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Abstract

In recent years there has been an increased utilization of optical fibre technology in
a variety of fields, telecommunications and signal processing in particular. As a
result, the demand for sophisticated optical components has seen a corresponding
increase, with devices such as wavelength filters, directional couplers, modulators
and switches of particular interest. This thesis describes the design, fabrication and
experimental characterisation of a number of continuous-fibre devices whose
operation relies on evanescent coupling between the fibre and an overlay planar
waveguide. The basic device architecture allows the realisation of several different
optical functions, including Bandstop and Bandpass Wavelength Filtering, Intensity

Modulation and Directional Switching.

The devices were characterised primarily in terms of their wavelength-transmission
response to variation of the overlay waveguide parameters: refractive index and
thickness. Filter channel linewidths and spacing have been shown to be directly
related to the refractive index and thickness of the overlay waveguide and also the
distance between the fibre core and the overlay waveguide. As such, the filtering
devices can be designed to given specifications using a variety of optical materials
in the role of the overlay waveguide e.g. Glass, Lithium Niobate. Channel spacings
and linewidths ranging from 10nm-200nm and 2.4nm-100nm, respectively, have
been demonstrated while rejection ratios of >20dB and insertion loss of <0.5dB
were recorded. Extensive tuning (> 200nm) of the wavelength-transmission response
of the bandstop and bandpass filters was achieved by variation of the overlay

waveguide superstrate refractive index.

A modulator/switch device which incorporated Lithium Niobate as the overlay was
also demonstrated but required unrealistic drive voltages. Application of > 300V was
required to induce 60% modulation/switching. However, the feasibility of the device
geometry for realisation of an intensity modulator/switch was established.
Calculations based on materials with larger electro-optic coefficients (e.g. Barium

Strontium Niobate) predict 10V drive voltages for >90% modulation/switching.
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CHAPTER 1

Introduction

1.1 Technical Background

In the past two decades the use of glass optical fibre technology has increased
significantly in the areas of telecommunications, signal processing and sensing
systems. Optical fibres possess several inherent advantages over traditional copper
wire based technology including:

(@)  large signal bandwidth availability

(b) low signal attenuation

(c) immunity to electro-magnetic interference

(d) synthesised from abundant natural resource i.e. sand
Initially, optical fibres were viewed strictly as a transmission medium with
processing of the optical signals performed outwith the fibre. This involved
physically breaking the fibre to allow access to the optical signal which was then,
in early optical systems, converted to an electrical signal for appropriate processing
before being transformed back to the optical domain for further transmission. The
desire to maintain the transmitted signal in optical form saw the development of a
range of bulk optic and integrated optic components capable of performing the
essential optical functions e.g. modulators, filters, switches, etc. These components
removed the need for conversion to the electronic domain but had associated
problems of high insertion losses (due to diffraction, reflection, mode-mismatch),
mechanical and thermal instability, bonding difficulties, etc. This has led to a
significant research effort in recent years directed towards the development of
components built on the actual optical fibre, with the aim of removing the
requirement of physically breaking the fibre to allow device insertion. Such all-fibre
or continuous-fibre devices are expected to exhibit high mechanical stability, since

the signal is confined to the fibre core at all times, and to display low attenuation.



In addition, compatibility with existing optical fibre networks is guaranteed thus
reducing device insertion losses while the extremely small core dimensions of the
fibres, single-mode in particular, allow the generation of high power densities for
only moderate input powers. This provides the possibility of device behaviour based
on non-linear phenomena. The result of this research drive has been the development
in recent years of a number of continuous-fibre optical components displaying a
range of functions[1][2][3]. These include polarisers, directional couplers,
intensity and phase modulators, wavelength filters, frequency shifters, wavelength
multiplexers and demultiplexers, and laser sources and amplifiers. This thesis
investigates a continuous-fibre device architecture which relies on evanescent contact
between a side-polished fibre and a high index, planar, multimode overlay
waveguide[4] to realise several optical functions. The device behaves primarily as
a tunable wavelength selective element (channel-dropping or bandpass filter) but can
also be configured as an intensity or phase modulator or variable ratio directional

coupler/switch.

Single channel optical fibre transmission bit rates (10-20Gbits/s) have now reached
the stage where electronic component limitations are restricting further progress. As
a result, Wavelength Division Multiplexing (WDM) has emerged as a technique
capable of enhancing the bandwidth utilization in single-mode optical fibre. The
concept of WDM technology was first suggested in 1970 according to published
reports[5]. Fundamental research only began in 1977 but since then WDM
systems and applications have been the subject of intensive investigation[6][7],
with a corresponding emphasis on the development of WDM components. WDM
involves the transmission of a number of different peak wavelength optical signals
(channels) in parallel on a single optical fibre and was initially directed at upgrading
the capacity of installed point-to-point transmission systems i.e. multichannel
simultaneous transmission effectively increases the information-carrying capacity of
the fibre[8]. Typically, the capacity would be increased by adding several
additional wavelengths separated by several tens, or even hundreds of nanometres[7],

each having access to the associated signal processing schemes, etc. Recent advances
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in single-frequency lasers and narrowband filters have since pushed WDM
technology towards applications in optical network architectures. Existing inter-office
and subscriber loop services such as computer networking and video distribution, and
multi-access facilities in general, which require high bandwidth capability are well
suited to implementation using WDM technology[9]. Furthermore, wavelength
selection can also be utilized as a means of performing network- and system-
orientated functions such as routing, switching and service segregation[9] which are
traditionally allocated to the electronic domain. Other advantages include: service
channel expendability after installation, simultaneous transmission of different

modulation scheme signals and overall system cost reduction.

Current research into WDM technology can generally be divided into three

categories specified by channel spacing. These are:

Coarse WDM - 100-10nm Channel separation
Dense WDM - 10-1nm Channel separation
Optical FDM - 1-0.1nm Channel separation

The third category, Optical frequency division multiplexing, uses coherent detection
schemes rather than discrete wavelength-selective components at the receiver end of
the system and is, therefore, not particularly relevant to this thesis. The research
drive is, obviously, towards ever smaller channel spacings to further enhance the
multichannel transmission possibilities. However, the corresponding multiplexing and
demultiplexing requirements become harder to meet and component tolerances

become severe.

WDM networks commonly employ two general architectural forms known as
wavelength routing networks and broadcast-and-select networks, respectively[7].
These are illustrated in Figures 1.1a and 1.1b. Wavelength routing networks consist
of one or more wavelength-selective elements and the wavelength and input port of
each signal precisely determine its path through the network. The essential
components required by this architecture are tunable laser sources, a number of

WDM elements (the WDM network), and wavelength-independent receivers
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WDM Network

Tunable Lasers

Tuni
Curren

(a) Wavelength Routing Network utilizing
non-blocking wavelength addressing

Broadcast Star

Fibre Transmission

Unique Tunable

Wavelength Receivers
Lasers

(b) Broadcast—and-Select Network with fixed
wavelength lasers and tunable receivers

Figure 1.1 : The two common WDM network architectures



(detectors). Typically tunable filters, diffraction gratings and fibre directional
couplers are incorporated in the WDM network. The alternative broadcast-and-select
networks are arranged such that all the inputs are combined in a star coupler and
made available at all the outputs. A variety of configurations are possible depending
on whether the input laser sources, the output receivers, or both, are made tunable.
A typical configuration involves splitting the transmitted multiplexed signals and
routing them to tunable receivers. The tunable receivers consist of single-wavelength
tunable bandpass filters followed by wavelength-independent detectors which allow
the selection of a single input signal (channel) from the entire available signal
spectrum. This technique is well-suited to Cable Television applications where the
subscriber requires access to only one of many available signals at any given time.
Drawbacks of this technique are the loss of 1/N of each of the undesired or blocked
signals at each output (assuming N outputs). If blocked signal loss in the previous
configuration is unacceptable, the wavelength selection scheme could rely on
channel-dropping filters. In this case, the de-selected signals are retained while only
the desired wavelength channel is extracted from the available spectrum and directed

to a particular receiver.

Obviously, with the emergence of WDM technology in recent years, there has been
a requirement for appropriate WDM components such as multi/demultiplexers and
wavelength filters. A variety of device technologies and fabrication processes have
been used with varying success in the attempt to realise these components and a brief
review is provided in Chapter 2. The devices investigated in this thesis are envisaged
as fulfilling a number of the component requirements of WDM systems, particularly
the "broadcast and select” type which rely heavily on tunable filtering at the

detection end of the system.

Wavelength-selective elements and other continuous-fibre components are also
finding application in fibre laser and amplifier systems. Rare-earth doped fibre lasers
and amplifiers are now becoming important components in many areas, particularly

in telecommunications, sensing and medical applications. The spectral region covered




by erbium-doped fibres makes them particularly important for telecommunications
applications as they operate around 1.55um and can be pumped by semiconductor
laser diodes. Similarly, erbium-fibre amplifiers have important applications in long-

haul transmission systems as replacements for electronic signal regeneration stages.

Fibre lasers have a number of advantages over their bulk-glass counterparts. High
pump power densities can be achieved for only moderate input power due to the
reduced dimensions of the fibre core which confines the light. Additionally, the
inherent low loss and waveguiding nature of the fibre allows this power density to
be sustained over a long interaction length leading to efficient pumping of the
distributed rare-earth ions. A further advantage of the fibre geometry is the large
volume-to-surface area ratio which allows efficient heat dissipation and minimises
thermal problems commonly encountered in bulk-glass lasers. Consider the typical

fibre laser configuration shown in Figure 1.2.

Erbium-—doped
fibre
Intra~-
Pump wmj Laser

h Cavity
Light Element Output

MOI My My MO,

Figure 1.2 : Schematic diagram of basic fibre-laser set-up

Pump light is coupled into the fibre by the microscope objective MO, through the
mirror M;, which is butted to the cleaved fibre end. The pump light is then guided
along the fibre and the resultant fluorescence is reflected back into the fibre by
mirror M,. This mirror is also butted to the fibre end thus completing the cavity and

can behave as an output coupler for the laser light. An intra-cavity element can
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typically be included for tuning of the lasing wavelength or for the purposes of
linewidth narrowing or mode-locking. Provided the round-trip loss (which includes
the insertion loss of the intra-cavity element) is less than the gain of the system,

lasing can still occur,

Wavelength tuning of fibre lasers generally requires an intra-cavity wavelength
selective element and has been demonstrated using an angle-tuned grating
reflector[10] as a replacement for the output mirror in a Neodymium-doped fibre
laser to provide a maximum tuning range of 80nm. Similarly, the use of an in-line
angle-tuned etalon[11] in an Erbium-doped fibre laser provided 45nm continuous
tuning. A fibre grating device[12] utilizing Bragg reflection has also been used
in place of the output mirror to produce a significant narrowing in laser linewidth
(0.04nm). There are, however, immediate disadvantages of the above techniques.
Devices operating in reflection mode are undesirable since output coupling of the
laser light is more complicated while angle-tuned, bulk-optic components tend to
suffer from mechanical instability. High insertion loss of non-fibre components in
the cavity is a further drawback since an increase in pump power is required to attain
the lasing threshold and the laser efficiency is reduced. Mode-locking of lasers is a
standard technique used to produce a series of ultrashort pulses. This desirable mode-
locked situation can be attained in a variety of ways, including the use of amplitude
or phase modulation[13] and has been achieved in fibre lasers using both bulk-
optic[14] and integrated-optic[15] LiNbO,; modulators. Drawbacks of both
implementations are again degradation of laser performance due to increased losses
in the cavity while power dissipation problems can occur. Also the possibility of
forming subcavities is increased as a result of high reflections produced by the high

refractive index mismatch between LiNbO, and silica.

The use of continuous-fibre components for intra-cavity operation is obviously
preferred both from an insertion loss and mechanical stability viewpoint while an
increase in laser efficiency can be expected. Each device function described above

can, potentially, be provided by appropriate configuration of the device structure
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being investigated in this thesis. In particular, the bandpass filter configuration shows
much promise as a low-loss intra-cavity wavelength narrowing and tuning device and
preliminary results are reported in Chapter 7. Other applications include external
modulation of semiconductor lasers and implementation as refractive index sensors

appears feasible.

1.2 Fundamental Device Geometry and Operation

The evanescent coupling between a single-mode optical fibre, side-polished close to
the core, and a multimode waveguide (of refractive index greater than the fibre mode
effective index) in close proximity forms the basis of operation of all devices
considered in this thesis. The geometrical arrangement which allows this evanescent

contact is depicted in Figure 1.3. The basic principle of operation governing the

/ OVERLAY WAVEGUIDE

L o |

FIBRE CLADDING

~
\PUSBD QUARTZ BLOCK

Figure 1.3 : Schematic diagram of basic device structure

behaviour of the above structure relies upon phase-matching of the propagation
constant of the single fibre mode and that of a mode supported by the multi-mode
overlay waveguide. When this situation is established strong directional coupling of
power from the fibre to the overlay waveguide occurs[16]. It has been previously
demonstrated[16] that >90% of the power carried by the fibre can be coupled
out under phase-matching conditions. Away from phase-matching the transmission

loss of the fibre is <0.5dB. The fibre cladding provides the lower constraint on the



effective refractive index values of the mode(s) in both the optical fibre and the
multi-mode overlay waveguide. Since the upper constraint on the fibre mode
effective index is that of the fibre core, then the only overlay waveguide mode
capable of possessing an effective index value close to that of the fibre mode is the
highest order mode when it is close to cut-off. The mode structure (the effective
index values of the guided modes) of the asymmetric multimode overlay waveguide

can be obtained from its eigenvalue equation (derived in Chapter 3):

where A is the input wavelength, d is the overlay thickness, n. is the mode effective
index, m = 0,1,..,N is the mode order and £, and &, are polarisation dependent
constants (£,.,£,=[n/n,nJ* for TM, 1 for TE). The cladding index is represented by
n, while n, is the overlay superstrate index. The guided modes of the overlay
waveguide can range in effective index from the fibre cladding index to the
waveguide material index. Inspection of the eigenvalue equation indicates that the
mode structure of the waveguide can be tuned by varying a number of parameters:
wavelength, material index, thickness and superstrate index (to a lesser extent). The
most convenient and useful method is wavelength variation. As A is increased (or
material index or guide thickness decreased), the effective index of each successive
highest order overlay mode reduces and "scans" past the fibre mode whose effective
index value can be considered to be stationary. This causes a transfer of power
between the fibre mode and the waveguide mode with the most efficient transfer
occurring exactly on phase-matching. The transmission response of the fibre displays
a sharp dip as the effective index of the overlay mode approaches, matches and then
moves past that of the fibre mode towards "cut off". A sufficient further increase in
the wavelength results in another dip in the transmission response as the next overlay
mode is scanned across the fibre mode. The transfer of power from fibre to overlay

waveguide is approximately periodic in nature with variation of A, n, or d,
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particularly for highly multi-moded guides (large m) when the effect of the second
term on the right-hand-side of equation 1.1 is negligible. Figure 1.4 shows a typical
intensity transmission response curve for wavelength variation for a side-polished

fibre with a multimode overlay waveguide.

Overlay Thickness d=12um n=15299 at 1300nm

Fibre Transmission

T T I I
1200 1280 1360 1440 1520 1600
Wavelength (nm)

Figure 1.4 : Typical Device Wavelength Response

Similar transmission responses occur for variation of the overlay refractive index and
thickness. The possibilities for wavelength filtering are obvious from Figure 1.4
which in its most basic form represents a channel-dropping filter response. Placing
an appropriate detector on the overlay surface allows direct detection of the
"dropped" channel with the detector "seeing" the inverse of the above response.
Wavelength demultiplexing or directional coupling at a fixed wavelength may be
obtained by placing a prism-coupler or second fibre half-block in contact with the
overlay to collect the power tapped from the input fibre. Alternatively, intensity
modulation, via electro-optically or otherwise induced index changes in the overlay,

can be achieved with the same device architecture. This requires that the device
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wavelength response possesses a resonance dip at a wavelength corresponding to that
of the source. In this instance, electro-optic variation of the overlay material index
will cause the position of the resonance dip to oscillate about that of the source
wavelength with a subsequent modulation of the fibre intensity transmission. In
addition, use of either a materially birefringent or very thin overlay permits the
operation as a simple polariser. Furthermore, it was found that a slight modification
of the polished fibre half-block geometry produced a tunable bandpass wavelength
filtering function. This device has a wavelength response function which is,
basically, the inverse of that shown in Figure 1.4. Principal advantages of this device
structure include those mentioned previously for continuous-fibre devices such as low
insertion loss and good mechanical stability. Additionally, they display a large
available tuning range, are compatible with a range of material fabrication processes
and the device structure allows the implementation of different optical functions

without major changes in fabrication procedures.

With regard to Figure 1.4, the important characteristics of the wavelength response
are resonance linewidth (FWHM), resonance separation, modulation depth or
extinction ratio and off-resonance insertion loss. These "performance parameters"”
are influenced by the choice of overlay material, thickness and superstrate as well
as device input wavelength. As a result significant control of device behaviour can
be obtained by appropriate selection of materials and fabrication procedures, thus

allowing the realisation of a range of device specifications.

1.3 Objectives of the Project

The preceding sections have introduced the potential applications for the device
structure which is the subject of this research project. The primary objectives of the
research project were to characterise the response of the basic structure, in a variety
of configurations, as a function of the device parameters to enable the design of

specific devices. This included:
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an investigation of the basic building block of the structure - the
polished fibre half-block - in terms of fibre radius of curvature and

remaining cladding thickness and their effect on device performance

determining the effect of material index and thickness of the overlay
waveguide on, primarily, device wavelength response in terms of

channel linewidth, spacing, modulation depth and insertion loss
the production of solid-state wavelength selective devices using a range
of materials and processes with a view to optimising the fabrication

procedures and performance for particular device functions.

an investigation of the various possible tuning techniques and ranges

for these wavelength selective devices

an assessment of the feasibility of producing an active modulator or

switch/filter component

a brief theoretical interpretation of the device behaviour

1.4 Thesis Outline

Continuing from here, Chapter 2 provides a review of wavelength sensitive device

technologies and applications which are intended for use in WDM systems. Chapter

3 is an account of the theoretical methods which can be used to analyse the device

structure and interpret its behaviour. No direct comparison is made with

experimental results due to the difficulties in modelling device behaviour absolutely.

Rather, predictions on device performance trends are made in a general sense.

Chapter 4 details the fabrication and characterisation of the basic component of the

device structure, known as the polished fibre half-block. In Chapter 5, refractive

index oils are used in the role of the overlay waveguide to gather basic experimental
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results on device behaviour while Chapter 6 deals with solid-state device fabrication
and characterisation and the potential for passive and active tuning. Experimental
results on devices incorporating electro-optic overlay waveguides are also presented
in Chapter 6. The implementation of the modified basic device structure as a
bandpass filter is introduced in Chapter 7 together with preliminary results on device
performance. Incorporation of the filter in an erbium-doped fibre laser system is also
discussed. Chapter 8 discusses and draws conclusions about overall device
performance, behaviour and applications and suggests possible directions for future

work on the device architecture.
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CHAPTER 2

Wavelength Sensitive Devices for Optical Fibre Systems

2.1 Introduction

The increased utilisation of optical fibres in a variety of technologies has led to a
demand for more sophisticated optical components. Subsequently, there has been an
increase in the number of components capable of processing optical signals without
conversion to the electronic domain e.g. directional couplers, filters, modulators,
switches, etc. Devices which display a wavelength dependent/selective function are
of particular interest as they are a fundamental requirement of WDM technology.
The use of such devices as optical multiplexers and demultiplexers in the wavelength
domain allows multichannel transmission on a single-mode fibre and provides vastly
increased information capacity. The principal function envisaged for the devices
under investigation in this thesis is tunable wavelength division multiplexing,
selection and filtering. Therefore, this chapter provides a brief review of device
technologies and implementations presently incorporated in optical fibre-based

systems which utilize WDM and WDDM technology.

Devices for wavelength multiplexing and demultiplexing are generally based on three
wavelength selective mechanisms: angular dispersion, directional coupling of selected
wavelengths and spectral filtering based on interferometric techniques. These
mechanisms usually result in devices capable of both multiplexing and demultiplexing

optical signals due to the reciprocal nature of optical waves.

2.2 Angularly Dispersive Devices

Angularly dispersive techniques for wavelength separation normally rely on
prisms{1] or diffraction gratings[2] in which the incident light is spread

spatially at the output according to wavelength. Initial devices incorporated glass
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prisms but were of only limited use. The material dispersion of the prism material
strongly influences the eventual angular dispersion and only a limited range could
be achieved with conventional glasses. Material constraints have restricted the
development of practical prism WDM devices. Consequently, the major angularly
dispersive element employed in WDM devices is the diffraction grating[2], used in
reflection mode. The basic diffraction grating consist of a number of grooves or lines
formed in a substrate with a constant spacing. Fabrication is by conventional
mechanical ruling or the superior technique of anisotropic etching of single crystal
silicon[2]. The grating is designed to diffract light at certain angles depending on the
grating constant (number of lines per unit length), wavelength of the incident light
and angle of incidence. Figure 2.1 illustrates two Kkinds of grating-based
demultiplexing schemes. The demultiplexing mechanism of the device geometries
shown in Figure 2.1 can be explained as follows. The incoming multiplexed signal
is focussed onto the diffraction grating at a set angle. Each wavelength component
of the multiplexed signal is diffracted at an angle which depends on its wavelength
and focussed by the same lens into an appropriately aligned output fibre. The GRIN-
rod lens configuration in Figure 2.1(b) simplifies alignment and increases device
compactness and mechanical stability[3]. A further modification of the device
geometry involves the use of a concave grating[4]. This performs both the

diffracting and focussing functions and removes the necessity for a lens element.

Grating-based WDM devices have the capability of multiplexing many wavelength
channels by appropriate choice of grating constant, blaze angle (angle of the grooves)
and fibre types. Typical performance figures for diffraction grating demultiplexers
include[5] insertion losses in the range 1-4dB, as many as 20 channels, channel
(wavelength) spacings in the range 20-40nm and crosstalk attenuation of 20-30dB.
However, a major problem associated with grating-based multiplexers and
demultiplexers is that their bandpass characteristics and insertion loss depend on the
dimensions of the input and output fibres[6]. This occurs because the spatial
location of the diffracted, angularly-dispersed light (and corresponding output

coupling efficiency) is sensitive to variations in the input wavelength. To ensure low
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Figure 2.1 : Grating-based demultiplexer using
(a) conventional lens (b) Graded-Index lens

insertion loss and specified bandpass response, the grating WDM device requires
output fibre(s) possessing larger core diameters than the input fibre(s). This is
undesirable when operating the device in a multiplexing configuration with standard
single-mode telecomms fibre (core <10um) at the output. Therefore, a bulk or
micro-optic grating-based device is unsuitable as a multiplexing element for single-
mode fibre systems since the input fibres would require impractically small core
diameters i.e. insertion losses would be vastly increased due to source-fibre coupling
degradation while any mechanical movement would strongly influence device

performance.

Integrated device structures utilizing diffraction mechanisms have been developed in
planar Silicon[7] and Lithium Niobate[8]. In these structures, the incoming

multiplexed light is guided by a slab waveguide prior to being angularly dispersed

18



by a concave reflection grating. Reflected light is then guided by the slab waveguide
to appropriately placed output fibres. An alternative arrangement[9] uses a series
of Bragg gratings to successively deflect the guided input wavelengths to integrated
photodetectors. The attraction of these integrated waveguide structures is
compactness, improved mechanical stability and the potential for inexpensive mass

production. However, fibre-device interfacing problems still remain.

2.3 Wavelength Selective Coupling Devices

Wavelength selective coupling-based multiplexers and demultiplexers generally take
the form of directional couplers, devices which usually have two inputs and two
outputs (all of which are optical). Directional couplers have become essential
components for most optical systems and several different technologies and device
geometries have been utilized to date to produce devices with a range of functional
complexity. These vary from passive all-fibre device[10][11] to active
integrated optics implementations based on Lithium Niobate[12][13] and III-
V semiconductor[14][15] technologies. Device operation relies on the
coupling of power between modes of adjacent waveguides. The degree of coupling
is wavelength dependent, particularly for the case of dissimilar waveguides, and this

allows the fabrication of WDM devices.

Single-mode fibre couplers are of particular interest since they alleviate fibre-device
insertion loss and are immediately compatible with the standard system fibre. When
the core regions of two single-mode fibres are placed in close proximity, they can
exchange power via mode-coupling. The evanescent tail of the propagating mode in
one fibre extends into and excites the mode of the adjacent fibre, providing the
propagation constants of the two modes are similar. As the coupled modes propagate
along the fibres, power is periodically exchanged between the fibres. The power

distribution after a distance of interaction z is given by[16]:
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where P, is the power in the input fibre (fibre 1) at z=0, P, and P, are the powers
in fibres 1 and 2 at a distance of propagation z and c is termed the coupling
coefficient between the the two coupled fibre modes (assuming identical fibres). The
magnitude of ¢ depends on the spatial overlap of the two interacting modes and is
strongly related to the fibre core spacing. Full power transfer occurs after a
propagation distance L,=2=/c, called the coupling length. If the interaction length
of the device is matched exactly to the coupling length, then the resulting
splitting/coupling ratio will be 100%. A 3dB coupler is produced by arranging that
the device interaction length is (N+1/2) times the coupling length. Higher
wavelengths result in stronger evanescent fields and enhanced coupling coefficients
(provided the input wavelength is still well-guided) since the spatial overlap of the
modes is increased. Therefore, the device coupling length is highly wavelength
dependent and, for a fixed interaction length, a fibre coupler exhibits a wavelength
dependent splitting ratio i.e. cross-coupled power can be vastly different for input

light of, say, 1300nm and 1550nm allowing the device to behave as a demultiplexer.

Two distinct approaches have emerged in the fabrication of single-mode fibre
couplers: polished fibre techniques and fused biconical tapered fibre techniques.
Polished fibre directional couplers are constructed using two side-polished fibres
separated by an index-matching fluid. For mechanical stability, the fibres are first
bonded into a curved groove which is cut in a glass or fused quartz substrate block
(called a half-block). Mechanical lapping and polishing is then performed to reduce
the cladding thickness on one side of the fibre to, typically, <5um[17]. The two
substrates are then mated via an index liquid with the fibres aligned. The geometrical
arrangement is shown in Figure 2.2. The critical physical parameters determining
the fibre cores spacing and device interaction length are the remaining cladding
thickness, 8, on each fibre half-block (with d=24 for identical half-blocks) and the
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Figure 2.2 : (a) Assembled polished fibre directional coupler
(b)  Geometry of polished fibre half-block

groove radii of curvature, R (see Figure 2.2(b)). The coupling ratio of a polished
fibre device depends on the mismatch between the device interaction and coupling
length, with the coupling length influenced by the wavelength of operation, core
spacing, fibre parameters and intervening refractive index. However, polished fibre
devices are completely tunable from 0-100%[18] by adjustment of the relative
lateral position of the fibre via micrometer screws i.e. movement in the x-direction
in Figure 2.2(a). Slight misalignment of the fibres has the effect of varying the fibre
cores spacing with corresponding modification of the device coupling length.
Therefore, the wavelength multiplexing and demultiplexing functions of the coupler
are also tunable. Experimental investigation of a 2 x 2 polished fibre coupler,
incorporating two identical, step-index, 2um core single-mode fibres (R=70cm,
d=4.5um), produced a sinusoidal relationship between coupling ratio and input
wavelength[19] i.e. the cross-coupled power varied from 0 -100% depending on
wavelength. Two cross-coupled wavelength extinctions in the range 450nm-900nm
were recorded with a channel separation of approximately 200nm. The device was
capable of multiplexing/demultiplexing two wavelengths (channels) separated by
approximately 130nm in the same range although loss and extinction ratio

measurements were not given. Insertion loss of <0.1dB and extinction ratios as low
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as -50dB[18] have been recorded in similar couplers at fixed wavelengths. Tuning
of the spectral characteristics of another polished coupler was performed via lateral
offset of the fibre cores. As the offset was increased (effectively increasing core
spacing), the response was seen to shift towards higher wavelengths by as much as
400nm, with negligble change in resolution[19]. Further experimental investigation

of couplers possessing larger radii of curvature produced narrower channel

separations, as low as 35nm for a device with R=8m.

An extension of the initial polished fibre coupler technology has seen the fabrication
of devices with dissimilar single-mode fibres[20][21]. For these couplers, the
propagation constants of the fibre modes are matched only at a discrete wavelength
i.e. at the intersection of the dispersion characteristics of the modes. At this
wavelength only, complete power transfer is possible whereas away from this value
the transfer of power rapidly decreases. This decrease depends on the difference
between the slopes of the respective dispersion curves. Dissimilar fibre couplers are,
therefore, much more wavelength selective than identical fibre couplers and show
potential for operation as narrow-band WDM devices. A device capable of efficiently
separating wavelength channels at 1300nm and 1500nm was demonstrated[21] with
<0.6dB insertion loss and extinction ratio of -22dB or better. The fibres had core
diameters and core-cladding relative index differences of 1.72um, A=0.88% and
3.45um, A=0.434%, respectively. A 3dB channel linewidth of 50nm was observed.
The same workers have also produced a similar WDM device utilizing two different
single-mode fibres which displays a channel linewidth (3dB) of 22.5nm[22].
Based on the same principal, a more recent device proposal uses a step-index fibre
and a W-index fibre (both single-moded) to form the polished coupler[23]. The
parameters of the W-index fibre are selected such that the dominant LP,, mode
exhibits a non-zero cutoff wavelength. As a result, a significant difference in the
slopes of the mode dispersion curves is obtained which can be exploited to produce
a narrow-band spectral filter. Channel linewidths on the order of Inm are predicted

for such a device.
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Fused fibre couplers can also be designed for use as WDM devices. A typical fused
coupler is fabricated by applying heat (> 1500°C for fused silica fibres) and tension
to two single-mode fibres which have been twisted together over a fixed
length[24]. As the fibre claddings fuse together, the tension causes elongation

and a reduction in width of the fused region, resulting in a biconical cross-section
(see Figure 2.3).

Fused where tapers touch

Tension S \_A— Tension
e )
amm — T — = -
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Flame

8

Cross—section of fused coupler at centre

Figure 2.3 : Fused Fibre Directional Coupler

In the fused region the fibre cores are reduced in size and are in close proximity,
and power can oscillate between them. The splitting ratio of the fused coupler, for
a fixed wavelength, is selected by monitoring the cross-coupled output during the
fabrication process, removing the tension when the desired coupling ratio is
achieved[25]. As with polished fibre couplers, the coupling ratio of a fused
coupler varies sinusoidally with input wavelength. The period of oscillation depends
on the dimensions and geometry of the fused (biconical) region but is also related to
the refractive index of the surrounding medium[26][27]. (The sensitivity of
the splitting ratio to variation in the external cladding index has been used to produce
tunable or programmable couplers[26][27] by enclosing the fused region in either
index oil followed by heating or an active dye solution which can be laser pumped
to induce an index change). In addition, the degree of fusing has an influence since
it determines the eventual fibre core spacing. The wavelength channel spacing in
fused couplers can be varied by continuing to apply tension during the fabrication

after the first complete power transfer is observed. This produces over-coupled
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devices possessing long interaction lengths which exhibit many power transfer cycles
along their length[28]. Wavelength channel separations ranging from 18nm-25nm
(depending on exact fabrication conditions) have been observed with the measured
insertion loss and crosstalk (extinction) as low as 0.1dB and -25dB, respectively[26].
However, extending the interaction region of the fused couplers causes the cladding
diameter at the centre to become greatly reduced (as low as 10pum) with
corresponding handling difficulties. Additionally, in this situation the evanescent field
of the guided light can extend into the surrounding environment. As a result the
devices can exhibit instabilities in performance (particularly when channel spacing

is below 50nm) and require careful control of the surrounding environment.

The single-mode fibre couplers described above are attractive from the point of view
of low insertion loss and good extinction ratios. Additionally, the polished type allow
extensive tuning of the channel separation and centre wavelength via lateral offsets
although this is tempered slightly by undesirable mechanical sensitivity. However,
the performance of both coupler types in terms of channel resolution and spacing is
limited. The polished fibre half-block structure has also been used in alternative
wavelength-dependent device geometries whose operation relies on a coupling
mechanism. These devices are known as Fibre Grating filters[29][30] and
have the advantages of all-fibre devices discussed earlier. The device geometry
consists of a standard polished fibre half-block whose surface is either (i) brought
into contact with a periodic grating structure or (ii) imprinted with a periodic grating
structure directly on the fibre cladding (termed a surface-relief grating). Figure 2.4
shows a schematic representation of a surface-relief fibre grating filter. Surface-relief
grating devices give superior performance when compared with the contact-grating
devices and are fabricated using photolithographic and etching techniques to
appropriately pattern the polished fibre surface (i.e. form the grating). The polished
fibre half-block is produced in the standard manner (polished to within 1-2um of the
core)[17]. A layer of photoresist is then spun onto the polished surface and exposed
to a two-beam interference pattern from an Argon-Ion laser. The interference fringe

spacing determines the grating period and the photoresist pattern is then transferred
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Figure 2.4 : Cross-section of surface-relief grating fibre reflection filter

into the fibre cladding by reactive-ion etching. Deposition of a thin layer of a higher
index material (e.g. ALO;) onto the grating surface then helps to increase device
efficiency[30].

Fibre grating filters operate in a reflection mode and, depending on the length and
efficiency of the grating, can exhibit very narrow filter linewidths. The period of the
grating, A, is designed such that phase-matching between the forward travelling
guided mode and a similar backward travelling guided mode is induced. This causes
a transfer of power from the forward to the backward mode. The phase-matching
situation is highly wavelength sensitive and given by the first-order Bragg condition,
A=M\y/2n,, where A; is the reflected wavelength and n, is the fibre mode effective
index. Reflected linewidths (3dB) as low as 0.8nm with 98% efficiency have been
reported[30] using standard polished fibre half-blocks. A reduced linewidth of 0.3nm
has been demonstrated for a device with an increased grating (interaction) length
where the fibre was held parallel to the grating in a silicon V-groove[31]. Tuning
of the reflected centre wavelength is possible by variation of the superstrate
refractive index although this also affects the filter linewidth[31]. An alternative

tuning method has been demonstrated which allowed variation of the filter centre

25



wavelength over the range 1460nm to 1540nm[32], although reflection efficiency
was low. This was achieved via a novel "fan"-shaped contact grating which was
mated to the surface of a polished fibre haif-block. Lateral translation of the grating
provided a continuous variation in grating period with subsequent variation in
reflected wavelength. An improved version of the device[33] yielded 65nm
tunability with reflectivities as large as 88%. A disadvantage of the fibre grating
filters is the reflection mode of operation which adds to the difficulty in accessing
the filtered wavelength. Furthermore, below the reflection wavelength, coupling to
radiation modes occurs and the device exhibits high loss which restricts operation as

a wavelength selective component.

The implementation of directional couplers in integrated-optical form offers the
possibility of high device packing densities and large-scale manufacture, and also the
potential for active tuning if appropriate substrate materials are utilized. WDM
devices based on directional coupler configurations have been demonstrated in
several different substrate materials: Glass[34], Lithium Niobate
(LiNbO,)[35], Semiconductors[36], and Silica-on-Silicon[37]. The
devices are formed by appropriate patterning of single-mode channel waveguides on
the surface of the various substrates (vertically stacked waveguides are also possible
in semiconductors). Fabrication techniques include ion-exchange in glass[38],
Titanium indiffusion in LiNbQO,[39], epitaxial growth with selective etching in
semiconductors[40] and flame hydrolysis deposition followed by reactive-ion etching
in Silica-on-Silicon[41]. Essentially, these techniques allow the establishment of
narrow high index regions surrounded by lower index material which can behave as
waveguides. Device geometries comprise adjacent channel waveguides which are in
close proximity over a certain length. Wavelength-dependent cross-coupling/filtering
occurs in the same manner as described for the symmetrical all-fibre couplers 1i.e.
the splitting ratio has a sinusoidal dependence on wavelength. Production of devices
with specified wavelength responses requires precise control of interaction length and
waveguide spacing, particularly in passive implementations where fine-tuning is not

readily available. Glass and Silica-on-Silicon are inherently passive device
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technologies since the substrate material displays no significant optical activity,
although doping with active species is a possibility[42][43]. This requires
extensive characterisation of the fabrication processes and flexibility in mask design
to allow specific wavelength filters to be fabricated. Glass ion-exchange technology
is fairly mature and has been well-characterised[36] and a variety of device functions
have been realised including multi/demultiplexers. An example of the device
performance possible with the symmetrical structure is that of a two-wavelength
demultiplexer demonstrated in Ag*-Na* exchanged BK7 glass[44]. The device
was a standard I.O. directional coupler configuration in which both wavelengths
were launched into the same input arm but emerged from separate output arms.
Crosstalk (or extinction ratios) of -30dB and -32dB at wavelengths of 1315nm and
1561nm, respectively, were observed for a 14.5mm long device. A total insertion
loss of 1.25dB with propagation loss of 0.15dB/cm was recorded for the same
device. A disadvantage of symmetrical directional coupler WDMs is that channel
bandwidth is generally fairly wide, with undesirable extension in interaction length
required to attain a significant reduction. They are, however, suitable for 2-channel
multi/demultiplexing provided the channel separation is wide e.g. 1310nm and
1550nm.

To obtain a narrowing in channel linewidth, the interacting regions of the
waveguides can be made dissimilar by modification of the width and/or refractive
index of one of the guides. This produces distinct, but intersecting, mode dispersion
characteristics for the adjacent waveguides. Significant power transfer then occurs
only when the mode propagation constants are closely matched. The device response
is that of a channel-dropping/bandpass filter depending on which output arm of the
coupler is considered. Such a device has particular application in "broadcast and
select” WDM systems as a filtering element prior to signal detection. Asymmetric
couplers using different ion-exchange pairs[45] for each arm of the coupler have
been proposed in glass 1.O. technology. However, a practical demonstration of an
asymmetric coupler in LiNbO; was reported as long ago as 1978[35]. The device

possessed different guide widths and indices (related to the amount of deposited
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Titanium) such that full cross-coupling only occurred at a discrete wavelength i.e.
phase-matching of the mode propagation constants of the adjacent guides only
occurred at a specific wavelength. Figure 2.5 shows the device geometry and
response. The device had an interaction length of 15mm and was capable of filtering
light at A=600nm with a channel linewidth (3dB) of 20nm. An additional feature of
the device was substantial electrical tunability of the filter centre wavelength. The

tuning response was achieved via the electro-optic effect in LiNbO,.
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Figure 2.5 : LiNbO; directional coupler filter
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Application of a voltage, V, to the electrodes (see Figure 2.5) causes a shift in the
waveguide refractive indices and a corresponding shift in the corresponding
dispersion characteristics. As a result, the phase-matching condition is re-established
at a longer wavelength i.e. a higher wavelength is filtered. A tuning range of 60nm
was demonstrated, with a centre wavelength shift corresponding to 10nm/V. More

recently, a similar device capable of multiplexing light at A=1320nm and
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A=1550nm was reported[46]. The multiplexing function relies on cross-coupling
of only one of the input wavelengths. The different wavelengths are launched into
separate input ports of the coupler but only one wavelength is coupled across to the
adjacent output arm while the other wavelength remains unaffected and, thus, both
wavelengths emerge from the same output port. Channel bandwidth was 75nm, less
impressive than the earlier device. An all-optical version of the device geometry
shown in Figure 2.5 has also been proposed[47] in which the interacting regions
have refractive indices which are intensity dependent. Tuning of the filter/wavelength
response would then be possible through control of the input power. As with the
asymmetric fibre couplers, the channel bandwidth of the device is dependent on the

difference in the slopes of the intersecting dispersion curves.

Active and narrowband filtering using the directional coupler structure is also
possible in III-V semiconductor technology. Considerable improvements in filter
linewidth response have been reported[36]. In addition, reduced device interaction
lengths are available, thus offering the possibility of increased device density while
the possibility of integrating sources, detectors, etc. on the same substrate exists. The
substrate material is usually Gallium Arsenide (GaAs) or Indium Phosphide (InP),
onto which are deposited/grown layers of varying constituency and refractive index
(e.g. AlGaAs, InGaAsP) by a variety of processes. Selective etching is then
employed to define the waveguide geometry using standard techniques. Directional
couplers can be formed in either lateral[14] or vertical[48] dimensions. The
filtering mechanism is as described for LiNbO; devices. Very narrow linewidth
filters[49] have been reported using vertical, asymmetrical directional couplers
fabricated in AlGaAsP/InP as shown in Figure 2.6. The device consists of two
vertically coupled waveguides of dissimilar cross-sections and different material
parameters. This produces dramatically different dispersion curves and results in an
extremely narrow filter response, <0.8nm linewidth (3dB) at a centre wavelength
of A=1265.5nm. Device interaction length was Smm. However, the power transfer
efficiency between the waveguides was low (5%) due to excitation of higher order

modes in the lower waveguide which were not coupled to the upper waveguide.
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Figure 2.6 : Geometry of Vertical Directional Coupler Filter

Reduction of the lower guide thickness to ensure single-mode operation is required
although this will increase fibre-device coupling difficulties. By suitably doping the
various material layers of the device, it should be possible to tune the filter response

by application of an electric field.

Another category of WDM devices which use a form of wavelength-selective
coupling are polarisation converters. These devices rely on wavelength-selective
power transfer between orthogonal polarisation states in the same waveguide or bulk-
crystal and are the highest performance coupling-based devices available. Both bulk-
optic[49] and integrated-optic[SO][51] device geometries have been
demonstrated. The polarisation conversion can be achieved by either acousto-optic
or electro-optic techniques although the acousto-optic approach is preferable in terms

of tuning range and multichannel operation.

The basic device geometry consists of a narrowband polarisation converter
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sandwiched between two crossed polarisers. An integrated-optic implementation of

an acoustically-tunable optical bandpass filter is illustrated in Figure 2.7. Incoming
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Figure 2.7 : Schematic diagram of 1.0. Acoustically-Tunable Optical Filter

light passes through the first polariser and is launched into the LiNbO; channel
waveguide in a particular polarisation state. For wavelengths within the filter
passband, conversion to the orthogonal polarisation state occurs as a result of a stress
grating formed by an acoustic wave. These wavelengths can then pass through the
output polariser for subsequent processing, detection, etc. Wavelengths outwith the
filter passband remain in the original polarisation state and cannot pass through the
output polariser i.e. the overall device appears as a pair of crossed polarisers >to these
wavelengths. Filter performance depends on the efficiency of the polarisation
conversion which is related to the applied acoustic power density. The mechanism
for polarisation or mode conversion in these devices makes use of the high material
birefringence present in LiNbO,;. TE and TM modes of the channel waveguide
possess significantly different propagation constants and a corresponding
characteristic beat length given by L., =M An, where An is the mode birefringence
and X is the optical wavelength (they have equal phase every beat length). If a
copropagating acoustic wave is launched along the waveguide, then a refractive index
grating is established via the stress-optic effect. Provided the period of the index

grating matches the periodic change in the relative phase of the orthogonal
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polarisations, then mode (polarisation) conversion can occur and efficient power
transfer is possible. This requires that the acoustic wavelength, A, =L, and leads

to the relationship between acoustic drive frequency, f,, and selected/filtered
wavelength, Ag:

VA
A = =S " 2.2)
S

where V, is the speed of sound in LiNbO,. The wavelength dependence of the
converted polarisation (and thus optical transmission of the filter) is the familiar sinc
function obtained from coupled-mode theory (see Figure 2.5). Filter bandwidths of
<Inm with insertion loss of <5dB are readily attainable[52] while extinction
ratios of <-20dB have been demonstrated by placing neighbouring wavelength
channels at transmission nulls[53]. Similar performance has been reported for the
electro-optic version of the device[51][54]. The tuning range of the acoustically-
tuned device is, in principle, very broad (1200nm-1600nm)[52] and is a result of the
dynamic nature of the index grating formed by the acoustic wave. By changing the
acoustic frequency, the grating period is changed, and a different wavelength is
selected since the phase-matching conditions have also changed. Hence the broad
tuning range. However, the fixed nature of the interdigital electrodes required to
launch the acoustic waves prevents constant launch efficiencies over the wavelength
range mentioned above. As such, in practical devices the tuning range is
comprimised by a drop-off in polarisation conversion efficiency and a resulting
degradation in device performance. Multiple channel selection is, however, possible,
a unique capability, since multiple acoustic waves can be launched simultaneously,
the number limited only by the maximum drive power the acoustic transducer can
handle. The electro-optic version of the device can be tuned more quickly but has

a greatly reduced tuning range due to the static nature of the grating[51].

WDM device implementations in integrated optical form have many attractions
including high packing density, narrow bandwidth filtering, good extinction ratio and

low voltage active tunability. However, fabrication techniques can be very
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complicated, often involving difficult processes and elevated temperatures and device
performance is often sensitive to slight fabrication variations. Furthermore, high
insertion loss and mechanical/thermal instability with regard to alignment are
unavoidable due to the necessity for fibre-device interfacing, although an all-fibre
implementation has been reported[55]. A particular difficulty of the acoustically-
tunable optical filter is the requirement for precise control of the polarisation state
of the light. Since the polarisation state is hard to maintain in an ordinary single-
mode fibre, either the polarisation state of the entire system must be controlled or
devices with a polarisation-independent function must be developed. Such a device
has been reported[S6][57] which makes use of two 2 x 2 TE-TM beam
splitters, one at the input and one at the output. In this device, the input polarisation
state is split into two orthogonal (TE and TM) components by the first TE-TM
splitter. Each component then propagates in adjacent (optically de-coupled)
waveguides and experiences mode conversion via a common acoustic wave. A
second TE-TM splitter at the output then causes the components to recombine and
emerge from one arm of the beam splitter while the unfiltered light emerges from
the adjacent arm. Similar performance to the polarisation sensitive device is

obtained.

2.4 Interferometric-Based Wavelength Filters
A number of optical filters rely on interferometric effects for their operation and
display a very wavelength selective response. These include Dielectric Thin Film

(DTF) stacks or multilayers, Fabry-Perot Etalons and Mach-Zender Interferometers.

DTF interferometric filters are often constructed from alternating layers of high and
low refractive index, each of which has a thickness of one quarter
wavelength[58]. Dielectric multilayers are usually fabricated by successive
thermal or electron-beam evaporation of high stability materials[59] e.g.
Titanium Dioxide (TiO,) and Silicon Dioxide (Si0O,). A schematic representation of

a DTF interference filter is shown in Figure 2.8. When light traverses the dielectric
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Figure 2.8 : Multiple Layer Interference Filter Structure

stack, it experiences multiple reflections due to the refractive index changes at each
layer interface. Light reflected within each of the high index layers does not
experience a phase shift while light reflected within the low index layers suffers a
phase change of = radians. The thickness of each layer is such that the successive
reflected beams emerge from the front surface all in phase and experience
constructive interference. Therefore, the effective reflectance of the structure can be
made very high, particularly if the number of layers is made large. High reflectance
is only observed over a limited wavelength region since constructive interference
requires that each layer is a quarter wavelength in thickness, which can obviously
only hold exactly for one specific wavelength. Outwith this region, the reflectance
changes abruptly to a low value. The response is repeated as the wavelength
increases since there are other wavelengths at which the layers are an odd number
of quarter wavelengths thick. Consequently, the quarter wave stack or multilayer can
operate either as a high pass filter, a low pass filter or a high reflection coating

within specified wavelength ranges. Such a filter could be used as a demultiplexing
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element which reflects one wavelength channel only. Bandpass filters can be realised

by cascading of appropriate dielectric stacks[60] although high insertion losses
can result.

A superior interferometric filtering device is the Fabry-Perot Interferometer
(FPD[61] or etalon which consists of a resonant cavity formed by two parallel
mirrors (or highly reflective end-faces). The FPI is conceptually a very simple
structure and, in principle, a lossless device when on resonance. It works on the
principle of partial interference of the input light with itself to produce peaks and
troughs in the frequency (wavelength) domain. Figure 2.9 shows the geometry of a

Fabry-Perot single-cavity filter.
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Figure 2.9 : Schematic representation of Fabry-Perot Filter

When a beam of light, e.g. from a fibre, is incident on the front mirror it
experiences partial reflection and transmission. Upon reaching the second mirror, the
light experiences further reflection and transmission, the extent dependent on the
mirror reflectivity. The light which remains in the cavity oscillates between the

mirrors, gradually leaking out each end. As a result, the incident beam is split into
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many partial beams which mutually interfere. This produces interference fringes and
a spectral transmission response which depends on the cavity length, refractive index
of cavity material and the mirror reflectivities. Typical spectral transmission

responses of Fabry-Perot etalons possessing different mirror reflectivities are shown
in Figure 2.10.
1
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Figure 2.10 : Fabry-Perot Filter Response for Various Mirror Reflectivities

The filter transmission response with wavelength is given by:

[1 : ]2
1-R
() = 2.3)
1+ 4R i 2(21tnL)

(1-p? A

where A is the mirror absorption, R is the mirror reflectivity, L is the cavity length
and n is the refractive index of the cavity material. The spacing between successive
transmission peaks is known as the Free Spectral Range (FSR) of the filter. For

many applications, including wavelength multi/demultiplexing, the most important
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performance parameter of a Fabry-Perot device is the Finesse, F. This parameter is
given by the ratio of the FSR to the transmission channel linewidth (FWHM). It
determines the number of equally-spaced wavelength channels which can be placed

within one FSR. The Finesse is strongly influenced by the mirror reflectivities, R,

and is given by:

F - /R 2.4)

Therefore, to achieve high finesse and narrow transmission channels, the mirror
reflectivities must be high, as can be interpreted from Figure 2.9. In addition, the
mirrors should be as plane and parallel as possible to ensure that the successive
reflections add in phase. Normal Fabry-Perot etalons and filters have finesses of up
to 200 although precise control of parallelism and mirror reflectivity can increase
this significantly[62]. A preferred method of enhancing device finesse is the use
of multi-pass or multi-cavity device geometries where either the light is reflected
back through the original cavity one or more times or a number of different cavities

are cascaded. Finesses of greater than 1000 are readily available[63].

The spectral transmission of a Fabry-Perot filter can be tuned by varying the optical
path length of the cavity i.e. nL. Changes in the value of nL can be induced by
mechanical, thermal or electro-optic techniques, depending on cavity material and
device geometry. A micro-optic device geometry has been reported[64], in which
the Fabry-Perot etalon stage was composed of two closely spaced, highly parallel and
reflective glass flats. The gap between the glass flats was controlled by a
piezoelectric actuator, thus allowing fine-tuning of the optical path length of the
cavity. A channel linewidth (FWHM) of approximately 4.7nm and tuning range of
about 180nm were recorded, with a finesse of 60 at A=1300nm. The insertion loss
was low, measured at 0.8dB. In the device described above, collimating rod lenses
were used to couple light from and to the input and output fibres. An all-fibre device
based on the same tuning mechanism which dispenses with the requirement for fibre

launch optics has also been demonstrated[65]. In this device, the cavity mirrors
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were formed directly on the cleaved and/or polished ends of the input and output
fibres, with the fibres themselves attached to a piezoelectrically-controlled member.
Movement of the supporting member then resulted in variation in cavity length and
tunable filtering. Finesses of up to 350 were measured under laboratory conditions
and a commercial version of the device is available with a finesse of 150 and an
insertion loss of 1-2dB. Tuning across the entire FSR could be readily achieved with
a tuning time, allowing for settling at the final position, of a few milliseconds. It is
believed that piezoelectrically tuned devices will eventually exhibit tuning times of
the order of microseconds. An alternative mechanical tuning method is that of
rotating the whole Fabry-Perot cavity with respect to the direction of the incident
light, known as angle-tuning[66]. Demultiplexing of up to sixteen wavelength

channels with 2nm separation has been demonstrated using an angle-tuned solid
Fabry-Perot filter[67].

Problems associated with mechanical tuning techniques include slow response times
and potential for device misalignment (since a high degree of parallelism is essential
to maintain device performance). Alternative tuning techniques rely on altering the
refractive index of the cavity material via the thermo-optic or electro-optic effect.
This has a similar effect on the optical path length encountered by the input light as
cavity length variation. If the cavity material has a high dn/dT coefficient, then
heating the device (in an oven, say) will obviously shift the transmitted spectral
response. However, thermal tuning is an inherently slow technique while undesired
thermal expansion of the cavity elements can cause complications. Therefore, interest
has focussed on the use of electro-optic materials as the cavity element for fast,
tunable Fabry-Perot filters. Unfortunately, well-characterised electro-optic materials
such as LiNbO,, while possessing a moderately large linear effect (ry;;=30.8pm/V),
would require excessively large applied voltages (assuming the cavity length to be
in the region of 10um) to cause a change of N/2 in the optical path length of the
cavity, which is the change required to tune over one FSR. At the present time, only
liquid crystal materials possess a large enough electro-optic effect to be of practical

use in electrically-tunable Fabry-Perot filters implementations. A number of Fabry-
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Perot filters using liquid crystals as the cavity material have been

reported[64]{68]. Figure 2.11 shows the geometry of such a filter[64]. The
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Figure 2.11 : Liquid Crystal Fabry-Perot Filter Implementation

device was constructed by coating two parallel glass plates with (i) an optically
transparent electrically conducting layer e.g. Indium Tin Oxide (ii) a multilayer,
highly reflective dielectric layer and (iii) a polymer layer for the purpose of suitably
aligning the liquid crystal molecules. Spacers were used to define the cavity length
and an electro-optic liquid crystal incorporated in the intervening gap. The end-face
reflectivities were 90% at A=1500nm, giving a finesse of approximately 30.
However, the measured finesse was only 15 while the insertion loss was 4.2dB. The
large discrepancy in measured and calculated finesses was attributed to mirror
misalignment (a result of the many different material layers incorporated in the
device) and scattering within the cavity. Nevertheless, an impressive spectral shift
(tuning range) of thirteen FSRs could be achieved for application of only 25V. The
tuning time for this device was not reported but a value of 20msec for tuning over

a 175nm range has been reported[68] for a similar liquid crystal Fabry-Perot filter.

The narrow wavelength selectivities offered by Fabry-Perot filters (< lnm), high
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finesses and fairly low insertion loss makes them of particular interest for application
in dense WDM systems. They are also attractive for use as intracavity wavelength
selective elements in fibre laser systems for mode selection, wavelength tuning and
stabilisation purposes. However, fairly stringent mechanical alignment and thermal
stability is required to ensure reliable device performance. Tuning of the spectral
response of these devices over a considerable range has been demonstrated using

piezoelectric or electro-optic techniques, but with only limited speed.

Also of interest for WDM applications are devices based on Mach-Zehnder
Interferometer (MZI) elements, particularly in integrated optics form. They are
already widely used in existing integrated optical devices such as switches and, by
careful design, they can operate as both multiplexers and demultiplexers. A Mach-
Zehnder interferometer consists of two 3dB directional couplers in tandem with the
connecting waveguide arms of unequal length. The difference in optical path length
seen by the light which is split at the first 3dB coupler results in a phase difference
in the light which arrives at the second 3dB coupler. Careful control of this phase
difference allows the MZI to be used as a WDM device. The layout of such a device

is shown in Figure 2.12. A multiplexed signal containing components at A, and A,

3dB L+AL 3dB
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Figure 2.12 : Schematic diagram of single-stage Mach-Zehnder Demultiplexer

is input to port 1, as shown. The transmittance from port 1 to 1’ and port 1 to 2’ can

be written as[69]:
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T,., = cosz(neﬁnAL/A)
T, ., = sinz(neﬁ,nAL/}.)

2.5
where n.s is the effective refractive index of the waveguides, A is the input
wavelength and AL is the difference in length between the two waveguide arms.
From eqns.(2.5), when ngwAL/A=(m+1/2), all the light of wavelength A emerges
from port 1’. Similarly, if n4wAL/A=mm, all the light of wavelength A emerges
form port 2°. Therefore, by appropriate choice of N\, and A\, and AL, complete
separation of the two wavelengths can be achieved at the output of the second
coupler i.e. the MZI behaves as a demultiplexer. The wavelength spacing required
for complete demultiplexing of the input light can be calculated, from egns.(2.5), as:
AA = A, - A = ke (2.6)
2n AL
For a AL value of 5cm, the corresponding channel spacing is AN=0.016nm while
AL=2.7um gives AN=250nm, for A\, =1550nm. Wavelength filters based on all-fibre
MZIs have been demonstrated[19][70] which avoid the coupling loss problems

of I.O. devices but their use requires a relatively large channel spacing (> 10nm).
For dense WDM applications and Optical FDM attention, in recent years, has been
particularly focussed on Silica-on-Silicon technology. The attraction of WDM devices
using MZIs in integrated optic form is the ease with which many elements can be
cascaded on the same substrate simply by taking advantage of conventional
photolithographic techniques. In addition, the small bend radii[43] which is possible
in Silica-on-Silicon technology(4mm) allows better use of the space available on the
substrate (when compared with other I1.O. technologies) to produce many MZI
elements with varying AL values. Other advantages are low propagation loss
(0.1dB/cm) and good matching of channel waveguide mode profiles with those of
single-mode fibres (giving low coupling loss). Cascading of several carefully
designed MZI elements increases the multi/demultiplexing capability. For a layout
such as that shown in Figure 2.13, multiplexing of four equally-spaced wavelengths

is possible. The first two parallel MZI elements each combine two of the input
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Figure 2.13 : Four Channel Demultiplexer using MZI elements

wavelengths, as shown. The third MZI element is designed so that all the input
wavelengths are transmitted out of the same arm. This requires that the periodicity
of the first two MZIs is twice that of the third MZI. For multi/demultiplexing of N
channels, the device layout requires cascading of log,N MZIs, each with appropriate
setting for periodicity. The setting is accomplished by precise fabrication of the two
waveguide arms of the interferometers so that their path-length period corresponds
to the required period. Both eight and sixteen channel devices have been
demonstrated with channel separations ranging from 0.008nm-250nm[71].
Extinction ratios of <-15dB were obtained for both devices. Insertion losses are as
low as 0.5dB for wide channel-spacing but increase to between 2-5dB for devices
designed for Optical FDM applications. The transmission function of each MZI
element can be tuned by thermal variation of the path-length difference. This has
been demonstrated[72] by placing thin chromium strips above the channel
waveguides to act as resistive heating, each with a time constant of about 1msec.
Tuning over the complete periodic range of a MZI is possible via A/2 variation of
the path-length difference. Thermal tuning is fairly slow, however, so there is great
interest in finding an electro-optic technique of inducing a phase retardation in silica

waveguides.

The major difficulty with Mach-Zehnder WDM devices fabricated in 1.O form is the

tight fabrication tolerances which require advanced photolithography techniques.
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Tuning is also a problem since it requires a multistage control operation and, despite
the low fibre coupling loss for devices produced on Silica-on-Silicon substrates,
multichannel devices still suffer interfacing problems because multiple fibre

connection is required. However, the advantages of narrow channel spacing, large

tuning ranges and high packing density remain.

2.5 Development of Fibre-Overlay Device Structure

Initial investigation of the fibre-overlay device structure which is the subject of this
thesis was reported in 1987[73]. Refractive index oils, supported by thin spacers
and a polished fused-silica superstrate, were employed as the overlay waveguide. A
channel-dropping filter response was obtained when the devices were wavelength
scanned. Thick (81xm) and thin (1um) overlay devices were characterised in terms
of insertion loss, rejection ratio of dropped-channel and channel spacing. No details
about channel linewidth were supplied. For the thin overlay situation, off-resonance
insertion loss was approximately 0.5dB while the channel rejection ratio was 25dB.
Only one resonance minimum in the fibre transmission was observed for the
wavelength scan range (1.2um-1.6um). The thick overlay device performance was
similar in terms of rejection ratio, a value of 20dB being reported, but insertion loss
was significantly higher, ranging between 1 and 4dB. Channel spacing was 13nm
with the overall spectral response similar to that of a comb filter. No information
was given concerning the coupling strength (remaining cladding thickness) of the

polished fibre half-blocks used in the experimental investigation.

The same research group also reported on a switch structure which used a second
polished fibre half-block to collect the power coupled into the overlay
waveguide[74]. Experimental investigations involved the use of refractive index
oils and also an anisotropic nematic liquid crystal as the overlay (interlay)
waveguide. Active control of the output power of the adjacent arms of the switch
was achieved by piezoelectrically varying the thickness of the oil waveguide layer

and electro-optically varying the refractive index of the liquid crystal waveguide
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layer, respectively. The best crosstalk observed (ratio of power in top fibre to that
in input fibre) was 22dB for the liquid crystal overlay (interlay) device at a drive
voltage of 300V. The spectral response of the switch structure with an oil overlay
waveguide was also recorded and showed close agreement with a theoretical model.
Wavelength-dependent power transfer from input fibre to top fibre was observed
which agreed with the earlier results for the single fibre structure. No specific
channel spacings or linewidths were quoted. Similarly, insertion loss was not stated
but appeared to be in the region of 2dB (off-resonance) for the "straight-through"

arm while no details of the coupling strength (remaining cladding thickness) of the

polished fibre half-blocks were provided.

The results presented in the two papers mentioned above[73][74] prompted the
research work which is described in this thesis. Several improvements in the
experimental performance of both the single fibre-overlay device structure and the

switch structure have since been demonstrated and are presented and described in the

following chapters.
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CHAPTER 3

Device Operation - Analytical Methods

3.1 Introduction

This chapter introduces some fundamental waveguide theory and gives a description
of two methods of analysing the device structure shown schematically in Figure 1.3.
An exact theoretical model of the device is very difficult to achieve and outwith the
objectives of this thesis. The aim of this chapter is to analyse the basic fibre-overlay
structure in a general sense and identify trends in device behaviour, with respect to

the overlay parameters, which can be utilised in the design of practical devices.

Several important design parameters can be identified by treating the device

geometry as:

(1) two parallel slab waveguides in close proximity

(ii) a multilayer waveguide system

In both cases the fibre is replaced by an equivalent single-mode slab waveguide
possessing the same propagation constant and transverse optical field distribution,
perpendicular to the plane of the overlay waveguide. Case (i) can be analysed using
coupled-mode theory[1], although this technique, which relies on a perturbation
approach, is most accurate for identical waveguides in a weak coupling situation.
The advantage of analysis by coupled-mode theory is that for weakly coupled
waveguides, significant power transfer occurs only on phase-matching of adjacent
waveguide propagation constants. As a result, a great deal of information concerning
device behaviour can be obtained by simple manipulation of the overlay waveguide
parameters via equation 1.1. This approach was preferred in this thesis since it

allowed discussion of device behaviour in a more simplified fashion. Case (i)

51




requires that the normal or compound modes of propagation of the multilayer system
are obtained. A matrix method[2] can be used which relates the Fresnel reflection
and transmission coefficients at each layer interface and calculates the corresponding
normal mode field distributions numerically. The input power is distributed among
these normal modes which possess different propagation constants and this causes

beating of the power between different waveguide layers.

3.2 Slab Waveguide Analysis

It was mentioned in Chapter 1 that the operation of the fibre-overlay device is highly
dependent on response of the overlay waveguide to variations in index, thickness and
input wavelength. It is, therefore, useful at this point to include an analysis of a
simple slab (or planar) waveguide in terms of these parameters, prior to analysing
the entire structure. The overlay slab waveguide in Figure 1.3 is capable of
supporting a discrete number of guided waves or modes of propagation (mode
structure) for a given parameter set. Device operation can be related to the behaviour
of the mode structure when the parameters are varied. The guided modes of the
waveguide in question are obtained from the solution of the eigenvalue equation,
which is derived from Maxwell’s equations subject to the boundary conditions

imposed by the waveguide geometry.

3.2.1 Guided Modes and the Eigenvalue Equation

Figure 3.1 shows a typical example of an asymmetric slab waveguide, consisting of
a thin dielectric layer sandwiched between two semi-infinite bounding media. The
structure is unbounded in the y-direction. In general, for the geometry shown in
Figure 3.1 to function as a waveguide, the refractive index of the guiding layer (or
core) must exceed those of the surrounding media. Additionally, the thickness of the
guiding layer, d, should be on the order of the wavelength of the input light. To
obtain the guided modes of the waveguide, it is then necessary to apply Maxwell’s
equations to each segment of the structure and match the boundary conditions at each

dielectric interface.
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Figure 3.1 : Schematic representation of an asymmetric slab waveguide

The refractive index of the asymmetric slab waveguide can be written as:

nx) = n, , 0

IA

X

nx) =n,, -d<x<0 3.1)
nx) = n,, x < -d

and it is assumed that n, <n, <n,. Maxwell’s equations can be written in the form

VxH=iowen’E , VxE-=-iopH 3.2)

where w is the angular frequency and n is the refractive index profile of the medium,
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in this case given by eqn.(3.1). The electric and magnetic field vectors are E and H,
respectively, ¢, is the dielectric permittivity of free space, p is the permeability of
the medium. For this analysis, the permeability is taken to be that of free space since
the materials are assumed to be non-magnetic while the relative permittivity is taken

—n2 : : .
as ¢,=n°. The entire structure is homogeneous in the z-direction and, thus, the
solutions to the wave eqns.(3.2) can be written as:

E(x,t)

E (x)exp[i(wt - B, 2)] (3.3)

H(x,?)

Hm(x)exp[i((ot - ﬂmZ)] (3.4)

where E (x) and H,_,(x) are the wavefunctions of the guided modes, t is time, B, is
the z-component of the wavefunctions and called the propagation constant and m is
an integer designating the mode number. The general wave equation for the structure

can be obtained by eliminating H from eqns.(3.2) via substitution. i.e.
V x (V x E) = w*pe, n’E 3.5)
Then using the vector identity
V x (V x E) = V(VE) - V2E (3.6)
and noting V.E = O for source-free, homogeneous media yields:
V2E + wzpeoan =0 3.7

Completing the differentiation leaves:

9*E_(x)

P + [(%n)2 - B*]JE,(x) = 0 3.8)
X

where c=(u.e,)"? is the speed of light and p=popu, with p,=1. Eqn.(3.8) is in
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standard second-order differential equation form with solutions which vary either

exponentially or sinusoidally depending on the value of 8 (since w, ¢ and n in each
region are fixed).

The relevant boundary conditions require that the tangential components of both the
E and H fields are continuous at the dielectric interfaces. In addition, for confined
modes, the field amplitude must decay exponentially to zero outwith the guiding
region, thus indicating the required nature of the field in regions 1 and 3. For
continuity of the field, the solution in region 2 must, therefore, be sinusoidal. These

conditions impose a restriction on the values 3 can assume:

(O w

p<—m ’ B>—n, (3.9)

recognising that n; > n,. The polarisation of the modes of the waveguide can be either
Transverse Electric (TE) or Transverse Magnetic (TM). The TE modes have their
electric field normal to the x-z plane and possess only the field components, E,, H,

and H,. The TM modes possess the field components H,, E, and E,.

3.2.2 Guided TE Modes
The electric field amplitude of the TE modes can be obtained by substituting Eq(x)
into eqn.(3.8), subject to the restrictions on 8, and noting that the field amplitude

must decay to zero at x=+ oo, This yields the general solution:

E (x) = Aexp(-ax) , x20

E (x) = Bcos(hx + Y) , - d<x<0 (3.10)

E_(x) Cexp(b[x +d]) , x<-d

where
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1/2

(0]

and A, B and C are related constants while + indicates that the solutions are, in
general, neither exact even or odd functions (unlike a symmetric waveguide). To be
acceptable solutions, the tangential components of the electric and magnetic fields,
E, and H,, must be continous across the dielectric interfaces. H, can be related to E,
by manipulation of eqn.(3.2) to give H,=(i/wp)'0E,/0x. Therefore, both the
magnitude and gradient of E_(x) must be matched (since wpu is constant) at the
interfaces, x=0 and x=-d. Combining the resultant equations relating the constants
A, B, C and v yields:

a b
tany = — , tan(hd - = =
Y h ( Y) A (3.11)
which can be referred to as the mode condition. Noting that
tan(0) = tan(6 + nm)
allows eqns.(3.11) to be written as:
1,4
y = tan (Z) Fpm (3.12)
a1, b
hd - y = tan (—};) Fqm (3.13)

Recognising that the propagation constant 8, =kn.,, where n, is called the effective

index of the mode and k,=w/c, simple addition then yields the familiar form of the
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eigenvalue equation for an asymmetric slab waveguide:

2 2
k,dy/n -n, =mmn + ¢;° + dF , m=0,1,.  (3.14)

where

The eigenvalue equation is an important tool in predicting device behaviour and can
be solved. either graphically or numerically to give the effective indices of the guided
modes. The resulting TE mode fields can then be obtained by substituting the
corresponding propagation constants back into eqns.(3.10) giving:

Ey(x,z,t) = Bcos(y)exp(-ax)exp(wt - Bz) , x20
Ey(x,z,t) = Bcos(hx + y)exp(wt - Pz) , —d<x<0
Ey(x,z,t) = Becos(hd - y)exp(b[x + d])exp(wt - Bz), | x<-d

where v is obtained from eqn.(3.12) or (3.13).

3.2.3 Guided TM Modes
The TM polarised guided modes are derived in a similar manner to the TE case, the
significant difference arising when the boundary conditions are imposed. For TM

modes the tangential field components are H, and E,. From eqn.(3.2):

E ~i aHy
z © € n2 Ox 3.16)

o
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Inspection of eqn.(3.16) indicates that the refractive index of the layer on each side
of an interface plays a part in establishing continuity conditions. The resulting mode

condition, derived as before and analogous to egns.(3.11), then becomes:

2
R, |a 2
tany’ = | —= [ N _|™|b
n, n; h

Note the dependence of the mode condition on the ratio of the index of the
surrounding layers to the index of the guiding region. This becomes a significant
factor in terms of device behaviour when the overlay waveguide is very thin
(<3pm), typically fabricated by vacuum deposition. The field distribution of the TM
modes is of an identical form to the TE case except that v is replaced by . The

corresponding eigenvalue equation for TM polarised guided modes is then:

kod\/ n;,2 - n,_,2 =mm + ¢fM + ¢§M (3.18)

where

3.2.4 Slab Waveguide Mode Structure

The mode structure of a slab waveguide is a term which encompasses both the
effective indices and field profiles of each guided (or supported) mode for a
particular parameter set. Any variation of the waveguide parameters results in a

corresponding change in the mode structure the waveguide supports.

The effective indices of a waveguide provide a simple, straightforward way in which

to investigate the behaviour of the mode structure when subject to parameter
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variation. Each mode effective index, n,, can be obtained from the waveguide
eigenvalue equation and is related to the corresponding mode propagation constant
By 1-€. Ney=Bu/k,. The value of n,, is the index "seen" by the light contained in
mode m as it propagates along the waveguide. A computer program which solves the
eigenvalue equation in a numerical fashion was developed to allow the effective

indices of any slab waveguide to be found. The values of n,, for a typical waveguide
are shown below:

Waveguide Details - Core Index n,=1.6 Thickness d=5um
Superstrate  n,=1 (Air) - Substrate n;=1.447 (Silica)
A=1.3um
TE Polarisation TM Polarisation
n, = 1.5956 n, = 1.5953
n, = 1.5823 n, = 1.5813
n, = 1.5600 n, = 1.5577
n, = 1.5287 n, = 1.5248
n,, = 1.4885 n,, = 1.4831

For the waveguide being investigated, 5 modes (i.e.m=0-4) are supported for both
polarisations. Inspection of the values confirms that all the effective indices lie within
the range n; <n,, <n,, as complying with conditions (3.9). Notice also that there is
a slight difference between the values of corresponding TE and TM mode indices
(known as waveguide birefringence). The number of modes the waveguide supports
can be quite simply altered by varying an appropriate parameter. €.g. wavelength.
With the same waveguide geometry as detailed above but with A=1.6um, the

effective index values are (assuming all material indices remain fixed):

TE Polarisation TM Polarisation
n, = 1.5936 n, = 1.5931
n, = 1.5742 n, = 1.5724
n, = 1.5418 n, = 1.5378
n, = 1.4965 n, = 1.4902

€3
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It can be observed that by increasing the input wavelength, the mode with m=4 can
no longer be supported for the particular waveguide geometry in question.
Effectively, the mode can be defined as having "cut-off", i.e. above a certain
wavelength the guidance conditions for mode m=4 are no longer satisfied.
Increasing the wavelength still further will, eventually, cause mode m=3 to become
cut-off. Alternatively, decreasing the wavelength by a sufficient amount below
A=1.3um will cause the mode with m=5 to become supported i.e. it can be said to
have "cut-on". Figure 3.2 shows how the mode structure of this particular waveguide
behaves as the input wavelength is increased from A=1.0um to A=1.8um, for both
TE and TM polarisations. Essentially, the entire waveguide mode structure
experiences a shift as A\ is varied, with the degree of movement of the individual

modes depending on the mode number, m.

The cut-off wavelength for mode m=4 can be obtained by substituting n.,=n; into
the eigenvalue equation (since this is the lower restriction on effective index) and

solving for A. The subsequent values are:
m=4 Cut-Off AE = 1.582um A™ = 1.545um

Note that the TM mode cuts-off at a lower wavelength and a further increase of
37nm would be required to remove the TE m=4 mode. The general condition for

the cut-off wavelength of mode m is given by (assuming n;>n,):

LT 21rd\/n22 - nf

. (3.20)
mm + tan
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(3.21)

For a symmetrical waveguide (n,=n;), the cut-off wavelength is the same for both
polarisations. This is obvious from inspection of eqns.(3.20) and (3.21). The mode
structure for the same device geometry but with n,=n;=1.447 (i.e. symmetric) and

A=1.3um is shown below:

Waveguide Details - Core Index n,=1.6 Thickness d=5um
Superstrate  n,=1.447 Substrate n;=1.447
A=1.3um
TE Polarisation TM Polarisation
n, = 1.5958 n, = 1.5956
n,, = 1.5832 n, = 1.5825
n, = 1.5621 n, = 1.5608
n, = 1.5328 n, = 1.5306
n,, = 1.4956 n,, = 1.4931
n, = 1.4541 n, = 1.4531

Increasing the index of the superstrate, n,, has resulted in a 6th mode being

supported by the modified structure. The mode structure has been shifted upwards

and mode m=5 has "cut-on". The shift is not consistent for each mode, being

greater for the higher-order modes. Furthermore, the waveguide birefringence has

decreased significantly. Additionally, mode m=4 will have a different cut-off

wavelength in response to the change in n,. The shifted cut-off wavelength is now:
m=4 Cut-Off ATE = \™ = 1.707um

and the general cut-off condition for a symmetric guide is given by:
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A = 2d 7

m = TV T (3.22)
which is valid for both polarisations. The significance of the above results is that the
cut-off wavelengths of the TE and TM modes converge as the waveguide becomes
more symmetric. Notice that the m=0 mode is never cut-off i.e. Ao=oo. Figure 3.3
illustrates this effect. Similar variation of the waveguide parameters d and n, also
causes shifting of the mode structure. Increasing either of these parameters
sufficiently results in an additional mode being supported. Figures 3.4 and 3.5 show
the effect on the mode structure of increasing d and n,, respectively. The waveguide
has a guiding layer n,=1.6 (value at A=1.3um), substrate n;=1.447 and superstrate
n,=1.0 and thickness d=5um. It can be seen from Figures 3.4 and 3.5 that
increasing the wavelength or decreasing the material index causes the higher order
modes to move towards cut-off i.e. the effective index of each successive highest
order mode decreases until it reaches the substrate index and guiding ceases. This
movement of the highest order mode towards cut-off has a major effect on the fibre-
overlay device performance (in terms of resonance linewidth). The effective index
of the fibre mode is essentially fixed relative to the overlay modes whose effective
indices move due to parameter variation (particularly for index or thickness
variation) and has a value slightly above that of fibre cladding/overlay substrate.
Therefore, as each overlay mode is tuned towards cut-off it will approach the fibre
mode value and become phase-matched to it at some value of wavelength or material
index (resulting in power transfer) before cutting off. The spacing between
resonances can be obtained by observing the wavelength or index at which the
overlay mode effective indices equal that of the fibre mode using the equivalent
wavelength or index response for the overlay under investigation. It is clear from the
dispersion curves for the overlay mode effective indices, shown in Figures 3.2, 3.4
and 3.5 for wavelength, index and thickness variation, that the rate at which each
overlay mode "scans" the fibre mode is not constant and depends on mode order.
Therefore, it would be expected that the wavelength (index, thickness) range in

which significant power transfer between fibre and overlay occurs will be related to
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the gradient of the mode dispersion curves and, thus, mode order of the overlay
waveguide. This suggests that the linewidth of the resonance dips in the transmission
response of a fibre-overlay device will be influenced by the overlay dispersion.

Further theoretical investigation of this effect is presented in section 3.3.2.

3.3 Coupled-Mode Theory

When two or more waveguides are in close proximity, the optical field distibution
possessed by each (when in isolation) is perturbed by the presence of the other
waveguides. This situation can be analysed using a mathematical technique known
as coupled-mode theory[1][3]. This technique is most accurate when the individual
waveguides are similar and are only weakly perturbed by (or coupled to) the adjacent
guide(s){4]. In this case it is possible to express the overall optical field
distribution of the multi-waveguide system as a superposition of the simpler, known
field distributions of the individual isolated waveguides. The structure displayed in
Figure 1.3 is basically a single-mode waveguide separated from a multimode
waveguide by a small amount of lower index dielectric material (fibre cladding).
Although the structure is not ideally suited to analysis by coupled-mode theory
(significant index differences), some meaningful information concerning device

behaviour can be obtained through its use.

The modes of adjacent waveguides can become coupled as a result of the overlap (or
penetration) of the evanescent tail of the field distribution on each waveguide. The
evanescent tail of a guided mode is that part which extends into the
cladding/substrate section of the waveguide, decaying exponentially with distance
(laterally). For ease of analysis it is useful to assume a case where only two parallel
waveguides are present. When energy is launched into guide 1 (assume single-mode
in isolation) it is carried by the optical field distribution of the waveguide mode with
a certain velocity and corresponding mode effective index. If the spacing between
the two waveguides is small enough, the evanescent tail of the mode of guide 1 will

overlap guide 2. If guide 2 is capable of supporting a guided mode with a phase
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velocity (effective index) similar to that of the mode of guide 1, then power can
couple between the two guides. The energy initially carried by guide 1 then oscillates
between the two guides with distance along the propagation direction. It is
appropriate at this stage to develop the solution to the field distribution for the
situation where two single-mode slab waveguides (referred to as guide 1 and guide

2) are in close proximity, as shown in Figure 3.6.

Guide 2 s
\
n, t dz
n S
0 _ C
n, P Idx
Guide 1

Figure 3.6 : Two parallel slab waveguides with separation s

The electric field distibution, E(x,z), for the two-waveguide system can be
approximately represented as a combination of the isolated waveguide modes, E,(x)

and E,(x) (possessing propagation constants 3, and 3,, respectively) i.e.
E(z2) = A(QE,®) e + A @QE® e (3.23)

where the coefficients A, ,(z) describe the contribution of each normalised isolated
mode field to the overall field and 8, , are the isolated mode propagation constants.
The coupled-mode equations relating the A, »(2) coefficients can, after manipulation,

be written in compact form as[5]:

68



= CzlemzAz

3.29)

A Bl

= —jC,,e 254,

where
25 = (B, + M) - (B, + M)

is called the phase mismatch. The quantities C,, and C,, are termed the coupling
coefficients and are related to the overlap of the optical fields of the modes of guides
1 and 2. They are strongly influenced by the guide separation, s, and also the index

difference between the guiding regions and the surrounding media. C,, and C,, are

given by[5]:
c.)t—:o(n2 - noz)
Cp, = ‘4 fdlEl(x) E,(x)dx
e 2 - n) (3.25)
C,, - "24 [ E@ Ecoa

with d, and d, denoting the widths of guides 1 and 2 while ¢, is the free-space
permittivity and w=2m/k, is the angular frequency. M;, and M,, represent a small
correction to the propagation constants 3; and 3, , respectively, due to the presence

of the adjacent guide and are given by:

meo(nz2 - noz) )
M, = fdz[El(x)] dx -
2 2 .
we, (n; - n,)
M, = 14 fdl[EZ(x)]zdx

The differential equations eqns. (3.24) can be easily solved, and with the power P,
and P, carried by guides 1 and 2 being proportional to the magnitude squared of the
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coefficients A, ,(z), it can be shown that for A 0)=A, and A,(0)=0 the power
transfer between guides is given by:

P\ = P, - »(2)
2

Ci
= _ qin2
P2 P, G, - 2sm [(C12C21 + 52)112 2] 3.27)

where P,=A%. For the case of identical guides, the phase mismatch 26=0 and
Cy=C,=C. This results in 100% power transfer between the guides as illustrated
in Figure 3.7. The propagation distance required for complete power transfer is
known as the coupling length and given by L.= #/2C. In a practical device such as
a directional coupler, the number of coupling lengths contained within the device
interaction length determines the power splitting ratio. It can be shown that the
coupling coefficients decrease in an exponential-like manner with distance between
the guides and this gives rise to a corresponding non-linear increase in coupling
length. Figure 3.8 shows the effect of guide separation on the coupling coefficients
at several wavelengths. For the structure shown in Figure 1.3, the two guides
between which power transfer occurs (fibre and overlay) are obviously not identical.
Therefore, although phase-matching can be achieved the coupling coefficients will
always differ to some extent. From eqns. (3.27), the maximum power transfer
occurs when z=m/[2(C,;,C,;)'?] (assuming 6=0) and this distance is termed the
coupling length. At this condition, the maximum power that can be transferred is
dependent upon the relationship between the coupling coefficients, reaching 100%

when the coupling coefficients (and, therefore, waveguides) are identical.

3.3.1 Coupled-Mode Approach to Fibre-Overlay Device Behaviour

An attempt was made to qualitatively interpret the behaviour of the device structure
shown in Figure 1.3 with the basis of coupled-mode theory outlined above. It was
assumed that coupling was only ever significant between the highest order overlay
mode and the single mode of the fibre and, therefore, only the coupling coefficients

between these two modes required to be calculated. The optical fibre was replaced
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Figure 3.8 : Effect of guide separation on coupling coefficients
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by an equivalent single-mode slab waveguide which possessed approximately the
same propagation constant and transverse optical field distribution perpendicular to
the plane of the overlay[6]. The resulting device geometry is a multimode slab
waveguide in close proximity to a single-mode slab waveguide. From the analysis
of a multimode slab waveguide performed earlier, the only mode capable of
possessing a propagation constant close to that of the fibre mode is the highest order
mode of the overlay. Based on this fact, it was assumed that coupling was only ever
significant between the highest order overlay mode and the single mode of the fibre
and, therefore, only the coupling coefficients between these two modes required
calculation. The highly dissimilar nature of the two adjacent waveguides and mode
field profiles suggests that the coupling coefficients C,, and C,, will be dissimilar.
Figure 3.9 shows an example of the field profiles of the fibre mode and the highest
order overlay mode below the phase-matching wavelength, at the phase-matching
wavelength, and very close to cutoff (above the phase-matching wavelength). The
field profiles were generated for a symmetrical overlay of 10um thickness and
refractive index 1.6 while the slab-equivalent model of the fibre was approximately
7um thick. Separation between waveguides was taken as Sum. Note that the
penetration into the fibre region of the evanescent tail of the overlay mode is much
greater at the phase-matching and cutoff wavelengths. This suggests that the
corresponding overlap integrals and coupling coefficients will be highly dependent
on the input wavelength. The values of C,, and C,, were calculated in a numerical
manner using the computer model of the device structure, for several waveguide
separations, as the wavelength was varied such that the overlay mode moved from
a tightly confined situation, through phase-matching, to approximately cutoff. Figure
3.10 shows the results. A simple explanation for the behaviour of the coupling
coefficients can be obtained by considering the mode field profiles shown in Figure
3.9. Away from phase-matching or cutoff, the strength of the evanescent tail of the
overlay mode is small across the width of the fibre i.e. the overlay mode is tightly
confined to the guiding region. As the wavelength is increased, the amplitude of the
evanescent tail increases while the field amplitude in the guiding region decreases

and the mode "spreads out". The corresponding overlap integral across the fibre
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region will, therefore, also increase since it depends on the product of the fibre field
and overlay field in that region. Thus, the value of C,, will also increase until a
maximum is reached prior to reducing again just before cutoff when the overlay
mode has "spread out" to such an extent that the proportion of the power carried by
the evanescent tail of the overlay mode in the region of the fibre has decreased. The
C,; coupling coefficient gradually reduces as the amplitude of the overlay mode in
the guiding region decreases since the amplitude of the fibre mode evanescent tail
is not significantly altered by varying the input wavelength. Although the calculated
values of C,, and C,, close to cutoff of the overlay mode are correct from a
mathematical standpoint, the original coupled-mode theory from which they were
derived is not really applicable in this regime i.e. substituting the calculated values
of C;; and C,, into eqns. (3.27) leads to power transfers of >100%, a physical
impossibility. The condition of weak coupling cannot be applied in this instance due
to the field of the overlay mode not being well confined to the overlay guiding
region. However, it is reasonable to assume that the coupling coefficients decrease
as the separation between fibre and overlay is increased i.e. similar to the case of
identical waveguides. Bearing this in mind, the wavelength range in which significant
power transfer occurs would be expected to similarly decrease as the guide
separation is increased i.e. low values of coupling coefficients would be expected to
result in a more rapid reduction in the maximum transferred power since the phase
mismatch, 28, will quickly dominate the equation. A corresponding narrowing of the

wavelength range (linewidth) over which power is transferred will result.

3.3.2. Influence of Overlay Dispersion on Resonance Linewidth

The above section suggested that the strength of the coupling and, thus power
transfer, between the fibre and overlay modes will be affected by the guide
separation. For a fixed separation, intuitively, the linewidth of the resonances in the
transmitted intensity for each device can also be related to the change in material
index or wavelength required to shift the overlay effective index across the fibre
mode index. It is interesting to investigate the rate of change of overlay effective

index with wavelength, material index or overlay thickness (gradient of dispersion
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curves) and relate it to the degree of phase-matching between the highest order
overlay and fibre mode. It is difficult to obtain a precise analytical expression for
any of these quantities by differentiation of the eigenvalue equation. Instead, a
computer program was developed which solves eqn. (1.1) by a numerical method
and the values of én./8\, &n./én, and én./8d were recorded for different waveguide
geometries. However, wavelength variation was the preferred parameter since
comparison with trends in experimental results was possible. Tables 3.1 and 3.2
show the value of én./6\ and mode order for a range of waveguide indices and two
thicknesses. Similarly, Tables 3.3 and 3.4 show the value of &n,/6\ and mode order

for a range of overlay thicknesses and two overlay indices.

The index and thicknesses of the waveguides (for Tables 3.1 and 3.2) were chosen
to correspond to actual experimental values to allow comparison with results given
in Chapter 5. Superstrate and cladding indices were 1.447. Each waveguide was
investigated in the wavelength range 1.2-1.6um and the effective index of the mode
which cut-off nearest to A=1.3um was recorded. Inspection of Tables 3.1 - 3.4
indicates that the sensitivity (gradient) of the effective index to wavelength increases
quite substantially as both overlay waveguide index and thickness (and, therefore,
mode order) are increased. Figures 3.11 and 3.12 show the relationship between
(dn./80)"! and (i) overlay index for two thicknesses and (ii) overlay thickness for two
refractive indices, respectively. The actual linewidth response of a practical device
can be expected to behave in a similar manner to Figures 3.11 and 3.12 although the
coupling strength of the polished fibre half-block (and, therefore, coupling
coefficients between the fibre and overlay) will determine the actual linewidth values.
It is believed that the sensitivity of the mode effective indices to wavelength variation
and, thus, the behaviour of 28, dominate the overall device behaviour, particularly
in the weak-coupling regime. This is a result of the dependence of on./O6N on
thickness and index being stronger than that of the coupling coefficients. Note also
that the phase mismatch is a stronger function of wavelength for highly-multi-moded
waveguides as observed from Tables 3.1 - 3.4. Narrow linewidth fibre-overlay

devices are, therefore, expected from devices which possess thick, high index
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Refractive Index " dn/d)x (x 109 | Mode Number, m
1.470 0.0108 3
1.494 0.03 5
1.548 0.0875 9
1.598 0.132 11
1.650 0.184 13
1.698 0.24 15

Table 3.1 WavelengthSensitivity of Mode Effective Index
Waveguide Thickness 12um

Refractive Index || dn/d\ (x 109 Mode Number, m
0.0131 6
0.0415 11
0.101 17
0.164 22
0.228 26
0.286 29

Table 3.2 Wavelength Sensitivity of Mode Effective Index
Waveguide Thickness 23pm
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Overlay Thickness II dn/d\ (x 10% I Mode Number, m

2.5um 0.02051 1

Spm 0.04030 3

10pm 0.05300 6

15pm 0.05970 9

20pm 0.06350 12

25pum 0.06614 15

30um 0.06826 20

Table 3.3 Wavelength Sensitivity of Mode Effective Index
Overlay Index n=1.5

Overlay Thickness II dn/dx (x 109 Mode Number, m

2.5um 0.09390 3

Spm 0.20462 7

10pm 0.27259 14

15um 0.29336 20

20pm 0.32280 27

25pum 0.33468 34

30um 0.35182 41

Table 3.4 Wavelength Sensitivity of Mode Effective Index
Overlay Index n=1.7
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overlays which are only weakly coupled to the fibre i.e. when the coupling
coefficients are small due to large separation.

3.4 Multi-Layer Analysis of Device Structure

The previous sections treated the device structure shown in Figure 1.3 as two
coupled waveguides with the fibre replaced by an equivalent slabguide. If the fibre
equivalent slab is retained, then the structure can also be viewed as consisting of a
number of adjacent, parallel layers of different refractive index. A matrix method[2]
can then be used to successively calculate the electric field distribution across each
layer of the structure and, thus, provide the super or normal modes of the entire
guiding structure. The interference or beating of these supermodes causes oscillation
of the input power between the guiding layers (fibre and overlay “"core") of the

structure with the beat length depending on the difference in propagation constants

of the supermodes.

The matrix method referred to above involves the multiplication of 2 x 2 matrices
from which the real and imaginary parts of the supermode propagation constants as
well as the mode field distributions can be readily obtained. The derivation of the
method is fairly simple and is based on the layered structure shown in Figure 3.13.
An incoming plane wave is incident at the first interface at an angle 6, and, assuming

y-direction invariance, the electric field in each layer can be written in the form:

E,_ = e, E,exp(iA,)expli(wt - k, cosd, x - B2)]

(3.28)
+ e, E, exp(-iA )expli(wt + k, cosb, x - B2)]

where

A, =47, =0, A; =kyd,cos8; , A, = k,cos0,(d, + dy) (3.29)

The quantity @8 is an invariant of the system while e,* and e, represent the unit

vectors in the direction of the field and E,,* and E_ are the field amplitudes for the
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X n, B2 Ez d.
n, 5 | Er |

3.30)
B = k,sin®, = k,sinB, = ... =k sin6

downward and upward waves, respectively. Applying the usual boundary conditions

for an electric field across a dielectric interface leads to the following expression[2]:

E; E, E,
=8| | = = 88,88, 3.3D)
E; E; E
where
s, idm
g L (3.34)
m t -id,, -id,,
m\r € e

m

and r, and t, represent,respectively, the amplitude reflection and transmission
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coefficients at the mth layer interface while §, = k,d,cosf_. The values of r,, and
t,, are related to the refractive indices of the adjacent layers at each interface and also

the angle of incidence of the incoming light. For TE polarisation

n,cos8, -n . cos®

(3.33a)
nmcos em + nm+1 cos em+1

2n, cos6
t = m m (3.33b)
n,cos®, +n_  cos6,

while for TM polarisation

n_..cos® -n cosO
r,=—l _—m m ‘md (3.34a)
n,.cos® +n cosb,

2 6
t, - e . (3.34b)
n,.,cosb, +n cos6,_

For a wave incident from the first layer, there is no upward propagating wave in the
last layer and, therefore, for the structure shown in Figure 3.13, E,;=0. This
condition, used in conjunction with eqns. (3.31) and (3.32), allows the electric field
at each interface to be calculated in terms of E;*. The normal or super modes of a
multilayer structure can be obtained using this approach by evaluating the excitation
efficiency of the wave in the guiding regions as a function of 8 (variation of 8 can
be achieved by changing the angle of incidence, 6). Resonance peaks[2] in the
excitation efficiency occur when the value of 8 corresponds to a guided mode. For
the structure shown in Figure 3.13, if layer 3 is selected as the guiding layer then
the excitation efficiency is given by n(8)=|E;*/E,*|? or |E;/E;"|?. The value of
B can then be used to calculate the corresponding mode field distribution across the

entire structure.

3.4.1 Application to Fibre-Overlay Device
A computer program was developed which allowed the matrix method outlined above

to be applied to the basic fibre-overlay device structure. Again the fibre was replaced
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with an equivalent slab waveguide[6] to leave a fundamental five layer structure.
Replacing the optical fibre by an equivalent slab waveguide in the above discussions
has two important consequences: the device interaction length is no longer defined
by the fibre curvature and remaining cladding thickness and the device, in principal,
exhibits no loss. Obviously, an appropriate interaction length can easily be chosen
but the effect of loss is more complicated and discussed in the next section. The
program was designed to vary the propagation constant 8 until resonance peaks in
the excitation efficiency of the field in the overlay region were detected. The 8
values at these peaks correspond to the propagation constants of guided modes of the
structure as suggested earlier. The excitation and propagation of these normal modes
of the structure then determines the behaviour of the fibre-overlay device structure.
At the start of the interaction region, the fibre mode excites normal modes of the
structure which then interfere as they propagate along the interaction region. The
power contained by each normal mode depends on the excitation efficiency which
is primarily related to the overlap of the fibre field and the normal mode field[7].
In general, a large number of normal modes can be supported by the multilayer
structure. However, the excitation efficiency of most of the normal modes is
negligible except for those possessing a 8 value close to that of the fibre mode (in
isolation). It is found that significant excitation only occurs when the fibre mode is
close to phase-matching with the highest-order overlay mode. In this situation, two
normal modes known as the symmetric and anti-symmetric modes are significantly
excited i.e. each normal mode possesses a significant fraction of the input power.
When exact phase-matching of the fibre mode and the highest-order overlay mode
occurs, the two resultant normal modes are equally excited (approx.) and each
possesses half the input power. Figure 3.14 shows the field distribution for the
symmetric and anti-symmetric normal modes of a typical structure at the phase-

matching wavelength.

The B values of the symmetric (8) and anti-symmetric (8,) normal modes are
slightly above and slightly below that of the fibre mode, respectively. The difference

in the normal mode @ values provides the coupling length via the relationship
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L.=/|8,-6.| i.e. the length required for power to transfer from the fibre region to
the overlay region. At the output of the interaction region the resulting overall field
distribution, obtained from the addition of the normal mode fields at that point, re-
excites the fibre mode. The power in the fibre mode depends on the location of the
power carried by the normal modes at the end of the interaction region. If the
interaction length is exactly equal to the coupling length, then there will be negligble
power in the fibre region at the output. However, this situation can only occur when
the excitation of the normal modes, in terms of power, is equal and this requires
phase-matching of the fibre mode with an overlay mode. Below the phase-matching
wavelength, the power in each normal mode is highly dissimilar with the symmetric
mode containing the majority. In this instance, only a small fraction of the power can
oscillate between the guiding regions (fibre and overlay) and as a result almost all
the power is located in the fibre at the output. As the wavelength approaches the
phase-matching value, the power in each normal mode moves towards 50% and a
greater amount of power can oscillate between the adjacent guides. Full power
transfer can only occur at phase-matching of the fibre and highest-order overlay
mode. Correspondingly, the power in the fibre at the output decreases, reaching a
minimum on phase-matching (assuming the interaction length and coupling lengths
are closely matched). Further increasing the wavelength causes the current highest-
order overlay mode to cutoff and then the above situation is repeated when the next
highest-order mode enters the phase-matching regime. The result is resonance
minima in the fibre output power. This is the basic mechanism upon which the
operation of the fibre-overlay device relies. Again, as in the coupled-mode theory
approach, phase-matching of the fibre mode and the highest-order overlay mode is

the critical issue.

No device modelling results are presented here but instead the effect of the different
parameters are discussed qualitatively. The width of the resonance minimums
mentioned above are obviously of great interest as regards device performance. Since
phase-matching is critical in establishing equally-excited normal modes and

subsequent efficient fibre-overlay power transfer, the dispersion of the overlay
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modes, as with the coupled-modes approach, is obviously again an important factor
with regard to resonance linewidth i.e. the wavelength range over which the overlay
mode is in the vicinity of phase-matching is directly related to the wavelength
dispersion. Therefore, the discussion given in section 3.3.2 concerning the influence

of overlay dispersion with respect to wavelength, index and guide thickness is
applicable here also.

The other important parameter which contributes strongly to resonance linewidth is
the spacing between the fibre and the overlay i.e. the remaining cladding thickness.
This spacing has an influence on the excitation of, and thus the power contained in,
both the symmetric and anti-symmetric normal modes. Figures 3.15(a) and (b) show
the effect of increasing fibre-overlay spacing on the excitation of the normal modes,
for the same degree of phase mismatch (same structure as for Figure 3.14). It is
clear that the smaller fibre-overlay spacing (3um) results, in this instance, in greater
excitation of both the anti-symmetric normal mode and the symmetric normal mode
and, for a set interaction length, the possibility of a substantial fraction of the total
power being located in the overlay region is increased. When the fibre-overlay
spacing is increased (8um), the excitation of the symmetric normal mode is very
small (power in anti-symmetric normal mode almost 100%) and, irrespective of the
interaction length, virtually all the power will be located in the fibre region at the
device output. In addition, power located in the overlay region is subject to a lateral
loss mechanism which further reduces total power available at the device output.
This loss mechanism is considered in the next section. When the fibre-overlay
spacing is large, the power contained in the symmetric normal mode is very small
except in the close vicinity of the phase-matching condition. Subsequently, the
fraction of power located in the overlay region at the end of the interaction region
will be very small except close to phase-matching and the resultant power re-excited
in the fibre will be high. However, when the fibre-overlay spacing is small, the
power in the symmetric mode is significant over a greater wavelength range (in the
vicinity of phase-matching). Therefore, the amount of power located in the overlay

region at the end of the interaction region will be significant over this same
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wavelength range and power re-excited in the fibre will, correspondingly, be
reduced. From the above explanation, devices which are identical apart from fibre-
overlay spacing will, for the same degree of phase mismatch (slightly below the
resonance wavelength), possess different resonance linewidths i.e. power coupled out

of the fibre will be significant over a broader wavelength range for small fibre-
overlay spacing devices.

3.5 Influence of Lateral Loss

Intuitively, a practical fibre-overlay device would be expected to suffer lateral loss
of power (diffraction losses) due to the difference in geometries of the fibre and
overlay waveguides i.e. the overlay only confines light in two dimensions. The
lateral loss mentioned above will obviously have a strong influence on the overall
device behaviour and is, therefore, worthy of discussion. A theoretical analysis of
this loss mechanism has been made using a coupled-mode approach[8]. In this
analysis, it was indicated that the combined structure of fibre and overlay supports
compound modes, some of which form ridge modes that are bound, in the plane of
the overlay, to the vicinity of the fibre. Light initially launched into the fibre is
redistributed among these compound modes, many of which are not confined to the
fibre region. This results in power being carried away from the vicinity of the fibre
and a numerical expression for the attenuation is developed which is related to the

coupling of the fibre and overlay modes.

An alternative analysis of the fibre-overlay coupling situation[9] represents the
fibre as an equivalent square waveguide in close proximity to a slab waveguide. In
this case, the equivalent index method[10] is used to split the overall structure
into x and y slabs for separate analysis. A perturbation approach is then used to
determine the influence of the slab on the power guided by the fibre. A loss term
was derived in the subsequent analysis which was related to the modal field
distributions and fibre parameters and represented as an imaginary part of the

propagation constant of the normal modes of the structure[8]. This loss term is
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compatible with the matrix method described above and can be incorporated in the

calculation of the power remaining in the fibre at the end of the interaction region
of the device.

For both approaches, the result is that the power in the fibre at the device output at
the phase-matching wavelength will always be attenuated to some extent even if the
coupling length and the interaction length are mismatched. In terms of device
response, this will lead to high resonance modulation depths (extinction ratios),
particularly if the interaction length is much longer than the coupling length. The

experimental results given in Chapters 5 and 6 confirm this point. Therefore, the

lateral loss has an important effect on device behaviour.

An additional loss mechanism can also be identified by considering again the
eigenvalue equation of the overlay waveguide. The complete solution of this equation
results in a degenerate mode structure i.e. solutions exist at an infinite number of
angles in the plane of the waveguide. Coupling of power to these off-axis modes
would obviously result in attenuation of the input power. This loss mechanism is

considered in more detail in Chapter 5.

3.6 Conclusions

The coupled-mode approach to analysing the fibre-overlay device structure, with the
assumption of weak-coupling, allows the behaviour of the overlay waveguide mode
structure to be considered the dominant factor in device performance. As a result,
a great deal of information concerning device behaviour can be obtained by
observing the effect of varying the various overlay waveguide parameters.
Subsequent performance of practical devices can then be considered as having a
significant dependence on the overlay waveguide, which can be fabricated

accordingly.

Considering the fibre-overlay device as a multilayer structure allows a simple, but
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powerful, matrix method to be adopted in the calculation of mode electric field
profiles and propagation constants and resultant spectral transmission responses.
More precise modelling of the device performance, in terms of channel linewidths,
spacing and modulation depth (extinction ratio), is possible with this approach.
Extensive modelling of the device structure using this technique has recently been
carried out in the Optoelectronics Group at University of Strathclyde. The modelling
results show encouraging similarity to experimental results and are presented
elsewhere[11]. Again, design of practical devices can be based on modelling

results and adjusted to provide the desired device response.
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Lapping and polishing of the top surface of the composite structure is performed to
leave an appropriate amount of fibre cladding between the core and the top surface
(typically 2-5um). The block which holds the optical fibre is generally 30mm x
15mm x 10mm and and cut from slabs of fused quartz, thus allowing the same
lap/polish rate as the fibre. The groove is cut in the substrate block using a diamond-
impregnated wire saw which can be angled and tensioned such that a range of radius
of curvature grooves (7.5cm to 50cm) can be obtained. Two thicknesses of wire
were used to form the grooves, 130um and 200um. Typical radii of curvature for
polished fibre half-couplers (half-blocks) fabricated for investigation in this thesis are
11cm and 22cm. Once the groove has been cleaned and any debris left as a result
of the sawing process removed, a length of fibre equal to the groove length
(generally 30mm) is immersed in DiChloroMethane, an organic solvent. This causes
the plastic buffer coating on the fibre, used to provide mechanical strength and to act
as a radiation mode stripper, to soften and detach from the fibre cladding. Next, a
low viscosity two-part epoxy is introduced into the groove via capillary action. The
exposed fibre is then cleaned and inserted into the groove while lateral and vertical
tension is applied to it to cause it to conform to the shape of the groove. A heat gun
is then used to slowly cure the epoxy and secure the fibre. Ultra-Violet cured glue,
brand name NORLAND 63, is then applied to the fibre at each end of the groove
to provide support to the unbuffered fibre at these points. A number of adhesives
were tested for use in bonding the fibre along the length of the groove to assess their
response to the lapping/polishing processes and reaction to various solvents used in
cleaning optical surfaces, e.g. Isopropyl alcohol, acetone, etc. Problems encountered
included a tendency for the adhesive/glue to lap/polish at a different rate from the
fused quartz resulting in a slight variation from complete optical flatness across the
entire surface of the substrate block. Best results were obtained for a two part heat-

curing epoxy, brand name EPOTEK 353ND.

The half-block is then mounted on a standard LOGITECH polishing jig using a low
melting point (56°C) paraffin-based wax. A photograph of a standard polishing jig

and polishing machine are shown overleaf. The polishing jig is shown with a fibre
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half-block mounted in the correct position for polishing. A 3-stage process of
mechanical/chemical lapping and polishing is used to remove the desired amount of
fibre cladding and produce a good optical quality surface on the half-block. The
lapping stages of the process were performed on a LOGITECH PM2 precision
polishing machine. Initial material removal is obtained by lapping the half-block
surface on a cast-iron or glass plate with a slurry containing 9um particles of
calcined Aluminium Oxide powder in de-ionised water. The lapping action is
obtained by placing the jig upside down with its drive-ring in contact with the
surface of the selected plate. The sample is then lowered until it also contacts the
plate surface, the pressure of the sample on the plate being controlled by an
adjustable screw. Material removal then occurs as the plate is rotated with the jig
confined to one spot. A micrometer spring gauge is attached to the polishing jig
which allows a coarse measurement of the amount of material which has been
removed (accurate to 2um). Distance from the half-block surface to the fibre core
(taking the outside diameter of the fibre as 125um) can be calculated, using the depth
of the groove at the centre, and this value indicates the thickness of material to be

removed. Generally the depth of the groove is made substantially larger than the
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fibre diameter and the 9um lapping procedure is performed until the fibre cladding
is just exposed through the surrounding epoxy. Visual inspection of the half-block
surface in the fibre region at this point using a microscope shows a small ellipse
shape present with major axis in the same direction as the fibre alignment. A section
of a typical ellipse shape is shown in the photograph overleaf. The length of the
ellipse together with the radius of curvature of the groove can be used to calculate
the precise thickness of cladding material which has been removed. Once the fibre
cladding has been reached the 9um lapping slurry is replaced with a 3um particle
solution and further cladding removed until the fibre core to half-block surface
distance is approximately 12um. The 3um slurry has a significantly slower lapping
rate than the 9um case, therefore giving more precise control, and also produces a

smoother finish which reduces the polishing time required in the next stage of the

process.

Polishing of the half-block surface is carried out using an expanded polyeurathane
plate and a slurry containing 0.5um particles of Cerium Oxide in de-ionised water.
This slurry is commonly referred to as OPALINE. A prototype LOGITECH PS2000
precision polishing machine was used for the polishing stage of the process since it
allowed some adjustment of the shape of the polyeurathane plate and thus better
control of the flatness of the half-block surface. Inspection of the half-block surface
quality and flatness was performed periodically during the polishing stage of the
fabrication process. A microscope was used to check the half-block surface, in
particular the fibre ellipse area, for mechanical damage such as scratches, pits, etc.
The surface flatness was determined by placing an optical flat in contact with the
half-block surface in the presence of a monochromatic light source and observing the
resulting interference fringe pattern. Slight distortion of the interference fringes along
the length of the fibre indicates that the fibre is not exactly flush with the rest of the
half-block surface. Reducing the width of the saw groove by switching from 200um
to 130um diameter diamond wire helped to reduce this distortion, suggesting it was
related to the size of the glue line either side of the fibre. Additionally, slivers of
fused silica were lapped to a thickness of 125-130pum and inserted vertically into the
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groove above the fibre thus reducing the total surface area of glue required to bond
the fibre in place. Further steps taken to improve flatness included reducing the jig

pressure whilst polishing and also controlled adjustments of the sample surface
alignment relative to the jig drive-ring.

4.3 Characterisation of Polished Fibre Half-blocks

Careful monitoring of the remaining cladding thickness is essential in the
characterisation of each polished fibre half-block with particular care being required
at the polishing stage. The material removal rate is much slower for the polishing
process than for the lapping process and is quite time-consuming. However, this
allows half-block to be regularly tested during the process which is desirable. The
transmission properties of a polished fibre half-block are dependent upon the
penetration of the fibre evanescent field into whichever material is placed on the
half-block surface and also on the radius of curvature of the fibre, the combination
of these factors producing an effective interaction length. The extent of this
penetration is directly related to the remaining cladding thickness[1] above the
core in the region of interaction. It is difficult to measure the remaining cladding
thickness experimentally using standard optical and mechanical instruments, although
it is generally considered to be less than Sum[2], so a simpler method of
calibrating the polished fibre half-block is used in this thesis. Each half-block is
categorised in terms of a notional "coupling strength” which is defined as the
percentage drop in transmitted intensity incurred when an oil of refractive index
n,=1.600 is applied in bulk form to the surface of the half-block (operation at
A=1.3um). (The refractive index of the oils is generally quoted for the Sodium D-
line wavelength and for a temperature of 25°C. They display significant dispersion
with both wavelength and temperature). The above method is known as the liquid-
drop method[3] and has the advantage that the interface between the oil and the
polished fibre is always as good as the polished fibre surface. Thus, there is no need
to treat the oil/fibre boundary in any special way. Once an optical quality finish has

been produced on the half-block surface by polishing, the surface is carefully cleaned
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and light from a 1300nm diode laser launched into the fibre. The transmission
response of the half-block is most sensitive to a bulk overlay material possessing a
refractive index value close to that of the fibre effective index (i.e. the refractive
index "seen” by the fibre mode). Therefore, initial transmission measurements are
performed using an oil of index n, = 1.456 as the bulk overlay to detect the earliest
sign of the fibre interacting with the external medium. Once this point has been
reached the half-block is subjected to a number of short periods on the polishing
machine (typically 2-5mins in duration) with transmission measurements being made
using oil of n,= 1.600 after each period of polishing. It should be noted that the
optical field strength in the cladding region decays exponentially with distance and
that the material removal rate should be adjusted accordingly. The radius of
curvature of the fibre further complicates this part of the process. Repeated polishing
and testing is continued until the polished fibre half-block displays the desired

"coupling strength" (as defined earlier).

Two radii of curvature were selected for the design of polished fibre half-blocks,
llcm and 22cm approx. Three half-blocks with each radius were fabricated
possessing coupling strengths of approximately 10%, 55% and 90%. The liquid drop
method was then employed to characterise the half-blocks over a range of bulk oil
overlay indices. Figures 4.3 and 4.4 show the transmission response of the half-
blocks for bulk indices 1.0 (air) to n,=1.698, the input wavelength being 1300nm.
The response of each half-block displays a minimum in transmission corresponding
to an oil index of n,=1.456, which is approximately equal to that of the fibre mode
when wavelength dispersion is considered. The transmission responses compare well
with similar experimental results[4], although coupling strengths of less than 90%
are generally not examined. Simple waveguide theory can be used to interpret the
transmission responses. While the bulk index in contact with the reduced cladding
side of the fibre is less than or equal to the fibre cladding no light will be lost i.e.
the fibre will guide as normal. For oil indices in the vicinity of the effective index
of the single fibre mode, the propagation constants of the bulk optical wave and the

guided fibre mode are almost matched, and strong coupling of the light out of the
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fibre occurs[7] i.e. the fibre becomes leaky. Increasing the oil index still causes
coupling of light from the fibre but with a corresponding decrease in efficiency.

Reducing the cladding thickness further increases the strength of the coupling and,
thus, reduces the fibre transmission.

The difference in radii of curvature appears to have only a small effect on the fibre
transmission properties, the recovery rate of the fibre transmission on the high index
side of the minimum being slower for the low radius half-blocks. However, it is
probably inappropriate to compare the different radius of curvature half-blocks via
their respective coupling strengths since, intuitively, the interaction lengths will be
different i.e. it is very unlikely that the remaining cladding thickness is identical for
the different radius of curvature half-blocks although they may possess the same
coupling strength. It would be expected that the longer r.o.c. half-blocks possess
thicker remaining cladding but also a longer interaction length than their shorter
r.o0.c. counterparts. In each case, however, the combination of remaining cladding
and interaction length gives rise to similar coupling strengths. Chapter 5 reports on

the effect of fibre radius of curvature on the behaviour of the fibre-overlay devices.

Once each polished fibre half-block displays the desired coupling strength, it is ready
for incorporation into fibre-overlay device structures. Typically, such devices are
formed with index oils, vacuum-deposited films, optical crystals or optical glass in
the role of the overlay. The following chapters report on the experimental

investigation of a variety of these devices.
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CHAPTER 5

0il Overlay Devices

5.1 Introduction

This chapter investigates device structures incorporating Cargille refractive index
oils[1] in the role of the high index overlay waveguide. The advantages of using
oil overlays were twofold. Firstly, the device fabrication process was rapid and
relatively simple. Secondly, each polished fibre half-block could be tested with a
range of overlay thicknesses and refractive indices since the oil could be easily
removed from the half-block surface. Thus, extensive characterisation of the device
structure could be achieved while difficult, time-consuming fabrication processes
were avoided, the aim being to establish a general understanding of device
behaviour. Initial investigation centres on the index response (via the thermo-optic
effect) of the devices while a more detailed study of the wavelength response is

reported in the later part of the chapter.

5.2 Device Geometry and Fabrication

Initial experiments were performed on devices which incorporated Cargille refractive
index oils, supported by Mylar polyester spacers of known thickness, sandwiched
between a polished fibre half-block and a superstrate of polished fused silica. Two
thicknesses of spacer were used, 12um and 23um and the oils ranged in refractive
index from ny,=1.47 to n,=1.698. Several different coupling strength polished fibre
half-blocks were employed. A specially designed jig, possessing spring-loaded
clamps to prevent thickness variations due to temperature changes, was used to hold
the structure. A significant degree of clamp pressure was required to ensure the
waveguide thickness was approximately equivalent to that of the Mylar spacers and

cleanliness of the adjacent polished surfaces and the Mylar spacers was essential.
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The device was constructed by sandwiching the spacers between the half-block and
fused silica superstrate prior to introducing the Cargille ol via capillary action to
form the overlay waveguide. The overlay waveguide was then of a symmetric nature
and displayed negligible waveguide birefringence. A switch structure was constructed
in a similar fashion by substituting the fused silica superstrate for a second polished

fibre half-block. Precise lateral location of the second half-block was required to
achieve alignment of the fibre cores.

5.3 Experimental Techniques

Methods of tuning the overlay mode structure, in the case of a fixed superstrate
index, are via modification of the overlay thickness and/or refractive index or
variation of the input wavelength to the device. Dynamic variation of the overlay
thickness could, in principle, be achieved by adjusting the spacer thicknesses via the
piezoelectric effect but practical implementation is difficult. Experimental
investigation of the oil overlay devices was, therefore, restricted to the two
remaining overlay parameters, refractive index and input wavelength. However, it
should be noted that variation of any of the parameters has the same basic effect of
shifting the mode structure of the overlay waveguide, and this is the basic

mechanism upon which device operation relies.

Simple variation of the overlay refractive index was possible for the oil devices. All
the Cargille oils possessed a significant, negative dn/dT (rate of change of index with
temperature), in the range 3-5 x 10%/°C. Therefore, using this thermo-optic effect,
the refractive index of the overlay could be "scanned" with the subsequent device
transmission response being recorded. Light from a pig-tailed internally modulated
(2KHz) 1300nm wavelength semiconductor laser diode was launched into a 9:1 fused
fibre coupler. The 90% output arm was then connected to the input lead of the oil
overlay test device via a mechanical splice while the 10% arm was fed to a
Germanium photodetector for use as a monitor signal. The output lead of the test

device was fed to a second Germanium photodetector (measurand signal). Both
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photodetector outputs were connected to a lock-in amplifier and the signals recorded
during the thermal scan. The temperature of the oil overlay was raised by placing
the device and supporting jig inside an oven. A temperature scan range in the region
of 60-70°C above room temperature was generally used. Transmitted intensity
readings were recorded as the device cooled slowly to room temperature, thereby
minimising the effect of thermal fluctuations. The oil temperature was measured by
placing a thermocouple as close as possible and in contact with the half-block or
superstrate. The cooling cycle was initiated after the thermocouple reading had
reached a steady-state value and performed slowly (1.5hrs) to reduce the effect of
fluctuations. The recorded temperature values could then be converted into
corresponding index changes using the appropriate value of dn/dT and graphed
against the normalised transmitted intensity readings (measurand/monitor). No
polariser or polarisation controller was included in the set-up because the oils are
isotropic and the waveguides symmetrical and multi-moded thus causing negligible

waveguide birefringence and corresponding polarisation sensitivity.

The mode structure of all waveguides is also sensitive to variation of the input
wavelength. This provides a simple way of modulating the transmission response of
a device. This method of device interrogation was easier, quicker to use and more
reliable than thermal scanning and was, therefore, widely utilised throughout this
project. The main component was a Bentham Instruments scanning monochromator
configured for use with optical fibre. The output from a 100W (Halogen) white light
source was chopped and focused onto the input slit of the monochromator. Light
passing through the slit is filtered and is then incident on a grating, the angle of
which can be adjusted by servo-motor control. The grating angle is calibrated such
that a discrete wavelength, within a wavelength range, can be selected to emerge
from the output slit. The light from the output slit was then polarised and launched
into the input lead of the test device via a polarisation controller and mechanical
splice. The device transmitted intensity was fed to an InGaAs photodetector which
was connected to a lock-in amplifier. Figure 5.1 illustrates the experimental set-up.

The set-up was controlled from a suitably configured IBM personal computer. The
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components denoted by P and PC represent a polariser and polarisation controller,
respectively, L1 and L2 are lenses, and MS is a mechanical splice. The usual scan
range was between 1200nm and 1600nm with the step intervals generally 1-2nm,
depending on desired accuracy. Wavelength resolution was determined by the width
of input and output slits of the monochromator, usually 0.5mm giving 1.8nm
resolution. The signal-to-noise ratio (and, thus, dynamic range) of the system was
reduced when high wavelength resolution (limit <1nm) was required because this
significantly cut the amount of power available at the output slit of the

monochromator. A typical intensity versus wavelength scan is shown in Chapter 1,
Figure 1.4.

5.4 Device Characterisation by Overlay Index Variation

Initial oil device experiments made use of the thermo-optic effect since the
wavelength scanning equipment was not available at that time. This characterisation
technique was time-consuming and not of high accuracy but allowed some basic
knowledge of device behaviour to be gathered. Results are presented here for eight
test devices. The devices incorporated two different coupling strength polished fibre
half-blocks (12% and 90%) with radius of curvature approximately 22cm. Two
different Cargille refractive index oils (n,=1.494 and 1.548) were used as the
overlay material, supported by two thicknesses of spacer (12um and 23um). Each
device was index scanned over a range which allowed at least two resonances dips
to be observed in the transmitted intensity (typically 60-70°C). The transmitted
intensity versus overlay index (dispersion-corrected to A=1.3um) was recorded for
each combination of half-block and overlay parameters. The resulting graphs of
transmitted intensity versus overlay index were all of a similar form but the width
of the resonances and modulation depths were strongly dependent upon the coupling
strength of the half-blocks. Figures 5.2 and 5.3 are typical examples and demonstrate
this effect. The resonance spacing increased as both the index and waveguide
thickness were reduced. This effect is expected from simple waveguide theory and

is discussed in more detail in section 5.5.1. The resonance linewidth and modulation
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depth and of the device transmission responses for the different overlay indices np
and thicknesses, d, are shown in Tables 5.1 and 5.2 for the 12% and 90% coupling
strength half-blocks, respectively. The modulation depth is a measure of the
percentage of the power coupled out of the fibre at a resonance position. From
Tables 5.1 and 5.2, it is clear that the lower coupling strength half-block produces
devices with narrower resonance linewidths. It also appears that the low index,
thicker overlays, for each coupling strength, produce narrower resonance widths.
This does not agree with simple waveguide theory which indicates that high index,
thicker overlays will give higher dispersion and, therefore, the narrowest linewidths.
The discrepancy is thought to be due to inaccuracies in the experimental procedure
and reflects the unreliability of this method of device characterisation. A more
detailed experimental analysis of the effect on linewidth of the overlay parameters
was conducted via wavelength variation and is given in section 5.5.2. The
modulation depth shows an increase for the 90% coupling strength results but there
is no clear trend as regards overlay parameters from inspection of the data in Tables
5.1 and 5.2. Again, a more detailed discussion of modulation depth (or channel
rejection ratio from a filter viewpoint) is given in section 5.5.3. An advantage of the
index variation experimental technique is that loss measurements are easier to make
due to better signal to noise ratios when compared with the wavelength variation
approach. The off-resonance loss (comparison of with/without overlay throughput)
of the devices was higher for the 90% coupling strength devices. The thinner, low
index overlays caused the highest loss, 0.12dB (12% half-block) and 1.6dB (950%
half-block). Particularly low loss values appear possible with the 12% coupling
strength half-block, 0.018dB being recorded for n,=1.548, d=23um.

With regard to intensity modulator and switch configurations using the basic fibre-
overlay geometry, the sharper side of the resonances observed in an index scan are
crucial. At these points on the index response, a significant shift in the transmitted
intensity can be induced by a relatively small variation of the overlay index. A
switch structure is envisaged as possessing a cross-coupled intensity response which

is the inverse of the typical transmitted intensity responses shown, for example, in
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Linewidth (FWHM) Modulation Depth "

Overlay Index

n,=1.494
n,=1.548

0.00126 | 0.00087 | 96.1% 78.1%
0.00113 | 0.00102 | 83.3% 69% |

Table 5.1 : 12% Coupling Strength Half-Block Results

Linewidth (FWHM) Modulation Depth
d=12pym | d=23um d=12um d=23um

Overlay Index

0.00337 85.7%
0.00482 0.00381 97.9% 96.8 %

Table 5.2 : 90% Coupling Strength Half-Block Results

Figures 5.2 and 5.3. Therefore, a similar shift in overlay index should produce an
intensity change in the cross-coupled output. Intensity modulation or switching could
be achieved by utilising the linear electro-optic effect (Pockels) in a suitable overlay
material (LiNbO,) to produce the necessary change in material index. The smallest
index change to induce a 10%-90% intensity variation for the devices tested was
0.721 x 10°%. The overlay details were n,=1.494, t=12um. The reduced modulation
depth of the higher index, thicker oil overlay devices meant that a 10%-90%
intensity change was not attained. However, improved figures can be expected from
other devices. Assuming, a similar index response in a LiNbO, overlay device, then

the corresponding required drive or switching voltage can be attained from the

following equation[2]:
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An = n_r33
2

14
d (5.1

where 133=30.8pm/V is the appropriate electro-optic coefficient, n is the material
index (approx. 2.15 at A=1300nm), d is the overlay thickness and V is the applied
transverse voltage. Using the value of An obtained from the oil response, the
corresponding voltage required to induce 10%-90% intensity modulation is 57.3V
or 4.78V/um. It is not unreasonable to expect better results for practical devices
incorporating LiNbO; since theoretical calculations indicate that sharper resonances
should be produced by higher index overlays. By manipulating the waveguide
eigenvalue equation (1.1), wavelength scans detailed in the following sections can

be converted to equivalent index scans. This allows further calculations concerning

drive voltages to be made.

5.4.1 Index Response of Oil Overlay Switch

An initial assessment of the feasibility of the switch structure was made using the
technique of index scanning via the thermo-optic effect. The experimental set-up was
the same as before apart from the superstrate being replaced with a second half-
block. A number of difficulties in experimental procedure were immediately
encountered. Obviously, the jig must be set up at room temperature and then placed
in the oven for thermal/index scanning. Therefore, it was essential that alignment of
the two half-blocks was achieved at room temperature. However, significant power
transfer was the only method of determining when the half-blocks were correctly
aligned and significant power transfer can only occur when the device transmission
response is on a resonance. The likelihood of a resonance occurring at room
temperature was small. Additionally, whenever the second half-block was translated
laterally, a small change in the waveguide thickness tended to occur because of the
liquid nature of the oil. This meant that the device resonance positions would shift
making good alignment with strong power transfer almost impossible to achieve. It

was found that no power could be transferred using low coupling strength half-
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blocks. When higher coupling strength blocks were used (both 85%) some power
transfer could be achieved. Figures 5.4 - 5.6 show the response of each arm of the
switch structure for different overlay parameter combinations. The intensity
transmission responses of the "straight through” arm and the “cross-coupled" arm
are the inverse of each other and of a basically periodic nature. This indicated that
the structure was behaving as a routing switch i.e. light tapped from the input fibre
was collected by the second fibre. It was possible to couple light between the fibres
using the higher coupling strength blocks because of the wider resonances they
produce. This means that light can still be coupled out of the input fibre even when
there is a significant phase mismatch and therefore a greatly increased chance of
aligning the blocks such that some power transfer occurs at room temperature. The
need for lateral alignment of the second half-blocks and thus continual small
thickness variation of the oil waveguide meant that switch structure was unlikely to
ever perform efficiently without the aid of complicated mechanical alignment jigs.
However, the results displayed in Figure 5.4 - 5.6 indicate that the switch structure
is feasible, with good alignment of the second half-block being critical. Further
investigation of the switch structure was carried out using solid-state devices with
characterisation via wavelength variation. The results of this investigation are

presented in Chapter 6.

5.5 Device Characterisation by Wavelength Variation

To assess the wavelength response of the device structure to variations in the overlay
material index and thickness, spacer thicknesses of 12um and 23um were used with
five different oil indices. The oils ranged from n,=1.47 to n,=1.698 and three
different coupling strength polished fibre half-blocks (12%, 55%, 95%) were used
in the experiments. Each half-block was associated with each combination of overlay
index and thickness. The intensity versus wavelength response for each device was
then obtained using the set-up described earlier. The polarisation sensitivity of the
devices was very small and, therefore, not recorded. Every wavelength response was

of a similar nature to that shown in Figure 1.4 although the resonance spacing and
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linewidth varied considerably for different parameter combinations. Figures 5.7 and

5.8 highlight this effect. Tables 5.3 - 5.8 show the difference in resonance linewidths

and spacing for the different polished fibre half-blocks and overlay parameters.

All values were taken from the resonance closest to A=1300nm for each scan. The
resonance linewidth and spacing and also the corresponding modulation depth (the
term "modulation depth” will be retained to be consistent with its earlier use
although rejection ratio is technically more correct) are of primary importance with
regard to device performance. Inspection of Tables 5.3 - 5.8 indicates that these
device performance parameters are closely linked to the overlay waveguide
parameters, ny and d. The coupling strength of the polished fibre half-blocks also
appears to be significant. Similar experimental investigation was performed for
devices in which the polished fibre half-blocks possessed approximately 11cm radii
of curvature. No major differences were observed with regard to device behaviour
and for this reason the results are not presented. However, the modulation depth

values were, in general, slightly reduced and this aspect is discussed in section 5.5.3.

5.5.1 Resonance Spacing

The recorded data on resonance spacing displays a clear dependence on the overlay
index, the spacing decreasing as the index is raised. In addition, the overlay
thickness causes a further spacing decrease as it is increased from 12um to 23pm.
The relationship between the resonance spacing and the overlay parameters is similar
for each half-block, particularly for the higher indices. This is expected and can be
explained from simple waveguide theory. Assuming the weakly-coupled guides
approach to the device structure, then the overlay waveguide is virtually unperturbed
by the presence of the fibre. In this case, the resonance spacing for each waveguide
will depend on the waveguide parameters and can be obtained from the eigenvalue
equation. The resonance positions correspond to the overlay highest order mode
index matching that of the fibre mode. Simple substitution into the eigenvalue
equation produces the resonance wavelength values, the difference being the

resonance spacing. Assuming that remaining cladding thickness on each half block
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Oil Index, n, Linewidth Resonance Modulation
(FWHM) Spacing Depth

1.470
1.494
1.548
1.598
1.650
1.698

Table 5.3 : 12% Coupling Strength Half-Block, roc=22cm
Spacer Thickness 23xm

i Ind Linewidth Resonance Modulation
Oil Index, n, (FWHM) Spacing Depth

1.470
1.494
1.548
1.598
1.650
1.698

Table 5.4 : 12% Coupling Strength Half-Block, roc=22cm
Spacer Thickness 12um
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Oil Index, n, Linewidth Resonance Modulation
(FWHM) Spacing Depth

1.470
1.494
1.548
1.598
1.650
1.698

Table 5.5 : 55% Coupling Strength Half-Block, roc=22cm
Spacer Thickness 23um

. Linewidth Resonance Modulation
Oil Index, ny (FWHM) Spacing Depth .

1.470
1.494
1.548
1.598
1.650
1.698

Table 5.6 : 55% Coupling Strength Half-Block, roc=22cm
Spacer Thickness 12pxm
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0il Index, ny, Linewidth Resonance Modulation
| (FWHM) Spacing Depth

1.470
1.494
1.548
1.598
1.650
1.698

Table 5.7 :  95% Coupling Strength Half-Block, roc=22cm
Spacer Thickness 23xm

0il Index. n Linewidth Resonance Modulation
> 7D (FWHM) Spacing Depth

Table 5.8 : 95% Coupling Strength Half-Block, roc=22cm
Spacer Thickness 12um
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is sufficient to ensure weak coupling, then the overlay resonance spacings should not

be affected by the coupling strengths of the half-blocks and the resonance spacings
for each half-block should be the same. The differences can be accounted for by
discrepancies in the overlay thickness between experiments caused by dust particles

etc. The eigenvalue equation can be simply manipulated, for highly multi-moded
waveguides (large m), to give:

2
Ar = A

2d /n22 ~ n?f _ )\.r (5.2)

where A, is a resonance wavelength, n, is the fibre mode index, n, is the overlay
index and d is the thickness. Notice the inverse dependence on both d and n,.
Equation 5.2 indicates that resonance spacing will be very small for a high index,
thick overlay, particularly at lower wavelengths. Table 5.9 shows the calculated

spacing values for the overlays used in the experiments (resonances adjacent to
A=1300nm).

Oil Index, n; || Thickness 12um I Thickness 23pm
1.470 372nm 202nm
1.494 244nm 130nm
1.548 160nm 84nm
1.598 110nm 68nm
1.650 96nm 54nm
1.698 82nm 49nm

Table 5.9 : Calculated Resonance Spacings

The calculated values show reasonable agreement with the experimental data as
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would be expected. The major differences occur at the lower index values when
slight thickness variations in the e€xperimental overlays have a greater effect on mode

spacing, and, hence, resonance spacing. Figure 5.9 compares theoretical and
experimental resonance spacing.

5.5.2 Resonance Linewidth

From Tables 5.3 - 5.8, it is apparent that high index, thick overlays (large m)
produce the narrowest linewidth (FWHM) values. The coupling strength of the
polished fibre half-block incorporated in each test device also appears to be related

to the width of the resonance, with low coupling strength (large remaining cladding
thickness) giving the narrowest results.

Figure 5.10 - 5.12 show linewidth versus overlay index in graphical form for both
a 23pum and 12um overlay thickness using the data contained in Tables 5.3 - 5.8.
The relationship in each instance is similar and displays a strong inverse nonlinear
dependence on overlay index, suggesting that the use of higher index overlays (e.g.
Zinc Sulphide, Lithium Niobate, Silicon) may produce very narrow (<2nm)
linewidths. It is possible to compare Figures 5.10 - 5.12 with Figure 3.11 which
relates the theoretical resonance linewidth with the overlay parameters. The similar
relationship indicates that the value of dn/d\ for an overlay mode close to phase-
matching is the dominant factor in the device wavelength response. Tables 3.1 and
3.2 indicate that overlays with high mode orders produce narrowest linewidths and
this agrees with the experimental results. The mode order increases with increasing

index and thickness of the waveguide.

From Tables 5.3 - 5.8, the coupling strength of the particular polished fibre half-
block incorporated in each test device is significant. The width of the device
transmission resonances are dramatically increased when the 95% coupling strength
half-block device responses are compared with the lower coupling strength half-block
device responses (particularly the 12% half-block). As outlined in Chapter 3, the

half-block coupling strength is a measure of the remaining cladding thickness on the
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polished side of the optical fibre. Since the data in Tables 5.3 - 5.8 is for half-blocks
with the same radius of curvature, it is possible to relate the resonance linewidths
to the remaining cladding thickness i.e. to the separation between the fibre core and
the overlay. The result is that large remaining cladding thickness (or separation)
produces much narrower linewidths. This agrees with the brief theory developed,
qualitatively, in Chapter 3 which suggested that well-separated waveguides are
weakly coupled (small coupling coefficients) and exchange significant power only on
or very close to a phase-matching condition. This corresponds to the 12% coupling
strength test devices. When the guide separation is small (95% coupling strength),
significant power exchange can still occur when the guides are phase mismatched (to
a certain extent) because the coupling coefficients between the guides are large i.e.
a strongly coupled situation (as described in Chapter 3). This explains the wider
resonances present in the transmission responses of the 95% coupling strength test

devices. The 55% half block devices produce results which lie between the two

extremes.

5.5.3 Modulation Depth

There is no obvious trend to the values of modulation depth displayed by the test
devices with respect to the overlay index, but, in general, it appears higher for lower
indices. However, although the resonance modulation depth for each device is
consistently high (>70%), there appears to be a more significant increase in
modulation depth when the half-block coupling strength is increased and also when
the overlay thickness is reduced from 23um to 12um. Relating the modulation depth
to coupled-mode theory, the maximum value should occur (100% for identical
guides) when the device interaction length is equal to or a multiple of the coupling
length between the fibre and overlay (assuming no losses)[3]. Less than maximum
values will result if the coupling length is either less than (power remaining in fibre)
or greater than (power coupled back into fibre) the device interaction length. With
the range of overlay parameters incorporated in the test devices, a wider spread of
modulation depths would be expected than was recorded. It is believed that some of

the initial power radiates sideways in the overlay region and never returns to the
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fibre. This is probably due to a diffraction-type effect which occurs when light
initially corTﬁned in two dimensions (fibre) enters a region in which there is only
one-dimensional confinement (overlay). Therefore, whenever power couples into the
overlay, a fraction of this power is lost and cannot re-couple into the fibre. The
result is that any device possessing an interaction length considerably longer than the
coupling length (and therefore undergoing many power oscillations) will display a
loss-enhanced resonance modulation depth. Low coupling strength half-blocks will,
therefore, be more likely to possess a lower value of modulation depth since they
exhibit longer fibre-overlay coupling lengths (small coupling-coefficients). This
appears to hold true from the experimental data. Since low coupling strength half-
blocks are desirable in that they produce the narrowest resonance linewidths,
practical device implementations will have to compromise between these two
performance parameters. It has been shown[4], for two identical guides, that the
coupling coefficients are inversely related to the guide thickness. This provides a
possible explanation for the dependence of the modulation depth on the overlay
thickness since this will cause a greater number of power oscillations to occur within
the device interaction length and, therefore, result in greater loss and subsequent

modulation depth.

Similar trends in modulation depth were recorded for the test devices incorporating
the smaller (11cm) radius of curvature half-blocks with regard to coupling strength
and overlay parameters. This was expected. Tables 5.10 and 5. 11 show the recorded
modulation depths for the various combination of overlay parameters and coupling
strengths. Comparison of the corresponding modulation depths for the different
radius of curvature half-blocks reveals that there is a slight reduction for the tighter
radius devices. A possible explanation may be a decrease in effective interaction
length for the tighter radius of curvature half-blocks and subsequent reduction in

power oscillations i.e. the effect of radiative loss is slightly reduced.

5.5.4 Effect of Loss on Device Behaviour

As was noted above (and is also apparent from Tables 5.3 - 5.8), the modulation
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Modulation Depth

Oil Index, n,

12% Block 50.5% Block

90.5% Block

1.494 73.5%

1.548 66.2% 73.4% 90.6%
1.598 67.4% 80.6% 89%

1.650 65.3% 75.9% 90.5%
1.698 68.5% 94.7% 88.3%

Table 5.10 : Modulation Depth for Devices with roc=11cm
Spacer Thickness 23um

Modulation Depth

Oil Index, n,,

90.5% Block
1.494 79.8% 72.2% 99.8%
1.548 83.8% 84.5% 99%
1.598 86.7% 85% 95.7%
1.650 83.8% 88.3% 94.2%
1.698 77.2% 83.7% 93.5%

Table 5.11 : Modulation Depth for Devices with roc=11cm
Spacer Thickness 12pm
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depth recorded for the oil overlay devices is always large, an unexpected result when
coupled-mode theory is considered. This suggests that a loss mechanism is present
which reduces the effect of any mismatch between coupling length and device
interaction length. Diffraction-type effects at the interface of the fibre and overlay
waveguide, due to the difference in waveguiding geometries, was identified as the
probable source of this loss. The consequence of this loss mechanism is an

enhancement of the resonance modulation depths displayed by the devices which is
a desirable effect.

A second loss mechanism, coupling of power to off-axis overlay modes[5], is also
believed to have an effect on device behaviour. It is believed that this loss
mechanism is related to the fact that the overlay slab waveguide supports modes
which are angularly degenerate i.e. an infinite number of modes with the same
absolute propagation constant but different propagation direction can be solutions of
the overlay eigenvalue equation. Consider the case where the highest order overlay
mode has a propagation constant slightly above the phase-matching value (assume
that only the highest order mode is ever significantly involved in the mechanism).
In this situation, the z-component of an angularly degenerate highest-order overlay
mode will satisfy the phase-matching condition and the possibility of power transfer
to this mode exists. Power leakage in the lateral direction would then result.
Intuitively, the extent of this power leakage will be related to the angle of the
coupling mode of the overlay. The greater the angle, the smaller the subsequent
coupling coefficients and the longer the coupling length. As was suggested earlier,
long coupling lengths decrease the number of power oscillations and, for the case of
coupling to an angularly degenerate overlay mode, this will reduce power leakage.
This suggests that the dispersion of the mode will strongly influence the extent of
off-axis power leakage. For devices with low index, thin overlays in which the
magnitude of the highest-order mode is always fairly close to the phase-matched
value, significant off-axis loss will be present over a substantial wavelength range
prior to phase-matching i.e. in low dispersion overlay devices. When the device

possesses a highly dispersive overlay, the off-axis loss will be significant over a
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much reduced wavelength range prior to phase-matching and a narrowing of

resonance linewidth can be expected. This agrees with experimental observations.

A further result of coupling to off-axis overlay modes may be the asymmetrical

nature of the resonances which occur in both the wavelength and index responses of
the devices discussed in this chapter. This may be explained by the fact that after the
phase-matching condition, no coupling to angularly degenerate modes can occur
since no z-direction component of the highest order mode can be equal in magnitude
to the fibre mode. Therefore, there is no significant off-axis loss on the high

wavelength side of the phase-matching condition and rapid recovery of the

transmitted power occurs as the wavelength is increased.

5.5.5 Device Insertion Loss

The device insertion loss is a combination of the loss induced in the fibre due to the
presence of the polished fibre half-block and that caused by the presence of the
overlay. Cutback measurements were made on the half-blocks (A =1300nm) with an
air superstrate and found to be consistently less than 0.1dB, even for the high
coupling strength half-blocks. The loss due to the overlay was determined by
comparing the off-resonance device throughput with and without each oil overlay.
The total insertion loss values, at off-resonance positions, for the devices
incorporating the 95% and 12% coupling strength half-blocks (roc =22cm) are shown
in Tables 5.12 and 5.13, respectively. There were noise limitations on the accuracy
with which the loss measurements could be recorded but the general trend is that the
loss increases as the overlay index decreases. The thicker overlays also tend to cause
a greater loss. It is believed that this apparent loss is a result of incomplete
decoupling of each successive overlay mode from the fibre mode prior to the next
overlay mode becoming phase-matched. This effect depends on the spacing between
the overlay modes, which is smallest for thick, low index waveguides. Hence the
higher apparent loss for these devices. The effect of the coupling strength of the

polished fibre half-blocks is clear from Tables 5.12 and 5.13. A dramatically

increased insertion loss results when the 95% half-block is incorporated in the
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Insertion Loss (dB)

Overlay Index

d=12um

n,=1.470

d=23um

n,=1.494

n,=1.548

np=1.598

n,=1.650

ny=1.698

Table 5.12 : Insertion Loss of Devices with 95% Half-Block

Insertion Loss (dB)

Overlay Index d=12,m

d=23um

Table 5.13 : Insertion Loss of Devices with 12% Half-Block
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devices Which possess a low index overlay. Higher index overlay devices are less
influenced. Referring to the explanation given above, significant coupling between
the fibre mode and the overlay modes will occur over a broader wavelength range
either side of the phase-matched Wwavelength when the higher coupling strength half-
block is used. Therefore, the degree of decoupling will be reduced when compared

with the 12% coupling strength half-block situation and an effective higher insertion
loss will be observed.

5.6 Conclusions

Fundamental investigation of the basic fibre-overlay device structure has been carried
out using oil overlay devices. The observed experimental results have established the
basic trends in device behaviour with regard to variation of the fundamental overlay
parameters, refractive index and thickness. Similarly, the effect of polished fibre
half-block coupling strength (remaining cladding thickness) has also been determined.
The spacing between resonances in the fibre wavelength-transmission response is
clearly dependent upon the overlay mode structure (and, therefore, index and
thickness) and can be theoretically calculated using the overlay eigenvalue equation.
Trends in resonance linewidth have been shown to be closely related to the
wavelength dispersion of the modes of the overlay waveguide while decreasing the
half-block coupling strength has a beneficial effect on absolute values of resonance
(channel) linewidth. Narrowest linewidths (3nm) were observed for devices which
incorporated low coupling strength half-blocks and thick, high index overlays.

Channel spacing was seen to vary between 43nm and 284nm.

The modulation depths (extinction ratios) of the wavelength-transmission resonances
were found to be higher than expected (an advantageous effect) and this was
attributed to the influence of a lateral loss mechanism. No clear trend relating
modulation depth to the overlay parameters was identified. Off-resonance device
insertion loss was also investigated and, for the devices possessing low coupling

strength half-blocks, found to be < 0.5dB. Devices with high coupling strength half-
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blocks displayed only slightly higher loss except when thick, low index overlay
waveguide were employed.

In addition to the study of the basic fibre-overlay device, a brief investigation of a

switch structure was also conducted. A clear switch response was demonstrated via
thermally-induced variation of the overlay (interlay) refractive index. Due to

experimental difficulties, it was decided that further study of the switch structure

would be restricted to solid-state overlay devices.
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CHAPTER 6

Solid-State Devices

6.1 Introduction

After characterisation of the oil overlay devices, the next stage in the research
programme was the development of practical, solid-state overlay devices. Several
different materials were used in the role of the overlay/interlay waveguide: optical
quality glass, dielectric thin films, Lithium Niobate and Silicon. The intention of
using different waveguide materials was to gain the necessary fabrication expertise
and knowledge of device behaviour prior to attempting to produce an active
component. At the present time there are only a limited number of commercially-
available, optically-active materials. However, this is likely to change in the near
future due to research advances in the development of highly electro-optic
organic[1] and thin-film dielectric[2][3] materials. In addition, previously
unavailable crystalline materials possessing electro-optic coefficients orders of
magnitude greater than LiNbO; are becoming commercially available e.g. Barium
Strontium Niobate (BSN) r=1090pm/V and Barium Titanium Oxide (BaTiO,)
r=820pm/V. With a view to future device development, it is important to assess the
compatibility of the device geometry with the required deposition/fabrication
processes for these new materials. A variety of fabrication techniques are involved
in the manufacture of the devices investigated in this chapter. These basic techniques
are briefly described and subsequent device characterisation and performance are
detailed together with notable modifications which were made to the fabrication

techniques during the course of the experimental investigation.

6.2 Fabrication of Passive Polished Overlay Devices

Thicker overlay/interlay devices (5-50pm) were fabricated using optical quality glass

and z-cut (to allow access to the largest electro-optic constant) Lithium Niobate
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(LINDOy). Three types of glass, refractive indices approx. 1.5, 1.65 and 1.77, were
used. A thin sliver (Imm) of the required material was polished on one side to
produce 2 flat, good optical quality surface. This surface was then bonded to a
polished fibre half-block which was still mounted on the polishing jig used in its
fabrication. Best possible parallelism of the overlay waveguide is ensured by
adopting this approach rather than attempting to re-align a half-block on a different
polishing jig. The lapping and polishing processes were similar to those described
in Chapter 4, the only significant difference being in choice of polishing slurry. A
number of different optically transparent glues were considered for use as the
bonding agent. Important parameters were refractive index, viscosity (directly related
to bond layer thickness), bond strength, resistance to solvents and absorption. The
majority of suitable glues were low-medium viscosity Ultra-Violet curable with a
cure time generally less than 10mins. A two-part epoxy (EPOTEK 301) was also
used as the bonding agent and displayed high bond strength but had the
disadvantages of high viscosity, thus producing thick bond layers, and slow cure
times (> 24hrs). It was essential that the half-block surface was completely free from
any oils or solvents used in previous characterisation processes before application of
the bonding agent. After curing, the exposed side of the bonded sliver was lapped
and polished to <30um to form a planar waveguide. The lapping process (cast-iron
plate, 9um and 3um ALO,/water slurry) was identical for glass and LiNbO; devices.
However, the polishing process is of a mechanical/chemical nature and thus different
polishing slurries (glass - 0.5um Cerium Oxide, LiNbO; - silica suspension) were
required due to the difference chemical composition of the two materials. Fabrication
of a LINDO, overlay device was considerably more difficult than a glass overlay due
to its tendency to fracture or detach from the bonding layer when in the region of
20um thick. A switch structure was formed by placing a second polished fibre half-
block on the top surface of the overlay waveguide and ensuring appropriate
alignment such that the power coupled from the input half-block could be collected.

Important details of particular fabrication stages are described further in sections 6.6.
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6.3 Fabrication of Active Polished Overlay Devices

The large linear electro-optic constant possessed by LiNbO; was the reason for its

intended use as the overlay waveguide material. Application of an appropriate
electric field causes a significant change in the material refractive index of LiNbO,
and offers the possibility of actively tuning or modulating the mode structure of a
LiNbO; waveguide. Obviously, the thinner the waveguide, the lower the applied
voltage for the same field-induced index shift. The structure of a switch
incorporating an electro-optic overlay is shown schematically in Figure 6.1. The glue
and oil layers, present in a practical device, have been omitted. The device can be
thought of as a basic intensity modulator if only the output from the transmitted arm
is considered or as a bandpass filter if the wavelength response of the cross-coupled
arm is considered. A transverse electric field can be developed across the active
layer by forming a potential difference between the two Indium-Tin-Oxide (ITO)
transparent electrodes. These electrodes were formed by rf magnetron sputtering of
a pressed ceramic target of ITO (composition 90% In,O; - 10% SnO,) with Argon
as the sputtering gas. Deposition conditions were similar to those outlined in section
6.1.2. The resistivity of the ITO was generally in the range 103-10?Qcm, an order
of magnitude higher than values quoted in the literature[4][S]. However, the
resistivity values were deemed acceptable since the initial aim of the investigation
is to determine the feasibility of the device structure. It was recognised that
subsequent restrictions on device frequency response would, however, be severe.
The use of y-cut LiNbO; and co-planar electrode structures similar to those used in
Integrated-Optic LiNbQO, devices[6][7] would allow high-frequency operation.
There is no reason, in principle, why these electrode structures cannot eventually be

incorporated in the device structure shown in Figure 6.1.

The fabrication of the active device (switch/modulator) overlays relied on the same
techniques as outlined for the passive devices. However, the incorporation of the
transparent ITO electrodes caused additional problems. In order to deposit the ITO

onto the half-block surface, it was necessary to remove the block/steel pad
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Figure 6.1 : Schematic of active switch structure

combination from the polishing jig for deployment in the vacuum chamber of the
sputtering system. After deposition of the ITO layer, typically 25nm in thickness to
keep the optical effect of the layer to a minimum, the block was then remounted onto
the polishing jig for further processing. It was found that the dismounting and
remounting procedure caused a slight misalignment of the half-block surface with the
drive-ring of the polishing jig which was very difficult to correct. This meant that
a slight wedging of the eventual polished overlay waveguide, and corresponding
compromise of device performance, was unavoidable. The most sensitive waveguide
parameter is its thickness and a change in waveguide thickness along the interaction
region (as a result of a wedge or surface imperfections) produces a slight variation
in the effective indices of the waveguide. Accordingly, there will be a range of
wavelengths at which phase-matching of the fibre mode and an overlay mode can
occur, thus broadening the resonances in the device wavelength response. The
sharpness of these resonances can be related to drive voltage for an electro-optic

overlay device and thus any wedging of the overlay is highly undesirable.

It was also found that a similar effect was caused by the parallelism and thickness
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of the bonding layer between the polished fibre half-block surface and the LiNbO,
overlay. A non-parallel or uneven glue line gives rise to a non-uniform refractive
index distribution along the interaction length and thus the overlay effective indices
will vary slightly from one end to the other. Again this will result in a slight
broadening of the device resonances. Two UV-cured, optically transparent glues
were eventually selected for use as the bonding agent. Best device performance was
obtained when a low index (same as fused quartz), low viscosity UV-cured glue -
(LUXTRAX 000 1.46) was used since this allowed a very thin (< 1um), parallel
layer to be produced. Unfortunately, the bond strength of this glue was not very high
and the LiNbO; overlay would tend to disintegrate or detach from the half-block
surface when it was polished to less than 30um. A stronger bonding layer could be
obtained by using a slightly higher index (n=1.5), significantly higher viscosity glue
(Norland 61) or the two-part epoxy. However, in these devices the eventual glue
layer was believed to be in the range 3-Sum and it was extremely difficult to achieve
even a reasonable degree of parallelism over the interaction length. It was possible
though to polish the overlay to a thickness of <10um, thus offering the advantage
of a reduced drive voltage from the point of view of electrode separation. Some

further fabrication details are described in section 6.7.

6.4 Fabrication of Thin Film Overlay Devices

A simple technique for the fabrication of solid-state overlay/interlay devices was by
vacuum deposition of dielectric thin films directly onto the polished fibre half-block
surface. Thin films were produced by both thermal evaporation and rf magnetron
sputtering and were less than 3um in thickness. Thermal evaporation of granular
Zinc Sulphide (n=2.28) produced good optical quality thin dielectric films. Sputtered
films of Indium-Tin-Oxide were fabricated using a standard ceramic sputtering target
and Argon as the plasma gas and used as transparent electrodes in active devices.
Devices comprising Silicon (n=3.5) as the overlay waveguide were also produced
by using a standard Silicon wafer as the sputtering target. The temperature of the

half-block was raised to approximately 120°C to promote adhesion of the thin films
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to the polished fibre surface. Typical deposition conditions were:

Thermal Evaporation - vacuum <2 x 10°mbar

substrate temp. 120°C
€vaporation current 40A
Molybdenum boat

deposition rate 1-2nm/sec

RF Magnetron Sputtering - vacuum <5 x 10°mbar
substrate temp. 120°C
power 100W
Argon pressure 8 x 10°mbar

deposition rate 25nm/min

The optical quality of the evaporated films was high and a good degree of
parallelism was also achieved (gauged by observing the number of interference
fringes across the interaction region). The sputtered films were of poorer quality but
are likely to improve if better characterisation of the sputtering process is carried
out. Switch or Bandpass filter structures were formed by contacting a second
polished fibre half-block to the surface of the dielectric film with an oil incorporated
at the interface to provide index matching and lubrication. Pressure was then applied
to reduce the oil layer thickness to a minimum and the second half-block was

translated laterally to obtain the necessary alignment.

6.5 Polished Glass Overlay Devices

Initial solid-state devices incorporated optical glass overlays, lapped and polished to
a thickness generally less than 50um. The main purpose of fabricating glass overlay
devices was to gain experience of the necessary techniques before attempting a

device incorporating LiNbO;. Device failure would thus be less costly since optical

146



glass is considerably cheaper than optical grade LiNbO;. The other reason for
developing glass overlay devices was to assess their performance as wavelength
selective elements e.g. channel-dropping filters. To this end, three different
refractive index optical glasses were employed, n=1.515 (low index), n=1.650
(high index1l) and n=1.77 (high index2). Parameters of interest are channel

(resonance) spacing, FWHM linewidth and channel extinction ratio (related to
modulation depth).

Prior to constructing an overlay directly on the surface of a polished fibre half-block,
a number of cover blocks were fabricated. The cover blocks consisted of a polished
fused silica block (same dimensions as standard half-block) onto which was bonded
a slice of the lower index optical glass (the low index glass was found to be easier
to process). The two-part epoxy mentioned in section 6.2 was used as the bonding
agent to ensure good adhesion and the glass was lapped and polished in the standard
manner. Early experiments then involved mating the cover blocks to a number of
polished fibre half-blocks with an index matching oil present at the two polished
surfaces. An oil index of np,=1.456 was used as this was considered to be
approximately equivalent to the fibre cladding index. The wavelength response of
these devices was encouraging displaying similar behaviour to the oil devices
discussed in Chapter 5. However, it was found that high modulation depth
resonances could only be attained by using high coupling strength half-blocks. Figure
6.2 shows a section of the wavelength response of a device comprising a 98.7%
coupling strength half-block mated to a 16pum glass (n=1.515) overlay cover block.
Resonance spacing is 144nm while linewidths are 27.4nm and 31.6nm for the lower
and higher wavelength resonances, respectively. Insertion loss was in the region of
0.5dB. The increase in linewidth with wavelength is expected from consideration of
dn./d\ which decreases as the mode order is reduced (each successive resonance
corresponds to an decrement in the mode order). Note that the modulation depth also
increases with wavelength. A wavelength scan of a highly multi-moded glass
overlay (62um) was also recorded (Figure 6.3) and produced resonance spacings in

the region of 33nm with linewidths of 18nm (resonance close to 1300nm). The
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highly multi-moded nature of the overlay meant that the mode spacing was very
small and this led to incomplete decoupling between resonances. As a result, the
insertion loss (< 1dB) of the device was effectively increased. Note that again the
modulation depth increases with wavelength. The broad resonances observed in both
Figures 6.2 and 6.3 are believed to be a result of the high coupling strength of the

half-block and wedged nature of the glass overlay (due to the epoxy bonding layer
being non-parallel).

It was found that the choice of the index matching oil was significant. Using an oil
with index less than or equal to the fibre cladding index meant that only high
coupling strength half-blocks would produce useful results. It is believed that the oil
layer was acting as extra cladding to the half-block and effectively reducing the
coupling strength (increasing the fibre-overlay separation). Incorporating an oil with
index above that of the cladding allowed the use of lower coupling strength half-
blocks although a corresponding shift in resonance positions was observed. This
indicated that the oil layer was acting as part of the overlay i.e. forming a compound
oil/glass waveguide. As an example, mating the glass overlay with a 12% coupling
strength half-block via np=1.456 index matching oil gave no resonant behaviour
when wavelength scanned. However, using n,=1.512 matching oil produced a
wavelength response with resonances of >80% modulation depth. The spacing
between the resonances was significantly less (122nm) than that observed from
Figure 6.2, confirming that the oil layer/glass combination forms a thicker compound
overlay. The modified linewidths were also reduced (20.3nm and 21.6nm for the
corresponding resonances) as would be expected with the low coupling strength half-
block. The inclusion of an index matching oil with index above that of the fibre
cladding has useful implications with regard to tuning of device resonance positions
i.e. variation of the oil layer thickness and/or index will effectively produce a new
overlay with subsequent changes in the wavelength response. No extensive

experimental investigation of the effect of different index matching oil layers was

carried out due to time restrictions.
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A number of attempts were then made to fabricate'a thin, parallel, low index glass

overlay directly on the surface of a polished fibre half-block. The parallelism of the

bonding layer influenced the eventual parallelism of the overlay and could be
assessed by illuminating the device with a monochromatic light source and observing
the resulting interference fringe pattern. A large fringe spacing indicated that the
glue line was fairly parallel. Several different types of optical glues were investigated
and the low viscosity, low index UV-cured glue (mentioned in section 6.2)
consistently produced the most parallel glue line. However, the device failure rate
was high due to disintegration and detachment of the glass from the half-block
surface when the thickness was less than about 30um, particularly when the low
viscosity glue was employed. Using the higher viscosity UV-cured glue (Norland 61)
allowed the fabrication of thinner overlays and had the advantage of being closely
matched in index to the low index glass, although the parallelism of the glue line was
degraded. A device incorporating an 18% coupling strength half-block and a 7.6um
low index, glass overlay was successfully fabricated and tested. The wavelength
response displayed a considerable polarisation sensitivity, as would be expected from
the asymmetrical geometry of the overlay. Figure 6.4 shows the wavelength response
for both TE and TM polarisations. The resonance spacings for TE and T™M
polarisations are 265nm and 255nm, respectively. Linewidth values of the sharper
resonances are 16.5nm for TE and 17.5nm for TM. Slightly broader linewidths are
expected for TM polarisation since the corresponding evanescent tail of the optical
field extends further than in the TE case, producing a slightly greater coupling
strength. The resonance spacing is greatly increased when compared with the
corresponding values for the cover block devices. The reduced coupling strength of
the half-block produced a clear improvement in linewidth despite the reduced overlay
thickness. As before the linewidth of the device transmission resonances increases
as the wavelength increases. Extinction ratio for both resonances is > 18dB although

the exact measurement was noise-limited and off-resonance insertion loss was

approximately 0.2dB.

In an effort to produce solid-state devices with narrower channel-dropping filter
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responses, two higher index optical glasses were investigated (high index1 and high
index2). Device fabrication proved significantly more hazardoys compared with the
low index glass devices. Bonding to the half-block surface and a good optical-quality
polished surface finish were very difficult to achieve. The modified chemical
composition and mechanical hardness of the higher index glasses was thought to be
the major reason for the additional fabrication problems (the increased index is
achieved by doping with appropriate elements). However, greater expertise in the

necessary fabrication processes had been gained at this stage and the device failure
rate had subsequently been reduced.

Two modifications to the original fabrication techniques contributed to the device
success rate. The groove into which the fibre is bonded during fabrication of a
polished fibre half-block was originally formed by a wire saw with wire diameter
200um. This meant that a considerable amount of the epoxy used to hold the fibre
in the groove was exposed on the finished half-block surface. Polishing rates for the
epoxy and the fused silica block are unequal and this resulted in a slight difference
in height along the edges of the groove. This could be observed by placing an optical
flat in contact with the half-block surface and noting the resulting interference fringe
under illumination from a monochromatic light source. It was observed that the
interference fringes changed rapidly in the vicinity of the fibre groove, thus
confirming a difference in level at this part of the surface. It is believed that this
height difference was causing fabrication problems, particularly for the low viscosity
glue, since along the groove region was always where the glass overlays would first
detach from the half-block surface. A smaller diameter wire (130pxm) was then used
to form the groove so that the width was just greater than the actual fibre cladding
diameter. This resulted in a much reduced amount of exposed epoxy and less of an
irregularity in the surface flatness. Inspection with the optical flat confirmed an

improvement in shape of the corresponding interference fringe pattern. The other

process modification involved control of thickness of the glue line formed between

the half-block surface and the glass overlay. When fabricating the initial devices, a

substantial amount of pressure was applied to the overlay to produce a thin, parallel

153



glue line before curing (with the pressure maintained). It is believed that this caused

the overlay to be mechanically stressed when bonded to the half-block. As the
overlay was lapped/polished thinner,

these internal stresses caused cracks and
detachment from the glue/half-

block surface. By applying a minimum of pressure to
the overlay so that the glue line is relatively thick and allowing a lengthy settling

period before curing, it was found that lapping/polishing to less than 20um was
possible with the low viscosity glue.

Two further points about this modified fabrication approach should be noted. The
low index of the glue (matched to fused silica) meant that the glue line formed an
extension of the remaining cladding on the polished fibre. Consequently, the
effective coupling strength of the half-block was reduced by an unknown amount
since the thickness of the glue line could vary for different devices. Therefore,
higher coupling strength blocks were required for devices fabricated as outlined
above (although the final coupling strength was likely to be low) to ensure good
modulation depth. However, an advantage of this approach was that a compound
waveguide of glue/glass did not result with the associated problems of index

variation along the interaction region, etc.

The devices discussed in the following paragraphs were fabricated using the low
viscosity, low index UV-cured glue. The improved process allowed the fabrication
of a device with overlay parameters n=1.65, d=16.8um and an initial half-block
coupling strength of 55%. A best linewidth value of 9.5nm was recorded,
significantly narrower than the low index glass device as expected. Resonance
spacing was 65nm and 62nm for the TE and TM polarisations, respectively. The TE
and TM resonance positions were separated by 9nm. A best extinction ratio of 11dB
was observed, considerably lower than desired (increased extinction can be expected
for a higher coupling strength half-block). A number of WDM/filtering applications

require both narrow channel linewidth and spacing. Such a response can be

potentially realised using the device structure investigated in this thesis if the overlay

is of a high index material and sufficiently thick. A second device was fabricated

154






Fibre Transmission

Fibre Transmission

Optical Glass Overlay

n=1.85 d=80
PE Polarisation. °o°7 Half-Block

o T LI T

T 7 T T T | R

1320 1330 1340 1350
Wavelength (nm)

Figure 6.5(a) : Wavelength Response of Glass Overlay

T T T
1300 1310

Optical Glass Overlay

n=185 d=44um 85% Half—Block
TE Polarisation

T 1 T

T T T
1340 1350

T T T T T
' 13l20 I 1330
Wavelength (nm)
Figure 65(b) : Wavelength Response of Glass Overlay

156

T T T
1300 1310



44pm. A wavelength scan (1300-1350nm region) showed the resonance spacing to

be 19nm and linewidth 2.8nm for the TE polarisation, an improvement on the

corresponding high index1 device. The extinction ratio was also enhanced, with a

best value of 9.3dB. Higher coupling strength half-blocks will produce higher

extinction ratios although the corresponding resonance linewidths are likely to be
slightly broadened. Using a higher index glue allows better control of the coupling
strength (no reduction in original coupling strength) and probably extinction ratio but
results in a compound overlay with increases in resonance spacing and linewidth.
Restrictions on time prevented the fabrication and investigation of more glass overlay
devices to extend the characterisation. However, the device structure shows promise
for implementation as an in-line solid-state wavelength selective element possessing

low insertion loss, variable channel linewidth and spacing and reasonably good

extinction ratios.

6.5.1 Tuning of Resonance Positions

For the devices investigated above to be of practical use in areas such as optical
signal processing, telecommunications and sensing, they must be capable of
operating at desirable wavelengths e.g. 1310nm, 1550nm. It is possible to tune the
transmission resonance positions of these devices in several ways. Variation of the
overlay index or thickness produces a shift in the mode structure supported by the
overlay and a consequent shift in the device resonance positions. For active (or
dynamic) tuning, the overlay index can be altered via the electro-optic, acousto-optic
or thermo-optic effect if it is composed of the appropriate material. Unfortunately,
the number of commercially available, suitable electro- or acousto-optic materials is
small. The thickness can be controlled by carefully continuing the overlay polishing
process, terminating when the device displays a resonance centred on a desirable
wavelength. This method of tuning is fairly time-consuming, requiring a tedious
test/polish routine, but can provide a large tuning range. A simpler tuning technique
is by variation of the overlay superstrate index and/or thickness which, in turn,

produces a variation of the overlay mode structure and corresponding wavelength-

transmission resonance positions. A practical method of achieving this index change
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n the device resonance wavelengths to
higher values. The wavelength shift is obviously related to the refractive index of the
'new" superstrate. Index and thickness of the overlay aiso have a major influence
on the size of the wavelength shift induced by variation of the superstrate index.
Figure 6.6 shows the experimental and theoretical relationship between resonance
shift and superstrate refractive index for the low index optical glass device
investigated earlier. Note the close agreement of theory and experiment. The shape
of the graph in Figure 6.6 also agrees well with Figure 3.3 (theoretical cutoff
wavelength) which would be expected since the resonance wavelength is always close
to the cutoff wavelength for the overlay. The maximum shift for the lower resonance
is 106nm for TM polarisation when an oil index of n,=1.456 is applied
(corresponding TE shift was 95nm). Notice that the resonance positions for each
polarisation become closer together as the overlay is made more symmetric, i.e.
superstrate index increased, and this agrees with theory developed in Chapter 3.
Application of an oil with index greater than n,=1.456 causes a dramatic broadening
of the resonance linewidth and reduction in extinction ratio. The throughput of the
device also reduces. There is no further shift from the position determined by the
np=1.456 oil superstrate and the resonance eventually disappears as the superstrate
index is increased. This is due to the overlay waveguide entering a "leaky mode"
regime where the lower constraint on the values of effective index which the guided
modes can possess is provided by the superstrate oil i.e. the index of the fibre
cladding corresponds approximately to n,=1.456. Partial coupling of the fibre mode
to "leaky” modes of the overlay can occur while the superstrate index is still close
to that of the fibre cladding and thus a resonant-like response persists initially when

the overlay is only slightly asymmetric (or leaky).

For the devices investigated above, the tuning range was greater for the TM
polarisation and the shifted resonance positions converged as the overlay became less
asymmetric. This is expected from simple waveguide theory. The smallest tuning

range was Snm for the high index2, 44um overlay device with TE Polarisation (the
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high index1, S90um device was not tuned) while the high index1, 16.8um overlay
device could be tuned a maximum of 15nm (TE), 24nm (TM). 1t is clear that the
thickness of the overlay and, to a lesser extent, the index have a dramatic effect on
the device tuning range. A very thin overlay (1-2um) with index in the region of

n=1.5 would allow a tuning range of >250nm but at the expense of broader
resonance linewidths.

A further method of tuning the resonance response of a device is by deposition of
thin, dielectric films onto the top surface of the overlay. The index of the dielectric
film does not have to be less than the fibre cladding index provided it is very thin
(100’s of nm). If the index is greater than the fibre cladding then the film forms a
compound waveguide with the original overlay. A film with index below that of the
cladding forms a compound dielectric/air superstrate. In both situations, the original
resonance positions are slightly shifted and the tuning range is small. The low index
glass overlay device was used to test this tuning technique. A thin layer of
Magnesium Fluoride (MgF,) was built up on the overlay surface by repeated thermal
evaporations. It has an index of approximately 1.38. After each deposition, the
shifted resonance position was recorded for both polarisations. Figure 6.7 shows the
resonance shift versus MgF, film thickness. The graph indicates that the resonance
position shifts in an asymptotic manner towards the value it would have if MgF, was
applied in bulk form as the superstrate. Notice that the shift is polarisation sensitive.
Thin film values obviously result in an effective superstrate with an index
intermediate between air and that of MgF,. This method of tuning is suitable for
small, permanent shifts. No evaluation of the tuning technique involving high index,

thin dielectric films was carried out at this stage.

It appears that tuning of the channel positions can be readily accomplished via
precise control of the overlay thickness or modification of the superstrate index

and/or thickness. The drawback associated with tuning via superstrate modification

with materials possessing an index less than the overlay index is a limited tuning

range. An advantage of depositing thin, high index dielectric films (e.g. Aluminium
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Oxide n=1.7 approx.) is that a transmission Tesonance can be selected at any desired
wavelength. 1 light of the desired Wwavelength is launched into the device and the
transmitted output monitored as deposition of the dielectric film occurs[8], then
the deposition process can be terminated when the transmitted signal is at a

minimum. This will correspond to a transmission resonance at this wavelength

6.5.2 Switch/Bandpass Structure with Glass Overlay

The low index glass overlay device investigated previously (n=1.515, d=7.6um,
18% Half-Block) was also incorporated in a switch structure (Figure 3.3 with no
electrodes present). A specially designed jig was used to hold the device stationary
while a second half-block was brought into contact with the top surface of the glass
overlay with the interaction regions as closely matched as possible. An index oil was
used as a matching/lubrication layer between the two polished surfaces and pressure
was applied to the second half-block to reduce the thickness (minimise the optical
effect) of the oil layer. The second half-block was then translated laterally using
micrometer screws until it appeared that the fibres of the two half-blocks were
aligned. A matching/lubrication index oil with n,=1.456 was used while the second
half-block had coupling strength of 91.5% (roc=22cm). The wavelength response
of the glass overlay device (throughput) was then recorded to determine the
resonance positions. As would be expected, the resonance positions had shifted to
higher wavelength values. Polarisation sensitivity was minimal due to the symmetry
and relatively low index of the overlay (interlay) waveguide, and noise problems
prevented separation of TM and TE resonance positions. Therefore, once on an
apparent resonance minimum, the signal was reduced to a minimum using the
polarisation controller and this polarisation state maintained during the experimental
testing. The narrower resonance was now located at 1374nm (previously 1301nm for
TE, 1286nm for TM) while the other resonance was located just above the

wavelength scan range. Linewidth was 28.2nm, an increase when compared with the

air superstrate measurement,

From Figure 6.6, an oil superstrate of np= 1.456 shifted the corresponding resonance
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to 1392nm and 1396nm for TM and TE, respectively. This suggests that the overlay

"sees” a superstrate lower than n;,=1.456, apparently closer to n,=1.452 (resonance

2t 1370nm for TM, 1374nm for TE). The input wavelength was then set to 1374nm

and careful lateral adjustment (fine tuning) of the second half-block was carried out

while the cross-coupled output arm of the switch was monitored. Power output from

the coupled arm of the switch was zero initially but it was found that a maximum

value of 20% of the off-resonance throughput could be achieved. The above

procedure was repeated with several longitudinal adjustments made to the second
half-block in an attempt to determine the effect of longitudinal offsets. No
micrometer screws were available to perform this adjustment so the second half-
block was demounted from its initial position and translated by approximately 1mm
steps several times. It was found that this procedure had no effect on the resonance
position. A maximum cross-coupled power of approximately 35% of the off-
resonance device throughput was observed. Figure 6.8 shows the wavelength
response of the switch structure (normalised to off-resonance throughput).
Modulation depth has reduced to 91%, possibly due to the "loading" effect the
second fibre has on the overlay which reduces the amount of light lost laterally.
There appeared to be a longitudinal range of 2-3mm over which there was only a
moderate reduction in cross-coupling efficiency. However, outwith this region a
rapid loss of power coupling occurred. Repeating the experiment on different days
produced similar results for power coupling efficiency but generally at a shifted
resonance position. The wavelength range over which the resonance was located was
1274nm to 1292nm. This corresponds approximately to the np= 1.450 - 1.456 section
of the curve in Figure 6.6 suggesting that temperature variations cause the index of
the oil to decrease slightly with a corresponding index shift in the superstrate "seen”
by the overlay. From a practical point of view, this is an undesirable effect but could

be overcome by incorporating a matching layer possessing a much lower dn/dT.

To assess the effect of the index of the matching/lubrication layer, two other index
oils were used, n,=1.400 and n,=1.520. A wavelength scan of the throughput for

the ny=1.400 case produced a resonance at 1324nm which agrees with previously
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recorded tuned value from Figure 6.6. The switch was now found to be polarisation

sensitive with the other resonance position at 1331nm. This reinforces the belief that

the overlay "sees” the index of the oil layer as the superstrate and the effect of the

index of the second half-block is minimal. The output from the coupled arm of the

switch was then monitored as before but no power was detected despite extensive
attempts to achieve cross-coupling. A possible explanation for this fact may be that
the effective coupling strength of the second half-block was dramatically reduced due
to the oil acting as an extended cladding. The "new" coupling strength of the half-
block was then too low to allow significant power transfer in the interaction region
available. The np,=1.520 oil was then used as the matching layer. When applied to
the overlay as a bulk superstrate there was a significant degradation of the device
throughput as would be expected. However, when the second half-block was placed
in position and pressure applied, the throughput signal recovered indicating that the
oil and glass layers had formed a compound overlay. The polarisation sensitivity was
negligible as would be anticipated from the overlay cladding indices now being
equal. A wavelength scan revealed that the resonance position had shifted to 1398nm
and that the shape of the resonance had changed. The maximum modulation depth
was approximately 70% and the resonance now contained two dips thus producing
a much larger linewidth (55.5nm). This was not a polarisation effect and may be due
to the compound nature of the overlay producing a slight spread of phase-matching

conditions.

Translation of the second half-block caused movement of the resonance position, a
result of the oil layer thickness and, thus, the waveguide parameters varying. This
presented some problems in achieving cross-coupling and continual monitoring of the
resonance position was required. Despite the poor quality of the resonance, greater
than 40% cross-coupling to the second fibre was observed but only at the higher
wavelength dip on the resonance. Figure 6.9 shows the switch wavelength response.
Note that the modified overlay has resulted in two resonance positions being located

within the scan range. The amount of cross-coupled power is greater at the longer

wavelength resonance, possibly as a result of stronger coupling coefficients, etc. The
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increased cross-coupling efficiency may be due to the fact that the second half-

. block
coupling strength was not effectively reduced as before. A cut-

] back measurement
was performed to determine the insertion loss of the switch and produced a value of

2B, much higher than anticipated. However, when the switch was taken apart and
the surfaces of the glass overlay and second half-block visually inspected using a

microscope, there appeared to be a lot of surface damage (scratches, etc.). Light at

1300nm was then launched into the 91.5% Half-Block and it was found that applying

an oil of index n,=1.456 as a bulk superstrate caused the signal to increase
significantly. Measurements indicated that the half-block had an insertion loss of
1.7dB for an air superstrate. Similarly, the glass overlay device was found to be
slightly lossy for an air superstrate. It is believed that too much pressure was applied
to the second half-block during the experiments with surface damage occurring as
the half-block was translated laterally and longitudinally. A greater degree of cross-
coupling can be anticipated for switch structures in which the components are not
lossy. The broader resonances observed for the switch structure compared with the

glass overlay device with an air superstrate may also have been a result of the

surface damage.

6.6 Passive LINbO; Overlay Devices

The next stage in the device fabrication schedule was the manufacture of passive
LiNbO, overlay devices prior to the attempted realisation of active wavelength
selective components. Similar fabrication techniques to those employed in the
production of the glass overlay devices were appropriate (outlined in section 6.2)
although a few additional problems were encountered. These were mainly related to
the tendency of the LiNbO, overlay to scratch, fracture and disintegrate when thin,
much more so than the optical glasses discussed earlier. This section details the

successful fabrication and characterisation of passive WSEs and describes how the

added fabrication problems were overcome.

The favoured approach to device fabrication was to use the low index, low viscosity
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gloe with a relatively high coupling strength polished fibre half-block (70-80%). Tt

was anticipated that this glue would allow the fabrication of the most parallel overlay
as well as provide the thinnest glue layer. The intended active device structures will
employ transverse electrodes (see Figure 6.1) and, therefore, as thin a glue layer as
possible is required to minimise drive voltages i.e. electric field is dependent upon

the spacing between the electrodes. Initial attempts at device fabrication had a high

failure rate due to the material properties of the LiNbO, differing from the optical

1s much more brittle than glass even
when in wafer form (Imm thick) and also has a greater tendency to shatter when

glasses used for earlier devices. The LiNbO,

thermally shocked. This led to major problems when the LiNbO, overlay was lapped
and polished to a thickness of <30um. However, for eventual drive voltages to be
realistic even for demonstration purposes, the thickness of the overlay had to be
<20pm (using 4.78V/um calculated in Chapter 5). The LiNbO, source wafer (lmm
thick) was generally cut into rectangular pieces of about 10mm x 15mm and lapped
and polished to a thickness in the region of 800um before being bonded to the half-
block surface. Obtaining a unblemished polished surface on the LiNbO, slice was the
first difficulty encountered. It was found that the corner areas of the slice would chip
away as the polishing process was performed and be translated across the polished
surface. This caused severe scratching of the sample. Rounding of the corners of the
LiNbO, slice using a diamond file followed by ultrasonic cleaning to remove
remaining fragments helped alleviate the problem. Surrounding the edges of the slice
with UV-cured glue prior to polishing also reduced the number of scratches
appearing on the sample but it was very difficult to completely prevent the
appearance of scratches and other surface damage (indentations) on the eventual

polished surface.

Before bonding to the polished fibre half-block, the LiNbO; was visually inspected

using a microscope for both surface damage and cleanliness. The flatness of the

. . . . lished
sample was also observed by placing an optical flat in contact with the polis

surface. It was found that the larger the surface area of the LiNDO; sample, the

higher would be the degree of flatness in the centre region. It appeared impossible
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to prevent edge-rounding of the sample. Good adhesion of the LiNbO, samples to

the half-block surfaces seemed much more difficult to achieve than with the optical

glass devices. In an effort to improve this situation, the bonding process was

performed in a clean environment to prevent dust particles, etc. from getting caught
in the glue layer. The LiNbO; slice was bonded to the half-block in the same manner

as outlined for the optical glass devices with extreme care being taken to prevent air

bubbles forming under the overlay. After curing, the overlay was surrounded by a

higher viscosity “support” glue (Norland 61) to help reduce shear stress on the
LiNbO; and also present a larger surface area to the lapping/polishing processes. The
LiNbO,/support glue combination was then reduced to a thin layer. During the
polishing process, the likelihood of device failure could be assessed by observing the
interference fringe pattern produced by the glue layer when illuminated by
monochromatic light. If the overlay was beginning to detach from the half-block at
a particular corner or area, the fringe pattern would be dramatically altered in that
area, and as the polishing process was continued this area would spread before
eventual device failure. The thinner the overlay, the greater the likelihood of this
process occurring. Use of a more viscous glue as the bonding layer reduces but does
not eradicate this problem. However, a more viscous glue produces other problems
such as lack of parallelism, compound overlays, thick bonding layers. The
fabrication of thin, parallel overlays of LiNbQO; remains a major problem with the

device geometry being investigated here.

Although the successful device yield was low, a device possessing an overlay of
thickness approximately 20pm was successfully fabricated. The initial coupling
strength of the half-block was 80%. The wavelength response was recorded (Figure
6.10a) and showed narrow linewidths (3nm for TE, 3.2nm for TM) and resonance
spacing of approximately 22nm in the 1200-1250nm scan range. The TM and TE
resonance positions were separated by énm. It was calculated that mode order for

the TE and TM polarisations differed by a value of 3 (m=55 and m=52,

respectively, for the lower resonance in the scan range). This is a result of the

inherent material birefringence (np=2.22, ny=2.15). Off-resonance insertion loss
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was <0.2dB while the modulation depth was 95% (13dB) for TM polarisation and

89% (9.6dB) for TE polarisation. This ig an improvement on the optical glass
overlay devices In overall performance although the polarisation sensitivity may be
a problem for practical applications. Unlike the glass overlay devices, the TE and

TM polarisations cannot be made to converge by forming a symmetric overlay

waveguide because of the material birefringence of LiNbO,

Itis possible to use the response shown in Figure 6.10a to calculate a corresponding
drive voltage to move on/off resonance for an active device (e.g. a modulator)
possessing the same parameters. The wavelength variation, 6\, required to induce
an intensity modulation of 10%-90% is 1.4nm (approximately the resolution limit of
the equipment). This can be converted to an equivalent index variation using the

relationship below which was derived, by simple differentiation, from the waveguide

eigenvalue equation.

2 2
n —-n
Gn = ————_( ° eo} 6}. (6.1)

0
Ano

where n, is the overlay material index, n. is the mode effective index and A the
resonance wavelength. The phase terms present in equation (1.1) have been neglected
to ease the derivation since the mode order, m, is large. Using n,=2.15 (the z-cut
LiNbO, overlay results in the strongest electro-optic coefficient, ry;, operating on
TM polarisation for transverse electrodes), n,=ng=1.451 (the fibre effective index)
and A=1210nm, corresponding to the lower resonance, the calculated value of on,
is 1.35 x 10?. Using equation (5.1), the corresponding required drive voltage is
176V or an electric field strength of 8.8V/um. This value is considerably higher than
drive voltages calculated earlier using oil overlay device results. Probable reasons
for the higher calculated drive voltage are the optical quality of the polished surface

and the parallelism of the LiNbO, overlay. Both these parameters influence the

sharpness of the device transmission resonances. If the polished surface of the

overlay is damaged or scratched above the fibre interaction region, then the
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subsequent nonuniform thickness can cause an extension of the phase-matching

condition and produce broader resonances, Similarly, an overlay which is not parallel

| matched wavelengths and again give a broadened
device resonance response. The parallelism of the overlay becomes increasingly

will result in a spread of phase-

significant as the thickness decreases, an unfortunate occurrence since reduction of
drive voltages depends on the attainment of thin overlay devices. Typically, for the
oil results presented previously in Chapter S, the resonance linewidth in terms of
mode effective index on.,=0.001. This can be converted to a corresponding change

in overlay thickness by using the expression below which was derived in a similar
manner to equation (6.1).

n,d

éd dn

N 2 2 o 2
(n, - n,) (6.2)

Letting n,=n,=1.451, the thickness change, éd, to induce an effective index change,
n,,=0.001 in a 20um thick LiNbO; overlay is 11.5nm (using n,=2.15). This means
that to obtain a resonance with 6n.,=0.001 linewidth (in terms of mode effective
index) for such a device requires that the deviation from absolute parallelism be less
than 11.5nm (about A/100) over the 1mm (typically) device interaction length. The
stipulation on parallelism becomes more stringent as the overlay thickness is
decreased. This degree of parallelism is difficult to achieve with the polishing
processes and available equipment used to form the overlay and places a limit on

achievable resonance linewidths.

However, despite the numerous fabrication limitations, a second device was
produced which possessed an overlay with an approximate thickness of 8.7um.
Again, the initial coupling strength of the half-block was about 80% and the low
viscosity, low index glue was used as the bonding agent. The wavelength response
of the device, for both polarisations, is shown in Figure 6.10b. Narrowest resonance
linewidths are 7nm and 10.7nm, respectively, for TE and TM polarisation, a

considerable deterioration when compared with the 20um thick overlay device. This
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was believed to be mainly due to inferior surface quality and parallelism rather than

the reduced thickness of the overlay, although this would contribute since the mode

order has been approximately halved. The resonance spacing was 52nm (TE) and

$5nm (TM). Device polarisation sensitivity was approximately the same as the first

device, 3nm for the lower resonance, 6nm for the higher resonance. The birefringent

nawre of the LINbO; overlay basically means that two quite separate eigenvalue

equations result for TE and TM polarisations each incorporating the appropriate
refractive index. Therefore, polarisation separation of the resonance positions will
not necessarily increase as the overlay thickness is decreased, as would be expected
for a non-birefringent overlay material i.e. only separation between TE and TM

resonances with the same mode order can really be considered.

It is possible to again derive an equivalent drive voltage for a 10%-90% intensity
modulation for the second LiNbO; device. The smallest wavelength change required
to achieve the desired modulation was 6A =5.8nm which gave, using equations (6.1)
and (5.1), a drive voltage of 297V or an electric field strength of 34.1V/um. This
value is obviously much too high for a practical device with a similar device
transmission response. However, the linewidth is particularly poor on this device and
it should be possible, with existing fabrication processes, to produce resonance
linewidths of <4nm for overlay thickness < 10um which would allow a 10%-90%

drive voltage in the region of 75V or less.

6.6.1 Resonance Tuning of LiNbO, Devices

The response of the 8.7um thick LiNbO; overlay device to tuning with index oils as
the superstrate was investigated. The resonance positions for both TE and TM
polarisation for a range of superstrate indices are shown in Figure 6.11. Maximum
resonance shifts were 27nm (TM) and 10.5nm (TE). Calculations indicate that their

is a difference of 3 in the mode orders for the TE and TM resonances. Notice that

. (41 i
there is a significant difference in the resonance posItions even when the overlay is

approximately symmetrical (np= 1.456) unlike the tuning of glass overlay devices.

This is due to the material birefringence of LiNbO;. No tuning was carried out via
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deposition of thin films but a similar form of Tesponse to those recorded for glass

overlay devices can be expected although the tuning range will be decreased

6.6.2 Passive LiNbO; Overlay Switch/Bandpass Structure

The 8.7um LiNbO; overlay device was also incorporated in a switch structure. A

second half-block of 60% coupling strength (roc=22cm) was used to collect the

power coupled out of the input half-block. The switch structure was constructed in
a similar manner to that outlined for the optical glass overlay devices with an oil
matching/lubrication layer of n,=1.456. Slightly less pressure was applied to the
second half-block in an effort to prevent damage to the adjacent optical surfaces of
the overlay and half-block. The 60% coupling strength half-block was selected for
use rather than the higher coupling strength half-blocks incorporated in other
switches in an effort to reduce the linewidth of the cross-coupled resonance response.
It was felt that the coupling strength was high enough to ensure strong cross-
coupling. The switch structure was wavelength scanned in the 1200-1350nm region
and the resonance positions recorded. TM polarisation was selected and the input
wavelength was then set to a resonance minimum. It was believed that the greater
modulation depths displayed by TM polarisation resonances would be more likely
to result in efficient power transfer to the second fibre i.e. the maximum possible
amount of light was available in the overlay at these wavelengths. Careful adjustment
of the second half-block produced a maximum cross-coupled intensity of 88% of the

off-resonance device throughput at a wavelength of 1325nm.

Figure 6.12 shows the wavelength switching characteristic of the device for TM
polarisation. The power transfer occurs approximately periodically at each successive
resonance minimum in the throughput signal. A similar switching characteristic
(Figure 6.13) was obtained for TE polarisation although the maximum cross-coupling

efficiency was reduced to 60%. The TE and TM wavelength responses are displaced

by 12nm which is an increase on the separation recorded with an air superstrate.

Again, this is due to the material birefringence of LiNbO, since the overlay 1s

i i m and
symmetrical in the switch structure. The successive resonance spacings are 5in
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ssnm for the TM polarisation and 48nm I
increased resonance spacing is expected fo:ntzesir;n i:r .the‘TE ?olansanon. An
index is less than for TE polarisation and thys refultin::tlz?d:lnfv;r:; .
y mode
spacings. The shape of the resonances is considerably changed from those of the
ame device with an air superstrate. Several sharp dips have appeared within each
resonance with a subsequent increase in the linewidth value. For TM polarisation,
the best linewidth value is 12.5nm for the throughput intensity and 3.8nm for the
cross-coupled intensity. The corresponding TE linewidth values are 10.9nm and
7.9nm. It appears that the presence of the second half-block degrades the shape and
width of the resonances in the throughput intensity. Inspection of Figure 6.12 (or
Figure 6.13) reveals that there is a high loss region on the low wavelength side of
each resonance. Presumably the power is confined to the overlay at these

wavelengths. The cross-coupled power then peaks on the high wavelength side of
these lossy regions.

A qualitative description of the switch behaviour is difficult to obtain when
considering coupled-mode theory. If the switch is considered as a multilayer
structure, then a set of normal modes will be supported by the structure as outlined
for the simpler fibre-overlay case in Chapter 3. However, three normal modes will
be involved in the power transfer mechanism for the switch structure rather than the
two considered for the fibre-overlay structure. Therefore, a more complicated
situation exists in which the power oscillates (or beats) between the three guiding
regions of the structure and a scenario where the majority of the power is located in
the overlay, at the output of the interaction region, is possible. Further modelling of
the switch as a multilayer structure should provide a better understanding of the

exact power transfer mechanism.

From a switch performance point of view, the important device parameters are the

power transfer efficiency to the coupled arm, ¢, the transmitted and coupled arm
and &,. These values can

6.13 and are

losses, o, and a,, and the respective extinction ratios, &,

be obtained from the wavelength response curves in Figures 6.12 and
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displayed in Table 6.1.

Polarisation 'y o N
1 2 &

<0.5dB

|

90%

<1dB 15dB 18dB
60% <0.5dB <2dB 11dB

TE

17dB

Table 6.1:  Lithium Niobate 8.7um Overlay Switch

Performance Parameters

The lower cross-coupling efficiency for TE polarisation is possibly due to a longer
coupling length than the TM polarisation as a result of the lower overlay index and
smaller evanescent tail combining to produce smaller coupling coefficients. The
minimum observed wavelength shift required to induce a 10%-90% modulation in
throughput intensity was 6nm, a very slight increase on the equivalent measurement
made with an air superstrate. The corresponding required drive voltage would be
301V or an electric field strength of 34.6V/um. Therefore, by setting the input
wavelength to the appropriate value, the throughput intensity could be effectively
switched off while the cross-coupled intensity is switched to a maximum for
application of a drive voltage of 300V. The cross-coupled arm of the switch requires
less of a wavelength shift to produce a similar intensity modulation (10%-90%). An
equivalent drive voltage of 135V can be calculated although the cross-coupled off
state would also correspond to a throughput off state and, as such, does not allow
a switching operation to be implemented. If the device overlay material was replaced
by materials with higher electro-optic coefficients such as BaTiO; (n=2.2,
r=820pm/V) or Barium Strontium Niobate (n=1.9, r=1090pm/V), the equivalent
switching voltage would be reduced to 11.3V and 8.5V, respectively. Tuning of the
switch resonance positions is best achieved by vacuum deposition of thin dielectric
films as outlined in earlier sections. The formation of high index films is necessary
since the overlay superstrate is essentially fixed (matching oil and second half-block).

For a practical switch structure, the thickness of the top ITO electrode can be used

to modify the device resonance positions.
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6.7 Active LINDO; Overlay Devices

e e o oy o e i
omporation of transparent electrodes in the 1 (‘see sections 6.3. However, the
ponding to these electrodes had to be addressed "lll‘:e e and fhe problems of

. - - The electrodes were formed by the
deposition of Indium-Tin-Oxide (ITO), an optically transparent conductor, as
outlined in section 6.2. Although the ITO film had a refractive index greater than the
cladding index (n=1.9-2.1 depending on deposition conditions), it was felt that the
optical effect would be negligible if the film was kept very thin. The geometry of the
overlay device (see Figure 6.1) is such that the ITO electrode is covered by a thin
glue layer, even outwith the immediate area of the LiNbO, waveguide. For a basic
modulator or channel-dropping filter structure (no second half-block) this presented
only a minor problem since the glue could be carefully removed (using solvents) at
one edge of the half-block without affecting the optical characteristics of the device.
This then allowed straightforward electrical contact to be made via silver-loaded
epoxy or conducting paint. The top electrode was then deposited on the LiNbO; top
surface whilst ensuring no conducting path was formed to the bottom electrode.
Similar contact to the top electrode could then also be made using silver-loaded
epoxy. However, in the case of a switch structure, a second half-block with the same
surface area as the lower half-block was to be placed in contact with the overlay top
surface. This obviously meant that the surface topology of the overlay device had to

be flat and, as such, areas of silver-loaded epoxy were undesirable.

Initially, extra grooves were cut in the half-block and copper wire secured in the
grooves in the same manner as the optical fibre. When the half-block was
lapped/polished, a section of the copper was left exposed at the half-block surface
with the rest of the wire below the surface level. Contact to the ITO electrode
deposited on the half-block surface could then be made using the copper wire. A
similar set-up was envisaged for the second half-block although it was recognised

that the matching oil layer would then be Jocated between the electrodes and thus
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contribute o the effective thickness of the overlay, an undesirable effect with regard

fo electric field strength considerations. Unfortunately, the contact between the

copper wire and the ITO electrodes appeared to degrade as the lapping/polishing
processes were performed on the LiNbO, overlay. It is believed that the mechanical
stress applied to the overlay was transmitted to the ITO layer which then weakened
along the edges of the groove in which the copper wires and the optical fibre were
located. The degradation of the electrical contact was reflected by the increase in the
resistance between copper wires located in separate grooves. By inserting two
separate copper contact wires in the half-block, the continuity of the ITO electrode
could be assessed. This was considered to be important since a number of early
active devices, in which the ITO/copper contact could not be checked, unexpectedly
displayed no electro-optic response. Possible reasons were thought to be fracturing
of the ITO electrode in the vicinity of the device interaction region and therefore no
electric field being developed in the required area of the overlay. To overcome this
problem, the thickness of the ITO electrode was increased to about 100nm (rather
than the initial 25nm). However, problems with the resistance of the copper/ITO

electrode still persisted and it is uncertain whether the increased electrode thickness

caused any difference.

Eventually, it was decided that the second half-block would have to be slightly
reduced in size to allow contact to the ITO electrodes at the extreme edges of the
lower half-block in the manner outlined for the modulator structure above. This
approach required the fabrication of half-blocks with different dimensions and was,
therefore, time-consuming and further complicated the alignment stage when
switching experiments were being performed. However, it ensured better quality
electrical contacts to the ITO electrodes and was adopted on this basis. The
behaviour of ITO directly above the device interaction region remained uncertain.
Certain modifications to the mechanical jig used for the switching experiments were
also required due to the reduced dimensions of the second half-block. It was also
decided that the top ITO electrode must be deposited directly onto the top surface

of the LiNbO; overlay to ensure the maximum possible electric field was applied to
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the LiNbO,. Direct contact was then made to the edge of the top ITO electrode

which was designed to extend beyond the width of the top (second) half-block
(similar to the set-up for the modulator structure).

Good adhesion of the LiNbO, overlay to the ITO electrode proved to be extremely
difficult to achieve, especially when the low viscosity glue was used. The high
device failure rate at this stage prompted the use of the higher viscosity UV-cured
glue (Norland 61) despite the drawbacks of wedged overlays, etc. and also the bond
thickness which will reduce the electric field strength in the LiNbO, layer. Electro-
optic modulation was first observed in a device which incorporated an 80% half-
block and a LiNbO, thickness of < 15um. The lower ITO electrode was 25nm, the
bonding agent was Norland 61 and the top ITO electrode was 100nm. A wavelength
scan of the device was performed and the best TM polarisation resonance linewidth
was 13nm while the lowest resonance spacing was 59nm. Polarisation separation
ranged from 10-26nm and the modulation depth for both polarisations was >95%.
For a known overlay index, it is normally possible to determine the approximate
thickness using the spacing between two resonances. Assuming that the overlay is
composed entirely of LiNbQO, gives a calculated thickness of 8.3um. If it is assumed
that the overlay is composed entirely of glue (n=1.51), then the associated thickness
using the recorded resonance spacing is 31.6um. Therefore, the actual thickness of
the compound overlay (electrode separation) lies between these two extremes
although it is more likely to be closer to the lower value. TM polarisation was
established at the input to the device and 300V applied between the electrodes while
another wavelength scan was recorded (the maximum electro-optic effect occurs for
the TM polarisation and so only this polarisation is treated). The same procedure was
repeated for an applied voltage of -300V. Figure 6.14 shows the shift in wavelength
position for a resonance, located at 1435nm when OV are applied to the device. The
maximum shift in the wavelength response of the device is 2nm for 300V. Changing
the polarity of the applied voltage reverses the direction of the wavelength shift
which confirms that the electro-optic effect is the causing the shift. If the overlay

was composed entirely of LiNbO; (thickness 8.3um), then the expected wavelength
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shift for application of 300V can be calculated using equations (5.1) and (6.1). For
TM polarisation, the calculated shift is 6.8nm. Therefore, a much reduced electric
field strength was obviously being developed in the LiNbO, part of the overlay
almost certainly due to the substantial glue component of the overlay. This highlights
one of the disadvantages of a device possessing a thick glue layer. In addition, the
quality of the resonance was poor which meant that no more than about 30%
intensity modulation was observed as a result of the 2nm shift. This was due to the
top surface of the overlay which was not particularly well polished (the device
appeared to be about to fail at the polishing stage) and also the high coupling

strength of the half-block which was chosen to ensure good modulation depth.

A second active device was fabricated using the low viscosity glue. The LiNbO,
overlay was about 16um thick and the coupling strength of the half-block was
initially 30%. Lower and upper electrode thicknesses were 40nm and 20nm,
respectively. A wavelength scan of the device for TM polarisation is shown in
Figure 6.15. Again, the resonance linewidths are broader than expected while the
shape of the resonance is the reverse of the usual response. This is thought to be a
result of damage to the polished surface of the overlay which causes increased loss
as the overlay mode approaches cutoff. However, biasing the input wavelength to a
sharp section of a resonance allowed approximately 50% intensity modulation for
application of 350V. Figure 6.16 shows the wavelength shift for +350V. The
maximum shift is +2nm, depending on the polarity of the voltagé. This value can
be used to back-calculate the exact voltage applied to the LiNbO,. The corresponding
index shift is 1.8 x 10 which translates to an electric field strength of 11.77V/um.
Since the bonding layer is index-matched to the fibre cladding, and assuming the
optical effect of the ITO electrodes is negligible, then the resonance spacing can be
used to provide a fairly accurate estimation for the LiNbO; thickness. The relevant
resonance spacing is 32nm which gives a calculated thickness of 16.6um. Therefore,
the exact voltage applied to the LiINbO; was only 195.4V. A possible explanation is
that a much higher proportion of the voltage is being dropped across the glue layer

than was thought previously. This is almost certainly a result of the dielectric
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strengths of the glue and LiNbO, layers being very different. Alternatively, if the

presence of the ITO electrode (n=1.9-2. 1) results in the glue layer behaving as part
of the overlay, then the calculation of the thickness of the LiNbO, layer from the
resonance spacing will produce an underestimation i.e. the resonance spacing will

be increased due to the low index of the glue. In this case the observed 2nm
wavelength shift may agree with theory.

6.7.1 Electro-Optic Switch/BandPass Structure

A third active device with an improved performance was also successfully fabricated.
Again, the low viscosity glue was used and the LiNbO, thickness was approximately
18um. Lower and upper electrode thicknesses were 20nm and 30nm, respectively.
The device was incorporated in a switch structure with a 95% coupling strength
second half-block and n,=1.456 matching/lubrication oil. Maximum cross-coupled
intensity was 70%. A section of the wavelength response of the switch for TM
polarisation is shown in Figure 6.17. The modulation depth is only 88% and this
probably limits the cross-coupling efficiency. Poor surface quality and too low
coupling strength are the likely reasons for the lack of modulation depth. Although
the presence of the second dip on the lower wavelength side of each resonance, the
linewidth values are narrower than for the previous active devices (best value
6.8nm). The higher resonance spacing is 33.5nm. The input wavelength was set to
a cross-coupled peak value and the cross-coupled arm of the switch was monitored
while a voltage of +350V was applied. A maximum intensity modulation of 66%
of the peak cross-coupled intensity was observed for 0V, dropping to a minimum for
an applied voltage of 350V. Simultaneously, the device throughput was seen to shift
from a minimum value to approximately 60% of the off-resonance throughput. This
maximum switching action corresponds to the sharpest sections of the transmission
resonance positions. Figures 6.18 and 6.19 show the wavelength shifts for the
transmitted and cross-coupled arms of the switch, respectively, for different applied
voltages. The maximum observed shift is 2.5nm for 350V. This corresponds to an
electric field strength of 12.9V/um in the LiNbO;, assuming that the glue and ITO

layers have no effect on the overlay parameters. Using the resonance spacing, the
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calculated LiNbO, thickness is 18.8um. Therefore, the voltage dropped across the

LiNbO; layer is 242.5V. As with the second active device, a significant fraction of
the applied voltage is not being developed across the LiNbO, layer. This leads to
elevated drive voltages for significant directional switching to be achieved.

At this stage in the development of active fibre-overlay devices it is clear that low
voltage operation is difficult to achieve. The combination of limited fabrication
techniques and unavoidable bonding layer cause serious degradation of active device
performance. Intensity modulation has been demonstrated to a limited extent but
required high voltages (>300V). The principle of a tunable channel-dropping filter
has also been established although the best device only displayed a tunability of 1nm
shift for applied voltage of 150V. There are several fabrication difficulties to be
overcome before the drive voltages approach realistic values. If LiINbO; is to be used
as the active overlay, then a much reduced thickness is essential. However, with the
available optical adhesives, a thickness much less than 10um is very difficult to
obtain with the present fabrication techniques. A stronger, low viscosity glue would
enhance the possibility of producing a good device with a very thin overlay but there
remains the problem of applying the external voltage directly to the LiNbO; layer.
It appears that a transverse electrode configuration is undesirable due to the dielectric
permittivity mismatch between the glue and LiNbO; layers. Unless the lower
electrode can be deposited directly on the underside of the LiNbO; overlay and a
suitable contact formed, a coplanar electrode configuration will be required (to
reduce the interaction of the applied field with the bonding layer). This would
demand several extra fabrication stages (photolithography) and slightly higher drive
voltages (transverse electrodes produce the highest field strengths) but would allow
the use of metal electrodes and the possibility of high frequency operation which is
not possible with the ITO electrodes. However, it is anticipated that significant
reduction in drive voltages for both intensity modulation and active wavelength
tunability may be achieved through the use of improved fabrication techniques and
higher electro-optic coefficient materials, even if a transverse electrode structure is

retained.
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6.8 Thin Film Vacuum Deposited Overlay Devices

An alternative method of forming high index planar multimode overlays on the
surface of a polished fibre half-block is by vacuum deposition of appropriate
materials. The immediate advantages of this approach to overlay fabrication are (i)
1-2um overlay thicknesses are easily attainable (ii) the undesired bonding layers are
removed and (iii) device fabrication is greatly simplified. However, electro-optic
activity is difficult to achieve in films produced by vacuum deposition methods such
as thermal evaporation and rf sputtering due to the inherent lack of crystallinity
possessed by such films. Recent work[9] has seen improvements in this respect
although elevated temperatures (400-600°C) and carefully selected substrates are
generally required. An r-coefficient of 80pm/V has been observed in thin, rf
sputtered films of Lanthanum modified Lead Zirconate Titanate (PLZT)[10]
which, if possible for deposition on fused silica, promises extremely low voltage
operation for the device architectures investigated in this thesis. Passive devices
incorporating vacuum deposited overlays are also of interest for WDM/filtering
applications and possess a number of advantages with regard to resonance tuning

over their polished overlay counterparts.

6.8.1 Thermally Evaporated Zinc Sulphide Overlay Devices

Thermal evaporation was the simplest method of thin overlay fabrication and the
general deposition conditions are outlined in section 6.4. Zinc Sulphide (ZnS) was
selected as an appropriate overlay material due to ease of deposition and
transparency in the infra-red wavelength region. The refractive index of evaporated
ZnS is approximately 2.28 (at A=1300nm), reasonably similar to LiNbQO;. This
allowed some performance predictions to be made on the assumption that LiNbO,
overlays of similar thickness can be fabricated in the future, either by improved
polishing techniques or evaporation/sputtering. Initial film deposition was performed
with no heating of the polished fibre half-block and the optical quality of the
overlays appeared satisfactory. However, tuning of the device resonance positions

using index oils as the superstrate, with subsequent repeated solvent cleaning,
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resulted in the film detaching from the half-block. Heating the half-block to
approximately 120°C to promote adhesion of the film to the polished surface was
then included in the fabrication procedure which allowed repeated tuning to be
performed. A range of different coupling strength half-blocks were coated with the
ZnS films to determine the effect on resonance linewidth. Film thicknesses were
measured during the evaporation process via an in-situ monitor which calculated the
thickness of the deposited layer based on a knowledge of the material density and
acoustic impedance. However, it was found that an error of as much as 10% of the
true value was common when the thickness was measured using a profilometer
instrument. A thickness of greater than 2.5um was difficult to achieve without
repeated depositions but in general the films ranged in thickness from 0.5-1.5um.
The combination of high refractive index and small thickness meant that most
devices possessed two or less transmission resonances within the normal wavelength
scanning range (1200-1600nm) i.e. the resonance spacing was very large. For the
case of two resonance positions, the approximate overlay thickness can then be
calculated using the known refractive index and the resonance spacing, as was done
for the LiNbO; devices in the previous section. The calculation is less accurate,
however, since the overlay is not highly multi-moded in this instance. The
wavelength response of a device incorporating a 26% coupling strength half-block
and a ZnS overlay of approximately 1.2um thickness is shown in Figure 6.20. The
higher TE resonance is outwith the wavelength scan range due to the large
polarisation separation associated with very thin, high index, asymmetric
waveguides. Resonance spacing for TM polarisation is 344nm while the polarisation
separation is 52nm for the lower resonances. The higher and lower TM resonances
have linewidths of 17.3nm and 8.2nm, respectively, whereas the corresponding value
for the TE resonance is 6.6nm. Modulation depth is greater for the TM polarisation
(93%) but not as high as was expected considering the thickness of the overlay. Two
more devices were fabricated with ZnS overlays of similar thickness but
incorporating half-blocks possessing coupling strengths of 51% (Device2) and 85%
(Device3) respectively. The resonance linewidths were measured for both TE and

TM polarisation for both devices and are compared with the corresponding values
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for the 26% coupling strength device (Devicel) in Table 6.2.

o Devicel Device2 Device3
Polarisation
Linewidth Linewidth Linewidth
TE
™

Table 6.2 : Resonance linewidths for different coupling strength devices

The data in Table 6.2 shows that a clear reduction in linewidth occurs for decreased
half-block coupling strength. This agrees with results and theory developed earlier.
In addition, the TM resonance is broader than the TE case as expected from greater
evanescent field penetration which produces higher coupling coefficients, increased
susceptibility to overlay surface imperfections, etc. The modulation depth increased
as the coupling strength of the half-blocks increased reaching 99.3% (extinction ratio
21dB) for the 85 % half-block. It is believed that the modulation depth measurements
on the lower coupling strength devices were adversely affected by the limited
dynamic range of the monochromator system. Subsequent measurements on a ZnS
overlay device which possessed a transmission resonance corresponding to a laser
diode wavelength indicated that the resonance extinction ratio was >34dB. The

device had a ZnS overlay thickness of 0.6xm and 50% coupling strength half-block.

The minimum wavelength variation required to produce an intensity modulation (TM
Polarisation) of 10%-90% was 5nm, recorded for devicel (sharp side of lower
resonance). Assuming a similar device response for a LiNbO, overlay of the same
thickness, equations (5.1) and (6.1) can be used to calculate an equivalent modulation
or drive voltage. Taking the overlay thickness as 1.2pum gives a calculated voltage
of 36.9V. Performing similar calculations based on a PLZT overlay (n=2.5,
r=80pm/V)[10] gives a drive voltage of 12.8V. It is believed that the use of lower
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section. Figure 6.22 shows the wavelength response of the ZnS overlay switch
structure. The lower and higher resonance linewidths are 21.5nm and 41.1nm,
respectively, while the spacing is 205nm. A cutback measurement was performed to
confirm the expected low-loss performance of the switch. An average value of 0.4dB
was obtained for the off-resonance insertion loss for the throughput arm. For the
cross-coupled arm, off-resonance cross-talk was in the region of -20dB. The
resonance linewidths appear significantly broadened by the presence of the second
half-block when compared with the values for an air superstrate (16nm and 22nm for
TM polarisation). In addition, the shape of the resonances are degraded and similar
to those observed for the LiNbO, switch structures i.e. multiple dips within each
resonance. This confirms that the coupling chafacteristics of the switch structure are
more complicated than the basic fibre-overlay device. Although the device
transmission resonances are fairly wide, the inclusion of lower coupling strength
half-blocks (5 %) and better optical quality films may allow a reduction in resonance
linewidths. Therefore, the possibility of vacuum deposited optically active thin films

still suggests that a switch structure could operate at low drive voltages.

6.8.4 RF Magnetron Sputtered Silicon Overlay Devices

This method of thin film deposition is generally used for materials which possess
high melting points and low vapour pressures. Sputtering is capable of more precise
control of deposition rate and film quality than evaporation processes and widely
utilised in the semiconductor industry. An immediate problem e;ncountered with
device fabrication using the sputtering process was the unavailability, at the time, of
a substrate heater. As a result, no heating of the half-block could be performed
during film deposition which prevented the formation of high optical quality films.
However, the lower deposition rates associated with the sputtering process meant that
to fabricate a device possessing an overlay of sufficient thickness to support several
modes took in the region of 1.5-2hours and this caused the ambient temperature in
the vacuum chamber to rise significantly. Whether this had any effect on film quality
is uncertain. The transparency of Silicon in the infra-red wavelength region and the

possibility of electro-optic effects[11] (e.g. via current injection) makes it an
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interesting material with regard to fibre-overlay geometry. In addition, Silicon also
has a high index (n=3.5 approx.) which allows a high mode order to be maintained
when in thin waveguide form. No commercial Silicon sputtering target was available
so a standard silicon wafer was used and a deposition rate of 12.2nm/min was
achieved in test runs. The purpose of the experimental investigation was to determine
whether coupling to the Silicon overlays could be achieved and estimate the
refractive index of the sputtered material for comparison with the bulk value. The
first device fabricated incorporated a Silicon overlay of 1.035um (measured using
profilometer) and a 98% coupling strength half-block. Resonant coupling was
observed but the linewidth values were very wide (> 100nm) suggesting that the
coupling strength of the half-block was excessive and/or the film quality was poor.
A second device was fabricated incorporating a 2.19um Silicon overlay and a 35%
coupling strength half-block. Three resonances were observed in the wavelength scan
region 1200-1600nm for both polarisations although the response was not particularly
good. Narrowest linewidth was 31.5nm with a modulation depth of only 66.5%. The
TE resonance spacings were 126nm and 161nm for successive resonances while the
corresponding TM values were 117nm and 152nm. Polarisation separation increased
from 33nm to S1nm for the lowest and highest wavelength resonances. A cutback
measurement was made and the off-resonance insertion loss found to be 1.9dB,
significantly higher than previously recorded insertion losses for other devices.
Again, film quality is believed to be the main reason for this higher loss. Since the
thickness of the Silicon overlay was accurately measured using a profilometer to be
2.15um, the recorded resonance spacings could be used to calculate the refractive
index of the overlay. An average value of n=3.44 was obtained which agrees
reasonably well with the index of bulk Silicon. The reduced modulation depth and
broad resonance linewidths are also believed to be a result of poor film quality,
probably due to unsuitable sputtering conditions. Characterisation of the process of
sputtering thin films of Silicon will be required if the use of Silicon as an overlay is

to be further investigated.
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fabricate the solid-state overlays. These involved mechanical/chemical lapping and

polishing of bulk materials to produce thin layers (glass and LiNbO, overlays) and

thin film vacuum deposition methods; thermal evaporation and rf magnetron

sputtering (ZnS and Si overlays). Passive device fabrication was reasonably
straightforward using each of the techniques mentioned. However, active device
fabrication was more difficult and restricted to the lapping/polishing method since
bulk LiNbO; was the only available electro-optic material. A number of problems

were encountered during the active device fabrication process and these prevented
the realisation of a low voltage device.

6.9.1 Glass Overlay Devices

Initial experimental results were obtained for devices with glass overlay waveguides
and confirmed the trends established in Chapter 5 as regards overlay index and
thickness. Both channel (resonance) spacing and linewidth were observed to decrease
as overlay index and thickness were increased. Narrowest channel linewidth (2.4nm)
was recorded for a device with overlay index n=1.65 and thickness d=90um. The
corresponding channel spacing was 12.5nm. Highest recorded extinction ratio was
> 18dB for a device with n=1.515 and d=7.6um. Tuning of the wavelength-
transmission response of the glass overlay devices was demonstrated by variation of
the overlay superstrate index and/or thickness. The most extensive tuning ranges
were observed for variation of the superstrate bulk index and it was found that the
lower index glass (n=1.515), thin (d=7.6um) glass overlay device could be tuned
over a 106nm range (TM Polarisation). Fine tuning of channel positions could be
achieved by vacuum deposition of a thin, low index dielectric film on the top surface
of the overlay waveguide. The resultant compound dielectric/air superstrate then
possesses an index value which ranges between air and the bulk index of the
dielectric material, depending on the thickness of the dielectric film. A shift in
channel position of 26nm was achieved for a vacuum deposited film of Magnesium
Fluoride (n=1.38) with thickness 280nm. In addition to the basic channel-dropping
filter glass overlay devices, a switch structure was also briefly studied. Wavelength-

dependent cross-coupling of power was observed with a maximum power transfer
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of approximately 40% (2.2dB crosstalk) of the off-resonance device throughput. It
was shown that the index of the oil matching layer at the interface of the overlay
surface and second polished fibre half-block had an influence on both the wavelength

of the cross-coupled channel and the efficiency of the cross-coupling.

It appears that the glass overlay devices have potential application as rugged, low
insertion-loss, continuous-fibre wavelength selective elements. Both channel-dropping
(basic fibre-overlay structure) and bandpass (switch structure) filtering responses
have been demonstrated. Furthermore, extensive tuning of the filter channel positions

can be achieved by simple variation of the overlay waveguide superstrate index
and/or thickness.

6.9.2 LiNbO, Overlay Devices

Several devices (passive and active) were fabricated with z-cut LiNbQO; as the overlay
waveguide. Wavelength-transmission responses displayed narrower linewidths (for
the same overlay thickness) when compared with the previously-studied glass overlay
devices. This was expected due to the significantly higher refractive index of
LiNbO;. Tuning of channel positions was again demonstrated using variation of the
overlay superstrate bulk index. A smaller tuning range was observed (27nm for a
device with overlay thickness 8.7um and TM polarisation) when compared with the
similar thickness glass overlay device mentioned above. This confirmed that large
tuning ranges require thin, low index overlays. Further investigation of the switch
structure was also carried out using LiNbO, overlay device. As with the glass
overlay switch structure, wavelength-dependent cross-coupling was observed.
Improved values of cross-coupling efficiency were achieved, as high as 90% (10dB

cross-talk), with a narrowest channel linewidth of 3.8nm.

Active devices employing LiNbO; as the overlay in conjunction with transverse ITO
electrodes were successfully fabricated but corresponding drive voltages were
impractical (in the region of 300V). Device operation relied on shifting the

wavelength-transmission response of the device by electro-optic variation of the
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was achieved, although resonance linewidths were  broader than expected (31.5nm
narrowest linewidth). This was attributed to poor quality film deposition. The
attraction of Si as the overlay waveguide is due to its high index (n=3.5) which
could, potentially, result in thin-film overlay devices with narrow linewidths.
Superstrate tuning of the resonance positions was again performed. Maximum
wavelength shifts of 14nm for TE and 53nm for TM (for an overlay thickness,
d=2.15um) were achieved for tuning using bulk index oils. Vacuum deposition of
Calcium Fluoride (n=1.42) as the superstrate produced a reduced tuning range,

maximum shift was approximately (for both TE and TM polarisations) when a
thickness of 240nm was deposited.

The advantages of simplified and rapid overlay waveguide fabrication make vacuum
deposition techniques very attractive for device manufacture. Reasonably narrow
linewidth channel-dropping filters and also a switch/bandpass filter have been
demonstrated using these overlay fabrication techniques. Furthermore, monitoring

(in-situ) of resonance (channel) positions during overlay formation can be used to

fabricate devices to set specifications.
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CHAPTER 7

Cut-Off Polished Fibre Device

7.1 Introduction

This chapter investigates a device with a similar geometry to those described in the
preceding chapters but with one major difference. A modification of the original
device geometry was made which allowed the realisation of a bandpass filter on a
single-mode fibre i.e. a second half-block was not required to collect the filtered
channel. Only limited characterisation of this device structure has been performed
to date but initial results are encouraging. The bandpass filter has immediate
applications in fibre-laser and amplifier systems for the purposes of linewidth
narrowing, wavelength tuning and, potentially, mode selection. In addition, operation
as a tunable filter in "broadcast and select" WDM architectures appears a definite

possibility.

7.2 Device Geometry and Fabrication

As noted in Chapter 4, the coupling strength of a polished fibre half-block is
dependent on the remaining cladding thickness on the polished side. By carefully
continuing the polishing stage of the fabrication process, the coupling strength can
be increased to 99.9% when virtually all the input light is tapped out of the fibre by
application of a bulk overlay. At this coupling strength the remaining cladding
thickness is very small and further polishing causes the fibre core to become
exposed. When this occurs the optical field of the fibre mode becomes progressively
"cutoff"[1] and the fibre exhibits high transmission loss, the attenuation increasing
as the core size is decreased[2]. It was found that application of a bulk index oil
with a refractive index similar to that of fused silica caused significant restoration
of the input power. This behaviour has also been demonstrated elsewhere[2]. Figure

7.1 shows the response of a polished fibre "cutoff” half-block to a range of bulk
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overlay indices. The fibre radius of curvature was the standard 22cm used for the
earlier half-blocks. Typically, the difference between the maximum and minimum
fibre throughput was in the 15-20dB range, with the maximum value being observed
at a bulk overlay oil index of ny=1.452. As would be expected, application of
higher index oils caused the fibre throughput to fall to zero. A possible explanation
of the behaviour observed in Figure 7.1 can be obtained by considering the slab
waveguide analysis presented in Chapter 3. The concept of a "cutoff" wavelength for
a guided mode was introduced and it was noted that the zero order mode of a
symmetrical waveguide never cuts off. Once the remaining cladding on the polished
fibre has been removed, the fibre can then be thought of as an asymmetric
waveguide (air superstrate) which is single-moded below a cutoff wavelength. For
high transmission loss, this cutoff wavelength is obviously below the 1300nm output
from the test laser. Replacing the air superstrate with an oil of index approximately
equal to the fibre cladding restores the symmetry of the waveguide and allows

significant recovery of the input power.

The basic geometry of the cutoff polished fibre device is shown in Figure 7.2. A
high index, multimode planar overlay waveguide was placed in optical contact with
the surface of the cutoff polished half-block by an appropriate fabrication method.
Initial device characterisation was performed on oil overlay devices fabricated as
described in Chapter 5. A solid-state device was also constructed with z-cut Lithium
Niobate as the overlay waveguide using the same fabrication procedures as described

earlier in Chapter 6 for standard polished fibre overlay devices.

7.3 Device Characterisation using Oil Overlays

Variation of the input wavelength was again the simplest method of investigating the
cutoff device structure shown in Figure 7.2. To assess the response of the device to
variations in the overlay waveguide thickness and material index, initial experiments
used Cargille refractive index oils, supported by Mylar spacers and a polished fused

silica superstrate, in the role of the overlay. Spacer thicknesses of 12um and 23um

210



EXPOSED FIBRE CORE REGION /OVERLAY WAVEGUIDE

[ A ]

FIBRE CORE FIBRE CLADDING

Figure 7.2 : Cutoff Polished Fibre Half-Block with Overlay

were used with 5 different oil indices, in the range n, = 1.47 to n, = 1.698. The
intensity versus wavelength response for each device was then recorded using a
Bentham Instruments scanning monochromator configured for use with optical fibre.
A polariser and polarisation controller were also included in the set-up to establish
a known polarisation at the input to the device. Typical intensity versus wavelength
responses for the structure are shown in Figures 7.3 and 7.4 for overlays with
np,=1.65, d=23um and ny=1.494, d=12um, respectively. For each combination
of overlay thickness and index a periodic transmitted intensity response similar to
Figures 7.3 and 7.4 were recorded. None of the devices displayed significant
polarisation sensitivity due to the symmetry and multi-moded nature of the overlay.
Tables 7.1 and 7.2 show the effect of overlay thickness, d, and refractive index, ny,
on channel spacing and linewidth, respectively. The figures were recorded for
transmission channels close to A=1300nm for each device. Inspection of Tables 7.1
and 7.2 indicate that high index, thick overlays produce the smallest channel spacing
and narrowest linewidths. The figures for channel spacing can be compared with the
theoretical values shown in Table 5.9 (Chapter 5) which were calculated using the
overlay eigenvalue equation. Reasonably close agreement can be observed
considering that the precise value of experimental overlay thickness is unlikely to
exactly match the spacer thickness. A graphical representation of the experimental
variation in channel linewidth with overlay index is shown in Figure 7.5. The

linewidth is observed to decrease in an exponential-like fashion and Figure 7.5
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Channel Spacing

Overlay Index

d=12pum d=23um

n,=1.470

np,=1.494

np,=1.548

n,=1.598

n,=1.650

n,=1.698

Table 7.1 : Channel Spacing with Overlay Index for two thicknesses

Channel Linewidth (FWHM)
d=12pm d=23pm

Overlay Index

np=1.470

np=1.494

np=1.548

n,=1.598

n,=1.650

n,=1.698

Table 7.2 : Channel Linewidth with Overlay Index for two thicknesses
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compares favourably with Figures 5.10 - 5.11 and Figure 3.11 which apply for
standard fibre-overlay devices. The resonance extinction ratio, in general, appeared
to be in the region of 20dB although measurements were limited by the dynamic
range of the instrumentation. Cut-back measurements performed on the oil overlay
devices indicated that the insertion loss at the centre of a passband can be less than
0.5dB, although the loss tended to increase with wavelength. The increase in
insertion loss as the wavelength is increased may be due to the fibre becoming "more

cutoff" i.e. restoration of the input signal by application of a bulk overlay is reduced
at longer wavelengths.

7.4 Device Operation

The precise mechanism governing device operation is uncertain. However, the
similarity of Figures 7.5 and 5.10 - 5.12 which relate resonance linewidth to overlay
index suggests that the cutoff device operation is closely connected to that of
standard polished fibre half-block/overlay devices and, therefore, related to phase-
matching between fibre and overlay modes. Additionally, calculated values of
resonance spacing show a good match to experimental values recorded for the cutoff
oil overlay devices. This reinforces the notion of device operation relying on a
phase-matching condition in much the same manner as the standard polished fibre-
overlay devices. A simple explanation of the device operation is proposed as follows.
Outwith the exposed core region of the fibre the modes of propagation of the overlay
waveguide can range in effective index, n,,, from just greater than the index of the
fibre cladding, n,, to just below that of the overlay material, n,. Phase-matching of
the fibre mode (n,,) and the highest order mode of the overlay can be achieved for
the correct combination of overlay waveguide parameters (index, thickness or
wavelength). When this phase-matching condition is established (by, for example,
wavelength variation) strong directional coupling of power between the fibre and the
overlay waveguide occurs[3]. Therefore, light launched into the input arm of the
device couples to the highest order mode of the overlay, at the phase-matching

condition, prior to reaching the "cut-off" region. The exposed core region of the
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fibre has a "loading" effect on the overlay, due to the slight difference in core and
cladding indices. This is thought to prevent or significantly reduce the lateral loss to
off-axis overlay modes which strongly influences the standard polished fibre-overlay
device operation. As a result, the coupled light traverses the exposed core region
with low loss and is then recoupled to the fibre as it emerges from this region of the
device. As each highest order overlay mode is tuned in and out of resonance with
the fibre mode there is a corresponding peak in the fibre intensity transmission
response. Outwith the phase-matching situation the fibre displays "cut-off"
behaviour, resulting in a periodic bandpass filter response function. A much more
detailed theoretical investigation of the cutoff fibre-overlay device is required to
properly explain the operation of the device and should be part of any future work
on the device structure. Based on the description given above, the resonance
positions can be obtained from the eigenvalue equation (eqn. (1.1)) of the overlay
waveguide. Inspection of eqn. (1.1) indicates that the thickness of the overlay
waveguide (for a fixed material index) has a significant bearing on both the position
of the transmission channels and also on the channel spacing (difference between
adjacent resonance wavelengths). Thus, careful control of this parameter during
device manufacture allows tailoring of the transmission response to produce channels

at favourable wavelengths while also producing an appropriate channel spacing.

7.5 Solid-State Overlay Cut-Off Device

To further study the device structure, a solid-state device was fabricated. The device
incorporated Lithium Niobate (LiNbO;) as the overlay waveguide due to its high
material index (n = 2.15) and potential for electro-optic applications. The device
was fabricated using the standard procedures and the eventual LiNbO, thickness was
approximately 7um (giving a compound overlay composed of 2-3um glue (n=1.5)
and 7um LiNbO,). The wavelength response was then obtained and is shown in
Figure 7.6 for both TE and TM polarisations. Channel spacing increases from 83nm
to 113nm for TE polarisation while the corresponding TM polarisation values are

81nm and 107nm, respectively. This increase is expected from simple analysis of
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eqn. (1.1). The large polarisation sensitivity (41nm minimum separation for TE and
TM channels) of the device is expected for a highly birefringent material such as
LiNbO; (npy=2.15, nz=2.22). Extinction ratios (rejection) are around 20dB for
both polarisations. The narrowest linewidth values were 8nm and 9.6nm for TE and
TM polarisation, respectively, at the high wavelength section of Figure 7.6, although
the loss on these channels was higher. The LiNbO, overlay device possessed an
insertion loss range 0.5-2.5dB, depending on wavelength and polarisation. TM
polarisation resulted in higher insertion loss which may be due to a larger evanescent
tail. The optical quality of the overlay surface is believed to have a major effect on
the device insertion loss since application of a bulk index oil to the top surface of the
overlay reduced the insertion loss. This indicated that the polished top surface of the
LiNbO; overlay was damaged and caused scattering loss and suggests insertion loss
can be reduced by improved fabrication. Further experimental and theoretical

investigation of the factors affecting insertion loss should also be part of future work.

7.5.1 Tuning of Channel Positions

Obviously, tuning of the wavelength response of the device is highly desirable,
particularly for application in fibre laser systems. Incorporating electrodes into the
device structure would, ideally, allow electro-optic tuning of the transmission
channel locations by direct modulation of the overlay material index. However, the
tuning range would be limited to a few nanometres either side of the passband centre
wavelength depending on overlay thickness and the fixed value of electro-optic
coefficient possessed by LiNbO,. As discussed earlier in Chapter 6, this method of
modulating/tuning the device response requires the development of materials with
stronger electro-optic effects to allow practical realisation. However, the same
methods of passive tuning described in Chapter 6 for standard polished fibre-overlay
devices apply i.e. varying the overlay superstrate index and/or thickness. Two of the
channel passbands (TM 1485nm and TE 1539nm) displayed by the LiNbO; cutoff
device are of particular interest from a tuning viewpoint since they are located close
to the gain region of an erbium-doped fibre laser system (approx. 1520-1560nm).

For this reason, the tuning experiments were concentrated on these two wavelength
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channels. A range of bulk index oils were used to form the overlay superstrate and
the shifted resonance (channel) position recorded. Figure 7.7 shows the resulting
tuning curves for each polarisation. The maximum tuning range was 45nm for TM
polarisation and 19.5nm for TE polarisation. Thus, the TE polarisation passband
located at a wavelength of 1539nm could be tuned across an appreciable section of
the gain region in the fibre laser system mentioned above. It has been shown for
standard fibre-overlay devices that the tuning range is highly dependent on the
overlay material index and thickness. By producing a similar device with a different
overlay index or thickness, the tuning range of an appropriately located channel
could be extended to cover the entire gain region of the fibre laser. For example, an

overlay of index 1.55 and thickness 3um would result in a tuning range of >200nm.

7.6 Practical Application of Cut-Off Filter

To investigate the practical applications of the device described in the preceding
paragraphs, it was incorporated in an experimental erbium-doped fibre laser system
constructed by Physics Department at the University of Strathclyde. Figure 7.8

shows a diagram of the fibre laser system with the cut-off filter incorporated as an

intra-cavity element.

Erbium-—doped
O fibre
Pump Cut-o0ff -—) Laser

Light Filter Output

MO, M, Mp MO

Figure 7.8 : Schematic of fibre laser system with cut-off filter incorporated

The pump source was a semiconductor diode laser operating at 1480nm. MO, and
MO, are microscope objectives while M, and M, are high reflectivity mirrors. Since
the gain of the system was greater than the nett cavity loss (3.5dB), including the

insertion loss of the device (1.7dB), lasing was still possibie with the device acting
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to form the overlay waveguide superstrate. A maximum range of 45nm was observed
for TM polarisation while the corresponding TE polarisation range was 19.5nm. The
solid-state device was incorporated in an erbium-doped fibre laser system with
impressive results. A significant narrowing of the laser linewidth was observed
(<0.03nm) while tuning over a maximum range of 19.5nm was possible
(corresponding to TE polarisation). Employing electro-optic Liquid Crystals as the

bulk superstrate would provide the means of an actively tuned fibre laser system.
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CHAPTER 8

Discussion and Conclusions

8.1 General Discussion

An extensive investigation of devices based on the interaction of a single-mode fibre,
side-polished close to the core, and a high index planar multimode overlay has been
undertaken. A range of different coupling strength and, therefore, remaining
cladding thickness, polished fibre half-blocks were prepared using the standard
lapping and polishing techniques outlined in Chapter 4. Two different fibre radii of
curvature were also used to determine the importance of this parameter. Initial
experimental devices incorporated oils of specified refractive index supported by
plastic spacers as the overlay waveguide thus allowing repeated use of several
polished fibre half-blocks. The majority of experimental results were obtained by
recording the response of the fibre intensity transmission to variation of the device
input wavelength (generally over the range 1200nm-1600nm). Typical wavelength
responses yielded periodic-like resonance minima in the transmitted intensity
(dropped or filtered channels). This provided a substantial amount of information on
trends and patterns in device operation with regard to the fundamental overlay
parameters (refractive index and thickness) and also half-block céupling strength.
The coupling strength of the half-blocks was quickly identified as an important
device design parameter with respect to channel (filter) linewidth and insertion loss
whereas the fibre radii of curvature was found to be a less critical factor. Channel
linewidth and spacing both reduced with increasing overlay refractive index and
thickness (increasing waveguide mode order) while device insertion loss was seen
to reduce. Dropped channel linewidth (FWHM) values ranged from 3nm to 205nm
while channel spacing varied between 43nm and 284nm. These experimental results
showed close agreement with predicted theoretical trends. The modulation depth or

rejection ratio of the dropped (filtered) channel was also an important performance
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parameter, particularly when considering the filtering capability of the device. For
all the oil overlay devices, values of modulation depth were greater than 65% but
no simple trend was observed for variation of overlay index or thickness. However,
higher coupling strength half-blocks tended to produce greater modulation depths,
consistently greater than 90% for devices with 12um overlay thickness. Additionally,

the larger radius of curvature half-blocks also resulted in devices which exhibited
larger modulation depths (rejection ratios).

After establishing the fundamental principles of operation using oil overlay devices,
further characterisation was performed on solid-state overlay devices. Initial
experimental investigation concentrated on devices possessing overlays constructed
from optical quality glass. Device fabrication involved the bonding of glass wafers
to the surface of the polished fibre half-blocks followed by standard lapping and
polishing techniques to produce the required overlay thickness. Again, variation of
the input wavelength was the most practical method of device characterisation and
similar wavelength versus fibre transmission responses to those of the oil overlay
devices were obtained. Narrowest channel linewidth (2.4nm) was recorded for a
90um thick glass overlay with a refractive index of 1.65. The corresponding channel
spacing was 12.5nm although modulation depth was only 77%. An advantage of the
glass overlay devices was the possibility of tuning the wavelength response by
variation of the overlay superstrate (which was not possible with the oil devices).
This was accomplished by either application of an index oil in bulk form or vacuum
deposition of a thin film of appropriate refractive index. Extensive tuning ranges
(>100nm), particularly for the low index glass overlay devices, were achieved
which agreed well with theoretical calculations. In addition to characterisation of the
basic fibre-overlay geometry, a switch structure (bandpass filter) was investigated in
which a second polished fibre half-block was appropriately aligned on the top surface
of the glass overlay. Significant cross-coupling of power at specific wavelengths was
observed when the wavelength transmission response of the device was recorded.
This demonstrated the feasibility of the device structure for operation as a directional

coupler or bandpass filter (considering the transmission of the second fibre).
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Tunability of this device structure was, however, less impressive and difficult to
accurately control.

Fabrication of devices employing glass overlay waveguides served two purposes.
Firstly, the viability of the basic device structure as a tunable wavelength selective
element was demonstrated. Furthermore, the use of fairly inexpensive glass overlays
allowed extensive investigation of the fabrication procedures involved in production
of solid-state overlay devices. Factors such as choice of bonding agent, lateral
dimensions of overlay waveguide for optimum device yield, thickness and parallelism
of glue layer, and optical quality of overlay top surface were examined with regard

to eventual device performance. This permitted the identification of the difficult and

critical stages in the device fabrication.

The experience and expertise gained in the manufacture of glass overlay devices was
then applied to the fabriéation of solid-state devices incorporating LiNbQO, overlays,
(@ much more expensive material). Interest in using LiNbO, in the role of the
overlay stemmed from the relatively high linear electro-optic coefficient it possesses.
This provided the possibility of realising an active component by varying the
refractive index of the overlay waveguide, and thus wavelength-transmission
response, via an appropriate control voltage. Initially, passive devices, which
possessed no electrodes, were fabricated to investigate the behaviour of LiNbO;
overlay devices in terms of linewidth, channel spacing, insertion loss, tunability, etc.
From these values, predictions on active device performance could be made with the
device structure configured as an intensity modulator and directional switch (this
assumes biasing of the wavelength-transmission response to, and then operation
about, a specific wavelength). Fabrication procedures were similar to those utilized
for manufacture of the glass overlay devices although device yield was reduced due
to a greater tendency of the LiNbO; to shatter during the lapping and polishing
stages. However, narrow values of linewidth (3nm) were observed for passive
LiNbO, overlay devices which, in turn, produced encouraging performance

predictions for active devices in which a similar wavelength-transmission response
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was assumed. Tuning of the channel positions was achieved by application of bulk
index oils as the superstrate although tuning ranges were reduced when compared
with those observed for glass overlay devices. Realisation of active devices utilizing
LiNbO, overlays required that an appropriate electrode structure was included in the
device architecture. Since the initial LiNbO; wafer was in a z-cut orientation,
maximum index variation via the electro-optic effect could be achieved through the
use of transverse electrodes i.e electrodes sandwiching the LiNbO, waveguide. With
this configuration, the electrodes must be optically transparent since they then form
part of a compound overlay waveguide. The most widely used optically transparent
conductor is Indium-Tin-Oxide (ITO) and this was deposited by rf magnetron
sputtering. The use of ITO electrodes which possessed relatively high resistance
immediately compromised the frequency response of the subsequent active devices.
However, the maximum electric field utilization provided by the transverse electrode

configuration allowed a d.c. demonstration of device operation, which was the

principal aim.

Unfortunately, a number of factors combined to push drive voltages up to several
hundred volts. These factors included (1) an inability to successfully fabricate active
devices with an overlay thickness of <15um (2) a glue layer in the range 1-3um and
(3) broader resonance linewidth values than were expected for given overlay
thicknesses. Since the electro-optic effect is a field-induced effect, it is obvious that
the closer the electrodes the lower the required drive voltage for a specified electric
field strength. As such, the desired active device overlay should be as thin as
possible. However, difficulties were encountered when the fabrication of very thin
overlays was attempted and no such device was successfully produced. This
situation, therefore, put a limit on the lowest drive voltage required for active device
operation. In addition, the voltage dropped across the glue layer was related to the
dielectric constant of the glue as well as its thickness and was calculated to be a
substantial fraction of the total applied voltage. This fraction was found to increase
as the LiNbO, layer was reduced. Thus, elevated drive voltages were required to

ensure a significant electric field strength within the LiNbO, layer and cause a
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detectable shift in the wavelength-transmission response of the device. The third
factor mentioned above, broadened resonance linewidths, was due to the increasing
influence of waveguide nonparallelism as the overlay thickness is reduced. A wedged
overlay results in a wider resonance response because the phase-matching condition
is less clearly defined. This effect is enhanced when the overlay thickness is
decreased. Subsequent drive voltages required to cause an on/off switching or
modulation function were correspondingly higher. It was decided that the use of co-
planar electrodes may overcome several of the drawbacks encountered with the use
of transverse ITO electrodes and allow an improvement in active device

performance. However, the feasibility of active components based on the device

structure investigated in this thesis was demonstrated.

Alternative methods of overlay fabrication were also investigated, primarily vacuum
deposition. The use of vacuum-deposited films as the overlay waveguide was
immediately attractive since it removed several of the fabrication difficulties
experienced with lapping/polishing techniques. There was no longer a requirement
for an optically-transparent bonding layer, followed by laborious, wasteful, material
removal to obtain the desired overlay thickness. Furthermore, in-situ monitoring of
resonance positions provides a simple method of fabricating devices to given
specifications, thus demonstrating an increased flexibility of this fabrication technique
over those described earlier. Both thermal evaporation and rf magnetron sputtering
were successfully used to produce overlay waveguides ranging from 0.5-3um in
thickness. Fairly narrow linewidth (6.6nm) channel-dropping filters and also a
switch/bandpass filter device were fabricated and assessed. A result of the reduced
overlay thickness (when compared with polished overlays) was substantial channel
spacing (>300nm) while the extensive tuning range (maximum observed shift was
216nm for TM polarisation) of the channel-dropping filters identified as a very useful
device characteristic. In general, the vacuum-deposited methods of overlay

fabrication displayed great potential for repeatable, rapid, simple device manufacture.

A slight alteration of the basic polished fibre half-block geometry allowed the
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realisation of devices which displayed a bandpass filter response without a
requirement for a second fibre to access the filtered channel. By continuing the
polishing stage of the half-block fabrication process, the core of the fibre was
exposed and the fibre transmission greatly attenuated i.e. the fibre was then termed
cut-off. It was found that placing an overlay waveguide in contact with the cutoff
region of the fibre allowed wavelength-selective restoration of the transmitted
intensity i.e. transmission resonances were observed. Both oil and solid-state
overlays were formed on the cut-off fibre half-block and similar trends in wavelength
response, in terms of resonance linewidth and spacing response to overlay parameter
variation, to standard fibre-overlay devices were observed. Passband channel
linewidths as narrow as 5.2nm were recorded while channel spacing ranged from
45nm to 256nm, for oil overlay devices. On-resonance insertion loss was not fully
investigated but a best value of <0.5dB was observed. A LiNbO; overlay device
was fabricated which allowed investigation of tuning of passband channel positions
via bulk superstrate index variation. A maximum tuning range of 45nm was achieved

for TM polarisation while the corresponding TE polarisation value was 19.5nm.

8.2 Conclusions

The research programme has resulted in the development of a number of potentially
useful in-line fibre-optic device structures. The results presented in Chapters 5, 6 and
7 for the various device configurations suggest that the basic device structure can
have a number of optical systems applications including: Wavelength Division
Multi/Demultiplexing (channel-drop and bandpass filters), signal routing, and in-line
modulation of semiconductor lasers. Several fabrication techniques
(lapping/polishing, evaporation, sputtering) and materials (optical glass, LiNbO;,
ZnS, Si) have been shown to be compatible with the device architecture which
allowed the realisation of various rugged, low insertion loss, passive and active
components. The main thrust of the research programme was the investigation of the
wavelength response of the basic device architecture. This involved the design,

fabrication and assessment of a range of passive devices with varying overlay
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thicknesses (0.5-35um) and refractive indices (1.47-3.5).

8.2.1 Channel-Dropping Wavelength Selective Elements

The single polished fibre half-block passive components primarily display a bandstop
or channel-dropping, almost periodic, filter wavelength response. A large number
of these devices were fabricated and assessed during the course of the research
project. A range of materials were used to form the overlay waveguide: index oils,
three optical glasses, Lithium Niobate (LiNbQ;), Zinc Sulphide (ZnS) and Silicon.
Channel linewidth was seen to range from as low as 2.4nm (glass overlay device)
to as high as 100nm (low index oil overlay device) while channel spacing typically
ranged from 10-200nm. Insertion loss is generally in the region of 0.1-0.5dB. The
channel-dropping filters are the simplest device configuration to fabricate, are
compatible with existing optical fibre systems and exhibit high mechanical stability.
Relatively simple thin-film fabrication procedures such as evaporation and rf
sputtering can be used to reduce device manufacture time. These devices have
particular application in WDM systems where the dropped channel can be accessed
from the overlay waveguide by a prism-coupling arrangement or a second fibre.
Alternatively, the detector could be interfaced directly to the overlay to increase the
compactness of the component. Precise control of the overlay waveguide thickness
via in-situ monitoring (thin-film deposition techniques) or careful material removal
(overlay fabrication by polishing) allows selection of the dropped-channel
wavelength. Thus, devices can be manufactured to desired specifications in terms of

wavelength response.

Extensive tuning (>200nm) of the wavelength-transmission response of the single
half-block devices can be achieved by variation of the superstrate refractive index,
particularly when the overlay waveguide is of low index (e.g n=1.5) and made thin
(e.g. d=1.5um). Electro-optic tuning of the dropped-channels was possible (variation
of overlay material index) although the small wavelength shifts achieved for devices
incorporating LiNbO; overlays required unrealistic drive voltages (150V/nm).

However, the use of Barium Strontium Niobate (r=1090pm/V)[1] as the overlay
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material would result in much reduced drive voltages (5V/nm). Furthermore, the
choice of mgterial for use as the overlay is not limited by the necessity for a
refractive index similar to that of the fibre. Thus, a variety of material types ranging

from polymers to exotic electro-optic crystals can be accessed, provided they can be
arranged in thin-film form.

8.2.2 Switch/Modulator Structures

In addition to investigating the basic device structure as a wavelength selective
element, switches (active and passive) and electro-optically activated in-line
modulators utilizing the same fundamental device geometry were studied. The
passive switch structure can operate as a fixed wavelength routing element or be
considered as a bandpass wavelength filter capable of performing a demultiplexing
function, in terms of the coupled arm response. Passive switch structures were
successfully fabricated using oils, optical glass, LiNbO; and ZnS as the overlay
(interlay) waveguide. The highest observed cross-coupling efficiency was
approximately 90% for a LiNbO, device. Off-resonance cross-talk in the coupled
arm was -18dB while an extinction of -15dB was observed in the input arm at the
centre switching (resonance) wavelength. Narrowest linewidth for the cross-coupled
(bandpass) channel was 3.8nm while the corresponding dropped-channel linewidth
12.5nm (input fibre response). Again, the wavelength response of the structure was
tunable by varying the index-matching oil at the interface of the overlay and second
half-block, although the range and ease was reduced when compared with single
half-block channel-dropping WSEs. The bandpass filter response is of particular

interest for broadcast-and-select style WDM architectures.

Material shortcomings and severe fabrication requirements prevented the realisation
of a low voltage, high performance modulator or switch. Drive voltages of approx.
350V were required to induce an on/off ratio of 4.7dB in the cross-coupled arm for
a corresponding on/off ratio of 4dB in the transmission arm. The major problems
have arisen from the necessity for thin overlay waveguides to allow low drive

voltages. Difficulties with adhesion and the mechanical integrity of the LiNbO,
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overlay combined to make device fabrication a hazardous undertaking and severely
restricted the practical device performance. The LiNbO, overlay based switch can
only be viewed as a demonstration of the feasibility of the device geometry.
However, new bulk electro-optic materials and the possibility of vacuum deposition
of thin optical quality films possessing high electro-optic coefficients removes several
of the inherent fabrication difficulties associated with the active devices based on
LiNbO; and promises low voltage operation. Calculations based on other bulk
electro-optic materials (BSN r=1090pm/V) or vacuum deposited PLZT
(r=80pm/V)[2] indicate that switching voltages in the region of 10V are
achievable for extinction ratios around 20dB (based on passive device responses)
without modification of the device geometry. These reduced voltage devices would
retain the low insertion loss and compatibility with fibre systems which the devices
investigated earlier have shown. Alternative methods of thin film deposition such as
sol-gel processing[3] and spin-coating using organic materials[4][S] have also
recently been used to produce thin films with high electro-optic coefficients and have
the advantage of superior film quality. Similar reductions in drive voltage can be
expected for devices based on these materials with the added advantages of simpler,
faster fabrication techniques. The frequency response limitations of the
switch/modulator devices, imposed by the use of ITO electrodes, can be improved
by appropriate design of a coplanar metal electrode structure. Immediate applications
of the modulator devices include external modulation of semiconductor diode lasers
to avoid the problems/limitations associated with injection-current modulated methods
and also active mode-locking of fibre lasers. Alternatively, the switch structure

provides the possibility of active routing of optical signals.

8.2.3 Cut-Off Device Structure

The cut-off polished fibre half-block device (Chapter 7), which combines the
bandpass filter function of the switch structure with the extensive tuning capability
of the single half-block device geometry, shows much potential for application as a
broadly tunable bandpass filter. Both oil and solid-state overlay (LiNbO;) devices

were fabricated and have shown the possibility of narrow linewidth (Snm), variable
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channel spacing (10-200nm, typically) and low passband insertion loss (<0.5dB),
while a useful tuning range, 45nm, has also been demonstrated by variation of the
overlay superstrate index. Further applications for this device include the suppression
of fluorescence in fibre amplifier systems or as a low-loss intra-cavity filter in fibre
laser systems. Indeed, introducing the LiNbO; overlay cut-off filter, described in
Chapter 7, into the cavity of a an erbium-doped fibre laser system resulted in a
significant narrowing of the laser linewidth to <0.03nm and also allowed tuning of

the lasing wavelength over a substantial portion of the laser gain spectrum.

8.3 Future Work

Future work on the device structures described in this thesis should be directed
primarily at the design and manufacture of active components, with particular
emphasis on the cut-off device structure. A number of previously unavailable highly
electro-optic crystals are now becoming commercially accessible and may possibly
be used as a direct replacement for LiNbQO; in the role of the overlay waveguide.
Alternatively, the use of thin-film deposition techniques has been identified as
particularly suitable for overlay waveguide fabrication since it removes several
laborious and time-consuming fabrication stages and provides a more clearly defined
overlay. In addition, recent progress in active film deposition has been encouraging
and the possibility of high electro-optic coefficients in conjunction with thin overlays
promises low drive voltage, low insertion loss, mechanically stable, active devices.
Therefore, in the longer term it would appear that thin-film deposition methods may
be the key to successfully manufacturing low drive voltage, practical fibre-overlay
devices. Consequently, investigation and optimisation of these methods, sol-gel
processing in particular, should be one of the principal aims of future projects in this

area of research.
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