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Abstract

Many optical systems require free-space routing to direct signals to modulators, detectors,
or output channels. As one of the main advantages of optics is the high degree of parallel-
ism achievable in optical systems, it is often desirable to increase the number of channels
or beams in a system, whether the system performs image recognition, optical comput-
ing, or telecommunications switching. However there are many factors which limit the
scalability of the optical interconnects which provide optical multiplexing/demultiplexing
and beam routing functions. Fixed optical interconnection may be achieved by passive
elements such as binary phase holograms, Fresnel lenses, and microlens arrays. However,
more complex dynamic interconnects require an active element to perform the optical

switching. This active element is commonly a Spatial Light Modulator (SLM).

In this thesis a fabrication technique for manufacturing passive binary phase holograms
is presented. This technique utilises standard microfabrication technology to produce the
required phase patterns in silicon nitride deposited on a sapphire substrate. The robust
process results in a high yield of elements showing near optimum performance. Diffrac-
tion efficiencies of 77% have been achieved with wafers containing 32 holograms showing
almost identical optical performance. This high yield compares very favourably to those
of other fabrication techniques.

Two prototype dynamic optical routing systems are then discussed. The first experi-
mental test system models a 256 channel optical crossbar, using cascaded binary phase
holograms manufactured using the aforementioned process, and a planarised 256 x256
pixel ferroelectric liquid crystal over silicon SLM which acts as the switching element.
The second optical system uses the same device to act as a dynamic holographic element
which routes one beam into any one or many of an array of eight output fibres.

The scalability of these routing systems is critically dependant upon both the performance
of the spatial light modulators and other passive elements in the system. The perform-
ance of all the critical elements is assessed, and the results used to discuss the scalability
of these systems. The results are also used to draw conclusions about the performance
requirements for full implementations of the test systems. Finally, the performance of
crossbars and dynamic holographic routing systems, implemented using ferroelectric li-
quid crystal over silicon spatial light modulators, are compared and conclusions drawn

about the applications of each type of system.
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Chapter 1

Introduction

1.1 Background

As computer systems become larger and more powerful and global telecommunic-
ations networks come into operation, the limitations of electronics are becoming
more evident. The high-bandwidth signals are prone to noise, crosstalk, and at-
tenuation over long distances. Photonics has become recognised as an alternative
to electronics since by their very nature photons are less susceptible to many of
the problems encountered by electrons. Photons, which are neutral bosons, do
not suffer from crosstalk and can propagate through matter with little attenuation
occuring. However charged electrons interact strongly with matter and each other
due to Coulomb Forces. Low power laser sources and detectors already allow
most long distance telecommunications signals to be transmitted optically at high
data rates through fibre optic cables. However optics is much more powerful than
a simple means of transmitting information at high data rates. Powerful optical
systems can be constructed which perform tasks such as image/target recognition,
data processing and optical computing, taking advantage of the massive inherent

parallelism of optics.

In order for these complex optical systems to be developed further, and for
optics to become the major information transport mechanism of the future, it

is necessary for optical routing elements/networks to be developed which can
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interconnect optical fibres, electro-optic devices and optical sub-systems. As op-
tical systems use more and more channels to achieve higher data throughput and
greater processing power, optical interconnects need to be able to route not only
single beams, but large arrays of beams. Two types of interconnect are required,
passive elements which perform fixed routing operations on input beams or ar-
rays of beams, and dynamic routing networks which can dynamically interconnect
channels, changing the routing paths under the instruction of electrical or optical
control signals. An important measure of the performance of a routing element is
its scalability, i.e. how many input/output channels can be simultaneously routed
by the element /network. This is vital as optical systems need to be able to operate

on as many channels as possible in order to outperform electronics.

Passive elements can be fabricated from binary phase elements, using either Fres-
nel or Fourier diffraction to route the beams. The phase modulating pattern of
these elements is generally optimised by computer algorithm and then fabricated
using a variety of techniques such as photography or microfabrication processing.
Dynamic routing networks are more complex as they require an active element.
This element may be a spatial light modulator, which as its name suggests spatially
modulates the phase, polarisation, or amplitude of the light. Many different types
of spatial light modulator have been developed using several different modulating
materials. The University of Edinburgh has pioneered the technology of ferroelec-
tric liquid crystal over silicon spatial light modulators. These devices are at the

forefront of spatial light modulator technology at present.

1.2 Objectives

The objectives of this project were as follows:

1. To develop a fabrication process for binary phase elements, which can be
used to manufacture elements of high optical efficiency whilst retaining a
high process yield.
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2. To investigate dynamic free-space routing systems implemented using the
256256 pixel ferroelectric liquid crystal over silicon spatial light modulator
developed at The University of Edinburgh.

3. Using test systems, make an assessment of the scalability of free-space rout-
ing systems implemented using ferroelectric liquid crystal spatial light mod-

ulators, and consider their applications.

1.3 Thesis Outline

The following chapter reviews three major spatial light modulator technologies, di-
gital micromirror devices, self-electro-optic-devices, and ferroelectric liquid crystal
over silicon spatial light modulators. At present these devices show the most prom-
ise, for different applications, as spatial light modulators. The 256256 pixel fer-
roelectric lquid crystal over silicon device which has been used in the experimental
work presented in this thesis is described in some detail, and the planarisation

process which has improved the performance of this device is discussed.

In Chapter 3 a fabrication technique for the manufacture of binary phase holo-
grams will be presented, which uses the controlled deposition of silicon nitride on
sapphire to produce the phase modulating layer. It will be shown that this tech-
nique produces optical elements with a high optical efficiency and a process yield

much greater than any other published fabrication process.

In Chapters 4 and 5 experimental results of two free-space routing test systems will
be presented. These systems are implemented using the 256 X256 pixel ferroelectric
liquid crystal over silicon spatial light modulator. In Chapter 4 a 256 channel
crossbar test system will be described. This system uses the amplitude modulating
properties of the spatial light modulator to perform the routing, whilst in Chapter
5 a system is presented which uses the phase modulating properties to route an
input beam into one, several, or all the channels of a 4x2 output fibre array. In
both of these chapters the performance and scalability of the systems is discussed,

using the optical results to establish the critical elements in the systems.
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Finally, in Chapter 6 the results presented in chapters 4 and 5 will be drawn
together, and used to compare the two optical systems and to consider suitable
applications of free-space routing systems implemented using ferroelectric over

silicon spatial light modulators.



Chapter 2

FLC/Si SLMs

2.1 Introduction

A key element in the development of coherent optical systems is the Spatial Light
Modulator (SLM). These devices provide a means of transferring information from
the outside world into a coherent optical system. They perform this by spatially
modulating the phase, amplitude, or polarisation of an optical wave, depending
upon input information supplied to the device. This information may optically
input in the case of an optically addressed SLM (OASLM) [1], or provided as
electrical signals, an electrically addressed SLM (EASLM). It is the latter class of
device which is used in the experimental work presented in this thesis, and so only
EASLMs shall be discussed in this chapter. Although some smart devices allow
both optical and electrical input [2][3].

In this chapter an overview of the major EASLM technologies being developed
and a description of the operation of the Ferroelectric Liquid Crystal over Silicon
Spatial Light Modulator (FLC/Si SLM) used within this thesis will be presented.
A brief description of each technology will be given along with a discussion of
its performance. However, should the reader require more detailed information,
sufficient references will be supplied.
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2.2 Spatial Light Modulator Technologies

Many different modulating materials and devices have been developed in recent
years, using the optical, electrical, or magnetic properties of materials to spatially
modulate light. Most of these materials/devices, with the exception of photore-
fractive crystals and acousto-optic modulators, are pixellated, and it is these pixel-
lated devices which will be considered.

These include magneto-optic devices, Si-PLZT devices, electro-optic crystal devices,
and adapted active matrix liquid crystal displays. For SLM review papers and de-
scriptions of other SLM materials, the reader is directed to Applied Optics special
issues on spatial light modulators [4](5].

Magneto-optic devices [6][7] are electrically addressed solid-state devices, which
can operate in transmission or reflection. They operate by utilising the Faraday
effect to rotate the polarisation of incident light. Pixels are etched into a magneto-
optic substrate such as gallium garnate, and the magnetic domains are aligned
perpendicularly to the film surface. The creation of a bistable magnetic domain in
the pixel areas is achieved by applying an electrical current through the film via
address lines. Arrays of 128 x128 pixels have been fabricated, and are commercially
available. Although these devices should theoretically exhibit high contrast ratios,
in practice their performance is poor. Due to the high heat dissipation of these
devices, cooling is required and parallel addressing difficult, reducing the frame

rate.

Si/PLZT devices [8]-[11] use Lead Lathanum Zirconate Titanate (PLZT), which
is a transparent, electro-optic, ferroelectric, ceramic material. Optical phase and
amplitude modulation is achieved by applying an electric field across the PLZT
material. This alters the refractive index of the material, modulating the phase.
Amplitude modulation can then be achieved by placing the device between crossed
polarisers. The electric field is applied by flip-chip bonding the PLZT substrate
onto a silicon substrate. The mature silicon processing technology allows electrical
processing and control circuitry to be easily realised, although large arrays of these
devices have yet to be demonstrated.
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There are a wide range of crystals and polymers which exhibit electro-optic effects
such as the Pockels effect [12][13], many such materials are being investigated for
use as spatial light modulators. Adapted liquid crystal displays will be briefly
discussed in Section 2.3, and Table 2.2 in Section 2.7 summarises the performance
of all the devices decribed in this chapter.

There are two types of device which, along with FLC/Si SLMs, offer the most
potential (for different applications), and high degree of parallelism required for
high performance optical systems. These devices are Digital-Micromirror-Devices
(DMDs), and SEIf Electro-optic Devices (SEEDs), and will be described in more
detail.

2.2.1 Digital Micromirror Devices

The Digital Micromirror Devices (formerly known as Deformable Mirror devices),
developed by Texas Instruments [14]-[17], consist of arrays of micromechanical
mirrors which are monolithically fabricated onto silicon substrates. The mirrors are
electrostatically deflected, and depending on how the mirror is hinged, can produce
either phase (flexure beam) or amplitude (torsion beam) modulation. Cantilever

hinges can produce both phase and amplitude modulation to some extent.

Torsion beam devices, as illustrated in Figure 2.1, allow the mirrors to be set in
two directions, one position will reflect the incident light at an angle such that it
propagates through an optical imaging system, whilst the other position reflects
the light out of the system. Thus the pixels appear light or dark. Various pixel
drive schemes have been considered, including Charge Coupled Device (CCD)
technology and Static Random Access Memory (SRAM) technology [15].

Digital micromirror technology has been developed by Texas Instruments for use in
projector systems. They have demonstrated a 768 x576 SRAM pixel device which
is capable of displaying PAL (Phase Alternation Line) broadcast quality pictures.
Grey scale is made possible by Pulse Width Modulation (PWM) and colour is
achieved by using separate red, green, blue light sources and time multiplexing

of the image. Despite this being a mechanical device, impressive pixel switching
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Figure 2.1: Digital Micromirror Device torsion beam pixel schematic.

speeds of 10us have been achieved with contrast ratios of 50:1. This device and

future work is fully described in [18].

Although these devices have been designed and constructed with specific products
in mind i.e. projection display systems, they offer considerable promise in the
role of general purpose SLMs, due to their high contrast ratio and relatively fast
switching speed [19][20].

2.2.2 SEED Devices

These devices are Multiple-Quantum-Well (MQW) structures which make use of
a non-linear effect known as the quantum confined Stark Effect (QSE). This ef-
fect describes the change in optical properties, particularly absorption, of MQW
stacks when an electric field is applied perpendicularly to the stack layers. The
MQW stack consists of between 50 and 200 very thin (leOA) layers of alternat-
ing GaAs and Al,Ga;_,As grown by Molecular Beam Epitaxy (MBE). The QSE
causes the absorption spectrum to feature steplike absorption edges. These result
from the quantisation of the electrons and holes in the direction perpendicular to
the stack layers. Initially the material is transparent to infra-red light of a chosen
wavelength. However, when an electric field is applied across the MQW, the
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absorption edges shift so that at the selected wavelength, generally 850nm, the
material becomes opaque. The theory of MQW structures is explained more com-
prehensively in {21]. The spectral transmittance of a MQW structure is illustrated
in Figure 2.2.

ARBITRARY TRANSMISSION

8000 8600
WAVELENGTH, A

Figure 2.2: Spectral transmittance of a 200 period GaAs/Gag.72Alp.28As MQW,
as illustrated in [21].

The QSE allows MQW structures to be placed inside p-i-n diode structures and
act as optical I/O devices, known as SEIf Electro-optic Devices (SEEDs). Such
devices operate with an external electrical load. When illuminated, the induced
photocurrent introduces a voltage drop across the load which in turn reduces the
field across the MQW structure and this increases its absorption and photocurrent..
This positive feedback reduces the transmittance of the device at one particular
wavelength. The effect occurs almost instantaneously (pico-seconds)[21], giving
rise to very fast switching times. However the contrast ratios are very poor at

approximately 3:1 [22].

To help counteract this low contrast ratio, two SEED devices are often connected
back to back as illustrated in Figure 2.3. This configuration is known as a Sym-
metric SEED (S-SEED). The devices can now switch between two stable states
by changing the ratio of the optical inputs P;,; and Pjns. As the optical output is
now a differential rather than absolute output, the low contrast ratio is less of a
problem [21].
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Figure 2.3: Schematic diagram of an S-SEED and the corresponding electrical
circuit, as illustrated in [22].

Figure 2.3 also shows how the devices operate, with a dielectric reflector grown
underneath the modulating device. Thus a double pass occurs with the MQW
structure either absorbing or transmitting the light depending upon its state. It is
possible to improve the contrast ratio of these devices by constructing the MQW
structures within asymmetric Fabry-Perot cavities [21], although there are consid-
erable fabrication problems with this at present.

Electrical input may be supplied by monolithographically integrating S-SEEDs
with GaAs Field Effect Transistors (FET-SEEDs). AT&T Bell Laboratories are
one of the major developers of SEED technology, developing them for use in tele-
communication switching systems [23][24]. They have demonstrated a 32—16
channel free space switching network implemented using a 5 stage Banyan
network. Each stage of the network consists of a 4x4 array of 2x1 multiplex-
ers implemented using FET-SEED technology. This has been demonstrated with
channels switching at 155Mbit/sec. [25].



CHAPTER 2. FLC/SI SLMS 11

AT&T Bell are also at the forefront of perhaps the most important development of
SEED technology, that of flip-chip bonding SEED devices onto silicon VLSI sub-
strates. This allows complex logic circuitry to be resident on each pixel, fabricated
using the well characterised standard bulk silicon Complementary-Metal-Oxide-
Semiconductor (CMOS) processes. The GaAs modulators can then be bonded on -
top of the silicon substrate using the flip-chip bonding technology and the GaAs
substrate etched away, leaving islands of the modulating material. This is illus-
trated in Figure 2.4. This technology has recently been demonstrated on large
arrays with high yields being achieved [26][27].

Epoxy BeImplant Epoxy
T %7» :f |

pAIGaAs ) Ag

MQW Chip
............. m—— n*(10004)
Silicon Chip ] . TVAu
Silicon Pb/Sn (Bump bonding material)
Al: Ti/P/Au

Figure 2.4: Flip-Chip bonded SEED devices on a Silicon VLSI substrate, as illus-
trated in [26].

Finally Martin Marietta Laboratories [28] recently presented a 128 x128 pixel array
of Flip-Chip bonded SEEDs on a silicon substrate used for providing electrical
addressing circuitry. The SEED arrays are grown onto a transparent substrate
and feature asymmetric Fabry-Perot cavities which have been optimised using a
complex etching technique. This has allowed a contrast ratio of 25:1 to be achieved
at a 100kHz frame rate, with a duty cycle of greater than 99%. A 512x512 pixel
device has been planned.

It is obvious that the high speed of SEED devices coupled with large array sizes
and reasonable contrast ratios makes such devices very suitable for digital optical
systems such as telecommunications switching. Furthermore the use of CMOS logic
at a pixel level to produce smart pixels and flip-chip bonding techniques allow the

transition between optics and electronics to be simplified.
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2.3 Ferroelectric Liquid Crystals

The development of liquid crystal (LC) materials has mainly been prompted by
display manufacturers searching for a replacement for the cathode ray tube. Li-
quid crystal materials are suitable materials for flat panel displays due to their
high birefringence, low switching energies, and low drive voltage requirements.
From their name it is obvious that LC materials bridge the gap between the solid
phase of matter and the liquid phase, with some short range positional ordering
of the molecules. The molecules with the most interesting optical properties tend
to be long stick-like molecules. The most common LC to be used in displays is
the nematic LC. This material has no direct positional ordering, but the molecular
axis does have a preferential direction so the molecules tend to lie with their long
axes parallel. The optical switching properties of nematic LCs are well character-
ised and a full description of how optical modulation is achieved can be found in
[29]{30]. As nematic LCs rely on elastic relaxation to return to their unswitched
state their switching speeds are too slow (10-100ms) for most SLM applications,
but sufficient for display systems operating at less than 100Hz. However some
work has been performed using adapted liquid crystal displays as spatial light
modulators [31]. By removing the diffusing screen on the display and using the
device as a transmissive element, or replacing the diffuser with a mirror and using
it in reflection, high contrast ratios are possible. However the pixel fill-factor can

still limit the performance, along with the switching speed.

This slow switching speed is overcome by using Ferroelectric Liquid Crystals
(FLCs). These materials were first demonstrated in 1975 by Meyer [32] and exhibit
a permanent non-zero electric polarisation known as the Spontaneous Polarisa-
tion (P,). The orientation of this spontaneous polarisation can be changed by the
application of an applied electric field resulting in fast (10-100us) optical switching
in which bistability can be observed [33]. These materials have been developed for
high speed display applications [34]-[38], but are also extremely suitable materials
for SLMs.
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The most commonly used FLC material is the smectic C mesophase, which is
chiral in structure and is denoted by SmC*. These molecules exhibit short range
positional ordering and also long range orientational ordering. This results in char-
acteristic smectic layers being observed, with the molecules possessing a molecular
tilt angle of ¢ to these smectic planes. The ordering of smectic C and nematic LCs
are illustrated in Figure 2.5, being compared to the isotropic liquid phase. The
structure of the SmC* LC is shown in more detail in Figure 2.6. The chirality of
the molecule results in the precession of the molecular director through the smectic
layers, which is the lowest energy state of the bulk material, i.e. the vector describ-
ing the average direction of molecular orientation (director) forms a helix through
the material. In order to optimise the optical properties of the material, the helical

nature must be suppressed, otherwise the P, of the bulk material would be zero.

= 1 iyt V224

Tl V2
e Ze 7 I
ISOTROPIC NEMATIC SMECTIC C

Figure 2.5: Isotropic, Nematic and Smectic C LC phases.
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Figure 2.6: Structure of SmC* LC, illustrating the smectic planes and helical
director precession.

The most common way of achieving this is the Surface Stabilised FLC (SSFLC)
which was first demonstrated by Clark and Lagerwall in 1980 [39]. A transmissive
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Figure 2.7: Schematic diagram of SSFLC cell, illustrating the two bistable FLC
molecular orientation.

SSFLC cell is illustrated in Figure 2.7. It consistes of two parallel glass plates
sandwiching a thin layer (1-3um) of FLC material. The thin cell gap suppresses
the helical precession between the smectic planes. This results in two degenerate
molecular states in which the directors can exist. These lie at ¢ to the layer nor-
mal. ¢ is generally close to 22.5°. The LC molecules are macroscopically aligned
by thin layers deposited on the glass surfaces. Thse are generally films of obliquely
evaporated SiO, or rubbed polyamide/PVA /nylon, which preferentially align the
LC molecules in one direction [40][41]. An electric field can be applied across
the cell via transparent Indium-Tin Oxide (ITO) electrodes. This is illustrated in
Figure 2.7.

The application of a voltage pulse of the correct polarity across the cell causes the
director of the FLC to switch between the allowed states, rotating the optic axis of
the FLC by 2¢. Provided sufficient switching energy is supplied and the molecular
alignment is good enough, bistability is achieved and the FLC will remain in that
state until a pulse of the opposite polarity is applied. This rotation of the optic
axis can be used to produce either binary amplitude or phase modulation. The
physical and optical properties of FLCs are described more thoroughly in [42]-[51].



CHAPTER 2. FLC/SI SLMS 15
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Figure 2.8: Amplitude modulation, ¢ is the FLC tilt angle, n. and n, are the
extraordinary and ordinary refractive indices.

2.3.1 Amplitude Modulation

As described, the optic axis of the birefringent FLC can be switched between two
states separated by 2¢, were ¢ is the molecular tilt angle of approximately 22.5°.
Thus the optic axis is rotated by 45°. Amplitude modulation can be achieved
as illustrated in Figure 2.8, with the SSFLC cell being placed between crossed
polarisers. The input polariser ensures that incident light has its polarisation
vector aligned to either the ordinary (n,) or extraordinary (n.) axis of the FLC.
In this (OFF) state no light will be transmitted through the output analyser. By
switching the FLC to the other state, the optic axis is rotated by 45°. Thus the
incident light has its polarisation rotated by 90° and so passes through the analyser,
the (ON) state. The FLC acts as a switchable half wave plate whose transmission

between crossed polarisers is described by Equation 2.1,

(2.1)

I = I,sin*(2¢p) sin® (Andw)

A

where I is the output intensity, I, the input intensity, ¢ the angle of alignment
between the FLC and the polariser, d is the thickness of the FLC cell, An the
birefringence of the FLC, and X the wavelength of the incident light. It can be
seen from this equation, which defines a half wave plate, that for a particular
thickness d the transmission is optimised for a particular wavelength. For the
He-Ne wavelength of 633nm a transmissive FLC cell using the Merck SCE13 FLC
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mixture (An=0.14) is optimised when d is 2.26um, and reflective cells at d = 1.13
or 3.39um. However, due to the availability of spacer balls, the thickness of the
cells used in the work presented in this thesis is 3um. This decreases the optical

throughput by approximately 25%.

2.3.2 Phase Modulation

ZERO PHASE CHANGE PI PHASE CHANGE
. K n

n
.

' Polariser axis '
' FLC orientation FLC orientation

Figure 2.9: Phase modulation using a SSFLC device.

Although phase modulation can be achieved using the same arrangement as illus-
trated in Figure 2.8, Figure 2.9 illustrates a more useful method of achieving phase

modulation.

The polarisation vector of the input light is set to bisect the two switchable optical
axes of the FLC. As the light propagates through the FLC, it becomes elliptically
polarised, with the sense of polarisation being set by the state of the FLC, e.g.
(ON) produces clockwise elliptical and (OFF) produces anticlockwise. When these
elliptically polarised beams pass through the analyser they are reduced to linearly
polarised beams exhibiting a relative phase difference of . This is extremely
useful as the ability to produce m phase modulation is very powerful, as will be

illustrated in the following chapter.

It can be seen, using a Jones matrix analysis [52], that for the SCE13 FLC, with
its 22.5° switching angle, an attenuation of ‘/TE is observed when used as a phase
modulator, due to the elliptical polarisation of the modulated light. It should be
noted that if the FLC had a tilt angle of 45°, the optic axis would switch through
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90°, producing linearly polarised light in each state with the required 7 phase
change. In this case no analyser would be required and 100% transmission would
be achieved.

In practice both the optical throughput and contrast ratio are limited by quality of
the FLC alignment, defects occuring within the FL.C, and the polariser efficiencies.
The causes of these problems are discussed in detail in [53] and are outwith the

scope of this thesis.

2.4 FLC Over Silicon SLMs

The marriage of FLCs and silicon CMOS provides a powerful technology for fab-
ricating SLMs. The technology was first developed by Underwood et al. [54][55]
at the University of Edinburgh, initially using nematic LCs, and is now being ex-
ploited by several research groups around the world [56][57][52]. The switching
voltage requirements of the FLC materials and the complex addressing strategies
required for large arrays are easily achievable through standard CMOS processes.
The basic structure of a FLC over silicon SLM (FLC/Si SLM) is illustrated in
Figure 2.10. The silicon chip carries of an array of metal mirrors. Voltages can
be supplied to these mirrors via CMOS driving circuitry located at each pixel and
on the periphery of the array. A voltage is also supplied to the front electrode
which consists of a transparent ITO layer deposited onto an optically flat glass
substrate. Thus the FLC lying over individual pixels can be switched “ON” or
“OFF” depending upon the electric field between the mirror and the front elec-
trode. The thickness of the FLC cell is chosen so that the FL.C acts as a switchable

half waveplate on reflection, as described in the previous section.

In order to interrogate these devices optically, some form of crossed polarisers
must be used. This is commonly achieved using a Polarising Beam Splitting
cube (PBS), which transmits p-polarised light and reflects s-polarised light at the
design wavelength. A simple optical system used for modulating a coherent beam
is illustrated in Figure 2.11. The half waveplate (HWP) is rotated to optimise the
performance of the device.
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Figure 2.10: The structure of a FLC/Si SLM.
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Figure 2.11: Optical system for imprinting spatial amplitude information on a

coherent beam.

At present there are two common electrical addressing schemes. The first is based
on Dynamic Random Access Memory (DRAM) technology, and utilises a single
transistor at each pixel [56][58]. This allows extremely small pixel sizes to be
achieved (15umx15pm), along with fast frame rates. However, a drawback of
this type of addressing is that the data needs to be constantly updated, which
leads to complex electrical interface requirements. The architecture relies on the
bistability of the FLC to retain the image between the refresh signals, otherwise
pulsed illumination is required [2]. At present DRAM addressing schemes are
more common in devices which are used for display applications rather than optical
processing.
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The second type of addressing utilises static memory (SRAM), in conjunction
with an XOR gate. This will be described in more detail in Section 2.6. It allows
driving voltages to be applied to the FLC at all times by storing the pixel data
within the pixel itself. Thus it is not necessary to continually refresh the data and

LC bistability is not essential for achieving a high duty cycle.

Both of these addressing schemes need to take into account the D.C. voltage bal-
ancing requirements of the LC. For every voltage pulse across the FLC, a similar
voltage pulse of opposite polarity needs to follow. This prevents degradation of the
FLC through migration of ionic impurities to the electrode surfaces. The require-
ment of voltage balancing significantly affects the duty cycle of the devices. In
section 2.6 the architecture and operation of a 256 x256 pixel SRAM device will be
considered. For a more comprehensive discussion of the various devices available,
and the LC over single crystal silicon technology in general, the reader is directed

to two review papers available on this subject [2][59].

2.5 Planarisation

In order to improve the optical performance of FLC/Si SLMs some form of planar-
isation is required, as the basic devices have low pixel fill-factors and optically
rough mirrors. The technique used at the University of Edinburgh has been de-
veloped by O’Hara et.al. [60][61] through the SCIOS collaborative project [62].
Figure 2.12 illustrates the difference between a planarised and unplanarised device.
Once the 4 inch diameter wafers return from the silicon foundry which performs
the CMOS processing, a 4um thick layer of SiO; is deposited onto the wafer using
an Electron-Cyclotron-Resonance Plasma Enhanced Chemical Vapour Deposition
(ECR-PECVD) system. The deposited layer conforms to the underlying circuitry.
The SiO, is then polished to a high degree of optical flatness using chemical-
mechanical polishing. After this procedure the SiO; is approximately 2um thick.
Contact holes are then etched through to the underlying mirrors and aluminium
is sputtered onto the surface. The final step is to etch a pattern of electrodes and
mirrors in the top layer of metal to provide new high fill-factor, optically flat pixels.
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Figure 2.12: Comparison of planarised and unplanarised FLC/Si SLMs.

The advantages of this planarisation can be summarised as follows.

e Increase in mirror fill-factor within a pixel e.g. 23% to 85%.

e Optically flat mirror surfaces, 100A rms over 250um.

e Better FLC alignment due to the decrease in surface roughness.
e Less photo-induced charge leakage on DRAM devices.

e Prohibition of spurious FLC switching over interconnect/bus lines carrying

voltage signals.

e Smaller pixels can be fabricated as the mirrors lie over the pixel circuitry.
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Figure 2.13 shows Scanning Electron Microscope (SEM) pictures of the planarised
and unplanarised 256 x256 pixel device, which clearly illustrate the improvements
in fill-factor and mirror flatness. The optical effects of the inter-pixel gap and the

contact hole will be considered in Chapter 5.

(b)

Figure 2.13: SEM images of a (a) unplanarised 256 x256 device, and (b) a similar

planarised device.
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2.6 The Planarised 256X256 Pixel SRAM SLM

This device, along with its interface and driving software, have been designed,
constructed and written by D. C. Burns. The reader is directed to his thesis [63]
and publications [64][65][66] for a full description of the device. However as this
device has been used in the experimental work described in Chapters 4 & 5, a brief

description is presented here.

The specifications of the device are as follows.

Fabricated using a 1.2um 5.5V n-well CMOS double-metal process, at Aus-
tria Micro Systems (AMS).

e 256256 pixels on a 40pum pitch, giving an array size of 10.24mm x10.24mm.

e Each pixel contains an SRAM latch and an XOR gate to provide easy D.C.

voltage balancing.
e D.C. voltage balanced frame rate of 3-4kHz.
e Basic 19umx19um mirror, increased to 37umx37um after planarisation.
e Row addressing using 32 parallel 8-bit 25MHz static shift registers.
e Column addressing using a 8-to-256 line decoder.

e pixel clocks skewed off-chip to allieviate potential current spike problems.

A circuit diagram of the SRAM XOR pixel is illustrated in Figure 2.14. Once the
data is loaded into the latch it is held there as long as the chip is powered up,
thereby simplifying the interface design as an image only needs to be downloaded
once onto the chip and will remain optically valid until the next image is down-
loaded. The XOR gate allows easy D.C. voltage balancing by toggling the front
electrode voltage (connected to the clock), as illustrated in Table 2.1. This results
in a 50% duty cycle, with the image being present for half the time and all pixels
being turned off for the other half.
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Figure 2.14: Schematic layout of the 256 x256 SRAM-XOR pixel, Burns[63].

Inputs to XOR gate IRR FRONT FLC
LATCH CK MIRROR ELECTRODE VFLC RESPONSE
0 0 0 0 0 UNCHANGED
0 1 1 1 0 UNCHANGED
1 0 1 0 -1 DRIVE OFF
1 1 0 1 +1 DRIVE ON

Table 2.1: Truth table and response of the 256 x256 pixel, Burns[63].

The final devices contained Merck SCE13 FLC in a 3um thick cell. The SLMs are

mounted directly on a slow speed interface card which allows clock rates of up to

100Hz, although it takes considerably longer to download different patterns from

the PC which drives the interface. A faster interface with on-chip memory has

been constructed [63], but was not available for this work. Figure 2.15 shows an

image displayed on the 256x256 device.
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Figure 2.15: Image produced from a planarised 256 x256 SLM, produced by Burns
[63].
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2.7 Summary

In this chapter various SLM technologies have been described. In particular,
the performance of DMD and SEED devices have been discussed, along with the
FLC/Si SLM used in the work presented in this thesis. The performance of the
types of spatial light modulator described in this chapter are summarised in Table
2.2, with approximate values of switching speed, contrast ratio, and drive voltage
being presented. It can be seen from this table that FLC/Si SLMs offer consider-
able potential in applications were a high degree of parallelism is required, however

the switching speed of SEED devices is much faster.

SWITCHING SPEED
MODULATOR (Single Pixel) CONTRAST RATIO ARRAY SIZE DRIVE VOLTAGE COMMENTS
Magneto-optic 30nS <100:1 128X128 2v (ﬂﬂhgl{‘fg’fl’aﬁm
Si/PLZT <100nS >500:1 1X16 40V Smart pixel applications
DMD 10uS 50:1 768X576 <10V Larger arrays being planned
SEED 10pS 25:1 128X128 <20V Operates in the IR
FLC/Si 10uS 25:1 256X256 <10V Larger arrays being constructed

Table 2.2: Summary of the performance of the major SLM technologies.

The optical modulation properties of FLCs have been described, in particular the
properties of the surface stabilised FLC cell which allows bistable amplitude and
phase modulation to be achieved with switching speeds of the order of 10-100us.
The marriage of FLCs and silicon CMOS backplanes has been discussed, and how
these complementay technologies can be used to manufacture reflective, pixel-
lated, EASLMs. The optical performance of these devices can be significantly im-
proved by planarising the silicon substrates, which results in better quality, higher
fill-factor mirrors. A 256x256 pixel SRAM FLC/Si SLM has been described.
This device has been used in two optical systems which will be discussed in later
chapters. The systems use both the amplitude and phase modulation capabilities
of this device.

Although fully working devices have been fabricated, there are still several prob-
lems which affect the optical performance of these devices, limiting the switching
speed, contrast ratio, and uniformity. These will also be discussed in Chapters 4

& 5, when discussing the performance of the optical systems.



Chapter 3

Computer Generated Hologram Fabrication

3.1 Introduction

Computer Generated Holograms (CGHs) are versatile optical components which
are now used in many coherent optical systems. They are used in a wide range
of applications including focusing [67], beam shaping [68], and fanout [69]-[72]. In
recent years advances in computer processing power and fabrication technology
have allowed highly complex CGHs to be designed and manufactured. Most of
the research into fabrication methods has revolved around optimising the efficiency
of the holograms, often at the cost of reducing the yield and manufacturability of

the optical elements.

In this chapter a technique which has been used to fabricate large numbers of
CGHs showing near optimal performance will be presented. The technique is based
on the accurately controlled deposition of silicon nitride on a sapphire substrate
which is subsequently patterned and etched, using the sapphire as an etch stop
[73]. This process results in optically smooth transmissive phase gratings with a
variation in phase depth of less than 1% across a 76mm diameter wafer. Optical
results obtained from CGHs will be presented which produce (1) Arrays of equally
intense spots, and (2) Spot arrays/images consisting of spots of varying intensities
(grey levels). Two of the CGHs presented in this chapter have been designed for

use in an optical system which will be described in Chapter 4. The efficiency

26
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of these elements has been found to compare extremely favourably with other
fabrication techniques which have much lower yields. The software and algorithms
for designing the CGHs used in this work has been developed by Samus [74].

3.2 Theory of Diffractive Optical Elements

Figure 3.1: Simple Diffraction Grating.

Consider the simple amplitude diffraction grating illustrated in Figure 3.1. When
illuminated by planar coherent light of wavelength A, the Fraunhofer diffraction
pattern appears at the focal plane of the lens of focal length F. This is the Fourier
. transform of the complex amplitude transmittance of the diffraction grating. The

spacing between the diffracted peaks is given by;

. T = /\TF (3.2)

i.e. it is dependent upon the pitch d of the grating. However the relative intensities
of the diffracted orders are proportional to the ratio b/d i.e. they are dependant
on the structure of the grating, the mark-space ratio {75][76].

In its simplest form a CGH consists of a replicated unit cell of period d, however
many transition points are contained within this period, rather than the single
transition point in a simple grating (see Figure 3.2). By altering the positions
of these points the intensities of the light in different diffracted orders may be
controlled, maximising the light in some orders and minimising the intensity in
others. Thus a one dimensional CGH can be designed to produce an array of

diffracted spots of equal intensity, with each spot corresponding to a different
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diffracted order, and most of the light being focussed into these desired orders
rather than any other diffracted orders.

Transmission

0 /I
a) bl a) b2 a3 b3 ” ap bh
Spatial Position

Figure 3.2: CGH Transition points within the unit cell of size d.

The positions of the transition points (a;..ax & b;..b,) are chosen by a computer al-
gorithm such as “Simulated Annealing” [72][77]. The number of transition points
is manually chosen, or chosen by the algorithm [74], taking into account that
the number of transition points required to reconstruct the hologram effectively
increases with the number of spots in the output plane. The algorithm then ran-
domly adjusts the position of the transition points and analytically calculates how
close the output of the hologram is to the required spot array, with re-adjustments
occuring if no improvement is made. This process continues until the analytical

performance of the CGH is good enough to satisfy a specified cost function.

Once a linear CGH has been designed to produce an array of s spots say, the trans-
ition points may be used to produce an array of sx s spots by simply constructing a
2-dimensional array from the transition points in the same way as a simple grating
may be used to produce a chequerboard pattern. This type of CGH is known as a
Dammann Grating [69][70][72][77]. An example of a 16x16 Dammann grating is
illustrated in Figure 3.3, with the transition points given in Table 3.1. This unit
cell is then replicated into a square array which forms the hologram of NxN cells.
The effect of this replication will be considered in Section 3.5.
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Figure 3.3: Unit cell of 1616 Dammann Grating,.

0 — 1 Transition | 1 — 0 Transition
(a = b) (b = a)
0.000000 0.039035
0.138932 0.170173
0.224478 0.245961
0.301181 0.361458
0.474307 0.503317
0.538810 0.638775
0.670051 0.720332
0.740412 0.802904
0.858767 0.974260

Table 3.1: CGH Transition points for a 16 x16 Dammann Grating, Samus[74].
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3.2.1 Phase Only Elements

The discussion so far has centred around binary transmission gratings. These
are actually of little practical use as only 50% of the incident light is transmitted
through the grating into the designated diffracted orders, resulting in a low optical
efficiency. The Fourier properties of amplitude gratings mean that the diffraction
efficiency is also low as a high percentage of the diffracted light is focussed into
the central (0**) diffractive order. This unwanted D.C. term, known as the D.C.
spot may or may not (in the case of an even numbered array) overlap with a
desired spot. In order to reduce the intensity of the D.C. spot, and hence improve
the efficiency of the CGH, phase modulating elements are used. By changing the
opaque or reflective areas of the grating to areas which are transparent, but which
introduce a 7 phase change of the incident light, the optical efficiency is improved
as all of the light is transmitted through the hologram. Furthermore, the DE
is improved as the Fourier Transform (FT) of a perfect phase grating does not

contain the large D.C. term.

This may be explained in the following way. A binary phase grating is described
by a function f(x) which can take values [-1,1]. The Fourier Transform of f(x)
is denoted by F(u). A binary amplitude grating takes values [0,1] and so the
grating function is specified by 1(f(x)+1). The Fourier Transform of this function
is 1F(u)+6(u), with §(u) specifying the D.C. spot [78].

The quality of a CGH is measured by its Diffraction Efficiency (DE). This is
defined as

DE — light diffracted into desired spots (3.3)
" light transmitted through hologram '

and often quoted as a percentage.

The maximum theoretical DE of a (0,7) phase modulating CGH is 83-84% [79].
This is because the desired output spot pattern is defined on a finite square ar-
ray, but the actual optical output consists of an infinite array of diffracted orders,
thus the finite array used to define the output is replicated in the optical output
plane, in a wrap-around manner. As a result of this the optical output contains

the desired output spot array surrounded by an infinite array of much lower in-
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tensity spot arrays, placing a limit on the amount of light falling into the desired
spots. Furthermore the binary nature of the hologram means that the diffracted
pattern will have at least one axis of symmetry about the central order. Assym-
metric patterns may be realised by fabricating phase holograms with a larger, but
finite, number of discrete phase levels [71][80][81]. However, although this allows
holograms with a higher DE to be designed, the fabrication process is much more
complex and expensive, and in the case of the simple array generators used here
is not worthwhile [82].

In order to characterise fully the performance of a CGH, two further measure-
ments are required. The Optical Efficiency (OE) takes into account the optical

transmission of the CGH and is thus defined as

OF = DFE x optical transmission of CGH material (3.4)

In the case of CGHs which are used to produce spot arrays, the uniformity of the

output spots across the array is also of interest, this is given as

(maximum spot intensity) - (minimum spot intensity)

AU = (3.5)

(maximum spot intensity) 4+ (minimum spot intensity)

Both of these measurements are often quoted as percentages. There are two main
factors which reduce the efficiency of Binary Phase Holograms (BPHs). If the
thickness of the phase modulating layer is incorrect a phase change of greater or
less than the required 7 is introduced. This increases the amount of light diffracted
into the central D.C. spot. Also positional errors of the transition points result
in a deterioration of AU and light again propagating into the central spot. Thus
the light in the D.C. spot results from an error in the phase modulation depth and
positional errors of the transition points. In the case of even numbered spot arrays
the intensity of this spot is easy to measure and provides a means of assessing
the quality of the BPH. A thorough study of the effect of fabrication errors on the
BPH efficiency is given in [83], and also considered in [72][84](85].
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Separable CGHs such as Dammann Gratings can only be used to produce square or
rectangular symmetrical spot arrays, which limits their applications. Furthermore
their DE is limited as their transition points are only calculated for one dimension.
The resulting “chequerboard” cell is not fully optimised for producing a uniform
2-dimensional spot array. For example, the 16 x16 Dammann Grating illustrated
in Figure 3.3 has a theoretical effieciency of 79.5% in one dimension, leading to an
efficiency of only 63% for the two dimensional array.

In order to overcome the limitations of separable CGHs, the design algorithm has
been extended to optimise the CGH in two dimensions [71]{74]. Thus the target and
transition point data take the form of two 2-dimensional arrays which represent
the image plane and the hologram plane respectively. The algorithm operates in

the following manner.

1. A binary array is constructed which contains the target pattern (1’s in the

position of required spots, 0’s otherwise).

2. A second array (the hologram array) of the same size initially contains a
random binary pattern. It is this array which will finally contain the CGH
data, with opaque (or phase-shifted) pixels being represented by a 1, and

transmissive (or non phase-shifted) pixels being represented by a 0.

3. A random point in the hologram array is flipped (1—0, or 0—1) and the Fast
Fourier Transform (FFT) of the array is compared to the target pattern. A
decision, based on a cost-function, is made whether to (1) keep the flipped
element (if an improvement has been made), or (2) randomly retain the

flipped pixel or return it to its original state (if no improvement has occured).

4. 3 is repeated until the FFT of the array is close enough to the target pattern
to satisfy the cost-function.
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The algorithm also supports the following features;

e As a symmetrical optical output is produced by a binary hologram it is
not neccessary for the target array to contain all the spots required in the
output plane of the hologram, only those spots required to produce half of

the symmetrical output are needed. This is illustrated in Figure 3.4.

e The cost-function may be changed after the CGH pattern has converged in

order to optimise either the DE or AU.

e Although the CGH is binary, the output diffracted spots may have grey-level

values.

Figure 3.4 illustrates the target array for a 4x4 spot array CGH, the annealed

CGH, and a simulation of the optical output. This non-separable CGH design

algorithm allows BPHs of near optimum theoretical efficiency to be designed.

(a) (b) (c)

Figure 3.4: (a) Target array, (b) CGH, and (c) simulated output of the 4x4 CGH.

3.2.2 Fabrication Techniques

Many different techniques have been reported for the fabrication of binary CGHs
[86][87]. These include the exposure and bleaching of photographic materials [88],
photolithographic or direct-electron-beam patterning of photoresist [80][89][90],
the patterning of dichromated gelatin [91], and the controlled etching of bulk sub-

strates [71][72][81]. The viability of these techniques needs to be assessed in terms
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of the resulting DE, OE, the cost of fabrication and the yield/reliability of the
manufacturing process. The main fabrication technologies will now be considered
in more detail.

Photographic Materials

Silver halide photographic emulsion in both film and plate form is a long established
medium for the recording of standard interferometric holograms. Commercially
available holographic films and plates are characterised by their high-resolution
and their thick coating of emulsion. These are also the most suitable films for

recording noninterferometric holograms (CGHs) [88].

Once the CGH pattern has been recorded in the emulsion and developed in the same
way as an ordinary photographic negative, it may be used as an amplitude CGH.
This is frequently done as a cheap prototyping technique to test new holographic
designs. In order to produce a BPH the emulsion must be bleached. This may
be performed using potassium dichromate based solutions [92] which replace the
opaque clusters of silver molecules with transparent salt molecules. As these salt
molecules are large with respect to the molecules of the emulsion, once the emulsion
dries and shrinks, the CGH pattern is imprinted in the form of a transparent
surface relief structure as depicted in Figure 3.5. The problems with this technique
are that the optical transmission of the emulsion/film is not very high, the phase
shift is unknown and cannot be easily controlled, and there is a slight difference
in absorption between developed and undeveloped areas. However this technique
is relatively cheap and easy to perform, which makes it suitable for fabricating
medium quality prototype BPHs.

Photoresist

Photoresist is a photoactive material widely used in the semiconductor industry
for providing an etch resistant layer which may be patterned by exposure to either

U.V. light or an electron beam. Thus allowing the pattern to be transferred into
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Salt deposits

Phase Shifted Beam

Figure 3.5: Schematic of bleached film BPH.

the underlying layers of metal/insulator/semiconductor as required by the VLSI

fabrication process.

Although photoresists, by their nature, have quite a high absorption it is possible to
fabricate transmissive BPHs by patterning photoresist on a transparent substrate.
The required phase change can be produced by spinning the correct thickness of
photoresist onto the substrate, given that the refractive index is = 1.7. Thus
from Equation 1.2 it can be seen that for A = 632.8nm, a coating of ~ 0.45um is
required.

Both photoresists and the photolithographic process are well characterised as
they are standard in the microfabrication industry, with photolithography allowing
0.7pum resolution to be easily achieved. Using these materials it is possible to

fabricate BPHs of good DE, however the following factors need to be considered.

e The thickness of the photoresist can only be controlled to a few percent, and
it is difficult to achieve a uniform thickness over large areas. When spun
onto a 76mm diameter wafer thickness variations of up to 10% are typically

observed.

e The photoresist is partially absorptive to visible light. Thus there is a vari-
ation in transmission between the clear and phase-shifted areas which affects
the OE and DE.
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e After development and hardbaking, the edges of the patterned photoresist are
not vertical, but slanted inwards (figure 3.6). The slant angle is determined
by the type of photoresist, the coating thickness and the development process.
This introduces an error in the DE and AU.

e After hardbaking the photoresist is still relatively soft and easily scratched.

Patterned
Photoresist

Substrate

Figure 3.6: Structure of photoresist BPH, showing edge slant.

In order to achieve higher resolution (0.1xm), some photoresists may be patterned
by Direct-Electron-Beam (DEB) writing [90]. However, as this is a raster scan
type of writing it is not suitable for mass production due to the extremely long

writing time required.

Etched Quartz

Quartz, or rather pure silicon dioxide (SiO2) in amorphous rather than crystalline
form, is an extremely suitable material for fabricating BPHs by etching into the
bulk of the material. It has high optical transparency and is an extremely hard
and rugged material. Due to the chemical composition and high purity (99.99%)
of quartz wafers they etch well in a plasma containing He and CHF3. Figure 3.7
illustrates a typical fabrication sequence for producing a BPH in an SiO; substrate.
The metal layer is used for two reasons. Firstly, having a reflective rather than
transmissive substrate during the photolithographic process allows better focusing
of the mask to be achieved, as the focus is controlled by a capacitance meter on
the stepper, and also stops the photoresist from being overexposed due to multiple
reflections occuring within the substrate. Secondly, it acts as a more resilient etch
mask than photoresist during the SiO, etch.
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| | Optically flat quartz substrate

| | Deposit aluminium film

Coat with photoresist and pattern

using a mask containing the BPH data.
[ —| Etch aluminium

Controlled etch of quartz

to produce phase grating.

Figure 3.7: Fabrication sequence for etched Si0, BPHs.

This fabrication method is the most popular at present for producing high efficiency
BPHs [71][72]. However, when this fabrication technique was attempted [93] it was
found to suffer from two problems which drastically reduce the yield and increase
the production cost. The etch rate of the SiO; etch has to be known precisely
in order to stop the etch at the required depth. This requires the etcher to be
extremely well characterised and maintained. As opening the etch chamber to the
atmosphere can result in a subsequent change of etch rate, expensive load-lock
configurations are desirable. Also variations in etch rate across a wafer (loading
effects) and to a lesser extent across individual die on the wafer (micro-loading
effects) may be observed, with the etch rate being higher at the edges of the wafer
and die respectively. Such effects occur due to the gas flow over the wafer as
illustrated in figure 3.8. The etchant gas mixture at the edge of the wafer/die is
rich in freeradicals created by the energy supplied to the gas (RF signal), but
as these free-radicals interact with the substrate they become depleted and the
gas becomes saturated with etch bi-products. This lowers the etch rate in the
centre of the wafer/die. This problem may be overcome to some extent by using
more complex showerhead type of gas flows, however microloading is often still
present. Currently the best results are obtained by only using small substrates
which contain a single BPH rather than multiple die. This increases the fabrication
cost. Finally, although near optimum BPHs have been fabricated, it often requires
several attempts to achieve a sufficiently accurate etch depth, leading to high

wastage.
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Figure 3.8: Typical plasma etch chamber.

3.3 Silicon Nitride On Sapphire BPHs

This fabrication technique {73] has been developed with two aims in mind. Firstly,
a production method was required which would allow high efficiency BPHs to be
fabricated without using a large number of complex processing steps or processing
uncommon to standard VLSI fabrication. Secondly it was essential to overcome

the low yield problems encountered by most other fabrication technologies.

Both of these aims have been achieved by using the Low Pressure Chemical Vapour
Deposition (LPCVD) of SigNy4 to provide the phase modulating layer, deposited on
a sapphire (Al,03) substrate. Once the SizN4 has been patterned using standard
photolithographic techniques, the layer can be anisotropically etched back to the
sapphire substrate which acts as an ideal etch-stop, thus alleviating the need for
strict control of the etch rate and etch uniformity. The materials, process steps
and process characteristics will now be considered in more detail before presenting

optical results.
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Sapphire (crystalline Al;O3) has many optical properties which make it a suitable
substrate for BPHs.

o It is an extremely hard rigid material, which can be polished to a high degree
of optical flatness (A/60).

e It has high transmission for e-m radiation with wavelengths in the range
0.2um to 5um, (i.e. the complete visible spectrum and all the IR telecom-

munications wavelengths).
e It exhibits low scatter and chromatic dispersion.

e It hasa very low coefficient of thermal expansion (6.2 x 107°/°C).

It also has physical properties which make it an ideal substrate for processing,.

e A high melting point of 2050°C with a softening point of 1800°C.
e Negligible porosity.

e An extremely high resistance to both wet and plasma etches, being effectively

unaffected unless the substrate is heated to very high temperatures.

Thus to summarise, sapphire is a transparent material which can be heated to
high temperatures, allowing LPCVD films to be deposited, and is impervious to
etching, allowing a deposited film to be etched to termination at the sapphire
interface.

The only undesirable physical characteristic of sapphire is its birefringence caused
by its crystalline structure. It has principal refractive indices of 1.760 and 1.769.
This means that when the BPHs fabricated from this material are used in optical
systems which use polarised illumination, care must be taken to align either the
ordinary or extraordinary optical axis to the axis of polarisation. This is simple
to do as the ordinary ray travels parallel to the C-axis of the crystal. The C-axis
usually lies at 45° to the flat cut out of the edge of standard wafers, as illustrated
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in Figure 3.9. However wafers were purchased with the C-axis perpendicular to
the wafer flat, so that the optic axis was parallel to the edge of the die. It was later
found (see Chapter 4) that no noticeable detrimental effects were observed, even

if the axes were slightly misaligned.

Optic Axis of sapphire

Candidate BPH die

Figure 3.9: Optic axis and die orientation on a standard Sapphire wafer.

Silicon nitride (SizN4) is also an extremely hard material, resilient to surface dam-
age. It has high optical transmission across a broad spectrum, and in the case of
the LPCVD films used here, has a refractive index n of 2.00 & 0.005. This makes
it very suitable for use with a single layer magnesium fluoride antireflective coating

which is optimised for materials having

Vvn =138 (3.6)

where 1.38 is the refractive index of magnesium flouride [76].

The LPCVD takes place in a quartz furnace as illustrated in Figure 3.10. The
tube is evacuated to a pressure of approximately 9 mTorr. The reactant gases flow
into the tube from one end at the following flow rates; NHz at 90 SCCM (cubic
centimetres per minute at standard temperature) and SiClH, at 20 SCCM. The
deposition temperature is nominally 800°C, however as the concentration of the
reactant gases decreases as they flow along the tube, a temperature gradient is
provided by the 3 zone furnace in order to keep the deposition rate uniform. The

deposition reaction is described by Equation 3.7 [94].

3SiCl,H, + 4NHs 22%° SizN, + 6HCL + 6H, (3.7)
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Figure 3.10: Schematic layout of LPCVD deposition system.

3.4 The Fabrication Process

The full BPH fabrication sequence is illustrated in Figure 3.11; however each step
will be discussed individually in more detail.

[ Optically flat sapphire substrate

LPCVD of 31644 silicon nitride
(Only shown on one side for clarity)

Evaporate 20008 aluminium

Coat with photoresist and pattern,
using E beam mask and 10X reduction stepper

Plasma etch aluminium

Plasma etch silicon nitride

Wet etch remove aluminium to leave
patterned silicon nitride phase grating

Figure 3.11: BPH Fabrication Sequence.
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In order to achieve the required m phase modulation the thickness of the modulating

layer ¢t must be such that it introduces an optical path difference of A/2. Thus

A

Ty

(3.8)
where n is the refractive index of the modulating layer.

For m phase modulation to be realised in transmission a film thickness of 3164 A°
is required for A = 633nm, given a refractive index of 2.00. Due to the low
deposition rate (= 40 A/min) a series of three depositions is neccessary, as the
maximum deposition time is 30 minutes (due to safety restrictions). However this
allows the substrates to be removed from the furnace tube between depositions

and the thickness/deposition rate monitored.

As sapphire wafers are transparent and not normally processed in silicon found-
aries, it proved difficult to measure the thickness of the silicon nitride film using
standard thin film measuring equipment such as ellipsometers and scanning spec-
trophotometers. Such instruments rely on reflective substrates and are calibrated
for silicon wafers. This difficulty was overcome by stacking the sapphire wafers
between bare silicon wafers as illustrated in Figure 3.12. This novel idea serves
two purposes; firstly, assuming the deposition rate is the same on both silicon
and sapphire wafers, the film thickness can be measured on the silicon using a
NanoSpec spectrophotometer. Secondly, the silicon wafers act as buffers which aid

uniform gas flow over the sapphire wafers, improving uniformity.

Si Si Si Si
Si buffer wafer 1 l Si buffer wafer

l t
Sapphire Sapphire Sapphire

Figure 3.12: Position of wafers in deposition boat.
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The film thickness was measured after each of the first two depositions and the
deposition rate calculated. The time of the final deposition was then based upon

this calculation. Typical deposition times are 30 min./ 30 min. / 24min. 22 sec.

Initially, in order to investigate whether or not the deposition rate was the same
for both silicon and sapphire wafers, an area of the film on each wafer was etched
off to provide a step. This step height was then measured directly using a Sloan
Dektak surface profile contact measurement system. This experiment confirmed
that the deposition rates were identical within experimental error. The measure-
ment precision of the Nanospec was found to be +3A, which was found by taking
repeated measurements of the same area of film. It was found, once the process
had been fully characterised, that films could be deposited with an accuracy of
+1% and a variation of +0.8% across a 76mm wafer. Finally it should be noted
that the deposition occurs on both sides of the substrate. One side may simply be

etched off or used as described in Section 3.7.

The metal layer is required to act as a reflective coating to improve the photolitho-
graphic processing and to act as a protective layer during the plasma etch of the
silicon nitride. Initially, a sputtered aluminium layer of 0.5um was used. However
the aluminium sputtering target contained 1% silicon which left granular deposits |
once the aluminium was removed. This required a wet silicon etch to displace.
In later fabrication runs 2000A thick layers of evaporated aluminium were used.

These were found to perform satisfactorily.

The photolithography was performed using an Optimetrix 10X reduction stepper,
with the masks being procured from Compugraphics International Ltd. [95], a
company which specialises in fabricating electron-beam written masks. They were
fabricated by etching chrome films on a glass substrate, with the pattern being
written directly by an electron beam. The data supplied to Compugraphics In-
ternational Ltd. was prepared using the Cadence EDGE VLSI design tool. This
software package allowed data containing the unit cell of the BPH to be impor-
ted, scaled to the correct size, and replicated into an array to form a BPH of

approximately 8mm?. The resolution of the final electron-beam mask was 0.1um.
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As previously discussed, the unit cell of the BPH consists of a 2-dimensional
array of pixels. By increasing the number of pixels in the cell the quality of
the BPH is improved. However, the improvement must be traded against the
increased computation time required for designing the BPH and the detail in the
cell with respect to the resolving power of the stepper. This was found to be 0.7pm.

Holograms have been fabricated with pixel sizes varying from 0.7um to 5pm.

Photoresist type OCG 6512 spun at 5000 rpm was used to give a thickness of 1um.
The exposure time on the stepper was 1000mS with a focus offset of +1.5um. The
BPH pattern was replicated over the entire wafer to give thirty two 8mm? BPH
candidate die on a 10mm pitch.

For BPHs with large pixel sizes a wet aluminium etch could have been used.
However, in order to reduce transition point errors a STS Multiplex plasma etcher
was used. The etch took place in a plasma of Ar (20 SCCM), Cl (5 SCCM), and
SiCly (50 SCCM) at an RF power of 200W for approximé,tely 3 minutes. This
ensured that the unwanted areas of aluminium were completely removed.

With the sapphire acting as an etch-stop, overetching was not a problem unless
the etching time was so long as to destroy the aluminium and etch into undesired
areas. It was important to ensure that the SizN4 was completely etched back to
the sapphire. The silicon wafers used as dummies during the LPCVD were also
etched at the same time, and used to monitor the process. The etch took place in
a plasma of CF4 (60 SCCM) and H,; (10 SCCM) at an RF power of 750W. The
etching process took approximately 16 minutes to complete.

Finally the SizN4 layer was removed from the underside of the substrate, the alu-
minium was removed by a wet etch, and the wafer diced using a diamond saw to
produce the individual BPHs which can be AR coated if required. Figures 3.13 and
3.14 illustrate the chequerboard pattern and edge structure of a 16 x16 Dammann
grating fabricated using this technique, and imaged using a Scanning Electron Mi-
croscope (SEM). Figure 3.15 shows the structure of a 16x16 non-separable BPH
imaged using an Atomic Force Microscope (AFM). This illustrates the excellent
flatness of both the substrate and the silicon nitride film.
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Figure 3.13: SEM Image of gold coated 16 x16 Dammann Grating.

Figure 3.14: SEM Showing edge structure of grating.
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Figure 3.15: AFM Image of a 16 x16 non-separable BPH.
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3.5 Optical System Considerations

In this section a mathematical description of the formation of spots produced by
a BPH in a coherent optical system is presented. This is descibed fully in [96],
but summarised here and conclusions drawn about the requirements of the optical

system elements.

! *spot

/

E,(x) ol("l)

Figure 3.16: Optical system for producing spots from a BPH.

Consider the optical system illustrated in Figure 3.16. A collimated laser beam of
wavelength A with a Gaussian intensity profile is incident on the BPH which has
a cell period of F.

The following amplitude distribution (in 1D) is produced behind the grating;

T T

Bofr) = [ho(m) ® comb (%0)] [gaus (Z) I (E)] (3.9)

The subscripts refer to the various planes in the optical system, as illustrated in
Figure 3.16. The convolution operator is denoted by ®.



CHAPTER 3. COMPUTER GENERATED HOLOGRAM FABRICATION 48

ho(z) = binary grating pattern function repeated every grating period F,.

gaus(%) A Gaussian envelope, exp( ) of half width f at the 1/e points.

xz

II (Ti) = size of grating, R = grating/system aperture. II (%) =1 when |z| < &
and is equal to zero in all other cases.

Assuming that all the rays entering the lens are within the paraxial region, and

that the BPH is the limiting aperture of the system, we obtain a Fourier Transform
Oy ( ) of the distribution Ey(z) in the back focal plane of the lens of focal length

hi-

o (,\2) (A)(R)(Po) [gaus (i—z) ® sinc (/\2) ® comb (/\fl )] Hy (,\(211)0)

Hy ( ) This function now specifies the number and uniformity of spots in the

array.

comb( Y ) represents an infinite train of 1D Delta functions of period ( ) This
function now specifies the spot period.

zA
)

ga,us(T) This function, along with the sinc function specifies the spot size.

Thus in the back focal plane of the lens we get an array of spots whose number and
uniformity is determined by the function Hj, and whose intensity is determined

by the square of the magnitude of O;.
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A
spot diameter = 2 (A\;.‘;_) (3.11)
s
& apot = /\?J;l for an array with an odd number of spots (3.12)
2\
Zapor = Pofl for an array with an even number of spots (3.13)

Thus the diameter of the spots are not a function of the BPH, but are governed
by the wavefront characteristics of the input beam and the diameter of the beam
propagating through the BPH. At this point a trade-off occurs. In order to optimise
the optical throughput of the system, the spatial filter of the laser may be set up to
produce a Gaussian beam of similar diameter to the BPH, maximising the optical
throughput, as illustrated in Figure 3.17. However in this case the Gaussian profile
dominates the convolution which occurs in the output plane, resulting in a spot

diameter larger than the diffraction-limited spot size achievable by the lens.

In order to minimise the spot diameter, which may be necessary for the addressing
of some EO devices, the spatial filter must be set up to produce a much wider
collimated beam. By using an aperture which only lets the flat top portion of
the Gaussian beam propagate, this may be approximated to a plane wave. The
FT of the plane wave is a delta function in the output plane; thus the diameter
of the spots is only restricted by the aperture of the system. This is illustrated
in Figure 3.18. It can be seen that some of the light is sacrificed in this case,
reducing the optical throughput. In order to make the diffraction-limited spots as
small as possible, the focal length of the lens must be as small as possible, given

other considerations such as the system architecture and the BPH cell size.

At this point the need for replicating the unit cell of the BPH into a large ar-
ray becomes apparent. The cell size is a function of the required spot spacing
and focal length of lens, and may be small, tens of micrometres, for a particular
application. However if the BPG itself was this diameter, the diffraction-limited

spot diameter would be intolerably large, due to the small system aperture. By
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replication of the unit cell into an array, the aperture can be increased, reducing
the diffraction-limited spot diameter. The spots produced by each cell of the BPH
simply overlap due to the shift invariant properties of the Fourier Transform. The
light transmitted through each cell has a different phase shift allowing the addition
in the back focal plane to take place.

L

LASER

BPH
Spatial
Filter

Figure 3.17: Optical system layout for maximising optical throughput.

Figure 3.18: Optical system layout for minimising spot diameter.

3.6 Optical Results

Several different BPHs have been fabricated both to assess quality of the fabrica-
tion technique and to provide elements for optical systems. In this section optical

results of these BPHs will be presented and their optical performance discussed.

In order to assess the quality of BPHs fabricated by depositing SizN4 on sapphire
a 16x16 Dammann grating was designed using software developed by Samus [74]

and fabricated using this technique [73]. A Dammann Grating was chosen as
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its theoretical performance could be accurately calculated using the BPH design
program. The DE was calculated to be 79.5% for the 1D array, compared to an
ideal maximum of 83% [79]. Thus the DE of the 2D grating is 63.2%, a typical
value for a Dammann Grating. AU was calculated to be 0.44%. Table 3.2 gives
the physical dimensions of the BPH. The optical results are summarised in Table
3.3.

Cell Size 0.25mm
BPH size 8mm?
Number of die on wafer 32
SisNy film thickness | 3164A4° + 1%
Spot Spacing at F=300mm 1.519mm

Table 3.2: Physical characteristics of 16x16 Dammann Grating.

Best Die On Wafer
Optical Transmission | 91.6% =+ 0.2%
Diffraction Efficiency (DE) | 62.5% + 0.2%
Spot Uniformity (AU) 1.8%

Optical Efficiency (OE) | 57.25% + 0.4%

D.C. Spot Intensity (relative to desired spots) x 1.5 £0.1
Average Across Wafer

DE Variation 61-62.5%

AU Variation 1.8-2.2%
D.C. Spot Intensity (relative to desired spots) x1.5 = %2

Table 3.3: Optical results of 16 x16 Dammann Grating.

These results illustrate that the BPHs show near optimum performance in terms of
DE, with the intensity of the D.C. spot being consistent with an error in the phase
depth of & 1% [83]. There is very little variation in the performance of the 32 BPHs
fabricated from the wafer, showing that only a small variation in film thickness
occurred. All of the BPHs put at least 56% of the incident laser power into the
required spots with an intensity uniformity better than 2%, which compares well
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with other fabrication techniques. The measurements were taken using a 300mm
focal length Fourier Transforming lens, and scanning a pinhole/photodiode across
the array, taking measurements of every spot in order to provide an accurate

measurement of AU.

Once the fabrication process had been characterised and assessed using the Dam-
mann Grating, several wafers were processed with non-separable BPH designs in
order to provide a supply of BPHs capable of being used to address our various
pixellated SLMs. Two grey level BPHs were also produced. “Lena” was made
as a demonstration of the grey level capabilities of BPHs (91 grey levels), and a
weighted 16x 16 fanout array capable of illuminating our 16x16 pixel SLM was
also fabricated. The output spots of this BPH are set at four different grey levels
with relative intensities of 1.00, 0.75, 0.50, 0.25. These can be reconstructed to
within +10%. They may be used to provide optical weights in a simple optical
neural network, although this has not been pursued at present.

The most important BPHs to be fabricated were two sets of scaled fanout arrays.
A pair of 16x16 BPHs with cell sizes varying by a factor of 16 (the BPH pattern
is shown if Figure 3.19), and a pair of 4x4 BPHs scaled by a factor of 4 were
produced. These reasons for fabricating these will be discussed in both the next
section and the next chapter. Table 3.4 gives the physical and optical character-
istics of the BPHs which have been fabricated, and the following Figures illustrate
the optical results achieved. It can be seen from these pictures that the relative
intensity of the D.C. spot increases with the number of spots in the array. The
D.C. spot of the 4x4 array having a relative intensity of 0.025, whilst the D.C.
spot in the 64 x 64 being higher at 9.25. This relationship is considered fully in [83],
but it can be argued that each transition point contributes towards the D.C. spot
due to any positional error; thus as the number of transition points increases, the
intensity of light in the D.C. spot increases. The DE measurements were obtained
by scanning a photodiode mounted behind a pinhole across the output plane. A
point of interest is that the highest DE’s observed were obtained from BPHs with
very small pixel sizes (0.6pm & 0.7um). Due to the resolving power of the stepper
individual pixels along the edges of the pattern are barely resolved. This has the
effect of smoothening the edges of the holographic pattern, removing any notice-
able pixellation. It is this effect which is thought to produce the slight increase in
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DE.

Figure 3.19: 16x16 Fanout hologram, replicated into a 5x5 array.

oo [y | My | No-orcons Pt 85 | &5 | S5
16X 16 || 3164 1.24 14X 14 200 722 | 6612 A1S
64X 64 5273 103 8X8 120 704 | 6414 7
4X4(1) || 3164 1.24 13X13 200 75+1 | 69%1 1.2
4X4(2) 79.1 0.6 50 X 50 800 77+1 | 7151 1

16 X 16 (1)|| 1582 31 5X5§ 40 7412 | 6812 As2
16 X 16 (2)|| 98.875 0.77 80 X 80 640 7742 | 7152 %)
Neural Net| 316.4 25 14X 14 200 4 Grey Levels

Lena 506.24 2 9X9 125 91 Grey Levels

Table 3.4: Summary of BPH performance.

53
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Figure 3.20: Photograph of 4x4 fanout grating.

Figure 3.21: Photograph of 16 x16 fanout grating.
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Figure 3.22: Photograph of 64 x64 fanout grating.

Figure 3.23: Photograph of 16 x16 fanout grating, with 4 grey levels.
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Figure 3.24: Photograph of Lena BPH, based on a 64x64 image with 91 grey

levels.

3.7 Cascaded BPHs

As the number of output spots produced by a BPH increases, it becomes com-
putationally difficult to obtain a solution for the CGH pattern due to the large
array sizes required. In this section it will be discussed how large arrays of spots
(256x256) can be produced by cascading BPHs. Experimental results will be

presented and problems discussed.

The first method of producing large arrays is the multiple imaging technique which
is discussed in [96]. Consider the optical system illustrated in Figure 3.25, using
the same notation as in Section 3.16, the first BPH; Go(z) produces an array of
spots Op(z) in the back focal plane of lens L;. Each of these spots is re-collimated
by lens L; to produce an overlapping array of collimated beams incident on the
second BPH; G3(z). Each beam travelling though BPH; undergoes a FT by lens
Ls and produces a spot array dependant upon hy(z), the BPH; pattern function.
However, each spot array undergoes a spatial shift in position due to the spatial

variation of the effective point sources in the output plane of BPH;. Thus the spots
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Figure 3.25: Optical system for multiple imaging of BPHs.

in the final output plane Os(z) are a convolution of the outputs of both BPHs.

This can be described as;

0s (Aifa) =FT {Gg(m)FT {o1 (/\ifl) 11 (/\ifl) }} (3.14)

Ll v, 2 T f z fo
% (V) i (Afs) i [A fifsOs (/\fafl) ¥ (Afsfl)] (39

i.e. the output consists of the array of spots produced by BPH;, scaled by f5/fs

Thus

and replicated about an array produced by BPH,.

Now consider the more simple case were the lenses are all of the same focal length.
The spots produced by BPH; are on a pitch given by

A
TBPH1 = I—Dg (316)

replicated on an array of pitch

A
TBPH?2 = FJ; (3.17)
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It can easily be seen from this that if both BPHs produce an output array of nxn
spots, with the cell sizes of the BPHs scaled by a factor of n, then the output at

O3 will be an array of n?xn? spots.

There are two points to note: (1) This architecture allows the first spot array to be
modulated or spatially filtered at the first image plane O;. (2) The cell sizes of the
BPHs can be controlled to a high degree of accuracy, but the system is dependent
on the focal lengths of the three lenses being matched exactly. In practice lenses
may have low tolerances in their focal length specification (£2%). Any difference
between the focal lengths of the lenses will result in a scaling error in the output

array.

This problem may be overcome by a slightly different approach as illustrated in
Figure 3.26. In this case only a single lens is used to perform the FT of both BPHs
and it can easily be shown that the output is again a convolution of the Fourier
Transforms of the BPHs as in the previous case. However as only one lens is used,
there is no scaling error between the individual BPH spot arrays, so a cascaded
array of equal spot spacing is always produced, if the BPH cell sizes are correctly

scaled.

Go(x):l‘, =), B Gz(x):hz(x), B

) Wl ! XgpH1

Input Beam XBPH2

BPH 1 l!l’l'l2 L

Figure 3.26: Cascaded BPH optical system.

As described in the previous section, two 16 x 16 fanout BPHs have been fabricated
with cell sizes scaled by a factor of 16 (98.875um and 1.582mm). They were placed
into the optical system illustrated in Figure 3.26 and the output (a 256 x256 array)
produced as illustrated in Figure 3.27.
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The DE of this cascaded BPH is simply the DEs of the individual BPHs multiplied
together, so in this case the DE is ~ 57%. It can be seen from Figure 3.27 that the
central block of 1616 spots is more intense. This is due to the spots overlapping
with an array of 16x16 D.C. spots generated by the second BPH. There are also
D.C. spots in the centre of each block of 16x16 spots. These are due to the D.C.
spot from the first BPH being replicated by the second BPH. Although this is an
obvious problem with this technique it will be shown in Chapter 4 that when these
cascaded elements are used to provide structured illumination of pixellated SLMs,
the D.C. spots are not reflected from the device and so do not propagate through
the optical system. However, if odd numbered spot array BPHs were used the
output would look much tidier, as the D.C. spot would be part of the array, but
would then obviously propagate through the system. Unfortunately this technique
does suffer from another problem. If perfect rotational (#) alignment is reached
between the BPH patterns, the uniformity of the spots degrades drastically. This
is due to the spots in one 16x 16 block overlapping with higher order spots from an
adjacent block, with interference occurring between the two. This does not occur
if there is even a slight misalignment as illustrated by the high quality of the spots
present in Figure 3.27.

An attempt was made to fabricate both BPH patterns on a single substrate, util-
ising the fact that the LPCVD of SisN4 deposits a film simultaneously on both
sides of the substrate. Once one side of the substrate had been patterned and
etched, the other side then had the second BPH pattern written into it. This was
possible as the x and y alignment tolerances between the BPHs is very low due to
the shift invariance of the Fourier Transform. Only the rotational alignment had
to be considered. It was found that by carefully placing the wafer in the holder
for the photolithography a rotational error of less than 150um across the 76mm
wafer could be achieved. Optically, the double-sided BPHs worked well enough to
prove the principle of the idea, with the rotational error being sufficient to prevent
any interference effects without producing any noticeable misalignment in the out-
put array. Unfortunately there were problems during the SizNy4 etch, resulting in
under-etching occuring. This increased the intensity of the D.C. spots to approx-
imately ten times the intensity of the other spots in the array. However this work
has illustrated that large spot arrays can be generated by this technique, although
it is perhaps more suitable for arrays with an odd number of spots.
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Figure 3.27: Photograph of 256 X256 spot array produced by cascading two 16 x16

BPHs.
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3.8 Summary

In this chapter a technique for fabricating binary phase holograms has been presen-
ted. The technique uses the controlled deposition of silicon nitride to produce a
uniform, optically flat coating on top of a sapphire substrate. Once patterned
with the required holographic pattern, the silicon nitride can be etched back to
the sapphire substrate which acts as a perfect etch stop. The thickness of the
silicon nitride can be controlled to within 1% of the required thickness to give the
m phase modulation. Several binary phase holograms have been fabricated includ-
ing a 64x64 fanout array and an image containing 91 grey levels. The optical
characteristics of the fanout elements have been measured and their performance
assessed. The efficiencies achieved by these elements are comparable to BPHs
fabricated by etching into quartz substrates. However the yield of this process is
much higher with up to 32 BPHs being fabricated simultaneously and only a small
variation in efficiency (= 2%) being observed. Thus this technique is much more
suitable to commercial mass production. Finally a technique has been discussed
for producing large spot arrays, with a 256x256 spot array being produced by
cascading two 16x16 holograms. Initial experimental work has been performed to

produce these large array generators on a single substrate.

An Applied Optics paper [73] describing this work is given in Appendix A.



Chapter 4

A 256 Channel Crossbar

4.1 Introduction

Free-space optical switching systems have applications in a wide range of optical
systems such as telecommunications [97], optical computing [98] and optical in-
formation processing [99]. Widespread research into the development of these
systems has led to a variety of system architectures being demonstrated, using

many different modulating or light emitting devices.

In this chapter results of an investigation of a 256 channel crossbar test system
will be presented. A 16x16 pixel section of a 256x256 pixel FLC/Si SLM acted
as an input plane to the system. This array was optically fanned out by a factor
of 16 to illuminate another 256 x256 FLC/Si SLM, which acted as a modulation
plane. The output from this plane was then interrogated using a CCD camera
and pinhole/photodiode arrangement. Although this does not represent the com-
plete switching system, it was used to address specific questions regarding the

architecture and performance of the optical components.

62
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4.2 Free-Space Optical Switching Systems and Ar-

chitectures

Optical switching systems allow optical signals from an input array, which may
consist of emitters, modulators, or fibres, to be routed to an output array. It
is important that such systems have broadcast (one input to all outputs) and
multicast (one input to many outputs) capabilities. In addition the system should
be non-blocking; the optical path of input A being routed to output B must not
prohibit routing from input C to output D. Other factors which must be considered
are the switching speed, attenuation, crosstalk, and Bit Error Rate (BER).

At present there are two approaches to optical switching systems.

(a): One approach is to use devices which can modulate/emit light at the data rate
of the optical signals being routed through the system. Many of these type of sys-
tems have been developed by groups working in telecommunications applications
and the development of optically routed backplanes in large computer systems.
McCormick et al. [23][24](25][100] from AT&T Bell laboratories in Illinois have
demonstrated a 32—16 channel switching network based on FET-SEED smart
pixel arrays. Due to the nature of the Banyan architecture used in the system
the routing is performed in five stages, consisting of 2x1 multiplexer nodes, with
the routing path at each stage being selected by optical information provided as
a header in the data stream. Figure 4.1 illustrates the architecture of this gen-
eralised shuffle network with Banyan interconnects, along with the data format
including the control data fields. This system has been demonstrated to oper-
ate at 50Mbits/s with some stages operating at 155Mbits/s and a BER of 1071°,
This test system has been developed for use in telecommunications switching ap-
plications. Future systems are plannned which will operate at over 2Gbits/s, to
be used with the new Asynchronous Transfer Mode (ATM) protocol. Another
research group from McGill University in Canada [101][102][103] has presented
results of a FET-SEED based demonstrator system for optically interconnect-
ing Printed Circuit Boards (PCBs) and Multi-Chip Modules (MCMs) within
large computer systems. Researchers at the NEC Research Institute [98][104]
have recently demonstrated a 64 channel optical interconnection network based on
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Vertical Cavity Surface Emitting Lasers (VCSELSs) and photodiodes. Once again
this system has again been developed for interconnecting processors/processing
boards in large computer systems.

I

! =1 / S A
Iy Ny, Ay '\V
L T NNTFANA Y
TN NN
16 Fibre / / ) \ ' 16 Fibee
nputs i Vi utputs

01001110 cccccam

Figure 4.1: Schematic of the AT&T 5-stage generalised shuffle network, and ex-
ample of the optical data stream showing the control routing data fields, as illus-
trated in [23].

All of these systems which use VCSELs or SEEDs switching at the optical data
rate are multiple stage networks.

(b): The second approach to optical interconnection systems is to use a single stage
architecture. This can be achieved using dynamic holographic routing (which will
be discussed in Chapter 5) or the free-space crossbar architecture, based on the
Stanford optical vector-matrix multiplier architecture [105][106][107] illustrated in
Figure 4.2. By fanning out each element of the input vector (X) to a row in

the modulation plane which contains an SLM supporting grey-level modulation,
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Figure 4.2: Schematic architecture of the vector-matrix multiplier.
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matrix(Y), and then fanning in each column to the output vector (Z). It can be
shown that Z=Y.X. In practice this particular architecture is difficult to imple-
ment as cylindrical lenses are required which suffer from severe aberrations such
as astigmatism. This has led to the more general crossbar architecture being de-
veloped {108] in which the input and output vectors are folded into arrays. This

architecture is illustrated in Figure 4.3.
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Figure 4.3: Schematic representation of a free-space crossbar.

When this system is used as a digital optical signal interconnection network,
the SLM is not required to support grey-level modulation, and acts only as a
plane in which windows can be closed, blocking the incident data stream, or

opened, allowing the data to pass through. Thus binary modulation is sufficient.
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The following points should be noted regarding this architecture.

e The modulator array need not switch at the data rate of the input channels as
the modulator is effectively invisible to the data stream. It is only required

to switch between data packets.
e The architecture allows broadcast and multicast to be easily achieved.

e There is an intrinsic 1—n fanout loss. Where n is the number of channels.
Thus for each channel there is a loss of 3logzn dB.

e Although Figure 4.3 illustrates a transmissive modulator, a reflective device

can also be used.

4.3 The OCPM Project

The Optically-Connected-Parallel-Machine (OCPM) project [57] is a collaboration
between British Aerospace, Heriot-Watt University, BNR Europe, the University
of Bath and Thorn EMI CRL Smectic Technology. The University of Edinburgh is
involved as a technical partner to the project. The aim of this project has been to
design, fabricate, and characterise a 64 channel crossbar based on the architecture
illustrated in Figure 4.3. The layout of the system is illustrated in Figure 4.4.
The inputs consist of 790nm laser diodes pigtailed to polarisation maintaining
fibres which are arranged into an 88 array. The light from these fibres is fanned
out to a 64x64 array using a non-separable Binary Phase Hologram (BPH). The
spot array is focussed directly onto a 64 x64 pixel FLC/Si SLM which acts as the
modulating element. The modulated array is then fanned into an array of 8x8

multimode output fibres by two holographic lenslet arrays.

The project has attempted to totally optimise the performance of the system by
the custom design of all the components within the system. At the time of writing
this thesis, the optical system has been assembled and is awaiting the insertion of
the custom FLC/Si SLM. The salient points of interest regarding this system are

summarised as follows.
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Figure 4.4: Layout of the OCPM 64x64 channel crossbar, as illustrated in [57].

e Thereis a 1 to 1 imaging relationship between the input fibre array and the
SLM. Thus all the relay lenses have the same focal length, reducing distortion
and field curvature across the image field.

e The relay lenses are 4-element lenses designed and optimised using the
CODE V optical design software package. They have a focal length of

~40mm with a 16° field of view.

e Two polarising beam-splitting cubes (PBSs) are used in order to increase
the extinction ratio between the ON and OFF channels reflected from the
SLM.

e The PBSs have been custom designed to optimise the extinction ratio at the

correct wavelength over a wide range of input beam angles.

e Beam-steering prisms are used to provide fine manipulation of the optic axis
of the output beams.

e The FLC/Si SLM is a custom design which has been developed at the Uni-
versity of Edinburgh. The device has ~ 70pum x70pum pixels on a 120um
pitch.
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e The input fibre array was fabricated by forming holes in a Kevlar substrate

by excimer laser ablation [109], which held the fibres securely in place.

e The output fibre array is on a 960um pitch, using 300pm core multimode

fibres, mounted in a holder fabricated from anisotropically etched silicon.

This work has highlighted some of the inherent problems in building this type
of system. These include polarisation alignment of the input fibres, wavelength
variation between channels which results in positional errors of the spots, and
the variation of extinction ratio of a PBS with input angle. Finally, significant
work has been performed on optimising the opto-mechanical mountings and system
baseplate, so as to allow accurate alignment whilst being stable and vibration

tolerant.

4.4 The 256 Channel Crossbar Testbed

The OCPM project aims to build a fully working 64 channel crossbar system, using
custom made optimised components to achieve the best possible system perform-
ance. However, it has not experimentally addressed the question of scalability. In
order to do this a 256 channel test system has been constructed. This system has

been designed to attempt to answer the following questions.

e How scalable are crossbars implemented using FLC/Si SLMs, i.e. what is
the maximum number of channels that can realistically be achieved in a fully

working system, and which elements in the system limit the scalability?

e What are the critical tolerances affecting the system performance, and how

do these tolerances scale with the number of channels in the system?

In the rest of this chapter the architecture and optical results of the test system
will be discussed and some conclusions drawn. A more general discussion of the

results will take place in Chapter 6.
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4.4.1 System Design And Architecture
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Figure 4.5: Architecture of the 256-channel crossbar test system.

The layout of the optical system is illustrated in Figure 4.5. The 256 input channels
are formed by illuminating a 16x16 block of a 256x256 FLC/Si SLM (SLM,)
with an array of spots generated by a 16x16 BPH (BPH,). The characteristics
and performance of the BPHs used in this system are given in table 3.4. The
SLM was used to provide an input array rather than a fibre array for two reasons.
Firstly, the fabrication of such a large fibre array would be extremely difficult
[109] and trying to transmit light through them all would be impractical, due to
the large number of lasers required. Secondly, there are many applications for
crossbars which have an SLM as the input, such as neural networks, optical data
encryption, and optical computing. These applications are more relevant to the
research undertaken at Edinburgh University, and hence it made the system of
more interest to the rest of the research group. The input array was then fanned
out a further 16 x 16 times by BPH, to produce a 256 x256 array incident on SLM,

which acted as the modulating device for the crossbar. If a full system had been



CHAPTER 4. A 256 CHANNEL CROSSBAR 70

implemented the light reflected from this SLM would be fanned back into a 16 x16
array using an array of diffractive/refractive microlenses. However as this type of
element has been well characterised [110] and its performance was not expected to
be a limiting factor of the scalability of these systems [111] it was not included in
this system. Furthermore the exclusion of fan-in optics allows the performance of
the modulator to be assessed as the output of individual pixels can be interrogated.
This was achieved by imaging the modulating plane onto a CCD camera/pinhole
mounted in front of a photodiode. Before considering the individual components
in more detail, there are two important points regarding the system architecture
which must be noted.

e The architecture is similar to the cascaded hologram system discussed in
Section 3.7, with the SLMs being inserted in planes O; and Oz (Figure
3.25).

e As the pitch of both SLMs is the same, lenses L; and L, have the same focal
length, i.e. infinite conjugate imaging is used. This reduces barrel distortion

and field curvature of the images.

4.4.2 Optical Components

The laser used in the system was a 15mW He-Ne (632.8nm), however the optical
output was measured to be nearer 17mW. The laser emitted a plane polarised beam
and was rotated to optimise the intensity reflected by the Polarising Beam Splitter
PBS, onto SLM;. The spatial filter/beam expander consisted of a 40X microscope
objective, 10um diameter pinhole, and an achromatic lens to re-collimate the beam.
The size of the pinhole was chosen to allow only the light in the Airy Disc to
pass through. Thus the pinhole acted as an almost perfect point source. It was
calculated that 91% of the light was transmitted through the pinhole. Two different
collimating lenses were tried, the first had a focal length of 50mm which produced
a collimated beam of 8.5mm in diameter, slightly larger than the open aperture of
BPH,. However, this was found to produce focussed spots of insufficient quality, as
described in Section 3.16. A lens with a focal length of 200mm was then used which
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produced a beam with a diameter of 3.4cm. An aperture was placed before BPH,
which allowed a phase-flat, 8mm diameter, collimated beam of almost uniform
intensity to pass through BPH;.

The polarising beamsplitting cubes (PBS) transmit horizontally polarised light (s-
polarisation) and reflects vertically polarised light (p-polarisation) at 90°. Both of
the PBSs were optimised for use with He-Ne lasers and the following measurements
taken.

p-state transmission = 99.20% =+ 0.05%
s-state reflection = 0.34% + 0.05%
Extinction ratio (292+3):1

In order for a high extinction ratio to be achieved the light must pass through the
PBS at normal incidence as the extinction ratio of the PBS varies with the incident
angle of the light. As the beam only began to diverge very slightly after passing
through the BPH, with the angle of divergence being governed by the cell size, the
extinction ratio was not affected. The lens L; performed two functions, it acted as
a Fourier Transforming element for BPH,, as described in Section 3.16, and also
re-collimated the reflected spots so they propagated back through PBS; as parallel
beams. The half waveplate (HWP;) was used to align the axis of polarisation
of the beams to the optic axis of the FLC such that it is optimised for amplitude
modulation as described in Section 2.3.1. Once the reflected light returned through
the half waveplate it was either in the p-state (mirror ON) or s-state (mirror OFF).
It is at this point that the importance of having a high extinction ratio between the
transmission of the s and p states becomes apparent as any s-state light transmitted
through the PBS is noise and so reduces the contrast ratio of the SLM.

Once the re-collimated light beams from the ON pixels have passed through PBS;,
they pass through BPH,, which has been designed to replicate each spot by a
further factor of 16x16, to produce a 256x256 array. The system is symmetric
about this point with the spots being produced and re-collimated by L, with the
modulation being performed by SLM,. Light in channels which are turned on by
both SLM; and SLMj; is finally focussed by lens Lj and interrogated by a CCD
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camera or pinhole/photodiode. The lens L3 is chosen to magnify the final output

array for examination.

It was found that the BPHs performed very well. Initially there was concern that
the birefringence of the sapphire would cause problems by altering the polarisation
state of the light. However it was found that once the optic axis of the sapphire had
been approximately aligned to the polarisation of the incident light, no noticeable
effects were observed. It was also found that the D.C. spots in the BPH output
planes did not propa,ga,té through the system to any large extent, as they were not
directly reflected by the mirrors, being incident on the inter-pixel gap, rather than

a reflective mirror.

The lenses L; and L, are the most important passive elements in the system, as
their performance is crucial to the scalability of the system, so at this point both
lenses will be discussed in some detail. They must fulfill the following criteria.

e They must be able to produce spots over a large image field without field-
curvature and barrel distortion occurring. They must exhibit the“F.sin§”
Fourier Transforming properties of a simple lens, i.e. the diffracted spot
spacing must be governed by Equation 3.13. A lens will generally only
exhibit this characteristic over a small angular field, unless its design has

been carefully constrained. This is described in [112].

e They must be able to produce diffraction-limited spots (this is also a function
of the input beam diameter and wavefront characteristics). Although the
diameter of the diffraction-limited spots is considerably less than that of the
pixel mirrors, if the spots were not diffraction limited, aberrations would
become more dominant and the quality of the beams propagating through

the system would be adversely affected.

The linear dimension of the image field of L; is only 906um (field-of-view=1.04°),
but for Ly it is 14.48mm (16.5°) which is very large. The two lenses are used
back to back in an infinite conjugate system, which should theoretically eliminate
field-curvature, however there was concern that field curvature would still reduce
the performance of the system.
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Initially 50mm /2.8 achromats were used. The first lens was found to perform sat-
isfactorily, but Lo was found to suffer from severe field-curvature. Field curvature
is the variation of focal length with distance from the optic axis, as illustrated in
Figure 4.6. This is a serious problem in systems which use BPHs as it causes
the focus of the spots to vary across the array. In the case of this cascaded BPH
system, the scaling between the sub-arrays forming the large array is also affected.
This is illustrated in Figure 4.7.

Figure 4.6: Illustration of field curvature, which is the variation of focal length

with distance from the optic axis.

This problem was solved by replacing the achromats with Spindler & Hoyer Mi-
croprojection lenses [113], which had the following specifications.

e 50mm focal length, f/4.5.
e 5-element compound lenses.
e Optimised for low magnification.

e Optimised for flat/distortion free imaging over wide image fields.
Field-of-view = 44°.

These lenses were found to have the correct “F.sinf” Fourier Transforming char-

acteristics over the entire image field. They produced diffraction-limited spots
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Figure 4.7: Example of how field curvature affects the scaling of cascaded holo-

grams.

(7pm) without any field curvature or barrel distortion being apparent over the
whole image field (10.24mm x10.24mm).

The system was designed in such a way that the passive optics could be assembled,
aligned and locked into position without the need for any translational adjustment.
Only the SLMs required translational movement. SLM; required translational
adjustment in the x & y planes to align the mirrors onto the spots, and adjustment
in the z plane (along the optic axis) to ensure that the mirrors were in the back
focal plane of L;. Rotational alignment of the spots was achieved by rotating
BPH,. Thesecond SLM required the same degrees of freedom along with rotational
adjustment. All the translational movement was provided by translation stages
with 50mm travel and +1um precision adjustment. In order to ensure that both
SLMs werein the back focal plane of their respective lenses, a shear plate collimator
was used. This instrument gives an accurate picture of the divergence/convergence

of a collimated beam.
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4.4.3 Optical Results

The performance of the optical system was assessed at three points in the system;
the light reflected from SLM, (imaged on to a CCD camera), the light incident on
SLM,;, and the final imaged output spots. The optical results are presented in this
order. All the pictures showing the output from the system have been recorded
using a CCD camera, rather than a photographic camera due to the small size of the
arrays of spots, which made focusing a photographic camera extremely difficult.
As a result of this the pictures have a poorer quality than the actual output due
to the low resolution of the CCD camera.

By studying the 16 x16 spot array modulated by SLM; information is provided
about the performance of the SLM. Figure 4.8 shows the array reflected from the
SLM with all the pixels turned on. It can be seen that the DC spot of the BPH
does not propagate through the system as it is not incident on a mirror, but is
scattered within the inter-pixel gap. Figure 4.9 shows two opposite quarters of the
array being turned off by the SLM.

The optical performance of the SLM was measured and it was found that the
optical throughput was 13%, the contrast ratio was 25:1, and the spot uniformity
+ 10%. These results were taken using a pinhole/photodiode arrangement and
also by using a software package to interrogate the images obtained from the
CCD camera. Both sets of results were found to be in good agreement. Similar
measurements were taken from SLM,. These results are summarised in Table 4.1.
The optical throughput measurement is low as structured illumination was not
used in this case.

SLM, SLM,
Optical Throughput 13%* 1% 15%%* 1%
Spot Uniformity 0% 9%
using structure((i: ‘l)l'llttxl;xsttuﬁx‘:)t:; (25:2):1 (2721

Table 4.1: Summary of Optical performance of the SLMs.
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Figure 4.8: 16 x16 BPH output reflected off SLM,; with all the spots turned on.

Figure 4.9: As Figure 4.8, but with opposite quarters turned off by the SLM.
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The fanned out input array incident on SLM; was then examined. The quality of
this modulated 256 x256 array was critical to the performance of the system and
an indication of the performance of lens L, in particular. Figures 4.10 and 4.11
illustrate sections of the fanned out 256 x256 array. These pictures were taken
using a longer focal length lens (200mm) than L; in order to resolve the spots on
the CCD camera. It can be seen from these pictures that the spot quality is not
degenerated by the second BPH and lens. When L, was used diffraction limited

spots were achieved.

Figure 4.10: Section of the 16 x16 array with all spots ON, fanned out to 256 x 256.

The final output from the system was imaged onto the CCD camera and the
following pictures produced. Figure 4.12 shows the output produced when all
the spots on both SLMs were turned on. It can be seen from this picture that
there are regions in which the contrast ratio is extremely poor. This problem is
due to the focal length error in lenses L; and L; and will be discussed in detail
later. Figure 4.13 shows a pattern produced when modulation takes place on both
SLMs. The pattern encoded by SLM; is as illustrated in Figure 4.9, whilst the
pattern encoded by SLM; consists of a chequerboard of 4x4 pixels. Thus there
are areas in the output pattern which are turned on by one, both, or neither of the
devices. This pattern was used for measuring the various contrast ratios which
determine the performance of the system. The best results achieved are as follows:
(ON-ON Vs. ON-OFF = 7:1) and (ON-ON Vs. OFF-OFF = 75:1). Figure 4.14

illustrates the output of the system when only one channel is turned on by both
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Figure 4.11: Section of the modulated 16 x16 array, fanned out to 256 x256.

SLMs.

Figure 4.12: Section of the crossbar system output with all the channels turned

on.
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Figure 4.13: Section of the crossbar output with SLM; displaying a 8 x8 chequer-
5 I playing |

board and SLM; displaying a 4x4 chequerboard.

Figure 4.14: Section of the crossbar output when only one channel is turned on by

SLM; and SLM,;.
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4.5 Analysis Of System Performance

The construction of this test system has provided valuable information regarding
the scalability of crossbar systems. By assessing the performance of the individual
components an analysis can be made of the performance requirements of elements
for a full system. In some respects the system has performed much better than
initial expectations, as some potential problems did not occur. An example of
this was the translational alignment of the SLMs, it was expected that it would be
difficult to align the devices initially, and that the alignment would drift-off over
a period of time. However by aligning the devices as the system was constructed,
with the aid of a CCD camera, it was found that the optimum alignment was
achieved without too much difficulty. Once the system had been constructed,
it was found that the translational stages did drift slightly, but by viewing the
system output it was easy to see how to re-optimise the system without having to
dismantle any components. As the positioning stages used in this experiment were
not of a high specification, it is believed that using better stages could allieviate

this problem altogether.

It is apparent from the previous section that the critical elements of the system are
the lenses L; and L,, and the SLMs. These will shortly be discussed in more detail.
The performances of the BPHs, PBSs and HWPs were all found to be satisfactory,
with the PBSs and HWPs operating well within the manufacturers specifications. It
must be remembered however that the performance of these devices is wavelength
dependant, and if the system used fibre inputs with laser diode sources, some
probléms could become apparent due to any wavelength variation between sources.
Such problems have been experienced and considered in the OCPM project [57].
This was obviously not a problem in this system.

4.5.1 Lens Performance

The problem of field curvature over large image fields has already been discussed,
in this respect however, the lenses were found to perform extremely well, with

there being no visible sign of field-curvature or barrel distortion. Although this
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application is not what the lenses were designed for, their well-corrected large
image fields make them excellent elements for providing structured illumination to
large area SLMs. Unfortunately there is one big problem with these lenses and all
off-the-shelf lenses, their focal lengths are only precise to an accuracy of £2%. As
the spot spacing is proportional to the focal length of the Fourier Transforming
lens (see Equation 3.13), any error in the focal length produces a registration error
between the mirrors and the spots. This effect is worsened by using two lenses
which have a cumulative error of up to +£4%. This error is illustrated in one

dimension in Figure 4.15.

Spot pitch = pixel pitch +
pot pi pixel pil error
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Figure 4.15: Illustration of spot to mirror registration error due to focal length

€ITror.

The regions of low contrast in Figure 4.12 are due to the registration error, and
the number of pixels illuminated between the fringes can be used to calculate
the cumulative error in the focal length of the lenses. This was estimated to be
+2.7%, which is within the lenses specification, but obviously severely limits the
number of operational output channels. In order for all the 256 x256 mirrors to
be illuminated by a spot, the cumulative error needs to be < 0.4%, leading to an
individual lens tolerance of 0.2%, a factor of ten better than the manufacturers

specification. There are four possible solutions to this problem:

1. Buy a large number of lenses and test them to select two which when used

together, have a cumulative error < 0.4%.

2. Buy two lenses, accurately measure their focal lengths, then fabricate the

BPHs with their cell-sizes adjusted to compensate for the focal length errors.
3. Custom design lenses which are optimised to reduce focal length variations.

4. Add further optics into the system to allow variable magnification imaging.
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Solutions 1 and 2 are infeasible from a commercial point of view due to the time and
expense required. Solution 3 is possible [114], but extremely difficult as the lenses
also have to be optimised for large image fields etc. Solution 4 is impractical as
the introduction of further optics would produce more problems in terms of image
distortion. The tight tolerance on the focal length of the lenses is not altered by
adjusting either the focal length of the lenses, or the pitch of the SLM pixels.

4.5.2 SLM Performance

The performance of the SLMs is critical to the overall performance of the system.
In this system SLM; merely acts as an input device, with the optical routing
being performed by SLM,. It is the performance of this device which will now be
considered in detail. Referring back to Figure 4.3 it can be seen that each block of
16x16 pixels on SLM, corresponds to one output channel, and so only one pixel
in that block will be “turned on” at any one time. Thus the signal to noise (S/N)
ratio of the output channel is directly linked to the contrast ratio of SLM,. The
other factors which affect the overall system performance are listed below.

o Uniformity of contrast ratio across the device. Any non-uniformity causes

variations is S/N ratio for different channels.

e Optical throughput. As there is a high intrinsic fanout loss due to the system
architecture, in most applications it is vital to conserve optical power as much

as possible.

e Pixel drop out is a serious problem as each pixel corresponds to an output
channel.

e The duty cycle of the device has to be taken into consideration. This will be

discussed later.

e The device frame rate and liquid crystal switching speed determine the rout-

ing latency of the system.
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At present the contrast ratio and uniformity of the device are the dominant prob-
lems. The contrast ratio is affected by the liquid crystal alignment and cell uni-

formity.

Uniform alignment is currently proving difficult to achieve over the large areas
required by these devices. This has been discussed in detail by Gourlay [53].
Although the device used in this system only has a maximum contrast ratio of
27:1, it is possible that contrast ratios of several hundred to one will be achieved

in the future, once the FLC alignment technique has been optimised.

The cell thickness uniformity is, at present, limited by the problem of chip bow.
One of the technical problems associated with the planarisation process is the
bowing of the silicon which occurs when the wafer is diced into individual chips.
This is caused by internal stresses building up between the various layers deposited
onto the silicon during the VLSI processing and the planarisation. The various
layers have different thermal expansion coefficients. Once the silicon wafer is
diced up into chips, this thermally induced stress is released by causing bowing of
the silicon substrate. The FLC cell is then made up of an optically flat coverglass
and a convex silicon chip, as illustrated in Figure 4.16. When the cell has been
filled with FLC, interference rings are visible were the optical path difference on
reflection is equal to A/2. In these regions the contrast ratio is dramatically reduced
as very little light is reflected. When viewed under a microscope with white light

illumination, this effect is visible as coloured rings across the device.

In order for FLC/Si SLMs to be improved beyond their present performance, a
solution to the problem of chip bow is essential. One possible method of doing this
is being investigated by O’Hara [61] and involves the deposition of silicon dioxide
pillars across the SLM. These pillars will act as spacers for the FLC cell. The chip
can then be pushed hard against the flat coverglass and glued into position. The
distribution of the pillars will ensure that the sensitive silicon circuitry/mirrors are
not damaged by contact with the coverglass, and that a uniform cell thickness is

achieved.
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Observed Interference Fringes

Coverglass J
FLC Path Difference
Refractive Index n =>nt= M4
— (A\/2 on reflection)
L —— [—
Bowed Chip Tt =

Figure 4.16: Schematic representation of a FLC cell constructed using a bowed
silicon chip. The formation of interference rings is illustrated.

In order to estimate the chip flatness required to produce a uniform device, i.e. a
device with no interference fringes across the active array as illustrated in Figure
4,17, the following simple mathematical model was used which assumes that the
curvature is spherical about the centre of the chip [this has been experimentally

verified by O’Hara (private communication)].

Chip edge = 14mm

Array edge = 1024mm

First interference (ringe radius = 7.24mm

Figure 4.17: Illustration of a uniform device with the first interference fringe oc-

curing outside the active array.

An interference fringe (bright to dark) will occur when the reflected optical path
difference nt = \/2, where ¢ is the height difference caused by the curvature and

n is the refractive index of the FLC. If the maximum height variation along the



CHAPTER 4. A 256 CHANNEL CROSSBAR 85

diagonal is denoted by ag and 2bg is the diagonal of the square chip then it can be

shown ( from Figure 4.18) that the radius of the first interference fringe is given

approximately by
2, 2\12
b= {t (b°+“°>l (4.18)
Qo
a b

Figure 4.18: Diagram illustrating how the relationship between chip curvature and

interference fringe radius can be found.

When the radius, b, of the first fringe is plotted against the chip bow, it is found that
a fringe radius of 2mm (uniform circular area of diameter=4mm) corresponds to a
chip-bow of approximately 2um. This deviation value is what has been currently
achieved as measured by surface profile measurements taken by O’Hara. It can also
be seen that for a uniform device (requiring b = 7.24mm), a flatness of 0.175um
is required, as illustrated in Figure 4.19. Thus a significant, but not unachievable

improvement is needed.

Once this problem has been solved it may be possible to use 1um thick cells rather
than the 3um cells used at present. This will have the effect of improving the
bistability of the FLC and reducing the switching time. It is also expected that the
reduction in cell thickness will increase the optical throughput and improvements
will be seen in the contrast ratio. The optical throughput of the device may also
be improved by using a material of higher reflectivity than aluminium, such as
silver, for the planarised pixel-mirrors, and by using an anti-reflective coating on

the front surface of the coverglass.
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Figure 4.19: Variation of interference fringe radius with chip curvature.

The 256x256 SRAM device has a duty-cycle of 50% due to voltage balancing
requirements, so if this device was used in a full system, the transfer of optical data
would have to be synchronised with the active phase of the device and information
transmitted only 50% of the time. This is obviously an undesirable restriction
on the optical data rate. This problem may only be overcome if the liquid crystal
exhibits bistability. In which case high duty cycles can be achieved by both SRAM
and DRAM addressing schemes.

Finally the problem of pixel drop-out must be considered. As larger arrays are
fabricated, smaller geometry CMOS processing must be used. At present this
inevitably leads to occasional breaks or shorts occuring in the circuitry. There is
little the chip designer can do to improve this, apart from using as large a geometry
process as possible. However this has repercussions in terms of the speed and power
consumption of the device. As microfabrication technology develops it is hoped
that the yield of these devices will improve. At a system level pixel drop-out can
only be tolerated if some redundancy is built into the system e.g. two pixels per

channel rather than one. This has obvious implications to the system scalability.
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4.6 The Scalability Of Crossbar Systems

Although there are several problems with FLC/Si SLMs at present which affect
their performance, most are fabrication problems and it is believed that these will
be solved as the technology develops. As discussed in the previous section the
problem of non-uniform cells is being addressed by O’Hara. It will be assumed in
the following discussion that a uniform cell can be produced. The results obtained
from the test system show that the following factors directly influence the scalability

of the system.

e The tolerance of the focal length of the lenses L; and L.
e The contrast ratio of the FLC cell.

e Pixel drop-out.

The focal length tolerance is the primary limiting factor, which cannot be allievi-
ated as the tolerance does not change with pixel pitch or lens focal length. It
is only proportional to the number of pixels on the SLM. Figure 4.20 illustrates
the variation of focal length tolerance with the number of pixels. There is also a
compromise to consider regarding the pixel pitch. As larger devices are fabric-
ated it is often neccessary/desirable to reduce the pixel pitch. As the pixel pitch
reduces smaller diffraction-limited spots are required to address the device. In
order to reduce the spot size, the aperture of the system needs to increase. This
implies that the focal length of the lenses also needs to be increased in order to
re-collimate the spots up to a large diameter beam. However as the pixel pitch
is reduced, the BPH cell size has to be increased to compensate, and as the focal
length of the lens is increased, the cell size has to increase further. If the BPH cell
size becomes so large that very few replications can be incorporated then the spot
quality degenerates. Thus there is a compromise between the number of pixels and

the pixel pitch.

The contrast ratio of the SLM is also an important factor which limits the scalabil-

ity of the system, although to some extent it is dependent upon the specific system
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Foca! Length Percentage Error vs Number of Channels

Focal Length Percentage Error

) 1
0 200 400 600

Number of Channels

Figure 4.20: Variation in the tolerance of lens focal length error with the number
I/O channels.

application. By referring to Figure 4.3 it can be seen that the light incident on
an output channel consists of one ON channel plus N-1 OFF channels, where N
is the number of input channels. Thus for the S/N ratio of the output to be 1:1,
the contrast ratio of the SLM needs to be N-1:1, i.e. for the 256 channel system
studied here, a contrast ratio of 255:1 is required for SLM,. This is well above
what can currently be achieved using this SLM technology, but is not unrealistic
in the future. However it is possible that this high specification is not necessary if
the output of the system is incident upon an electo-optic device rather than a fibre
array. In this case it may be possible to apply some electrical /optical thresholding

to recover the signal from the noise created by all the channels.
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Finally fibre input and outputs must be considered. In such large systems (>100
channels) it may well be infeasible to construct fibre arrays, especially for the input
array as the angle of polarisation needs to be aligned between each channel. Due
to this, large crossbar systems may be limited to using electro-optical devices or
SLMs for the input and output, as illustrated in this test system.

4.7 Summary

In this chapter a 256 channel crossbar test system has been described which has
been used to assess the scalability of crossbar systems implemented using FLC/Si
SLMs. The fanout has been achieved using two cascaded 16x16 BPHs manufac-
tured using the fabrication technique described in Chapter 2. Optical results have
been presented which illustrate that the performance of the system was severely
limited by the cumulative focal length error of the lenses used to focus/re-collimate
the spots onto the SLMs. This problem has been discussed and it has been shown
that this is the most critical tolerance when scaling such systems. Factors such as

contrast ratio and cell uniformity have also been considered.

It can be concluded from this work, that given techical improvements in the per-
formance of the FL.C/Si SLMs, a fully working system based on the architecture
presented in this chapter would be feasible, although it would be difficult to pro-
duce on a large commercial scale. The lens focal length error tolerance is very

high, but not unachievable using current lens design/fabrication techniques.



Chapter 5

Dynamic Holographic Routing System

5.1 Introduction

In this chapter experimental work will be presented which uses the binary phase
modulating properties of FLCs to produce dynamic Binary Phase Holograms (BPHs)
on the 256 x256 SLM. The dynamic holograms are then used in an optical routing
system which routes a single input channel into an array of 4x2 output fibres,
with multicast and broadcast capabilities. The results from this system are used
to consider the design of a full system based on the 256256 SLM which, it will
be shown, can route up to 32 channels. Finally the scalability and performance of

dynamic holographic routing systems will be discussed.

5.2 Review Of Other Work

The earliest work in this field was performed using magneto-optic SLMs [115][116]
which demonstrated that Fourier and Fresnel holograms could be written onto
a pixellated SLM and successfully reconstructed. Adapted liquid crystal dis-
plays have also been used to illustrate optical routing using dynamic holograms
[31][117]. However the most thorough study of this field has been performed by
O’Brien et.al. [118][119][120]. By implementing the BPHs on a transmissive FLC

90
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EASLM they have performed initial studies into the capabilites of these devices for
holographic routing networks. They have also shown that the Space-Bandwidth-
Product (SBWP) of the BPH can be improved by replicating the holographic
pattern from the EASLM onto an OASLM using a static BPH [121] as illustrated
in Figure 5.1. The original holographic pattern is written onto an electrically
addressed transmissive SLM. The pattern is then replicated into an array of holo-
graphic patterns which is incident onto the OASLM. This process allows the cell
size to be reduced and a large number of cells to be replicated side by side, increas-
ing the SBWP. The improved holographic pattern on the OASLM is then optically
interrogated by a second laser. They have also produced asymmetric fanouts by
using a static BPH in conjunction with a transmissive FLC EASLM [122]. Broom-
field et.al. [123] have also produced BPHs on a transmissive FLC EASLM. At
present the only known published work using reflective FLC/Si SLMs to produce
BPHs has been performed at The University of Edinburgh [124][125][126].

F F F
EASLM Fanout BPH OASLM Output Plane
Write Beam A 1 :
———
[ )
[
[ ]
Read Beam
AN,

Figure 5.1: Replicating a BPH onto an OASLM as demonstrated by O’Brien et.al.

5.3 Dynamic Holograms On The Planarised
256256 SLM

In order to assess the quality of the spot arrays produced by writing a BPH pattern
onto the SLM, it is important to consider the effect of the device pixellation on
the output. Consider the light in the back focal plane of the Fourier Transforming
lens in Figure 5.2. If the HWP has been rotated to optimise the device for phase
modulation and all the mirrors are turned ON (or OFF) then the lens produces

the Fourier Transform of the input plane wave (a Delta function) convolved with a
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Output Plane

Fourier Transforming Lens

LASER PBS

» HWP

=1 256 x 256 SLM

Figure 5.2: Optical System for generating dynamic BPH spot arrays.

function describing the Fourier Transform of the aperture function of the system (a
sinc function) and so produces an on-axis spot (DC spot) in the back focal plane.
However the pixellated mirrors act as a two-dimensional diffraction grating [127]
so the DC spot is surrounded by an infinite square array of diffracted spots. The
spacing between the diffracted orders is governed by the pitch of the SLM pixels
(see Equation 3.2). The relative intensities of the diffracted orders are a function
of the fill-factor of the pixel and can be found by calculating the Fourier Transform
of the reflection function of the SLM. If a pixel with reflection function p(x,y) has
a square mirror of edge length a, and the SLM consists of N pixels located on a
array of pitch d and edge length D (D = Nd), then the Fourier Transform, in one
dimension is given by;

FT of[ p(x) O _fj §(z — jd)| T (%) (5.19)
This equals P(u) x i ) (:z - %) ©) w (5.20)

j=—co

Where © denotes the convolution function. In two dimensions P(u,v) is given by;

sin(mau) sin(mav)

P(u,v) = (5.21)

mTau Tav
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Thus the intensity of the replications is governed by |P(u,v)|?. The relative intens-

ities of the replications compared to the undiffracted image are given by;

sin(ma’}) 2

(5.22)

m
7Tad

Where m represents the m*” replicated order. Using this equation it has been
calculated that the relative intensities of the first and second order diffracted peaks
(m=1, m=2) for the 256x256 SLM (N=256, d=40um, a=37um) are 0.65% and
0.61% respectively.

However when the intensities of the diffracted spots were measured experimentally,

they were found to have the following relative intensities;

0.36% 1.9% 0.42%
4.32% DC 2.86%
1.17% 3.83% 0.19%

Clearly these measured values are substantially higher than those predicted by this
simple diffraction model. Furthermore simple diffraction does not account for the
uneven (m=-1 # m=+1) diffracted orders observed. However there are two factors
which account for these discrepancies. The mirror area is not flat due to a hole
over the via connection to the original mirror, as shown in Figure 2.13. This will
have the effect of increasing the intensity in the replicated orders as the effective
mark-space ratio is reduced. The non-uniformity of the diffracted orders occurs
because the via hole and inter-pixel gap are not “black” areas as supposed by the
simple theoretical model. Light is reflected from these areas, but undergoes a phase
shift relative to the rest of the light because it passes through the silicon dioxide

planarisation layer and is reflected from the underlying circuitry. It is thought that
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this phase shift causes the uneven intensity distribution in the replicated orders.
An example of the diffracted spots due to the pixellation is shown in Figure 5.3.
To avoid any confusion arising later, the diffracted orders which are present due
to the pixellation of the device will be referred to as replicated orders. Any spot
array produced by a BPH written onto the SLM will be reconstructed around each
replicated order. However only the 0** order is of use and so it is important to

maximise the amount of light present in this order.

Figure 5.3: DC Spot and replicated orders due to the SLM pixellation.

For the reconstructed BPHs to be optimised it is important that the HWP has
been rotated to optimise the performance of the device for binary phase modula-
tion. This can be achieved using the optical system illustrated in Figure 5.2 with a
pinhole/photodiode interrogating the DC spot. By viewing the output signal from
the photodiode on an oscilloscope and flipping the array of mirrors between their
ON and OFF states, the system can be optimised for phase modulation by rotat-
ing the HWP until the intensity transmitted into the DC spot from both states is
identical (i.e. zero amplitude modulation). This can be achieved to a high degree
of accuracy using a digital oscilloscope which provides D.C. offset and scaling fa-
cilities. Figure 5.4 illustrates this with the top trace displaying the voltage applied
to the front electrode of the SLM and the second trace showing the voltage output

signal from the photodiode.
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Figure 5.4: Oscilloscope traces showing (top) SLM front electrode voltage and
(bottom) output from photodiode interrogating the DC spot.

To assess the performance of the SLM as a phase modulating element a simple
grating pattern was used. The grating had a period of four pixels with two columns
turned ON, and two OFF. [A grating with a pitch of two pixels could not be
used as the diffracted spots from the grating, replicated about the spots generated
by the pixellation, would overlap, giving inaccurate measurements]. The system
was optimised for phase modulation as previously described and the following
measurements taken using a pinhole/photodiode. The incident collimated beam
had a diameter of 2mm and was reflected from the most uniform part of the SLM.

Light transmitted into DC spot (Optical Throughput) = (9.14+0.1)%.

Diffraction efficiency in 0** order = 85% =+ 2%.

Diffracted spot (ON:OFF) contrast ratio = (305+5):1.

Diffracted spot intensity .
"y DC spot intensity (90£2):1.

These results illustrate the large improvement in performance achieved by planar-
isation [125]. An important consideration is the increase in the fill-factor of the
SLM as this directly affects the amount of light which propagates into the 0%
replicated order as shown by Equation 5.22. The high diffraction efficiency and
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diffracted spot to DC spot ratio confirm that the device exhibits excellent phase
modulating properties. The 2mm aperture used for taking these measurements
was neccessary due to the non-uniformity of the FLC cell, caused by the bowed
silicon substrate as discussed in Section 4.5.2. As the aperture of the incident
beam is increased, the quality of the spots in the output plane degenerate, and
suffer from coma, which occurs when a parallel beam is reflected from a plane
inclined to the optic axis. This leads to a compromise between spot quality and
spot size which also will be considered in more detail in Section 5.5. Figure 5.5
illustrates the output from the optical system, with all the mirrors ON (DC spot)

and with the grating pattern written onto the SLM (2 diffracted spots).

(b)

Figure 5.5: Output from optical system showing (a) 0?* order DC spot present
when all the mirrors are turned on, and (b) Diffracted spots when a grating is

written to the SLM.
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There are a number of factors which need to be considered when designing and
using BPHs on pixellated SLMs. The first consideration is the number of pixels
per hologram cell. A BPH unit cell of n? x n? pixels is only capable of producing
a fanout of up to n x n spots. Thus a BPH unit cell of 16 x16 pixels can only
produce arrays of up to 8x8 spots. However a BPH unit cell of 32x32 pixels
could produce a 8x8 spot array with better uniformity as the transition points
can be more precisely defined. The spacing of the spots would be halved as the
cell size was doubled. This can only be counteracted by altering the focal length
of the Fourier Transforming lens. A second factor to be considered is the aperture
of the incident beam available for illuminating the BPH. In order for the image
stored in the BPH to be reconstructed faithfully, at least one whole unit cell needs
to be illuminated. So in reality a 2x2 array of cells is the minimum requirement
[74]. However if the unit cell is so large that the beam suffers coma due to the
warped backplane, then the spot quality is degraded and there is no gain from
using more pixels than necessary to define the BPH unit cell pattern. Furthermore
as the beam diameter is reduced to improve the spot quality, the diameter of the
output spot increases as determined by Equation 3.11, so if the output consists
of a large number of spots they may not be individually resolved. Thus it can be
seen that there are several compromises regarding the number, size, and quality of
the spots in the output plane. Figure 5.6 shows a 4x4 BPH pattern, based on a
16x16 pixel unit cell, written onto the planarised 256 x256 FLC/Si SLM. Figure
5.7 shows the output from the optical system when this pattern is written onto the
SLM and illuminated with a 2mm diameter beam.

The intensity uniformity of the spots was measured and found to vary by +14%,
with the outer spots being less intense. This is much poorer than the theoretical
perfromance of the BPH (+4%), and is again attributed to the pixellation of the
SLM. Equation 5.22 shows that the intensity of the replicated orders is controlled
by a %ﬂ envelope. Thus the intensity of any spots generated by a BPH must
lie withig this envelope, and so their uniformity is affected. This is illustrated
in Figure 5.8. Figure 5.9 shows a 8x8 fanout array, which is the largest array
which can be achieved on this device due to the warped silicon substrate. In this
case the DC spot is visible as the image stored in the BPH cannot be perfectly
reconstructed when based on a 32x32 pixel cell. However the DC spot is of similar
intensity to the other spots in the array.



CHAPTER 5. DYNAMIC HOLOGRAPHIC ROUTING SYSTEM 98

Figure 5.6: A BPH pattern, which produces a 4x4 spot array, written onto the

SLM.

Figure 5.7: 4x4 spot array produced by a 2mm diameter input beam, the DC spot
is of such low intensity it cannot be seen.

Zeroth Replicated Order

/ﬁi\\ Sinc Function Due To Replication
e

/

D Spot Diffructed Spot

Figure 5.8: Illustration of reduction in diffracted spot uniformity due to Sinc
envelope produced by the pixellation
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Finally two points must be noted regarding the device and interface. Due to the
DC balancing scheme described in Chapter 2, the output is only present for 50%
of the time. Also, as only a simple interface was used in this work, the maximum
achievable frame rate is 100Hz, with several seconds being required to change the
pattern. However, using a more complex interface with on-board memory, different

patterns could be displayed on the device at a frame rate of up to 3kHz.

Figure 5.9: 8x8 Dynamic fanout produced by the 256 x256 SLM.

5.4 1-To-8 Channel Routing Network

4X2 Output Fibre Array

Amp.

/ “ Photodiode Digital Oscilloscope
250mm
Fourier Transforming Lens
[Craser__ — (>>I< f 7\ ‘ PBS
T w
: > HWP

256 x 256 SLM

Figure 5.10: 1-to-8 Channel dynamic hologram free-space routing system.
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In order to demonstrate the use of dynamic holograms in free-space routing sys-
tems, and to assess the scalabilty of such systems, a 1-to-8 routing system has
been constructed. The layout of the system is shown in Figure 5.10. A single
input beam was routed to an output array of 4x2 output fibres, with mulitcast
and broadcast capability. The fibre array was constructed from 250um plastic
fibres on a 500um pitch mounted in a perspex holder through which holes were
drilled. A 4x2 array was used so that the BPHs could be based on a 4x4 fanout
array (due to the binary nature of the holograms only half of the 4x4 array could
be uniquely addressed). It was decided to use a shifted 4x2 fanout array as illus-
trated in Figure 5.11 in order to keep the channels as far away from the DC spot
as possible.

Holograms were designed which routed the input beam to each individual channel
(1-to-1 routing) and to all channels (broadcast). Figure 5.12 shows the hologram
pattern and output which routes to all channels, and Figure 5.13 shows the holo-
gram patterns and associated outputs which route to the individual channels. The
holograms were based on a 1616 unit cell which gave a cell size of 640pm. Thus
when a 250mm focal length Fourier Transforming lens was used, the resultant spot

spacing was approximately 500um to map onto the fibre array.

® © o o
®e & o o
Ch5 Ché6 Ch7 Ch8
@ DCSpot
® & o o
Replica Array
® © o o

Figure 5.11: Shifted 4x2 Fanout array for use in the routing system.
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Figure 5.12: Shifted 4x2 BPH and optical output (broadcast mode).
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To measure the amount of light transmitted into the fibres, a large area photodiode
was used. The photodiode was mounted in a black metal container filled with
paraffin, which had a hole in the lid through which the fibres could be inserted.
The liquid paraffin was used to act as an index matching medium allowing the light
to be coupled from the fibre to the photodiode. The output of the photodiode was
connected, via an amplifier, to a digital storage oscilloscope, as shown in Figure 5.9.
This allowed peak-to-peak voltage measurements and time-averaged measurements
to be obtained automatically. Using this apparatus it was found that the optical
system produced extremely good results, which are given in Table 5.1. Figure 5.14
show three sets of traces obtained when the system was routing light into channel
4. These traces illustrate the high intensity transmitted into the output channel,
the negligable crosstalk occuring into channel 3, and the small but measureable

signal apparent in channel 8 due to its close vicinity to the DC spot.

6.375 | 0035 | 0.025 | 0.023 | 0.044 | 0.023 | 0.020 | 0260
0.020 | 7.875 | 0.060 | 0.023 | 0.025 | 0.045 | 0.028 | 0.335
0.024 | 0.025 | 8.685 | 0.060 | 0.022 | 0.026 | 0.017 | 0270
0.024 | 0022 | 0.026 | 8875 | 0.020 | 0.018 | 0.023 | 0.262
(ON) 5 0.042 | 0.024 | 0.030 | 0.020 | 6.425 | 0.028 | 0.022 | 0.256
6 |0.025 | 0020 | 0.020 | 0.021 | 0.022 | 8.155 | 0.018 | 0.300
7 |[0.025 | 0033 | 0.050 | 0.027 | 0.023 | 0.024 | 8765 | 0.260
8 |[0.022 | 0.026 | 0.618 | 0.056 | 0.028 | 0.023 | 0.024 | 8.625

-1 3 -Ae
W N -

Contrast
Ratio 200:1 133:1 108:1 90:1 212:1 155:1 94:1 33:1

Average
S/N Ratio

Diffraction
Emdency 56 70 83 85 66 77 86 61

(X2) %

105:1 | 103:1 | 137:1 | 157:1 | 107:1 | 134:1 | 139:1 76:1

Table 5.1: Table showing the optical measurements taken from the dynamic holo-
gram routing system.
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Figure 5.14: Oscilloscope traces illustrating output photodiode voltages when
channel 4 is being illuminated. In each graph the top trace corresponds to the SLM
front electrode voltage. Signal from (a)=channel 4, (b)=channel 3, (¢)=channel 8.
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The following points of interest can be observed from Table 5.1.

e In all cases the noise is higher in channel 8 due to light from the DC spot
entering the fibre.

e For all channels the S/N ratio is sufficiently high for the system to be prac-
tical, although it would improve considerably to ~300:1 if less noise was

present in channel 8.

e The Diffraction Efficiency measurements illustrate how the spot intensity
decreases with distance from the DC spot due to the intensity envelope dis-

cussed previously.

e The contrast ratio on all channels is very high, allowing the presence of
signals to be easily detected.

e When channel 8 is illuminated, there is a larger than average noise signal in
channel 3. This is due to the BPH design, channel 3 is in a position such
that it is a higher diffractive order than channel 8 (on the diagonal from the
DC spot), and so the BPH also focuses some light into this channel.

In this experiment 250um fibres were used as there were no facilities for making
fibre arrays with smaller fibres. However the use of smaller diameter multimode
fibres would have reduced the crosstalk between channels even further. The cal-
culated diffraction limited spot size was 95um for this system, and the actual spot
sizes were found to be 110+10um. Thus 150um diameter fibres could be used
without any decrease in optical throughput, although more precise alignment may
be needed.

This system has illustrated that optical routing can be performed using dynamic
holograms on a FLC/Si SLM. Although this has demonstrated routing between
only eight channels, the optical performance of this system implies that a larger
system is feasible. Before considering this further the performance of the SLM will

be considered in more detail.
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The following reflectivity measurements were taken:

e Reflectivity (into DC spot) of bare silicon backplane = (50.640.7)%

e Reflectivity from complete SLM = (24.94:0.6)%

Although these measurements are high compared to previous devices and devices
fabricated by other research groups [56], they are still by far from optimised.
The reflectivity of the backplane could be improved by increasing the pixel fill-
factor, as previously discussed, and also using a higher reflectivity metal than
aluminium for the planarised mirrors. Silver would be a suitable alternative. The
reflectivity drops by 50% once the coverglass and FLC are in place. This loss
has two primary sources, reflections from the various interfaces on the coverglass
and absorption/scatter by the FLC. It would be difficult to reduce the reflections
from some of the interfaces on the coverglass, such as the glass-ITO interface, but
an improvement could be made by employing a single magnesium flouride anti-
reflection coating on the top of the coverglass. The transmission through the FLC
could be improved by reducing the cell thickness from 3um to 1ym. This would
also have the effect of increasing the FLC switching speed. It is possible that better
FLC alignment would also reduce scatter.

As in the case of the crossbar system, the chip bow severely hampers the perform-
ance of the device, by limiting the aperture of the input beam capable of producing
undistorted spots and also the complexity/cell size of the BPHs that can be used.
Finally, as mentioned in Chapter 2, significant improvements in optical through-
put could be realised by using a FLC with a switching angle of 45°. This would
produce linearly polarised light with the required 7 relative phase change, thus no

output polariser would be required and the optical throughput would theoretically
be 100%.
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5.5 Feasibility Of A Full System Using The 256 x256
SLM

8X4 array of multimode fibres
400 micron pitch

aialals
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200mm
8X4 array of . .
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{ |

; - PBS

C ]
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Figure 5.15: Layout of a full optical routing system using the 256x256 SLM to
provide dynamic holographic interconnects.

A complete dynamic hologram routing system could be constructed as illustrated
in Figure 5.15. Each input fibre is collimated by a micro/mini lens to illuminate a
separate block of the SLM. These blocks each display different holographic patterns
to route the beams to the requested output channels. Due to the shift-invariance of
the Fourier holograms, only a single lens is required to focus the reflected light into
the output fibres. It can immediately be seen from this architecture that the system
does not suffer from the same intrinsic fanout loss as- the crossbar architecture.
This architecture was first presented by O’Brien et.al [120].
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In order to assess the maximum number of channels that the 256256 SLM can

route using dynamic holograms, the following factors must be considered.

1. The number of pixels per unit cell of the BPHs is related to the number of
discrete spots that the BPH is required to address.

2. The input beams must have a large enough diameter so that when focused
back down, their diffraction-limited spot size is small enough for the light to

enter the output fibre.

3. The BPH cell size must be such that a Fourier Transforming lens of reas-
onable focal length can be used to focus the spots with a suitable inter-spot

spacing.

4. As each BPH produces two spots, this must be taken into account when

considering the symmetry of the system.

When all these factors are considered, it can be calculated that the maximum
number of individual channels that can be directly routed using the 256 x256 SLM
is 32. This is based on 8x4 input and output fibre arrays, and allows the BPHs
to be based on an 8x8 spot array, solutions for which can be calculated on a
16x16 pixel unit cell. Thus each input channel is required to illuminate at least
32x32 pixels (2x2 cells). Hence all 256 pixels are required in one dimension. In
order to satisfy (4) only 4 channels are possible in the other dimension, requiring
128 pixels. In this case the diameters of the input beams will be ~1.2mm. If a
Fourier Transforming lens of focal length = 200mm is used, then 260pym diameter
diffraction-limited spots will be produced on a pitch of approximately 400um. The
layoﬁt of the beams and BPHs on the SLM is illustrated in Figure 5.16.

The scalability of these systems is not as straightforward as for the crossbar ar-
chitecture, due to the tradeoff between output spot size and beam diameter. A
reduction in the SLM pixel size would decrease the BPH cell size and hence in-
crease the angle of diffraction, resulting in a greater inter-spot spacing. This would
reduce crosstalk and make the fibre array fabrication easier. However if the input
beam diameter was then reduced in order to increase the number of channels, the

diffraction-limited spot size would increase, counteracting any gain.
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Figure 5.16: Positioning of input beams and holographic patterns on the SLM.

The greatest gain to be made from reducing the pixel size can be achieved as
follows. If the pixel size is reduced, by say a factor of 2, then for a given focal length
lens, the spot spacing will double. If the input beam diameter is kept constant
then the beam will encompass a 4x4 array of cells rather than the minimum 2 x2
array. If the focal length of the lens is then halved, the spot spacing returns to its
original value, but the diameter of the diffraction-limited spot is half its original
value. Thus decreasing the pixel size directly reduces the size of the output spots

and also reduces the overall size of the optical system.

In order to increase the number of channels, the number of pixels must increase.
This matches an attempt to decrease the pixel size. However as the number of
channels increases the number of pixels per channel required also increases. This
is illustrated in Figure 5.17 which shows the variation of the maximum number of
achievable channels with the number of pixels on the SLM. It can be seen from this
graph that a 128 channel system would require 1024 x1024 pixels. Such a device is
ambitious, but not infeasible using sub-micron VLSI processing and DRAM pixel

addressing,.
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Number of Edge Pixels vs Number of Channels

Number of Edge Pixcls
1500 2000
T T

1000
T

500
T

' " 2
[} 100 200 300

Number of Channels

Figure 5.17: Variation of the maximum number of I/O channels of a dynamic
holographic routing system with the number N of edge pixels on the SLM with N2

pixels.

5.6 Summary

In this chapter we have described how FLC/Si SLMs can be used as dynamic
holographic elements by writing holographic patterns onto them amd operating
them in phase modulation mode. The performance of a 256x256 FLC/Si SLM
has been assessed as a dynamic holographic element and been used in an optical
system which can route a single input beam into a 4x2 array of fibres. This system
has been fully characterised and the low crosstalk of the system illustrated. Finally
the results obtained from this system have been used to study the scalability of
optical routing systems implemented by pixellated SLMs displaying holographic
patterns. It has been shown that the 256 x256 device could route up to 32 channels,
and 1024 x1024 pixels would be required to route 128 channels.



Chapter 6

Discussion And Conclusions

6.1 Introduction

In this concluding chapter the work presented in this thesis will be summarised,
and some of the issues that have arisen from this work discussed. In particular
the performance of the two routing systems will be compared and conclusions

drawn about their applications. Finally some ideas for continuing this work will
be described.

6.2 Silicon Nitride On Sapphire Binary Phase Holo-

grams

A fabrication technique for manufacturing binary phase holographic elements has
been described. A phase modulating layer of silicon nitride is deposited by low-
pressure-chemical-vapour-deposition onto a sapphire substrate. The thickness of
this layer can be controlled to a high degree of accuracy and the uniformity of the
deposition is excellent. This film is then patterned and etched, with the sapphire
acting as an ideal etch-stop, allowing the normally strict etch conditions to be

relaxed.

112
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This process results in a high yield of binary phase holograms, all showing near
optimum performance. The high yield is of great importance if free-space optical
routing systems are to be produced on a large scale for say, telecommunications
systems. Optical results of this process have been presented including an image
containing 91 grey levels and a 64 x64 fanout hologram. Finally a 256 x256 fanout
has been demonstrated using two cascaded 16x16 fanout elements. This is the

largest fanout array published so far as we are aware.

6.3 The 256-Channel Crossbar System

The input and modulation planes of a 256-channel crossbar have been constructed
using two 256x256 FLC/Si SLMs and cascaded binary phase holograms. By
assessing the performance of this system, the scalability of crossbars has been
investigated. It has been found that there are two critical issues which limit the
scalability. As the number of channels in the system increases the tolerance on
the focal length of the Fourier Transforming lenses is found to become extremely
difficult to achieve. For the 256-channel system to work fully, a cumulative focal
length error of less than 0.4% is required. When the system is scaled to 576 (24 x24)
channels, the permissible variation reduces to less than 0.2%. The performance
of the SLM also affects the scalability. The performance is severely limited by
the problem of chip-bow, which results in poor uniformity of contrast ratio across
the device. In order for the 256x256 pixel device to not exhibit unacceptable
interference fringes across the active array, a chip flatness of 0.175um is required.
Once a uniform cell thickness can be produced, work can then be undertaken to
improve the contrast ratio and switching speed by reducing the cell thickness and
improving the liquid crystal alignment. For the 256 channel crossbar to have a
signal-to-noise ratio of 1:1, a contrast ratio of 255:1 is required. The crossbar
system architecture is susceptible to problems of pixel drop-out as every pixel on
the device corresponds to a channel. This also affects the scalability of this system
architecture. Finally, the problem of the low optical duty cycle of the pixels also
needs to be addressed by first improving the bistability of the ferroelectric liquid
crystal and then taking advantage of it by using an addressing scheme which

provides D.C. balancing of the liquid crystal whilst retaining a high duty cycle.
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Despite these problems it is believed that a fully working 256 channel system
would be feasible, but probably not with fibre input channels which would require
the orientation of the polarisation of the light leaving the fibres to be accurately
specified. Use of an array of multi-mode output fibres would be possible, as they
do not need to maintain the polarisation state of the light. However the system
would probably have more applications with an emmitter/modulator array as the
input, and a modulator/detector array at the output. Vertical-Surface-Cavity-
Emitting-Lasers (VSCELs) may provide suitable emmitter arrays for the input, or
alternatively FLC/Si SLMs as illustrated in this thesis. Photodiode arrays would
provide a simple means of interrogating the output of the system and taking the
information back into the electrical domain. However as the system is a large
switching network, the use of FLC/Si SLMs at both the input and output would

allow the system to be used as a unit inside a larger optical system.

It is doubtful whether or not a system based on FLC/Si SLMs would have applic-
ations in telecommunications, due to the high data rates and low latency imposed
by the new Asynchronous Transfer Mode (ATM) data format, although specialist
communication networks on say a aeroplane or a ship may be feasible. Systems
such as optical neural networks, data processing (e.g. data encryption), and highly
parallel optical computing provide more suitable application areas for very large
(>100 channel) crossbar networks. Smaller crossbar networks with fibre input and
output such as the OCPM project are more suited to specialist communications
systems. An example of such an application is inter-board communications in large
parallel computer systems, where the data rate is vey high, but the long packet

lengths and routing latency may allow FLC devices to be used.
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6.4 Dynamic Hologram Routing System

An optical system which routes a single input beam to an array of eight output
fibres using the 256 x256 SLM as a dynamic holographic optical element has been
presented. The performance of this system has been assessed and the scalability
of routing systems implemented in this manner discussed. It has been argued
that the 256x256 SLM can route up to 32 channels in a non-blocking architecture
with multi-cast and broadcast capability. Furthermore it has been shown that
the maximum number of channels is directly proportional to the number of pixels
on the SLM, and that reducing the pixel size can lead to a reduction in both
the output spot size and the overall size of the optical system. The test system
exhibited a very high signal-noise ratio in the output channels and it is expected
that this could be further improved by using smaller diameter fibres. As the SLM
is used in the Fourier plane of the system as a holographic element, pixel drop-out
does not influence the performance of the system to any extent, a large number of
unworking pixels would be required before any increase in the signal-noise ratio was
noticed. The increased tolerance against pixel drop-out of the holographic routing
system compared to the matrix-matrix crossbar switch is of course achieved by
the increased redundancy present in the holographic system. The pattern on the
256 x256 SLM is only valid for 50% of the time, with all the pixels being turned off
during the other 50%. This is unsuitable for SLMs operating as phase elements.
By altering the addressing scheme so that the inverse image was present for the
second half of the frame (which is simple to implement electrically) the duty cycle
would be significantly increased as the inverse image would have the same optical
output. This is because the Fourier Transform of a 0 — 7 — 0 relative phase

transition has the same amplitude as a 7 — 0 — 7 transition.
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6.5 Comparison Of Routing Systems

In order to compare the performance of the two system architectures, the following

factors must be considered:

1. Scalability.

2. Optical throughput.
3. Signal-noise ratio.

4. Ease of construction.

5. Device performance requirements e.g. contrast ratio, uniformity, pixel drop-
out, and duty cycle.

In terms of the number of SLM pixels the scalability of the crossbar is much better
than that of the dynamic holographic system. The 256 x256 SLM can route 256
channels when used in a crossbar architecture, but only 32 channels when used
as a dynamic holographic element. However in the case of the crossbar the SLM
is not the only critical element and the 256 channel crossbar system is difficult to
implement fully due to the strict focal length error tolerance requirements of the
Fourier Transforming lenses.

The optical throughput of the crossbar system is extremely poor and worsens as
the number of channels increases due to the intrinsic fanout loss. The throughput
of the dynamic holographic system does not suffer from this limitation as all the
light is theoretically routed to the output channel/s. In practice this is limited by
the performance of the SLM. The optical throughput would be improved by using

a liquid crystal with a 45° switching angle as previously discussed.

The signal-noise ratio of the crossbar system is very poor due to the architecture,
residual light from all the OFF channels is also incident on each output fibre and so
the signal-noise ratio is directly related to the contrast ratio of the SLM. As shown

by the test system the signal-noise ratio of the dynamic hologram system is much
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higher as no light is incident on an output channel unless it is being addressed
(providing the holograms are well designed).

A dynamic hologram system appears to be a much simpler system to assemble. It
consists of fewer components and the alignment tolerances are not as strict as the
crossbar system which requires individual spots to be aligned onto the mirrors of
the SLM. In order for both system architectures to operate reliably, they require
that the SLM has a uniform contrast ratio across its area. Thus the problem of
chip-bow needs to be solved. This is the greatest problem affecting the performance
of the devices at present. Once this has been solved it may be possible to make
further improvements in contrast ratio, optical throughput, and switching speed,
by improved liquid crystal alignment and using thinner (1um) cell thicknesses.
For both systems it is important to achieve a much higher duty-cycle. It is simpler
to achieve this for the phase modulating SLM as displaying the inverse pattern
has the same effect as displaying the original pattern. However in both cases it
is important for good bistability in the liquid crystal to be achieved. Finally the
problem of pixel drop-out is of importance to the crossbar system as all the pixels
correspond to a specific channel. This may only be overcome by having built-in
redundancy in the backplane. However this affects the scalability of the system.
This problem does not occur in the dynamic hologram system, which already has

redundancy built into the holographic pattern.

It is concluded that for systems which do not require a very large number of
channels (<100), the dynamic holographic implementation offers the best overall
system performance in terms of optical throughput, signal-noise ratio, and manu-
facturability. However larger systems are impractical using this architecture and so
the crossbar implementation must be used, despite its low optical throughput and
poor manufacturability. In comparison to systems implemented using cascaded
SEED/VCSEL arrays, the liquid crystal SLM based crossbar and dynamic rout-
ing system both offer greater scalability and better manufacturability, but cannot
compete with the switching speed of these devices, and so rather than attempting
to compete with these devices in the telecommunications industry, it may be better
to exploit high parallelism of these systems in areas in which they better suited,

such as optical data processing.
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6.6 Concluding Remarks

During the 30 months it has taken to complete this work tremendous advances in
the performance of FLC/Si SLMs have taken place. Although further work needs
to be carried out, specifically solving the chip-bow problem, the devices are now of
such quality that systems can be designed and constructed. If optics is to emerge
as the dominant information transport medium of the future, it is important that
these systems are demonstrated, and shown to solve some of the problems that
electronics is encountering. It is hoped that the work presented here is a first step
is showing that FL.C/Si SLMs can be used in functional optical routing systems
and that they will play a major role in future work.

6.7 Proposals For Further Work

The binary hologram fabrication technique only requires slight adjustment in or-
der to fully optimise the process. Several papers have discussed how arrays of
1000sx1000s of spots can be generated using binary phase elements. This tech-
nique offers a method of actually making an array of ~ 1000x1000 spots by cas-
cading two 33 x33 binary elements.

In terms of optical systems work, a fully working 32 channel dynamic hologram
routing system basesd on the 256 x256 SLM seems to be the logical step once flat
devices can be fabricated. It would make sense to construct this using 850nm laser
diodes as the sources and a custom interface to drive the SLM as fast as possible,
with the different holographic patterns stored on the interface. It may also be
possible to drive the SLM so that the inverse pattern is displayed, rather than a
blank frame. The use of a FLC with a 45° switching angle would be an obvious

way of improving the performance of the device.

We do not see the point in attempting to construct a full 256 channel crossbar,
but it might be of interest to construct a smaller system, with an SLM as the

input and the output routed back to a different area of the same device. This
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optical feedback may have applications in neural network type systems. The four
grey-level fanout hologram presented in this thesis could also be used to provide

optical weights in a neural network based system.

A final suggestion would be to attempt to build some sort of multichannel correl-
ator/image recognition system, using either dynamic or static holographic elements
to route the input image to several different filters simultaneously or sequentially.
This system could be of use when the input scene is compared with many different
matched filters to identify a correlation.
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Very-large-scale-integration fabrication technique
for binary-phase gratings on sapphire

Andrew J. Stevens, William J. Hossack, and Sergei Samus

An efficient, high-yield process for the production of binary-phase holograms is presented by controlled
deposition of silicon nitride over a sapphire substrate with the binary structure formed by plasma etch of
the silicon nitride. Optical results are presented for a 16 X 16 transmission fanout element that shows

near-optimal performance.
Key words:
array generators.

Introduction

Binary diffractive optics are important holographic
elements in monochromatic optical systems. They
are utilized in a range of applications that includes
focusing,! beam shaping, and fanout.? These ele-
ments have a high optical efficiency, are easily de-
signed, and are relatively easy to fabricate, and
because they operate on axis they are easily incorpo-
rated into optical systems. A range of techniques
has been used to fabricate binary optics, including
controlled exposure and bleaching of photographic
materials,? lithographic or electron-beam exposure of
photoresist,* controlled deposition of SiO,,° and con-
trolled etching into solid material. The most success-
ful technique to date appears to be the controlled
plasma etching of fused silica.®” This etching tech-
nique requires careful calibration of the etch rate,
and uniformity across large substrates is difficult.
In addition the etched regions tend to be rough, which
contributes to light scattering. We present an alter-
native fabrication technique for binary diffractive
optics based on accurately controlled deposition of
silicon nitride on a sapphire substrate that is subse-
quently patterned and etched with the sapphire as an
etch stop. This process results in optically smooth
transmissive phase gratings with a phase thickness
with a maximum variation of 1.5% across a wafer 75
mm in diameter. Results are presented fora 16 x 16
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fanout element with an optical transmission of 91.6%
and diffraction efficiency of 62.5% compared with a
theoretical design efficiency of 64%. All processing
operations in this fabrication technique are standard
in very-large-scale integrated (VLSI) fabrication, and
all patterning and etching were performed with un-
modified fabrication facilities normally used for stan-
dard 3-pm CMOS (complementary metal-oxide semi-
conductor) processing.

Materials and Fabrication

Sapphire has optical properties that make it a good
substrate for binary holograms; in particular it has a
low scatter and absorption in the visible spectrum, is
very hard and rigid, can be polished optically flat, and
has a low-thermal-expansion coefficient. Its physi-
cal properties of a high melting point, zero porosity,
and extreme resistance to both wet and plasma etches
make it an ideal material for processing. Note,
however, that sapphire is a birefringent material with
refractive indices of 1.760 and 1.769; so if it is used
with polarized illumination, the axis of polarization
must be aligned with either the ordinary or extraordi-
nary optical axis. Silicon nitride can be accurately
deposited by low-pressure chemical vapor deposition.?
Typical parameters for deposition are 800 °C with an
atmosphere of NH; [90 cubic centimeters per minute
at standard temperature (SCCM)| and SiCl,H, (20
SCCM). Note that the need for high-temperature
deposition prevents the use of prepatterned liftoff
techniques.® With these flow rates the deposited
silicon nitride film was measured at 39 A/min with
an index of 2.00. These films were found to be
extremely rugged and optically flat, because they do
not contain significant quantities of hydrogen that
increase porosity. The sapphire substrates, which



were in the form of 75-mm-diameter wafers, with a
surface flatness of 1/60th of an optical wavelength
over a 1-cm? region of the wafer, were found to be
completely unaffected by this deposition. In addi-
tion it was found that the silicon nitride deposition
rate was identical to the deposition rate onto bare
silicon, which permitted silicon wafers to be used to
monitor the film thickness. This permitted stan-
dard ellipsometry film thickness monitoring to be
used that relies on the film being deposited on an
optically reflective substrate.

The deposition technique results in a film of the
same thickness being deposited on both sides of the
wafers. This film can be easily etched off the unused
side.

Diffractive Fanout Elements

The diffractive element chosen for fabrication was a
16 x 16 fanout grating of Dammann and Gortler.?
The properties of these elements are well known; in
particular any errors in phase depth show up as an
undiffracted central spot, and these designs are criti-
cally dependent on an accurate phase-edge location to
obtain good uniformity and diffraction efficiency.!?
The grating design was formed by simulated anneal-
ing,!! and the theoretical diffraction efficiency as
calculated for the one-dimensional grating was 79.5%
compared with an ideal maximum of 81.1%.' The
theoretical efficiency of the two-dimensional grating
is thus 63.2%, which is typical for such elements.
The transition points of a unit cell are in Table 1.
The calculated grating transition was used to form a
32 x 32 replicated pattern with Cadence Edge VLSI
tools and an industry standard x10 chromium-on-
glass mask with a geometric accuracy of ~0.25 pm.
The grating was designed to operate in He—Ne illumi-
nation, so a silicon nitride film of 3164 A is necessary
to produce the required phase shift on transmission.
This film was produced by two depositions of 30 min
and one of 20 min, 8 s. The film thickness was
monitored after each deposition by ellipsometry and
an interferometric thin-film measure of silicon wafers
placed adjacent to the sapphire substrate. With this
technique it was possible to produce films that were
on average within 1% of the required thickness and
with a maximum variation of 1.5% across the 75-mm
wafer.

Table 1. Binary-Phase Transition Point for a Unit Cell of a 16 x 16
Fanout Element with a Diffraction Efficiency of 79.5% in One Dimension

0 — 7 Transition w — 0 Transition

0.000000 0.039035
0.138932 0.170173
0.224478 0.245961
0.301181 0.361458
0.474307 0.503317
0.538810 0.638775
0.670051 0.720332
0.740412 0.802904
0.858767 0.974260

The wafer was then coated with photoresist and
patterned with an Optimetrix x 10 wafer stepper that
gave 32 patterned dies of 8 X 8 mm on each sapphire
wafer, which gave a unit cell size of 0.25 mm. The
wafer was then etched in a Plasma-Therm dry etcher
with a hydrogen and CF, plasma for 16 min, which
etched all the exposed silicon nitride back to the
sapphire substrate. Owing to the physical proper-
ties of the sapphire, the etching uniformity is not
critical, because the sapphire operates as an impervi-
ous etch stop. Using this process, we can determine
the phase thickness of the holograms by the original
wafer scale deposition and not the final etch condi-
tions. The accuracy of 1% that is obtained is compa-
rable with what can be obtained by controlled etching
over small areas. Finally the back of the wafer was
etched clear of silicon nitride by the above processes,
and the back of the wafer was coated with an antire-
flection coating of MgF for the He—Ne wavelength.

Optical Results

The optical transmission of the wafer was measured
at 91.6%. The diffraction pattern from a typical dye
isshownin Fig.1. It was constructed with a 300-mm
lens that gave a spot array with a separation of 1.5
mm. The measured spot intensity uniformity is
1.8%, compared with a theoretical uniformity of
0.44%, and the diffraction efficiency is 62.5%, com-
pared with a theoretical efficiency of 63.5%. The
undiffracted spot is ~ 1.5 times that of the diffracted
elements. This result is consistent with an error of
~1% in the phase depth.'® Over the entire wafer of
32 gratings the diffraction efficiency varied by ~ 1%,
and the largest undiffracted central spot was twice
that of the diffracted spots, showing a slight lack of
uniformity in film thickness across the wafer. All
the gratings produced optical fanout elements, put-
ting at least 56% of the total incident laser power into
the required 16 X 16 array with an intensity unifor-

Fig. 1. Optical diffraction pattern from a Dammann grating.
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mity of better than 2%, which compares favorably
with other fabrication techniques.

Microscopic Examination of the Grating Structure

One of the gratings was coated with 100 A of gold and
examined under scanning electron microscopy. Fig-
ure 2 shows a 20° image ofa 70 pm X 70 pm region of
the grating. It shows that both the silicon nitride
surface and the sapphire surface are smooth and
there is no granularity or etch attack. The edge
profile is shown in Fig. 3. This profile shows that
the silicon nitride has been etched with near vertical
edges with little rounding of the top edge and no
undercut. The total edge spread is ~50 nm. Again
both the silicon nitride and the sapphire show no
evidence of etch attack and retain their smooth
surfaces.

Extension to Multiphase

Unlike the deposition of SiO, at low temperature,
which can be prepatterned,® the silicon nitride is
deposited at a temperature at 800 °C, well above the
temperature at which photoresists can operate.
Consequently conventional multiphase processing
cannot be applied.

We can, however, extend the technique to four
phase levels by using the fact that the same thickness
of silicon nitride is deposited on both sides of the
wafer, which requires an asymmetric deposition with
a depth of 7 on one side and /2 on the other. Then
by patterning and etching both sides, we can obtain
four phase levels. The asymmetric deposition can be
obtained by an initial deposition of /2 on both sides.
One side is then etched back to the sapphire to give a
single-sided deposition of m/2. A second deposition
is then performed to lay down a second w/2 layer,
giving the required asymmetric deposition. The re-

Fig. 2. Scanning electron micrograph of a coated grating struc-
ture.
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Fig. 3. Scanning electron micrograph showing the edge structure
of a grating.

sulting four-level hologram would permit asymmetric
diffraction patterns but may be limited in space
bandwidth because of the diffraction effects between
the two faces of the wafer.

Conclusion

This fabrication technique permits accurate and repro-
ducible production of binary transmission optics with
a high yield and excellent uniformity. All processes
used are standard in the VLSI production industry
and do not require modification of any equipment
available in a facility capable of high-resolution CMOS
fabrication; in particular the fact that the deposition
rates can be monitored on silicon wafers adjacent to
the sapphire wafers permits ellipsometry to be used.
Because of the birefringence of the substrate, care
must be taken when these elements are used in
polarized illumination. This restriction can be re-
moved by coating the relief structure in aluminum or
silver to form a reflective grating.

This fabrication technique is directly applicable to
the fabrication of two-dimensional binary phase struc-
tures.* These design techniques permit arbitrary
symmetric fanouts with diffraction efficiencies as
high as 81%. The fabrication of a range of such
two-dimensional gratings is currently being under-
taken.
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