = 3.92

3A 2B 3A
b2h?2|— + + —
a4 a?b? b4

3.8.2 Phase Shifts due to Changes in Path Length
The phase—shift due to a path length change is given by Ap=knAl
Consider, as in the last section a guide of length 2a, Fig.3.3. The

length of the deflection curve, Eqn.3.53, along the x, axis can be

obtained from the line integral:
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1 +

a
.

0

du ]2 128M2
—— dX2 = 3.93

dx, 105a

This corresponds to a phase change which is identical for both TE
and TM:

128kn, 3P 2
Apy = 3.94
34 2B 3A
— 4+ + —
a® a?b? b4

105a |2h3

3.9 Numerical Evaluation

Two membrane characteristics are given below based on calculations
using the elastic compliances of GaAs'? (s, ,=1.17x107 1,
$,,=—3.64x10" '2 and s,,=1.68x10" ''Nm™— 2, Eqn.3.48—49). The
values for AlAs'3, differ by approximately 2% and, assuming a linear
relation between the GaAs and AlAs values, indicates that the
variation of the‘compliances with the aluminium concentration used is
negligible. The photoelastic constants for GaAs'4 (p,,=—0.165,

P,,=—0.14 and p,,=—0.072) are also used in the calculations.

Fig.3.5 is a diagrammatical representation of the magnitude of the

strain components, e,,, €,, and e,, over the surface of a membrane

of major and minor axes a and b respectively, where a=b for the

plots indicated. The membrane displacement u=u, (Eqn.3.53) is

subdivided into Eqns.3.15—17 and evaluated at the membrane surface

(x,= th). There are two points to note:

(1) Along the major and minor axes, there is no shear strain
(e,,=0) as indicated in the diagram.

(2) For a waveguide along the major axis, Fig.3.3, the strain e,,
maintains the same sign along the axis, Fig.3.6a, but the e,,

strain undergoes a change of sign, Fig.3.6b.
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3.9.1 Membrane for the Mach— Zehnder Pressure Sensor

Membrane Dimensions:2a=3mm, 2b=300um and h=10pm

These dimensions are chosen to match those of the Mach— Zehnder
pressure sensor proposed in Sec.2.7. The separation of the
Mach— Zehnder interferometer arms allows one arm to run along the
major axis of the membrane while the other remains free of the
stress effects. The calculations below indicate that the device permits
observable changes of phase for the experimental apparatus described

in Chap.5.

Since 2a=3000um and 2b=300ym, the magnitudes of the e,, and
e,, strains are quite different, Figs.3.6a—b. These plots show the
strain at various points along the major axis where x9=0 is the centre
of the membrane and x,=a=1.5mm is the membrane edge. For a
pressure of 100kPa (&latm) the central strain e ,,=—2.88x10" 4 and
e,,=—2.88x10" S, Substitution of the membrane deflection,

Eqn.3.53, into Eqns.3.15—17 reveal that e, /e,,=a?b? and hence

the difference in the magnitudes.

The membrane stresses experienced by a guide along the major axis
are plotted in Figs.3.7a—b, and, unlike the strain components, have
approximately the same magnitudes and signs.  Eqns.3.32—33 show
that the stress depends on a linear combination of e,, and e,, and,

since e,,Ye,,, the e, strain dominates the ¢,, and 0, values.
Figs.3.8a— b gives the changes in index experienced by the light in the
waveguide along the major axis. For both TE and TM polarisations,

the largest changes in index are experienced at the membrane centre
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(x,=0) but the index variation for TE modes is slightly larger than
that for TM. The negative changes imply that the membrane top

surface is in a state of in— plane compression.

Figs.3.9a—b are plots of the stress—induced phase—shift in the TE
and TM modes for a range of values of the major axis. With
2b=300pm, the major axis is plotted from 2a=300um (i.e a circular
membrane) to 2a=3mm. The phase changes due to the change in
length are negligible for the pressure ranges considered. For a
pressure of 100kPa (&latm) the phase— shift for TE and TM modes
are 12 radians and 8 radians respectively. Thus using TE excitation
of the Mach— Zehnder pressure sensor (Sec.2.7) produces a phase
change of approximately 4m radians, i.e two cycles, for a 1latm

pressure differential across the membrane.

3.9.2 Membrane for the Birefringent Pressure Sensor

Membrane Dimensions:2a=2mm, 2b=8mm and h=25um

This device is designed to operate using only straight wavguides and
relies on the difference between TE and TM phase— shifts. TE and
TM polarisations are equally excited using linearly polarised light,
Sec.5.5. Thus the phase— shifts between the TE and TM components,
entering the device, can be taken as zero. It is assumed that the
light losses experienced by the TE and TM polarisations in the device
are equal. After passing through the device, a phase— shift occurs
between TE and TM modes which implies that the light is, in
general, elliptically polarised!>. If the device output is viewed
through a polariser aligned with that at the input, the change from
linear to elliptical polarisation is observed as a change of amplitude at

the output. There are two main conditions to note:
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(1) A phase difference of im produces circularly polarised light.
(2) A phase difference of m produces light linearly polarised at 90°
to that at the input.

All values between those given above are elliptically polarised.

For the membrane dimensions 2mm x 8mm x 25um a phase— shift of
1.5 radians is predicted for the TE and TM polarisations respectively.
This leads to a relative phase—shift of 0.9 radians between the TE
and TM polarisations (i.e 0.3m) is predicted for a change in pressure
of 0.69atm. This pressure is the maximum actually achieved in the
experimental apparatus described in Chap.5, where this theoretical
prediction is compared experiments carried out for membranes actually

fabricated.

3.10 Summary

A mathematical theory of elasticity is developed to model:

(1) the deflection of a membrane due to a uniform pressure
differential across its thin dimension and

(2) the phase— shifts experienced by TE and TM polarisations in a
straight waveguide crossing a membrane.

Calculations were carried out for a birefringent pressure sensor

consisting of straight waveguides crossing the 2mm dimension of a

2Zmm x 8mm x 25pum membrane. Predicted phase— shifts of 2.4

radians and 1.5 radians for TE and TM modes are expected for an

applied pressﬁre of 69kPa. Hence the relative phase change between

TE and TM is 0.9 radians (0.3m) for the birefringent pressure sensor.

Experimental results for devices actually fabricated are given in

Chap.5.

67




A membrane dimension of 3mm x 300pm x 10pm is proposed for the
Mach— Zehnder interferometric sensor described in Sec.2.7.2. The
sensing arm would be arranged along the 3mm dimension and in the
centre of the membrane. The theoretical prediction for the
phase— shifts experienced by TE modes in the sensing arm is 12
radians when a pressure of 1 atm is applied to the membrane.
Assuming a detection limit of 10™ & radians (a literature standard) the

sensitivity of the Mach— Zehnder pressure sensor is 8mPa.
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Appendix A

The stiffness and compliance tensors of a crystal:

011 -01111 Ci122 C1133 2Cq4323 2C1413 2€444,][eq;
032 C2211 C2222 C2233 2C3223 2C,513 2C554,| (€5,
C3311 C3322 Casszs 2C3323 2C3313 2C3342]|€3as
033 C2311 C2322 C2333 2C2323 2C,313 2C554,( (€05

043 C1311 C1322 Ci1333 2C1323 2C5313 2C1312] @45

(o]

L0424 Cy291 Cr222 1233 2C1323 2C1575 245,51 1e, ]

A.l

where ¢jji1= cklji- The strain—stress relation is identical in form:

11 (31111 S1122 St1133 281123 2814943 28444

. -

e [

N

e s 255313 285512022

22 S2211 S2222 2233 282323

€33|=|S3311 S3322 S3333 253323 253313 253312

2s
2s

e

23 S2311 S2322 S2333 253323 2313 285312 |023

e

13 S1311 S1322 S1333 251323 1313 2S1312| %13

te12‘ 251513 251212'{012'

LS1211 S1222 Si1233 251223
A.2

The factors of two are generated when equal components are taken
into account in the full tensor expansion e.g:

O11=...%C;1,38,5FC 3,85+, ..=2C, 58,5 A.3

where, due to symmetry, cjji= Cijik and &j;= eji.
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CHAPTER FOUR

Device Fabrication by Wet and Dry Chemical Etching

4.1 Introduction

The aim in this chapter is to describe the fabrication techniques for
an optical pressure sensor realised in the GaAs/AlGaAs ternary system.
Both waveguides and membranes were fabricated using wet chemical
etching. However, due to the extensive etch depths required to form
membranes (400pm), dry etching was restricted to waveguide
fabrication. The final section of this chapter describes the alignment
of an optical waveguide on the top surface of a wafer with a
membrane window on the back surface. When possible, reference is
made to practical work in order to give some idea of typical orders
of magnitudes fpr etch rates, membrane areas, ridge widths etc, as
well as some of the underlying difficulties that may be encountered

during fabrication.

4.2 Chemical Etchant Systems For GaAs/AlGaAs

Breaking the strong covalent bonds in the zinc— blende lattices of
III- V semiconductor materials usually requires the use of an oxidising
agent. The methods for dealing with the solid etch products produced
by wet and dry etching are quite different. In wet chemical etching
the redox reaction process involves the conversion of GaAs to a
higher oxidation state which is soluble in the liquid etchant system.
Dry etching occurs in a gaseous environment and thus requires etch

products which are volatile and hence leave the surface clear for

further etching.
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4.2.1 Wet Chemical Etching

Redox Reaction

The oxides of gallium, which include Ga,O,, Ga,O 5(H,0) and
Ga,O (a suboxide) are all amphoteric i.e soluble in both acidic and
alkaline solutions, but insoluble in water. They also dissolve in some
organic solvents such as methanol'. The oxides of arsenic are As 0,
and As,O., which are highly soluble in water, forming arsenic acid.
The more common oxidising agents include hydrogen peroxide, H,O ,,
nitric acid 2, HNO,, cromates?, Cr O, , and the halides4, Br— .
Some acids or alkalis added to the oxidants act as complexing agents
allowing the formation of a stable complex ion or molecule with the
oxides, which then become soluble in the etchant medium.  For
example, when using hydrogen peroxide, as the oxidant, adding
sulphuric acid, H,SO,, or ammonium hydroxide, NH,OH, will ensure

the oxidation and dissolution of the gallium.

Experiments carried out by Tijburg et al5 have shown interesting
features in the behaviour of AlGaAs in varying pH solutions. There
are marked variation in the etch rate of an oxidising solution with the
concentration of aluminium in AlGaAs which has been termed
selectivity. ~ Using GaAs and Al, ,Ga, ,As, i.e material with 30%
aluminium in GaAs, the following trends were observedS:
pH > 9 : Etch rate of GaAs is much greater than the etch
rate of Al, ,Ga, ,As i.e GaAs is etched selectively
with respect to Al, ,Ga, ,As.
5< pH< 9 : Al, ,Ga, ,As is etched selectively with respect to
GaAs.
pH < 5 : There appears to be no selectivity.

This property was used in membrane fabrication and is discussed in
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Sec.4.5.

Photoresist Mask — AZ14507

The photoresist, AZ1450J, is used as a mask for many wet— chemical
etching systems. There are a number of disadvantages, but these can
be allowed for. The mask is attacked to some extent by alkaline
solutions' 5 (it should be noted that the developers used are themselves
alkalis). This attack takes the form of a migration of adsorbed
etchant molecules within the mask, weakening it internally, and is
dependent on the duration of contact between the mask and solution.
In addition, a phenomenon known as undercutting’? occurs since there
are no chemical bonds at the mask/substrate interface. Interfacial
adhesion is maintained by van der Waals forces. The species present
in the etch can form stronger van der Waals bonds with either the
mask or the substrate leading to migration of the etchant under the
mask. This problem can be alleviated by the use of an appropriate
adhesion promoter. @ The breakdown of large areas of photoresist’
may be due to differential stress build—up at the substrate/mask
interface. = Thermal or chemical action on the mask may result in
tensile stress, relative to the substrate, leading to cracking. On the
other hand, if the substrate has a thermal coefficient of expansion
much less than that of the mask, then the resist may expand giving

rise to the formation of bubbles.

GaAs/ AlGaAs Etching Solutions

The solutions used in this thesis are based on hydrogen peroxide
solution for the oxidising agent, with sulphuric acid and ammonium
hydroxide acting as the complexing agents. This etching system was
chosen because the chemicals are readily available and are relatively

safe to use. De—ionised water was used as a dilutent to control the
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etch rate and quench reactions:

1. HYDROGEN PEROXIDE - H,0, - 30 % (percent by weight).
2. SULPHURIC ACID - H,S0, - 98 %.
3. AMMONIUM HYDROXIDE - NH,OH - 35 %.

4. DE-IONISED WATER.

4.2.2 Dry Chemical Etching

Redox Reaction

Reactive Ion Etching (RIE) relies on a combination of ion
bombardment at low power and high radio frequencies plus surface
chemical reactions for the removal of material®. Since the fluorides
of group III elements are non— volatile at practical pressures®, etchants
based on chlorine dominate this area e.g SiCl,8~ 19, CCl,'' and
CCL,F,"2. The volatile products GaCl,.... are swept out of the etch

environment using argon.

Photoresist Mask — AZI14507

In the case of dry etching there appears to be no problem with using
resist as a mask. The etch rate difference (>10:1) between GaAs
and AZ1450J is sufficient to ensure that for the fabrication of most
practical guides the resist is virtually unaffected. At low pressures,
20mTorr, etch profiles are vertical and no undercut occurs??,
Increasing the pressure (40mTorr) would produce undercut and reveal

crystallographic planes identical to those described in Sec.4.3.5.
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4.3 Material Preparation

4.3.1 GaAs/AlGaAs Epitaxial Layers

The wafers can be grown by a number of techniques including
Metal— Organic Chemical Vapour Deposition (MOCVD)'!3 or Molecular
Beam Epitaxy'4 (MBE). The wafers are most commonly grown with
<100> crystal orientation which yields good quality material. Two
typical epitaxial layer configurations are shown in Fig.4.1a, but the
idea is identical. In both, the largest proportion of light is guided in
the top layer, Fig.4.1b, and the Al, ,Ga, ,As layers are used, in
conjunction with a selective etch, to ensure that etching is effectively
stopped, Fig.4.1c. The 8% Al layer, Fig.4.1a(i) forms a single— mode
guide at 1.3 ym with the top layer thus serving as an effective
substrate, whereas in Fig.4.1a(ii) the 40% Al layer performs the dual

role of effective optical substrate and etch stop.

4.3.2 Wafer Cleavage Planes

Epitaxial layers can be grown on wafers with a range of shapes and
sizes, depending both on the technique of growth and the machines
available. In order to conserve material, it was necessary to divide a
wafer into manageable sections upon which the fabrication process
could be carried out. For this work wafers were divided into sections
larger than S5x5 mm?2 but smaller than 30x34 mm? (limited by the
MOCVD apparatus), the size depending on whether only a membrane

or a complete pressure sensor was to be fabricated.

As mentioned in Sec.4.3.1, the layers were grown on the crystal
orientation <100>. The cleavage directions in the wafer plane were
<011> and <O01T> and were at 90° to each other. A diamond

scribe was used to cut a very shallow groove on either the wafer top
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or base along either of the < 011> directions. This resulted in the
wafer automatically cleaving along the groove, or doing so when the
wafer was placed on a raised surface with one side of the groove
supported while the other, free side, experienced an out— of— plane
force. Fig.4.2 shows two techniques for cleaving, the first being the
generally accepted method while the second was developed as a result
of the present work. If the intention is just to cleave a wafer into
smaller more manageable sections, then Fig.4.2a shows the result of
scribing from one edge of the wafer to the opposite. The lattice
follows the fault generated and because the diamond tip of the scriber
is, atomically speaking, very large, the cleaved edge is rough to the
extent that, when viewed edge on with the eye, vertical lines can be
seen where different parallel planes have been followed. On the
other hand, if light is to be end— fired into the wafer then a smooth
cleaved edge will result in less scatter. Fig.4.2b shows that only a
small nick at the wafer edge is necessary to cleave a wafer when
following the procedures described above. Apart from where the
scriber was used, the cleaved edge is remarkably smooth and appears
mirror— perfect, even under high magnification (x500)on an optical

microscope.

4.3.3 Wafer Thickness Assessment

When etching through the back of a wafer, it is crucial to know,
fairly accurately, its remaining thickness. @ Two fairly straightforward
methods both involve the use of an optical microscope and together
provided a useful cross—check. The first involved focussing on a
cleaved edge and wusing calibrated cross— wires, together with a
magnification of upto 1000 times, to determine the  thickness to

within a 1um. In the second, a GaAs wafer was placed flat on a
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silicon wafer and focussing on the two wafer surfaces allowed the
determination of the thickness to 1um accuracy by using the vernier
scale on the microscope. The average wafer thickness of the samples
used was 400um and it was found that, once the measurement was
carried out for one section of a given wafer, it was unnecessary to

repeat for other areas.

4.3.4 Sample Cleaning Prior To Photolithography

The most likely contaminants on a wafer are grease, or perhaps
solvent or water residues. The cleaning procedure, Tricleaning, which
is described in Appendix A, was sufficient for most cases and began

after the wafer had been cleaved to its final size.

4.3.5 Differentiating Between <011> and <01T> Directions

For <100> orientation GaAs, a wafer is cleaved by scribing along
the <011> or <01T> directions. Some growth facilities do provide
this information in the form of an edge, to an otherwise circular
wafer, the orientation of which is known. But with an already
cleaved rectangular wafer, and no information, the simplest way of
determining the orientation is by wet— chemical etching. Very small
sections of wafe; can be used — as small as 2x3 mm?2 — the only

limit being the ability to cleave.

Two sections of wafer, 2x3 mm? were cleaved so that the longest
dimension of one wafer was in either the <011> or <O01T> direction
while the other wafer had a long dimension perpendicular to it. Half
of each wafer was coated with photoresist as shown in Fig.4.3
following the photolithographic and etching steps described in Appendix

B and in Fig.4.4a. The wafers were cleaved along the dotted lines
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Fig.4.5b

The (a) <011> and (b) <01T> cross-sections of a GaAs wafer
etched with acidic hydrogen peroxide to a depth of 50fjm.
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shown in Fig.4.3 and the cleaved edge viewed under an optical

microscope so revealing the preferential planes exposed by the etching.

Results:

Figs.4.5a—b show the etch profiles, as seen wunder an optical
microscope, for the <01T> and <011> directions respectively. The
profiles are quite different and are in good agreement with the
profiles obtained by D. W. Shaw'®é. If instead of one edge, a line
of photoresist is used, for example during ridge waveguide fabrication,
the profiles for directions <01T> and <011> are shown respectively
in Figs.4.6a—b. Ridge waveguides with the profile shown in Fig.4.5d
are not normally chosen for guide fabrication (although under the
right conditions guides are possible) since a narrow waist weakens the

ridge especially for very narrow guides and/or too deep an etch.

The planes revealed in the <01T> cross section, Fig.4.6a, are the
(111) planes which lie at about 55° to the horizontal. These surface
planes contain only gallium or arsenic atoms triply bonded to the
lattice (a single bond being very unstable). The planes containing
only Ga atoms are known as (111)A and those containing only As are
known as (111)B. A triply bonded gallium atom has a full outer
shell which makes it a very stable entity and hence difficult to be
oxidise. The gallium planes are therefore the slowest etching planes.
On the other hand, the triply bonded arsenic atoms have two
electrons in the outer shell which make them highly susceptible to
oxidation. Once removed the next layer contains gallium atoms which
are singly—bonded to the lattice and are fairly easily dislodged.
Hence the planes containing only arsenic atoms are the faster etching

planes. The planes revealed in the <O011> cross section, Fig.4.6b,
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are slightly more difficult to account for. Shaw'® gives their angles

as 155° to the horizontal and attributes them to (332) planes.

4.4 Waveguide Fabrication

4.4.1 Wet Chemically Etched Waveguides

The techniques described in this section are suitable for a wide range
of waveguide widths. Chemical etching does have one inherent
disadvantage in that the observed preferential etching using the
hydrogen peroxide system will result in the walls of a curved guide
having a profile which varies along its length, lying anywhere between
those shown in Fig.4.6a—b. For non— prefential etching, dry etching
can be used, Sec.4.4.2, or experimentation with other wet— chemical

etching systems can be tried.

A variety of waveguides were etched during this project including 2um
to 10pm straight guides and Mach— Zehnder interferometers in which
guide widths ranged from 2pym to 6 um incorporating S— bends with
radii of 40mm curvature providing arm separations of 300um. Ridge
heights were < 1uym and this dictated the etch compositions. The
acidic hydrogen peroxide system was used, once again selecting the
etchant composition based on work done by Shaw'® plus additional
experiments to verify that the etch rates were behaving as predicted.
The masks used in the photolithographic process were produced by
electron beam lithography and consisted of various chrome lines and
Mach— Zehnder waveguides on a glass plate. The photolithographic
and etching techniques are described in Appendix C and are depicted
in Fig.4.4b. The wafer ends are then cleaved in preparation for

coupling light into the guides.
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Results:

A number of Scanning Electron Micrographs were taken.  Fig.4.7
shows both the profile and wall roughness for a 3um wide guide
etched to a depth of 0.3um. Fig.4.8 shows another guide which is
6pym wide and was etched to a depth of 0.6um. Preferential etching
is clearly evident in both micrographs and reveals the (111)A Ga

planes described in Sec.4.3.5 at approximately 55° to the surface.

Fig.4.9 shows the result of undercutting in both a straight waveguide
and a Y- junction waveguide. The intention was to etch a 2pm wide
guide in order to produce a ridge height of 1um. The result was a
0.5pum high triangular ridge, due to the etchant migrating under the
photoresist mask and finally lifting it completely.  The preferential
planes are still intact but the top of the ridge narrows until it forms
a point. Shaw'® found that for every micron etched, there is a
corresponding 0.94pym of undercut for the particular etchant
composition used — almost a 1:1 ratio. Wider lines and/or shallower
etches alleviate the problem. In Fig.4.10 two Y- junctions formed by
3pym and 6pm wide waveguides, are shown etched to a ridge height of
0.3pm and the morphology of the guide surface and the ridge walls is

very good.

4.4.2 Reactive Jon Etched Waveguides

Straight waveguides and Y— junctions etched using dry etching have the
inherent advantage of vertical wall profiles. This is especially
important for the S—bends of the Y— junctions where the guide
profile remains intact throughout the curved sections of the guides.
Figs.4.11a—b show typical dry—etched waveguides characterised by

their vertical walls (cf Figs.4.7—8). Fig.12 shows a Y- junction
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Fig.4.7a

Fig.4.7b

SEM micrographs of a wet—chemically etched 3/rni wide waveguide
with a 0.3/im ridge height showing (a) the wall profile and (b) the
wall roughness.



10KU

Fig.4.8b

SEM micrographs of a wet—chemically etched 6/rni wide waveguide
with a 0.6nm ridge height showing (a) the wall profile and (b) the
wall roughness.



15/10/86

320004 20KV X20.0K i.50um

4iHd;imirH mem 1an

Fig.4.9

Undercut in Straight and Y - Junction waveguides etched using acidic
hydrogen peroxide



Fig.4.10a

SEM micrographs of a Reactive Ion Etched Y—junction formed by
3/an wide waveguides etched to a depth of 0.3/un.

10KU

Fig.4.10b

SEM micrographs of a Reactive Ion Etched Y—junction formed by
6/im wide waveguides etched to a depth of 0.3/an.
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Fig.4.1ib

SEM micrographs of a Reactive Ion Etched 5/tm wide waveguide with
a 0.6/im ridge height showing (a) the wall profile and (b) the wall
roughness.



Fig.4.12

SEM micrographs of a Reactive lIon Etched Y—junction formed by
5/an wide waveguides etched to a depth of 0.6/on.



etched to a depth of 0.6um. A direct comparison with Fig.10 does
not reveal any significant difference between Reactive Ion Etched and
wet— chemically etched waveguides. But it must be borne in mind
that attempting to etch 0.6um chemically results in over a micron
reduction in the width of the waveguides and, in addition, the profiles
of the S—bend waveguides is not constant along their length,

Sec.4.4.1.

4.5 Membrane Fabrication

The masks were produced by electron beam lithography and consisted
of transparent windows in SMC chrome. This particular type of
chrome is transparent to visible light but opaque to the ultra— violet
radiation used in photolithography. Thus it is possible to see the
wafer during alignment. A variety of rectangular windows were used,
with the smallest dimension being 300um and the Ilargest 8mm
depending on sensitivity requirements. The alignment procedure was

fairly critical at some stages and is described in the next Sec.4.6.

Fig.4.1 indicates the necessity to etch through as much as 400pum upto
the etch stop. The technique was fairly similar to that adopted by
S. Mackie et al'7 and involved using a fast non— selective etch’€ to
remove most of the substrate to within 20um of the top surface. A
slow selective etch'® was then employed to approach the etch stop
boundary and to effectively stop there. The photolithographic process

is described in Appendix D and in Fig.4.13.
Results:
There is an upper limit on the time that the wafer can be left in the

selective etch. As mentioned in Sec.4.2, photoresist is attacked by
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. glass cover slip

1.5pin resist onto wafer top. spin
resist onto glass cover slip and
place resist surfaces in contact.

2.5pin resist onto wafer base.

3.Mask and expose to ultra — violet
radiation.

4.Develope resist using standard
developer.

5.Carry out a two — stage wet
chemical etch to remove most
of the substrate.

8.Rinse with acetone and isopropy!
alcohol to remove the remaining
resist.

Fig.a13

Photolithographic and Etching Processes for

Membrane Fabrication



alkaline solutions and there is certainly evidence of this for etching
times much longer than 10 mins. Bubbles are seen to form in the
resist which then begins to peel and lift. This problem can be dealt
with by evaporating a 0.01um layer of gold, as a mask, directly onto
the wafer base before etching. The gold does not affect the
operation of the pressure sensing device and so need not be removed

at the end of the process.

The blue colour of the AlGaAs layer, with a high concentration of
aluminium, is due to the band gap of the material. The band edge
of GaAs lies af about 870nm and thus at shorter wavelengths it is
highly absorbing. GaAs is transparent to infra—red radiation but
highly reflecting to the visible spectrum. The band edge of AlAs,
however, is at around 570nm, which is well into the red end of the
visible spectrum. Thus, AlAs is transparent to red light and the
infra—red spectrum while highly reflecting to the blue end.
Therefore, the surface of a high Al concentration AlGaAs layer

appears bluish.

The graphs of Fig.4.14 were obtained from a large number of samples
and show the etch depth in GaAs versus time for the fast
non— selective and the slow selective etches described above. The
average etching rates are 10pum/min in Fig.4.14a and 3um/min in
Fig.4.14b. Both graphs appear to be fairly linear over the ranges
shown but there are two points to note:

(a) The initial gradient of Fig.4.14a is greater than that for longer
periods of etch. This is due to the elevated temperature of the
non— selective etching solution when it is first made up (which can be

as high as 40°C). The increase in temperature is the result of an
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exothermic reaction.
(b) Although there is no evidence on these particular graphs, longer
etching times produce sub—linear values'S due to the dissociation of

H,0,.

Fig.4.15a shows -the surface quality of a shallow etched surface (40um
deep) and Fig.15b a deep etched surface (300um deep) in GaAs using
the non— selective etch. Fig.4.15b indicates that the surface
incongruities are reduced by prolonged etching, although the crystal

plane preferences are still apparent, magnified in Fig.4.15c.

An example of an etch stop surface is shown in Fig.4.16 where the
elliptical nature of the membrane base boundary is evident. In
particular, the boundary formation stages can just be seen. The
surface of the etch stop shows no indication of preferential etching
because it has not been etched appreciably within the time limits used

during the fabrication process.

In Fig.4.17a, the cleavage planes are highlighted by a broken
membrane and show that, although shattered by a uniform surface
pressure (provided by an air gun), the <01T> and <011> planes are
still apparent.  Fig.4.17b—c were achieved by carefully cleaving a
wafer directly through the membrane along the <01T> and <011>
directions respectively. Again the profiles indicated in Sec.4.3.5 and

Fig.4.5 are clearly shown.
The thinnest point of a cleaved membrane is shown in Fig.4.18a.
The wafer top surface is at the top of the photograph and the bright

band shown towards the base of the photo is an Al,. ,Ga,. As etch
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Fig.4.15a

Surface of a GaAs well wet—chemically etched to a depth of 40/un
using acidic hydrogen peroxide.

Fig.4.15b

Surface of a GaAs well wet—chemically etched to a depth of 300/un
using acidic hydrogen peroxide.



Fig.4.15¢

Crystallographic planes of Fig.4.15b revealed by increasing the
magnification by x200.



Fig.4.16

Surface of an A10 6Ga 0 4As etch stop layer after using the selective
etch alkaline hydrogen peroxide.

Fig.17a

A broken membrane revealing the <01I> and <011> planes.



Fig.4.17c

The (a) <Oir> and (b) <011> cross-sections of a cleaved
membrane fabricated by wet—chemically etching a GaAs wafer.



Fig.4.18a

A cleaved membrane where the membrane base is formed by the

*N0.6"a0.4"s stoP (bright band). The wafer top surface is at
the top of the photograph



stop layer (areas below this layer are outside the plane of the
membrane cross section). This membrane is approximately 6— 7um
thick at its thinnest point but, due to the scale of the membrane
boundaries, the profile from one edge to the other had to be obtained
by measuring the membrane at various points using an SEM.
Fig.4.18b shows the results which indicate that this particular
membrane has a gradual thickness taper, probably due to its early
removal from the selective etchant. @ The membrane would not be
completely flat over its entire surface unless the selective etch were

left for extended periods of time.

4.6 Waveguide/Membrane Alignment

For very small membranes or complicated structures involving
Mach— Zehnder interferometers, a mask aligner almost certainly has to
be used. A special mask pair was designed with carefully constructed
markers allowing a reference point (the corner of a wafer which can

be located from both sides) to assist in the alignment.

The alignment technique is described in the simplified diagram of
Fig.4.19. The waveguides were always fabricated first in order to
prevent possible membrane collapse during fabrication. The alignment
markers were lined up, as shown in Fig.4.16a, with one corner of the
wafer formed by two intersecting cleaved edges. The waveguides were
then fabricated as described in Sec.4.4. Fig.4.16b shows the
alignment of the membrane on the base of the wafer. The necessity
for using SMC chrome is evident when one realises that if the chrome
is totally opaque to the visible spectrum, then only the wafer directly

below a window is visible and alignment becomes impossible.
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This alignment process can be made easier by using an infra—red
mask aligner which allows features on both sides of a GaAs wafer to
be seen simultaneously i.e the waveguides on the top surface are
visible at the same time as the membrane window mask. This facility
removes the need for using the corner of a wafer as a reference and

makes alignment simpler.

4.8 Summary

This chapter has described, in detail, the technology for the
fabrication of a pressure sensor device in the GaAs/AlGaAs system.
This technology could readily be adapted to other III-V
semiconductors once a suitable etching system had been chosen.
Waveguides fabricated by both wet— chemical etching and dry etching
were described and compared. In general dry etched waveguides have
vertical walls regardless of orientation while those produced by by
wet— chemical etching led to ridge waveguide profiles which were
dependent on the alignment of the waveguides relative to the <011>
and <01T> crystal directions. Membrane fabrication was carried out
by selective wet—chemical etching using acidic hydrogen peroxide
(10pymmin etch rate) to remove most of the substrate followed by
alkaline hydrogen peroxide (3um/min etch rate) to selectively stop at

the Al ,Ga, (As layer called the etch stop.

Scanning Elecron Micrographs indicate that the membrane base is not
completely flat and is dependent on he length of time that the
selctive etchant is allowed to clear the etch stop. Removing the
wafer from the etch early, produces a membrane whose effective

thickness is greater than that defined by the epitaxial layer etch stop.
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Appendix A

Tricleaning:

1.

Boil in a beaker of trichloroethylene for five minutes to remove
any heavy waxes that might be present.

Place wafer in a pre—heated beaker of acetone (in which
trichloroethylene is soluble) and boil for five minutes.

Finally place in a pre—heated beaker of iso—propyl alcohol (in

which acetone is soluble) for five minutes.

When removed from the final beaker the temperature of the wafer

will assist in rapid drying although it is better to use an air—gun to

speed up the dfying process.

Appendix B

Photolithography: Determination of Material Orientation (Fig. 4.5a):

1.

4.

Positive photoresist, AZI14507, is spun onto a GaAs wafer at
5000 rpm for 30 seconds providing a 2pum thick layer. The
wafer is then baked for 40 minutes at about 85°C.

The mask consists of a wide chrome line on glass which does not
allow ultra—violet radiation to reach one half of the wafer.
On one wafer the longest edge is parallel to the <0I1> wafer
edge and on the other it is parallel to the <0IT> wafer edge.
A mask aligner can be used but the eye is sufficient.

Standard developer dissolves the resist that has been exposed to
the u.v radiation.

The wafers are placed in a freshly made up solution of:

H ,SO ,;H,0 ,:H,O0 in the ratio 1:8:1
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at room temperature for five minutes (in this case, no stirring
is necessary) giving an etch depth of about 50pym. De—ionised
water is used to quench the reaction. This depth is sufficient
for preferential planes to be observable on a relatively low

magnification microscope.

3. Finally, acetone removes the remaining resist and isopropyl
alcohol is used to remove the acetone and make air drying
easier.  (Acetone evaporates far more quickly than isopropyl
alcohol, resulting in solvent stains).

Appendix C

Photolithography: Waveguide Fabrication:

1.

4.

Positive photoresist, AZ1450J for good line resolution, is spun
onto a GaAs wafer at 5000 rpm for 30 seconds providing a
2pm thick layer. The wafer is then baked for 40 minutes at
about 85°C.
A mask aligner is used to align the straight guides and the
straight sections of the Mach—Zehnder structures along the
<O0IT> direction. The wafers are then exposed to ultra—violet
radiation.
Standard developer dissolves the resist that has been exposed to
the u.v radiation.
Ridge heights ¢ 1ym are required. Too fast an etch might lead
to over etching or cause the wafer immersion speed to become
an important factor. The wafers are placed in a freshly made
up solution of:

H,SO ,;H,0,:H,O0 in the ratio 1:8:500

at room temperature, with no stirring, leading to an etch rate
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of about 0.065um/ min. De—ionised water (DI water) is used to

quench the reaction.

5. Finally acetone removes the remaining resist and isopropyl alcohol
is used to remove the acetone making air—drying easier.
Appendix D

Photolithography: Membrane Fabrication:

1.

Positive photoresist, AZI1375, a relatively thick resist, is spun
onto a GaAs wafer at 1000 rpm for 10 seconds providing a
layer »5pm thick, thus protecting the top guiding surface. One
side of a microscope cover slip is also coated in the same way.
The two resist surfaces are placed in contact giving the top
surface of the wafer added protection. The wafer is then baked
for 60 minutes at about 85°C.
The wafer base is the only exposed area and it too is given a
coating of AZI375 at 5000 rpm for 30 seconds and baked for
40 minutes.
A mask aligner is used to align the rectangular edges of the
windows along the <0IT> and <011> wafer edges by looking
through the SMC chrome. The wafers are then exposed to ultra
violet radiation.
Standard developer is used to dissolve the resist that has been
exposed to (he u.v radiation.
For the fast non—selective etch'“® the wafers are placed in a
freshly made up solution of:

H,SO ;H,0,:H,O in the ratio 1:8:1
at room temperature with magnetic stirring leading to an etch

rate of about 10pm/ min.
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(a) The wafer is placed in the solution for 10 mins, rinsed in
DI water and air—dried. An optical microscope is
focussed onto the etched surface followed by the unetched
surface and the vernier scale difference used to determine
the etch depth more accurately (Sec. 4.3.3).

(b) The wafer is placed in a new solution of the etch in order
to etch directly to within 50—100pm of the etch stop,
based on the etch rate determined in (a). Another etch
depth check should be made.

(c) Finally, based on the above calculations the wafer is etched
to within 20ym of the etch stop.

(The above steps are followed to eliminate error in the
etch depth which would be disastrous once in the vicinity
of the etch stop. For a given section of a wafer,
determining the etch procedure in two steps is adequate
for all other sections of the same wafer).

For the slow non—selective etch'® the wafer is placed in a

freshly made up solution of:

NH ,OH:H,O, in the ratio 1:19

at room temperature giving an etch rate of 3um/ min with no

stirring. The wafer is left in the solution until the dark blue

surface of the AlGaAs etch stop is seen, appearing as a

gradually widening circle which becomes an ellipse if a

rectangular boundary is present, and is normally removed at this

stage. (If left longer the membrane base would become
rectangular). DI water is used to quench the etching reaction.

Finally acetone removes the remaining resist and isopropyl alcohol

is then used to remove the acetone, making air—drying easier.
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CHAPTER FIVE

Experimental Results and Interpretations

5.1 Introduction

In this chapter some of the theoretical models discussed earlier are
compared with experiment. All experiments involve some aspect of
the proposed Méch— Zehnder pressure sensor and the understanding of
each is essential to future characterisation and optimisation of devices

which use some or all of the components.

5.2 Deflection— Pressure Tests

5.2.1 Objectives

In Sec.3.7, a relation between the central deflection of a membrane
and uniform applied pressure, is derived. An experiment was designed
to study this relation and plot the deflection— pressure curve for a

membrane of known dimensions.

5.2.2 Experimental Procedure

The deflection was measured by using a microscope to observe the
surface of a membrane through an optical flat (a glass plate flat to
one—tenth of the light used) with monochromatic light. Focussing the
microscope on the optical flat reveals Tolansky interference fringes
between light reflected from the deflected membrane surface and that
reflected by the optical flat, Fig.5.1a. The optical flat is coated with
a thin layer of aluminium which allows 40% transmission for the
wavelength of the mercury lamp used, 546.1nm. This transmission
value provided good contrast between the dark and bright fringes i.e
the surface of the GaAs wafer and the optical flat formed a

Fabry— Perot cavity. A deflected membrane with an elliptical boudary
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produces a set of concentric ellipses, schematically represented in
Fig.5.1b.  An increase in the central deflection of the membrane
results in the production of more rings apparently from the central
region which shifts through light and dark fringes when the membrane
centre moves by N2, where )\ is the wavelength of the light used
(546.1nm). By counting the fringes during pressure deformation one
obtains the deflection— pressure curve. The microscope and vacuum
set—up is shown in Fig.5.2. The wafer is vacuum sealed to the
sample holder using a low temperature wax (e.g Paraplase, melting
point = 57°C). The vacuum is provided by a small solenoid
diaphragm pump. When the control valve is fully open the pressure
difference across the membrane is small, =1/40 psi, but when fully
closed the system is evacuated to produce a theoretical maximum
pressure difference of one atmosphere. A differential pressure gauge
of maximum range 2psi is used to measure the pressure differences
and, consequently, the pressure difference was restricted to this value.
For this particular experiment, the epitaxial wafer in Fig.5.3 was used
to produce membranes the thicknesses of which were controlled, by

the etch stop, to 6.7um:

GaAs 1.2pm

Al ,,Ga, g4.As 2.5um

Al As 3.0um Etch Stop

0.60620. 40

GaAs Substrate

Fig.5.3
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5.2.2 Discussions of Results

The experimental data points in Fig.5.4 are for an elliptical membrane
of dimensions 2mm x Imm x 6.7um. The line is the best fit
provided by the theoretical model given in Chap.3, Eqn.3.55. There
is good agreement between the experimental and theoretical results.
The difference in the membrane thickness between the experimental
curve obtained for the fabricated membrane and the theoretical
prediction may lie in the fact that the membranes are not completely
flat. Measurements of the taper in a fabricated membrane (via SEM
micrographs) are given in Fig.4.18b. In this case, the membrane
centre is 6.7um thick but this gradually increases to 36um at the

membrane edge where the step wall profile gradient begins.

There is a permanent deflection to the membrane producing a central
deflection of =14um calculated by counting the number of fringes seen
across the membrane surface when no pressure is applied to the
system. In general membranes etched to within 10um of the etch
stop showed no signs of sagging. But when the selective etch was
used to clear the etch stop of the remaining 10um of GaAs substrate,
the permanent deflection became evident. It is believed that this
deflection is due to stress relaxation at the etch stop interface when
the GaAs substrate is removed. The lattice constant of Al,Ga,_ yAs
is greater than that of pure GaAs' and during the growth process the
initial layers of AlGaAs on the substrate undergo tensile stress in
order to lattice match with the lower layers. When the substrate is
selectively etched away, the layers expand once again and the lower
surface curves, resulting in the whole membrane surface experiencing a

permanent deflection.
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5.3 Straight Waveguide Observations

5.3.1 Objectives

During the design stages of the Mach— Zehnder pressure sensor,
single— mode waveguide structures were required in order to minimise
the number of complicating factors, for example mode conversion. In
addition, single—mode guides in the compact Mach— Zehnder
interferometer are essential for the device to function efficiently,
Sec.2.7. Here, techniques are described for studying the single— mode
behaviour of a guide and distinguishing such guides from multimode

guides.

5.3.2 Experimental Procedure

To determine whether a guide is single— mode or multimode at a
particular wavelength, one must scan light across the guide input in an
attempt to excite all possible modes which are supported. For a
single— mode guide, movement from central alignment of the laser
light and guide input results in a decrease in light amplitude at the
guide output but no change in the mode profile. Multimode guides
do not show such simple behaviour. @A guide which supports the
fundamental and the lowest order asymmetric mode exhibits, given a
centrally aligned input, a single lobe; but on moving the laser beam
off— centre produces the two lobes characteristic of the lowest order

asymmetric mode.

Two systems were used at various stages of the project — one which
used white light sources that were provided by two horizontal
microscope systems, Fig.5.5, was built at The University of Glasgow 3.
The microscopes were arranged not only to couple coherent infra— red

light into and out of the guides, but also to allow the ridge
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waveguides to be seen by the observer at Ol and O2, via white light
reflected from the cleaved edges. The second, more basic system, is

identical to Fig.5.5 without white light sources to assist in alignment.

The dual microscope system was operated as follows; the infrared laser
(1.15um) was shuttered in order to protect the eyes of the observer
and the visible HeNe laser (0.633um) was passed through a filter to
reduce its intensity since its reflection was seen in eye— piece, El.
The sample was orientated relative to the input and output objectives
so that both the input and output of a ridge waveguide were seen in
eyepieces E, and E, respectively. To assist in this effort an
overhead, low magnification, viewer was used to ensure that the guide
was aligned with the central regions of the microscope apertures.
Once orientation was established the visible red laser, the path of
which coincides with that of the infra—red laser, was then focussed
onto the edge of the wafer and centred on a ridge waveguide. The
visible red laser was then switched off and the output microscope
objective re— focussed onto a camera thus producing the output of the
ridge waveguide, since the camera is sensitive to a wide band of
wavelengths. The white light source was then removed and the
infra—red laser unshuttered to study guiding. Minor changes in the
focus of the input objective is required to maximise the input
coupling. This is due to the different focal points of the visible and

infra— red lasers.

The second, simpler end-—fire set—up, requires a great deal of
familiarity with the various visible and infra—red light patterns which
appear on the camera due to relative positions between the wafer

edge and the input laser beams. With practice one can determine the
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region in which waveguides exist and, using Lloyd's mirror
interference2 patterns, alignment can be achieved fairly quickly. The
Lloyd's fringes are due to interference between light which undergoes
glancing total internal reflection from the wafer surface and light
direct from the lasers both of which are brought to focus on the

camera.

5.3.3 Results

Guides produced by both Reactive Ion Etching and Wet Chemical

Etching are studied, Fig.5.6:

air AN=1.15pm
X = 10pum |-------
X = 9.9um -> « 3-5um
Al ,,Ga, ¢4As 3.28
X = 9.3um
Al ,.Gay goAs 3.24
x =0
GaAs Substrate
Fig.5.6a
Reactive Ion Etched Structure
air A= 1.3um

Xx = 9.3um|-------

x = 9.0pm— = lcbmm
Al, ,,Cay c,As  3.26
x = 8.5um

Al, ,.Ga, ;,As 3.23

GaAs Substrate

Fig.5.6b
Wet Chemical Etched Structure
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Reactive Ion Etched Ridge Waveguide, Fig.5.6a

Ridge waveguides in the range from 3um to 6pym widths were studied
but the most interesting, were widths 4um and 6um, because it is
between these two values that the ridge guides were observed to
undergo a transition from a structure which supports a single— mode to
one that supports two modes. Figs.5.7—8 show the results of
scanning the laser beam across the guide inputs for both the 4ym and
6pym ridge waveguides. The single—mode 4um wide guide, Fig.5.7,
shows only oné lobe, characteristic of the fundamental mode,
throughout its scan although there appears to be slight asymmetry in
Fig.5.7b where the input beam is displaced from the guide -centre.
The excitation of the first asymmetric mode can be seen in Fig.5.8.
In Fig.5.8c the central region of the first asymmetric mode does not
fall to zero. It is believed that some excitation of the fundamental
mode persisted. Spym wide guides which were also analysed showed

behaviour indistinguishable from that for the 4um wide ridge.

The results agree fairly well with those predicted by the effective
index method. The effective index method indicates a switch from a
structure which supports two modes to one which is single— mode
occuring between 3um and 4pm for the structure in Fig.5.6a. The
lowest order asymmetric mode is, however, weakly guided, Sec.2.5.2.
This work was carried out at 1.15um which was available for the

system shown in Fig.5.5.

Chemically Etched Ridge Waveguide, Fig.5.6b
This guide, etched using techniques described in Chap.4, was not as
thoroughly tested as that in Fig.5.6a, but nevertheless the output of

this guide at 1.3um, Fig.5.9, shows that the structure supports a
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Fig.5.7b

The output of a 4 p wide single—mode waveguide where the input
beam is (a) aligned centrally to the ridge and (b) offset with respect
to the ridge.



Fig.5.8c Fig.5.8d

The output of a multimode Reactive lon Etched ridge waveguide as
the input is scanned (in the wafer plane) using a 1.15/im infra-red
HeNe laser.



fundamental mode. Calculations made wusing the effective index
method reveal that the guide is single— mode but due to the small
difference in aluminium concentration of the guiding layers, 5% (An =x=
0.02), the vertical slab confinement is weak. This factor is aggravated
by sloping walls and the effects of undercut inherent in the fabrication
process. These factors contribute to the lowering of the propagation

constant of the guides by reducing their effective widths3.

5.4 Y— Junction Analysis

5.4.1 Objectives

The Y- junctions studied in this section are parts of the
Mach— Zehnder waveguide configuration proposed for the pressure
sensor which were cleaved in half to produce two Y— junctions,
Chap.2. There had initially been some difficulty in studying
Mach— Zehnder structures produced by chemical etching, due to
apparent slab guiding across the waveguide outputs when the inputs
were excited. The outputs were expected to be similar to those of
single— mode ridge waveguides or at worst to support no guiding at
all. Studies are presented in this section for Reactive Ion Etched and
Wet Chemically etched Y— junctions and observations made using both
1.15pum HeNe light and a 1.3um semiconductor laser. Some idea of
the losses compared to straight waveguides were also obtained by
comparing, directly, the output intensities of straight waveguides and

Y- junction waveguides on the same wafers.

The Y- junctions are formed using S—bends of 40mm radius to
provide arms separations of 300um and an overall length of about
7mm. More details of these Y-— junctions are presented in Chap.2

with numerical analyses to describe their behaviour.
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5.4.2 Experimental Procedure

The Y- junctions are placed in the apparatus shown in Fig.5.5 and
the single input guide is excited by scanning light across it. The
output guiding arms are observed simultaneously, using a relatively low
magnification, and individually under high magnification. To estimate
the loss in the Y— junction waveguides, the combined intensity of both
the output arms were optimised using a germanium detector and
oscilloscope. The wafer was then translated to straight waveguides of
the same geometry and the output would again be optimised and

recorded.

5.4.3 Results

Wet Chemically Etched Y—Junction

The apparent slab guiding of light seen in Fig.5.10, is due either to
light radiating ffom the S—bends used to separate the arms of the
structure or scattering at the Y-— junctions. The former case is
particularly likely in the case of wet chemical etching since the ridge
waveguide profiles are orientation dependent and so change as the
guide curves, Sec.4.5. The scan line lies at the mid— point of the
two output arms. For this particular experiment no white light
sources were available which meant that direct visual determination of
ridge waveguide position was unattainable. This difficulty can be
overcome by fabricating a mask with both Y— junctions and straight
guides. Thus, investigating a straight guide reveals the position of the
direct line between input and output and, since the Y— junctions are

symmetric, the centre is obvious.
The slab mode seen in Fig.5.10 stretches from one output arm to the
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Fig.5.9

The output of a single mode wet—chemically etched 4/an wide ridge
waveguide using a 1.3/un semiconductor laser.

Position of the Y-junction output arms

Fig.5.10

Scattering of light between the output arms of a wet—chemically
etched waveguide Y—junction (at 1.3/un).



next, indicating that the light is certainly being radiated throughout the
entire S—bends. Further attempts at waveguide fabrication using wet
chemical etching failed to produce better results. At this stage it was
decided that, although wet chemical etching is suitable for most
straight waveguide applications, curves (and hence S— bends) would
prove difficult presenting stringent design parameters. But the author
believes that Y— junctions incorporating S— bends are possible and may
even become easily reproducible once a succesful design has been

established.

Reactive Ion Etched Y —Junctions

The Y— junction waveguides, based on the structure shown in Fig.5.6a,
exhibited good confinement of 1.15um light in the output arms.
Single mode and multimode Y- junction waveguides behave very
differently as the input coupling is altered by scanning across the

input guide.

Y- junctions produced using waveguides of 3um width, based on the
structure of Fig.5.6a, were excited at the input wusing 1.15um
wavelength light. The output arms were observed simultaneously using
a Hammamatsu camera and are shown in Fig.5.11. Slight scanning
movements across the guide input produced a simultaneous and equal
fall in amplitude of the light in the output arms, which would be
expected for a single— mode structure. The asymmetry of Fig.5.11 is
shown to indicate that the behaviour of the Y- junction is not
completely single— mode. As stated above, the peaks have identical
heights throughout most of the scan, Fig.5.11a, but on either side of
the simultaneous maximum height, there is an apparent switch of

some light from one output arm to the next. But at no time do the
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Fig.5.lib

The output of a single—mode Reactive Ion Etched waveguide
Y—junction as the input is scanned (in the wafer plane) using a
1.15/mi infra-red HeNe laser. A weakly guided asymmetric mode
results in the slight asymmetry of Fig.lib.



relative heights of the peaks increase beyond that indicated in
Fig.5.11b. The scanning movements were carried out in both the
horizontal and vertical directions. In the vertical direction the peak
intensity at each of the output guides increased and decreased with the
same heights and the input was scanned. The difference between this

behaviour and that of the 6um multimode guides is quite striking.

The 6pym wide ridge waveguides forming the Y— junction outputs were
also studied at 1.15um. Scanning the laser beam horizontally
(orientated to Fig.5.6a) across the guide input caused the light to
move from one arm to the next. Some of the stages produced by
scanning are captured in Fig.5.12. Before scanning begins, there is
sufficient input off—set to produce zero output in both the arms. As
the scan proceeds the output increases equally in both arms until the
point shown in Fig.5.12a. Further scanning results in most of the
light moving to one arm, Fig.5.12b. The two peaks then become
equal once again, Fig.5.12c, (higher than the peaks in Fig.5.12a)
before the light then appears in the other arm, Fig.5.12d. A close
look at the peaks in both Figs.5.12b—d show hints of an asymmetric
mode in the right hand output arm. This agrees with the behaviour
of the 6um wide straight waveguide of Sec.3.3. A vertical scan of
the input guide results in the arms behaving identically and rising to a

maximum when the laser beam is centralised relative to the ridge.

Loss measurements carried out for the dry—etched Y- junction
waveguides indicated losses of 1dB relative to straight waveguides
which had been fabricated on the same samples as the Y— junctions.
However there was some difficulty in obtaining consistent results since

it was found that, even between straight waveguides which were
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supposed to be identical, there was some variation. Since the straight
waveguides were being used as a standard, this resulted in wvalues as
large as 1.5dB at worst. To obtain consistent results requires a large
number of samples in order to eliminate errors due to faulty cleaving

which is believed to be the main cause for the variations observed.

5.5 Birefringent Pressure Sensor and External Interferometer

5.5.1 Objectives

Due to the initial difficulty in producing chemically etched
Mach— Zehnder waveguide structures, a straight waveguide version of
the pressure sensor was designed, based on the discovery that the TE
and TM propagating modes undergo different phase shifts when

traversing the stress field of a distorted membrane, Chap3.

5.5.2 Experimental Procedure

The experimental arrangement is shown in Fig.5.13. Light polarised
at 45° to the crystal axes is launched into the guide, exciting both
TE and TM polarisations equally. This is achieved by employing two
polarisers in conjunction with the semiconductor laser which only
provides one polarisation (orientated as TE in this experiment). A
quarter— wave plate followed by a linear polariser at 45° to the plane
of the TE mode of the laser achieved the necessary polarisation
rotation for the input at the expense a reduction in the light intensity.
The analysis given below assumes that losses for TE and TM
polarisations are negligible but the principles still apply providing the

losses are similar.

The output is observed through a linear polariser aligned to that at

the input and hence giving maximum output intensity. The 45° linear
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polarisation of the input beam implies that the phase difference

between the TE and TM polarisations is zero. The behaviour of the

birefringent pressure sensor is dependent on the relative phase
difference between the TE and TM polarisations. Consider the three
regimes given below:

(1) If the phase difference betweén the TE and TM polarisations
becomes im, after travelling through the device, then circular
polarisation results. This leads Lj;l reduction in the output
intensity.

(2) A phase difference of 1 results in the output intensity dropping
to zero since the output polarisation is now linear and at 90° to
that of the input.

(3) Phase differences between those mentioned above lead to elliptical
polarisation in the output beam.

The behaviour of the device can now be described for one complete

cycle. As the TE and TM modes pass through the pressure— induced

stress field of the membrane they experience a change of relative
phase, Chap.3. As the phase difference increases the light intensity at
the output decreases to zero when the relative phase is 1 radians.

Further increase in the relative phase will bring the output back to a

maximum where the phase difference is 2m.

An external bulk interferometer was also set up, shown with dashed
lines in Fig.5.13. This system allowed the individual analysis of either
TE or TM mode interference. The two paths are recombined on the

polariser onto which the camera is then focussed.
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5.5.3 Results

Birefringent Pressure Sensor Tests

The following results were obtained for sets of 2um and 3um wide
ridge waveguides based on the epitaxial system shown in Fig.5.14.
The guide crossed the central region of a membrane of dimensions
2mm x 8mm x 25um along the 2mm direction and were separated by

S50pum. There was no measurable difference in the behaviour of the

waveguides.
air AN=1.3um
o R WP
GaAs 3.40
X = 5.4um
Al, ,,Ga, 4,As 3.37
X = 2.9um
Al, . ,Ga, ,.As 3.11
x =0

GaAs Substrate

Fig.5.14

Fig.5.15 shows a plot of Amplitude versus pressure. The output was
seen to fall by approximately half. From the sinusoidal form
obtained, an estimate of P point was made i.e a 1 phase change was
obtained for a pressure difference of =69kPa across the membrane.
Substitution of the membrane parameters and light wavelength into the
phase equations of Chap.3 indicate a relative phase change of 0.3n

radians between TE and TM polarisations respectively.

The reason for the rather poor extinction ratio (—3dB) may be

revealed by the effective index method which, when applied to this
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structure indicates that it is multimode. As well as exciting the
fundamental mode, higher— order modes are also supported which
results in a background light output which never completely
extinguishes even when the 1 phase difference is achieved for the

fundamental modes.

The results for the bulk interferometer were obtained on camera to
show the interference pattern that occurs when the guided mode and
unguided modes are overlappéd. Fig.5.16 shows the wvacuum chuck
and wafer arrangement with and without pressure applied to the
membrane. The pressure across the membrane in the deflected

position is 69kPa.

The scan line in the photograph centre has an amplitude plot to the
left of the photograph. The first figure has a low amplitude, dark,
region indicating destructive interference, while in the second figure
constructive interference is seen. The individual phase shifts for the
TE and TM polarisations are approximately equal, making it
impossible to visually determine which is being studied without
checking the orientation of the linear polariser. The lack of contrast
in the image on the camera may again be due to the multimode
nature of the guide. Other modes in the waveguide would not
necessarily interfere destructively under the same conditions as the

fundamental mode.

In Fig.5.17 the difference between no pressure, Fig.5.17a, and 34kPa,
Fig.5.17b is shown to highlight the m phase shift. Thus, using the
external interferometer Py is given by 34kPa which is half the

pressure required when using the birefringent pressure sensor. There
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Fig.5.16b

Straight waveguides on a GaAs wafer waxed to a sample holder which
can be evacuated. Two identical membranes were fabricated, one
aligned to the sample holder while the other was broken to reveal its
position.  Evacuation of the sample holder reveals the position of the
unbroken membrane (Fig.5.16b.



Fig.5.17b

Interference patterns at the output of a birefringent pressure sensor

placed in an external interferometer. The scan line indicates:

(a) a central dark fringe when no pressure is applied to the
membrane and

(b) a central bright fringe with a pressure differential of 34kPa across
the membrane.



is a distinct difference in the sensitivity of the birefringent and bulk
interferometer tests as predicted by the theoretical model developed in
Chap.3. Using just the TE mode or TM mode provides
approximately twice as much phase— shift and both the phase shifts of
the TE and TM polarisations occur in the same direction but with
different amplitudes. Holding a reference phase constant is expected
to increase the phase difference. In the theoretical model presented
in Chap.3, the phase shifts of the TE and TM polarisations for a
pressure differenfial of 34kPa are 12n and 0.7?)'/ radians which lie
very close to the measured value of ‘n above. However, under the
experimental conditions there was no discernible difference between the
phase— shifts for the TE and TM polarisations. The reasons for this
discrepancy are at present unclear. In addition, the predicted
phase— shifts agree to within a factor of three with those measured

experimentally.

5.6 Addendum

Recently, Mach— Zehnder waveguides were successfully fabricated using
dry—etching. They were based on the Y— junctions described in this
chapter and some time was devoted to obtaining the losses of the
devices compared to that of the straight waveguides which were
fabricated along side them. As with the case of the Y- junctions, the
output intensities of the Mach— Zehnders was found to be consistent
for waveguides of the same dimensions on the same wafer. But the
straight guides again led to problems of consistency, with variations
existing between guides that should have been identical. The losses
for Mach— Zehnder waveguides consisting of 4um wide guides were,
however, estimated to be in the region of 3dB down on the average

output of straight guides of the same widths. The predicted losses
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due to the presence of the S—bends and Y— junctions is 0.4dB for

the particular device dimesions used.

In both the Y- junction and Mach— Zehnder waveguides, the losses
predicted by the theories given in Chap.2 tend to be smaller than that
measured. Identifying the exact reasons for these discrepancies
requires a large number of waveguides to be measured and thus
reduce the possiblity of spurious results due to faulty cleaving. More
detailed experimental results will make it possible to decide whether
the theory is an accurate model and, if it is not, provide clues as to

the way in which it can be altered.
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CHAPTER SIX

Conclusions and Suggestions for Future Work

6.1 Conclusions

This thesis has dealt with the theoretical analysis, fabrication and
demonstration of an optical waveguide membrane pressure sensor in
the GaAs/AlGaAs epitaxial layer system. Two types of device have
been proposed; one based on straight waveguides crossing a membrane
and the other formed by a Mach— Zehnder waveguide interferometer
with its sensing arm on the membrane. The straight waveguide device
has been successfully fabricated, and experimental results obtained from
its measurements indicate that the Mach— Zehnder waveguide pressure

sensing device is feasible.

Membranes were fabricated by etching, from the wafer base, through
the GaAs substrate and stopping approximately 10um from the wafer
top surface. This was achieved by choosing a suitable combination of
wet— chemical etchants and epitaxial layer structure. The membranes
were placed in a vacuum system which permitted the pressure on the
underside of the membrane to be reduced, thus creating a differential
pressure across the membrane thickness. The top surface of the
membrane was viewed under a Tolansky microscope producing fringes
which allowed the membrane deflection to be measured. A
comparison of the deflection predicted by the theoretical model
developed in Chap.3 and that measured experimentally showed good

agreement.

A theoretical model of the behaviour of a straight waveguide on a

stressed membrane, indicated that TE and TM polarisations experience
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different phase— shifts as they passed through the stress fields of a
deformed membrane. It was decided that a simple straight waveguide
device could be fabricated to demonstrate important aspects of the
proposed Mach— Zehnder waveguide structure. Two experiments were
designed, the first used the stress—induced birefringence of the
material to rotate the polarisation of an input beam while the second
involved placing the device in an external interferometer and studying
the phase— shifts of either the TE or TM polarisations independently.
The theoretical phase— shifts for TE and TM modes are 2.4m and
1.5n1 radians respectively for a pressure difference of 68kPa. The
measured phase— shift for both polarisations was 2r1. Reasons for the
identical phase— shifts are at present unclear. For a membrane of
nominal dimensions 2mm x 8mm x 25um the relative phase— shift
between the orthogonal polarisations was measureg to be 11 radians for
an applied pressure of 68kPa. The theoregi%\l prediction for the
membrane at this pressure is 0.3 radians relative phase—shift. The
disadvantage of such a device for the purposes of monolithic
integration lie in the fact that two linear polarisers and a
quarter— wave plate need to be incorporated onto the wafer in

addition to the laser and detector. Thus, fabrication difficulties favour

the use of a Mach— Zehnder waveguide device.

Although the final Mach— Zehnder pressure sensing device was not
fully realised in this work, Mach— Zehnder waveguide structures were
fabricated and studied. @ Loss measurements were essential to verify
that the amount of light scattered by the S—bends and Y— junctions
(particularly with the large arm separations of 300um) would make
realisation of the device feasible. The Y- junctions were formed by a

pair of intersecting S— bends with radius of curvature 40mm and arm

111




separations of 300um. The losses were measured and found to be
approximately 1dB greater than for straight waveguides on the same
wafer. Overall losses for the complete Mach— Zehnder waveguide
structure losses were measured indicating that they were approximately
2.3dB greater than for straight waveguide counterparts. This
indicates that the losses experienced at the Y- junction power divider
(at the input end of the Mach— Zehnder structure) are approximately
the same as that at the Y— junction coupler (at the output end of the
Mach— Zehnder structure). However, it must be stressed that these
are preliminary figures based on one wafer sample. In addition,
identical Mach— Zehnder waveguide structures on one wafer had similar
output intensities, but this was not true of all the straight waveguides
measured on the same wafer even though these guides were, to all
intents and purposes, identical. Some of the straight waveguides
showed particularly low output intensities which could have resulted
from damaged cleaved ends. For a more accurate analysis it is
important to use a large number of identical waveguides on one

wafer.

At present there is no immediate market for integrated optical sensor
devices, and apart from an initial foray into this area progress has
been fairly slow. On the optical fibre sensor front, a great deal of
interest has been shown as the commercial aspects of optical fibres
become more familiar'. However, the work presented in this thesis
has indicated that sensors in the AlGaAs system are feasible and, with
the possibility of monolithic integration, do have a place in the sensor

industry.
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6.2 Further Work

ey

(2)

(3)

4)

()

(6)

A ~detailed study of the losses in S—bends, Y— junction and
Mach— Zehnder waveguides in comparison with straight waveguides
of the same geometry, length and cross— section requires.

A determination of the membrane shatter point as a function of
pressure and membrane dimensions. By restricting the membrane
dimensions it should be possible to carry out a large number of
measurements for membranes formed on small wafer samples.

A more recent consideration indicates that the apparatus used to
monitor the deflection of a membrane, Sec.5.2.2, could possibly
be carried out on end— fire apparatus. The Lloyd's interference
patterns2, which become evident when using end— fire apparatus
to launch light into a waveguide, appear as parallel lines for a
flat membrane. A deformed membrane on an otherwise flat
wafer would appear as a deformation of the parallel interference
fringes which could be monitored using, for example, a
Hammamatsu camera.

Incorporating an electrode arrangement in the reference arm of a
Mach— Zehnder waveguide would allow phase— shifts to be made
via the electro— optic effect. This would allow the output of the
device to be biased and hence increase the sensitivity of the
device.

Various films evaporated onto the membrane base should have
minimal effects on the waveguiding properties in the membrane
region. Coating the base of the membrane with, for example
nickel, and applying a magnetic field across the membrane causes
stress— induced index changes via manetostriction. This opens the
possibility of a magneto— optic sensor.

Work currently being carried out by the Ultra—small Structures
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Group at Glasgow University indicates that bridge structures can
readily be formed in the AlGaAs system. In simple terms, two
closely placed parallel lines etched into the top surface of a
wafer produce a ribbon or bridge structure as the etched regions
join up below the surface of the material. Such structures have
already been fabricated successfully in silicon and form the basis
of a number of resonator— type devices.

There is also the possib%lﬁiy) of exploiting the dynamic properties

of membranes in, for example, an accelerometer or studying their

resonance characteristics.
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