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This thesis encompasses the development of a fibre/waveguide
coupler using ion milled alignment grooves on lithium niobate and
the materials and optical investigation of a novel form of high
index waveguide in lithium niobate (called proton exchange, PE).

Systems are discussed for the ion etching of masking layers
suitable for Ion Beam Etching (IBE) deep structures in lithium
niobate substrates. The parameters discussed are etch rate,
anisotropy and mask quality. It was discovered that a 20%
solution of polyimide could be spun in even layers to thicknesses
of 15pm at a spin speed of 2000 rpm. The polymer layer is
delineated, after curing, by a Reactive Ion Etching (RIE) process
with oxygen. The RIE process gives a highly anisotropic etch
which transfers the pattern on an aluminium masking layer
faithfully into the polymer layer. Side-wall ripples in the
masking layer were found not to be a function of the RIE process.

Argon IBE of lithium niobate masked with patterned polyimide is
examined. The polymer pattern is anisotropically reproduced in
the lithium niobate substrate but the 6pm deep slots exhibited
side wall ripples of a similar form to that on the masking layer.
The etch rate of lithium niobate is typically 5008/min, however
during a process run the etch rate drifts and the final groove
depth cannot be defined accurately. Solutions to this problem
such as end-point detection are discussed. Redeposition effects
are highlighted. The grooves were found to be of suitable
quality to be used in a prototype fibre/waveguide coupler.

Problems and loss mechanisms inherent in a fibre/waveguide
alignment groove coupler are discussed, specifically scatter
losses, alignment losses, a localised Fabry Perot effect, fibre
etching, optical field mismatch and component realisation. The
camponent was made and tested at a wavelength of 1l.3pm and a net
insertion loss of 2.56dB was measured. The insertion loss is
split up into the quantifiable constituent losses and loss
reduction is discussed.
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Optical aspects of planar PE waveguides on X-cut and Z-cut
lithium niobate at wavelengths of 633nm and 1152nm are examined.
The waveguide refractive index profile is a step with an index
change of approximately 0.125 (at 633nm) and 0.096 (at 1152nm)
for the extra-ordinary index and -0.04 (at 633nm) for the
ordinary index. The exchange parameters (melt temperature and
time) and hence waveguide depth is directly related to an
Arrhenius type diffusion process and the diffusion coefficients
determined. Various optical characteristics of PE waveguides are
investigated such as propagation losses, anisotropic light
propagation, waveguide stability, surface damage and the
evaluation of tapered regions formed for use in hybrid coupling.

Materials analysis techniques have found that the proton depth
profile (measured by nuclear reaction techniques), the distorted
exchanged region (measured by Rutherford Back Scattering
techniques), and optical waveguide depth are all comparable for a
given waveguide. It is shown that there is approximately a 70%
lithium/proton exchange in the waveguide region although the
exchange region cannot be defined thus; Lil_xHbe03. The strains
within the lattice are complex and may be related to the high
amount of optical scatter. The inter-relationship of the
analysis techniques are discussed.

A materials and optical analysis of post-annealed PE waveguides
is presented. The annealing properties are considered with
respect to initial waveguide depth and annealing parameters
(annealing temperature, atmosphere and gas flow rate). The
materials analysis pinpoints the probable mechanisms from which
waveguide instability occurs and suggests methods of reducing
waveguide scatter by reducing strain within the lattice. The
modification of the waveguide profile is related to the migration
of protons and lithium ions within the lattice.

The findings of this work will be useful in the developement of
practical integrated optical couplers and good quality high index
waveguides in lithium niobate substrates, which have numerous
applications in optical sensor and communication systems.




1.1 General Introduction

The technology of coherent light communication has advanced
rapidly over the past fifteen years. Single mode fibre
technology has made available large communication bandwidths
which are being capitalised upon rapidly [L1],  active devices
in an optical communication system could be fabricated on or in
substrates which possess electro-optic, acousto-optic, magneto-
optic or pyroelectric properties. In 1969 Miller proposed a
miniature form of laser circuitry which he called integrated
optics (121 1f the expression integrated optics is to be taken
literally, it is desirable to manufacture all the required
optical devices on one chip and interface the chip with the
communication system (via single-mode fibre). Ferroelectric
materials such as lithium niobate (LiNbO;) have special physical
properties that make them desirable for both active and passive
devices. They possess large electro-optic coefficients, large
non-linear optical coefficients and are strongly piezoelectric
[1.3], The main disadvantage of using lithium niobate is that
light sources or detectors cannot readily be formed on the
substrate. Coupled with this disadvantage, the term 'integrated
optics' is somewhat misleading as the bulk of devices and
components which come under this term, formed on lithium niobate

[1.4,1.5,1.6] qherefore

and on other substrates are discrete
two main problems will have to be seriously addressed before the
potential of these components is realised and these are device
integration (i.e. having more than one device on the same chip)

[1.7] ard inter-device coupling or device pigtailing [1.8],

1.2 Fibre/Waveguide Coupling

Considering fibre to integrated optical waveguide coupling, the
light transfer between the two mediums can be obtained in two
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main ways. The first is transverse or evanescent field coupling
[1.9] jn which the evanescent field from the fibre interacts
with, and excites, a guided mode in the waveguide. This effect
is usually enhanced with the aid of a taper in the waveguide
along the interaction region. This effect, called taper velocity
coupling, (1.10,1.11] provides the necessary degree of phase
matching between the fibre and the waveguide to allow optimum
power transfer. The second method is longitudinal or butt
cowpling [1:12] jn which the optical field emerging from the end
of a cleaved fibre is launched into the polished end of the
optical waveguide. The spatial matching of the optical fields of
the fibre and the waveguide, Fresnel reflection and their
longitudinal misalignment are largely responsible for the amount
of power transfer between the two lightguides. Of the two
coupling methods the one favoured is butt coupling due to its
relative simplicity.

In butt coupling the alignment of a single-mode fibre to a
single-mode waveguide is a complex procedure as the-alignment
tolerances are in the submicron scale. A single fibre can be
aligned to the polished waveguide end-face by varying their
relative positions with micro-manipulators while monitoring and
maximising the output [1'13], the fibre can then be bonded to the
waveguide. However this process requires a semi-skilled operator
and has to be repeated for each fibre to be aligned which
multiplies the alignment complexity. The fibre is also only
supported at the interface region which makes the bond delicate
and unstable. The use of silicon V-grooves substantially
overcomes the alignment and support problems [1.14,1.15] e y-
grooves are fabricated so that when fibres are placed in them
(after the V-grooves have been aligned to the waveguide) no
micro-alignment is needed. For the coupling of fibre arrays this
method is far more acceptable than plain butt coupling [1'15].
However the method has problems; the need for accurate and
repeatable V-groove etching, accurate alignment of V-grooves to
waveguides and the considerable difference in thermal expansion
coefficients of lithium niobate and silicon gives rise to
undesirable instabilities.




A more attractive arrangement was proposed by Mclachlan et al.
[1.16,1.17] making use of ion milled alignment grooves which are
positioned on the device substrate surface. The groove is
longitudinally positioned to the waveguide and when the fibre is
placed in the groove there is no need for extra alignment. The
position, depth and quality of the groove control the fibre
alignmen\{ to the waveguide. There are many possible advantages
of this type of coupling component; the alignment groove is in
the waveguide substrate surface so thermal expansion should not
pose much of a problem, using alignment grooves negates the need
for waveguide end-face polishing, the fibre is supported by the
base amd side walls of the groove so the coupler should be rigid,
the grooves are defined by conventional photolithography so any
number of grooves can be defined with one process step and if the
groove parameters can be suitably controlled then repeatable and
high efficiency coupling is expected. The alignment groove
coupler will be discussed in the first part of this thesis.

1.3 Proton Exchanged vs. Ti:diffused Waveguides

The most firmly established method of forming waveguides in
lithium niobate substrates is the indiffusion of titanium ions

[1.16,1.18] ,n§ most integrated optical waveguide devices have

been fabricated using this technique [1.5,1.61],

However,
titanium diffused waveguides have some limitations. Such
waveguides are very susceptible to the photorefractive effect
(optical damage) (1.19,1.20] and in addition the index change in
the waveguiding region is small (in the region of 0.002).
Considering device integration, due to the small waveguide index
change caused by Ti:diffusion the smallest waveguide bend that
can be fabricated has a radius of curvature of lcm -, without
making considerable changes to the waveguide structure
[1‘21'1'22], which makes the true integration of devices more

difficult.

In the initial stages of research, work was based on the
investigation of the alignment groove fibre/waveguide coupler.




FIELD INTENSITY DISTRIBUTIONS OF X-CUT H+:LINBO3 STRIPE WAVEGUIDES 0.497 wm ( 0.01) DEEP AND 5 wm WIDE

AT (A) x = 0.633 um
(B) » =1.15wm

Figure (1.1):




One of the main loss mechanisms in such a component is field
mismatch [1-23/1.24]  qye problem occurs since the single-mode
fibre field profile is symmetric and the Ti:diffused waveguide
profile is asymmetric in the axis normal to the surface plane
[1.23,1.24] At this time field profiles were noted which were
taken from a novel form of high index waveguide, called proton
exchange [1.25] (see figure (1.1)). As can be seen from figure

(1.1) the field distribution of a proton exchange channel
waveguide has two-fold symmetry and with subsequent optimisation

should be much more easily matched to the fibre profile. 1In
single mode operation however the waveguide field profile is much
smaller than the fibre profile [1.28], 70 make the proton
exchange channel waveguide larger without modifying its single
mode properties requires a knowledge of the proton exchange

process.

Proton exchanged waveguides have an index change in the
waveguiding region of approximately 0.12 at a wavelength of 633nm
and are very resistant to optical damage [1'26'1°27]. Such
waveguides when used in integrated optics could overcome problems
which are inherent in Ti:indiffused waveguides.

Because of the possible advantages in fibre/waveguide coupling
and in waveguiding properties, the investigation of ‘the optical
characteristics of proton exchanged waveguides was undertaken in
the second part of this thesis.

This thesis is, as a result of the above, in two experimental
parts: firstly considering,

FIBRE TO WAVEGUIDE COUPLER FOR INTEGRATED OPTICS

(N LITHIUM NIOBATE USING ION ETCHING TECHNIQUES

and secondly considering,
PROTON EXCHANGED WAVEGUIDES ON LITHIUM NIOBATE




1.4 Aims of Research Described in this Thesis

1.4.1 Ion Etching for Integrated Optics

The first aim was to find a suitable masking layer and etching
process so that high quality grooves could be etched into lithium
niobate substrates. The grooves ideally had to have smooth side
walls and the process had to be uncomplicated and thus amenable
for industrial implementation.

The second aim was to realise the first alignment groove
fibre/waveguide coupler with a total insertion loss of less than
1dB. The coupler had to be shown to be better than any existing
form of coupling component. It was hoped that the coupler would
be stable, easy to make, suitable for array coupling, and be the
obvious choice for fibre sensor and communication systems.

The third aim was, once the ion etching technique was perfected,
to design and test other components which would benefit from the
delineation possibilities on lithium niobate substrates.

1.4.2 Proton Exchanged Optical Waveguides in Lithium Nicbate

The main aim was to investigate the optical characteristics of PE
waveguides on lithium niobate. The work was directed towards
determining whether or not this form of waveguide would be of
practical use in integrated optics. The materials analysis of
such waveguides was initiated in an effort to understand the
process and if any problems arose from the analysis to try to
overcome them. The initial optical and materials analysis would,
by necessity, be done on planar waveguides and if there was time
it was hoped that PE channel waveguides could be fabricated
having field intensity distributions which would match well with
single mode fibres and hence possibly improve the alignment
groove fibre/waveguide coupler.
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2.1 Introduction

In integrated optical devices and components, a large range of
two and three dimensional structures are used to facilitate the
many and varied system requirements. Although many of the thin
film layers on lithium niobate substrates may be amenable to wet

[2‘1], lithium niobate itself is not

chemical etching
[2.1,2.2,2.3] Therefore, ion etching techniques ('dry etching')
must be used to pattern the lithium niobate substrate and/or
surface layers. Ion etching techniques also allow a high degree
of directionality (anisotropy) in the etch depending on the

process chosen.

Assuming a high quality etch process can be evolved, many
components would benefit from ion etching flexibility.
Components and processes which would (and to some extent do)
benefit from various forms of ion etching techniques include
alignment grooves in lithium niobate for fibre/waveguide coupling
[2'4'2"39], integrated optical reflectors [2'5'2'6], Bragg
reflectors and beam deflectors[2'7'2‘15], optical light isolators

[2'8], [2‘9'2'10], etched slots for deposited

[2.12]'

rib waveguides

g J21T

silica guide acoustic Bragg gratings polarisers

[2'13], delineation of titanium stripes for channel waveguides
[2.14] ang the formation of high aspect ratio masking layers or
structures [2‘23]. Dry etching is also much more amenable to
industrial implementation and although the process can be
physical and/or reactive the direction: { : . of the etch does not

depend on crystal orientation (although the etch rate may).

This chapter is concerned with the definition of various ion
etching techniques, so that the advantages and disadvantages of
each process are acknowledged. The chapter is intended as an
introduction to chapter 3 where the processes will be discussed




for the specific task of delineating patterns in lithium niobate
substrates.

2.2 Plasma Etching (PlE)

Plasma etching (2.16,2.17,2.18] ;g 4 mainly chemical technique
and involves the creation of a glow discharge to generate
chemically reactive species by dissociating relatively inert
molecular gases, for example;

CF4+e"—>CF3+F+2e'

or 02+e‘->0+0+e'
or ->0 +0

The products react chemically with the surfaces immersed in the
discharge and if the by-products of the reaction are volatile,
the pumping system removes them and fast etching is achieved.
The plasma etching systems used are of two different
configurations. One is a barrel plasma etching system (figure
(2.1)) and the other is a parallel plate system (see figure
(2.2)). In both systems electrodes are energised at high
frequency at about 187kHz (in the case of the Electrotech RD600)
to produce a chemically active plasma. In the case of the barrel
asher the sample is placed centrally in the plasma on a
cylindrical sample holder whereas with parallel plate PlE the
sample is positioned on one of the plates. Plasma etching with a
parallel plate system is also dependent on the pressure at which
the system operates. Ideally plasma etching is done at pressures
of about 300mTorr or higher in a parallel plate system. Lower
pressures, less than 100mTorr, can push the etching process into
a physical process by the creation of an ion accelerating ‘dark
space' [2.16,2.19,] (assuming that the samples are mounted on the
cathode where the 'dark space' occurs).

The main drawback with PlE is that it is isotropic - highly
unsuitable for pattern delineation which requires high aspect
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ratio and/or anisotropic profiles. However it is useful for the
wholesale removal or stripping of redundant carbonaceous thin
films e.g. photoresist [2.20,2.21]

2.3 Reactive Ion Etching (RIE)
Rig [2.16,2.17,2.18,2.21] jg an extension of the purely chemical
plasma etching technique. As well as having the work surface
immersed in a chemically active plasma RIE incorporates the
bombardment of the work surface by energetic ions of the same
chemical species. To create the environment in which a RIE
process can exist the main requirements are: the existence of a
D.C. bias between the parallel plates of a plasma etcher, and the
system operating at low pressure. The D.C. bias, which can be
created by having the cathode plate smaller than the anode (self-
biasing) or the inclusion of a capacitance between parallel
plates (see figure (2.2)), creates a dark space (ion sheath)
around ths smaller of the parallel plates or the cathode (as
defined by the capacitor), through which ions are drawn resulting
in physical as well as chemical etching of the work surface. The
D.C. bias is wholly across the dark space at the cathode. The
dark space is also limited by the ion density which is governed
by the system pressure, therefore accurate control of the gas
pressure is necessary.

Typical reactive gases used in this process as well as with
plasma etching are mixtures of Freon 12, 14 (CCl,F,, CF4), CHF5,
O, and Ar.

The advantages of RIE are that the resultant etch is anisotropic,
physical (which can be controlled by the D.C. bias), as well as
reactive. The main disadvantages of the process are:-

1) the angle of incidence cannot be varied. Since the ion
sheath is always parallel and close to the plane of the

cathode the ion momentum is normal to the surface.
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2) the incident ions have a broad energy spectrum. Low
energy ions only heat the sample and do not remove material.

3) atomic collisions in the plasma at the operating
pressure (10'2 Torr) result in the scattering of
impinging ions. The lack of collimation of the beam
flux may limit the resolution of the sputter etching
mechanism.

2.4 Ion Beam Etching (IBE)

IBE or ion milling is purely a physical sputtering phenomenon.
Sputtering occurs when a beam of inert gas ions is directed from
an external ion source onto the sample positioned in a high
vacuum chamber. The most commonly used ion source in ion milling
systems is the Kaufman source [2.24,2.25] (see figure (2.3)).
The previous etching processes discussed have relatively simple
ion source systems whereas the operation of the Kaufman source is
more complex. There are comprehensive papers and books
discussing the source operation therefore only a brief system

description will be given [2-16,2.17,2.18,2.22, 2.23,2.26]

Inert gases used in IBE are typically nitrogen and in our case
argon. The ionisation of Ar does not require a high energy;
electrons from the cathode need only attain an energy of about
70eV. A plasma is thus created by the thermal emission of
electrons from the cathode which collide with the neutral argon
atams:

Ar + e~ -> Art + 2~

The configuration of the ion source is shown in figure (2.3) and
the IBE system in figure (2.4). All electrodes in the ion gun
are insulated from each other which allows the independent
alteration of any potential in the ion beam source. The system
basically consists of two plasma regions, a discharge plasma
region, where the ions are generated, and the extraction region,
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through which the ions are accelerated to form a plasma beam. The
cathode potential is typically 30-50V lower than the anode
potential, the difference corresponding to the discharge voltage
of argon.

The ion energy of the plasma beam is a very important parameter
in the sputtering rate. The yield (i.e. the etch rate) being
exponentially proportional to the ion energy. To achieve a high
energy beam (the Ar ions are assumed to attain the anode
potential) the anode potential is increased typically to 950V,
thus ensuring high potential ions. The ion (anode) potential
with respect to ground (0 volts) is termed Vhet+ The body,
screen grid and cathode are held 30-50 volts below V.. at about
900V to maintain the discharge potential. The source and plasma
now therefore float at about 950 volts.

The accelerator grid is set to a negative potential, V,, (about -
350V w.r.t. ground). From the potential diagram in figure (2.5)
it can be seen that the magnitude of V, plus V.., forms the
accelerating potential Vi:;

Viot = Vnet + Va

The ions are accelerated from the screen grid towards the
accelerator grid forming a high energy beam, translating their
potential energy to kinetic energy. Some of the ions strike the
accelerator grid forming a small current (accelerator current)
and the remainder pass through the grid, their velocity
maintaining their direction away from the source. Targets in the
direct line of the ion beam will therefore be bombarded. Thus
targets must be grounded so as to inhibit the build-up of surface
charge which would deflect the ion beam.

The neutraliser or immersion wire creates a 'sea of electrons'
through which the positive beam of argon ions pass. The negative
aura ensures minimal beam divergence which would otherwise be
prevalent due to electrostatic repulsion of like ionic charges.
The electrons also aid the charge neutrality of the target which
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would otherwise divert the ion beam.

The values of V., and V., are not arbitrary although the main
consideration is a strong potential drop to ensure the production
of a high energy stream of ions. Looking at the ratio of
Vnet/vtot the values range typically between 0.5 and 0.8. The
lower limit is dependent on electron backstreaming, i.e. the
electrons from the immersion wire being attracted into the
source. The upper value is limited by the increased divergence
of the beam from a parallel or focused beam.

The focussing of the ion beam is very important since the etch

B as well as the

rate is dependent on the number of ions per cm
ion energy. The beam divergence can be controlled by adjusting
the distance between the screen and accelerator grids, but in the
Ion Tech Kaufman source this distance is fixed. The divergence
can also be modified by controlling the ion density within the

anode-cathode configuration as well as the neutraliser current.
The ion density can be modified in two ways:-

1) If the cathode current is increased it supplies more
electrons to the plasma and thus increases the amount of
ionisation; the converse happens if the current is reduced.

2) The extraction voltage, if too low, does not remove ions
as fast as they are being created and the ion density
increases. The converse happens if the extraction
voltage is increased. .

If the ion beam is collimated there is a minimal amount of ions
impinging on the accelerator grid. The amount of accelerator
current is an indication of the ion source operation. It is
necessary to maintain the accelerator current at a minimum level
(typically a few percent of the total beam current). If the
accelerator current is higher than a few percent of the beam
current it indicates that the beam is not focussed and/also that
the accelerator grid is being eroded by the ion beam.,
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Although the beam current gives a relative indication of
resultant target etch rate, the parameter which truly gives this
indication is ion density at the target. The incident ion
density at the target is measured by a monitor in the substrate
protective shutter, figure (2.6). The detector is positioned
above the target and is isolated from the shutter so that all
charge incident upon the 1 cm? detector can be collected. The
detector is biased slightly negative, at about 18 volts, to repel
the electron sea and is small enough not to modify the direction
of the high velocity ions ensuring a true reading of ion density.

The target is mounted on a water-cooled rotating stage. Sample
rotation ensures an even beam density over the etching area and
the water cooling alleviates the effects of substrate heating
caused by the ionic bombardment of the erosion process.

A photograph of the 'home built' ion milling system is shown in
figure (2.7).

2.5 Reactive Ion Beam Etching (RIBE)

The process of ion beam etching can be enhanced with the use of a
reactive gas instead of an inert gas [2.16,2.17,2.18]  aq 5
consequence substrate etching is caused by chemical as well as
physical processes, although the beam source works in the same
manner as in 2.4. Typical reactive gases used are Freon 12 and
14 (CC12F2 and CFy), CHF4 and O,. One major problem with this
type of system is that reactive gases which contain carbon‘\in the
plasma inhibit the operation of the beam source by attacking
insulators or coating them with carbon rendering them

ineffective.

Reactive gases are used in the hope that redeposition can be
overcome by the chemical process of combining the substrate atoms
with the reactive elements of the gas to form volatile products.
Care must be taken when reactive gases are chosen e.g. the
presence of O, while ion etching lithium niobate severely
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Figure (2.7): Photograph of System used For the Ion Beam Etching
of Lithiun Niobate Substrates.




inhibits the etch rate [2'”].

The RIBE process was not used in the series of experiments due
to the carbon redeposition problem.

2.6 Ion Beam Assisted Etching (IBAE)

One method of overcoming the problems of reactive gases in the
Kaufman source is IBAE [2-27,2.28] Basically the source acts as
a normal inert gas ion beam etching system and the reactive gas
is bled onto the substrate surface in the hope that the reactive
gas will react with the etched material forming high partial
pressure compounds which can be readily removed from the target
by being pumped from the system. The etch rate should also be
considerably enhanced. Conversely the process has also been used
to inhibit the IBE of a metal masking layer rather than
increasing the etch rate of the substrate [2.28]

Although there is considerable interest in this type of process,
due to the problems of system modification the IBAE process was
not investigated.

2.7 Conclusions

The main ion etching processes used for pattern delineation have
been discussed. Each process has specific characteristics such
as etch directionality, flexibility, physical etching, chemical
etching, defined ion energy or combinations of the above.
Choosing the correct process for a particular purpose is
important so that the resultant etch qualities will be acceptable
and not limited by the etching process.
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CHAPTER 3

THE DELINEATION OF MASKING LAYERS AND THE ION BEAM ETCHING
OF LITHIUM NIOBATE

3.1 Introduction

As indicated in chapter 2, if processes can be found which can
pattern high quality masking layers and etch high aspect ratio
grooves in lithium niobate, many devices and components would
benefit.

This chapter outlines the patterning of high quality masking
layers mainly needed for the ion beam etching (IBE) of lithium
niobate. The properties of the IBE system are discussed with a
view to achieving slots which could prove useful in the
fibre/waveguide coupling of lithium niobate substrates and/or
other components.

3.2 Requirements of a Masking Layer

It can be argued that the most important component in any etching
technique is not the actual etching mechanism (although it is
obviously of great importance) but the masking layer inhibiting
etching of the coated substrate surface and controlling the edge
definition of the required pattern. The choice of the masking
technique is influenced by the subsequent ion etching technique.
The main requirement for a purely physical etch is that the
masking layer has a much lower etch rate than the substrate or
that a much thicker uniform masking layer can be coated onto the
substrate than the required etch depth. With the above
requirement the masking layer has to be patterned with a high
degree of 'quality', quality meaning that the shape of the
required pattern can be faithfully reproduced onto the masking
layer_with no degradation in pattern either in the plane of the

substrate or normal to the substrate surface. This shape transfer
can depend on the grain size of the masking material.
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Requirements for a mask layer in a chemical or chemical-physical
etching process are also modified by the masking material and
substrate reaction with the chemical gases used.

3.3 The Suitability of Photoresist (AZ 1350J) as a Masking Layer

Photoresists are commonly used as a masking material (3.9,3.10]
However, even though a resist such as Shipley AZ 1350J can
reproduce anisotropic profiles accurately it cannot be spun to a
sufficient thickness for use as a masking material for deep slots

[3.9,3.10,3.8,3.2)  carbon is an

in lithium niobate substrates
excellent masking material due to its relatively low sputter rate
( 20 X/min) [3.16] ang small grain size. Photoresist has proved
to be very useful in masking the dry etching processes for the
patterning of semiconductor substrates, where generally submicron

depth structures are required [3.11,3.12,3.13].

A series of lithium niobate substrates were coated with
photoresist and patterned in the standard manner [3.21] ) qpe
etch rate and film thickness of AZ 1350J precluded it from being
of any use in delineating deep structures in lithium niobate by
IBE, therefore experiments were carried out with RIE using Freon
12. Differential etch rates of as much as 3:1 have been obtained
with RIBE etching of lithium niobate and Az 1350 [3-2], However
due to the angular dependence of the preferential etch rate AZ
13507 must be at least three times thicker than the required
vertical sided groove depth [3.10] negating any advantage of
using reactive gases in IBE etching of lithium niobate masked
with Az 1350J.

Preliminary experiments showed that the processed samples, RIE
etched with Freon 12, were of little practical use. The
substrates etched very little within the life time of the mask,
due to the formation of lithium salts [3+13:3:14] on the lithium
niobate substrate, even though RIE is a physical process and it
was hoped that sputtering would remove the etch inhibitor (LiF).
The substrate surface quality was also extremely poor.




3.4 The Suitability of Polyimide as a Masking Layer

Since the main problem which precluded AZ 1350J photoresist as a
masking layer for IBE on lithium niobate was its thickness, the
logical step was to use another material, which also had a high
carbon content, as a masking layer. Andonovic in the search for
a carbonaceous masking layer investigated several 1likely
polymers [3.35], Be found that polyimide, commonly used in the
electronics industry [3'19], was a suitable masking layer which
could be patterned by RIE with 05, similar to previous processes
used in IBE with oxygen [3.10,3.17] | mhe main problem was to
achieve a suitably thick and even masking layer. His ultimate
decision was to spin several layers onto the same substrate,
however this method proved to be unsuitable because of boundary
effects between layers and it was decided to investigate another
method of producing a polyimide layer of sufficient thickness (of
the order of 15 microns). Basically the polymer, to be of any
use, had to produce a thick, even layer in one spin coating.

3.4.1 Preparation of the Polyimide Making Layer

Andonovic used a polyimide precursor supplied by the Du Pont
Company which, being already in liquid form, was limited to a
maximum concentration of 10%. The Du Pont polyimide did not have
sufficient thickness, on one spin, for the etch depth required
(since the required etch depth was 7 microns as a first
approximation a 15 micron thick masking layer was decided upon).
Ciba Geigy Ltd. supplied a pre-imidised polyimide XU 218
[3.18,3.20] i, powder form which when dissolved in 156/100 VA of
acetophenone/xylene w/w was of the same form as that of Du Pont's
polyimide, but with the added bonus of being able to control the
concentration and hence the coating thickness.

Figure (3.1) shows the variation of polymer thickness against
spin speed for various polymer concentrations. The polymer, even
at concentrations of 20%, spun a surface layer free from
striations but showing a slight thickness increase (lip) at the
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Figure (3.2): Diagram Depicting the Monamer Fomm
of Polyimide (XU 218)




sample edges. At concentrations of between 10-20% w/w the liquid
polymer was extremely viscous and therefore was impossible to
filter through the normal resist syringe apparatus. The method
used to transfer the polymer from the bottle to the substrate
surface was surface tension. A Pasteur pipette was placed in the
solvent and extracted with a small amount of polymer adhering to
it. On placing the pipette on the cleaned lithium niobate
surface the polymer flowed onto the substrate surface in
preparation for spinning.

To prepare a surface layer of cross-linked polyimide there are

several process steps to follow [3.20]

, not including the polymer
concentration or spin speed, which control the polymer thickness.
The spun polyimide layer must be heated to 150°C for 1/2h (which
drives off the bulk of the solvent slowly to prevent fast
evaporation creating solvent bubbles which damage the masking
layer), 250°C for lh (which dries out the polymer layer totally)
and finally to 350°C for 1h 30min (to cross-link the polymer).

Figure (3.2) shows the monomer form of polyimide XU 218.

3.4.2 Delineation of the Polyimide Masking Layer

When the polymer is cross-linked it is then ready to be
patterned. Figure (3.3) shows the steps used to pattern the
masking layer. The masking layer is first coated with aluminium
which is patterned using conventional photolithographic
processes. On removal of the photoresist, after delineation of
the aluminium, the polymer is then ready to be patterned using
the aluminium as a mask. An oxygen plasma is used as the etchant
as it will react with the polymer but not with the aluminium mask
as the formation of an oxide layer quickly inhibits the etch.
The etch must be anisotropic to achieve vertical wall profiles
and thus a comparison between the various types of plasma etching
processes was necessary.

Oxygen plasma etching of polyimide was found to be unsuitable
since the etch is mainly isotropic and a high degree of
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undercutting of the aluminium masking layer was observed. Oxygen
RIE, figure (3.4), proved to be much more satisfactory with
vertical walls occuring at the etch aperture. The side walls of
the etched masking layer had ripples of the order of lpm and
amplitude of 0.25um. There was the possibility that the ripples
oould effect the groove quality of the ion milled groove so in an
attempt to reduce the wall ripples various system parameters were
investigated in the process.

In the early stages of research into the oxygen RIE of polyimide
the machine used was a dual chamber 'home built' parallel plate
system. Because of the unknown power split between the dual
chambers there was no real indication of power fed into the
system. Coupled with this problem was the fact that the systems
D.C. bias was not measurable. The resultant etch, see figure
(3.4), however was of reasonable quality, once suitable system
parameters were found, and the system was used for the main part
of the project using the qualitatively defined parameters.

Experiments were also carried out with two other ion etching
systems, one a Plasma Technology (PT) PD 80 and the other an
Electrotech Plasmafab (EP) 600, and these systems allowed a more
quantitative investigation of the etch parameters.

3.4.3 RIE of Polyimide: Experimental Results

Figure (3.5) a) shows the wall quality of a 4pm layer of
polyimide etched in the PI. The etch time was 50min with a D.C.
bias of 200V, RF power of 110W and a pressure of 10 mTorr. In an
effort to investigate the possibility of improving the wall
quality, the next sample was run with the same parameters apart
from a higher D.C. bias (300V) and a shorter etch time (30min).
The shorter etch time was used since it was expected that the
increase in D.C. bias would increase the etch rate. The sample
prepared under the previous conditions was well defined and the
anisotropy of the etch was evident. The second etch resulted in
a sample which was not fully etched and whose side walls

29




Figure (3.4): Scanning Electron Micrograph (S.E.M.) of a

Polyimide Masking Layer RIE in Oxygen. The

Photograph Shows the Vertical Side Walls which are
an Indication of an Anisotropic Etch.
(lum markers)




Figure (3.5): a) S.E.M. of the Side Wall of a Patterned Polyimide
Masking Layer. The Sample was RIE in Oxygen at a
D.C. Bias of 200V, RF Power 110W, Gas Pressure
10 mTorr ard an Etch Time of 5@ min. (lun markers)

Figure (3.5): b) S.E.M. of the Side Wall of a Patterned Polyimide
Masking [ayer. The Sample was RIE in Oxygen at a
D.C. Bias of 300V, RF Power 110W, Gas Pressure
10 mTorr ard an Etch Time of 3¢ min. (lum markers)




Figure (3.5): c) S.E.M. of the Side Wall of a Patterned Polyimide
Masking Layer. The Sample was RIE in Oxygen at a
D.C. Bias of 300V, RF Power 110W, Gas Pressure
10 mTorr amd an Etch Time of 40 min.. (lum markers)




exhibited a definite curve (figure (3.5) b)). A further sample
run at the same parameters as above, but with an increased etch
time (40min) yielded the results seen in figure (3.5) c). Note
that the etch aperture is cleared out and that the walls appear
to be vertical, however, the increased D.C. bias and hence
increased physical sputtering has eroded the aluminium protective
layer and holes have been etched through the polyimide
indiscriminately.

From the above data it was noted that D.C. bias is an important
factor in the production of an anisotropic etch. Too little
voltage can result in undercutting (prevalent especially in thick
layers [3'5'3'101), and too much voltage (>200V ) results in
undesirable sputtering of the protective metal masking layer,
exposing previously protected polymer to reactive oxygen.

Ion etching in the EP yielded far different results mainly due to
the fact that the system pressures were much higher
[3.5,3.3,3.4] qhe first sample run in the machine encountered
the problems of cross contamination (see below), coupled with a
high system pressure of 190 mTorr. Figure (3.6) a) shows the
etched polyimide side wall with RF power 60W, O, flow rate
10cc/min and pressure 150mTorr. Note that although the pattern
is defined the side walls suffer from undercutting due to the
high system pressure producing an anisotropic etch. Reducing the
system pressure to its limit, 140 mTorr, and running the machine
with the same conditions as above, the result can be seen in
figure (3.6) b). Note that although there is a little
improvement in the wall concavity, undercutting is still
prevalent. Figure (3.6) b) was taken from an area of the sample
which had large alignment marks, shape dimensions in the order of
0.4 mm. On the same sample aluminium—-delineated windows of much
smaller dimensions (in the order of tens of microns) showed
markedly different etch properties, see figure (3.7). All
patterns of these dimensions exhibited the same effect, namely
the etching of a groove around the boundary layer of the
aluminium window with the central area relatively unetched. This
ocould be caused by 1) a surface charge effect caused by the small
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Figure (3.6): a) S.E.M. of the Side Wall of a Patterned Polyimide

Masking Layer. The Sample was RIE in Oxygen at a

RF Power 60W, Oxygen Flow Rate 1@cc/min, System

Pressure 150 mTorr ard an Etch Time of 31 min.
(lum markers)

Figure (3.6): b) S.E.M. of the Side Wall of a Patterned Polyimide

Masking Layer. The Sample was RIE in Oxygen at a

RF Power 60W, Oxygen Flow Rate l@cc/min, System

Pressure 140 mTorr ard an Etch Time of 30 min.
(10um markers)




Figure (3.7): S.E.M. of Same Sample as in Figure (3.6) b)
The Very Much Smaller Etch Aperture Exhibits
Remarkably Different Etch Properties.
(1Gpmmar kers)

90/-4'\

Figure (3.8): S.E.M. Depicting the Damage to a Masking Layer
which can be Caused by High System Pressure (199
mTorr) and System Contamination (Freon 12).




dimensions of the etch window, 2) the etch window still retaining
a thin layer of aluminium due to inadequate patterning, 3) system
contamination causing the formation of an inert layer oriJ the
surface of the exposed polyimide or 4) some above effect combined
with the system's high running pressures. This effect, being
noticed by other reseachers! could obviously be caused by any of
the above, as there is not enough information to pinpoint the
cause of the effect. However it is unlikely to be 2) or 3) and
is most probably caused by a surface charge effect (1) or 4)).
The above information highlights the importance of system
pressure in an RIE system.

Figure (3.8) shows the effects of having the RIE system
contaminated with another reactive gas during the etching
process, coupled with a high system pressure. In this case the
system was contaminated with Freon 12. The severe damage that
resulted was caused by Freon etching the aluminium masking layer
and allowing the axygen to attack previously protected polymer.
The result highlights the fact that system parameters must be
controlled accurately and that cross contamination can be a
problem in a multi-purpose system.

3.4.4 Observations on Polyimide as a Masking Layer

The masking layer is very suitable for ion beam etching (ion
milling) and parallel plate ion etching. Care must be taken if
reactive gases are used in IBE with this masking layer since
gases such as axygen will greatly degrade the mask effectiveness.
Since the mask is mainly composed of carbon the above problem
with reaétive gases is also somewhat of a boon. Once the polymer
has fulfilled its purpose as a mask the excess can easily be
removed by placing the sample in an oxygen plasma within a barrel
asher in the same way that baked photoresist is removed in the

! Discussions with A McDonach, Research Fellow, Dept E.&E.E.,
University of Glasgow, Glasgow G12 8QQ.
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electronics industry, without damaging the lithium niobate
surface. The side wall ripples observed in patterned polyimide
could not be removed by the use of different RIE O, parameters
and may be a function of the material or the inherent structure
of the polymer when it is cross-linked. There is also the
possibility that the wall roughness in RIE polyimide is caused
at the photolithographic stage. If so, it should be possible to
pattern the photoresist by an electron beam technique, as that
technique should produce no wall roughness on the submicron
scale. Electron beam exposure of photoresist in the preparation
of the polyimide masking layer would add an unnecessary
complexity to the process, which is undesirable should the
process be implemented industrially.

Polyimide is quoted in the literature as having an etch rate of
1500 X/min [3.16] 4t 5 power density of 0.3W/cm2 in oxygen, which
is consistent with our measurements. The patterned polyimide
samples, prepared by RIE in 0y, were always overetched. The
overetching was to ensure that all the material had been removed
fram the base of the patterned area (particles left would modify
the area to be ion milled). The overetched polymer masks did not
show any sign of undercutting, due to the anisotropy of the
etching process, which would have compromised the quality of the
masking layer.

Recently there have been developments in photosensitive

polyimides [3’22'3'23].

The quoted specification of polyimide
HIR-2 is that up to 100 microns thickness of polymer can be spun
and optically patterned with excellent wall quality and
anisotropy. The use of such a polymer would greatly simplify the
IBE mask preparation process and hence would make the process
even more applicable to industrial implementation. The main
problem at the moment is that the polymer is in the development

stage and as such is prohibitively expensive.




3.5 Ion Beam Etching of Lithium Nicbate
3.5.1 IBE System Limitations and Instabilities

The ion milling system used, as shown in chapter 2 figure 2.7,
was built within the department and consisted of a 2.5cm Kaufman
ion source mounted face-down onto a water cooled rotating target.
The system could be pumped down to 1078 Torr. Since the power
supply for the ion source was not microprocessor controlled,
during a process run it was necessary to monitor the system and
modify the cathode current to keep the accelerator current at a
minimum value. Constant monitoring was needed because the ion
source was not stable, and the system parameters drifted slowly.
Assuming that during a process run the etch rate modified by 50
ﬂ/min (which is a conservative estimate) then the final etch
depth, for a 140 min etch, could alter by as much as 0.7um. When
etching submicron structures, the very short etch time allows the
system operation to appear stable and graphs of system parameters
vs. etch rate can be plotted, however, when approx. 7 micron deep
grooves are being etched the resultant etch depth is variable.
In an attempt to compensate for the uncertainty in etch rate, in
the latter section of research, the beam shutter was replaced for
a shutter which could monitor the beam current density at the
target. The monitor typically registers current densities of
between 1.0 - 3.0 mA/cmz. The target current density could be
monitored intermittently throughout the etch (each time a reading
was taken, by necessity, the ion beam was interrupted). Even
with the beam monitor the etch rate still proved to be
inconsistent (for no apparent reason) and therefore etch-rate
will only be quoted either 'typically' or with a defined set of
system parameters.

Since the Kaufman ion source has a beam diameter of 2.5 cm the
resultant beam density at the target will vary across the target.
The target stage rotates in an attempt to alleviate any changes
and give a uniform etch rate across the sample. Two lithium
niobate substrates were etched for 25 minutes with system

parameters: Ib = 32mA, Ia = 1.5 mA, Ic = 6.2-5.4 A, In = 6.7 A,
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= 2,38 A/cmz. One

Ig = 0.33 A, V,, = 0.95 kV, V, = -0.35 kV, J,
sample was centred in the ion beam and the other sample lay next
to it (sample dimensions were 1 x 2 cnz). The etch rate for the
centred samples was 392 8/min and the etch rate for the adjacent
sample was 256 %/min. Clearly even when the target is rotating
the etch rate can vary considerably between two samples etched at
the same time. Larger ion sources (10am diameter) are required
to give even etch rates over large areas and allow several
samples to be etched at the same time, all resulting in the same
etched depth.

The resultant depth uncertainty caused by the above system
failings however did not pose any great problem. It was
envisaged that if a groove of a defined depth was required, it
could be etched to the correct depth (or greater) and the
difference could be made up by sputtering the base of the groove
with SiO,.

Another factor involved in the etch rate discrepancy was the
possibilty of not having lithium niobate of consistent quality.
Fortunately, as is mentioned in chapter 4, the coupling
efficiency of the ion milled groove coupler appears to be
relatively insensitive for up to micron alignment changes.

It would be advantageous to monitor the etch rate of the target
during the etch process, and thus be able to have some form of
end-point detection. A possible way of doing this is discussed
in the conclusions.

3.5.2 Surface Quality of Ion Milled Lithium Niobate

A comparison of ion milling etch surface quality on different
lithium niobate crystal orientations was made, as it is known
that in anisotropic crystalline materials different crystal
orientations etch in different ways [3.24,3.1] Samples of Z-cut
arnd Y-cut lithium niobate were placed centrally in the ion miller
and etched simultaneously. The results can be seen in figure
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S.E.M. of the Surface Topography of Y-cut Lithium Niobate
after Ion Beam Etching with Argon (lum markers)

S.E.M. of the Surface Topography of Z-cut Lithium Niobate
after Ion Beam Etching with Argon (lum markers)

Figure (3.9): Comperison of Surface Features on Y-cut and Z-cut
Lithium Niobate under the Same Etch Corditions




(3.9). Basically the Z-cut sample etched uniformly over its
surface area whereas the Y-cut sample exhibited a well defined
roughness. It could be surmised that the Z-cut lithium niobate
etched evenly because over the surface layer the crystal is
isotropic whereas the Y-cut lithium niobate sample surface, being
anisotropic etched more in accordance with its sur face
anisotropy. Both samples exhibited discolouration, i.e. both
samples were dark grey in colour in the surface region. It is
possible that this effect is due to the preferential etching of
LiO, as compared to Nb in the surface layer [3.15], fthis is a
reasonable assumption since niobium is a much larger ion than
lithium or oxygen and hence the energy to dislodge the larger ion

must be much greater (for a purely physical process).

The degradation, and probable index change of the etched layer
caused by the ion milling process (possibly leading to LiO,
depletion) should not affect waveguide properties since
waveguides should only be formed on protected areas of substrate.

3.5.3 Redeposition Effects Occuring on IBE Substrates

The erosion process involved in the Ion Beam Etching of lithium
niobate was discussed in chapter 2. In order for any dry etch
process to be efficient amd successful there are several problems
to be overcome, and ion milling is no exception.

Firstly, the relative etch rates of the masking material and the
substrate are of importance. If, for a required etch depth the
masking layer is too thin or the etch ratio too low, then
facetting becomes a problem. For normal incidence ion beam
etching, facetting first occurs at the mask pattern edges, see
figure (3.10). Facetting is caused by a preferential etch rate,
occurring at about 45° to the surface of lithium niobate and

polyimide [3-24,3-7,3.101'

and prevalent at the edge of mask
apertures (due to the fact that etch rate has an angular
dependence). As the etching process continues this edge effect

worsens as the mask is eroded and will eventually open the etch
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Figure (3.10): Schanatic Diagram Depicting the Effect of Facetting

During the IBE Process.
(a) Perfect Masking Layer Before IBE

(b) Facetting Occurs at Mask Bdge as it is Etched
(c) Limit to which Sample can be Etched without

Changing Pattern Dimensions

(d) Sample Over-Etched. Resultant Shape of Ion

Etched Slot is Compremised
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Figure (3.11): Schematic Diagram Depicting the Effect of

Redeposition During the IBE Process.

(a) Perfect Masking Layer Before IBE

(b) Redeposition Occurs at Mask Edge During Etching

(c) Amount of Redpositied Material Increases as
Does the Facetting

(d) Masking Layer Removed Leaving Redposition in
the Base of the Slot and in the Form of Ears.




aperture to the substrate. The effect is compensated for by
coating the substrate with a much thicker layer of polymer than
is required for the etch depth, as discussed for the
unsuitability of AZ 1350J as a masking layer for deep structures.

Secondly, redeposition [3.24])

of masking material and sputtered
substrate can result in pattern delineation problems. Figure
(3.11) outlines the most common forms of redeposition, which are
the formation of 'ears' caused by the redeposition of substrate
material onto the side of the masking layer and the redeposition
of material from the masking layer and the edge of the substrate
into the etch area, this especially occurs when facetting has

deformed the mask shape.

Thirdly, foreign material on the etch surface can cause problems
due to preferential etching of the area around the particle

causing a conical pillar [3.24,3.6]

These particles can arise
from insufficient etching of the mask leaving traces of the mask
on the area to be etched, dust particles, redeposited material
during the etch process or other particles resulting from

impurities in the vacuum chamber [3.4,3.24]

Finally, although it may not be a problem in many required
patterns, another ion etching defect is trenching. Because the
ions are deflected as they strike the interface of the masking
layer aperture a higher ion density is created at the base of the
masking layer edge [3.3,3.4,3.24]
causes a greater etch rate and results in a trench being etched

This increase in ion density

along the base of the wall. Trenching is very dependent on the
direction of the ion beam as it interacts with the target.
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