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Abstract
Liquid crystal spatial light modulators (LC SLMs) are used in a variety of applications including information display, optical computing and information processing, holographic data storage and adaptive optics. Only in displays, however,
have they achieved widespread use outside the research laboratory. Part of the
reason for this is the comparatively low optical quality of most LC modulators
currently available. This thesis explores methods which can be used to characterize and enhance these devices: particularly those intended for use in non-display
applications where output wavefront quality, and spatial device uniformity, can
be critical. One key device parameter to be determined is the value and uniformity of the cell gap which defines the thickness of the LC layer. Surface profile
measurement is also important for assessing, for example, the optical quality of
reflective VLSI pixel arrays. In addition, characterization of LC response for a
given input drive signal is often needed to allow prediction of SLM performance
in a particular optical system.
The development of methods for accurate determination of LC cell gaps is described. Broadband and multiple-wavelength interferometry are used to provide
the large unambiguous measurement range necessary for absolute measurement
of these micron-scale distances. One method is based on the techniques of phaseshifting interferometry and allows the spatial variations to be mapped relatively
quickly from a small number of interferograms acquired at different wavelengths.
Techniques for reducing systematic measurement errors are discussed and demonstrated both through numerical simulation and experiment. A novel white-light
interferometer configuration is also described, based on spectral analysis of white
light interferograms using an imaging stationary Fourier transform spectrometer. It is shown that this configuration permits real-time visualization of spatial
variations in interferometer path difference, as well as giving unambiguous depth
measurements with nanometre resolution. Applications to surface profiling and
to cell gap determination are discussed and experimental surface measurement resuits given. It is further shown that the same configuration can be used to find the
response curve of nematic LC phase modulators over a broad wavelength range.
This principle is demonstrated experimentally. Finally, a method is described for
enhancing the contrast of SLM devices using holographic interferometry. Results
of experiments are given and issues for practical implementation of this method
discussed.
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Chapter 1

Introduction
This chapter sets out background material upon which the subsequent chapters will be
based. First, a brief description of spatial light modulators (SLMs) is given, outlining
what a spatial light modulator is and discussing a range of technologies on which
practical SLMs have been based. The major application areas for SLMs are then
examined. Moving on to liquid crystal (LC) SLMs, their principle of operation is
outlined and the structure of a typical LC SLM shown. Following this, the problems
which exist with currently available devices are discussed, introducing the need for
SLM characterization. The structure of the LC SLM presents a number of challenges
for measurement. These are examined and strategies for overcoming these difficulties
suggested. Finally, an outline of the material presented in this thesis is given.

1.1 Spatial light modulators
A spatial light modulator (SLM) may be defined as any device which is capable of
imposing patterns on a light beam. Usually it is an active device, producing patterns
under the control of a user. These patterns could be written by modifying, locally, any
property of the beam, the most obvious example being the beam intensity, although
polarization state, optical phase and beam direction are all viable alternatives which
have been used in practical devices. Many different methods and materials have been
employed in the production of SLMs, and a recent review has been given by Efron [1].
Here, a number of the most common SLM technologies will be introduced in order to
set the scene for the more detailed discussions of liquid-crystal based devices to follow.

1
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1.1.1 SLM addressing
Much of the power of SLMs in optical systems lies in their programmability: the
ability of the user to specify what pattern should be imposed on the light beam at
any particular time. For this to be possible, the SLM must provide an addressing
mode, some way of specifying the pattern to be displayed. Most SLMs fall into one
of two categories: elect rically-add ressed and optically-addressed. With an electricallyaddressed SLM, the control signals which specify the pattern displayed are in the form
of electrical impulses, normally from a digital computer. The pattern is then transferred
onto the light beam as it interacts with the modulating material. Thus an electricallyaddressed SLM (EASLM) can convert data from an electrical to an optical form.
By contrast, with an optically-addressed SLM, the state is both set and interrogated
by a beam of light: one beam, the "write beam" is used to control the state of a second,
"read" beam. Thus an optically-addressed SLM (OASLM) can convert data between
two optical forms. One example of this is incoherent-to-coherent conversion, where an
image is formed in white light on one side of an OASLM and read out on the other side
by a laser. Figure 1.1 illustrates these two major modes of SLM operation.

(a)

(b)
Transparent
Patterned wnle
beam

Electrical connections
job.—

MOW

0

Pllerned read
beam

00

Incoming read beam
Incoming read beam

Figure 1.1: Illustration of two fundamental SLM addressing modes. (a) An electricallyaddressed SLM (b) An optically-addressed SLM
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1.1.2 SLM technologies
Important modulator parameters
As has been stated, SLMs have been constructed using a range of techniques and
materials to produce controlled light modulation, and the choice of modulator for a
given application must take various characteristic parameters of each SLM technology
into account. A number of important modulator characteristics may be identified.
First, the response time or switching speed of the material governs the maximum rate
at which the signal imposed on the light beam can be varied. Light efficiency is also
important and affects the proportion of the input beam intensity that can be converted
to useful modulated output. It may be thought of as a measure of the losses introduced
by unwanted absorption, scattering, beam deflection or diffraction. This parameter is
often expressed as an insertion loss (that is, the proportion of input beam power that is
unavoidably lost from the output). Different materials also have varying requirements
for drive voltage, the potential difference which must be applied in order to produce
the desired electro-optic effect. Finally, some measure of the magnitude of the lightmodulation effect may be identified, the most appropriate measure varying according
to the property of the light beam that is modified. A useful parameter for intensitymodulating devices is the contrast ratio: the ratio of output intensities in the brightest
and darkest switched states.
Perhaps the most familiar examples of SLMs are the liquid-crystal (LC) displays used in
products ranging from portable computers to miniature television sets, electronic calculators and watches. Liquid-crystal SLMs have been based on many different materials
and device configurations. They are widely available at relatively low cost, and exhibit
moderately fast switching and high contrast ratios. Techniques for characterizing these
modulators are the main subject of this thesis and so LC SLMs will be described in
more detail below. A number of competing technologies are first discussed.

Multiple quantum wells
It has been noted [2] that there is a fundamental trade-off to be made when choosing
a modulator material: between switching speed and electro-optic efficiency. Liquid
crystals are near one end of a spectrum of materials, able to produce a large light-
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modulating effect, but relying on comparatively slow re-orientations of whole molecules.
A class of modulator materials near the opposite end of this spectrum are multiple
quantum well (MQW) structures. These consist of periodic sequences of thin lOnm)
semiconductor layers with alternating narrow and wide bandgaps. The regular structure
results in quantization of the motion of electrons and holes perpendicular to the layers,
giving rise to sharp absorption edges not present in the bulk material in which the layers
are formed. An effect known as the quantum-confined Stark effect is used to shift the
position of these edges by applying an electric field. Thus, a light beam can be absorbed
or transmitted, depending on the switched state. Optically-addressed devices can be
made by incorporating light-sensitive structures into the pixels. Optically-addressed
MQW modulators are known as SEEDs (standing for self-electro-optic effect device).
A review of the development of this technology has been given by Lentine and Miller
[3].
MQW structures can also be used to alter the phase of a light beam, although pure
phase modulation (without an accompanying change in intensity) cannot generally
be achieved. Their main advantages are their very short (sub-nanosecond) switching
times and the low electric fields (' 10 6 V/im) needed to drive them. They generally
suffer from low contrast ratios (lower than 10:1) although these can be increased to
around 100:1 by incorporating Fabry-Perot resonators [4]. Because the devices rely on
sharp absorption edges, they are highly wavelength selective. They also generally suffer
from high insertion losses and are therefore not appropriate where high light efficiency
is needed.

Magneto-optic modulators
Another SLM technology relies on magneto-optic materials [5]. Magneto-optic modulators alter the polarization state of a light beam using the Faraday effect [6] to produce
a polarization rotation. Individual pixels contain the modulating material in single
magnetic domains, the direction of which may be switched using an electrical control
signal. The magnetic state of the pixels is bistable, so the modulator memory is nonvolatile, needing no power supply to remain in any switched state. In this respect,
and in their switching modes, they are similar to one class of LC modulators (based
on surface stabilized ferroelectric LCs) discussed below. Depending on the orientation
of input and output polarizers, magneto-optic SLMs can give binary intensity (on/off)

CHAPTER 1. INTRODUCTION

5

or phase (0/7r rad) modulation. Because they rely on a flow of current to generate
the magnetic field necessary for switching, power consumption is relatively high and
power dissipation issues limit the number of pixels that can be integrated in an array.
Insertion losses for these modulators are relatively high and light efficiency is generally
limited to below 50% for a polarized input. The very high refractive index (typically

n > 2) of these materials also means that anti-reflection coatings must be used to avoid
reducing contrast ratios through multiple reflections. With suitable coatings, contrast
ratios in excess of 10000:1 are possible.

Micro-electro-mechanical system (MEMS) devices
A completely different approach to SLM fabrication relies on electrically-induced deflection of reflecting surfaces to alter the local direction of an incident light beam. Because
these SLMs use small (often micron-scale) elect rically- actuated mechanical components,
they are known as micro-electro-mechanical system (MEMS) devices. They may be
based on a single, flexible, reflecting surface [7, 8] or, alternatively, an array of separately movable mirrors [9, 10] or gratings [11] can be used. In the former case, the
mirror takes the form of a thin membrane (sometimes only tens of nanometres thick)
coated with a reflective metal layer. An array of electrodes underneath the membrane
is used to produce local deformations through electrostatic forces. Optically-addressed
membrane SLMs may also be produced, using photo-induced charges to switch the
modulator [12]. Arrays containing large numbers of individually tiltable mirrors have
also been made, and are now commercially available in products such as digital projectors. These moving-mirror SLMs can have short switching times (in the microsecond
range), are generally highly light-efficient and exhibit good contrast ratios (100:1 or
better). Clearly, they are also largely wavelength and polarization insensitive. Because
of the presence of moving parts, mechanical reliability could be an issue in the long
term, particularly for mirror or grating-array devices.

1.2 SLM applications
Some of the major fields of application for SLMs are now outlined. The full range of
optical systems in which SLMs have proven useful is far too large to allow comprehensive
coverage here. Instead, broad application areas will be defined and some of their
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individual requirements discussed. Efron [1] provides a more detailed review. The
intention here is simply to give a flavour of the diverse uses to which SLMs have been
put, and to establish some of the important terminology of the field.

1.2.1 Displays
Display applications may be defined as those in which the SLM is used to present
information to one or more users. The SLM might be viewed directly, as in the case of
LC televisions and computer screens, or through some optical system, as, for example,
in projection displays [11, 13, 9]. The final displayed image could be as large as many
metres across, or as small as one centimetre on a side. The main SLM technologies
that have been used for displays are those based on liquid crystals, magneto-optic
devices and movable mirrors. (Note that, for the purpose of the discussion presented
here, emissive technologies are not considered to be SLMs). Typical requirements for
display devices include high contrast ratios (100:1 or better), the ability to produce
grey levels, large numbers of pixels, and moderately high switching speeds, to avoid
visible flicker and ghosting. Broadband or multiple wavelength operation is needed if
a full colour display is to be produced from a single SLM. Desirable display properties
include high brightness or light-efficiency, and low power consumption, weight, and
cost. In some ways, display applications are the least demanding of those discussed
here. In particular, because the intensity modulation produced is of prime importance,
display SLMs do not normally have to meet stringent requirements on the quality of the
output wavefront. This point will be re-visited later on. Many devices used for display
applications are physically large: notebook computer screens with diagonal dimensions
greater than 25cm, for example, are now very common. For most of the applications
considered below, however, the typical dimensions of SLM devices that are used in
practice are rather smaller (normally with diagonals in the range 1-5cm).

1.2.2 Optical computing and switching
The key concept for optical computing and switching applications is that light beams
are used to encode and relay information, in place of flows of electric charge. In the
case of optical computing, light can be used to transmit data around a system consisting of many separate electronic processors. By integrating a modulator/detector array
with a digital electronic processor on a single chip, beams of light perpendicular to the
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chip's surface can form communication channels with other such hybrid processors. By
using light to add a third dimension to inter-chip communication, many of the limitations of interconnect density, a major problem in conventional electronic computing,
can be overcome. Optical switching refers to the process of routing light beams carrying streams of information, to a number of destinations in a dynamic, user-defined
way [14, 15]. Optical switches can be used within optical computing systems, providing re-configurable inter-chip connectivity or alternatively within telecommunications
systems, allowing, for example, programmable routing of signals down optical fibres.
Because, unlike electronic data streams, light beams can pass through each other without interacting, many separate optical information flows can occupy the same region
of space without corrupting the data they carry.
Electrically-addressed SLMs are clearly key components of optical computing technology, enabling conversion of data between electronic and optical forms. Optical switching can also be accomplished using SLMs, for example by using them as programmable
holographic elements [15] to route beams travelling in free-space.

1.2.3 Optical information processing
In a general-purpose digital computer, binary data bits must interact according to some
pre-defined program to produce a result. Because of this, and the lack of interaction
between light beams discussed above, programmable computing systems which do not
use electronic logic to perform calculations are very difficult to realize. However, many
specialized optical information processing systems have been reported, which make
use of the physics of light propagation through various optical components to perform
transformations on input data sets. Examples include real-time pattern matching by
optical correlation[16], Fourier plane image processing [17], and manipulation of large
data sets such as those produced in synthetic aperture radar imaging [18]. They are
normally application-specific systems, designed to perform individual tasks that electronic computers do poorly. Again SLMs, both optically- and electrically-addressed,
are key components, allowing the user to encode the required information on to the
light beam.
Because coherent laser light is often used for these applications, output wavefront quality can be an important issue for SLMs used in these areas. Other requirements often
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include high contrast ratios and very high switching speeds, in the microsecond range
or better.

1.2.4 Holographic applications
Another application which requires an interface between data carried in optical and
electrical forms, is holographic data storage [19, 20, 21, 22]. The concept is simple, but
potentially very powerful, and offers the prospect of extremely high density storage (on
the order of 10 11 bit1cm 3 or higher) of digital or analogue information. Stated simply,
a laser beam illuminates an SLM which imprints a two-dimensional page of data onto
it. The modulated beam is combined with a reference beam, originating from the
same laser source, to produce an interference pattern at some plane within a lightsensitive recording medium. The resulting intensity distribution records a hologram
of the data page, which may be played back at any later time by re-illuminating it
with the reference beam. Many such holograms can be recorded in the same piece of
material: for example, by having reference beams incident at a range of angles.
Closely related to these, are applications involving holographic information display
[23, 24]. As with data storage, discussed above, the SLM is used to display many
images in sequence, each of which is recorded as part of a composite hologram on a
single piece of light-sensitive material. The technique can be used to create permanent
holographic prints of three-dimensional objects. One example of this is the holographic
recording of multiple depth-slice images produced by medical tomography [23]. This
produces a full volumetric rendering of a region of tissue which can be viewed from a
wide range of angles.
SLMs used for holographic applications generally need to have large numbers of pixels,
reasonably high output wavefront quality and high contrast ratios.

1.2.5 Adaptive optics
Adaptive optics refers to the process of continuously correcting time-varying aberrations
in an optical system to improve the quality of the final output, often an image. A good
example of the problem that these systems aim to solve is provided by astronomical
imaging. Consider a star, imaged using a ground-based telescope. Being a reasonable
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approximation to a point source at infinity, the star gives rise to nearly-plane waves
incident at the top of the earth's atmosphere. As these waves travel through the
atmosphere, towards the telescope, turbulence produces variations in air density and
refractive index, distorting the wavefronts in a time-dependent and unpredictable way.
The result is that the resolution of the final image is limited, not by diffraction at the
telescope aperture, but instead by the motion of the atmosphere.
Adaptive optical systems attempt to detect these varying aberrations in real time and
correct for them, normally using a programmable phase modulator. SLMs for adaptive
optics must generally have low insertion losses, particularly for astronomical systems,
where light intensity is at a premium. Polarization insensitivity, broadband operation
and high switching speeds (on the order of a few kHz) are also desirable. Low power
dissipation is an advantage, since heating of the air within the imaging system is a
potential source of image degradation in itself. Since they are intended to reduce
system aberrations, the output wavefront quality of SLMs for adaptive optics must
generally be very high. A review of devices used for wavefront correction in adaptive
optics has been given by Tyson [25].

1.3 Liquid-crystal spatial light modulators
As mentioned above, one very common class of modulator is that based on liquid crystals (LCs). LCs have two important properties which allow them to be used in modulators. First, in common with true non-cubic crystals, they are birefringent, meaning
that the refractive index experienced by a light beam depends on its polarization state
and propagation direction relative to some axis of the material. Second, their molecules
may be aligned by an external field. These properties allow us to convert a drive signal
generated, for example, by a conventional electronic computer, into a pattern of molecular alignment, which gives rise to a corresponding pattern in the polarization state of
a beam passing through the LC. By using an appropriately-oriented polarizer-analyzer
combination, spatial variations in polarization state may be converted into patterns of
intensity or optical phase.
The work presented in this thesis concentrates mainly on LC elect rically- addressed
SLMs (EASLMs). That is, SLMs in which light is modulated by a liquid-crystal layer,
oriented by an external electric field, controlled by a user-defined electrical signal.
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Figure 1.2: Schematic of a simple transrnissive spatial light modulator

Hereafter, where the type of SLM is not specified, it should be assumed that an LC
EASLM is the intended meaning. The structure of a simple LC EASLM is shown in
figure 1.2.
A layer of liquid crystal, typically 1 - 10im thick, rests over a two-dimensional array of
electrodes and is bounded on the other side by a single large electrode. The separation
between the front and back bounding plates, known as the cell gap, is fixed: for example
by etched support structures or spacer particles of known size, mixed with the adhesive
used to join the plates. The device shown here is used in transmission, so both front and
back electrodes must be transparent to allow the light to pass: the most commonly used
electrode material is indium-doped tin oxide (ITO) which combines high transparency
at optical wavelengths with very low electrical resistivity. The electrode surfaces are
normally covered with a thin (10 - lOOnm.) anisotropic dielectric layer which serves to
promote alignment of the LC molecules in some desired direction. Obliquely evaporated
oxide layers or, alternatively, polymer layers treated by mechanical rubbing [26] or
exposure to a polarized optical r&liation field [27] are typically used for this purpose,
although the mechanisms which promote alignment are not well understood. Reviews
have been given by Cognard [26] and Jérôme [28].
The alignment of the LC in any particular region of the device is the result of a balance
between a number of forces: interaction between the LC molecules at the surfaces and
the alignment layers, inter-molecular forces which allow surface alignment effects to
propagate through the bulk of the LC, and the aligning effect of any externally-applied
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field. Ideally, in the relaxed state of an LC device (with no applied field) the distribution
of molecular alignment is uniform over the device area and no pattern is imposed on the
light beam passing through it. If, however, a voltage is applied between a particular
pixel and the front electrode, the resultant field across the LC above that pixel reorients the molecules and produces a corresponding optical effect in that localized area
of the device. The re-alignment produced by an applied field is the result of interaction
with a molecular dipole moment which may either be induced by the field, as with
nematic liquid crystals (NLCs), or be a permanent property of the molecule, as with
ferroelectric LCs (FLCs) [29]. It is the ability to produce a given spatial distribution
of molecular alignment, via the applied field, which allows us to convert a pattern of
electrical drive signals to a corresponding spatial optical pattern.

1.3.1 Types of LC modulator
A number of classes of elect rically-add ressed LC modulator are briefly described here,
in order to provide background for the discussions to follow. The range of modulators
discussed here is by no means comprehensive and more detailed reviews of LC material
and device types may be found in the literature [1, 30, 29]. First, three major modes
of LC operation are discussed.

Twisted- nematic devices
Certainly the most widely used and available type of LC modulator at the time of
writing is that based on twisted-nematic (TN) liquid crystals. First described by Schadt
and Helfrich [31] and subsequently developed, principally, for display applications (for
example computer screens, portable televisions and video projectors), they are most
easily used as intensity modulators. To produce a TN device, alignment layers are
deposited on both electrode surfaces such that the preferred directions for the molecules
at the two surfaces are at some angle to each other, often 90°. The molecules then adopt
a helical configuration, with the axis of the helix at right-angles to the electrode faces.
Linearly-polarized light incident on the front face of the LC layer has its polarization
direction guided around by the helix, emerging at some angle to the original state. If
we use a 90° twist and place the LC layer between a crossed polarizer-analyzer pair, the
input and output polarizations can be matched to the polarizer and analyzer directions
so that light can pass.
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Applying an electric field across the LC layer induces a molecular dipole moment which
tends to align the molecules along field lines. This causes a partial unwinding of the
helix, reducing the polarization-guiding effect and causing a consequent reduction in the
output intensity. Within certain limits, the extent to which the helix is unwound can
be controlled by varying the applied field, allowing continuous variation of the output
intensity. The optical properties of twisted-nematic devices, with arbitrary twist angles
up to 900, were studied theoretically and experimentally by Gooch and Tarry [32].

Parallel-aligned nematic devices
While TN modulators are well-suited to producing intensity modulation, many nondisplay applications require spatial control of the wavefront shape, the relative phase
delay between different parts of the beam. Parallel-aligned nematic LCs allow this. The
method of production for these devices is much the same as for TN modulators, except
that the alignment layers are deposited so that the preferred molecular direction is the
same at both faces. Light polarized with its electric field parallel to the LC relaxedstate optic axis experiences a phase delay on passing through the LC layer. This delay
is characteristic of the layer thickness and the extraordinary refractive index of the
material, n,.
If a field is applied to re-align the molecules, the effective refractive index experienced
by this polarization state shifts towards the ordinary refractive index n0 producing a
,

change in the phase delay of the beam. Effectively, we are able to tune the refractive
index of the material continuously between the two extremes n, and m0 . Since the
birefringence, An = ( fle

-

n0 of LC materials is typically in the range 0.1 - 0.3 at
)

optical wavelengths, multiple-ir phase changes may be induced even with relatively
thin (10 - 20jtm) LC layers. By applying a spatially-varying field to the LC layer,
user-defined wavefront shapes may be produced. This mode of NLC operation is often
referred to as electrically-controlled or tunable birefringence [33, 34].

Surface stabilized ferroelectric devices
As discussed above, modulators based on NLCs are capable of producing analogue phase
or intensity modulation. However, their response times (typically in the millisecond
range) mean they are not ideal for many applications. In recent years there has been
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a great deal of research into devices based on ferroelectric liquid crystals (FLCs). FLC
molecules have a permanent electric dipole moment which allows their orientation to
be driven much more rapidly by an external field. In recent years, one particular mode
of FLC operation has received a great deal of attention. Known as surface-stabilized
FLC (SSFLC)[35], it relies on the use of rather thin (typically < 3gm) cells. For this
molecular configuration, sub-microsecond switching times and bistable operation have
been reported [35]. SSFLC modulators are essentially binary devices, the molecules
having two possible states of alignment which can be selected by the external field.
By selecting the correct cell gap for a given wavelength, an SSFLC device may be
operated as a switchable half-wave plate. Applying a drive voltage to the LC rotates
the optic axis of the half-wave plate formed by the LC layer through an angle which
depends on the particular FLC material used. This allows the output linear polarization
state to be rotated, or left unchanged relative to the input, depending on the switched
state of the LC. When such a device is placed between crossed polarizers, so that the
optic axis in one of the switched states is parallel to one of the polarizers, the output
intensity I in the device's bright state is given in terms of the input intensity I0 by [36]

I

=

I

Iosin2(40)sin2 Antir
A

Here, An is the LC birefringence, t is the cell gap, A is the light wavelength and 20 is
the angle through which the optic axis switches. The output can be switched between
this bright state and a dark state determined, in the ideal case, by the extinction ratio
of the polarizers. Placed between parallel polarizers, the same type of device can be
used to give binary phase modulation through an angle of ir radians. Reviews of the
properties and applications of ferroelectric liquid crystals have been given, for example,
by Patel and Goodby [36] and Moddel [37].

Reflective and transmissive devices
The schematic LC modulator shown in figure 1.2 is an example of a transmissive device,
but with most types of LC and modes of operation, it is possible to build SLMs to work
either in transmission or in reflection. If the number of pixels in the array is small (on
the order of 100 or fewer), it is a relatively simple matter to build the device so that each
pixel is directly connected: usually via a conducting trick running between other pixels,
to an interface which supplies the driving voltages. For many applications, however,
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hundreds of thousands, or millions of pixels are needed. It is clearly impractical to make
this many connections from an interface to the SLM. Even if this could be done, giving
each pixel its own track to the edge of the device would result in an SLM consisting
almost entirely of interconnect lines, leaving little space in the array for the pixels
themselves.
The practical solution to this problem is to force many pixels to share the same address
lines, which normally means incorporating a number of electronic components at each
pixel site. By using these "active" pixels we can ensure that each one responds only
to the addressing signal intended for it and that the correct driving voltage is held
until the next address cycle. Transmissive active pixel arrays are generally based on
thin-film transistor (TFT) technology [38]. The electronic components which must be
built into each pixel require light shielding to prevent photo-induced charge leakage.
The shielded areas are necessarily opaque and therefore reduce the light efficiency of
the modulator.
Partly in response to this light efficiency problem, and partly in an effort to reduce
production costs and integrate extremely large numbers of pixels on to small-area
devices, a great deal of work on reflective SLMs fabricated in single-crystal silicon
[39, 40, 41, 42, 43, 13]has been done in the last ten years. Based on very-large-scaleintegration (VLSI) silicon technology, and often using custom post-processing techniques [44, 45, 46], arrays of around a million pixels [13] have been produced. At the
time of writing, the largest reported device is an array of 2048 x 2048 pixels, demonstrated by IBM [13]. These devices will be referred to as LCOS (liquid crystal on
silicon) modulators. The term "backplane" is often used to refer to the VLSI pixel
array itself, whereas the term "SLM", in this context, refers to the combination of the
backplane, transparent front electrode and LC layer.
Because light does not pass right through a reflective SLM, the optically undesirable
electronic components can be hidden beneath the pixellated mirror surface, reducing
losses from diffraction, scattering and absorption. Each pixel is connected to the underlying circuitry through a conducting channel, or via. Since the top layer now contains
only the pixel mirrors, the fill factor (the optically-useful proportion of the device area)
can be increased, being limited only by the size of the via and the width of the necessary gap between pixels. Devices designed at Edinburgh University have been produced
with fill-factors in excess of 85% [44].
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1.3.2 Summary of LC modulator properties
Applications for SLM devices were discussed above. For the reasons set out in the next
section, the emphasis of this thesis is on devices intended for non-display applications.
Table 1.1 gives typical ranges of values for some important properties of the LC SLMs
of interest here.
Device area
Number of pixels
Pixel size
Switching speed
Required drive voltage
Contrast ratio
Power consumption
Price

1 25cm2
up to 4 x 10 6
down to 10 x 10,um
ljts lOOms
2-20 V
10 1 1000 1
10 100mW
under £100 over £10000
-

-

:

-

-

-

Table 1.1: Important properties of liquid-crystal SLMs

1.4 Problems with existing LC devices for non-display applications
The preceding sections outlined some of the application areas in which SLMs have been
used, both commercially and in research. So far, only displays have been widely exploited outside the the laboratory. Part of the reason for this is the fairly low optical
quality of many of the devices currently available. For both reflective and transmissive
LC SLMs, particularly those with large numbers (tens of thousands or more) of pixels,
the substrate on which the pixel array is formed is generally thin and relatively flexible. High-quality passive optical components, such as lenses and mirrors, are typically
finished to within a tenth of a wavelength or less of their design shape. However, in
order to achieve and retain this accuracy, the component must be sufficiently thick, in
relation to its lateral dimensions, to avoid unwanted deformations. These can be caused
by warpage due to cutting, applied pressure, or temperature changes. Substrates thick
enough to allow high-quality optical finishing are, unfortunately, incompatible with
current microelectronics manufacturing processes.
In the case of VLSI LCOS modulators, for example, the SLM backplane is cut from
a silicon wafer which is typically only a few hundred microns thick. The integrated
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circuit formed on this wafer is a complex multi-layered structure, containing a number
of materials with different thermal expansion coefficients. This inevitably results in
a finished device which departs significantly (by as much as a wavelength or more),
from the expected shape. Although developments in SLM post-processing techniques
[44, 41, 46] have been able to reduce the surface roughness of the pixel mirrors, the
problem of surface figure remains. Some proposed solutions have included bonding
the silicon wafer or chip onto a thick, optically flat substrate and depositing stressrelieving layers on the back of the SLM [47, 48, 45]. This work is still in its early
stages, however. The flexibility of the substrate can also allow significant changes in
the shape of the reflective electrode surface to occur during SLM assembly: either when
the chip is bonded into its package [16] or when the cover glass is attached to form the
LC cell. So, producing an optically-flat SLM backplane cannot guarantee that the
finished device will have high optical quality.
Ensuring high optical quality for the front (unpatterned) electrode is far less problematic, at least in principle. Any transparent substrate that can be cut to the required
shape and coated with a conductive ITO layer can be used. In practice, for reasons of
cost and weight, most LC modulators are constructed using a cover glass that is 1mm
thick or less.
The low optical quality of the bounding plates which form the LC cell has two major
effects on the device. The first is that the thickness of the LC layer, rather than being
uniform across the pixel array, varies spatially across the device. This in turn can
give rise to spatial variations in optical modulation depth and LC switching speed. A
non-uniform LC cell gap can also cause spatial variations in the speed at which the
liquid crystal flows into the device during cell filling. This is a problem because flow
speed and direction have an effect on liquid crystal alignment [29]. For TN display
devices, the difficulties caused by non-uniform cells are not too severe: partly because
of the relatively large cell gaps (typically 5 - 1Ojm) used. Generally, a distribution
of spacer particles of known size, or etched support structures across the pixel array
[13] are sufficient to keep the cell gap within acceptable tolerances. For SLMs based
on SSFLCs, cell gaps are much smaller, typically 1 - 3jtm, and tolerances on the cell
gap are correspondingly tighter. For these modulators, the cell gap and the optimum
operating wavelength are tightly coupled. Spatial variations in the gap produce spatial
variations in this optimum wavelength, so leading to contrast non-uniformity under
single-wavelength illumination and colour distortion in multi-wavelength display sys-
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tems.
Variation in the cell gap and in the thicknesses of the bounding plates also causes
uncontrolled distortion in the SLM output wavefront. That is, relative phase delays
between different parts of the output beam, other than those deliberately introduced
by the device, are superimposed on the output. Again, these effects are acceptable
for TN displays, particularly transmissive ones used in incoherent light. However, in
most optical processing and data storage applications the wavefront phase matters.
Numerous papers discussing why this is problematic for coherent optical processing
systems have been published [49, 50, 51, 52].
For transmissive devices, using a liquid gate can alleviate the wavefront distortion
problem. The SLM is placed between parallel, optically-flat windows and the space
between the device and the windows is filled with oil that is index-matched to the outer
glass surfaces. The compound system then operates approximately as a parallel-sided
optically-flat glass block with a thin, light-modulating LC layer at the centre. Although
the method is suitable for removing gross transmitted-wavefront distortions, it cannot
compensate for those introduced by LC layer non-uniformity or the variations in optical
modulation this causes. In reflective devices, the method clearly cannot be used to
remove the wavefront distortion introduced by imperfect back-electrode surfaces. For
such devices, these problems are most likely to be solved by improving SLM fabrication
and packaging technologies.
The classes of device imperfection discussed above are illustrated, for both reflective
and transmissive SLMs, in figure 1.3.

1.5 Device characterization
The optical quality problems encountered when using typical LC modulators were outlined above. With this in mind, the aim of this section is to explain why device characterization is important and to examine, briefly, how it can be performed.
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Figure 1.3: Illustration of the types of optical imperfection discussed in section 1.4

1.5.1 The need for LC device characterization
As has been discussed, the cell gap, which defines the thickness of the LC layer, significantly affects optical modulation, LC alignment, and switching speeds. Measuring
this gap accurately allows prediction of device performance and comparison of different
SLM fabrication techniques, materials and structures. If the gap itself can be measured
directly, before filling with liquid crystal, effects due to imperfect LC alignment can be
separated from those caused by variations in the LC thickness. As LC SLM technology
has developed, devices with more complex (non-planar) cell geometries have emerged.
One example is provided by Slinger et al. [53] who recently reported a liquid-crystal
device called a multiple, active computer-generated hologram (or MACH). The device
is capable of producing a number of different output patterns which are selected using
an electric field applied across the LC layer. The patterns were produced using a hack
electrode surface containing large steps (up to 3pm in height) designed to act as a
multi-level phase hologram. Because of this, the cell gap was intentionally highly nonuniform. In order to characterize the gaps of these and similar LC devices, methods
capable of making spatially-resolved measurements are needed.
Accurate characterization of the electrode surface shape is also important because of
the effect that this has on both cell gap uniformity and the output wavefront: especially for reflective devices. In the latter case, relatively small surface curvatures on

CHAPTER 1. INTRODUCTION

19

nominally plane SLMs can have very significant consequences. These range from simple
focus shifts (in the case of roughly spherical or parabolic deformations) to higher order
aberrations which are potentially much more serious. Such aberrations can degrade the
performance of the systems in which they are used and are not easily corrected [16].
Surface shape measurement at different stages of the SLM fabrication process could
pinpoint where problems arise and suggest solutions.
It is also clear that, in a given optical system, the performance of a particular SLM cannot be predicted and optimized unless the input-output response of the device is known.
This is particularly true for analogue modulators, for which the detailed shape of the
response curve 1 must be determined in order to calculate the drive signals required for
a particular optical output.

1.5.2 Challenges for LC device characterization
While a huge range of well-established techniques are available for characterizing conventional passive optical components, the structure of the LC SLM renders many of
them unsuitable. Being an enclosed structure, with at least one transparent bounding
plate, the cell gap seems amenable to characterization by optical methods. Conventional
single-wavelength interferometry offers high measurement resolution but, as explained
in chapter 2, lacks the measurement range to determine micron-scale distances unambiguously. As explained above, it is essential to know the absolute value of the cell gap,
not just its relative variations, in order to predict the behaviour of the LC layer.
Turning to surface figure measurements, the etched structures of VLSI silicon modulator
backplanes can present their own measurement problems. Due to the nature of the
fabrication process, these structures often contain very sharp surface steps, perhaps as
large as a few microns high. As explained above, the SLM backplane is also generally
warped, the warpage producing slowly-varying height variations, often of one micron
or more, across the device area. Such surfaces are rather difficult to measure using
conventional single-wavelength interferometry, for reasons to be discussed in chapter 2.
These points, combined with the need to characterize LC devices over a broad wavelength range, for many applications, suggests that broadband optical measurement
techniques may be necessary. The methods of multiple-wavelength and white-light in'the relationship between applied voltage and output optical intensity, phase or polarization state

CHAPTER 1. INTRODUCTION

20

terferometry combine large measurement range with high measurement resolution and
so are potentially suitable for LC cell gap measurement. These methods are also appropriate for surface measurement and can be used for "badly behaved" surfaces with
large variations and discontinuities in surface height. Broadband optical measurement
techniques form a large part of the subject matter of this thesis, and are discussed in
detail later on.

1.5.3 Thesis outline
In chapters 2 and 3, broadband interferometric techniques for cell gap measurement
are described. Chapter 2 is essentially introductory in nature, providing a background
to the interferometric measurements which are described in detail in the later chapters.
In chapter 3, a fast measurement method is described which extends the conventional
techniques to produce two-dimensional cell thickness maps over a complete device
Numerical simulations are used to predict system performance and experimental results given. Progressing to the problem of surface figure, chapter 4 describes a novel
interferometric surface profiler. It uses white light to overcome many of the problems
of conventional interferometry and, unlike previously-reported white-light profilers, the
new system allows real-time visualization of surface depth features on sub-micron scales.
Applications of this white-light interferometric technique to LC cell measurement are
also discussed. Chapter 5 examines the application of the techniques discussed in chapter 4 to characterizing LC phase modulator switching and birefringence over a broad
range of wavelengths. Experiments in LC device enhancement using holographic interferometry are described in chapter 6. Finally, conclusions and suggestions for further
work are given in chapter 7.

Chapter 2

Introduction to broadband
interferometry
This chapter serves as an introduction to the methods described in this thesis for the
characterization of cell gaps and surface profiles. As discussed in section 1.5.1, these
are both key parameters for spatial light modulators, particularly those intended for
use in non-display applications. As such, it is important to be able to measure them
to some desired accuracy, in order to determine whether a modulator is suitable for
a particular task. As well as allowing us to grade finished devices, suitable measurement techniques can permit quality assessment at all stages of the fabrication process,
leading to an understanding of where problems arise. Proposed process modifications
can then be tested objectively. After discussing a number of possible alternative approaches, interferometric methods are described in detail and the need to use multiple
wavelengths or white light is explained. To illustrate the basic technique, some initial
cell measurement experiments are described and results given.

2.1 Similarity between cell gap and surface measurement
The question of how to measure both cell gaps and surface profiles may be thought
of as a problem of depth measurement. If we imagine looking down on an LC cell,
its gap is found, at any point on the cell, by determining the relative depth between
the two electrodes (see figure 1.2). Similarly, the shape of a surface may be measured
by finding the gap between it and an arbitrary plane in space. So these two problems
are essentially similar and we might therefore expect some of the same methods to be
21
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applicable to each. In the next section, a number of depth measurement techniques
are briefly described, leading to a more detailed discussion of interferometry which will
form the theoretical basis for the work presented in later chapters. This similarity
between cell and surface measurement will be re-visited in chapter 4.

2.2 Depth measurement techniques
The need to make depth-resolved measurements of surfaces is a common one in optics.
In order that an optical component should behave according to the designer's specifications, its surface must be generally be finished to an accuracy on the order of the
wavelength at which it will be used. To verify the surface shape, measurement techniques capable of giving results at this resolution must be used. Interferometry, which
allows accurate determination of the relative delay between two light beams, is most
commonly used to measure surface shape and will be discussed in detail later in this
chapter. First, the accuracy and range of the measurements that will be required for
SLM characterization is examined. This is followed by a brief discussion of a number
of non-interferometric techniques which have been used for depth measurement. The
aim is not to provide a comprehensive review of such techniques, but rather to examine
those which are potentially well suited to the problems of SLM characterization.

2.2.1 Measurement accuracy and range
The measurement accuracy required will depend on the specific application we have
in mind. Turning first to surface measurement, as a guideline, we note that even
moderate-quality optical components are generally finished so that their surface differs
from their design shape by less than a tenth of a wavelength (A/b). Output wavefront
distortions of A/10 or better are often needed for modulators intended for use in optical
information processing applications [47]. If we wish to produce modulators approaching
this quality, characterization methods capable of significantly sub-wavelength accuracy
will be needed.
The accuracy required in cell gap determination depends not only on the demands of
the individual application, but also on the type of LC and operating mode being used.
Gooch and Tarry [32] and Wu [54] have considered the effects of cell gap variation
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on TN LC devices for display applications. Writing in 1988, Yang [55] stated that
"...the accuracy achieved in the determination of the empty cell gap [by interferometric
methods ] can probably be better than 1%. This kind of accuracy is expected to be
required for the future generations of high-contrast TN displays". For typical NLC cell
gaps, an accuracy of 1% corresponds to about A/10 (or 0.05jim) in visible light.
A number of authors including Sayyah et al. [47] and Soutar and Lu [56] have considered the effects of LC cell non-uniformity on NLC devices used for optical information
processing. Two effects of cell-nonuniformity may be identified: a variation in the
achievable optical modulation across the device (often referred to as image uniformity)
and a distortion of the output wavefront due to the non-unit refractive index of the
LC layer. The first effect may be thought of, at least to a first approximation, as
proportional to the variations in tLn, the product of cell gap and LC birefringence.
Considering, for example a simple PA NLC phase modulator as described in section

1.3.1, the optical path difference shift produced in transmission by full switching of the
LC layer is equal to tLm. For a typical nematic liquid crystal, the birefringence An is
around 0.2, so that a 5% variation in cell gap translates to a 1% variation in phase shift
range. The second effect may be quantified, again for a transmissive PA NLC modulator, by noting that the mean refractive index of NLC material is typically around
1.6. Thus a wavefront distortion of approximately 0.6Lt is produced by a variation

At in the LC cell gap. Clearly, then, to achieve an output wavefront distortion better
than A/b, even with optically-perfect bounding plates, the cell gap must be uniform
to within about A/S (that is around 0.1gm at optical wavelengths).
For devices based on SSFLCs, used as switchable half-wave plates [57, 58] in the intensity modulating mode, the dependence of the bright state intensity on the cell gap, t,
goes as sin 2 (nt7r/A) as can be seen from equation 1.1. If the cell gap departs from
the design value by an amount /t, the bright state intensity may be re-expressed as

tx cos 2

(7rAtAn)
A

2.1)

This equation indicates that a change in cell gap of one wavelength is sufficient to
reduce the on-state intensity to about 65% of its maximum value if we assume a birefringence An = 0.2. A similar effect occurs for SSFLC devices operating in the binary
phase modulating mode, in which case, the degree of phase modulation produced is not
affected by the cell gap, but the light-efficiency of the device is.
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From these considerations, it is clear that any measurement technique used to characterize LC cell gaps and to measure surface profiles of modulator components should be
capable of sub-optical-wavelength depth resolution. The required measurement range
will be on the order of the cell gap values commonly used in these devices: that is
approximately 1 - 20jim.

2.2.2 Non-interferometric methods
Before moving on to a discussion of the interferometric techniques used in the experiments described in this thesis, it is worth mentioning a number of non-interferometric
methods which have been used for making depth resolved measurements of surfaces.
Some of these are also potentially suitable for measuring LC cell gaps. With a few exceptions, surface measurement techniques may be divided into two categories: contact
methods in which the measured surface is probed by a tip which touches the surface,
and optical methods in which some property of a light beam reflected by or transmitted
through the surface is used to give shape information. A further distinction may also
be made between scanning methods, which acquire their measurements in sequence and
imaging methods in which surface information from many points is acquired in parallel.
All contact methods are scanning methods, while optical measurements can be made
by scanning or imaging.

Stylus profilers
A commonly used contact method is the stylus profiler. More often used for measuring
surface roughness than overall shape, these profilers work by dragging a small, hard tip
across the surface and sensing its deflection. Their lateral resolution is governed by the
tip size [59, 60], and is generally on the order of 1tm or better. Depth resolution from
these instruments can be as good as 5 x 10"m. Obvious disadvantages of this method
are the risk of surface damage or measurement error due to deformations of the test
surface under the tip and the need to perform a physical scan taking, perhaps, tens of
seconds to produce the result. Because of the one-dimensional nature of the scan, area
measurements are even more time-consuming.
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Focus sensors
An optical method, also normally used for measuring surface roughness, is focus sensing.
Focus sensors are scanning instruments and normally make measurements one point
at a time, using a collimated beam which is focused on to the test surface, reflected,
re-collimated and focused on to one or more split-detectors [61]. The size of signal from
each half of the split-detector can be used to determine the direction of any de-focus and
the test sample may be moved axially to compensate. The axial movement necessary
to achieve focus at each measurement point is recorded and used to generate a surface
height map. Because of the need to measure each surface point in sequence, these
profilers are slow, typically taking a few minutes to produce a full three-dimensional
map. Their axial measurement resolution is related to the required measurement range
and the scan speed, but can be as good as a few nanometres. Lateral resolution is
limited by the spot size and is typically on the order of ljim or greater.

Confocal systems
Another class of optical instruments capable of measuring depth are confocal systems.
These instruments allow acquisition of an image of a transparent or semi-transparent
object at a particular depth plane. A beam is focused to a point within the object
which in turn is imaged on to a pinhole in front of a detector. This pinhole filters
out almost all light not coming from the focus point, allowing the return signal from
a single point in 3-D space to be isolated. Normally the focus point must be scanned
across a 2-D plane at a particular depth, to acquire a single depth-slice image. Despite
this requirement, confocal systems capable of capturing depth slices at video rates
have recently been described [62, 63, 64]. In order to provide information on both
the thickness and refractive index of layers within multi-layered structures, confocal
techniques may also be combined with interferometric measurement [65]. The width
of the axial point spread function, and consequently the depth resolution, in confocal
systems is normally on the order of a few microns. Confocal instruments are most often
used for studying biological specimens, but have also found applications in other areas,
for example integrated circuit inspection.
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2.3 Interferometry
An inherent similarity between the problems of surface and cell measurement was noted
in section 2.1. There are, however, important differences which restrict the range of
techniques suitable for the latter. First, the LC cell is completely enclosed by the
electrode-coated substrates forming it and therefore cannot be measured by contact
methods. Second, the scale of the distances which must be measured (from one micron
to tens of microns) rules out many conventional interferometric techniques. This latter
point is explained in section 2.3.2 below.

2.3.1 Basic principle
When a light beam from a single source is split into two parts which are allowed to
travel different distances and then recombined, the intensity of the recombined beam
encodes information about the path difference. This principle underlies all interferometric distance measurement techniques. When used for optical testing, one of the
two beams is made to travel via the component under test, while the other travels a
reference path. The measured quantity, the light intensity, is related to the optical
path difference between the test and reference beams and can be used to determine
properties of the test component, relative to the components in the reference path.
Clearly, enormous variety is possible within this scheme and the number of distinct
interferometric methods that have been used for characterizing optical components is
too large to permit a comprehensive review. Interferometric systems can employ pointby-point scanning, but more typically use some kind of imaging on to a detector array,
allowing multiple measurements to be acquired simultaneously. Interferometers can
provide extremely high axial resolution, measurements repeatable to a thousandth of
a wavelength having been reported from phase-measuring [66, 67] and white-light [68]
instruments. Details of the most commonly used methods can be found in [69].

2.3.2 Single wavelength interferometry
Consider the simple Twyman-Green interferometer shown in figure 2.1(a) (ignoring, for
the moment, the piezoelectric actuator), which might typically be used for measuring
the shape of an optical surface. Monochromatic light from a laser is expanded to give a

CHAPTER 2. INTRODUCTION TO BROADBAND INTERFEROMETRY

27

collimated beam which is divided by a beamsplitter into two paths: one travelling via
the test surface, the other via the reference. The two reflected beams are re-combined
and an image of the test surface formed, crossed by interference fringes, as illustrated in
figure 2.1(b). These fringes are characteristic of the difference between the two surfaces.
If, at some point in the image (x, y), the test and reference beams have travelled paths
which differ in length by a distance d(x, y), the detected intensity will be given by

I(x,y)

=

Io{ 1 +ycos[27rcrd(x,y)+cE]}

(2.2)

where 'o is the intensity that would be detected in the absence of interference, 'y is
the fringe modulation, a is a phase shift and a = 1/A is the wavenumber of the beam.
Note that, in general, Io, y and a can all also be functions of (x, y).
This detected intensity must now be used to recover the distribution of test surface
heights h(x, y) which, assuming the reference surface is a perfect plane mirror orthogonal to the incident beam, is given by

h(x,y) =

{C— d(x,y)}

(2.3)

where the constant, C is usually unimportant for surface measurement and can be set
to any convenient value. The problem, in a single-wavelength system, arises when we
attempt to calculate d(x, y) using equation 2.2. It is easily seen that the intensity,
which encodes the path difference d(x, y) is cyclic in d, with period A. Therefore, using
a monochromatic source to illuminate the interferometer, there is no way to distinguish
between path differences d, (d+A), (d±2A) and so on. The practical effect of this is to
produce artificial discontinuities in the recovered surface height h(x, y), at the points
where the phase of the interferogram passes a multiple of 27r. This is shown in figure
2.1(c).
When measuring the surfaces of conventional optical components, such as mirrors and
lenses, it is possible to work around this problem, to some extent. Making the assumption that the surface is smoothly varying, with no sharp jumps in height between
adjacent measurement points, we can simply look for the steps in the phase map and
correct them by adding multiples of 27r. Clearly though, this process (known as phase
unwrapping) requires a priori knowledge of the surface shape and cannot be used on
stepped surfaces, which, with the advent of computer-generated diffractive elements,
microelectronic spatial light modulators and so on, are increasingly being used in optical
systems.
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2.3.3 Phase-shifting interferometry
In practice, even wrapped phase maps of the type shown in figure 2.1 (c) are not
easily produced from one interferogram alone. Extracting a phase map from a single
interferogram requires location of the fringe centres, since these are points of known
relative phase, and this is extremely difficult to do with an accuracy better than about
a tenth of a fringe. Furthermore, the phase is only recovered at these points and must
be found at all other points by interpolation. Spatial variations in the mean intensity
can also shift the apparent fringe centres and so distort the measurement. Finally,
the sense of any surface curvature cannot be recovered from just one interferogram,
convex and concave surfaces being indistinguishable.
A solution to this problem is phase shifting interferometry (PSI) 1 . The PSI principle, described here, can be implemented in many different ways. The reader is referred to reviews by Creath [66] and Greivenkamp [67] for details. In this section,
the conceptually-simplest PSI setup will be described, as an introduction to the basic
method. The essential principles of the technique are outlined as a basis for discussion
of their application to broadband interferometric measurement of LC cells, as described
in chapter 3.
Consider again the simple two-beam interferometer illustrated in figure 2.1(a). Rewriting equation 2.2 in terms of a wavefront phase 4(x, y) = 27rad(x, y) and the phase
offset a, we have

I(x,y)

=

Io(x,y){ 1 +y(x,y)cos[0(x,y)+a]}

(2.4)

where, as before, the co-ordinate pair (x, y) specifies a point in the interferogram plane,
and Io and y are now written explicitly as functions of (x, y). A piezoelectric actuator
attached to the reference mirror allows the path difference between the arms to be
varied, providing control over the phase offset (also known as the reference phase) a.
Suppose now, that we capture a sequence of four interferograms I(x, y) (n = 1 .... 4),
with the reference mirror shifted between each one so that a changes by 7r/2 each time,
to give a = n7r/2. For a given point (x, y), we then have the following four intensity
values:

Ii (x,y)

=

Io{1—y(x,y)sin[0(x,y)}

'Also known as phase measuring interferometry (PM!)

CHAPTER 2. INTRODUCTION TO BROADBAND INTERFEROMETRY

29

(b)

(a)

Reference
surface

PIezHtT
pusher

I

:'

E3H

CCD
array

Test surface

Figure 2.1: (a) Basic setup for phase-shifting interferometry. (b) Sample interferogram
and (c) resultant phase map

12 (x,y)

=

Io {l—y(x,y)cos{(x,y)}

13 (x,y)

=

Io{1+y(x,y)sin[(x,y)}

14 (x,y)

=

Io{l+y(x,y)cos[(x,y)}
(2.5)

The set of equations 2.5 is easily solved for the wavefront phase (x,y), modulo 27r, to
give

(x,y)

=

tan1

1

11

- 131

12 —14]

+2mir

(2.6)

where ni is an unknown integer. Equation 2.6 is a simple example of a ph ase-measu ring
algorithm, using four intensity samples. Referring to equation 2.4, we see that for a
two-beam interference pattern, there are three unknowns (io,y and 0) for which we
need to solve. Any phase-measuring algorithm must therefore be based on at least three
intensity samples and almost all practical algorithms (as with equation 2.6 above) use
more. In general algorithms using a larger number of samples show a better tolerance
to departures of the measured signal from the ideal form expressed in equation 2.4.
As with equation 2.6, many PSI algorithms use intensity samples taken at regular 7r/2
phase intervals, although algorithms for any phase shift up to ir radians can be designed.
Some aspects of phase-measuring algorithm design are discussed in chapter 3.
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Least-squares algorithms
It has been shown, for example by Morgan [70], that the algorithm given in equation
2.6 may be derived by fitting the intensity samples Ii .. . . 14 in a least-squares sense
to the form of equation 2.4. In general, if we take N samples evenly spaced over one
interference period, such that
an = 27rn/N

(n = 1, 2, . . . N)

(2.7)

the phase, calculated by least-squares fitting, may be written

= tan1

1

>In sin(a)1
>lncos(an]

(2.8)

Algorithms in this class are referred to as least-squares algorithms.

2.3.4 The fundamental limitation of single-wavelength interferometry
Because the interference between two monochromatic beams is cyclic with path difference, having period A, separations greater than one wavelength cannot be measured
absolutely using a single wavelength. Smooth variations in path difference may be
measured by counting fringes but, even then, the sense of the variations cannot be
determined. The solution to this problem is to use more than one wavelength, as discussed in this chapter, or indeed a continuous band of wavelengths, as described in
chapter 4, to make the measurement. -

2.4 Broadband interferometry
Even though the PSI techniques described above can be used to make highly repeatable measurements using only a single wavelength, the problem of phase unwrapping
remains. The unambiguous measurement range of any single-wavelength interferometnc technique is fundamentally limited to one wavelength of path difference. As has
already been pointed out, the thickness of typical LC cells is in the range of one to
tens of microns. Furthermore, the optical properties of the LC layer depend on the
absolute value of the cell gap. Simple estimates of cell uniformity can be made by
examining the Fizeau fringes formed in the air gap when an empty cell is illuminated
by a single-wavelength beam of visible light, but these cannot tell us the absolute value

CHAPTER 2. INTRODUCTION TO BROADBAND INTERFEROMETRY

31

of the gap and are therefore of limited use in predicting device performance. Similarly
if we are to examine optical components for which the range of surface heights is on
the order of one micron or more, particularly those with sharp steps in height (such as
the surface of a VLSI SLM backplane) single-wavelength techniques are not sufficient.
Simply increasing the wavelength of light used is not a particularly attractive solution
as the measurement errors will scale with A. A more practical way to overcome the
problem is to take measurements at additional wavelengths.

2.4.1 Multiple wavelength techniques
Suppose that, from the interferometer of figure 2.1(a) we take two interferograms (or if
we are using PSI, two sets of interferograms) at different wavelengths A a and Ab. From
these, we calculate two phases

0 a and

Ob for each image point (x, y). We are then able

to write two expressions for the path difference d, as follows

d
d

=
=

0,,/217a + l/aa

(2.9)

4/27rab+m/ab

(2.10)

where aa = 1/Aa , O'b = 1/Ab and 1 and m are unknown integers. Using these two equations we can then express d in terms of a synthetic wavenumber

0'3

and a corresponding

synthetic phase & = (a - c5 &) such that

d = q53 /27ra3 + n/a3

(2.11)

where n = (1 - m) is also an unknown integer. We see that the synthetic phase ç6 3 is
characteristic of a synthetic wavelength A 3

= 11a3 = AaAb/(Ab

- A a), which is generally

much longer than either A a or A&. The unambiguous measurement range associated
with the synthetic phase is equal to A 3 .
This method was introduced for extending the range of holographic testing by Hildebrand and Haines [71]. Its application to PSI was first reported by Cheng and Wyant
[72] who later used a similar three-wavelength technique [73] for measuring very steep
wavefronts. In principle, the method can be extended to any number of wavelengths,
different pairs of true wavelengths being used to produce different synthetic ones.
The application of multiple-wavelength methods to LC cell measurement is described
in chapter 3.
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2.4.2 White light techniques
A logical extension of the multiple-wavelength methods described above is to take
measurements at a continuous range of wavelengths. This is commonly known as
"white-light" or "low-coherence" interferometry. We may think of it as the extreme case
of multiple-wavelength measurement, where the synthetic wavenumber (the reciprocal
of the synthetic wavelength) tends towards zero and the unambiguous measurement
range becomes unlimited. White-light methods take advantage of the narrow fringe
visibility envelope of broadband light. Consider again the interferometer of figure 2.1(a).
Figure 2.2(a) illustrates the form of the output intensity produced at any point (x, y)
in the image plane when a single-wavelength source is used and the path difference is
scanned continuously using the piezoelectric actuator. As discussed, the intensity at
some path difference d is identical to that at path differences d ± A, d + 2A and so on,
giving rise to the measurement ambiguity.
Figure 2.2(b) shows the corresponding intensity when the interferometer is illuminated
simultaneously with a continuous band of wavelengths. This intensity variation may be
thought of as the superposition of many of si ngle- wavelength patterns of the type shown
in 2.2(a), all with slightly different fringe periods. Assuming the interferometer is ideal,
with no unmatched dispersive paths (or phase shifts due to reflection) between the two
arms, then at the point of zero geometrical path difference d - 0, all wavelengths will
interfere constructively and a bright fringe will be produced. As we move away from
this point, the phases of the interference patterns for individual wavelengths begin
to diverge and the fringe contrast diminishes. For simple (e.g. thermal) broadband
sources, the fringe contrast decreases monotonically as we move away from d = 0.
This narrow fringe visibility envelope that occurs for broadband sources effectively
breaks the cyclic nature of the interference pattern, allowing absolute distances to be
measured. Two distinct approaches to white-light measurement may be identified in
the literature, and these are described below.

Mechanical scanning implementations
As outlined above, in white-light interferometry, absolute distance measurements are
made by identifying the position of the observed fringes within a (non-cyclic) visibility
envelope. Since fringe visibility depends on the reference and object reflectivities as well
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Figure 2.2: Fringe patterns produced by (a) coherent and (b) incoherent illumination.

as the path difference between the two surfaces, it is generally necessary to perform
some kind of path difference scan in order to establish the rate of change of fringe
visibility, so that a maximum (corresponding to zero path difference) may be found.
When this scan is performed mechanically, the technique is known as scanning whitelight interferometry (SWLI). A typical scheme as described extensively in the literature
[74, 75, 76, 77, 78, 68] is shown in figure 2.3. The basic setup shown is very similar to
the simple PSI arrangement of figure 2.1(a), although the scanning range needed for
the reference surface may be much larger in the SWLI case.
A broadband source illuminates an interferometer which has a test arm containing
the object to be measured and a reference arm containing a surface of known shape.
Both surfaces are imaged on to a 2-D detector array. One surface is then mechanically
scanned using, for example, a piezoelectric actuator while a sequence of images is
acquired. Each detector in the array records an interference pattern corresponding to
a small area on the test surface. For each such elemental area of the test surface, the
path difference between the two arms passes through zero at some point in the scan
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Figure 2.3: Schematic of a scanning white-light interferometer.

which may be identified by finding the point of maximum fringe contrast for each pixel
sequence. If the mechanical scanning of the reference surface is well characterized,
a map of test surface heights, relative to the reference, may be calculated from the
scanned sequence.
This technique has proved very successful for examining surface profiles, and measurements with repeatability better than mm [68] have been reported. However, it suffers
from a number of drawbacks. First, the need for a mechanical scan means that a wellcharacterized high-resolution actuator is required. The finite scan time means that
SWLI systems are inherently sensitive to mechanical vibration and turbulence. It is
a feature of interferometric measurement techniques that the resolution attainable in
the axial direction (along the direction of travel of the light beam) is much higher than
the lateral resolution limit. Consequently, depth measurements will be more severely
affected by instrument instability than will transverse ones. In the case of SWLI, each
captured frame of data contains only lateral measurement information. The depth
information for each pixel is distributed across many data frames. It is therefore important that the instrument be kept highly stable over the whole scan time, typically
on the order of a few seconds.
This comparatively long acquisition time also precludes the use of these instruments
for continuous measurement of rapidly varying depths, for example in the monitoring

CHAPTER 2. INTRODUCTION TO BROADBAND INTERFEROMETRY

35

of thin film deposition or, as discussed in chapter 7, measurement of liquid crystal
cell thickness during assembly. SWLI also requires that the reference surface of the
interferometer can be moved independently of the test surface. Because of this, it is
inherently more suitable for surface profiling than for cell thickness measurement, where
the quantity to be measured is a fixed gap between the two electrode surfaces.

Implementations based on spectral analysis
An alternative approach to mechanical scanning is spectral analysis, which may be
thought of as optical path difference scanning. Rather than varying the physical difference in length between the two interferometer arms, for a fixed physical path difference
we may vary the path mismatch in wavelengths simply by tuning the frequency of the
illumination. Equivalently, with broadband illumination, we may vary the pass band
of an analyzing filter. These methods will be referred to as optical scanning or spectral
analysis methods.
A number of different approaches to obtaining depth information by spectral analysis
have been described [79, 80, 81, 82, 83, 84, 85, 86, 87, 88]. Although implementations
differ widely, all are based on the same principle: the formation of spectral fringes
in broadband light reflected from two (or more) optical surfaces. If we consider a
collimated beam with spectral intensity Io (a) (a = 1/'A), illuminating an interferometer
formed by two such surfaces with path difference d along the z axis, the reflected
complex amplitude may be written (neglecting any multiple reflections)

a(a) oc Io (a)[ri (a)exp{127ra(z+ d)} + r2 (a)exp{i2iraz}]

(2.12)

where r1 and r2 are the wavenumber-dependent amplitude reflectivities of the two
surfaces. To keep the argument completely general, r1 and r2 would have to be treated
as complex quantities, to allow for arbitrary phase changes on reflection. Assuming,
for now that the surfaces are boundaries between dielectrics so that r1 and r2 are real,
the resulting intensity is given by

1(a) x Io (a)[Ri (a) + R2 (a) ± 2{Ri (a)R2 (a)}+ cos(27rad)J

(2.13)
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where the sign of the last term is positive if the two beams undergo the same phase
change on reflection and negative otherwise. We see from equation 2.13 that as we vary
the wavenumber a, a sinusoidal variation in intensity results, the frequency of which is
directly proportional to the path difference d (assuming that the relative phase change
on reflection is not wavenumber-dependent). Note that, because the measurement is
encoded in the fringe frequency (i.e. the phase gradient) rather than the fringe phase,
there is no ambiguity in the determination of d so long as we use a continuous range
of wavenumbers and can resolve the resulting spectral fringes.
Tolansky [79] reported the application of these spectral analysis techniques to the study
of the cleaved faces of crystals in 1945. An essential element of his method, however, was
that the surfaces between which interference fringes were observed were in close contact
and highly reflecting. In contrast to the fringes described by equation 2.13, Tolansky's
fringes (which he called fringes of equal chromatic order) were sharply peaked due to
the multiple reflections contributing to the interference 2 . This fact allowed him to
locate the fringe centres with very good accuracy.
Two-beam spectral fringes of the type described by equation 2.13 have been applied
fairly widely to the measurement of liquid crystal cells [55, 81, 82, 91]. It is worth
noting that, although it is not generally acknowledged in the literature, the "split
beam" method of cell measurement [81, 91] may also be regarded as a spectral analysis
technique. This point is explained in chapter 4. Recently, systems using spectral
analysis of two-beam fringes in an imaging configuration have been reported [82, 92,
87, 88]. By using an imaging spectrometer, which records spectral information with
one dimension of spatial resolution on a two-dimensional detector array, a line profile
of film thickness or surface height can be captured in a single step.
Love and Major [82] used an imaging grating spectrometer to record spectral fringes
generated by reflection of broadband light from a liquid crystal cell. They have also
reported measurements of liquid crystal refractive index using the same technique [92].
Schwider and Zhou [87] and later Sandoz et al. [88] described surface profilers using
this principle. Sandoz et al. [88] coined the term 'spectroscopic analysis of white-light
interferograms' or SAWLI to refer to this method of depth measurement. By contrast
with SWLI, these instruments record both depth and lateral measurement informa2 see, for example, books by Tolansky [891 and Born and Wolf [90] for details of multiple beam
fringes.
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tion in a single frame of data, without the need for scanning. Environmental stability
requirements for SAWLI systems are therefore much less severe than for scanning instruments.

2.5 Initial cell measurement experiments
In order to illustrate the principle of LC cell measurement by spectral ana!ysis, this section describes some initial experiments which were carried out in this area. The purpose
of these experiments was to investigate the feasibi!ity of using the SAWLI technique
to make spatially-resolved measurements of ce!l gap, if possible over the entire twodimensional area of a cell. In common with all of the experiments described in chapter
3, these measurements were carried out on empty cells, to keep the interpretation of
the data as simple as possible.
The experimental arrangement, based on that described by Love and Major [82], is
shown in figure 2.4(a). Because no imaging spectrograph was available, a combination
of a scanning grating monochromator (Oriel 77250 with 77306 grating) and optical
power meter (UDT S370 Optometer) was used. Since this restricted the system to
measuring one point on the cell at a time, an automated scanning system was also
built, to allow the cell to be scanned in two-dimensions across the monochromator slit,
under computer control. The cell was imaged onto the slit at approximately unit magnification. The slit dimensions, corresponding approximately to the integration area on
the cell for each measurement, were 1.0 x 0.2mm, which gave a spectral resolution of
about 2mm. Collimated broadband illumination was provided by a mercury arc lamp.
The computer used to control the lateral cell scan also controlled the wavelength scan
of the monochromator (covering a range from 400 to GOOnm) and the shutter system,
and collected data from the power meter. The mirror shown in the figure was used
to provide a reference brightness after each measurement of reflected intensity from
the cell, to allow the source spectrum effects to be calibrated out. Readings were also
taken at each wavelength of the measured intensity with both shutters closed, so that
the zero intensity level could be judged.
It was found that, with this experimental arrangement, the reflected signal from standard transmissive (glass-glass) cells was too weak, after spectral filtering, to give a reliable signal at the photodetector. Therefore, a number of glass cells were constructed,
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Figure 2.4: (a) Experimental arrangement for initial cell measurements. (b) Sample
data from one measurement point

specifically for the purpose of testing the measurement system, in which the back electrode surface was coated with an approximately 90% reflective aluminium layer and the
front surface with a thinner layer, giving about 50% reflectivity. The observed spectral
fringes would therefore be expected to lie somewhere between the extremes of the two
beam system of equation 2.13 and Tolansky's fringes of equal chromatic order described
above.
Figure 2.4(b) shows an example of the data set recovered from a spectral scan at one
cell point. As expected, because of the multiple beam interference, the fringe shape
is clearly non-sinusoidal. The fringe modulation can also be seen to vary significantly
over the wavelength range. This effect is discussed in chapter 3.
In order to recover a thickness value from data such as those shown in figure 2.4(b), the
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rate of change of phase with respect to wavenumber, a, must be found. The simplest
data processing method, and that used by Love and Major [82], is to count the fringes in
a known wavelength interval and use this to calculate a value of Lq5 for the known /a.
A similar method was used to extract thickness information from the data acquired
in the experiments described here. A computer program was written, to read in the
intensity data and look for peaks and troughs in the fringe pattern by locating zero
crossings of a smoothed gradient function. Successive peaks and troughs were then
assigned relative phases ir radians apart and the resulting set of (phase, wavenumber)
co-ordinates used to determine the best fit to a straight line, using the least-squares
method. The least-squares phase gradient, dq/da, then gave an estimate of the cell
gap t from the relation t = d/da).
Figure 2.5 shows examples of measurements on two cells, made using this system by
scanning on a grid of points. The cell measured for figure 2.5 (a) was clearly wedged,
possibly as the result of imperfectly cleaned surfaces preventing the cell gap from being
correctly set at one edge. The mean gap for this cell was approximately 3.5im, with a
variation of about 1.5im over the measured area. The curvature of the contour lines,
projected on to the base of the plot, indicates that the bounding surfaces were not
perfectly fiat. The bounding plates of the cell shown in figure 2.5 (b) were clearly
more accurately parallel than was the case for that in part (a). The mean gap for
this cell was around 5.4jim and the variation within the area measured was limited to
about 0.2m. Shown next to each measurement, for comparison, is a single-wavelength
Fizeau fringe pattern for the corresponding cell. For each Fizeau pattern, the area in
the white box corresponds to the scanned area of the cell. Good qualitative agreement
can be seen between the shape of the contour lines and the Fizeau fringes, particularly
for the cell in part (a) of the figure, where many fringes are visible. For the cell shown
in part (b), the Fizeau pattern has no complete fringes within the area of the box This
second example serves to illustrate one advantage of the spectrally-resolved method
over single wavelength evaluation and is analogous to the advantage of PSI over static
interferometry discussed above. In the spectral case, where the interference phase is
effectively scanned by varying the wavelength, a measurement can be made at any point
in the interferogram. By contrast, in the static case, fringe centres must be located,
as these are the only points of known relative phase. The analogy between PSI and
SAWLI measurement will be developed further in chapter 3.
The experiments described in this chapter served as an initial investigation of spec-
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Figure 2.5: Scanning area measurements on (a) a highly wedged cell (b) a more uniform
cell showing the effect of curved substrates.

tral methods for LC cell measurement, but suffered from two principal disadvantages.
First, the light level reflected from true transmissive cells was too low to be used for
reliable measurement. Second, the point by point scans took a long time to complete
(the 40 to 50 point scans of figure 2.5 each taking a few hours) making high lateralresolution measurements over whole cells impractical. These points are addressed in
the next chapter, which describes the development of an experimental system and complementary data-processing technique capable of giving relatively fast high-resolution
measurements of transmissive cells.

Chapter 3

Interferometric measurement:
Discrete wavelengths
In chapter 2, the concept of depth measurement by spectral analysis of white light
reflected from an interferometer (referred to as SAWLI) was introduced. Examples of
LC cell measurements using the general method described by Love and Major [82],
Yang [55] and others were given. This chapter introduces a new technique for cell
measurement, based on phase- measu ring algorithms. Much faster mapping of cell gaps
over two-dimensional areas with greatly reduced data volume is demonstrated for empty
transmissive cells. Numerical modelling is used to examine the issue of measurement
accuracy and the effects of coated substrates on the retrieved thickness. Experimental
results from the new method are given. Some of the results presented in this chapter
were published in [93], included in appendix C.

3.1 Improvements on the fringe counting method for spectral depth measurement
The spectral technique for determining cell gaps discussed so far, relies on location of
the peaks and troughs of the fringe pattern described by equation 2.13. As such, it will
be referred to as the fringe counting method. It is clear that it makes very inefficient
use of the acquired data points, since only a small fraction of them, those for which the
phase is an integer multiple of ir radians, are actually used in the final measurement.
Spatially-resolved measurements of cell gaps using this method were demonstrated in
chapter 2, but the technique was slow, requiring a full scanned spectrum to be acquired
41

CHAPTER 3. DISCRETE WAVELENGTHS

42

at each measurement point. As was shown in chapter 2, the methods of PSI can be used
to give very good phase estimates for points in a sparsely sampled sinusoidal pattern,
provided the phase difference between the samples is known'. As will be shown here,
these methods are also applicable to SAWLI measurement, where the phase shifts are
associated with shifts in wavenumber. Their application to this problem, however, is
less straightforward than in the conventional PSI case.
In SAWLI measurement, the depth is retrieved by calculating a phase gradient dç6/dcr
from a number of interferogram intensities recorded at a range of known wavenumbers.
In order to apply PSI algorithms to our intensity samples, the phase shifts between
samples at different wavenumbers must also be known. However, to find these phase
shifts, we must first determine the relationship between phase and wavenumber, the
phase gradient, which is exactly the quantity we are trying to measure. This circular
dependence may be broken in two ways.

3.1.1 Use of PSI algorithms on densely-sampled spectral fringe patterns
Sandoz et al.[88] described a white-light surface profiler which used an imaging spectrograph to take continuous spectra over a broad wavelength range, from points in a
white-light interferogram. In order to allow use of the PSI method to produce phase
estimates from almost all the wavenumbers sampled, they used a two step process to
overcome the circular dependence outlined above. For each point on the interferogram,
a first estimate of the phase gradient was made by counting spectral fringes, and from
this they estimated the wavenumber shift Lo corresponding to a particular phase shift.
This allowed them to select, for any given intensity sample, the other samples in the
spectrum which had approximately the right phase relationship to allow their chosen
PSI algorithm to be applied. Of course, because of the uncertainty in the original
estimate and the fact that they had a fixed set of samples to choose from, the phase
shifts between them were not exactly correct. However, by using a sufficiently tolerant
algorithm and by sampling the spectrum very densely in wavenumber, the errors in
the phase estimates so introduced could be kept to a minimum. In this way, they were
able to calculate many hundreds of (phase, waven'umber) pairs for each point on the
interferogram, from which highly accurate phase gradients were retrieved. From these,
algorithm due to Carré is a notable exception to this constraint, and will be discussed later
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they could determine, with an rms repeatability of around mm, the absolute optical
path difference between the interfering beams. This approach will be referred to as
"fringe counting plus PSI".
While it makes efficient use of the acquired data, unlike conventional PSI, the approach
requires that we sample the fringe pattern very densely along the phase (wavenumber)
axis. Sandoz et al. [88] made only one-dimensional depth profile measurements (that
is, measurements of surface height along one lateral dimension), so the volume of data
required was easily manageable. Extending the technique to three-dimensional measurement by measuring line-profiles at different points along the surface or LC cell
under inspection, greatly increases the data storage requirement and the measurement
time. For example, a single set of spectra recorded on a 512x 512 CCD array at eight
bit intensity resolution, is sufficient to give a one-dimensional profile with 512 lateral
resolution elements. With an imaging spectrograph, these data points can be recorded
in a single shot (the speed of acquisition limited by the integration time and readout
speed of the detector array) and require 0.25MB of storage space. Extending the measurement to three dimensions with 512 resolution elements along the second lateral
axis expands the storage requirement to 128MB and increases the acquisition time by
at least the same factor. Though not unmanageable with modern workstations, this
high data volume is an undesirable feature of the method. As will be shown, it is also
largely unnecessary for measurement of typical LC cells.

3.1.2 Multiple-wavelength PSI with a priori knowledge
Consider a measurement system, such as that shown in figure 3.3 in which an empty LC
cell is illuminated with a tunable collimated light beam, and imaged by a CCD camera,
so that the fringe pattern formed by reflections from the cell's inner surfaces can be
captured. This arrangement is very similar to that described in chapter 2 and shown
in figure 2.4, except that the monochromator is now used to filter the light spectrally
before it hits the cell, rather than afterwards. This means that a two-dimensional
interferogram can be imaged and captured, allowing many data points to be collected
in parallel.
Suppose that we start with some estimate of the mean gap, t (corresponding to a roundtrip path difference d = 2) for a particular LC cell. This estimate might come from
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a knowledge of the size of the spacer material used in cell fabrication, or alternatively
from the fringe counting method, used at just one point on the cell. Assuming that the
spatial variations in cell gap are not too great, we can then find an approximate value
for the wavenumber shift LO which corresponds to a given reference phase shift
Clearly, the quality of our estimate of La will be better for some points on the cell,
those for which the gap is closest to our estimated mean value, than for others.
Let us assume, for the moment, that we are using a PSI algorithm requiring a 7/2 phase
shift. We denote the wavenumber shift required for a 7r/2 phase shift, given a path
mismatch d in the cell, by Lo lT /2(d). For our cell, with nominal path difference d, we
capture a sequence of R interferograms at wavenumbers ao +rLa1 ,2 (i) (r = 1, 2, . . . R).
For each point (x, y) in the plane of the cell, we then have a set of intensity samples

I, 127 . . . JR which can be used to calculate an interference phase. However since, in
general d(x, y)
d, the sample to sample phase shift Zc(x, y) is not exactly equal to
7r/2 rad. Instead, we have
za(x,y)

=

(7r/2){d(x,y)/

(3.1)

That is, for each measurement point (x, y), there is a phase shift error
a(x, y)

-

/2

1d(x,y)—
=L

2)

(3.2)

] (/

So, using the proposed data acquisition scheme, the phase shift for a given (x, y) is
constant, but can differ, to a greater or lesser extent, from the intended value, according
to the local value of the gap. In the standard terminology of PSI, this type of error is
known as a linear phase-shift miscalibration and its effects on phase calculation have
been discussed extensively in the literature [94, 95, 96, 66, 97, 98, 99, 100, 67, 101, 102].
By careful choice of the phase measuring algorithm, the effects of this spatially-varying
miscalibration can be reduced to a level where the effect on the cell gap measurement
can be tolerated. The systematic errors produced by linear phase-shift miscalibration
are analyzed, for this new cell measurement technique, in section 3.3.
The essential point of the new method proposed here, is that a single wavenumber shift
LcT is used for all measurement points. This means that the cell gap calculation can be

made from a relatively small number of interferograms. As with the method of Sandoz
et al., the interferometer path mismatch (twice the cell gap) is found from a phase
gradient, determined from PSI phase calculations at a number of wavelengths. Unlike
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their method, however, the reflected spectrum is sampled only sparsely in wavenumber
space.
One price to be paid for this reduced data volume is the appearance of systematic errors
that occur in the calculated phases. These can propagate through to the retrieved phase
gradient as will be discussed below. Also, because we are no longer using a continuous
spectral range, the unambiguous nature of the measurement characteristic of whitelight (as distinct form multi-wavelength) techniques is lost. As shown in section 3.5,
however, the repetition period of the measurement will generally be sufficiently large
to avoid any practical ambiguity. This new technique for cell measurement, in which
phase shifting is performed by taking interferograms at multiple discrete wavelengths,
will be referred to as the multiple-wavelength PSI (or MW-PSI) method. Analysis and
experimental verification of this method for LC cell gap measurement forms the main
body of this chapter.

3.2 Comparison with earlier multiple-wavelength PSI implementations
The concept of multiple-wavelength cell measurement using sparsely-sampled spectral
fringe patterns in conjunction with PSI algorithms was introduced above. In order
to place the new work, described in this chapter, in context, two previously-reported
classes of multiple-wavelength PSI implementations are now discussed. Fundamental
similarities and differences are pointed out. The earlier methods described have primarily been used for surface figure measurement.

3.2.1 Phase shifting using tunable laser diodes
A number of researchers [103, 104, 105, 106] have reported PSI implementations which
make use of the wavelength tuning range of laser diodes to give the required phase
shifts in an unbalanced interferometer: that is, an interferometer in which the arms
have unequal length. By varying the diode injection current, small wavenumber shifts
in the output beam can be produced. However, the operating wavelength of these
diodes can typically only be tuned smoothly over a fraction of a nanometre without
mode hopping. For a path mismatch d (assumed to be in air) in the interferometer, the
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reference phase shift Lc produced by a given wavenumber shift La may be written

Ace = 27rdLa

(3.3)

Therefore, if the wavelength tuning range is small, the path mismatch in the interferometer must be large in order to give a useful phase tuning range. As an example, a
laser diode operating around 700nm with a tuning range of 0.lnm gives a phase tuning range of 27r for a path mismatch of about 5mm. For typical surfaces likely to be
measured with PSI (for example, the surfaces of high-quality optical components), the
variations in surface height are generally limited to a few microns or less. If this is the
case, and the path mismatch d(x, y) is on the order of a few millimetres, then to a very
good approximation, both d and L\a may be treated as constants, independent of (x, y).
Linear phase shift errors may then, in principle, be eliminated by correct calibration of
the laser diode controller. This is not the case for the new cell measurement technique
described in this chapter, where the path mismatch (fixed at twice the cell gap) is on
the same order as the variations being measured.

3.2.2 Conventional phase shifting at multiple wavelengths
In section 2.4.1, the concept of synthetic wavelength interferometry was introduced,
in which a long-wavelength phase map may be synthesized from two or more shortwavelength measurements. Cheng and Wyant [72, 73] and later, Creath [107] described
the application of these methods to PSI, to allow measurement, at optical wavelengths,
of very steep or stepped wavefronts. The MW-PSI method for cell measurement introduced above may also be thought of as a synthetic wavelength technique and this
point will be discussed further in section 3.5. The synthetic-wavelength implementations described by these authors, however, used physical path difference scanning, with
a piezoelectric actuator, to produce the phase shifts, which were therefore independent
of lateral position in the interferogram. For LC cell measurement, where the phase
can only be varied by wavelength scanning, this is not the case, unless the cell gap is
perfectly uniform.
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3.3 Effect of linear phase shift miscalibration on multiplewavelength PSI cell measurement
The essential features of the MW-PSI method for cell measurement introduced above
are, then, as follows. The cell gap is calculated, at any point on the LC device, from a
phase gradient dq/da. The individual phases used to determine this gradient are found,
from a sequence of interferograms, using phase-measuring algorithms, and the necessary
reference phase shifts are produced by wavelength shifts between interferograms in the
sequence. The appropriate wavelength shifts are calculated from an a priori estimate
of the mean cell gap, and the same wavelength shifts are used for each point on the
cell. Because the gap, in general, varies across the LC device the reference phase shift
is different for each measurement point. Linear phase-shift miscalibration is, therefore,
a fundamental feature of the MW-PSI cell n'ieasurement technique.
As will be shown below, the effects of these miscalibration errors can be minimized by
the appropriate choice of phase-measuring algorithm. In this section, the results of calculations designed to compare the performance of various algorithms are discussed. The
analysis presented here allowed the significance of these systematic errors to be assessed
and the practical feasibility of this method of cell measurement to be established.

3.3.1 A note on Carré's algorithm
A notable exception to the rule that PSI algorithms are designed around a specific
sample-to-sample phase shift is provided by an algorithm due to Carré [108] (see appendix A). Generally also acknowledged as the first-reported PSI algorithm, it uses four
intensity samples and treats both the wavefront phase and the phase shift as unknowns.
For this reason, it would appear to be well-suited to the problem of LC cell measurement using the new method outlined above. However, as pointed out by Hariharan [96],
the numerator and denominator of Carré's expression for tan 2 (q) (see appendix A) can
simultaneously drop to zero, leading to increased uncertainty in the measurement. The
same is true for Carré's expression for the frame-to-frame phase shift. This tendency
is especially problematic, where the interference field is rather uniform (as for example
with an approximately parallel LC cell), because in this case, errors across the whole
wavefront can be large. Initial experiments with real data taken from LC cells also indicated that the performance of the Carré algorithm, for this application, was inferior
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to a number of more recently developed error-tolerant algorithms described below and
given in appendix A. This may also be due, in part, to its comparatively low tolerance
to other error sources.

3.3.2 Error analysis for least-squares algorithms
The concept of a "least-squares" PSI algorithm was introduced in section 2.3.3. This
section examines the effects of linear phase shift miscalibrations on cell gap measurements produced using the new multiple-wavelength PSI method, when least-squares
algorithms are used to calculate individual phases, followed by estimation of a phase
gradient by least-squares fitting.
As shown, for example, by Schwider [97], the effect of a small linear phase-shift mis-

0 calculated by least-squares PSI algorithms is to
introduce an error term Aq5, such that the measured phase 0' is equal to 0 --Aq5, where

calibration on the interference phase

the error term may be approximated by

a + b cos(20) + s sin(2c5)

(3.4)

That is, the calculated phase qV oscillates sinusoidally around a value 4+a, with a period
equal to half that of the true fringe pattern. As has been discussed, in a broadband
interferometric system, assuming no dispersion in the unmatched beam paths, our aim
is to determine a phase gradient dq5/da at each measurement point from which the
absolute path difference may be inferred. This can be achieved by making a set of
phase measurements q(a) for each point (x, y), from which a gradient may be found
by least-squares fitting.
It is clear from equation 3.4 and from the discussion of section 3.1.2 that in general,
if we use a single set of wavenumbers ao + rLu12 (d) (r = 1. . . R) to make the phase
measurements for all points (x,

y), 0' will not be an exact linear function of a. Instead,

for small departures from the expected path difference d, it may be closely approximated
by

çb'(cr, d) = [27rad] + s sin(47rad) + b cos(47rad) +a

(3.5)

where the constants a, b and s depend on the degree of linear phase-shift miscalibration
(given in equation 3.2) and the particular least-squares algorithm used.
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Propagation of errors from phase to thickness
If we assume that the measured phase, taking account of the phase shift miscalibration
inherent in the multiple-wavelength PSI process, has the form given by equation 3.5,
we may examine the effect of the phase error on the calculated least-squares phase
gradient and hence on the cell gap recovered by the new method..
Consider a multiple-wavelength PSI measurement of some path difference d, made
by sampling the spectral interference pattern at wavenumber interval

La. From a

set of R intensity samples, we can calculate the interference phase for a subset of the
wavenumbers used. If we use an M-point algorithm, we can calculate a set of phases

(n = 1, 2.... N), where N = R - M + 1, corresponding to a set of discrete wavenumbers
a, given by
an

= UO +

( n = 1,2 ... . N)

nLa

(3.6)

Subject to the assumptions outlined above, the measured phase has the form given in
equation 3.5. Schwider [94] demonstrated that for a given least-squares algorithm, the
parameters a, b and s do not depend on the true phases On, but only on the phase shift
errors. From the point of view of phase gradient calculation, therefore, a in equation
3.5 may be treated as an arbitrary constant 2 and can be set to zero without loss of
generality.
We wish to know, for some number of phase calculations N, made from a fixed set
of wavenumbers, how the retrieved phase gradient varies with path difference d. To
find the phase gradient, we attempt to fit to an equation of the form q5' = ma + c.
Making the d-dependence of the gradient explicit, the least-squares solution for m may
be written
r

N

N
m(d)

N

a(d) - S > ç(d)

[_n=1

n1

Ij

NS q S

(3.7)

]

where S

O'n

and S = >a. Substituting for

from equation 3.5, with the

constant a set to zero gives

m(d)

= 27rd +

>(a - ) [b(d) cos(47rand) + s(d) sin(47rad)]
S11_ _57S1

'that is, a is constant for a given measurement point

(3.8)
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where 7 is the mean value of the wavenumbers used in the gradient calculation and the
summation is taken over all N values of n. We now define the measured path difference
to be d' and the error in the measured value der ,. = d' - d. From equation 3.8 we have

derr =

E( Or n

-

) [b(d) cos(47rad) + s(d) sin(4irad)]
27r(S - 7S)

(3.9)

Equation 3.9 is valid for any least-squares algorithm under the condition that the phase
shift errors are small. To proceed further, we must calculate the functional forms of

b(d) and s(d), which are algorithm-specific.
For the four-point algorithm used with the multiple-wavelength PSI technique, they
may be written

b(d) = —7rLa(d - i)

(3.10)

s(d) = 37r2 La 2 (d—) 2

(3.11)

The derivation of these expressions, which assumes that the phase shift errors arise only
from variations in d, is given in appendix B. The derivation is based on the general
expressions given by Schwider et al. [94], substituting the form of the phase shift
miscalibration given in equation 3.2, which is relevant to this specific case. Equations
3.10 and 3.11 together with 3.9 are sufficient to allow estimation of der, for any given
set of parameters (a o ,

LU,

N, d).

By inspection of equation 3.9, we see that the error in the calculated path difference
contains sinusoidal and cosinusoidal terms with amplitudes which increase as d departs
from the value d for which the phase shift is exactly 7r/2. The error oscillations are found
only at the discrete frequencies 2a 1 , 2a2

,..

.2ow. Figure 3.1 shows estimates of derr

calculated from equations 3.9,3.10 and 3.11 for various sets of parameters (a o , Xo, N, d).
Plotted on the same axes are the errors calculated by direct numerical simulation.
In the direct simulations, sampled intensity values for idealized spectral interference
patterns were first calculated. The four-point algorithm was then used to retrieve sets
of (phase, wavenumber) pairs, from which phase-gradients were found by least-squares
fitting. These direct simulations do not make the assumption of small Er and so give
more accurate error estimates when (d - ci) is large.

.
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Figure 3.1: Plot of path difference error against true path difference, using the fourpoint algorithm to calculate phases and least-squares fitting to find the gradient for
(a)N=5,d=5m, (b) N=7,d=5m,
(c) N = 10, i = 5gm, (d) N = 5, = lOj.tm,
(e) N=7, d= 10,am, (f) N= 10, d= 10m
where N is the number of phase calculations used to determine each phase gradient
and d is the a priori path difference estimate.
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From the preceding analysis it can be seen that, because of the influence of the denominator in equation 3.9, the amplitude of the error oscillations decreases as the number
of phase calculations is increased. Calculations of derr based both on the expression
of equation 3.9 and on direct numerical simulation indicated that, for the range of cell
gaps and cell gap variations found in typical LC devices, the MW-PSI method could
give measurements with systematic errors at sub-optical-wavelength levels, from relatively small numbers of interferograms. Sub-wavelength accuracy was identified as a
key requirement for LC cell measurement in chapter 2. Turning to figure 3.1, the plots
in parts (a), (b) and (c) show the systematic errors that result for measurement of
cell gaps between 2 and 3im, assuming an a priori cell gap estimate of 2.5iim. Note
that these graphs show path difference (equal to twice the cell gap) and path difference
error. The progression from part (a) to part (c) shows the reduction in systematic
error that results as the number of calculated phases is increased from 5 to 10. For
the N = 10 case shown in figure 3.1 (c) (corresponding to 13 captured interferograms),
the systematic errors in the retrieved path difference at the extremes of the plot are
smaller than ±50nm.
The plots of figure 3.1 parts (d) to (f) show the corresponding calculations for cell gaps
between 3 and 7iim, assuming an a priori estimate E = 5gm. The level of the errors is
clearly higher for these larger cell gaps and this point will be explained in section 3.5.
Nevertheless, the systematic path difference errors at the extremes of the plot are still
within +200nm for the N = 10 case in part (f).
Clearly, the results of these calculations are best-case indicators of the effectiveness of
the new MW-PSI method, when implemented with the four-point algorithm. They take
into account only the errors that arise from the inherent phase shift miscalibrations
resulting from the use of a single set of wavenumbers to measure a large range of
interferometer path differences. Nevertheless, they demonstrate that the method offers
the prospect of relatively small errors in determination of the path difference, coupled
with low acquired data volume.
In the sections that follow, refinements of the technique based on error-tolerant phase
measuring algorithms and on the methods used in conventional multiple-wavelength
PSI will be described.
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Error-tolerant algorithms

Least-squares algorithms, including the four point algorithm discussed above provide
a useful starting point for investigation of MW-PSI because their response to phase
shift miscalibration and other error sources has been studied analytically [70, 94, 971.
However, the least-squares approach to phase retrieval is not always the most effective
one in the presence of a range of errors occurring in real systems.
Even in conventional PSI, ensuring that the intensity samples are taken at highly
uniform, known intervals is difficult. For this reason, many authors have derived PSI
algorithms which are more tolerant to linear phase shift miscalibration than the fourpoint algorithm discussed above [94, 95, 96, 109, 97, 98, 99, 100, 110, 102, 101]. In
general, the effect of errors on the calculated phase

4'

may be reduced by increasing

the number of intensity samples used in each phase calculation 3 . The reference phases
at which the pattern is sampled and the relative weight given to each sample may be
chosen so as to optimize algorithm performance for resistance to different error sources.
Hariharan [96] pointed out that a five sample algorithm (now known as the Hariharan algorithm), which had been introduced earlier by Schwider et al. [94], gives very
small errors in the presence of linear phase shift miscalibration. He showed that, for a
small phase step error e, the error in the calculated phase could be approximated by

AO= (e 2 /4) sin(20). This behaviour is similar in character to that of the four point
algorithm discussed above, although the errors produced are smaller. More recently,
Schmit and Creath [101] described a method whereby, starting with an existing phasemeasuring algorithm, new algorithms can be derived sequentially. Each new algorithm
in the sequence yields smaller errors and uses one more intensity sample than the one
preceding it. With this procedure, an algorithm using any desired number of samples
can be generated to give the required degree of error tolerance. In the MW-PSI cell
measurement case, it is clear that the degree of tolerance to linear phase shift miscalibration of the algorithm used should be tailored to the range of expected departures
from the mean path difference estimate d.
Schmit and Creath derived two classes of algorithm with their technique: class A, which
originates from the four point algorithm of equation 2.6 and class B which starts with
3 the signal to noise ratio of the computed phase increases as the square root of the number of
samples
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the three point algorithm (see appendix A).

Choice of algorithm for a fixed number of intensity samples
The analysis of systematic errors for the four-point algorithm presented above indicated
that their effect on the retrieved cell gap could be reduced by increasing the number
of phase calculations used find the phase gradient. Suppose that a fixed number of
intensity samples, R, are taken and used to retrieve N phase values using an Mpoint algorithm. As explained above, N, M and R are related by the expression

N = R - M + 1. The analysis presented in section 3.3.2 suggests that the systematic
errors in the recovered phase gradient will tend to be reduced by increasing N. However,
for fixed R, increasing N clearly implies reducing M, the number of samples used to find
each phase value.This in turn tends to increase the level of errors in the individual phases
and hence in the phase gradient. Thus, for a fixed number of acquired interferograms,
an optimum balance may be found between N and M. As explained in section 3.4.2
below, in a real experimental system, the point at which this balance is found may be
determined by error sources other than linear phase-shift miscalibration.

3.3.4 Theoretical performance of Schmit's algorithms for LC cell measurement
Because the method described by Schmit and Creath [101] allows derivation of errortolerant phase-measuring algorithms for any chosen value of M, their algorithms were
selected for study in the context of MW-PSI cell measurement. In order to predict
the performance of Schmit's algorithms for this application, a computer program was
written to perform numerical simulations on both idealized simulated intensity data
(incorporating only the effect of the linear miscalibration) and simulated data with certain forms of noise added. These simulations were performed in much the same way as
those described in section 3.3.2. First, a set of sampled intensity values were calculated,
based on a model of the captured spectral fringe pattern. Then, the chosen algorithm
was used to retrieve a set of phases from these samples. Finally, the phase gradient
was found by least-squares fitting. In this section, only phase shift miscalibratiori is
considered. Other noise sources are discussed below.
Figure 3.2 shows an example of the output from this program, when used to simulate
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measurement of cell gaps varying between 2 and 3j.tm, using a value of La designed to
give a 7r/2 phase shift at the mean cell gap, 2.Siim. The phase shift miscalibration is
equal to zero for this mean value and increases linearly with distance from the centre
of the x axis. The plots show the value of the cell gap found from the least-squares
estimate of the phase gradient, using a range of PSI algorithms to calculate the phases
at individual wavenumbers. Here, the number of phase calculations was held constant
at N = 5, so that the number of intensity samples (and hence wavenumbers) used
varied between eight and ten according to the algorithm chosen. When comparing the
plots with those of figure 3.1, it should be noted that figure 3.2 shows cell gaps rather
than path differences (equal to twice the cell gap). Note also the difference in vertical
scales between parts (a) and (b) of figure 3.2.
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Figure 3.2: Simulation results showing cell gap error against true cell gap, using a range
of algorithms to calculate phases and least-squares fitting to find the phase gradient.
The number of calculated phases, N is equal to five in all cases.
Four point algorithm (Schmit's 4A) and Hariharan algorithm (Schmit's 5A)
Schmit's 6A and 6B frame algorithms. The algorithms are given in appendix A

The simulation results shown in the figure illustrate how the systematic measurement
errors may be reduced by increasing the error tolerance of the algorithm used to recover
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the phases. For the most error-tolerant algorithm considered here, the Schmit 6B
algorithm, the errors for cell gap variations as large as +20% from the a priori estimte,
are smaller than +0.5nm.

3.3.5 Conclusions drawn from the analysis of linear phase shift miscalibrat ion
From the analysis presented above and the results of numerical simulations discussed,
the following conclusions can be drawn. The first is that the multiple-wavelength PSI
method appears to be suitable for measurement of typical LC cell gaps, using relatively
small numbers of intensity samples. It has been shown that the systematic errors
introduced by phase shift miscalibration are affected by two factors: the number of
phases used to find the phase gradient and the number of intensity samples used by the
chosen algorithm to make each phase calculation. The need to find a balance between
these factors, when using a fixed number of intensity samples, has been discussed. The
simulation results indicate that, using small numbers of intensity samples (fewer than

15), the systematic measurement errors may be reduced to levels around ±lnm for
typical LC cell gaps, even allowing for variations as large as +20% in the gap, by the
appropriate choice of phase-measuring algorithm. In the next section, cell measurement
experiments based on the MW-PSI principle are described. A number of noise sources
occurring in real experimental systems are discussed and the performance of a range of
algorithms on experimental data is compared.

3.4 Cell measurements using the multiple-wavelength PSI
technique
3.4.1 Experimental setup for MW-PSI cell measurement
Figure 3.3 shows the experimental arrangement used for making measurements on
empty transmissive cells. A collimated white light beam from a mercury arc lamp
passed through two linear polarizers in sequence and was focused on to the entrance slit
of a scanning grating monochromator (Oriel 77250): the focusing lens being matched
to the monochromator's numerical aperture, to avoid the loss of spectral selectivity
which would result from under filling the grating. The monochromator slit widths
were set at 0.2mm, giving an output beam with a spectral bandwidth of 2nm with the
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grating used (One! 77306). The slit height was set to its minimum value of 0.5mm.
At the monochromator output, an astigmatic mirror (Oriel 7292 reflector) was used to
correct for the aberrations introduced internally, and produce a collimated beam. A
broadband beamsplitter cube with an approximately 50% split ratio across the visible
spectrum, was used to divide the beam into two parts, one incident normally on the
empty LC cell and the other hitting a reference reflector, described below. The cell
and reference reflector were then imaged using a 512 x 512 pixel CCD camera and the
resulting video signal split between a PC/frame grabber system (Matrox PIP 512) and
a digital storage oscilloscope (Fluke PM3382A Autoranging Combiscope). The frame
grabber digitized the video signal to eight bit intensity resolution (256 grey levels) and
allowed some control over the signal levels that were mapped to the 0 and 255 pixel
values.
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Figure 3.3: Experimental setup for multi-wavelength PSI cell measurement

Using the oscilloscope, the video signal level on any chosen scan line could be measured.
The reference reflector, which was essentially a dummy cell with a very large gap (several
hundred microns), was imaged alongside the cell on the CCD array and allowed the
spectral variations in source brightness and detector sensitivity to be cancelled out.
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During a data acquisition run, the video signal from the region of the detector imaging
this reference was monitored. After each wavelength had been selected, the linear
polarizer closer to the light source was rotated so as to bring this signal back to a
set level, before the interferogram from the cell was captured. This ensured that the
dynamic range of the A/D converter in the frame grabber system could be efficiently
used and that the intensity variations captured in the sampled interference pattern were
due only to changes in interference phase and not source brightness or CCD spectral
sensitivity. In order to check the accuracy of the monochromator's wavelength readout,
a number of interference filters of known centre wavelength were placed in sequence into
the collimated portion of the input beam and the grating scanned to find the position
of maximum output intensity. A small constant offset of 2.6 ± 0.2mm was found to be
present in the readings and was taken into account during the data acquisition runs.
Linearity of the camera output was checked using rotations of the first polarizer to
give a set of known relative brightness levels. The monochromator was interfaced to
a computer and a control program written which allowed the mean cell gap, starting
wavelength and number of samples to be selected, the program then stepping through
the appropriate wavelengths in turn.
One comment on the LC cell illumination system is relevant here. It should be noted
that, although the surfaces of interest for interferometric LC cell measurement are the
inner two surfaces of the cell, the outer surfaces also contribute approximately the same
intensity level at the detector. In addition, other optical surfaces in the illumination
system (for example, the faces of the beamsplitter) can give rise to spurious reflected
beams with significant intensity. If the interference pattern recorded on the CCD array
is to be characteristic of the cell gap alone, care must be taken to ensure that none of
these unwanted beams are coherent with each other or with those from the inner cell
surfaces. In practice this condition is fairly easily achieved as long as the illuminating
bandwidth is not too small. For typical LC cell gaps (in the range 1 to 10im), a
bandwidth of 2nm was found to give high contrast fringes from the inner surfaces,
while preventing the formation of extraneous fringe patterns.
For a given cell thickness t, the bandwidth required to give high-contrast spectral fringes
may be calculated from equation 2.13. The range of wavenumbers in the illuminating
beam should be small, compared with the spectral fringe period 1/2t. For a fixed
illuminating bandwidth, spectral fringe modulation decreases with increasing cell gap.
Although, in the ideal case, non-unit fringe visibility should not affect the measurements
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produced by PSI, in a real measurement system using a camera/digitizer with finite
dynamic range, this effect can introduce measurement errors. These and other errors
occurring in practical measurement systems are discussed in the next section.

3.4.2 Effects of other errors in practical measurement systems
In practice, the intensity samples taken from any PSI setup will not conform exactly
to the expression given in equation 2.4. First, this equation assumes that only two
coherent beams contribute to the interference pattern. For practical LC cells, even
when the illuminating beam has a small coherence length, this assumption may not be
a good one. As was outlined in chapter 1, the inner surfaces of the cell are generally
coated with two layers: one, a transparent electrode and the other, a thin dielectric
film, designed to promote LC alignment. Because these layers are thin, relative to
the cell gap, the reflections they cause all contribute to the final interference pattern,
which then becomes non-sinusoidal. The effect that this has on spectrally resolved cell
gap measurements is discussed in section 3.6. For the moment, it is assumed that all
multiple reflections can be neglected and that the intensity distribution reaching the
detector does indeed have the simple two-beam form.

Q uantization noise
Even with this simplifying assumption, effects arising from the detection system must
still be considered. The interference pattern is captured, in the system of figure 3.3, by
a CCD camera which produces an analogue output (a standard composite video signal)
which must then be converted into digital form before data processing can begin. The
conversion of the analogue intensity pattern to a discretized digital form is a source of of
noise known as quantization noise. This has been considered, for example, by Brophy
[111], who showed that the variance of the retrieved phase for 7r/2-shift PSI algorithms,
when the intensity is quantized to Q levels, is closely approximated by 1/3Q 2 and is
essentially independent of the number of samples used by the algorithm.
Two conclusions may be drawn from this observation. First, that the dynamic range
of the A/D converter in the capture system should be optimized so that the fringe
modulation is recorded in as many grey levels as possible. Second, that where a fixed
number of interferograms R have been captured, the optimum balance between M
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(the number of samples used in each phase calculation) and N the (number of phase
calculations), discussed in section 3.3.3, may be shifted towards lower M values by the
presence of quantization noise.
A more realistic estimate of algorithm performance than that gained from considering
linear phase shift miscalibration alone (as was done in section 3.3.4) can be made by
calculating the measurement errors which result for a fixed number of intensity samples
(as opposed to a fixed number of phase calculations), taking quantization noise into
account. Figure 3.4, produced using the computer program discussed above, compares
simulation results for the four point, Hariharan and Schmit 6A algorithms introduced
in section 3.3.4 as well as the Schmit 8B frame algorithm given in appendix A. The
range of cell gaps and the mean gap used in these calculations are the same as for figure
3.2. However, the simulations shown here held the number of samples fixed at R = 15
and assumed a fringe pattern with modulation 'y = 0.5 quantized to 256 grey levels.
At this level of quantization noise, the systematic errors resulting from linear phase shift
miscalibration, still clearly dominate the results from the four point algorithm (figure
3.4(a)). However, they are no longer clearly visible in the simulated measurements
from the other algorithms, the essentially random errors resulting from quantization
noise being far larger. It is also seen from the plots and from the calculated mean
absolute measurement errors, that for this number of data frames, the five and six
frame algorithms in parts (b) and (c) perform better than the eight frame algorithm in
part (d).

Random noise sources

Random errors in the recorded intensity will be present in the output from any real detection system. These random errors may either be correlated or uncorrelated with the
true optical signal. An example of the former type is shot noise, which is a consequence
of the discrete nature of radiation. Uncorrelated noise may be produced by thermal
effects in the detector which can lead to liberation of charge carriers, independent of
the true signal level, giving rise to uncorrelated random fluctuations in detector output.
The effects of these types of noise in conventional PSI systems have been discussed by
Freischlad and Koliopoulos [98] and Brophy [111]. Brophy showed that, if the noise has
no sample-to-sample correlation, the variance in the phase calculated by PSI scales as
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(a) four point algorithm (b) Hariharan's algorithm (c) Schmit's 6A frame algorithm
and (d) Schmit's 8B frame algorithm.

11M, where M is the number of samples used by the chosen algorithm.
Detector rionlinearities
Where the output signal from the detector is not directly proportional to the incident
intensity, the recorded interference pattern will not have the simple form of equation
2.4 and phase measurement errors will result. Using a CCD array, serious detector nonlinearities are only likely to result when the detector is operating at or near saturation
[67]. As stated above, the linear range of the detector array used in the experiments
described here was identified, and care was taken to operate it within this range when
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interferograms were acquired. In addition, many commonly-used phase measuring algorithms are relatively insensitive to low-order detector non-linearities. Kinnstaetter
et al. [109] showed that, for the four point algorithm, phase measurements are insensitive to second order detector nonlinearity. This is also true of all of the algorithms
in Schmit's [101] "class A" category, which includes Hariharan's algorithm. Schmit's
"class B" algorithms have a small, but nonzero sensitivity to second order nonlinearities. Generally, for classes of algorithm that are sensitive to second order nonlinearities,
the sensitivity decreases as the number of samples used increases. With most practical
detector systems, nonlinearities higher than second order are very small and can be
neglected.

Spatial averaging effects
Any real detector array will consist of pixels of finite area. The intensity detected by
a given pixel will therefore not be an idealized point sample, but instead will be an
averaged intensity over its area. This does not present difficulties for PSI measurement
provided the spatial period of the recorded fringe pattern is long compared to the pixel
size. If this is not the case, the recorded fringe modulation will be reduced, reaching
zero at the point where a complete fringe period fits within the width of a single pixel.
A reduction in modulation will often result in inefficient use of the dynamic range
of the A/D converter in the frame grabber system and will then lead to an increase
in quantization noise. Another practical limit for PSI systems is set by the Nyquist
frequency, which is dependent on the pixel pitch rather than pixel widths. According to
standard sampling theory (see, for example [112]), at least two samples per fringe period
must be recorded in order to avoid aliasing effects. If aliasing is present, standard PSI
techniques can no longer be used. For typical LC cells, these effects are not likely to be
significant, since the cells' inner surfaces are normally nearly parallel and the number
of fringes across the field of view is small.

3.4.3 Results of multiple-wavelength PSI measurements on empty LC
cells
Using the experimental setup and procedure described in section 3.4.1, sets of fifteen
interferograms were acquired using a number of transmissive cells. In order to avoid
the complications associated with reflections from thin films on the cell's inner surfaces,
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the cells examined at this stage were made either with completely uncoated substrates 4
or with ITO-coated glass 5 , with the ITO coating on the outside of the cell. The effects
of coatings on the cell's inner faces are discussed in section 3.6 below. The decision to
use fifteen-interferogram sets was taken for a number of reasons.
First, the number of interferograms that can be taken in the visible spectrum, for a
given mean cell gap and frame-to-frame phase shift, is necessarily limited. For example,
with a mean cell gap of 2pm, tuning through the entire visible spectrum from 400 to

700nm, gives a total phase shift of about 8.57r. Using a 7r/2 phase shift algorithm,
this is sufficient to allow us to take a maximum of about eighteen interferograms.
Second, it was found that, by the time fifteen interferograms had been taken, the
incremental improvement in the measurement produced by taking an extra one was
rather small. Third, using the data acquisition system described above, a certain
amount of user intervention was required, after selection of each new wavelength, to
return the reference brightness to the desired level. Thus, the time needed to take
each data set was significantly affected by the number of interferograms captured. In
principle, this last limitation could be overcome by automating the brightness correction
system, for example by using a photodiode to monitor beam intensity, feeding back to
an electrically-controlled attenuator to control the brightness.

Data processing
A computer program was written to allow the captured interferogram sequence to be
converted into a cell thickness map. The first version of this program incorporated a
variety of 7r/2 algorithms which could be selected by the user. For each pixel in the
interferogram sequence, the program calculated as many (phase, wavemumber) pairs as
was possible given the algorithm chosen and the number of intensity samples available.
These calculated phases were, of course, only known modulo 27r. Before finding the
least-squares gradient, any 27r jumps in phase caused by the phase wrapping effect,
had to be removed. The process of phase unwrapping for spectral fringe data is relatively simple, since it may be assumed that the phase always increases with increasing
wavenumber (since the phase gradient is proportional to l/d and d is positive). The
program was therefore able to find the points where the phase had wrapped, by looking
12 x 12 x 1.1mm polished fused quartz plates
12 x 12 x 1.1mm squares of Baizers Baltracon low ohmic glass
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for adjacent samples for which the phase decreased locally with increasing wavenumber.
By moving through the retrieved phases in increasing wavenumber order and correcting
for wrapped phases by adding integer multiples of 27r, a monotonically increasing set
of phases could be produced for each pixel sequence. The least-squares phase gradient
(see for example [112]) could then be found for each measurement point and used to
calculate a cell gap.The resulting grid of cell measurements was then written to a data
file.
To provide a check of the accuracy of the measurements, a simulated Fizeau interferogram was also generated from the thickness map, for one of the wavelengths used
during data acquisition (normally 700nm). A reflection-induced relative phase shift of
ir radians between the two interfering beams was assumed. The form of the simulated
interferogram could then be compared with the corresponding captured interferogram
from the original sequence. Of course, because of the inherent ambiguity of singlewavelength data, agreement between the simulated and captured interferograms for
any particular wavelength does not necessarily indicate high measurement accuracy.
Many different cell gap distributions can produce the same single-wavelength interferogram and far less information is contained in the simulated interferogram than in the
retrieved thickness map. However, any disagreements in fringe shape between simulated
and captured interferograms can be used to indicate measurement inaccuracy.

Experimental results
Some examples of the output of this program, used to process experimental cell data, are
shown in figure 3.5, which compares the thickness maps which result from using a range
of 7r/2 algorithms on the same captured data set. As with all the cell measurements
given in this chapter, the lateral dimensions of the measured area are approximately
5 x 5mm. For the measurements shown in figure 3.5, the mean gap was assumed to
be 3.0am. Alongside the thickness map generated by each algorithm, the simulated
interferogram for a wavelength of 700nm is also shown. These may be compared with
the true captured interferogram at this wavelength, shown in figure 3.6(a). All of the
measurements show a greater or lesser degree of ripple, which results from systematic
measurement error rather than from the spatial structure of the cell itself. Evidence
for this is provided by the captured 700nm interferogram, which is much smoother in
appearance than any of the simulated interferograms. The amplitude of the ripples also
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varies according to the algorithm used and the number of samples taken (demonstrated
in figure 3.7), as we would expect from the simulation results discussed above.
As was explained in sections 3.3.3 and 3.4.2, the best thickness map does not necessarily
result from using the largest possible number of samples to make each phase calculation.
This can be seen in figure 3.5, where the amplitude of the ripple reaches a minimum
around the five (Hariharan) or six sample algorithms and increases again for the seven,
eight and nine frame algorithms. It should also be noted that the measurement appears
to be most accurate (comparing the simulated with the true interferogram) for the
relatively uniform region in the centre of the cell. The regions of closely spaced fringes
towards the top left and right hand corners of the captured interferogram (left and back
corners in the 3-D plots) show the most marked measurement errors, and these fringes
are not well-defined in the simulated interferograms. Two factors probably contribute
to this: first, the value of the gap at these corners departs by at least 30% from the mean
value used to select the interferogram wavenumbers and second, the fringe modulation
in these regions is lower than elsewhere because of the spatial averaging effect that was
discussed in section 3.4.2 above.
Figure 3.7 shows the effect of varying the total number of interferograms for the same
cell, using Schmit's 6A frame algorithm to perform the phase calculations. Figure 3.7
(a) results from the use of only seven interferograms, allowing the calculation of just
two phases. The presence of large systematic errors is easily seen in the 3-D plot, the
ripples following the lines of the fringes. This is to be expected, given the analysis
presented in section 3.3.2. There, it was shown that, for least-squares algorithms, if
phases are calculated for wavenumbers o

(ii

= 1 ... N), the retrieved thickness has

sinusoidal error terms at twice the fringe frequencies existing in the single-wavenumber
interferograms recorded at o. While the Schmit 6A algorithm is not a least-squares
algorithm, the character of the errors produced by Schmit's algorithms was shown to
be similar using the numerical simulations described in section 3.3.4.
When a large number of phase calculations are used, the systematic error terms (which
can have different signs for different wavenumbers) are damped out in the gradient
fitting process and the recovered thickness map becomes smoother. The effect of adding
more phase calculations is seen in the progression from figure 3.7 (a) to (d). As we
would expect, the essentially random phase errors (such as those due to quantization
and thermal noise) also tend to be damped out as the number of phase calculations
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from which the gradient is calculated is increased.
Figures 3.8 and 3.9 show measurement examples from two more transmissive cells,
where again the Schmit 6A algorithm was used to calculate phase gradients from a
number of data frames varying between seven and fifteen. As before, simulated 700nm
interferograms are given alongside the 3-1) plots, which may be compared with the true
recorded 700nm interferograms given in figure 3.6 (b) and (c). The measurements in
figure 3.8 were made by assuming a mean thickness of 3.8iim. Again, the systematic
ripple resulting from linear phase shift miscalibration can be seen most markedly in
the measurements made from fewest frames. The ridges that can be seen running from
left to right near the bottom of the simulated interferograms in parts (a), (b) and (c)
are the result of faint spurious fringes in the original recorded sequence. These fringes,
which are just visible in the captured 700nm interferogram of figure 3.6 (b), are not
related to the cell gap and probably resulted from unwanted reflections in the optical
system. Their effect is clearly diminished as the number of frames is increased and
they are barely visible in the simulated interferogram resulting from the fifteen frame
measurement. As before, increasing the number of data frames also appears to reduce
the effects of random phase calculation noise on the final measurement.
The measurements of figure 3.9 were made, assuming a mean thickness of 7.25gm.
The same general trends as for figures 3.7 and 3.8 are visible in the sequence moving
from seven to fifteen frames.The systematic errors manifest themselves as ridges and
troughs parallel to the contours of cell thickness, which tend to be damped out as
more frames are used. One feature to note from the measurement of this thicker cell is
that here, even using the full fifteen data frames, the systematic errors are sufficient to
cause a marked difference between the simulated (figure 3.9 (d)) and captured (figure
3.6 (c)) 700mm interferograms. This is the result of the error magnification effect
which occurs in multiple-wavelength interferometry. This effect is discussed in the next
section, together with an improvement to the data-processing method which allows its
influence to be reduced.

3.5 Measurement range and error magnification
It was mentioned earlier, in section 3.1.2, that one of the disadvantages of using only a
few widely separated wavelengths to perform the cell measurement is that the absolute
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unambiguity associated with true white-light interferometry is lost. In chapter 2, the
concept of synthetic wavelength measurement was introduced, where it was shown that
two phase maps acquired at wavenumbers

Ca

and O'b could be used to synthesize a

phase map at a (generally much smaller) wavenumber

c73 = - Ca.

The unambiguous

measurement range associated with this synthetic phase map is equal to the synthetic
wavelength A 3 = 11o.
Consider now the measurement range that results when the new MW-PSI technique
is used to measure a cell using a 7r/2 algorithm. If the assumed mean thickness is

I
t,

the required wavenumber shift between frames is given by La = 1/8k, the factor of
eight in the denominator coming from the fact that four samples are taken per spectral
fringe period and the round trip path difference is equal to twice the cell gap. The
resulting synthetic wavelength for cell measurement (bearing in mind that the path.
difference is divided by two to give the cell gap) is then equal to four times the a priori
cell gap estimate. This has a bearing on the levels of measurement error which can
be achieved in the cell gap calculations and this will be explained below. First, it is
worth noting that, in practice, the PSI phase retrieval process will always limit the true
useful measurement range to something less than twice the estimated gap, since the
frame-to-frame phase shifts must be in the range 0 - ir.
As Cheng and Wyant [72] pointed out, as well as magnifying the unambiguous measurement range, synthetic wavelength techniques also magnify the effect of errors in
the calculated phase maps. Consider, first, the case in which the path difference is
found from just two phase maps,

0a (x, y) and q5b(x, y). These maps will inevitably

contain phase errors, some of which will propagate through to the difference phase
Ob - Any that do will be multiplied by A when the path difference d(x, y) is calculated. Since ) > A a , Ab, the signal to noise ratio (SNR) of the measurement found from
& (x, y) is worse than that of measurements made from either of the shorter wavelength
phase maps

a(X,

y) and qb(x, y) which, of course, contain phase wrapping ambigui-

ties. While, as demonstrated above, the situation can be mitigated by collecting more
intensity samples and calculating the phase gradient from more than two phase maps,
the error magnification effect remains.
Cheng and Wyant suggested that more accurate measurements could be produced
from the phase maps measured at the short wavelengths A a and Ab, using the synthetic
phase map q(x, y) to resolve the phase wrapping ambiguities. In this way, the large
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unambiguous measurement range of the synthetic wavelength can be combined with
high SNR associated with the short wavelengths Aa and Ab. Of course, if the noise level
in the synthetic phase map is too large, reliable correction of the short wavelength data
may not be possible. This is likely to happen if the ratio of the synthetic to the true
wavelengths is too great.

3.5.1 Improving the accuracy of the MW-PSI measurements
Cheng and Wyant's method may be applied to process the MW-PSI cell data as follows:
first, the synthetic-wavelength thickness map is retrieved, as before, by calculating a
number of phase maps and finding the phase gradient for each pixel by least-squares
fitting. Then, considering each individual phase map in turn, the modulo 27r phase
information is first adjusted to take any reflection-induced phase changes into account
and then corrected to reflect the true interference order, estimated at any desired
wavelength from the synthetic-wavelength map. At this point, a check must be carried
out to verify that the estimated interference order is correct. Clearly, even if the errors
in the synthetic-wavelength map are very small, the estimated order can differ from
the true order by +1 when the true path difference is close to a whole number of
wavelengths for the phase map being considered. If the estimated interference order
for the wavelength A, is denoted m e and the path difference found from the synthetic
phase map is d3 , then the true interference order is taken to be equal to me + 1 if:

I

(q5A,/27r + (m e + 1)A) - d8

I<I

(A/27r + meAn) - d3 I

(3.12)

where çb is the retrieved phase at wavelength X n , corrected for phase changes on
reflection. Similarly, the correct order is taken to be me - 1 if:

I

(A,/27r + (m e - 1)A) - d

I<I

(0A/27r + m e A n ) - d

I

(3.13)

If neither of these two conditions holds, the original estimate m e is taken to be correct.
Using this method to find the interference order for each wavelength and each interferogram pixel, a number of order-corrected phase maps may be produced which retain the
large unambiguous measurement range discussed, but also have much smaller errors
than the synthetic wavelength measurements. The remaining errors may be further reduced by averaging the order-corrected phase maps together to produce a final result.
If this procedure is followed, the error-tolerances for the cell gap found from the leastsquares phase gradient may be relaxed. Provided the errors are small compared with
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the individual wavelengths used, the calculated interference orders will be correct and
reliable order-corrected phase maps may be found. Note also, that this method requires
any reflection-induced relative phase changes between the beams to be known. By contrast, the phase gradient method only requires that they are wavenumber-independent.
Numerical simulations were performed on idealized data sets, to examine the effect of
this modified procedure on the level of systematic errors in MW-PSI cell measurement.
Figure 3.10 shows simulation results for the Schmit 6A algorithm, used to calculate
phase maps at five wavelengths, from ten intensity samples. Part (a) of the figure
compares the errors that result from using the least-squares gradient with errors in two
of the individual order-corrected phase maps. Part (b) shows the result, when all five
order-corrected maps are averaged together. Note that the vertical scale in part (b) is
different from that in part (a). As compared with the least-squares gradient method,
the phase map averaging method can be seen, in this example, to have produced an
approximately 20-fold reduction in the maximum systematic error level.

3.5.2 Implementation of the phase-map averaging method for processing experimental data
The procedure outlined above was incorporated into the program used for processing the
experimental data, that was discussed in section 3.4.3. Figure 3.11 shows results using
this modified method on the same data on which the plots of figures 3.7, 3.8 and 3.9
were based. As before, in each case, Schmit's 6A frame algorithm was used to calculate
the phases using all fifteen frames. In order to reject any measurements that were
obviously bad, the program was also modified to calculate the standard deviation (of
the order-corrected phase map average) at each point. Where the calculated standard
deviation was greater than lOOnm, the measurement was rejected.
The measured thickness maps and simulated interferograms shown in parts (a), (b) and
(c) of figure 3.11 can be compared directly with those retrieved from the same data using
the least-squares gradient method (figures 3.7 (d), 3.8 (d) and 3.9 (d) respectively).
Turning first to figure 3.11 (a) and comparing it with figure 3.7 (d), the most obvious
change is the very significant reduction in measurement ripple, which is an artefact of
the least-squares gradient method. Also, the character of the measurement errors for
the averaging technique is rather different. The systematic errors appear to have been
greatly reduced over most of the cell's area by averaging the order-corrected phase maps.
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This is unsurprising in light of the discussion and simulation results presented in section
3.5.1, and may be confirmed by comparison of the simulated and captured 700mm
interferograms in figure 3.11 (a). However, a new kind of error has been introduced
near the edges of the measured area, where the cell gap begins to change rapidly. In
these areas, the magnitude of the errors in the least-squares gradient thickness map
was clearly too large to allow reliable calculation of the interference order. Such errors
will tend to produce sharp steps in the calculated thickness profile, as seen in the
figure. Note also that, in these areas, a significant number of measurement points were
rejected because their calculated standard deviations were too large. Rejected data
points appear as holes in the mesh of the 3-1) plots and as dark points in the simulated
interferograms. As discussed in section 3.4.3, larger systematic errors in these regions
of the cell thickness map are probably due to increased linear phase-shift miscalibration
and reduced fringe modulation.
The thickness map in figure 3.11 (b) can be compared with that of figure 3.8 (d).
Again, for this cell, a marked reduction in measurement ripple is seen when using the
phase-map averaging method. No obvious errors in calculated fringe order can be seen,
no measurement points were rejected, and the simulated and captured interferograms
are in very good agreement. The smaller measurement errors seen for this cell, as
compared with that of figure 3.11 (a), can be attributed to its smaller range of cell gap
values. The latter leads to reduced phase-shift miscalibration and consistently high
fringe modulation across the full area of the captured interferograms.
Comparing figure 3.11 (c) with 3.9 (d), measurement artefacts have again been reduced.
For this cell, the interference order appears to have been incorrectly determined for
about 20 measurement points, which appear as isolated spikes or holes in the mesh in
the 3-1) plot. This is to be expected. As noted in section 3.4.3, there is a relatively high
level of measurement error in the thickness map shown in figure 3.9 (d): used to correct
the interference order for figure 3.11 (c). For the vast majority of measurement points,
however, the interference order correction appears to have been successful, and the
agreement between simulated and captured interferograms has been greatly improved.
As explained in section 3.5, the increased error seen in measurements of thicker cells
with the MW-PSI method can be attributed to the very long synthetic wavelengths used
for these cells. When using the phase-map averaging method, errors in the synthetic
phase map must be extremely small, as a fraction of the synthetic wavelength, to
ensure reliable correction of interference orders in the optical-wavelength phase maps.
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For example, for the measurements shown in figure 3.11 (c), the assumed mean cell gap
was 7.25jtm and the synthetic wavelength, A 9 , was therefore equal to 29.0m. In this
case, errors as small as A 3 /100 in the synthetic-wavelength thickness map correspond
to errors of about A/2 at optical wavelengths: they can therefore be significant when
correcting interference orders.
The reliability of the measurements, particularly for thick cells, could potentially be
improved using a method suggested by Cheng and Wyant [73]. In their method, the
multiple-wavelength data are used to generate a number of additional phase maps at
shorter synthetic wavelengths. The phase map from the longest available A is used to
correct the ambiguities in the map produced from a shorter synthetic wavelength, and
this in turn is used to correct the ambiguities in the measurements at the true optical
wavelengths. This method has not yet been implemented for processing the MW-PSI
cell measurement data, but is a promising area for further study.

3.6 Effects of coated substrates
The principle of multiple-wavelength LC cell measurement described so far has been
based on two main assumptions. First, the interference phase has been taken to be a linear function of wavenumber, with the constant of proportionality (the phase gradient)
itself being directly proportional to the cell gap. Second, the reflected intensity variations have been assumed to be due to pure two beam interference. The first assumption
obviously depends on the cell being empty, so that there is no unmatched dispersion
between the interfering beams. However, it also relies on the relative phase change
caused by reflections being independent of wavenumber. For air-filled cells constructed
from uncoated dielectric substrates, this is essentially valid.
The second assumption implies that multiple reflections are completely unimportant
and that only two reflecting surfaces contribute to the interference. In the experimental
system described above, the coherence length of the illuminating beam was very much
shorter than the thickness of the cell's bounding plates. Therefore, reflections from
the outer cell surfaces did not give interference effects and contributed only a constant
background intensity to the interferogram. Because of the large mismatch in thickness
between the bounding plates (normally at least several hundred microns thick) and
the cell gap (on the order of a few microns), this condition is not difficult to achieve.
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Because the reflections from single dielectric surfaces are weak, when the illumination is
at normal incidence (around 4% reflected intensity from an air-glass interface), multiple
reflections within the cell are also insignificant if un-coated substrates are used.
However, for these spectral measurement techniques to be applied to the cells used in
real LC devices, the validity of these assumptions must be re-examined. As has been
stated, in order to promote LC alignment and to provide the necessary conductive surfaces, the bounding plates used in real LC devices are coated, normally with separate
conductive and alignment-promoting layers, with thicknesses in the region of tens to
hundreds of nanometres. These layers mean that the simple cell model considered so far
is not strictly valid. In this section, their effect on spectral cell gap measurement is examined through numerical simulation, and the practical consequences for experimental
measurement of these cells by multi-wavelength techniques are discussed.

3.6.1 Numerical simulation of multilayer film effects
The optical properties of the cell gap in a practical LC device may be determined by
considering it to be a multilayer dielectric stack. The model that was used to predict
the form of the spectral fringes seen when measuring a coated LC cell is shown in
figure 3.12. In this model, the cell is thought of as a series of three non-absorbing
filters, each of which reflects a portion of the light incident on it and transmits the rest.
The three filters represent the two air-glass interfaces on the outside of the cell and the
cell structure itself, the latter being a stack of thin dielectric layers (including the air
gap) bounded on both sides by glass. It should be noted that although the ITO layer
is conductive, it may be thought of as a dielectric at optical frequencies. Because, as
stated, the coherence length of the light used in the multi-wavelength measurements was
much smaller than the bounding plate thickness, no coherent interaction was allowed in
the model, between rays reflected or transmitted by the three filters. Although multiple
reflections were permitted between the three, they were assumed to sum incoherently.
The dielectric layers composing the cell were taken to be homogeneous and planeparallel and the illuminating beam perfectly collimated. To simplify the calculations,
dispersion effects in the dielectric films were not considered, although the model could
fairly easily be modified to take these into account if the dispersion relations for the
materials comprising the cell were known.
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The intensity reflection and transmission coefficients, R 1 .... R 3 and T1 ,.. . T3 , of the
three filters were calculated using the method of characteristic matrices [90]. Clearly,
for the cell structure shown in figure 3.12, the values of R 1 , T1 and R3 , T3 may be found
simply from the Fresnel formulae [90] at normal incidence. However, using the method
of characteristic matrices also allows the more general case, in which the outer cell
surfaces are also coated (for example to reduce unwanted reflection), to be examined
if needed. Once R 1 ,. . . R3 and T1 .. . . T had been found for a given wavelength, the
compound reflection coefficient R was calculated, using the formula

(T1 2 R 4)
1 - R4R1)

(3.14)

(T2 2 R3)
(1 - R2R3)

(3.15)

R = R1 + (
where

R4=R2+

These equations take into account the effects of incoherent multiple reflection between
the three filters, making use of the relation

R 1 + (T1 2 R 2 )

n=O

(R 2 R 1 ) = R 1 +

(T1 2 R 2 )
( 1 - R2R1)

(3.16)

Using equation 3.14, numerical calculations of R were then made for a range of wavelengths. From these simulated spectral fringe data, the cell gap that would be recovered
using both the broadband method described at the end of chapter 2 and the multiplewavelength PSI method described in this chapter, could be found for a range of cell
structures. Results from these simulations are discussed in the next section and cornpared with results of similar calculations reported by Yang [55], who considered only
the fringe counting method.

3.6.2 Results of numerical simulations
In order to allow verification of the simulation results for the reflection coefficient
against those reported by Yang [55], his values for the refractive index of glass (n = 1.5),

ITO (n = 2.3) and the alignment layer (n = 1.5) were used here. In practice the
refractive indices of the thin films will depend not only on the materials used, but on the
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deposition conditions, which affect the film composition. The reflection coefficients were
calculated over a range of wavelengths at equal intervals of wavenumber. Figure 3.13(b)(d) shows the calculated values of R(u) for several typical cell gaps, assuming the cell
structure illustrated in part (a). These calculations were performed for wavenumbers
between 1.0 and 2.51Lm 1 , corresponding to a wavelength range of 400 to 1000nm.
These reflectivity data also represent the idealized spectral fringe patterns that would be
recovered from the cell structures used in the model, assuming perfect compensation
for the spectral characteristics of the light source. It can be seen from the plots of
figure 3.13 that, in the presence of coated substrates, the spectral fringe patterns are
no longer perfectly sinusoidal. Although a spectral fringe frequency characteristic of
the cell gap can still clearly be identified, the fringes are now modulated by a lowerfrequency envelope. The detailed fringe shape is also modified, as will be discussed
below.
From the simulated spectral fringe data, the fringe counting method was used to deduce apparent cell gaps for a range of true gap values. The apparent gap dapp was
extracted from the simulation data, using the relation da pp = - a+il where a 2 is
the wavenumber of the jth peak or trough and the average was taken over the wavenumber range 1.0 x 106 to 2.5 x 106 m 1 . Figure 3.14 shows a plot of apparent against true
cell gap for cells ranging from 3.0 to 10.0 pm, using the structure shown in figure 3.12
and also for a cell with 0.1251Lm-thick ITO layers.
In general agreement with Yang's [55] findings, these calculations showed that, for a
given cell structure, there is a systematic error between the apparent and true thickness
when the measurement is made by counting spectral fringes. Furthermore, in the range
of cell gaps considered, this systematic error does not depend strongly on the true gap,
but rather on the form of the multilayer structure coating the cell's inner surfaces. This
can be understood in terms of the frequency spectrum of the fringe pattern, which is
modified from the simple two-beam case by the addition of multilayer coatings, and
this point is discussed in more detail in section 3.6.3 below. Since the systematic error
introduced by the presence of multilayer coatings does not depend at all strongly on
the true cell gap, a very simple correction can in principle be made, so long as the
composition and thickness of the coating layers is accurately known.
In order to investigate whether the same type of correction would apply to the cell
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measurements made with the MW-PSI technique, the computer program that was used
to predict the systematic errors of the method, described in section 3.3.4, was modified
to calculate the values of the intensity samples using the characteristic matrix method
to simulate the thin film effects. As before, simulated interferogram phase values were
retrieved using a number of PSI algorithms, for a fixed sample-to-sample wavenumber
shift and a range of cell gaps. Values of the measured gap were then calculated by
least-squares fitting of the phase gradient.
A number of observations were made as a result of these simulations. First, it was
found that the algorithms in Schmit's class B (see section 3.3.3 and appendix A) performed rather better than the class A algorithms. Using the class B algorithms, an
approximately constant offset correction was indeed found, as had been the case using the continuous-wavelength fringe counting method. For the class A algorithms, it
was found that the required correction had a tendency to jump between two different
values for a given cell structure. Thus, in simulated measurements using the class A
algorithms to retrieve the cell gap for a fixed wavenumber shift and a range of true
gaps, the systematic error was generally not the same for all such gaps, but could take
one of two different values. Figure 3.15 shows results of simulations using Schmit's
6B frame algorithm, which may be compared with those shown in figure 3.14 for the
fringe counting method. The same range of wavenumbers (1.0 to 2.5jim-1) was used
for the calculations shown in these two figures. The MW-PSI simulations assumed a
mean cell gap of 6.5jim (in the middle of the range shown in the graph). Because of
the large number of intensity samples used (79 in this case), the simulated MW-PSI
measurements do not show the effects of linear phase shift miscalibration that were
discussed in section 3.3, even for this large measurement range. When smaller numbers
of samples were used, the phase shift miscalibration errors were found to be similar in
character to those described in section 3.3, these errors being superposed on top of the
systematic error from the multilayer films.
Comparison of figures 3.14 and 3.15 indicates that the nature and magnitude of the systematic error introduced by the thin films is similar for both measurement techniques.
The correction in the MW-PSI case was not found to depend at all strongly on the class
B algorithm used, or on the mean cell gap value used to select the sample-to-sample
wavenumber shift. However, for both the fringe counting and the MW-PSI methods,
the necessary correction did depend fairly strongly, for a given cell structure, on the
range of wavelengths used in the simulation. Variations in the required correction of a
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few tenths of a micron could be produced simply by shifting the wavelength range used
by a hundred nanometres or so. This observation shows that the required correction
cannot be calculated once and for all, for a given cell structure, but must be evaluated
taking the range of wavelengths used in measurement into account.

3.6.3 Discussion of the multilayer film simulation results
The systematic shift in apparent cell gap seen in the simulated measurements can be
understood in terms of the spectral fringe frequencies present in the reflected signal.
For the idealized cells discussed earlier in the chapter, only one nonzero frequency
exists in the spectral fringe pattern: the fringes have a pure sinusoidal form. The phase
gradient of this one frequency component can be extracted either by fringe counting
or phase-measuring techniques and the cell gap unambiguously determined. Suppose
now, that the reflection coefficients of the two single inner surfaces are increased so
that multiple reflections become significant. Now the return signal contains fringe
frequencies corresponding not only to the round-trip cell gap, but also to all integer
multiples of this value. Of course, the reflections become weaker on each pass of the
cell, and at some level the effect of the high-order harmonics will become insignificant.
Nevertheless, the spectral fringe pattern will lose its sinusoidal shape, the troughs
becoming narrower and the peaks broader (in reflection). The effect of these harmonics
on the measurement of phase gradient will depend on the technique used to retrieve
the interference phase. Ideally, the retrieval process would apply a highly frequency selctive filter to the fringe pattern and recover the phase of the lowest harmonic only.
In this simple case, where all the frequencies present are harmonics of the fundamental,
which corresponds to the true cell gap, the fringe counting method performs well, since
the peak and trough positions are unaffected.
Consider now, the case of a cell with multilayer dielectric coatings. Because the layers are transparent and have different refractive indices, reflections can now originate
from many more positions within the cell structure. In effect, the incident light experiences many slightly different cell gaps, each of which contributes its own spectral
fringe frequency. Rather than consisting of simple harmonics of a fundamental frequency characteristic of the true cell gap, the reflection now contains many closely
spaced frequencies. Each harmonic corresponding to an integer number of passes of the
uncoated cell is split by the addition of coatings, into many closely spaced components.
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This is illustrated in figure 3.16. The figure shows the frequency components (found
by digital Fourier transformation) present in the simulated reflection spectra for three
coated cells with air gaps of 2,4 and 6j.tm. In all cases, the multilayer structure on
each inner cell face is the same, consisting of 125nm of ITO under a 100mm polymer
alignment layer. So that the distinct frequency spikes would be resolved, the simulated
spectra were calculated over a very large wavelength range (50mm to 100im). In each
case, the dashed line, marked by an arrow, shows the position of the frequency spike
corresponding to the true air gap.
It can be seen that, in each case, the frequency spectrum contains groups of sharp
spikes, each group corresponding to an integer number of round trips of light through
the cell. As the air gap is increased, the separation between the groups increases,
but the shape of each group, a function of the multilayer surface structures, remains
essentially unchanged.
In practice, of course, a much smaller region of the spectrum is used for cell measurement. The effect of truncating the acquired spectral fringe pattern in wavenumber
space (for example by sampling it only within the visible spectrum), is to broaden the
frequency spikes, so that those within each group are no longer distinct, but merge to
give smooth frequency bands. The phases retrieved from the acquired spectrum can no
longer be characteristic only of the one fringe frequency defined by the true air gap, but
will instead be some superposition of phases from a spread of frequencies. The exact
form of this superposition will depend on the frequency selectivity of the method used
to retrieve the phases from the acquired pattern. However, it can be seen from figure
3.16 that the general effect of the multilayer films is to introduce fringe frequencies
higher than that characteristic of the air gap, into each frequency band of the reflected
spectrum. This observation explains the shift to higher values, of the recovered cell gap
in the presence of multilayer films, found in the simulations described above.
Further work is required to provide a better understanding of these multilayer film
effects on the cell measurements produced by the MW-PSI technique. As explained by
Freischlad and Koliopoulos [98], phase-measuring interferometry may be understood as
a process of filtering in the frequency domain. By considering the Fourier transform of
the sampling function used by a given algorithm, its response, in terms of the calculated
phase, to any given frequency component in the fringe pattern may be predicted. This
approach may be used, for example as was done by deGroot [102], to derive new PSI
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algorithms with frequency responses tailored to specific applications. This method,
combined with analysis of the spectral fringe frequencies present in the reflections from
coated cells (as described above) may allow development of new algorithms optimized
for this task.
Some initial experiments on coated cells, using the procedure described in section 3.4.1,
were carried out and indicated a number of additional difficulties introduced by the
presence of multilayer films. The cells used were constructed from glass plates coated
with 125nm of ITO (coating thickness specified by the manufacturer). Above this,
an alignment layer of silicon oxide was deposited, evaporated at 600 to the surface
normal, to a nominal thickness of 60nm. When placed in the experimental system,
significant spectral variations in fringe modulation depth were observed for such cells,
as as predicted by the simulation results (see figure 3.13). In regions of low fringe
modulation, the captured interferograms occupied only a small portion of the dynamic
range of the frame-grabber system and therefore suffered from greatly increased quantization noise. Use of a frame grabber capable of digitizing the video signal to ten or
twelve bit intensity resolution would allow these effects to be reduced. In addition,
it was found, from stylus profiler measurements made at the edges of the deposited
silicon oxide films, that the alignment layer thickness-uniformity was rather poor. Film
thickness variations between 60 and lOOnm were found for films deposited during the
same evaporation run. As the simulation results discussed above indicate, variations in
film thickness on this order can have a significant effect on the measurement correction
that must be applied. Clearly, accurate values for the thickness and refractive index
of all films in the multilayer coatings are needed if precise corrections along the lines
discussed above are to be made.
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Figure 3.5: Thickness maps and corresponding simulated 700nm interferograms produced from fifteen captured interferograms using a range of PSI algorithms and leastsquares fitting to find the phase gradient.
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Chapter 4

Interferometric measurement:
white light
This chapter describes the development of a novel white-light interferometric technique
which may be used to measure the shape of optical surfaces and the thickness of liquid crystal cells. The new tehnique is based on spectral analysis, using an imaging
Fourier transform spectrometer. The method allows unambiguous measurement of a
one-dimensional depth profile, with nanometre resolution, from a single interferogram.
It is shown that interpretation of the output data is greatly simplified by using an FTS
in place of a dispersive spectrometer to perform the spectral decomposition. Real-time
visualization of sub-micron-height surface features is demonstrated.

4.1 Measuring distance by spectral white-light methods
The principle of SAWLI measurement was introduced in chapter 1. In this section, a
range of SAWLI implementations which have been reported for a variety of applications,
will be discussed. It will be convenient to consider these systems in terms of a generic
SAWLI setup illustrated in figure 4.1(a).

4.1.1 Generic setup for measurement by spectral analysis
The generic setup contains two elements: a sensing interferometer which produces the
sinusoidal modulation in the illuminating broadband spectrum and an analyzer which
makes the spectral modulation visible to a square-law detector.
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The sensing interferometer
The sensing interferometer may take a number of forms, the most appropriate one
depending on the intended application. In the case of SAWLI LC cell measurement,
the most convenient sensing interferometer is the cell itself 1 . As explained in chapter 2,
the reflections from its two inner surfaces give rise to spectral fringes characteristic of
the cell gap. For measurement of single optical surfaces, an additional reference surface
is required, relative to which the test surface can be measured. In this case, a wide
range of standard interferometer configurations may be used (described, for example in
[90]). As will be discussed below, SAWLI systems have also been used for continuous
monitoring of mechanical displacement, as for example, in fibre-optic strain gauges and
temperature sensors. In this case, too, the sensing interferometer can take a number
of forms, although the simple Fizeau scheme, requiring no separate beamsplitter, is
perhaps the most common here.
'which may be thought of as a Fizeau interferometer
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The spectrum analyzer
The spectrum analyzer normally falls into one of two classes. Dispersive analyzers,
based on either prisms or diffraction gratings, divert the beam from the sensing interferometer though an angle which depends on wavelength. An intensity spectrum can
then be recorded directly on a detector array or acquired over time on a point detector
by angular scanning of the dispersive element. This arrangement is shown in figure 4.1
(b). Alternatively, the analyzer may allow the spectrum to be inferred by generating
the autocorrelation of the sensing interferometer's output. It is a consequence of the
convolution theorem (see, for example [17]), that the Fourier transform of a signal's
autocorrelation is equivalent to its power spectrum. This autocorrelation may be produced by a second interferometer, which uses the sensing interferometer signal as its
input, and allows the modulated spectrum to be recovered. In this latter arrangement,
illustrated in figure 4.1 (c), the two system components are referred to as the sensing
and receiving interferometers. Although the receiving interferometer does not form a
spectrum directly, it may nevertheless be thought of as performing a spectral analy sis because of the mathematical relation between the autocorrelation of a signal and
its power spectrum. This concept forms the basis of Fourier transform spectroscopy
[113, 114, 115], which is discussed at greater length below.

4.1.2 Previously-reported SAWLI systems
The new measurement system which is the main subject of this chapter is described
in detail, starting in section 4.2. In order to put this work into context, a number
of previously-reported SAWLI systems, for a range of applications, are now briefly
discussed.

Fibre sensors
One area in which the ability of the SAWLI method to make instantaneous and unambiguous distance measurements has been used, is that of fibre-optic sensors. These
sensors often employ a Fizeau or Fabry-Perot cavity, formed by two adjacent fibre ends,
as the sensing interferometer. A receiving interferometer or dispersive element is then
used to monitor changes in the cavity length. Major applications for these sensors
include continuous measurement of temperature (which affects cavity length through
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thermal expansion) or strain in a material to which the sensor is bonded. Dispersive
implementations have been discussed, for example, by Taplin et al. [85]. However, the
two-interferometer approach is more common here. In this case, the receiving interferometer may form the autocorrelation by sequential path difference scanning [84], in
which case a feedback mechanism is often used to lock the receiving interferometer on
to a particular point in the autocorrelation function. Alternatively, a static receiving
interferometer may be used [116, 117, 86] which forms an autocorrelation in one step,
on a linear detector array. This distinction between scanning and static receiving interferometers is discussed in more detail in section 4.2.2 below. An interesting variant
on the usual receiving interferometer configurations was described by Giovannini et
al. [118] who reported a detection scheme based on a grating interferometer which
permitted a very direct interpretation of the resulting interferogram.

LC cell measurement
The use of dispersive SAWLI systems for measurement of liquid crystal cell gaps, as reported by a number of authors [55, 81, 82] was described in chapter 2. Also mentioned
was the "split-beam" method for cell gap measurement (see, for example [81, 91]). Although it is not generally explicitly stated, this method relies on the same fundamental
principle as dispersive SAWLI implementations, the formation of spectral fringes between beams reflected from the cell's inner surfaces. In the split-beam method, a
broadband beam is reflected from an LC cell, and the reflection passed through a Wollaston prism placed between parallel polarizers. The output from this system consists
of three groups of interference fringes: a central group and two sy m metrically- placed
outer groups. The distance between these outer groups is directly proportional to the
cell gap. The combination of the polarizers and the Wollaston prism acts as a static
receiving interferometer which forms the autocorrelation of the reflected signal (the use
of a Wollaston prism between parallel polarizers as a Fourier transform spectrometer
has been described by Harvey et al. [119] and Padgett and Harvey [120]). The principle
of operation is thus essentially identical to that of fibre sensors based on static receiving
interferometers, discussed above. The form of this autocorrelation is examined in detail
in section 4.4.1 below.
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Surface profiling
When the spectral method for determining the absolute path difference in an interferometer is applied using an imaging spectrometer, a powerful technique for measuring
surface shapes is produced. Rather than using a simple linear detector array to record
a single spectrum, an imaging spectrometer employs an area sensor to record a large
number of spectra in parallel. The imaging must clearly be in one dimension only, the
detector's other axis being used to record spectral information. Each point in the spectrometer's input slit is imaged to a line, with the spectral information dispersed along
it, in the output. If such a spectrometer is used to analyze the beam from a sensing
interferometer, spatial variations in path difference along a line in the spectrometer's
input plane, can be mapped in a single shot. If the sensing interferometer consists of a
test surface and a reference of known shape, the surface profile of the test object can
then be recovered.
Dispersive profilers based on this principle have recently been reported by Schwider
and Zhou [87] and Sandoz et al.

[88]. The same detection principle was also used

for laterally-resolved LC cell gap measurement by Love and Major [82]. In the next
section, it will be shown that, when the imaging spectroscopy is instead performed with
a Fourier transform spectrometer, the raw data from the measurement system gain a
particularly simple visual interpretation.

4.2 The principle of SAWLI measurement using Fourier
transform spectroscopy
4.2.1 Motivation for using Fourier transform spectroscopy
In chapter 2 it was shown that the form of the output from an idealized unbalanced
interferometer, illuminated with broadband light, and with a path mismatch d, may be
written

1(a) x Io (a)[A(a) + B(a) cos(27rad)]

(4.1)

where Io (a) is the illuminating spectral intensity, and A(a) and B(a) depend on the
spectral characteristics of the interferometer arms. In dispersive SAWLI systems, the
path mismatch, d, in the sensing interferometer, must be recovered by processing this
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Figure 4.2: (a) Simulation of dispersive spectrometer output for a sensing interferometer
path mismatch of 6/.Lm (top) and 12gm (bottom). (b) Corresponding output from a
Fourier transform spectrometer.

recorded intensity distribution to extract the spectral fringe frequency. The fact that
the quantity of interest is an oscillation frequency modulating the intensity, rather than
the intensity itself, suggests using Fourier transform techniques to perform the analysis.
In Fourier space, a function is represented in terms of a decomposition into single
frequency components, the value of the transform at any point along the frequency axis
giving the strength of a particular harmonic component. If a signal has a particularly
strong component at a given frequency, it will be manifested as a peak at the appropriate
point in its transform. So, in the Fourier representation of the spectrum from the
sensing interferometer, the path difference is encoded, not as a frequency, but as a
displacement from the frequency origin. As will be explained below, a Fourier transform
spectrometer can be used to generate the transformed spectrum optically, giving the
raw data a simpler visual interpretation than in the dispersive SAWLI case.
The qualitative difference between dispersive and FTS SAWLI data is illustrated in
figure 4.2 which shows, in part (a), simulated output from a dispersive spectrometer
when used to analyze the output of a sensing interferometer with a path mismatch of

6pm (top) and 12,um (bottom). In part (b), the corresponding outputs from a Fourier
transform spectrometer are shown. The sinusoidal oscillations visible in the dispersive
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Figure 4.3: (a) Scanning Fourier transform spectrometer (FTS). (b) Stationary FTS
based on a Sagnac interferometer. Ml and M2 are plane mirrors and L is a spherical
lens.

data of part (a) give rise to symmetrical sidebands on either side of the zero frequency
position (the centre of the x axis in part (b) of the figure) in the transform. The displacement of these sidebands from the centre is directly proportional to the oscillation
frequency in part (a), and hence to the path mismatch in the sensing interferometer.
The form of the FTS output will be examined in more detail in section 4.4.1.

4.2.2 Fourier transform spectrometers
Before going on to examine the practical implementation of a SAWLI measurement system based on Fourier transform spectroscopy, the basic principle of Fourier spectroscopy
is outlined here. A number of possible FTS implementations are also discussed.

Scanning implementations
Figure 4.3(a) shows a simple scanning Fourier transform spectrometer, of the type
that has been widely used in infrared spectroscopy. In essence, it is a Twyman Green
interferometer which has been modified to allow one of the mirrors to be scanned along
the axis. In this respect it is rather similar to the scanning white-light interferometer
described in chapter 2, although here, both reflectors are plane mirrors. We consider
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an idealized interferometer, in which both arms have identical spectral characteristics.
Suppose, now, that it is illuminated by a source with some spectral distribution P(a)
which gives rise to a detected spectral intensity

I(a) if either interferometer arm is

blocked. As with any spectrometer system, this detected intensity depends not only on
the source spectrum P(a), but also on the transmission function of the optical system
and the spectral characteristics of the detector. If light is allowed to reach the detector
via both arms and the path imbalance in the interferometer is A, the detected intensity,

'det, as a function of the wavenumber, a, and A will be
Idet(a,A) = I(a)[l+cos(27raA)]

(4.2)

The square-law detector records the integrated intensity over all wavenumbers which
is given, as a function of A alone, by

=

2

ldet(0)

+

f

1(a) cos(2iraA)da

(4.3)

The first term of equation 4.3 is a constant intensity, independent of A. The second is
the cosine transform [112] of the spectral intensity function 1(0'). If 1(A) is recorded
over a range of A values, the spectral intensity 1(a) may be recovered by performing
an inverse cosine transform on the data, after subtraction of the constant term. The
function Ide j(A) is, in the case of an ideal FT spectrometer, symmetric about A = 0.
For mathematical convenience, 1(a) is often defined for negative as well as positive
wavenumbers, such that I(—a) = 1(a). This allows the lower limit of the integral to be
changed to —oo, if desired. Because 1(a) is a real function, the cosine transform may
also be expressed as the real part of a full complex Fourier transform.
It should now be clear that the Fourier transform spectrometer in an FTS-SAWLI system, using the terminology introduced in section 4.1.2, is simply a receiving interferometer. An FTS as described above, is equivalent to the scanning receiving interferometer
in the fibre-optic sensor reported by Ribeiro and Jackson [84]. As described below
however, stationary Fourier transform spectrometers, equivalent to the static receiving
interferometers described in section 4.1.2, are also possible.

Stationary implementations
In order to allow the transformed spectrum to be acquired in a single step, without
sequential sampling of the path difference A, a number of stationary Fourier transform
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119,

126, 120, 127]. All of these implementations rely on interferometers which introduce
some angle 9 between two interfering beams. In this way, the path difference A becomes
a function of the angle 9 and the position in the output plane. All except the earliest
[113] of these systems sample the resulting interferogram using an electronic detector
array. The wavenumber-space spectrum is then recovered by performing a discrete
inverse Fourier transform.

An imaging configuration
The stationary FTS design presented by Okamoto et al. [121] is illustrated in figure
4.3(b). It relies on a Sagnac or triangle common path interferometer to produce two
virtual images of each point in the interferometer's input plane. Rays entering the
interferometer can reach the output by one of two paths: those that are reflected twice
by the beamsplitter travel around the interferometer in one direction and those that
are transmitted twice travel in the opposite sense. If the two mirrors are symmetrically
placed either side of the beamsplitter then these two paths are identical. However, if
one of the mirrors (M2, say) is displaced slightly from the position of symmetry, rays
following the two paths undergo equal and opposite displacements transverse to the
original optic axis. This is illustrated in figure 4.3(b). Thus, this arrangement forms a
source-doubling interferometer.
A spherical lens, L, is placed at the interferometer's output, one focal length away from
the input plane. Each elemental point source in the input plane then gives rise to two
collimated beams, with an angle 9 between them. The detector is placed in the back
focal plane of the lens and records the interferogram. Because the two interfering beams
travel almost the same path (but in opposite directions) around the interferometer, the
interference pattern produced is extremely stable. It should be noted that, although the
mirror, M2, can be translated, this translation is simply used to set the angle 9, which
defines the range of path differences sampled on a linear detector array of fixed length.
The mirror does not move during acquisition of the Fourier-transformed spectrum.
This stationary FTS design may be modified, as described by Sellar and Raffert [126],
to an imaging configuration in which an area detector array records many transformed
spectra in parallel, from a range of points in the input plane. In this configuration, a
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cylindrical lens, oriented so that it has no optical power in the plane of the interferometer, is placed between the spherical lens and the detector array. A line at the input,
perpendicular to the interferometer plane, is then imaged in one dimension on to the
detector. In the orthogonal direction (in the plane of the interferometer), the ray paths
are essentially unchanged and the FT spectrum is formed, as before.

4.3 A novel surface profiler based on spectral analysis using imaging Fourier transform spectroscopy
From the discussions of sections 4.2 and 4.2.2, it is seen that the combination of a sensing
interferometer coupled to a stationary imaging FT spectrometer, is a potentially very
powerful one. The SAWLI principle allows instantaneous unambiguous measurement
of path difference in the sensing interferometer, while the imaging FTS permits the
path difference to be measured at many points simultaneously. Furthermore, the form
of the FTS output discussed in section 4.2 means that the oresulting interferogram
has a particularly simple visual interpretation. The interpretation of IFTS-SAWLI
interferograms is discussed below, in section 4.3.2.
In order to verify the IFTS-SAWLI measurement principle, an experimental surface
profiler was built and tested. This profiler has also been described in [93] and [128],
included in appendix C. Surface profiling, rather than LC cell measurement, was selected as the principal application for study here, because the results of the new method
could then be checked relatively simply using other, well-established measurement techniques. However, the fundamental measurement principle in the two cases is the same,
the difference being confined to the form of the sensing interferometer. The surface
profiler is described in the sections that follow. The potential for application of the
method to measurement of empty LC cells is discussed at the end of this chapter.

4.3.1 The experimental system
The experimental profiler was based on a combination of a Michelson interferometer
and an imaging FTS. The former consisted of a test surface, a reference flat and a
broadband beamsplitter cube, and was used as the sensing interferometer. The latter
served as the static receiving interferometer and was built to the design discussed in
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section 4.2.2. Figure 4.4 shows the experimental layout.
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Figure 4.4: Layout of the experimental profiler. F is a colour filter. Li and L3 are
cylindrical lenses. L2 is a spherical lens. Mi and M2 are plane mirrors. C is a CCD
detector array.

A tungsten-halogen bulb, which provided a smooth, continuous spectrum, was used as
the white light source. Although the exact form of the illuminating spectrum is not
critically important, the intensity distribution should vary slowly with wavenumber.
Specifically, it is essential that the Fourier components of the illuminating spectrum
do not overlap significantly with those introduced by modulation in the sensing interferometer. A mercury arc (as used in the experiments of chapters 2 and 3), although
capable of providing higher intensity, is less suitable for this application because of the
presence of sharp peaks in its spectrum.
An image of the filament was formed, using achromatic lenses, on a pinhole and the light
from the pinhole re-collimated by a further achromat into a beam, 10mm in diameter.
This beam was filtered spectrally using a red glass filter, to reduce its bandwidth to
about 400nm. This spectral filtering was found to be helpful for reducing the effect of
any unbalanced dispersion in the optical system. A cylindrical lens Li then focused
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the beam down to a narrow stripe, approximately 751im wide, on the test and reference
surfaces. This configuration allows the use of a single focusing lens in the common path
of the interfering beams, avoiding the need for a pair of accurately matched lenses, as
required, for example in the Linnik configuration (see [61]). Because it does not permit
lenses to be moved very close to the test surface, this arrangement is not practical
for high magnification work. However, the intention here was to build a system to
demonstrate the IFTS-SAWLI principle, with a lateral measurement range of around
10mm. This size is typical of the linear dimensions of reflective VLSI pixel arrays used
in LC spatial light modulators. The setup could therefore be used for measuring the
overall surface shape of LC SLM components.
In order to allow unwanted relative tilt between test and reference surfaces to be removed, both were attached to kinetic mounts. Low resolution translation stages were
found to be adequate for adjusting the path mismatch in the sensing interferometer,
because of the relatively large measurement range of the system and the live visual
feedback provided by the output interferogram, discussed below. The reference surface used for the work described here was a .X/20 Zerodur mirror with a broadband
aluminium coating.
The imaging FTS was constructed using a broadband beamsplitter cube and two A/b
Pyrex mirrors with broadband aluminium coatings, all on kinetic mounts to allow
fine tilt adjustments to be made. One mirror (M2 in figure 4.4) was also mounted
on a translation stage, allowing the angle between the interfering beams, and hence
the measurement range of the system, to be varied. Lens L2 was a 500mm focallength achromat, which was oriented for collimated output and placed one focal length
away (taking the triangular path through the interferometer into account) from the
test surface. L3 was a 300mm focal-length cylindrical lens and was placed one focal
length away from the CCD array, C. The distance between the CCD array and L2
was 500mm. The detector array itself consisted of 512 x 512 pixels and had overall
dimensions 5.7 x 4.3mm. The images recorded by the CCD camera were captured by
a frame grabber system (Matrox PIP-512) which digitized the video signal to eight-bit
resolution.
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4.3.2 Interpretation of IFTS-SAWLI interferograms
It was stated in section 4.2 that, when light reflected from a sensing interferometer
is analyzed using a Fourier transform spectrometer, the spectrometer output contains
sidebands of fringe contrast, sy m metrically- placed on either side of the zero path difference (A = 0) position. This was illustrated in figure 4.2. The separation between
either sideband and the position of zero path difference is directly proportional to the
path difference in the sensing interferometer. Therefore, the output of the stationary
FTS in an FTS-SAWLI system provides a direct visual indication of any imbalance in
the sensing interferometer.
If the FTS used is an imaging one, then each pixel row of the CCD array will record a
transformed spectrum from a different lateral position in the sensing interferometer. For
each such pixel row, the displacement of the sideband (or sidelobe) of fringe contrast
will be proportional to the surface height of the test piece, relative to the reference
surface, at that lateral position. If the reference surface is flat, the locus of the sidelobe
fringe contrast maxima in the IFTS output will then correspond directly to the surface
profile of the test object.
This is illustrated in figure 4.5 which shows the interferograms obtained using the
experimental profiler described above, from two different metal test surfaces (top),
together with their retrieved surface profiles (bottom). These interferograms are single
video frame snapshots of the output from the IFTS. Because of the symmetry of the
data, only the zero-order fringes (those centred on A = 0, at the right-hand edge
of the interferograms) and one sidelobe are shown in each case. The advantage of
this novel implementation of SAWLI for rapid surface or cell gap evaluation, that of
simple interpretation of the raw data, is clearly seen. The curved test surface that was
measured to produce the right-hand interferogram and surface profile of figure 4.5 was
that of a reflective SLM backplane. The device in question was a 256 x 256 pixel VLSI
modulator[42] and exhibited significant curvature. A surface height variation in excess
of 1.2iim can be seen in the profile measurement, which covers a lateral range of about
5.5mm. This level of curvature (on a device which is intended to be optically-flat), is
not atypical of VLSI silicon SLMs.
Before moving on to examine the form of these interferograms in more detail, one
feature of the measurement system is worth noting here. It was stated above that
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Figure 4.5: Two interferograms from the IFTS-SAWLI profiler (top) and their interpretation in terms of surface heights.

locating the position of the fringe sidelobe allows the path difference in the sensing
interferometer to be determined. However, as with dispersive SAWLI implementations,
the sign of this path difference cannot be determined from a single interferogram. The
frequency of the spectral fringes produced by the sensing interferometer is proportional
only to the modulus of the path imbalance and is insensitive to its sign. For a Fizeau
sensing interferometer (for example, an empty LC cell), this is not important, since
the reflecting surfaces cannot intersect each other and the sign of the path difference is
constant and known.
However, for any interferometer which relies on the formation of a virtual image of
the reference surface in the test arm (for example, the Michelson interferometer used
here), this is no longer true. In this case, the virtual image of the reference surface may
intersect the test piece and the sign of the path difference may not be constant across
the field of view: if this occurs, the recovered surface profile is distorted. In practice, the
IFTS implementation offers a rather simple way to ensure that this does not happen.
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Before the interferogram is captured, the reference surface can be translated slightly
along the depth (z) axis, and the direction of the resulting fringe sidelobe motion
observed at the IFTS output. If the fringes on all scan lines move in the same direction,
then the sign of the path difference is indeed constant. The direction of sidelobe motion
for a reference surface translation in a known direction can be used to infer the sign of
the path difference, which is needed to prevent depth inversion in the recovered profile.
Referring back to the interferograms of figure 4.5, it should also be noted that the
fringe sidelobes in the interferograms produced by the new profiler, bear a superficial
resemblance to the fringes seen in a conventional white-light interferometer, when there
is a tilt between test and reference surfaces. However, in that case, the interferogram is
a true two-dimensional image of the test surface and the white-light fringes mark lines
of equal test surface height. In the IFTS-SAWLI case, the imaging is in one dimension
only and the horizontal axis of the interferograms may be thought of as a surface height
axis. The IFTS-SAWLI data may be used to produce a true one-dimensional surface
profile.
Section 4.4.1 below provides a theoretical justification for the assertion that the sidelobe
displacement is proportional to the path imbalance in the sensing interferometer, while
sections 4.4.2 and 4.4.4 explain how a measured surface profile may be recovered from
the captured data.

4.3.3 Checking the operation of the stationary FTS
Some initial experiments were carried out in order to check that the stationary FTS,
built to the design described above, gave consistent results when used to recover simple
optical power spectra that had not been modulated by the sensing interferometer. A
number of these spectra were acquired, using the tungsten-halogen lamp as the light
source, with a range of filters placed in the beam path. In each case, a 100x512
pixel subset of the CCD camera frame was captured. The camera was placed so that
the zero-order fringes (the only ones present in this case) were reasonably accurately
centred in the video frame. The two-dimensional captured images were each reduced
to a one-dimensional data set by summing along the direction of the fringes, thereby
reducing the effects of random noise. These one-dimensional data sets were then shifted
to zero-mean and a Bartlett data window applied (see Press et al. [112]). The spectra
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were then produced by calculating a digital inverse Fourier transform and taking the
modulus of the result. Knowing the peak transmission wavelength of one filter, a
wavelength calibration was performed. Figure 4.6 shows the result, after calibration
against the known peak of filter D, at 547.1nm.
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Figure 4.6: Five spectra recorded using the stationary FTS. Filter A was a red coloured
glass filter. Filters B, C and D were interference filters with peak transmissions at
699.6nm, 620.9nm and 547.1nm respectively

For the surface profiling experiments described below, filter A was used for acquiring
the data frames used directly for measurement, while filter B was used to provide a
standard wavelength for surface height calibration.
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4.4 Data Processing
4.4.1 Mathematical similarities between SWLI and FTS-SAWLI data
sets
In the preceding sections, it was argued that the interferograms produced by the IFTSSAWLI profiler have a simple visual interpretation in terms of the relative surface
heights of the test and reference surfaces. This enables rapid visual inspection of
surface shape. In most cases, however, it is also desirable to be able to extract accurate
numerical measurements from the captured data. Clearly, since an IFTS-based SAWLI
system gathers essentially the same information as its dispersive equivalent, albeit in a
different form, the same data processing techniques are potentially applicable to both.
Each of the Fourier transformed spectra recorded by the CCD array could simply
be converted into a wavenumber-space representation by applying an inverse Fourier
transform using a digital computer. Following this, the methods described by Schwider
and Zhou [87] or Sandoz et al. [88] could be used to calculate the evolution of phase
with wavenumber and hence the measured path difference in the sensing interferometer
at any point.
Instead, it will be demonstrated in this section that certain similarities exist between
the interferogram given by the IFTS-SAWLI setup, and the data produced during
the acquisition run of a scanning white light interferometer (SWLI), as introduced in
chapter 2. With this observation, it becomes possible to use the data processing techniques developed for SWLI to extract accurate measurements from the interferograms
produced by the new IFTS-based profiler.
The structure of this section is as follows. First the form of the data set produced by
a scanning white-light interferometer is examined and the principle by which a surface
profile may be extracted is explained. Following this, the interferogram generated by
FTS-SAWLI is analyzed and a correspondence between the two pointed out. The
scanning and spectral approaches to profiling are studied via two optical systems. The
first, a scanning Michelson interferometer, serves as a model of the SWLI case. The
second, consisting of a fixed Michelson interferometer in series with a Fourier transform
spectrometer, as described in section 4.3.1, illustrates the FTS-SAWLI principle. In
each case, the response of the profiler for a single point on the test surface is considered.
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Case 1: scanning white-light interferometry
Figure 4.7 (a) shows a Michelson interferometer SWLI system and defines co-ordinate
axes and various parameters used in this analysis. Although practical SWLI implementations have used a range of interferometer configurations [129, 75, 76, 77, 68, 130],
they do not differ in principle from the Michelson case treated here.
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Figure 4.7: (a) Schematic SWLI setup (TM is an imaging system). (b) Form of the
SWLT output.

The interferometer is illuminated by a broadband source with output power P(a)da
in the vicinity of wavenumber a. Consider a single point (x', y') in the output image
plane, corresponding to a point (x, y) on the test surface. At this point, the intensity
distribution of the interferogram, as a function of the scan position z and wavenumber,
may be written

I(a, z) = Ir (a) + It( 7 ) + 2{Ir (a)It (a)}cos(27raD)

(4.4)

where D = 2(h - z) and Ir (a) and It(U) are the spectral intensities that would be
detected from the reference and test arms individually, as a function of wavenumber.
Integrating over all wavenumbers gives a total output intensity

1(z) = Ir + I +2

TO {I r (a)It (a)}cos(27raD) da

(4.5)
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where I,. and It are the integrated output intensities from the reference and test arms
separately. The typical form of 1(z) is illustrated in figure 4.7 (b). It is normally assumed [75, 77] that the third term of equation 4.5 may be expressed as g(D)cos(27raoD)
where g(D) is a fringe envelope function and a0 is the mean wavenumber of the spectrum. If there is no unbalanced dispersion between the two interfering beams, then at
the point of zero geometrical path difference, D = 0, the optical path difference for all
wavenumbers will also be zero and the fringe envelope g(D) will reach its maximum
value. To determine the test surface height at (x, y), the distance z (see figure 1) is
scanned, allowing 1(z) to be recorded over a range of values. Locating the maximum
of g(D) for all points (x, y) then allows the surface height h(x, y) to be recovered.

Case 2: spectral analysis using Fourier transform spectroscopy
Turning to the acquisition process of SAWLI, consider again the interferometer of figure

4.7 (a), which now serves as the fixed sensing interferometer in the SAWLI system.
Equation 4.4, describing the variation of intensity with wavenumber, may be re-written,
now treating D as a fixed quantity D0 for a given (x, y):

1(a) = Ir (a) + It(a) + 2{Ir (a)It (a)} cos(27raDo)

(4.6)

To extract the depth information from this intensity signal, a spectral decomposition
must be performed. In the FTS-SAWLI case, this is done by forming the signal's
autocorrelation in a Fourier transform spectrometer. The FTS splits the signal to be
analyzed into two equal parts, recombining them after introducing a path difference
L.

The output intensity I(L) is proportional to the Fourier transform of the power

spectrum, plus a constant. As discussed in section 4.2.2, depending on the type of FTS
used, the function I(z) may be acquired by scanning A over time, or by using a linear
detector array to sample a range of A values simultaneously. Assuming an ideal FTS,
the output response for the input intensity given in equation 4.6 is

I(z) =

1

I(0)

+1 Ef"(a) + Ij (a)} cos(2ira) da +

L1t

cos(27raDo)] cos(2ira) da

(4.7)

where the spectrum has been defined for negative wavenumbers such that I(—a) = 1(0')
and the integration limits have been changed to include both positive and negative
wavenumbers. Referring to equation 4.7, the variation in intensity I(z) with path
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difference A is given by the sum of two cosine transforms. The last term of equation
4.7 is the only one which contains information on the relative test surface depth D0 .
The similarity between SAWLI and SWLI becomes apparent when the convolution
theorem [17] is used to re-write this term
00

r

1

cos(27rcrDo)] cos(27roi) da cx

{I r (a)It (a)} cos(2a) da ® {5( - D o ) + 6( + Do )}

(4.8)

where ® represents the convolution operation and 6 is the Dirac delta function. Referring back to equation 4.5, the interferogram from the SAWLI system is seen to contain
the fringe pattern that would be produced by SWLI, replicated at displacements of

±D0 from the origin. In addition, the SAWLI interferogram contains the sum of the
Fourier transformed power spectra reflected from the test object and reference mirror.
This is illustrated in figure 4.8, which shows the form of I(L) given in equation 4.7.
The zero-order fringe packet, centred on A

=

0 corresponds to the second term of

equation 4.7 while the third term of this equation appears as two sidelobes of fringe
contrast, centred on A

= +D0 .

fringe sidelobe

zero-order fringes

D0

Figure 4.8: Illustration of the data set produced by the FTS-SAWLI profiler

If D0 is sufficiently large that these sidelobes are well separated from the zero-order
fringes (essentially if

D0 is larger than the source coherence length), the data set from

the SAWLI system in these regions is essentially identical to that produced by a SWLI
system close to the condition of equal path length, apart from a higher constant background intensity due to the first term of equation 4.7. The effect of this background
intensity is to limit the fringe visibility in the sidelobes to 0.5, reducing the signal to
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noise ratio as compared with the SWLI case. Because of the similarity in the data
sets, the algorithms used to find the centre of the fringe envelope in SWLI are directly
applicable to this implementation of SAWLI profiling. Locating the centres of these
sidelobes of fringe contrast gives the distance D0 directly for any point on the surface,
and hence the surface profile.

4.4.2 Data processing for scanning white-light interferometers
The analysis given above suggests that the approaches that have been used to find
the centre of the fringe envelope in scanning white-light interferometry are potentially
applicable to the problem of location of the fringe sidelobe in FTS-SAWLI measurement.
If the sidelobe can be isolated from the zero-order fringes, then the data acquired along
a pixel row in the IFTS-SAWLI case may be treated in much the same way as those
acquired over time in a scanning white-light interferometer. The methods that have
been used for processing the latter fall into two main categories: digital demodulation
and Fourier domain processing. They are discussed in the following sections.

Processing by digital demodulation
A number of authors [131, 77, 132] have reported surface measurements from scanning
white-light interferometers, in which the positions of the fringe contrast maxima were
found by digital demodulation. This form of processing takes as its basis, the assumption that the measured data may be treated as a slowly varying envelope, modulated
by higher frequency fringes, the period of which depends on the mean wavelength in
the interferogram. It is assumed that the maximum of the fringe envelope corresponds
to zero path difference in the interferometer and that the position of this point in the
scan can therefore be used to find a surface height. Applying these same assumptions
to the SAWLI case, it should, in principle, be possible to use digital demodulation to
extract the fringe envelope from the sidelobe data. The position of maximum sidelobe
contrast (along the detector's FT axis) could then be found for each scan line of the
interferogram to give the required one-dimensional surface profile.
The approach taken by Dresel et al. [77] was to use phase-shifting algorithms (see
chapters 2 and 3) to estimate the fringe modulation for each point in the scan. For
each intensity sample, they took two additional samples separated from the first at one
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third and two thirds of the mean-wavelength fringe period respectively. These intensities were then used in a simple algorithm to give an estimate of the fringe contrast.
The maximum of the resulting demodulated function was taken to indicate the pathmatched condition. A disadvantage of this method is that it requires the period of
the high frequency fringes to be known in advance, which implies a knowledge of the
mean wavelength in the interferogram. Since this mean wavelength depends, in the
IFTS-SAWLI case, not only on the light source but also on the spectral characteristics
of the sensing interferometer, it will vary according to the properties of the test piece
under inspection. It therefore cannot be assumed to be known with any great precision.
Methods based on conventional phase-shifting algorithms also require that the fringe
envelope should vary only slowly, compared with the fringe period. This limits the light
bandwidth that can be used, in practice, for a given mean wavelength.
An alternative approach was described by Caber [132]. In this method, the sampled
fringes were first high-pass filtered to remove the D.C. bias intensity (the first two
terms of equation 4.5) and were then rectified by taking the absolute value or squaring.
The resulting signal was then low-pass filtered to remove the high frequency fringes,
leaving only a smoothly varying function which was taken to be an estimate of the
fringe envelope. The peak of this function was then found and was assumed to mark
the position of maximum fringe contrast in the original pattern. This technique has
the advantage that the mean-wavelength fringe period does not need to be known
very accurately because digital bandpass filters, rather than highly frequency-selective
algorithms, are used. This type of demodulation can be carried out either in the original
space of the sampled data or, alternatively, in Fourier space. An example of the latter
was described by Kino and Chim [75].

Processing by calculating phase slopes in the Fourier domain
Danielson and Boisrobert [133] described an alternative to these digital demodulation
techniques for processing data from a scanning white-light interferometer. They pointed
out that, particularly in the presence of unbalanced dispersion in the interferometer,
processing these data in the time (scanning axis) domain tended to produce large
uncertainties in the measurement. In the presence of unbalanced dispersion, there is
no longer a single position of zero path difference for all wavelengths. Instead the
path-matching condition becomes a function of wavelength and the fringe envelope is
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broadened and loses its symmetry. Working with fibre interferometers, they showed
that in both the dispersive and non-dispersive cases, the depth from which a reflection
originated could be found by processing the low-coherence fringe data in the Fourier
domain.
This method was applied to white-light surface profiling (using a scanning interferometer) by deGroot and Deck [134] and Deck and deGroot [68]. In the non-dispersive case,
the technique is conceptually rather similar to that described in chapter 3 for measuring empty LC cells using multiple wavelength interferometry. There it was shown that,
assuming any reflection-induced phase shifts were not dependent on wavelength, the
path mismatch in an unbalanced interferometer could be found by calculating a phase
gradient with respect to wavenumber. The same technique can be used in a white-light
interferogram, although the phases associated with the individual wavenumbers are not
directly accessible from the captured data. If, however, a discrete Fourier transform is
performed, the interferogram is reduced to its constituent single frequency components.
The phase of any one of these components is then found from the arctangent of the
ratio of its imaginary to real elements.
The phase gradient of the transform is proportional to the distance of the position of
maximum fringe contrast from the middle of the data set. This point can be understood
in terms of the Fourier shift theorem [17] which states that the effect of shifting a
function

1(x) by a distance a in real space is to multiply its transform F(u) by a factor

exp(—i27rau) in Fourier space. The value of the phase gradient can therefore be used
to measure the position of the fringe packet within the captured data sequence. It
should be noted that in a sampled data set, the position of maximum fringe contrast
will almost certainly not fall at an integer pixel value. The phase gradient method
takes this fact into account and is capable, in principle, of finding the exact position of
maximum fringe contrast along the continuous axis on which the samples were taken.
The Fourier transform phase slope method can, however, only be applied to a sampled
data set if the centre of the fringe envelope is reasonably close to the central point
in that set. Because the phase of any given frequency component can only be found
modulo 27r from the transform, a phase unwrapping procedure (see chapter 2) must
be used to ensure that the relative phases of the Fourier components are calculated
correctly. If the phase gradient becomes so large that the sample-to-sample phase
difference approaches ir, then phase unwrapping fails and the gradient can no longer be
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recovered. The practical consequence of this is that the Fourier domain method must
normally be used in conjunction with digital demodulation techniques, the latter being
used to locate the approximate centre of the pattern before making a fine correction
using the Fourier approach.

4.4.3 Additional data required for IFTS-SAWLI profiling
So far, acquisition of the IFTS-SAWLI interferogram only has been discussed. In
practice, accurate measurements can only be made from these interferograms if other
data are available. In the processing scheme described below, each surface profile is
actually recovered from a set of three data frames. Only one of these, the interferogram,
contains information about the test surface shape. The other two supply normalization
and calibration values: that is they provide information about the profiler setup itself.
The need for these additional frames and the procedure used to acquire them, in the
experiments described below, are now discussed.

The normalization image
In any system employing a stationary receiving interferometer, such as the IFTS used
here, effects arising from a non-uniform illumination field must be considered. Because
the receiving interferometer path difference is scanned by introducing a tilt between
the interfering beams, rather than by mechanical motion over time, spatial intensity
variations across the field of view can distort the captured data set. In addition,
the individual intensity samples making up the data for any one point on the surface
profile are captured by different detectors within a pixel row. This means that fixedpattern noise caused by pixel-to-pixel non-uniformity must also be considered. The only
intensity variations within a pixel row which are of interest for measurement are those
due to interference, and all others should ideally be cancelled from the captured data.
This cancellation may be achieved by capturing a second data frame which records only
the background intensity and contains no interference fringes.
In practice, using the Sagnac interferometer configuration shown in figure 4.4, complete cancellation of the interference fringes is difficult to achieve. The common path
arrangement which ensures good fringe stability also means that it is not necessarily
possible to block just one of the interfering beams, as it would be, for example, in a
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Michelson-based FTS. However, since the position of the fringe sidelobes depends on
the absolute path mismatch in the sensing interferometer, an image containing only
the zero-order fringe packet is easily acquired. By increasing this path mismatch so
that the sidelobes fall outside the range seen by the CCD array, a normalization image
may be captured which essentially records only the background intensity in the region
of the frame well separated from the zero-order fringes.
For surface profile measurement, the position of the zero-order fringes, which serve
as a marker of zero path difference in the sensing interferometer, is not important.
The profile of the test piece can be found simply by knowing the relative variations
in path difference from point to point along the surface. Therefore, assuming that the
zero-order fringes are straight, the shape of either fringe sidelobe is sufficient to allow
recovery of the profile. In effect, any pixel column can be used as an arbitrary reference
point, against which the surface heights can be measured. If the zero order fringes are
straight, but not exactly parallel to the pixel columns, a tilt will be introduced into
the recovered profile, if a pixel column is used as the reference. If necessary, this tilt
can be removed by an extra data processing step. It does not affect the surface profile
measurement, which in any case will normally contain a tilt term due to imperfect
adjustment of the sensing interferometer.
For these reasons, only the sidelobe data were used to recover surface profiles and the
intensity samples in the region of the zero-order fringes were discarded at an early
stage of data processing 2 . Each normalization image then contained the background
intensity information necessary for correction of the captured sidelobe data. Figure 4.9
(b) shows data taken from a single scan line of one such normalization image. The data
set from the same line of the corresponding interferogram is given in figure 4.9 (a).
Of course, for LC cell gap measurement, the absolute path difference in the sensing
interferometer (the cell itself) is needed, and in this case the position of the zero-order
fringes would have to be determined in order to extract the necessary measurement
from a one-sided interferogram. If, however both sidelobes are captured, the zero-order
fringes can again be ignored, the measurement being taken from the separation between
the two sidelobes. By the symmetry of the interferogram, this can be halved to give
the displacement of either sidelobe from the centre of the pattern. The application of
2 of course in this case, the zero-order fringes need not even be captured. However they proved useful
for calibrating the measurements and were therefore included in the data frames.
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Figure 4.9: Samples of data from (a) an IFTS-SAWLI interferogram, (b) the corresponding normalization image and (c) the calibration image.

the IFTS-SAWLI method to cell measurement is discussed further at the end of this
chapter.

The calibration image
As discussed in section 4.2.2, using the Sagnac interferometer IFTS design, the range of
path differences sampled across the CCD array could be adjusted by altering the translation of one of the FT spectrometer's mirrors. This in turn alters the measurement
range of the profiler and the calibration scale factor that must be applied in order to
convert the fringe sidelobe position in pixels to a physical path difference measurement
in nanometres. This flexibility allows the performance of the profiler to be optimized
for any particular measurement. However, it also means that regular calibration is
important since any adjustable optical component will be subject to drift. Essentially
there are two possible approaches that can be used: optical calibration and calibration
against a known test piece.
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In the former case, a narrowband source operating at a known centre wavelength can
be used to give a broad fringe packet which is recorded on the detector array. The
fringe period in pixels is then measured, allowing the necessary scale factor to be found
in terms of the known centre wavelength. The second approach requires a test surface
which has been calibrated against some measurement standard. Generally a surface
containing steps of a known height is used. Measurement of these known step heights
with an uncalibrated profiler allows the necessary scale factor to be found.
Mainly because of the lack of availability of a standard test surface, the optical calibration method was used for the measurements described here. By inserting an interference
filter of known centre wavelength into the collimated white light beam, the necessary
fringe pattern could be produced easily and quickly. The main disadvantage of this
calibration method is that it does not take the effects of the finite numerical aperture 3
of the sensing interferometer into account. These effects have been discussed, for example, by Creath [135], for the case of single wavelength interferometry. Although many
authors have proposed different models, the essence of the effect is that when an interferometer is illuminated with light incident at a range of angles, the observed fringe
period no longer corresponds (as it would for normal incidence) to a path difference
of one wavelength. Instead, a correction factor must be applied to the measurements
to take into account the effect of oblique rays. The exact value of the correction factor depends on the numerical aperture of the beam and the intensity distribution in
the pupil. However, the result is always that the measured path difference values are
smaller than the true values, with the effect becoming more pronounced at high numerical apertures. Creath, in her experimental work, found good agreement with a theory
developed by Ingeistam [136]. She reported correction factors ranging from 1.003 at a
numerical aperture of 0.1 up to 1.228 for a numerical aperture of 0.95.
It seems reasonable to assume that, since the reported correction factors are independent of wavelength [135, 136], a similar correction procedure should apply to measurements made using white-light interferometers. Therefore, it is to be expected that the
calibration factor for the IFTS-SAWLI profiler, found by the optical method, will be
in error, perhaps by as much as a few percent. A typical example of the calibration
data used is shown in figure 4.9 (c) which was taken using an interference filter with a
centre wavelength of 699.6 ± 0.5nm. The procedure used to find the calibration factor
3 the numerical aperture (N.A.)of the illuminating beam is defiuied as N.A. = sinao where a o is the
half angle of the cone of rays iicident on the surface.
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from these data is described in the next section.

4.4.4 From captured data to surface profile
Three types of data frame were introduced above: the interferogram, the normalization
image and the calibration image. Each surface profile measurement used data from
these three image types. This section describes the operation of the computer program
that was written to process these data, producing a calibrated profile measurement
from three captured frames.
The program first read the data from the calibration image and used them to calculate
various quantities that would be used in the analysis. It then read the values in the
eight-bit interferogram and normalization files into two-dimensional arrays, and worked
line-by-line through them, processing the data from each point on the test surface in
sequence. In order to increase the signal to noise ratio, if needed, an option to average
data from a user-defined number of pixel rows was included 4 . The operation of the
program can be divided into four basic steps described below.

Finding the calibration data
The pixel values from the calibration image were first summed over all rows to produce
a single one-dimensional calibration data set. The was done principally to increase the
signal to noise ratio of the calibration data. It should be noted that this summing will
tend to shift the spectrum of the calibration data to lower spatial frequencies if the
fringes are not perfectly aligned with the pixel columns and is therefore a potential
source of calibration error. A discrete Fourier transform was then performed on the
summed fringe data5 and the position of the positive spatial frequency peak found.
This peak position was used to find the scale factor relating the pixel pitch to the
known calibration wavelength (699.6 + 0.5nm for the measurements presented here).
The position of the peak within this Fourier transform was also used to estimate the
degree to which the fringe patterns in the three images had been oversampled. As was
explained above, for a given input wavelength, the fringe spacing produced by the IFTS
on the detector array could be varied by translating one of its plane mirrors. Thus the
4 use

of this option would clearly also reduce the lateral measurement resolution of the final profile
the fast Fourier transform algorithm given by Press et al. [112]

5 using
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rate at which fringe patterns had been sampled (in pixels per fringe period) could not
be assumed constant between data acquisition runs. Because of the finite bandwidth of
the light returned by the sensing interferometer, the fringe patterns needed only to be
sampled at a certain frequency 6 to preserve all of their spectral information. Sampling
the Fourier-transformed spectra at a higher rate would simply extend the captured
spectral range beyond the short wavelength cutoff point of the sensing interferometer
signal, yielding only extra zeros in the wavenumber-space spectrum. Taking the calibration wavelength to be approximately representative of the mean wavelength in the
interferogram, the degree of oversampling could be judged from the position of the
transform peak along the spatial frequency axis. This was used to determine an oversampling factor which was used at the Fourier phase-slope calculation stage described
below.

Removal of the zero-order fringes and normalization
As has been explained, for surface profiling the position of the zero-order fringes does
not have to be known. Although the zero-order fringes were generally included near
one edge of the captured video frames, this was done to ensure a large region of high
fringe contrast in the calibration image. The first major operation to be performed
on the interferogram and normalization data was then to identify the zero-order fringe
packet and discard it.
Since the normalization image contained only the zero-order fringes, the normalization
data were used to identify the centre and approximate width of this fringe packet. Identification of the fringe extent and centre was performed by digital demodulation. Initially, the approach described by Dresel et al. [77] was tested, as was a similar method,
using Hariharan's contrast measure (see appendix A). However, the recovered fringe
envelopes were found to be rather sensitive to the estimate of the mean interferogram
wavelength and often contained multiple local maxima, which were clearly artefacts of
the calculation method. The demodulation technique that was finally used was similar to that described by Caber [132]. The data were first shifted to zero-mean, then
rectified by taking their absolute value and smoothed over several mean-wavelength
fringe periods to remove the high frequency variations, leaving a slowly varying fringe
6 the Nyquist frequency, corresponding to two pixels per fringe period of the shortest wavelength
present
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envelope function. The width of the smoothing window was determined with reference
to the fringe period calculated from the narrowband calibration data. The approximate position of the maximum of this envelope function was then found by looking for
positive to negative zero-crossings in the gradient of the envelope. The width of the
zero-order fringe packet was also estimated by finding the distance either side of the
maximum at which the recovered envelope had fallen to 30% of its maximum value.
Following identification of the region occupied by the zero-order fringes, these unwanted
samples were removed from the normalization and interferogram data. The effects of
fixed pattern noise and non-uniform illumination on the remainder of the interferogram
data were then cancelled out by dividing them by the corresponding normalization
points.

Location of the sidelobe: first estimate
As explained in section 4.4.2, although the Fourier phase slope method can give a very
accurate location for the fringe sidelobe, it cannot generally be used directly on sampled
data, because of the phase unwrapping problems that result if the sidelobe is not already
fairly well centred within the sample set. For this reason, the approach taken to locating
the sidelobe was a combined one which used digital demodulation to find a first estimate
of the sidelobe position. The effect of errors in this first estimate is to increase the phase
gradient of the Fourier transform, found in the next processing step. For reliable phase
unwrapping at that processing stage, it is desirable to have as small a phase difference
between adjacent points in the transform as possible. Investigations using simulated
data showed that if the fringe packet was displaced from the centre of the data set by
approximately 10% of the total number of points in the set, then the resulting Fourier
transform would contain about five consecutive data points in each 27r phase interval.
This was judged to be a reasonable level to allow reliable phase unwrapping at the
Fourier transform stage.
The same digital demodulation procedure used to locate the zero-order fringes was used
to find the centre and extent of the sidelobe in the normalized interferogram data. The
longest available subset of these data, centred on the first estimate of sidelobe position,
was then selected to be Fourier-transformed in the next processing step. In practice it
was found that the first estimates of sidelobe position, found by digital demodulation,
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were accurate to within one or two pixels.

Location of the sidelobe: fine correction
The previous processing step yielded a first estimate of the sidelobe position, which was
an integer pixel value and accurate to about one or two pixels either side of the true
central point. In order to find the phase gradient, to allow the fine correction to this
estimate to be made, the subset of the data selected in the previous step then had to
be Fourier transformed. The same FFT algorithm that was used to find the calibration
scale was employed here.
Before transforming, the data subset was smoothed by summing sequences of adjacent
pixels, to compensate for the effects of oversampling discussed above. The width of the
smoothing window was calculated from the calibration data, as stated. This smoothing
(equivalent to low-pass filtering of the wavenumber-space spectrum) allowed the signal
to noise ratio of the sidelobe data to be increased without the loss of any useful information. A Bartlett window was then applied to the subset, to suppress leakage between
frequency bins in the discrete transform [112]. The FFT was then performed and the
phase found for all points in the region where the modulus of the transform was large
enough for a reliable calculation to be made. After phase unwrapping to remove the 27r
jumps in the data, a gradient was estimated by least-squares fitting to a straight line.
This phase gradient was then used to find the non-integer pixel correction to the first
estimate value. Finally the calibration scale factor found at the first processing stage
was applied, converting the measurement in pixels to one in nanometres.
The whole processing procedure is shown diagrammatically in figure 4.10.

4.4.5 Experimental results
In this section, some experimental profile results are given which demonstrate the
effectiveness of the IFTS-SAWLI approach. The measurements presented here are of
specially-fabricated metal test surfaces. These were made by evaporation of aluminium,
to various thicknesses, onto polished quartz substrates.
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Figure 4.10: Processing steps used to recover surface profile

Repeatability tests
An important parameter of any profiling system is its repeatability. The repeatability
may be judged by making a number of measurements of the same surface and calculating the residual error between them, after any relative translation and tilt have been
removed. It serves as an indicator of the random errors affecting the measurement
system and is therefore distinct from accuracy: a profiler with large systematic errors
can nevertheless have good repeatability. Accuracy must be assessed with reference to
some accepted measurement standard.
In order to get an estimate of the repeatability provided by the IFTS-SAWLI profiler,
sequences of measurements on single test pieces were made. The general procedure used
was as follows. The test piece was first placed in one arm of the sensing interferometer
and its axial position adjusted until the stripe of light was tightly focused on the
surface. The axial translation of the reference surface was then adjusted to bring the
fringe sidelobe into view in the CCD video frame. Gross relative tilt between the two
was then removed by adjusting the angle of one surface while watching the angle of
the fringe sidelobe on the video monitor. An interferogram was captured, after which
the reference surface was translated axially and another interferogram acquired. This
process was repeated until the required number of data frames had been grabbed.
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The reference surface was then displaced axially by a few tens of microns, so that
the sidelobe was no longer seen by the detector, and a normalization image acquired.
Finally, calibration data were generated by placing the narrow-band interference filter
in the beam and the resulting zero-order fringe pattern captured.
Profiles of the test piece were then recovered from the interferograms and any relative
tilt between them removed. Figure 4.11 (a) shows three such profiles plotted on the
same axes. In this case, the test surface contained two surface height steps and was
deposited in three sequential metal evaporation runs. The steps were produced by
selective shielding of areas of the substrate by pieces of metal foil placed just above
(but not in contact with) the surface. This produced rounded rather than sharp steps.
Although surfaces with sharp steps in height can be measured with this technique,
areas of the surface with extremely steep gradients return little or no light into the
acceptance angle of the FT spectrometer. Therefore interferograms of surfaces with
sharp steps tend to contain dark bands at the step edges, where the measurement
becomes unreliable. An example of this can be seen in the left-hand interferogram of
figure 4.5. For this reason, profiles of smoothly-varying surfaces were thought to give a
better indication of measurement repeatability.
Figure 4.11 (b) shows the residual error, after removal of the gross translation, between
the top and bottom traces. Calculations of the root mean square (rms) difference
between profiles acquired in this way showed that the rms repeatability of the profiler
measurements was in the region of 5mm.
Possible sources of random error which contribute to this figure include vibration and
air turbulence, electronic noise in the detection system (both true random noise and
errors introduced by quantization of the intensity signal) and unbalanced dispersion in
the sensing interferometer. This last point is discussed in section 4.5.

Verification of the measurement using a stylus profiler
The theoretical treatment given in section 4.4.1 showed that, subject to certain simplifying assumptions, the displacement of the fringe sidelobe from the centre of the
zero-order fringe pattern is directly proportional to the path imbalance in the sensing
interferometer. The constant of proportionality constitutes a calibration factor which
must be determined in order to produce a measurement in physical units. As explained
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Figure 4.11: (a) Surface profiles recovered from a single test piece after successive axial
translations of the reference surface. (b) Residual error between two of the profiles

above, the approximate calibration factor can be found optically, in terms of some
known wavelength although the factor found in this way does not take the finite range
of acceptance angles in the sensing interferometer into account. A better calibration
may be produced by measuring a test surface step of known height which may be traced
back to some accepted standard.
In order to verify the surface measurements produced by the IFTS-SAWLI profiler, a
test piece containing two sharp steps in height was fabricated (again by three successive
aluminium evaporation runs, depositing the metal on to a polished quartz substrate)
and measured. The aim was to use this test piece to check the accuracy of the optical calibration and the linearity of the measurement. Although, as explained, the
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optically-determined calibration factor would be expected to be in error by some small
percentage, this should not affect the linearity of the measurement. The optical measurements of surface height should then differ from the true surface heights only by a
constant factor. If a surface containing two steps of different heights were measured
using the IFTS-SAWLI method and an independent linear method, the IFTS-SAWLI
measurement linearity could be checked and the calibration factor found.
The independent measurement technique chosen for this comparison was stylus profiling. This was considered to be particularly suitable for verifying the IFTS-SAWLI
measurements, as both techniques produce a one-dimensional surface profile and have
similar lateral and vertical measurement ranges. The stylus profiler used was a Sloan
Dektak hA. Figure 4.12 (a) shows data from these two measurement techniques after
removal of relative tilt and translation and scaling of the optical measurement in the
horizontal direction to match the horizontal scale of the Dektak measurement. The
vertical calibration of the optical measurement in this plot was carried out using the
optical calibration procedure described above. The two traces of figure 4.12 (a) are
seen to be in fairly good agreement, although there is a small discrepancy (about 3%)
in the vertical scale. Figure 4.12 (b) compares the two data sets after vertical re-scaling
of the optical measurement by a factor of 1.03. The very good agreement which can
be seen between the two measurements suggests that the response of the IFTS-SAWLI
profiler is indeed linear.
By contrast with stylus profiling, the optical method described here carries no risk of
surface damage and allows real-time measurement. Whereas the stylus scan for the
data of figure 4.12 took several seconds to complete, the interferogram used to generate
the optical measurement was captured in a single 40ms video frame. Possible reasons
for the small calibration discrepancy between the stylus and optical measurements
include numerical aperture effects (discussed above), errors introduced by the method
used for calculating the calibration fringe period and departures from the expected
mean wavelength passed by the narrowband filter used for calibration. More detailed
investigation of the exact calibration factor appropriate for a particular IFTS-SAWLI
instrument could be carried out using a traceable step-height standard.
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Figure 4.12: (a) Comparison of surface profiles measured by IFTS-SAWLI (solid line)
and stylus instruments. (b) The same comparison after a 3% linear scaling of the
optical data.

4.5 Discussion of the IFTS-SAWLI implementation and
suggestions for future work
In this chapter, the principle of depth measurement using the IFTS-SAWLI technique
has been presented and the operation of a novel optical surface profiler based on this
principle has been described. Experimental results were given which illustrate the
potential of the method for real-time visualization of sub-micron-scale surface height
features. Recovered surface profiles with a repeatability around 5nm rms have been
demonstrated, which show good agreement with stylus profiler measurements. In this
section, a number of features of the IFTS-SAWLI profiler, described above, are exam-
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med. Some suggestions for improvements to the measurement system are given and
the potential for application of the method to LC cell measurement discussed.

Measurement range
The Sagnac interferometer FTS design allows the range of path differences sampled
by a detector of fixed width to be varied continuously. This is advantageous for the
depth measurement applications discussed. For a detector of width w and a small
angle 9 between the interfering beams, the range of path differences
detector is given by

L2

-

w9, where /.i and

L2

L&

seen by the

are the path differences at

the two edges of the detector. The measurement range is maximized by capturing
a one-sided interferogram, which is equivalent to setting A.

= 0. In this case, the

range of path differences seen by the detector corresponds directly to the measurable
path mismatch range in the sensing interferometer. By translating one mirror of the
Sagnac interferometer away from the symmetric position (see figure 4.4), the angle 9,
and consequently the measurement range, are increased. The practical limit on U is
determined by the detector pixel pitch and the mean wavelength in the interferogram,
since the high frequency interferogram fringes must be sampled at at least the Nyquist
rate to avoid aliasing effects. For the profiler described here, the maximum measurable
sensing interferometer round-trip path difference was on the order of 20jm.
At the other extreme, the smallest path mismatch that can be measured using the data
processing scheme described above is governed by the width of the zero-order and sidelobe fringe packets. These must not overlap if the processing scheme described above
is to work. The fringe-packet widths depend on the spectral characteristics of the light
source and the sensing interferometer. In particular, if any component of the sensing
interferometer (including the test surface) hasa very narrowband spectral response, the
fringe packets will be broadened and the smallest measurable path mismatch increased.
For the test pieces considered above (broadband aluminium reflectors), the minimum
round-trip path difference that could be measured was on the order of 5gm.

Adjustment of the sensing interferometer
Another feature of the profile measurement system described above is that adjustment
of the sensing interferometer for parallelism and approximate path matching is much
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easier than for conventional white-light interferometers. In the latter case, the pathmatched condition must be found by a careful search. The relative displacement of the
interferometer surfaces must be scanned slowly until intensity fringes become visible.
In a true broadband interferometer illuminated, for example, by a thermal source, the
coherence length will be on the order of a few microns or less. Fringes will only be seen
if the paths are matched to better than this coherence length, and can easily be missed
if the interferometer is scanned too quickly. In the IFTS-SAWLI profiler, the output
of the FT spectrometer allows the path difference in the sensing interferometer to be
monitored in real-time over a range of values much larger than the source coherence
length. For the sidelobe to become visible, the sensing interferometer typically only
needs to be adjusted to within a few tens of microns of the path-matched condition.
This is easily done by hand using low-resolution translation stages. Once the sidelobe
has been found, further manual adjustments are very easily performed since its position, which can be monitored in real-time, provides live feedback about the relative
translation and one-dimensional tilt of the sensing interferometer surfaces.

Dispersion effects
In the course of the surface profiling experiments described above, it was found that,
when using a very broadband illuminating beam (for example, the unfiltered halogen
lamp output) the effects of unbalanced dispersion in the sensing interferometer were
sometimes visible in the fringe sidelobes. As mentioned above, unbalanced dispersion
in a broadband interferometer destroys the symmetry of the fringe packet and means
that there is no longer a single path-matching condition for all wavelengths. For this
reason it was necessary to cut down the source bandwidth using a coloured-glass filter,
as described.
If the data are processed using the Fourier transform phase slope method and there
is any unbalanced dispersion, a problem will arise when a phase gradient is calculated from the transformed sidelobe data. Because the retrieved (phase, wavenumber)
pairs no longer conform exactly to the linear model assumed in gradient fitting, additional uncertainty will be introduced into the fit and hence the measurement. Thus
unbalanced dispersion is a possible source of error in the surface profile measurements
described above. Even with the reduced light bandwidth used in these measurements,
some residual curvature could be seen in plots of phase against wavenumber. It was
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not found possible to eliminate this unbalanced dispersion completely, even with very
careful adjustment of the sensing interferometer. It seems likely that it is an inevitable
feature of the Michelson setup using a beamsplitter cube. Perfect matching of the dispersive paths in the two arms would require a perfect beamsplitter cube constructed
from two identical prisms. Since, in glass, a path mismatch of as little as a few tens of
microns is enough to cause a marked curvature in the phase-wavenumber relationship,
it is unlikely that these effects can be reduced to an unobservable level.
Two possible approaches can be used where these effects prevent attainment of the
desired measurement resolution. First, the data processing might be adapted to take
dispersion effects into account. For most materials used in optical systems, the dispersion in the visible region can be represented fairly accurately using a small number of
terms in Sellmeier's dispersion relation [90]. If the material in which the unbalanced dispersion occurs is known, then it is possible, in principle, to fit the (phase, wavenumber)
data to a form which includes dispersion effects.
An alternative approach is simply to use a different type of beamsplitter in the interferometer. Conventional pellicle beamsplitters are not suitable for this type of measurement system because they introduce their own modulation into the spectrum. This is
difficult to separate from the modulation introduced by the imbalance in the sensing
interferometer. However, extremely thin membrane beamsplitters [137] (on the order
of a few tens of nanometres thick) can be used instead. Because of their very low
thickness, the spectral modulation they introduce is at a much lower frequency than
that produced by the path mismatch to be measured. Furthermore, the amount of
unbalanced dispersion they introduce will not generally be detectable. This type of
beamsplitter is commonly used in Mireau interference microscope objectives, which are
designed to be used for high magnification work with conventional scanning white-light
interferometers. Replacing the beamsplitter and reference of the sensing interferometer in figure 4.4 with this type of interference objective, could potentially increase the
repeatability of the measurements made using the IFTS-SAWLI profiler.

Lateral resolution
The lateral measurement resolution of the profiler setup, in the direction along the
surface profile, is governed by the imaging system formed by the combination of spher-
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ical lens L2, cylindrical lens L3 and the CCD camera (see figure 4.4). For reasons
that have been explained, this imaging system operated at low magnification and the
along-profile resolution was limited by the size of the CCD pixels. The pixel pitch
was approximately 10um which meant that, taking the image magnification of 0.6 into
account, the smallest resolvable element in this direction was about 20im. In practice,
the acquired interferograms were normally averaged over about four pixel rows, to increase the signal to noise ratio of the data. This resulted in an along-profile resolution
of about 80jtm.
Since the profiler does not image in the direction transverse to the profile, the resolution
in this direction is governed simply by the width of the focused stripe on the test surfac.
In the system described, the FT spectrometer operated without a physical slit, so any
light reflected from the test surface and within the spectrometer acceptance angle could
reach the detector. In this configuration, the profile measurement may be taken to be
an averaged value over the entire width of the focused stripe. Its width on the surface,
when the latter was placed in the focal plane of lens Li, was approximately 75im. The
across-profile resolution may therefore be assumed to be of this order. The advantage
of using a focused stripe to illuminate the interferometer is that it permits efficient use
of the available light intensity. Almost all of the light diverted into the test arm of the
interferometer is delivered to the narrow line on the test surface being measured.
However, this arrangement also has a number of disadvantages. First, the finite numerical aperture of the illuminating beam (the N.A. in the profiler described was around
0.1) produces systematic shifts in the measured height values as discussed above. Second, since displacement of the test surface from the plane of optimum focus broadens
the illuminated stripe, a weak coupling exists between lateral measurement resolution
and test surface height. A potential solution to these problems is to illuminate the
sensing interferometer with a collimated beam. In this arrangement, the test surface
would then be imaged onto a physical slit at the entrance plane of the FTS. The width
of this slit collld be adjusted to provide control over the across-profile measurement
resolution.
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Coupling between input ray angle and CCD detector position
In the profiling setup described in section 4.3.1, there exists a correlation between the
angle at which an illuminating ray hits the test surface, and the position of that ray
(along the Fourier transform axis) wher it hits the CCD detector. This correlation is
undesirable since, as stated in the discussion of numerical aperture effects above, the
input ray angle to the sensing interferometer has a bearing on the final measurement.
The calibration scale factor for the measurement produced by the .IFTS-SAWLI profiler
may therefore be a function of the sidelobe position along the detector's FT axis.
This effect would tend to produce a distortion of the recovered surface profile, since
measurements at different surface heights would be subject to different calibration
factors. The good agreement found between optical and stylus-profiler measurements
discussed above suggests that this was not a strong effect in the IFTS-SAWLI profiler
demonstrated. In principle, the correlation could be eliminated by incorporating a
beam diffuser into the design to randomize the ray angles after reflection from the
test surface. A fibre-optic bundle acting as a light-guide could be used to achieve this
without large reductions in signal level.

The IFTS-SAWLI technique applied to LC cell measurement
As explained above, by replacing the test surface in the setup of figure 4.4 with an
empty LC cell and removing the reference, a line-profile measurement of cell gap can,
in principle, be produced. A number of differences between the cell gap and surface
measurement cases should be noted. First, for transmissive cells, the signal level returned to the CCD array will be far lower than when profiling highly reflective surfaces.
Therefore, to ensure an adequate signal to noise ratio (SNR), additional care must be
taken in designing the illumination and detection system. The technique might also be
used to measure the optically-asymmetric cells found in reflective LC devices. However,
SNR is an even more important consideration here, since the fringe sidelobe contrast
will be greatly reduced by the mismatch in reflection coefficients between the pixellated
metal surface and the ITO front electrode.
The dispersion effects discussed in the context of surface profiling will tend to be less
significant for the measurement of (empty) LC cells. The interfering beams in the latter
case travel almost identical paths, and there is little opportunity for unbalanced dis-
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persion to arise. Considerations of measurement range, discussed above, are probably
more significant in cell measurement than in surface profiling, since the sensing interferometer path difference clearly cannot be varied in the former case. As discussed, if
the fringe sidelobe is to be well separated from the zero-order, the sensing interferometer path difference must be at least a few microns, assuming a return-signal spectral
bandwidth of a few hundred nanometres. Therefore, measurement of very thin LC cells
(2tm or thinner) is likely to prove difficult with this technique.
Normalization data for the surface profiling case were generated by shifting the test
surface, thus increasing the path difference of the sensing interferometer and moving the
fringe sidelobe outside the measurement range. For cell gap measurement this is clearly
not an option since the gap is fixed. Furthermore, the common-path arrangement of
the Sagnac interferometer makes it impractical to eliminate the fringes by blocking one
of the interfering beams. This suggests that a different stationary FTS implementation,
one based on a Michelson interferometer for example, might be more appropriate for
LC cell gap measurement.
The experiments described in this chapter produced line-profile measurements of surfaces. Since only one-dimensional imaging is possible using a stationary IFTS, the
spectrometer input must only contain one dimension of lateral information about the
surface or cell under test. In the experiments described above, this was achieved by
illuminating only a single line on the test surface. It is worth noting that if optical fibres
were used to relay the light from the sensing interferometer to the spectrometer, any
arbitrary mapping between points on the test surface or cell and points in the input slit
of the spectrometer could be performed. In this way, simultaneous measurements of cell
gap could be made for points across the whole area of an LC device. This possibility
is discussed further in chapter 7.
In the next chapter, an application of the IFTS-SAWLI method to measuring certain
optical properties of filled LC cells is described.

Chapter 5

White light interferometry
applied to measurement of filled
liquid crystal cells
The previous chapter described a measurement principle in which a receiving interferometer may be used to make absolute measurements of the path imbalance in a
sensing interferometer. Using the Fourier transform relationship between a signal's
autocorrelation and its power spectrum, it was shown that this method is in fact a
spectral one, closely related to dispersive spectral techniques that have been used, for
example, for measuring surface profiles and LC cell gaps. The experiments discussed in
chapter 4 assumed that the path difference being measured was in an essentially nondispersive medium. In this chapter, an application of the technique to measurement of
the wavelength-dependent optical retardation of liquid crystal cells is examined. This
application requires that dispersion effects are explicitly taken into account.

5.1 Theoretical background
Before describing the experimental setup and the measurements that were taken, the
theoretical background to the work is briefly discussed here.
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5.1.1 Phase retardation produced by a parallel-aligned nematic LC
modulator
The effect of an applied electric field
The operation principle of parallel-aligned nematic LC phase modulators, used to introduce user-defined (and often spatially-varying) optical phase shifts into a light beam,
was described briefly in chapter 1. The mechanism for producing the phase shift is the
re-orientation of the optically-anisotropic LC molecules in an external field. Because
the optical effect is caused by birefringence, the modulation is polarization-dependent.
Linearly-polarized light incident on the LC layer may be resolved into two components:
one which experiences the ordinary refractive index and another which sees an effective
refractive index somewhere between the ordinary and extraordinary values. The phase
of this second polarization component may be controlled by the drive signal applied to
the LC device.
In the relaxed state of the LC cell, assuming homogeneous alignment (parallel to the
bounding plates), this polarization component sees the extraordinary refractive index
This is the case for which the phase difference between the two components is
at a maximum 1 . Above a particular threshold in the applied field, the LC molecules
tend to align themselves with the field direction (assuming a material with positive
dielectric anisotropy), reducing the effective refractive index, fleff, experienced by this
polarization component towards the ordinary index n0 . The exact value of n6 jj for
a given applied field depends on the distribution of molecular orientation through the
cell along the direction of light propagation. This in turn is dependent on the balance
between the various competing forces which contribute to alignment. It can be shown
(see, for example [29]) that the threshold switching field is inversely proportional to
the LC thickness, so that the applied voltage necessary to initiate switching should be
independent of the cell gap. However, above threshold, the relation between applied
voltage and optical retardation is a function not only of the cell gap, but also of the LC
material properties. This function (which because of its dependence on cell gap may
vary spatially across the device area) must clearly be known for a given modulator,
before it can be used to produce controlled phase shifts in an optical system.
'if the birefringence, An =

- n 0 is assumed to be positive
,
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Birefringence dispersion and the need for broadband characterization
The section above introduced the concept of effective birefringence and explained that
its detailed form, as a function of applied voltage, is the result of a number of competing
forces which contribute to molecular alignment. The effective birefringence is also a
function of the true birefringence An of the LC material and as such is wavelengthdependent. The birefringence of liquid crystal materials has been studied theoretically,
for example, by Wu [138] and experimentally by Wu et al. [139, 140] both in the infrared
and visible regions. It has been shown that the birefringence An is not independent
of wavelength, but in the visible spectral region may be accurately modelled by an
equation of the form [138]
)2

tin(T,A) = G(T)

A2

(A

*)2

(A*)2

(5.1)

where G(T) expresses the temperature dependence of An and A* is a mean resonance
wavelength, related to the positions of molecular absorption bands. The consequence
of this is that, in the visible spectral region (where A is comparable to A*), there is a
fairly strong dependence of birefringence on wavelength. This is known as birefringence
dispersion.
For any nematic LC phase modulator designed to work in broadband light or at a
number of discrete wavelengths, the birefringence dispersion means that the modulator
must be characterized for all operating wavelengths if its performance is to be optimized.

5.1.2 Approaches to measuring LC device phase retardation
Single-wavelength approaches
The importance, for many applications, of broadband SLM characterization has been
outlined above, and the subject of this chapter is the application of white-light interferometric techniques to this problem. Nevertheless, it is worthwhile mentioning two
single-wavelength methods that have been used for determining the phase modulation
characteristics of LC devices. The first, an example of which was reported by Kirsch et
al. [141], is simply to place the modulator in one arm of a conventional Mach-Zender
(for a transmissive device) or Tywman-Green (for a reflective SLM) interferometer.
At the interferometer output, a fringe pattern is observed, which encodes information about the phase of the SLM's output wavefront, in the usual way. By observing
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fringe shifts which occur when drive signals are applied, some measure of the phasemodulating performance of the SLM can be produced. Because the technique uses an
external interferometer with separated test and reference arms, care must be taken to
isolate the measurement system from sources of vibration and air motion.
A more stable configuration has been described, for example, by Bergeron [142] et
al. The experiments they described used two pinholes to mask off two regions of a
transmissive LC SLM. When these were illuminated with collimated laser light and
the transmitted light viewed at infinity, using a lens, the well-known two-source interference pattern, as seen for example in Young's experiment [6], was produced. By
applying different drive signals to the regions behind the two pinholes, shifts in the
fringe pattern could be produced. Measuring these shifts allowed the difference in
phase modulation produced by the two regions to be estimated. A similar technique
has also been reported by Soutar and Lu [56]. These methods are relatively insensitive
to environmental conditions because the interfering beams travel similar paths in air.
However, as described, they only allow point-by-point measurements to be made and
can only characterize the device at one wavelength at a time. Bergeron et al. suggested
that the method could also be extended to allow the uniformity of the phase response to
be measured along a line, by replacing the two pinholes with slits and using cylindrical
optics.

Broadband measurements using reflected beams
Love and Major, who reported the use of spectral fringes for measurement of spatial gap
variations in empty LC cells [82], also used the technique to measure the birefringence
dispersion [82] and voltage characteristics [92] of parallel aligned NLC modulators. The
approach they used was very similar, in principle, to the measurements of empty cell
gaps using broadband light described in chapter 2, although they employed a spectrograph rather than a scanning monochromator. In their experiments, collimated white
light was reflected from the cell and a spectrum formed at the spectrograph output. By
visually identifying fringe peaks at different wavelengths, they were able to estimate
local phase gradients in the reflected spectrum and hence deduce the retardation introduced by the liquid crystal film. These measurements could be made for any desired
polarization state.
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Because measurements could only be made at discrete wavelengths corresponding to
fringe peaks, values of retardation for intermediate wavelengths had to be inferred by
assuming the form of the birefringence dispersion. The measurement accuracy was also
limited by the precision with which the spectral interference peaks could be located. For
ordinary transmissive LC devices analyzed in reflection, the interference is essentially
of the sinusoidal two-beam variety. The maxima of the spectral fringes will therefore
be comparatively broad, and the uncertainty in the visual location of the peak positions will consequently be large. The solution proposed and demonstrated by Love and
Major was to coat the inner cell faces with highly reflective layers. In this situation,
the fringes are generated by multiple reflections and are sharply peaked 2 , making identification of their centres much easier. While this approach is suitable for determining
LC material parameters, it is clearly not a viable one for characterizing practical transmissive devices, because the additional reflective coatings drastically alter the optical
properties of the modulator.

Broadband measurements using transmitted beams
Reflection measurements of the type made by Love and Major could in principle be
carried out by replacing the sensing interferometer in the IFTS-SAWLI surface profiler
described above, with a filled LC cell. Analysis of the data would clearly be more
complicated than for the surface profiling case, because of the dispersive nature of the
LC material. In addition, the signal levels recorded at the CCD camera would be low,
because of the rather weak reflections that result from refractive index mismatches
at dielectric interfaces, for normal or near-normal incidence. An alternative method,
described by Wu et al. [139] allows the phase shift induced by the cell to be measured
in transmission. The principle of the method is as follows.
A parallel-aligned NLC cell is placed between a linear polarizer-analyzer pair. The
polarizer defines the input polarization to the cell and remains fixed, while the analyzer can be rotated to be parallel or perpendicular to the polarizer. The LC cell is
aligned so that the molecular director is at 45° to the input polarization (see figure 5.1
(b)). In this orientation, the input polarization may be resolved into equal ordinary
and extraordinary components. The ordinary component experiences the ordinary refractive index n.e

,,

2 see

while the extraordinary component experiences an effective index,

the discussion of Tolansky's fringes of equal chromatic order in chapter 2
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approximated by n0 + ( fle - n0 cos2 9 (treating the LC layer as a perfect uniaxial slab,
)

and assuming n and n0 are much larger than Ln), where 9 is the tilt angle of the LC
molecules out of the plane of the bounding plates. This effective index varies with the
field applied across the LC layer and provides control of the phase of the corresponding
polarization state. In the relaxed state, with no voltage applied between the plates, the
phase difference 8 between the ordinary and extraordinary polarization components,
after transmission through a cell of thickness t, is given by [139]

2irt1n

6

(5.2)

for light of wavelength A and assuming the pre-tilt angle (the out-of-plane angle of the
molecules in the relaxed state) is small.
The two orthogonal polarization states are then superposed by the analyzer, to produce
interference. The relative interference phase can be selected to be 0 or ir radians
according to the relative orientations of polarizer and analyzer. If the assumption is
made that the differential absorption of the two polarization components by the LC
film is negligible, then the resultant transmitted intensities between crossed

(Ii ) and

parallel (hi) polarizers may be written [139]

Ij
'Ii

j
= 10 &xp(—ct) sin2

=

(5.3)

Ioex p(_ c t) cos2

(5.4)

where c is the absorption coefficient (assumed polarization-independent) of the LC
material and I0 is the incident beam intensity.
Together, these two intensity samples are sufficient to recover a wrapped value for
the interference phase 8, assuming the spectral interference fringes have unit visibility.
Solving equations 5.4 and 5.3 for 6 gives

I 6I

= N +2 tan 1

,

(

N = 0,2,4,...)

(5.5)

161 = (N+1)-2tan' , (N=1,3,5 .... ) (5.6)
Since 6 is calculated from an expression for tan(8/2), its absolute value cannot be
determined from the measurements of Ij and III alone. The interference order N must
be known if the absolute phase modulation is to be found. Fortunately, if I-L and I are
measured over a continuous range of wavelengths, the interference order N can easily be
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found for any wavelength and applied voltage if it is known for just one wavelength at
that applied voltage. To see this, it should be noted that the interference order changes
by one at each minimum or maximum of Ij (or equivalently of Iii)• Furthermore, since
both the birefringence and the ratio of cell gap to wavelength decrease with increasing
wavelength, so too will the value of N.
The interference order at a particular wavelength, for any applied voltage can be found
by measuring the oscillations in I

(or 'ii) under single wavelength illumination, as
the applied voltage is varied. It may be assumed that at the high-voltage limit, the
interference order is zero (since the effective birefringence is also zero). Decreasing
the applied voltage from this limit, the turning points in intensity mark successive
increments in N.

By finding the voltages at which these turning points occur, the

interference order for any voltage at the wavelength used, may be evaluated.
Therefore, using this method, the retardation S produced by the LC cell at a particular
applied voltage may be measured over a broad range of wavelengths. Each broadband
measurement is made using just two transmission spectra plus a knowledge of the
evolution of interference order with voltage for any one wavelength within the acquired
range. Since the measurements are made in transmission, efficient use is made of the
available light.

5.2 Measurements using filled liquid crystal cells
5.2.1 The experimental setup
To allow retardation measurements to be made in transmission, as described above, an
experimental setup using an imaging Fourier transform spectrometer to perform the
spectral analysis was built. The experiments described by Wu et al. [139] were designed
to measure the wavelength-dependent retardation of LC cells in the infra-red and used
a scanning FT spectrometer. The aim of the experiments reported in this section was
to verify this measurement principle for visible wavelengths, using a stationary imaging
FT spectrometer. The layout of the setup is shown in figure 5.1.
The light source used in these experiments was a t u ngsten- halogen lamp, placed between a parabolic reflector and a short-focal-length condenser lens, to ensure high light
collection efficiency. A heat-absorbing filter (F) was placed just in front of the condenser

CHAPTER 5. MEASUREMENT OF FILLED LC CELLS

(a)

(b)

139

molecular
director
I

45.

\

poladzer
Ml <

analyzer

L2

L3
P2 --C

Figure 5.1: (a) The layout of the retardation measurement system. (b) Relative orientation of polarizer, LC cell and analyzer.

to block the unwanted infrared component of the beam. An image of the filament was
formed on a pinhole and the light re-collimated by an achromatic lens. The collimated
beam was then passed through a linear polarizer, P1, (Melles Griot FPGO03) and focused by a cylindrical lens, Li, to form a narrow stripe at its back focal plane. The
whole illumination unit described was mounted on a rail system and could be translated
axially to allow the beam to be focused on the LC layer. The numerical aperture of
the focused beam was approximately equal to 0.1. The IFTS built for this experiment
was similar to, but more compact than, that used in the surface profiler described in
section 4.3.1. It consisted of a Sagnac interferometer built using two A/10 Pyrex mirrors and a broadband beamsplitter cube. The Fourier-transform lens L2 was a 100mm
focal length achromat, oriented for collimated output, and the cylindrical lens L3 had
focal length 40mm, giving a magnification of 0.4 on the CCD array. A second linear
polarizer, P2, (Melles Griot FPG003) placed in a rotation mount just in front of the
CCD array, served as the analyzer.
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Clearly this experimental arrangement is very similar in layout to the surface profiler
shown in figure 4.4. Using the terminology introduced in chapter 4, the combination
of the LC cell and polarizers may be thought of as the sensing interferometer. Rather
than having two physically separate arms, the path difference in this interferometer is
provided by the different refractive indices experienced by the two orthogonal polarization states. For a cell of thickness t, filled with a liquid crystal giving an effective
birefringence znjj(A, V), the sensing interferometer path difference in this system is
given by d(A,V) = tLn ejj(A,V). The IFTS, used as the receiving interferometer, allows this path difference to be measured for any input wavelength and at any chosen
drive voltage. Because of the imaging property of the IFTS, many points across the
modulator can, in principle, be measured simultaneously. It should be noted that the
measured quantity here is the phase difference induced by the LC layer, which is a
key parameter for predicting the performance of the modulator in an optical system.
Neither the cell gap nor the LC birefringence need be known in advance. If, however,
either of these two quantities is known, that one can be used in conjunction with the
retardation measurement to deduce the other.

5.2.2 Data acquisition
In this section, the experimental procedure used for measuring the phase retardation
characteristics of parallel-aligned NLC cells, using the setup described above, is discussed. Although the FTS constructed for the system was an imaging one, for simplicity, the measurements described here were carried out for one point on the LC cell
only. Data were taken from just one scan line of the video frame produced by the CCD
camera, and the frame grabber system that was used for the surface profiling measurements described above was not used for data acquisition here. Instead, a digital
storage oscilloscope (Fluke PM3382A Autoranging Combiscope) was used to capture
and digitize a single video scan line to produce each spectrum. The sequential frameaveraging capability of this oscilloscope allowed the random noise in the acquired data
to be dramatically reduced and also permitted the FT spectra to be captured at 16 bit
intensity resolution.
The cells examined were each constructed from two 12

x 12 x 1.1mm-thick squares

of ITO-coated glass (Balzers Baltracon low ohmic). In all cases, the ITO layers were
over-coated with a layer of silicon oxide, nominally 60mm thick, evaporated at an angle
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of 60° to the surface normal. These silicon oxide layers served to promote uniform LC
alignment, as discussed in chapter 1. The cell gap was set by polymer sheet spacers
and the glass plates were bonded together using an ultra-violet-curing optical adhesive
(Norland 68). The nematic liquid crystal used was E7 3 and the cells were filled at
room temperature (200 ±1°C) and atmospheric pressure. The liquid crystal alignment,
assessed by examination of the cells between sheet polarizers, was found to be extremely
uniform in all cases. The electrical contacts to the cells were made using silver-loaded
conductive paint to connect to wires glued to the ITO surfaces.
Cells were placed in the beam path using a precision rotation mount to allow accurate
setting of the 45° angle needed to ensure equal amplitudes for the two orthogonal
polarization components. The illumination unit was moved into place and the position
of best focus of the beam on the LC cell found. Using the method suggested by Wu et
al. [139], the correct cell angle was then found by rotating the cell until the transmission
between crossed polarizers was maximized. After positioning of the cell in the system,
the first task was to determine the relation between interference order and applied
voltage for one wavelength. For this, the heat absorbing filter F was replaced by a
narrowband interference filter with a centre wavelength of 620.9 ± 0.5nm. With this
filter in place, the output of the IFTS was a fringe pattern of approximately uniform
modulation filling the whole video frame, the mean fringe intensity indicating the value
of the transmission through the cell and polarizers. The voltage applied across the
LC layer was slowly increased from zero and the voltages at which peaks and troughs
of intensity occurred were noted for either polarizer-analyzer orientation (parallel or
perpendicular). The voltage was increased until it was clear that the cell was fully
switched and no further peaks or troughs would be found. From these data, the value
of the interference order, N, for any applied voltage and at 620.9mm could be deduced
as described above.
Following this, the interference filter was removed and the heat-absorbing filter replaced
in the beam. Using broadband illumination, the Fourier-transformed transmission spectra between crossed and parallel polarizers were then recorded using the oscilloscope
and the data transferred to a personal computer for processing. To reduce any random
intensity noise to a minimum, each transformed spectrum was averaged over 512 video
frames during capture. Even averaging over this large number of frames, each trace
3 supplied

by Merck Industrial Chemicals
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took only a few seconds to acquire. Figure 5.2 shows an example of one such pair of
transformed spectra, for a cell approximately 20jm thick, at zero applied voltage. As
would be expected from the discussion above, there is a marked similarity between
these data and those acquired from the IFTS-based profiler described in chapter 4.
The most obvious difference is due to birefringence dispersion, which causes the fringe
period within the sidelobe envelope to decrease with increasing distance from the zeroorder. This means that each sidelobe is now asymmetric, although the symmetry of
the overall fringe pattern is preserved.
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Figure 5.2: Fourier transformed transmission spectra recorded between (a) parallel and
(b) crossed polarizers

The product of the true cell gap and the effective birefringence, t/mjf, may be thought
of as an effective cell gap since it defines the path difference experienced by the two
orthogonal polarization components in transmission through the cell. Because the
effective birefringence for a relaxed cell filled with E7 is on the order of 0.2 (the exact
value being dependent on the pre-tilt angle and wavelength), the separation of the
sidelobes in these interferograms is similar to that which would be produced by a path
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difference of 20tm x 0.2 = 41Lm in the sensing interferometer of the IFTS-SAWLI
profiler.

Calibration of the spectra
To allow the retrieved spectra to be calibrated, a calibration interferogram taken with
the 620.9nm narrowband filter in the beam path was acquired each time the spectrometer's measurement range was adjusted. The wavenumber scale in the inversetransformed spectra was then calculated by locating the peak spatial frequency in the
calibration data (by performing a digital FFT) and relating this to the known calibration wavelength. It was found that the output signal from the CCD camera contained a
small-amplitude, high-frequency ripple, with a period of about six pixels in the sampled
data. This ripple could not be completely removed by sequential frame averaging and
was found to be more pronounced at high camera-gain levels. The effect of this noise
in the retrieved inverse-transformed spectra was to produce false intensity spikes, unrelated to the true transmission spectrum. Since the frequency of these ripples remained
constant, while that of the true fringes could be altered by adjusting the spectrometer's
measurement range, it was possible to set the spectrometer so that these false peaks
appeared well outside the wavelength range used for measurement. Such a setting was
used in acquiring all of the data shown here.

5.2.3 Data processing
Although, as has been mentioned, the Fourier transformed transmission spectra bear a
close resemblance to the IFTS surface profiler interferograms, a different data processing strategy was adopted here. The process of extracting a surface profile described
in section 4.4.4 depends on the fringe sidelobe being well-separated from the zero order. For LC retardation measurement this cannot be guaranteed. For typical LC cell
thicknesses (10jtm or less), the effective gap, given by the product of the true gap and
the birefringence, will be on the order of 2m or less. In this case, even if the bandwidth of the illumination covers the whole visible spectrum, the sidelobes will not be
very well separated from the zero-order at zero applied voltage. The situation becomes
worse when a voltage is applied, as the effective birefringence, and consequently the
effective cell gap, then decreases. For this reason it is more practical to extract the
required measurements from the wavenumber-space spectra, found by inverse Fourier
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transformation, as described in section 5.1.2.
A computer program was written to read and process the acquired transformed spectra
and calibration data. The spectra were calculated from symmetric interferograms 4 by
shifting the acquired data to zero mean, padding at either end with zeros to increase the
data set length from 512 to 2048 points and applying an inverse fast-Fourier-transform.
As before, the FFT algorithm used was that given by Press et al. [112]. Although the
program that was written included an option to apply one of two standard apodization
windows (the Bartlett and Welch windows [112]) before applying the FFT, it was found
that, in general, using these windows reduced the modulation of the retrieved spectral
fringes to an unacceptable degree. Sampling a larger range of path differences with the
FTS could potentially solve this problem, by increasing the intrinsic spectral resolution
of the measurements. However, as explained above, with the CCD detector used here
the maximum range of path differences that could usefully be sampled was limited by
high frequency ripple in the output signal.
After retrieval of the intensity spectra Ij (a) and I (a) (a = 1/A), the values of interference order N for all sampled wavenumbers in the visible spectrum were calculated
using the measured value of N at the calibration wavelength 620.9nm as a starting

JI± (a)/I11 (a) were taken to indicate the points

point. Zero-crossings of the gradient of

at which the steps in N occurred. The phase difference 5 was then calculated for a
range of wavenumbers, using equation 5.5 and 5.6. If available, the cell gap value was
also used to allow these data to be converted into birefringence values, using equation

5.2. At zero applied voltage, these birefringence data could then be compared with
previously-reported measurements for the liquid crystal E7.
Once 5 had been found at a range of wavenumbers, the quantity tLn(a), the product
of cell gap and effective birefringence was also calculated. Re-expressing equation 5.1
in terms of wavenumber and re-arranging gives

1
ttn(a)

ii

-7

LG

1

a2 1

- G(T) ]

(5.7)

Therefore, according to Wu's model [138] 1/tn(a) is expected to be linear in 0r 2 .
Making use of this relation, the program performed a least-squares straight line fit of
the measured 1/t/.n(a) values to the corresponding values of a2 , allowing the recovered
data to be compared with the expected form. The ratio of the gradient and intercept
4 that

is, interferograms in which the zero-order fringes were fairly accurately centred in the data set
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found from this linear least-squares fit is independent of the cell thickness t and may be
used to find a value for \*, a property of the LC material used. Therefore, even without
knowledge of the cell gap or the temperature of the LC at the time of measurement,
the results may be compared with previously reported values of A* for the same liquid
crystal. If the cell gap is known, the birefringence Ln, at the temperature used, may
also be plotted against wavelength.

Effects of incomplete fringe modulation
The method used here for calculating the birefringence-induced phase difference 8 relies on the spectral fringes having unit visibility. In common with the phase-shifting
algorithms described in chapters 2 and 3, equations 5.5 and 5.6 are used to find the
value of an interference phase from intensity samples taken at different reference phases.
However, here the phase shifting is done by selecting polarization components, which
restricts the reference phase values to 0 and ir. As was stated in chapter 2, in order to
solve for the phase of a two beam interference pattern, at least three reference phases
are needed if the intensities of the beams are not perfectly matched. Therefore, with
only two available reference phases, the system is under-determined and the fringe visibility must be assumed, if the phase is to be recovered. Equations 5.5 and 5.6 assume
a visibility equal to 1.
For this to be the case, the angle of the cell between the polarizers must be accurately
set at 45° and the differential absorption of the two polarization states within the cell
must be negligible. In practice, the spectra retrieved from experimental data were
found to have very high fringe modulation (visibility > 0.95) for the case of parallel
polarizers. However, the modulation seen between crossed polarizers was consistently
slightly lower. This effect was also seen when the polarizer rather than the analyzer was
rotated to produce the two spectra. Moving the analyzer to a position immediately
behind the LC cell, rather than immediately in front of the camera, also failed to
eliminate the effect. Further experiments are needed to identify the source of this
incomplete modulation for the crossed polarizer case. The effect of reduced fringe
modulation on the experimental results is to introduce a periodic oscillating error in to
the values of 8 calculated from equations 5.5 and 5.6.
In practice, this was partially compensated at the data processing stage by estimating
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the modulation of I j (a) from the minimum value of the ratio Ij (a)/111 (a). A correction
to the values of Ij (a) was then made, based on this estimate.

5.2.4 Experimental results
In order to identify the useful spectral range of the linear polarizers, spectra were first
acquired between parallel and crossed polarizers with no LC cell in place. Dichroic
sheet polarizers (Melles Griot FPGO03) which had a nominal extinction ratio of iO : 1
and which were designed for broadband operation, were used. It was found that the
extinction ratio fell off sharply at wavelengths longer than about 750nm, whereas the
source spectrum, even with the heat absorbing filter in place, had significant intensity
up to 1pm. Figure 5.3 shows the detected spectra (on different vertical scales), retrieved
from the FTS, between parallel and crossed polarizers. The fall-off in extinction below
about 1.3gm' (corresponding to 770mm) is seen to be fairly sharp. Measurements were
limited, at the short wavelength end, by the fall-off in the source spectrum intensity.
From figure 5.3 it can be seen that the detected spectrum between parallel polarizers
fell to a small fraction of its peak intensity by about 2.1gm'

(476nm). For these

reasons, calculations of LC cell retardation were confined to the spectral range 488 to

714nm.
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Figure 5.3: Measured spectra between parallel (solid line) and crossed polarizers with
the heat absorbing filter in place. The spectrum for crossed polarizers is shown on an
expanded vertical scale.
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Measurements of voltage response for a nematic cell
Using the experimental procedure outlined above, the voltage response of a parallelaligned nematic liquid crystal cell (nominally 20jtm thick) was examined. In this case
the cell gap was not measured beforehand since, as explained, it does not need to
be known in order to characterize the phase-modulating properties of the cell. The
measurements that were produced were therefore values of tAn1j, the product of cell
gap and the effective birefringence at a given applied voltage. Using a calibration
wavelength of 620.9nm, the voltages at which changes in interference order N occurred
were found, as described in section 5.2.2. The cell was found to be essentially fully
switched at an applied voltage of 30V. The interference order in the relaxed state was
determined as N = 14, indicating that this cell was capable of producing about seven
wavelengths of phase modulation at 620.9nm. About 70% of this phase modulation
was produced within the range 0 - 2V.
Transmission spectra between crossed and parallel polarizers were then acquired at
a range of applied voltages between 0 and 1.8V. Figure 5.4 shows seven such pairs
of spectra, recovered from the FTS output, taken at 0.2V (+0.01V) intervals between
0.6V and 1.8V. These spectra were used to calculate values for t/Xfl ejj at these applied
voltages and at a range of wavelengths, and the experimentally-determined values used
to find the best-fit parameters in the model of LC birefringence described in section
5.1.1. The best-fit curves are shown in figure 5.5. The threshold voltage was found to
be in the region of 0.6V, and between 0.6 and 0.8V only a minimal change in effective
cell gap is seen in figure 5.5. The curve for zero applied voltage was essentially identical
to that at 0.6V and is not shown. This behaviour is typical of the voltage response of
parallel-aligned NLC modulators, which in general exhibit an inactive region below the
switching threshold, followed by a narrow range of voltages in which

I

d(/fl ejj)/dV

I

increases rapidly. After this, a region in which An decreases roughly linearly with V is
normally found, followed by a gradual levelling-off of the /.fleff against V curve as the
LC molecules become increasingly aligned with the field and the cell starts to saturate.
At high applied voltages, LTh eff tends to zero.
This behaviour can be seen in the curves of figure 5.5, in which a linear region can
be identified between about 1.0 and 1.4V (where the curves are approximately evenly
spaced) and the onset of saturation can be seen above 1.4V, where the change in ttXfl eff
for a given IV starts to decrease. The wavelength dependence of t/Th eff, the effective
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cell gap, is the result of the birefringence dispersion discussed in section 5.1.1. The
general trend, in the visible region of the spectrum, is seen to be towards lower path
difference modulation for longer wavelengths. The degree of phase modulation available
from a given cell will clearly decrease more steeply with increasing wavelength, since
this depends on the product of tZfle ff and wavenumber.
Using the spectra acquired at zero applied voltage, a value for the LC material parameter A'' was calculated from the ratio of the least-squares fit coefficients in the LC
birefringence model. The value found was A" = 241.7 ± 0.8nm, which agrees to within
4% with the value of 250nm for the liquid crystal E7, reported by Wu [138].

Determination of LC birefringence
Using a cell of known thickness, again filled with the liquid crystal E7, spectra between
crossed and parallel polarizers were acquired (at zero applied voltage) in order to allow
the birefringence of this LC to be measured over a range of wavelengths. The two
spectra, as retrieved by the program described above, are shown in figure 5.6.
The cell used had a nominal thickness of 20pm and its gap was measured using the
spectral fringe technique, before filling with LC, and found (from the measured phase
gradient) to be t = 23.05 ± 0.29jim. From the discussion given in chapter 3, it is
clear that a correction must be applied to this measurement to take account of the
effect of substrate coatings. Assuming an ITO thickness of 125mm (taken from Balzers'
data sheet) and a silicon oxide thickness of 90 ± lOnm (estimated from stylus profiler
measurements on films of the same nominal thickness, evaporated under the similar
conditions), the numerical simulations described in chapter 3 suggested that a correction of about —0.6 + 0.021m was appropriate. As discussed at the end of chapter 3, the
uniformity of the deposited alignment layer thickness was rather poor and consequently
this parameter could not be assumed to be known to an accuracy better than a few
tens of nanometres. This meant that an attempt to make a more precise correction to
the cell gap measurement was not worthwhile. The corrected cell gap was taken to be
t

= 22.4im.

The interference order at zero applied voltage was found, using the method described
above, to be N = 15 at a wavelength of 620.9mm. This information, together with
the two acquired spectra and the measured cell gap, was used to calculate values for
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the LC birefringence. As before, the experimentally_determined values were then used
to find values of the parameters in Wu's model of LC birefringence, by least-squares
fitting. Figure 5.7 shows the experimental data points together with the smooth curve
found by this fitting procedure. The quality of the fit to the model can be seen to be
very good, although the effects of incomplete spectral fringe modulation show up as a
periodic error in the experimental birefringence values, as discussed above.
From this fit, the value of A" was found to be 241.6+0.6mm which agrees very well with
the value determined for the cell used in the switching measurements described above,
and is within 4% of the value reported by Wu et al. [139]. The birefringence values
themselves are in broad agreement with those given by Wu et al. [139], who found a
value of An = 0.224 at 632.8nm and T = 24°C, and the manufacturer 5 which quotes

An = 0.225 at 589.Onm and T = 20°C. The measurements of figure 5.7 indicate a
birefringence of An = 0.220 at 632.8mm and An = 0.225 at 589.Onm. Since An does
vary with temperature, a knowledge of the LC temperature (not measured in these
experiments) would be needed to allow an accurate comparison of birefringence values.
The dependence of An on temperature is fairly weak and roughly linear in nematic
liquid crystals well below the nematic-isotropic phase transition, which occurs at about

60°C for E7. To give an idea of the magnitude of the temperature effect, in the region
between 20 and 40°C the birefringence of E7 changes by about —2 x 10 per degree

[138] at 633nm. Addition of a thermocouple to the experimental setup, placed in good
thermal contact with one of the outer cell surfaces would allow reasonable estimation
of the LC layer temperature and permit more precise comparisons with other reported
birefringence measurements.

5.2.5 Discussion of the IFTS technique applied to filled LC cells
The experimental results presented in this chapter demonstrate that the IFTS-SAWLI
technique developed for surface profiling, as described in chapter 4, is also applicable to the measurement of the electrically-controlled effective birefringence of LC cells.
Although only single-point measurements were discussed here, the experimental setup
described in section 5.2.1 is capable of making simultaneous one-dimensional retardation measurements, in the same way as the imaging profiler of chapter 4. The method
used to extract the phase difference, 5, relies on high spectral fringe visibility. As such,
5 Merck

Industrial Chemicals, Poole, UK
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the technique, as described, requires the device to have uniform LC alignment across
the area inspected. Any variations in LC director angle in the plane of the bounding
plates along the line measured will result in changes in spectral fringe modulation,
leading to periodic errors in the recovered phase shifts.
To allow spatially-resolved measurements to be made from pairs of captured twodimensional interferograms, attention should be directed towards improving the electronic d ata- acquisition system. Because of the way in which the birefringence data are
extracted from the Fourier-transformed transmission spectra, noise in the latter can
have a large effect on the measurements. A low noise CCD array combined with a ten
or twelve bit digital image capture system would certainly improve performance and
should allow profile measurements of phase retardation to be taken, without the need
to average data over a large number of frames.
By mechanical scanning of the LC cell in a direction transverse to the illuminated stripe,
a complete two-dimensional map of phase retardation against drive voltage and/or
wavelength could be built up relatively quickly. The imaging capability means that
spatial non-uniformity in LC switching could be measured fairly simply. This would
allow, for example, investigation of the effects of fringing fields in pixellated LC devices
[43]. Because the FT spectrometer, unlike that used in the experiments of Wu et al.
[139], was a stationary instrument, the experimental setup described here is also capable
of acquiring time-resolved transmission spectra. With a suitable detection system, it
could therefore allow measurement of the dynamics of phase modulator switching over
a broad spectral range.
There is scope for some improvements to be made to the experimental system and the
data processing scheme discussed. As was mentioned, some difficulties were caused by
the incomplete spectral fringe modulation observed between crossed polarizers. Isolation of the causes of this effect should allow the periodic errors in the retrieved birefringence data, as seen for example in figure 5.7, to be reduced. The method used to
convert the acquired data into wavenumber-space transmission spectra was not optimal.
As has been discussed, for example by Bell [115], computing a spectrum by taking the
modulus of the inverse transform of a roughly symmetric interferogram leads to a noise
contribution which is entirely positive at low spectral intensities. Since the spectra
recorded in this technique are crossed by fringes with periodic zeros of intensity, accurate retrieval at low spectral intensity is important. Modified schemes for retrieving
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the spectrum from a one-sided interferogram, which do not suffer from this problem,
have been described, for example, by Bell [115], and could be used to advantage here.
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Figure 5.4: Measured transmission spectra of parallel-aligned nematic LC cell between
parallel (solid line) and crossed polarizers for an applied voltage equal to (a) 0.6V, (b)
0.8V, (c) 1.OV, (d) 1.2V, (e) 1.4V, (f) 1.6V, (g) 1.8V.
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Chapter 6

Holographic methods for SLM
contrast enhancement
The preceding chapters have been concerned mainly with methods which allow various optical properties of SLM devices to be assessed. Such methods are valuable in a
number of ways. First, they can provide information on the relative merits of different
SLM fabrication processes and materials. Second, they may be used for grading devices intended for use in a range of applications and third, they can allow optimization
of SLM drive schemes for specific tasks. In this chapter, a rather different approach
to solving the problems presented by non-ideal SLMs is described, based on the techniques of holographic interferometry. A report on the background work underlying the
experiments discussed discussed here, including some of the theoretical and practical
requirements of the holographic recording system described in section 6.2, was submitted in partial fulfillment of the Master of Science degree in the University of Edinburgh
[143]. The results of the later experiments, described here, were reported in [144].

6.1 Theoretical background
In order to introduce the essential concepts of the new work described here, the basic theory of SLM performance enhancement using holographic interferometry is now
outlined. More details of the principles of the method may be found in [143].
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6.1.1 The importance of contrast ratio
Consider the case in which an SLM is used to provide user-defined patterns of intensity
modulation at the input to a coherently-illuminated optical system. This could be any
of the types of system discussed in section 1.2, so long as the illumination has a relatively
long coherence length (say, on the order of a few centimetres). In the ideal case, when a
pixel is illuminated by an input intensity, 'in, its output, can take a range of values
from

'out

= 0 when the pixel is switched off, to

'out = 'in

when it is switched fully on.

For any real modulator, this ideal situation will not be fulfilled. Because of losses in
the modulator due to absorption, scattering and so on, the maximum output intensity
must always be somewhat less than the input. Furthermore, non-ideal behaviour of the
modulating material and the possibility of stray light being introduced into the output
beam will mean that the off-state intensity will never be precisely zero. Because of this,
the device contrast ratio (introduced in chapter 1) will be finite.
As was discussed in chapter 1, liquid crystal devices offer some of the highest contrast
ratios of any electro-optic modulators, but suffer from relatively long switching times.
Faster-switching materials generally exhibit poorer contrast ratios and/or narrower
optical bandwidth operation. For many applications, contrast ratio is critical. This is
true, for example, in many optical computing or processing systems where the output
from a large number of different pixels might be summed optically (by a lens), or in
three-dimensional holographic data storage[21] or display [23] where many planes of
data are to be recorded in a single block of material. In these types of application, the
unwanted light from pixels in the off-state can seriously degrade system performance.

6.1.2 Improving the contrast ratio by coherent subtraction
The problems outlined above could be remedied if the constant background light level
from the SLM could be removed. Here it will briefly be shown that, using the techniques
of holographic interferometry, this can indeed be done. Figure 6.1 (a) illustrates a
basic arrangement for holographic interferometry. This technique, which has been
widely used, for example, for non-destructive testing of mechanical components has
been described in detail by Jones and Wykes [145] and Vest [146].
Referring to figure 6.1 (a), a longitudinally coherent beam from a laser is divided into
two components, one of which strikes an object (which in the experiments described
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Figure 6.1: Basic arrangement for holographic interferometry. (a) Recording the hologram. (b) Producing a holographic interferogram.

below is a spatial light modulator) which reflects some of the incident intensity towards
a recording material, here assumed to be a photographic plate. The other portion of
the beam (the reference beam) travels directly to the photographic plate. Because the
two beams are mutually coherent, an interference pattern is produced in the region of
overlap, which is recorded by the photographic emulsion. If, after exposure and development, the plate is again illuminated by the reference beam, a holographic reconstruction
of the original wavefront reflected from the object during recording is produced. For
an idealized negative photographic material, where the attenuation produced by the
developed emulsion is directly proportional to the incident intensity during recording,
the reconstruction is essentially an exact copy of the original object wavefront, except
for a scaling in overall intensity and a phase shift of ir radians. Even in the idealized
case, the reconstruction does in fact contain additional noise terms, but these can often
be ignored [143] in an off-axis holographic system such as the one considered here.
Suppose now, that the object is viewed through the developed hologram, while the
latter is illuminated with the reference beam, as in figure 6.1(b). Behind the plane
of the hologram, two light fields are produced: one due to the true reflection from
the object and the other due to the holographic reconstruction. Because these two
fields are coherent, interference is produced between them. Since, in the ideal case, the
reconstruction is identical to the object wavefront apart from an intensity scaling and
a

it

phase shift, the interference will be destructive. The influence of the holographic
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reconstruction is to reduce the apparent intensity reflected from the object. By altering
the power of the reconstructing (reference) beam, the intensity of the reconstructed
wavefront may be controlled and matched to that of the object wavefront. In this case,
complete destructive interference (a dark field) would be produced. The only light
then seen in reflection from the object would be due to changes in the object itself.
In other words, the holographic method allows real-time subtraction of a pre-recorded
wavefront.
Suppose now, that the object is in fact a (reflective) spatial light modulator and that
the hologram is recorded while the SLM is in some reference state, for example that
with all pixels switched off. If the holographic reconstruction is replayed while the
SLM is in use, the output from the compound SLM-hologram system at any particular
time will be the coherent difference between the current SLM output and its recorded
output in the reference state. Assuming that the relative intensities and phases of the
object and reconstructing beams are correctly adjusted, the off-state intensity may, in
principle, be made arbitrarily low, permitting a consequent increase in device contrast
ratio.
Although the experimental work presented below was carried out with a reflective LC
SLM, used in the intensity-modulating mode, the technique is equally applicable to
transmissive devices and those based on other modulating materials. Interferometric
production of a dark field relies on both the phase and amplitude of the interfering
wavefronts being matched. Therefore, regardless of whether the device used is of the
phase or the intensity-modulating type, the output of the compound system will be
intensity modulated.
The work submitted for the Master of Science degree [143] covered the basic design
and characterization of the holographic recording system. Holographic interference
was demonstrated only for static objects. The process of recording a hologram to give
an accurate object-wave reconstruction involves careful selection of the relative intensities of the interfering beams, adequate isolation of the recording system from vibration
and air turbulence and a well-characterized hologram exposure and development process. The experimental methods that were developed in order to ensure accurate and
repeatable hologram production are described in detail in [143]. Below, an experimental setup, modified from that described in [143] to allow its use with dynamic SLMs, is
described, and experimental results indicating the potential of the method for contrast
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enhancement of real LC modulators are shown. Following this, some conclusions that
may be drawn from these experiments are given and potential improvements to the
system design discussed.

6.2 Experimental work
6.2.1 The optical system
Figure 6.2 shows the layout of the optical system used in the experiments described
here. The illumination was provided by a 4mW red helium-neon laser which gave a
beam with a coherence length of the order of several tens of centimetres. The components labelled P1 to P5 are linear polarizers. P2 and PS were both aligned so as
to pass the vertical s-polarization state (with the electric vector normal to the plane
of the diagram) which ensured that strong interference was produced in the hologram
plane, regardless of the angle between reference and object beams. P1 was used to
control the reference and reconstructing beam intensities, while P3 and P4 (parallel
to one another) acted as polarizer and analyzer for the LC device. The beam splitter
used was of the non-polarizing type. Holograms were recorded on photographic plates
coated with the high-resolution emulsion 10E75 1 and developed according to the standardized procedure described in [143]. In some experiments, plates were pre-soaked
in isopropanol and allowed to dry before exposure, as this helped to eliminate drying
marks after processing.
The decision to use a silver-halide recording material was taken because of the comparatively low exposure energy they require and their high recording resolution (approximately 2000 lines/mm for 10E75). Exposure times and relative beam strengths were
selected according to the procedure described in [143] to ensure that the reconstructed
wavefront would be as accurate a copy of the SLM's reference state wavefront as possible. After exposure, holograms were removed from the system for wet processing and
then replaced to produce interference. Alternative materials which do not require wet
processing and which could therefore be left in place between hologram recording and
reconstruction are discussed below in section 6.3.1. All of the holograms used in these
experiments were of the thin amplitude type. A discussion of these and other types of
hologram has been given by Hariharan[147].
'plates supplied by Agfa Ltd.
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Figure 6.2: The experimental setup for holographic contrast enhancement. P1 to P5
are linear polarizers.

It was stated above, that for a hologram recorded on an ideal negative photographic
material, the reconstruction produced is ir radians out of phase with the original object
wavefront, giving destructive interference when the two are viewed together. In practice,
the relative phase between the two will not generally be exactly ir radians. In silverhalide materials, shrinkage of the emulsion after processing and drying means that,
even if the hologram is developed in place in the optical system, the exact position
of the developed image is not the same as the original position of the exposed latent
image. In the situation described here, where the hologram is removed for processing
and subsequently replaced for reconstruction, a fairly large shift in hologram position
can occur between these two stages and any such shift in the hologram produces a
corresponding shift in the reconstruction.
Because the interferogram is extremely sensitive to these effects, mechanisms for adjustment of the relative phases of the interfering beams were included in the optical system
of figure 6.2. In order to provide control of the overall phase of the holographic reconstruction, a variable delay was included in the reference beam. This was implemented
by allowing the beam to pass through a sealed air cell with a variable volume. The path
length in the air cell was approximately 5cm and a volume change of about 20% was
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found to be sufficient to produce several ir radians of phase modulation. Other possible
implementations for this phase adjustment are suggested in section 6.3.1. Any relative
tilt between the reconstructed and object wavefronts (caused by tilt in the hologram
introduced during re-positioning) could be removed using the two-axis kinetic mount
used to hold the SLM in the system. Adjustment of the photographic plate position in
the plane of the hologram was provided by a high-resolution motorized translation stage
which was used to ensure accurate registration between the two interfering wavefronts.

6.2.2 Experimental verification of the principle
In this section, experimental results from the system described above are given. The
SLM used was a 16 x 16 pixel reflective CMOS device, based on the design reported by
Underwood et al. [39], using the ferroelectric liquid crystal SCE-13 2 as the modulating
layer. As can be seen from the images presented below, the device used had a number
of imperfections and some of the pixels in the array could not be switched, either
because of electrical problems or non-ideal liquid crystal alignment. Such a device was
deliberately chosen for these experiments as the presence of imperfections helped to
illustrate the potential of the holographic method for performance enhancement. To
give an indication of the scale of the images shown below, the pitch of the SLM pixels
was 200m and the whole array formed a 3.2mm square.

Real-time holographic subtraction
Using the procedure described briefly above (and, in detail, in [143]), holograms of the
off-state 3 of the 16 x 16 SLM were recorded. In each case, the hologram was replaced in
the system after development. Its position, the tilt of the SLM, and the reconstructed
wavefront's phase and intensity were adjusted: this process ensured that when the
SLM, still in the off-state, was viewed through the hologram, the field produced was
as uniform and as dark as possible. Various patterns were then displayed on the SLM
and the output with and without live holographic subtraction recorded using a CCD
camera. The device was used in the amplitude-modulating mode (see the discussion of
SSFLC devices in chapter 1), to facilitate comparison between the output in these two
cases.
2
3

mariufactured by Merck-BDH
that is the state in which all pixels are driven into the dark state
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Figure 6.4(a) shows the SLM, without holographic subtraction, displaying the pattern
of figure 6.3(a). An enlarged section of the image, taken from the bottom right-hand
corner of the pixel array, is shown in figure 6.4(c). The following defects are evident
in this device. First, there is a variation in the intensity of the "on" pixels across the
array which may be caused either by non-uniformity in the cell gap or in LC alignment.
Second, some pixels within the cross pattern appear to have failed to switch altogether
from the "off" state, possibly due to electrical problems in the CMOS backplane. Third,
a number of pixels in the bottom two rows of the array are switched on, even though
the drive signal should have switched them off. Some of these inactive pixels are very
clearly visible in figure 6.4 (c). The areas immediately surrounding the pixel array in
figure 6.4(a) and (c) contain electrical circuitry used for addressing the modulator and
appear bright regardless of the electrical input, since they are not covered by the LC
layer.
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Figure 6.3: Patterns displayed on the 16 x 16 SLM

Figure 6.4(b) shows the image corresponding to part (a), when the SLM output is
enhanced by holographic subtraction. Again, an enlarged section is also shown in figure
6.4(d), which corresponds to part (c) on the left hand side. The images taken with
the holographic subtraction technique show several obvious improvements. First, the
unwanted reflections from the area outside the pixel array have been almost completely
removed. Some reduction in the off-state intensity within the array can also be seen.
The most obvious effect of the subtraction within the pixel array is evident for the
non-switching bright pixels, for example those in the bottom two rows. Comparing
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Figure 6.4: Comparison of SLM output without (a) and with (h) holographic subtraction of the off-state. Parts (c) and (d) show enlarged portions of the images in (a) and
(b) respectively.

parts (c) and (d) of figure 6.4, the intensity reflected from these static pixels is seen
to be dramatically reduced by the destructive interference effect. It should also be
noted that, as we would expect, the intensity of the cor rectly-sw itch i ng pixels within
the cross pattern is also somewhat reduced by subtraction of the off-state wavefront.
Because the noise reduction is achieved by a subtraction of amplitude (i.e. a coherent
subtraction), the intensity reduction for these bright pixels is in fact greater than that
for the darker off-state pixels, although the overall result is still an increase in contrast
ratio.
The bright patch at the left hand side of figure 6.4(b) was caused by a phase error in
the recorded hologram, the result of uneven drying of the photographic emulsion. As
mentioned above, plates that were pre-soaked in isopropanol and allowed to dry before
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exposure suffered far less from such problems. Figure 6.5 shows the SLM displaying
the pattern of figure 6.3(b). Again the result without (part (a)) and with (part (b))
holographic removal of static background is shown. As for figure 6.4, note that all
non-switching pixels, whether bright or dark in part (a), appear dark when holographic
subtraction is used.

(a

IN

Figure 6.5: Comparison of SLM output without (a) and with (b) holographic subtraction of the off-state.

Double exposure holography
The real-time interferometric technique described in the last section presents some
practical difficulties (discussed below) because of the need to re-position the hologram
very accurately after development. The technique of double exposure holographic interferometry, while less versatile than the real-time version, is more easily implemented.
Some experiments with double exposure holography, applied to LC SLMs, were performed using the layout shown in figure 6.2. Rather than producing live interference
between an arbitrary wavefront and a pre-recorded holographic reconstruction, the double exposure method allows the difference between two wavefronts to be recorded on
a single holographic plate. Two sequential hologram exposures are made on the plate.
Between the two, the state of the object (in this case the SLM) is altered and the phase
of the reference beam shifted by ir radians. After development, the reconstruction from
the hologram is the coherent difference between the object wavefronts used in the two
exposures.
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Figure 6.6(b) shows the reconstruction from a hologram produced in this way, in which
one exposure was taken with all SLM pixels switched on and the other with all of them
switched off. For comparison, the directly-viewed on-state of the SLM is shown in
figure 6.6 (a). As in the live interference experiments, the reconstruction in part (h) of
the figure shows only the difference between the two states and all non-switching pixels
whether bright or dark in part (a), appear dark in part (b). Because the hologram is
not moved between exposures, all of the alignment difficulties associated with the live
interference technique are eliminated. Since the interference is effectively between the
reconstructions from two holograms recorded on the same piece of material, hologram
processing is far less critical than for the live interference case. Any phase errors
introduced by uneven drying of the emulsion affect both reconstructions equally and
therefore do not give rise to intensity errors in the interferograrn.

gal

ID]

Figure 6.6: (a) Image of SLM in the on-state. (b) Double exposure interferogram
showing the difference between on and off-states.

One potential use for the double exposure method is SLM characterization. Here,
the reconstructed interferogram could be used to measure the difference between two
particular switched states of each pixel. Because of the coherent nature of the technique, both phase and amplitude modulation could be measured, although if both are
present simultaneously, their effects cannot be separated. The usual limitations of
single-wavelength techniques discussed in chapter 2 also apply here.
Perhaps a more promising use for double exposure holography applied to SLMs, is
in applications which rely on recording one or many holographic images of patterns
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displayed on a modulator. Examples, as discussed in chapter 1, include holographic data
storage and production of permanent holographic images from digital volumetric data
[23]. In these cases, high-contrast holographic images can, in principle, be produced
by low contrast SLMs. Since the original publication of the results presented in this
chapter, the practical application of this method to data storage has been reported by
Burr [148].

6.3 Discussion
The results of the experiments described above together with the theoretical and experimental work discussed in [143] demonstrate that with a relatively simple optical
system and conventional silver halide recording materials, the holographic subtraction
technique can give significant reductions in unwanted background light in the output
signal from reflective LC SLMs. One advantage of the method is that it is not tied to
any specific modulator technology and does not require any modification to the basic
SLM manufacturing process. This means that it has potential to be used for improv ing the performance of commercially available modulators, produced for example for
display applications, in coherent optical systems where demands made of the SLM can
be extremely high. Although the experiments were carried out using a liquid crystal
device, as mentioned in chapter 1, LC SLMs generally exhibit contrast ratios rather
higher than those of many other electro-optic modulators. For this reason, the benefits
of the technique may be more marked when applied to some other modulator technology. An obvious example is provided by multiple quantum well modulators, discussed
in chapter 1. These are commonly used for their very short response times (on the order
of 10 9s) in optical computing and processing systems, but often suffer from very poor
contrast ratios (sometimes as low as 10:1). Their inherently narrow-bandwidth operation means that they are always laser-illuminated, making them especially suitable for
enhancement by holographic subtraction.
To date, only the principle of the method has been demonstrated and measurements
of contrast ratio with and without holographic correction have not been made. These
would be needed in order to evaluate the level of performance enhancement that can
be expected in a real optical system. One reason that these measurements would
have been difficult to make, using the experimental setup described above, is that the
destructive interference produced was not entirely stable. Because of the large sections
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of non-common beam path in the layout shown in figure 6.2, the system was rather
sensitive to the effects of air currents which can alter the relative phase of the two beams
and perturb the destructive interference condition. It can be seen from a very simple
consideration of two beam interference that the relative phase must be kept within, at
most, 7r/3 radians either side of the point of complete destructive interference if any
reduction in background intensity is to be produced. Outside this range, the intensity
of the two beam pattern exceeds that of either beam individually. To reduce these
effects, the length of the non-common beam paths should be minimized and if possible,
such paths should occur within a solid material rather than air. Designs which could
be used to accomplish this are proposed in section 6.3.1.
Clearly, the use of the corrective holographic element increases the input optical power
requirement of the compound hologram-SLM system over that of the SLM itself. The
proportion of the input intensity that must be split off to form the reconstructing beam
depends on the diffraction efficiency of the hologram and the fraction of the beam
power reflected by the SLM in the state used as the reference (the SLM off-state in the
experiments described here). The diffraction efficiency of thin amplitude holograms is
limited on theoretical grounds to be less than 6.25% [143]. In any case, since the SLM
is viewed through the hologram, the diffraction efficiency of the latter probably cannot
be higher than a few percent if unwanted diffraction of the SLM output beam is to
be kept to an acceptable level. This suggests that the off-state of the SLM is a better
choice for the reference state than any other, if the proportion of the input power split
off to form the reconstruction is to be minimized.

6.3.1 Proposed integrated systems
The experiments described in this chapter were designed to prove the principle of the
holographic subtraction method, applied to reflective liquid crystal SLMs. Some of
the problems associated with the live interference technique were outlined above. It is
likely that if real-time holographic interferometry is to be applied to modulators used
in practical systems, the hologram and SLM would need to be integrated into a single
package in order to reduce the size, improve the ease of use and increase the stability
of the compound SLM-hologram device. Although silver-halide materials were used to
record the holograms in the proof-of-principle experiments, these are probably not the
best choice for an integrated system since they require wet processing. A number of
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photopolymers are available for holography 4 which do not require such processing and
therefore need never be removed from the SLM, eliminating the re-alignment difficulties discussed above. These materials allow very permanent, stable holograms to be
recorded and are available for operation over a wide range of wavelengths. Because
they rely on exposure-induced changes in refractive index, rather than absorption, to
record the hologram, optical power losses can be reduced.
Integrating the SLM and hologram into a single solid block would allow the non-common
beam paths to be completely enclosed, greatly increasing the stability of the interference
pattern. Two possible designs for such a compound device are shown in figure 6.7.
Part (a) shows a design suitable for a reflective device, such as the one used in the
experiments described above. In part (b), a transmissive design 5 is shown.
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Figure 6.7: Proposed designs for integrated SLM-hologram systems using (a) a reflective
and (b) a transmissive SLM.

Because the same optical system is used both for recording the hologram and producing
the reconstruction, variable control of the relative intensities of the object and reference
beams must be provided, since the required intensity ratio in the two cases is not the
same. In the experimental system described above, this intensity control was provided
by separate sets of linear polarizers placed in the two beams. For an integrated system, where the non-common beam paths are in a solid block, this is not possible. The
two arrangements shown in figure 6.7 instead use an external rotatable half-wave plate
4 for

example those produced by DuPont
in collaboration with M.Henrion

5 produced
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in conjunction with linear-polarizing elements to achieve this intensity control. This
should allow continuous variation of the relative beam strengths without altering their
relative phases. Independent phase control of the reconstructed and reflected wavefronts is also likely to be needed to ensure accurate destructive interference. This could
be accomplished by mounting the hologram close to, but not in contact with, the solid
block, and allowing fine axial adjustments of the hologram position to be made. Alternatively, an extra electro-optic component (such as a parallel-aligned NLC cell) could
be included in the path of either beam, to allow electrical control of the interference
phase.

Chapter 7

Conclusions
The work presented in this thesis has been aimed at developing methods for characterizing and improving the performance of liquid-crystal spatial light modulators. It
was explained that, while liquid crystal devices suitable for displays are commonplace,
a great many applications exist for which the quality of currently-available SLMs is
too poor. For many of these non-display applications, output wavefront quality and
cell gap uniformity were identified as key parameters: both of which are clearly related
to the shape of the bounding surfaces that form the LC cell. Novel characterization
methods that can measure cell gaps and surface shapes to sub-optical-wavelength accuracy, have been proposed and developed experimentally. These used both multiplewavelength and white-light interferometry. Application of the white-light technique to
measurement of liquid crystal phase modulator switching has also been demonstrated.
Finally, holographic interferometry has been investigated, as a method for enhancing
device performance. The conclusions that may be drawn from the experiments are
given in the three sections below, which correspond to the three major areas of work
described. Following this, future work in these areas is proposed.

Multiple wavelength measurements of LC cell gaps
• A new optical method for LC cell gap measurement has been proposed, studied
theoretically and demonstrated experimentally (described in chapter 3). The new
method uses the techniques of phase-shifting interferometry to make full threedimensional maps of empty LC cells, starting from an a priori estimate of the
gap. Unlike conventional white-light methods for cell gap determination, the new
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technique requires the cell's reflection spectrum to be sampled only at a relatively
small number of discrete wavelengths. This permits a significant reduction in the
volume of data and the time required for measurement.
• Systematic errors in the cell gap measurement, introduced by departures of the
gap from its expected value, have been analyzed. Methods for their reduction
have been studied by numerical simulation and verified experimentally. It has
been shown that, using only small numbers (in the range 10 - 15) of discretewavelength interferograms to make the measurement, systematic errors may be
kept to very low levels. Errors on the order of a few nanometres were indicated,
even in the presence of gap variations as large as ±20% from the a priori estimate.
The method is therefore suitable for determining the cell gap uniformity of LC
devices intended for use in optical processing and other non-display applications.
• The experimental system that was built was suitable for absolute measurement
of cell gaps from 2 to 10jim. This range was determined, at the lower end, by the
useful spectral tuning range of the illumination unit and detection system (from
450 to 700nm). At the upper end, the measurement range was limited, in practice,
by the minimum intensity needed in the illuminating beam to ensure a reliable
detected signal at the CCD camera. This, in turn, determined the minimum
monochromator slit width that could be used, and hence the spectral bandwidth
of the tunable beam. Because the spectral fringe period is inversely proportional
to the cell gap, for a given illumination bandwidth, fringe modulation falls off as
the cell gap is increased.
• Multilayer dielectric coatings are typically found on the inner faces of practical LC
cells. Their effects on multiple-wavelength cell gap measurement were examined
through numerical simulation. An extra systematic error term was found in this
case. This bias term, typically on the order of several hundred nanometres, was
essentially independent of the true cell gap. It was, however, found to depend
on the specific form of the modelled multilayer structures, and on the range of
wavelengths assumed to be used in measurement. The simulation results showed
that a detailed knowledge of each dielectric layer's thickness and refractive index
would be needed for the true gap to be determined. The form of the systematic
error was discussed in terms of the extra spectral fringe frequencies introduced
into the reflection spectrum by the dielectric layers.
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White-light measurement using Fourier transform spectroscopy

•

A novel white-light interferometric technique, based on spectral analysis of whitelight interferograms using an imaging stationary Fourier transform spectrometer,
was described in chapter 4. The method was shown to allow real-time measurement of absolute optical path difference in an interferometer illuminated with
broadband light. Simultaneous measurement in axial and lateral dimensions was
demonstrated.

• A new surface profiler, based on this principle, was built and tested. Surface
profile measurements with rms repeatabilities on the order of 5nm were made
and the results verified using a stylus profiler. The range of path differences measurable using the experimental system described was approximately 5 to 20jtm.
It was shown that the new instrument allows real-time visualization of surface
height features on sub-micron scales.
• A data acquisition scheme and computer program were developed to allow accurate quantitative data to be extracted from the interferograms produced by the
profiler.
• The new method was also shown, in chapter 5, to be applicable to the measurement of the switching characteristics of nematic liquid crystal phase modulators.
Measurement of phase retardation over a broad wavelength range was demonstrated using just two captured interferograms. Although retardation measurements were taken only at single points on LC cells, the potential of the method
for making simultaneous laterally-resolved measurements was also pointed out.

Holographic interferometry
• For spatial light modulators used in laser-illuminated optical systems, a novel
technique for contrast enhancement was proposed and experimentally verified.
The method is based on coherent subtraction of an arbitrary reference wavefront,
through real-time or double-exposure holographic interferometry. Contrast ratios
can, in principle, be increased to very high levels by interferometric production
of a dark off-state.
• The method is attractive because it is equally applicable to a wide range of
SLM technologies and is able to compensate for poor SLM performance. It is
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essentially a post- m anufactu re compensation technique and does not require any
modifications to the basic SLM fabrication process.
• Marked reduction in unwanted background light was demonstrated using a liquidcrystal SLM with both live and double-exposure holographic interferometry. The
most dramatic performance enhancements are expected for SLMs based on technologies which suffer from intrinsically low contrast ratios (such as multiplequantum-well modulators).
• High mechanical stability for the compound SLM-hologram system was identified
as a key requirement for the live interference technique. Two new designs for such
systems were proposed.

Future work
The multiple-wavelength cell measurement work concentrated on verifying the theoretical and experimental feasibility of this new technique. Inherent in the method were
systematic errors introduced by linear phase shift miscalibration. Initially, it was most
important to establish that these errors could be kept within acceptable limits while
retaining the fundamental advantage of the method: the large reduction in the volume
of data needed to determine the cell gap. Detailed of other error sources, in the context
of the new cell measurement technique, is a subject for future work. Such analysis could
be supported by further experiments designed to assess the experimental repeatability
of the method.
It would also be worthwhile to compare the measurements produced by the MW-PSI
method and by conventional continuous-wavelength techniques. This could allow quantitative verification of the predicted phase shift miscalibration errors. Because of the
much larger volume of data required for continuous-wavelength measurement, the experimental system described in chapter 3 would have to be modified in order to carry out
these comparisons. In particular, if the measurements are to be taken in a reasonable
length of time, intensity variation across the white-light spectrum must be compensated for automatically. This could be implemented using an electron ically-cont rolled
attenuator connected to a photodiode.
A more detailed study of multilayer film effects is also necessary. As suggested in
chapter 3, one approach would be to analyze phase-measuring algorithms in terms of
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their frequency response. The spectral fringe frequencies in reflection spectra from
coated cells can be determined using the method of characteristic matrices. To develop
new algorithms that are optimized for multiple-wavelength cell measurement in the
presence of multilayer films, two things are required: an understanding of the new fringe
frequencies introduced and frequency-response analysis of the phase measuring process.
The results of numerical simulations could be verified experimentally by measuring cells
with coated and uncoated areas. The apparent jump in cell gap between these regions,
in conjunction with knowledge of the true dielectric layer thicknesses, would indicate
the systematic measurement error introduced by the coatings.
In chapter 3, only transmissive cells were considered. Clearly, reflective devices are more
problematic for interferometric measurement of empty cell gap. The large mismatch in
reflection coefficients (between the transparent and metal electrode surfaces) reduces
the spectral fringe contrast and consequently the signal to noise ratio of the fringe data.
Also, the different spectral characteristics of the two surfaces introduce wavelengthdependent variations in fringe contrast. These difficulties suggest that techniques which
determine the cell gap after filling, such as that discussed in chapter 5, may be more
appropriate for reflective cells.
The experimental surface profiling system described in chapter 4, could be improved in
a number of ways. In the experiments described, calibration of surface height measurements was implemented using an interferogram acquired with narrowband illumination
at a known cent re-wavelengt h. For very precise measurement, calibration against a
known step-height standard is probably a better option, since this would automatically
- take numerical aperture effects into account. The lateral resolution of the constructed
measurement system was limited, as discussed in chapter 4, by the choice of the Michelson configuration for the sensing interferometer. Effects associated with unbalanced
dispersion in this interferometer were also observed. As discussed previously, both
these problems could be eliminated using a Mireau interference objective in place of
the cube beamsplitter and reference surface.
A broadband optical-fibre-bundle could be used as the optical link between the sensing
and receiving interferometers. A two-dimensional area of the test and reference surfaces
(rather than just a narrow stripe) could then imaged on to one end of the bundle:
the other end being placed in front of a physical slit at the FT spectrometer input.
This would facilitate acquisition of full three-dimensional surface maps by mechanical
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scanning of the output end of the fibre bundle, transverse to the spectrometer slit. The
fibres need not preserve polarization or coherence, since only the spectral information
has to survive transmission through them.
This use of broadband fibres could also allow arbitrary geometrical transformations
between points in the sensing interferometer output plane and those in the FTS input
slit. In the experimental profiler described, the optical link was simply a beam path in
air which constrained the points measured simultaneously to a straight line on the test
surface. With a fibre link, simultaneous surface height measurements could instead
be distributed across a two-dimensional plane. This configuration could also prove
extremely useful for empty cell gap measurement. The ability to measure the gap at
many non-colinear points simultaneously would provide valuable information, about
both the absolute cell gap, and its uniformity across the device area. This arrangement
could also be used to monitor changes in the gap, in real-time, during fabrication of
the cell. Cells with arbitrary gaps could then be manufactured, without the need for
spacer particles or support structures of a given size.
The white-light technique for measuring optical properties of parallel-aligned nematic
LC cells can also be used to make simultaneous spatially-resolved measurements. As
discussed in chapter 5, this would require improved detection and data capture systems. This modification would allow investigation of fringing-field effects in pixellated
modulators, and assessment of the spatial uniformity of LC devices. The method for
extracting transmission spectra from the autocorrelation data should also be modified,
as discussed in chapter 5. This would improve the signal-to-noise ratio in the spectral
regions of destructive interference. These changes should greatly reduce the periodic
errors seen in the measured retardation data.
The discussion has concentrated on applications of the IFTS-SAWLI technique relevant
to liquid-crystal SLMs. However its usefulness is not limited to this field. The ability to make instantaneous, spatially-resolved measurements of surface height is clearly
valuable: not only for characterizing optical components generally, but also for such
applications as monitoring thin-film growth and measuring small mechanical displacements. In these areas, use of an imaging FT spectrometer to provide live visual feedback
from many measurement channels simultaneously could be extremely beneficial.
The experimental results presented in chapter 6 verify the principle of SLM contrast

-
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enhancement using both live and double-exposure holographic interferometry. The
experimental system was rather sensitive to vibration and air motion, so it was impractical to measure the contrast enhancement produced. Clearly this is an important
area for future work. The contrast ratio will be determined by the interferometricallyproduced off-state, which in turn will be influenced by a number of factors. Accurately
maintaining the phase and intensity of the interfering beams, relative to each other, is
particularly critical. Also, the fidelity of the holographic reconstruction, and the level
of unwanted scatter could limit the minimum achievable off-state level. The relative
importance of these factors must be investigated.
Since the results given in chapter 6 were first published, the application of the doubleexposure method to holographic data storage has been described by another author,
as already mentioned. It seems likely that the technique will prove useful for related
applications, such as holographic display. Further progress with the live method could
be achieved through the realization of integrated SLM-hologram designs, such as those
given at the end of chapter 6. By enhancing system stability, such designs could make
the live technique practical for use in optical processing systems and would also facilitate
quantitative analysis of the method's limits.
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Appendix A

PSI algorithms

Three-point algorithm

I

q5 (x, y) = tan

11

- 21 + 13 1
Il - J

]

(A.1)

Four-point algorithm

q5(x, y) = tan1

14__ 12 1

1u

-

13]

(A.2)

Hariharan/Schmit 5A-frame algorithm

4 1
q5(x, y) = tam' —212 + 21
[ I, - 213 + 15]

(A.3)

Schmit 6A-frame algorithm

q(x ) y) = tan'

I

— 312+414-161
- 413 + 3I ]

(A.4)

Schmit 6B-frame algorithm

[Ij-512-213+1014-315-161
(x, y) = tan'Ii + 31
2 - 1013 + 214 + 515 - '6]
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Schmit 8B-frame algorithm
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(x,y)=tan1 IL(III+I)15(1
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Carré's algorithm
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Appendix B

Linear phase shift miscalibration
and the four-point algorithm
Consider the basic equation of two beam interference.

I(x,y) = Io(x,y){ 1 +y(x,y)cos[q5 (x,y)+a]}

(B.1)

A phase-measuring algorithm, such as the four point algorithm introduced in section
2.3.3 is designed to retrieve the value of the wavefront phase

0 from a set of intensity

samples I . . . IR taken at reference phases a = 51 . . . 5i. Suppose, however, that the
actual values of a corresponding to the intensity samples in a given experimental run
are in error and are given instead by a = 01 • - . /-' m Denoting the reference phase error
for the rth intensity sample Er = 8r - ',br , Schwider et al. [94, 97], showed that for
least-squares algorithms, the error in the retrieved phase could be approximated, for
small Er as

= a+bcos2+ssin2q5

(B.2)

where the coefficients a, b and s are given by
a

=

R
1/REr

(B.3)
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r=1
R
Er cos
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From these expressions, the error in the phase calculated by the four point algorithm,
due to the reference phase errors introduced by the MW-PSI technique, may be found.
We assume that the reference phase errors are due solely to the local variations in path
mismatch d(x, y) when a single wavenumber shift La is used for all points (x, y). Under
these assumptions, we may write
Jr

Er

= (r

7r
- 1).-

(B.6)

= 27rd(r - 1)La

(B.7)

= 27rL01(r - 1){d - d}

(B.8)

where is the path difference for which Ao , gives a 7r/2 phase shift (i.e. i
Substituting for r and

Er

= 1/4Aa).

into equations B.3, B.4 and B.5 we get

a(d) = —37rL(d—)

(B.9)

b(d) = —irzcr(d—i)

(B.1O)

s(d) = 37r2Li2(d -

(B.11)

These expressions are valid provided cos

Er

1 and sin

Er Er

for all r [94].
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Investigation of holographic interferometry for performance enhancement and
analysis of liquid crystal spatial light modulators
Matthew Hart, David G Vass, William J Hossack
University of Edinburgh, Department of Physics and Astronomy, JCMB, The
King's Buildings, Mayfield Road, Edinburgh EH9 3JZ, UK
-

ABSTRACT
Spatial light modulators (SLMs) commonly suffer from low contrast ratios. This can limit their usefulness in
optical computing systems by introducing noise, so degrading signal quality. The problem increases with pixel
number. We suggest that real-time holographic interferometrY may be used both for improving the contrast
ratio and analyzing the performance of SLMs. We present results demonstrating this contrast enhancement for
a ferroelectric liquid crystal (FLC) over silicon backplane reflective SLM. We also show that such a holographic
system allows direct visualization of phase and amplitude differences between SLM states and suggest how this
can be used in performance analysis.
Keywords

Holographic interferometry, spatial light modulators, contrast enhancement

1 BACKGROUND
Low fill-factors, optical imperfections and incomplete switching in spatial light modulators mean that some
non transmitting/reflecting
light will always reach the output plane even when all pixels are switched to their
state. Recent advances in VLSI SLM fabrication techniques' have dramatically improved attainable fill factors for
LC modulators, but have by no means solved the problem of the background light from the 'off' state. We have
demonstrated a system which uses real-time holographic jnterferometry to cancel out the light reflected from some
arbitrary reference state of the SLM, allowing the interferometric production of a dark 'off' state. Removing this
static light background increases the attainable contrast ratio. It has been argued that the product of electroThus for a modulator of
optic coefficient, switching speed and spectral bandwidth is essentially a constant. 2
given spectral bandwidth, there exists a trade-off between intrinsic contrast and speed of operation. Holographic
interferometrY offers the possibility of increasing the device contrast without compromising switching speed, for
modulators under constant illumination. In this paper, we discuss in section 2 some of the theoretical and
practical issues associated with using holographic interferometrY, with an FLC SLM as 'object'. In section 3 we
show results from our system, using both real-time and double exposure holographic interferometry. Section 4
outlines possible uses for the two techniques and gives our conclusions from this work.

97

2 THEORETICAL AND PRACTICAL CONSIDERATIONS
2.1 Holographic interferometry
We wish to consider some arbitrary reference state of the SLM. For convenience, we may choose this to be
the state with all of the pixels switched off. Suppose we record a hologram of this reference state. In the case of
an ideal linear positive recording medium with optimum recording conditions, the hologram, when re-illuminated
by the reference beam, will produce an exact copy of the light wave reflected from the reference state, correct
both in amplitude and in phase. It is generally more convenient to use a negative recording process and this is
the case that will be analysed below. For a collimated reference beam incident on the hologram plane at angle 9
and assuming that the emulsion has a maximum transmission 70, we may write the intensity of the interference
pattern I(z, y) and the transmission of the developed hologram r(x, y) as;

I(z, y)

=

I

ae11'1'9 + j3(x, y)e 1(

'

12

= a2 + fl2(x, ) + afl(x, y ) e 13 e'!) +afl(x,
r(z, y) = ro - A 2 - B2 (z, y) - AB(z, y ) e r3:nOe_(z,Y) - AB(x,
where a is the amplitude of the reference beam, /3(x, y)e 1
B are proportional to a and fi respectively.

' )

(1)
(2)

is the form of the reflected object wave and A and

When, after development, the hologram is again illuminated with the reference beam, the resultant amplitude
just beyond the plane of the hologram is;
(z, y)

= [7-0 - A2 - B2 (x,

- AB(x, y)ae25nOe_i(z!1) - AB(x, y)ae(rf)

(3)

For our purposes, the first two terms of equation 3 are essentially noise. It is the third term that is of interest
here. It represents a virtual image of the SLM and is an amplitude-scaled copy of the original object wave, shifted
in phase by ir radians. Note that the phase shift occurs as a result of using a negative photographic process.
The layout of the optical system used in the experiments described here is shown in figure 1. The components
labelled P1 to P5 are linear polarizers. Spatial filters and collimating lenses have been omitted from the diagram.
Suppose that after recording and development, we place the hologram back in the optical system and view the
SLM through the holographic plate, while illuminating the hologram with the reference beam. The viewer sees
light from two distinct sources, the direct reflection from the SLM and the diffracted light which forms the
holographic reconstruction. The amplitude and phase of the reconstructed wave may be controlled by changing
the reference beam intensity and phase during reconstruction. When the amplitudes of the two light beams are
matched and the SLM is in the reference state, the reflection and the holographic reconstruction cancel exactly
beacause of the ir phase shift in the reconstruction. The observer sees a completely dark field. If the SLM is then
switched to some other state, only the differences between the new state and the reference state will be visible. In
theory this technique therefore offers the possibility of producing a completely dark off-state, allowing arbitrarily
high contrast ratios to be achieved. Since the destructive interference condition depends on both the phase and
the amplitude of the interfering beams being correct, amplitude modulation is produced by the SLM/hologram
system regardless of the type of modulation produced by the SLM itself.

2.2 Real recording media
The discussion above assumes that an amplitude-only image can be produced, with a linear relationship
between incident intensity and amplitude transmission after development. Even in the ideal case, the light
field beyond the hologram contains two unwanted terms which may degrade the quality of the reconstruction.
Interference from these noise terms is conveniently avoided by recording the hologram with an off-axis reference

P2

Pi
laser

F
sh
P3

\1- - - - - Figure 1: Optical system for holographic interferometry

beam, so that there is an angular separation between the three reconstruction terms. For a low-cost, relatively high
resolution hologram recording system, the only practical choices for recording media are silver halide photographic
emulsions. Unfortunately such media have a highly non-linear response to incident light intensity. A typical
emulsion response is shown schematically in figure 2a). The effect of emulsion non-linearities on the reconstruction
will be to add terms to equation 2 which will appear as extra noise terms in the amplitude distribution described
by equation 3. Therefore control of emulsion non-linearity is important if an accurate, noise-free reconstruction
is desired. The experiments we describe used the Agfa 10E75 emulsion on five by four inch glass plates. This emulsion
is essentially panchromatic and has a nominal resolution of 2000 lines/mm. A photographic processing cycle was
adopted for which the transmission/exposure characteristic of the emulsion was invesigated, using laser light at
632.8nm. Figure 2b) shows the emulsion characteristic, as measured for our processing cycle, using an arbitrary
exposure scale. An approximately linear region of the emulsion response, between about 80 and 300 units on this
exposure scale was identified. All holograms were exposed so that the interference pattern was recorded as far as
was possible within this portion of the emulsion response.
Linearity of recording is achieved at the expense of diffraction efficiency, since the emulsion response will
be more nearly linear, the smaller the range of transmissions present in the developed hologram. Since our
prime concern was to maximize reconstruction quality, we chose to use thin amplitude holograms rather than opt
for the higher diffraction efficiencies offered by the various types of phase hologram. Conversion of a recorded
intensity pattern into a phase pattern, for example by bleaching, is an inherently non-linear process. Amplitude
holograms also have the advantage over bleached holograms, of greater image permanence. By considering a
linearly recorded sinusoidal amplitude grating, recorded between transmission limits of r0 and we may
show that the diffraction efficiency of any thin amplitude hologram so recorded is given by;
edIff

=

( Tm az TO 2

(

4

)

(4)

Figure 2b) indicates that the linear portion of emulsion response for 10E75 lies between transmission limits
of aprroximately 0.35 and 0.60. The maximum attainable diffraction efficiency for a thin amplitude hologram
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Figure 2: a) Schematic emulsion response b) measured emulsion response for Agfa 10E75

recorded in this transmission range is then around 0.49. This is comparable, for example, with the throughput
of a silicon backplane FLC SLM when in its non-reflecting state. This implies that the input optical power
requirement of the SLM will be effectively doubled when using such a hologram for contrast enhancement.
As has been discussed by many authors including Hariharan 3 and Jones and Wykes, 4 the assumption that the
developed hologram is a pure amplitude pattern is strictly incorrect. Uneven drying of the gelatin after processing
gives rise to a surface relief image which alters the phase of the transmitted beam. We attempted to reduce these
effects by pre-soaking the plates in propanol and allowing them to dry before exposure. This was intended to
relieve stresses in the emulsion, so allowing more even shrinkage in the post-development drying process. Drying
marks caused by water drops sitting on the emulsion surface can cause phase errors in the reconstruction. We
found that such marks could reliably be avoided by soaking the plates, after normal washing, in a bath of distilled
water mixed with Ilford Ilfotol wetting agent at about one third of the manufacturer's recommended concentration
and leaving them to dry at room temperature.

2.3 Hologram positioning
To achieve a uniform dark field via destructive interference, the hologram must be correctly positioned, both
with respect to tilt and translation. Rather than using in-situ development with a liquid gate plate holder, we
opted to remove the hologram to a separate darkroom for development and to re-position it in the optical system
after processing. If holographic interferometry were to be used for contrast enhancement in a real optical system,
in-situ development would not be a practical option. Furthermore, darkroom processing allowed us to exercise
greater control over the development and drying process. Post-development adjustments to the hologram position
were made using high quality translation stages. The SLM was mounted on a mirror mount and this was used for
tilt adjustment. While tilting the SLM is not strictly equivalent to tilting the hologram, this approach simplified
the system design and has been shown to give good results.

2.4 Polarization
The graphs of figure 2 show that the emulsion response is highly non-linear both at low and high exposure
levels. In order to avoid low exposure non-linearity, a pre-exposure method was used in which the emulsion is
exposed to the reference beam alone for a time calculated to bias the emulsion into the linear region, before
the hologram itself is exposed. The hologram must be exposed for a time short enough to ensure that the
brightest regions of the interference pattern do not take the emulsion into the high exposure non-linear region.
To achieve maximum diffraction efficiency from this method, the recorded interference pattern should have as
large a modulation depth as possible. Because the reference and object beams strike the holographic plate from
different directions, the only polarization state which can give maximum fringe contrast is the s-state, in which
the electric vector is perpendicular to the plane containing the object and reference beams. For this reason, this
polarization state was preferred. Polarizers P2 and P5 in figure 1 ensure that all the light reaching the hologram
plane has this polarization. As has been pointed out by Phillips, 5 the advantage of the orthogonal p-state is
that the reference beam can strike the plate at Brewster's angle, thus eliminating problems ofmultiple reflection
fringes. Our preliminary experiments showed no evidence of such fringes and we opted to use the s-state because
it allowed us the freedom to vary hologram recording geometry without having to consider beam angles in our
exposure calculations.

2.5 Phase and amplitude control
We showed in section 2.1 that in the ideal case, using a negative photographic process, a ir radian phase
difference exits between the holographic reconstruction and the direct reflection from the SLM. In practice, the
phase of the reconstruction is extremely sensitive to hologram position. A translation of as little of 0.25pm could
make the difference between destructive and constructive interference. For this reason, it is inevitable that the
relative phases of the two interfering beams will have to be re-adjusted after hologram development. We found
that a simple and effective method of achieving pure phase modulation for the reference beam was to allow the
beam to pass though a sealed air cell of variable volume. A cell with a volume of about 5ml, a volume variation
of imi and a path length of 5cm was sufficient to achieve several ir of phase variation. Amplitude control for
the refernce beam was provided via polarizer P1 of figure 1. Allowing the beam to pass through the centre of
rotation of the polarizer ensured that the effect of thickness variations in the glass was minimized, thus providing
reasonably pure amplitude modulation with polarizer angle.

3 EXPERIMENTAL RESULTS
The following sections show results we have obtained to-date using both real-time and double exposure holography. To allow us to demonstrate the use of these techniques in performance analysis, we used a partially working
SLM with a number of non-switching pixels for our experiments. The SLM used is an experimental device, still
under development, based on the 16 by 16 pixel SLM described by Underwood. 6 The pixel pitch is 200zm and
the whole pixel array forms a 3.2mm square.

3.1 Real-time interferometry using the SLM in amplitude modulating mode
The figures in this section demonstrate contrast enhancement achieved through real-time interferometry, with
the SLM used in amplitude modulating mode. Figures 4, 5 and 6 have the same format. In each case, the left
hand image shows the SLM in the optical system of figure 1, with the reference beam blocked. The right hand
image shows the interference pattern produced when the reference beam is allowed to strike the hologram, so that
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Figure 3: a) Pattern displayed on the SLM in figure 4. b) Pattern displayed on the SLM in figure 6

Figure 4: Cross pattern displayed on the SLM without (left) and with (right) holographic noise reduction

the reflection and reconstruction are viewed together. In figure 4, the SLM is seen displaying the cross pattern
of figure 3a). Several SLM defects are evident. First, there is a variation in the intensity of the 'on' pixels across
the array, which may be due to variations in liquid crystal thickness or alignment. Some pixels within the cross
have not switched from the off' state. The bottom two rows of the array contain a number of non-switching
pixels which are permanently in the 'on' state. These are seen more clearly in the enlarged section in figure 5.
The right hand images of figures 4 and 5 show several obvious improvements. Unwanted reflections from the area
surrounding the pixel array have been almost completely removed. There has also been some reduction in the light
seen reflected from the 'off' pixels. Within the pixel array, the most obvious effect of the holographic subtraction
is seen for the non-switching bright pixels in the bottom two rows. The right hand image of figure 5 demonstrates
how the brightness of these static pixels is dramatically reduced when the off-state light is subtracted. The bright
patch in the right hand image of figure 4 is caused by a phase error in the hologram, probably due to uneven
emulsion drying. As mentioned in section 2.2. refinements to our photographic processing technique allowed us to
prevent formation of such marks in later experiments. In figure 6, the SLM is seen displaying the pattern of figure
3bj. Its right hand image again illustrates the removal of static background noise. As before, all non-switching
pixels, whether dark or bright in the left hand image, appear dark after holographic subtraction.

Figure 5: Enlarged sections of figure 4

Our results have shown that using a relatively simple optical system and conventional silver halide recording
materials, holograms of sufficient quality can be recorded to allow significant reduction of background noise by
holographic interferometry. To date, we have not measured the contrast ratio attainable in practice, but anticipate
that the practical limiting factor will be reconstruction quality. Ultimately, scattering of light by the photographic
emulsion itself will impose a lower limit on the darkness of the attainable 'off' state. A number of practical issues
remain to be addressed at present. While our holograms consistently give sufficiently accurate reconstructions to
allow good interference, re-alignment of the hologram after development can be time consuming. This suggests
that rigid attachment of the hologram to the SLM would be an option for realizing a more stable and useable
system, as this would remove some of the alignment difficulties. The system is also rather sensitive to air currents
which can alter the relative phases of the interfering beams. Enclosures for the non-common portions of the two
beams would be essential to eliminate these effects in a practical system.
Viewing of the holographic reconstruction alone has shown that the inactive areas of the SLM are recorded
better than the active pixels. In reconstructions of the SLM recorded with all pixels in the 'off' state, the brightness
of the pixel array is lowered, relative to the inactive areas of the chip. We have identified a number of possible
causes, including the shape of the emulsion response curve, the dynamic nature of the pixel array, variation of
emulsion resolution with exposure and the form of the emulsion modulation transfer function (MTF). Because
our holograms were recorded in the Fresnel diffraction region, information about a given area of the SLM is not
evenly distributed across the whole hologram. Rather, there is a strong correspondence between particular areas
of the SLM and particular areas of the hologram. Since, in the 'off' state, the pixel array is relatively dark, most
of the information about the array is stored in comparatively low exposure regions of the hologram. As figure 2
shows, at least for some portions of the emulsion response curve, the magnitude of the gradient increases with
exposure. Thus, high exposure regions of the hologram produce disproportionately high diffraction efficiencies,
leading to an increase in contrast in the reconstruction. The same effect could also be produced by a variation
in emulsion resolution with exposure. The resolution of photographic emulsions generally reaches a maximum
at some optimum exposure. If a particular region of the hologram is far from the optimum, the fringes in that
region will tend to be blurred, leading to a local reduction in diffraction efficiency.
The effect of the dynamic nature of the pixel array will be to reduce the quality of the fringes encoding
information about the array regardless of the distribution of this information across the hologram. When a frame
is sent to the array, all of the pixels are subject to a time-varying voltage across the LC gap. If the frame refresh
rate is slow enough, this results in a visible flicker across both 'off' and 'on' pixels. Since the hologram is recorded
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Figure 6: Cross pattern displayed on the SLM without (left) and with (right) holographic noise reduction

over many pixel refresh cycles, the pattern recorded on the emulsion will correspond to the time-averaged intensity
distribution. The pixel flicker (which may be in amplitude, phase or both) will tend to blur the fringes, leading
to loss of information and lower diffraction efficiency for the dynamic areas. Our experiments suggested that this
was indeed one cause of the darkening of the pixel array in the reconstruction, as holograms recorded of the SLM
with no frame being sent did give more accurate reconstructions.
It is plausible that the pixel array, containing many small scale features in the form of inter-pixel switching
circuitry, produces a very rapidly varying interference pattern at the hologram plane. Since the MTF of photographic emulsions decreases with increasing spatial frequency, areas of the SLM which produce such rapidly
varying interference patterns are likely to be less well recorded on the hologram and so appear darker in the
reconstruction.

3.2 Double exposure holograms
Real-time holographic interferometry makes great demands both on hologram processing and positioning. For
SLM performance analysis, double exposure holography may be a more practical approach. Two exposures are
made on the same area of emulsion, with the SLM state being changed between exposures. By introducing a
ir radian phase shift between exposures, we have made double exposure holograms which show the differences
between two SLM states. In the double exposure case, we view only the reconstruction, the wavefront subtraction
having been performed at the recording stage. Because the SLM and hologram plate are not moved between
exposures, all postioning problems are eliminated. We may think of the hologram as producing two distinct
interfering reconstructions. Processing of the emulsion is far less critical, since any local phase errors introduced,
for example by uneven emulsion drying, affect both reconstructions equally and therefore do not appear as
intensity variations in the final image. Figure 7 shows, on the left an image of the SLM, displaying a frame
with all pixels ion' in amplitude modulating mode. On the right is the reconstruction from a double exposure
hologram, the first exposure having been made with no frame sent to the SLM, and the second, after a ir phase
change of the reference beam, with the all pixels on' frame being sent. Such images allow the change imposed on
the input beam to be assessed for each pixel, regardless of the initial pixel state. Note again, that the difference
image clearly shows up all non-switching pixels.

Figure 7. Left: image of SLM displaying a frame with all pixels 'on'. Right: difference between the all pixels on
state and the non-switched state, formed by double exposure holography

The double exposure method is particularly appropriate to performance analysis for pure phase modulating
devices, allowing the phase modulation imposed by the active part of the device (for example the LC layer)
to be recorded for subsequent analysis. Since the phase differences are converted to amplitude differences in
the reconstruction, with suitable calibration, the phase shifts introduced may be measured by inspection of the
intensity variation. Unlike non-holographic methods, only differences between two states are recorded, so static
variations due, for example to device non-flatness do not complicate the analysis.

4 CONCLUSIONS
Our experiments have shown that contrast enhancement can be achieved using live holographic interferometry
with VLSI FLC SLMs. Because the technique relies on constant SLM illumination it is most suited to applications
in which the SLM is used as the input to an optical system. In the context of optical computing, the technique
could be of use, for example, in providing fast, high contrast electrical to optical conversion in the input stage
of a digital optical processor. Its benefits would be most obvious when used with fast, but inherently low
contrast devices such as those based on MQW structures. Although our experiments have used only reflective
modulators, the technique is equally applicable to transmissive devices. The conversion of phase modulation to
amplitude modulation which occurs when using holographic interferometry would allow pure phase modulators
to be considered as input devices for processing systems which encode data in terms of intensity variations.
Although the contrast ehancement so far achieved has not yet been quantified, our preliminary results have
been promising. An attractive feature of the technique is that it can be applied more or less independently
of the SLM technology, since it relies on correction by an external holographic element. Any device which is
sufficiently free of pixel flicker and which produces either amplitude, phase or polarization modulation may be
enhanced by this method, if an amplitude modulated output is desired. The existence of non-common path
sections for the two interfering beams renders our holographic system sensitive to vibration and air currents
which can destroy the interference condition. For practical use, non-common path sections would be minimized
and enclosed to improve stability. If we consider the use of holographic interferometry for performance analysis,
alignment and stability considerations become less significant, since the system would be used under laboratory
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conditions. Holographic interferometry offers the advantage over more conventional interferometric techniques
that the initial off-state wavefront profile is removed from the analysis, and only the changes induced by pixel
switching are recorded. The relative simplicity of the double exposure technique suggests that this could become
a routine tool for characterization of SLM performance.
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White-light measurement for high-performance liquid crystal
spatial light modulators
Matthew Hart, David G Vass, Mark L Begbie
Department of Physics and Astronomy,
University of Edinburgh, UK
ABSTRACT
Development of high-performance liquid crystal (LC) phase modulators requires accurate control of the thickness
and uniformity of the LC cell. Consequently, precise measurement of spatial thickness variations in these cells, which
may be tens of microns thick, is a key requirement for evaluating and- improving device quality. However, ambiguity
problems render single wavelength interferometric methods unsuitable for this task. A practical solution is white-light
interferometry (WLI) which has an essentially infinite unambiguous measurement range. For cell measurement, the
path difference between the two interfering beams is set by the cell thickness, thus ruling out the commonly-used
coherence scanning method of WLI.
Instead, we use an optical scanning method: analyzing the spectral fringes formed when white light reflects
from a cell's bounding surfaces in order to map its thickness with nanometer resolution. We describe a number of
experimental configurations and data processing schemes which allow us to maximize vertical and lateral measurement
resolution while keeping data acquisition time and storage requirements to a minimum. We also point out that the
technique can be used to characterize the switched states of phase modulators and for high-resolution surface profiling.
We demonstrate the latter, showing preliminary results from a noncontact profiler based on this principle.
Keywords: White-light interferometry, spatial light modulators, liquid crystal, profilometry
1. INTRODUCTION
Liquid crystal (LC) devices have been widely used in both incoherent and coherent optical systems. In the former
case (for example, displays), the device is simply used to modulate the amplitude of a light beam, and tolerances on
the LC layer thickness are relatively broad. Increasingly, however, LC devices (both nematic and ferroelectric) are
being used in coherent systems, to provide electronic control over optical phase. Applications in this category include
optical correlators, phased arrays, free-space optical switching and adaptive optics. One of the factors limiting the
performance of such systems has been the relatively poor optical quality of commercially available LC modulators,
both in terms of distortion of the output wavefront and non-uniformity of modulation across the device area.
Traditional optical measurement techniques based on single wavelength interferometry are well suited to measuring
traditional optical components - lenses and mirrors with smoothly curved surfaces. However, many of the components
which are now finding their way into optical systems, including spatial light modulators, present a greater challenge
for optical measurement. Modern lithographic techniques are capable of producing surfaces with sharp steps, which
may be many microns high. Such distances cannot be measured unambiguously with only one wavelength without
sacrificing accuracy, so new methods have been needed to allow control of optical quality for these components.
In this paper we are concerned with measurement techniques which permit quality control for transmissive and
reflective SLMs. The structure of a reflective SLM is shown schematically in figure 1. Two parameters have a large
effect on device performance: The optical quality of the individual modulator components (for example the silicon
backplane and the cover glass) and, related to this, the uniformity of the cell gap formed by these components. We
describe methods by which both these parameters can be measured.
Other author information: (Send correspondence to M.H.)
M.H.: Email: m.r.hart©ed.ac.uk ;Telephone: +44 131 650 5271; Fax: +44 131 650 5220;
D.G.V.: Email: D.G.Vass©ed.ac.uk ; Telephone: +44 131 650 5263; Fax: +44 131 650 5220;
M.L.B.: Email: Mark.Begbie'ed.ac.uk; Telephone: +44 131 650 5271 ; Fax: +44 131 650 5220;

SPIE Vol. 3015 • 0277-786X1971$10.00

21

cover glass
transparent
electr''*
-

spacing

Liquid crystal
y1

F'l 1

fl-I_I

P

glue

1

-

electronic circuits
silicon backplane

Figure 1. Schematic structure of a reflective liquid crystal spatial light modulator.

Since interferometric techniques measure the optical separation between two surfaces, we may think of the problems of surface profiling and cell gap measurement as closely related. The major difference is that in cell measurement,
our two surfaces (those bounding the LC layer) are fixed in position relative to one another, ruling out many conventional optical methods.

1.1. Two and three-dimensional measurement
The spatial variations in the separation of two surfaces form a three-dimensional data set. Using a two-dimensional
detector, such as a CCD array, we must normally capture a sequence of data frames if we are to make a full threedimensional measurement. In most interferometric methods, the two axes of the detector correspond to the transverse
dimensions of the test object, and a sequence of 2-D images must be acquired to extract any depth information.
The drawback with this approach is that the measurement system must be extremely stable over the time taken to
acquire the sequence, since the measurement resolution achievable by interferometry in the depth direction (along
the optic axis) is extremely high. An alternative, which we will refer to as a l-D imaging approach, is to use the
two detector axes to record depth information along just one transverse direction in a single data frame. Since the
time needed to acquire one frame is extremely short, measurement systems which operate in this way can be made
tolerant to vibration and may be used for continuous depth monitoring.

2. WHITE-LIGHT INTERFEROMETRY
Because of the ambiguity problem with single-wavelength methods and the technical difficulty of heterodyne interferomnetry, white-light interferometry has received much attention in recent years as a method of accurate distance
measurement. Two distinct approaches have been taken: Scanning white-light interferometry (SWLI) and, more recently, spectral analysis of white-light interferograms (SAWLI). SWLI, systems which have been described by many
authors,' 7 work on the principle of path difference scanning. The two reflecting surfaces of an interferometer (one
of which is the surface to be measured) are illuminated with white light and imaged on to a 2-D detector array.
A sequence of interferograms is acquired while the path difference between the two is physically scanned using a
piezoelectric actuator. Each pixel in the interferogram sequence shows a sharp peak of fringe contrast where the
path difference is zero for the corresponding point on the measured surface. By locating the contrast maximum for
each pixel, the depth of the test surface, relative to the reference, is mapped. While these systems are capable of
subnanometer depth resolution, 7 they have their limitations. Firstly, since their depth measurements are acquired by
scanning, they suffer from the stability problems outlined in section 1.1. Furthermore, again because of the scanning
requirement, they are largely unsuitable for measuring LC cell gaps, where the test and reference surfaces ,which
form LC the cell, are cemented together. Below we explain the principle of depth measurement by spectral analysis
and describe two implementations of the technique which we are currently developing.
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3. FAST MEASUREMENTS USING A STATIONARY IMAGING FOURIER
TRANSFORM SPECTROMETER
The method of spectral analysis was recently proposed by Sandoz et al.8 as an alternative to SWLI for surface
profiling. The measurement principle on which their profiler is based is essentially that used earlier by Love and
Major9 for measuring the spatial optical characteristics of liquid crystal cells, and the technique we now describe is
equally applicable to cell measurement as to surface profiling.

3.1. The principle of SAWLI measurement
Consider two reflecting surfaces separated by some small distance d and illuminated by broadband light. The
separation d will, in general, be a function of x, the transverse dimension of the measurement. If we superimpose the
reflected images of both surfaces on to the entrance slit of an imaging spectrograph, such that the reflection from
the object point x at wavenumber ii is mapped to the point (u, v) in the spectrograph image plane, we will see an
intensity given by
I(u, v) oc A(v) + B(v)cos(2d(x)i + 0)

(1)

The upper graph of figure 2 b) illustrates the form of this intensity variation, for a separation, d of 5 pm. The
reflected spectrum is modulated by a set of spectral fringes. The imaging spectrograph records this fringe pattern,
for a range of values of x on a 2-D detector array. We see from equation 1 that the frequency of the spectral fringes
unambiguously determines d(x). Measurement of this frequency forms the basis of SAWLI profiling.

3.2. Practical implementations of SAWLI
In the experiments carried out by Sandoz et al. ,8 a prism spectrograph was used to record the spectral fringe patterns
described above. With this system they were able to measure surface heights from a single interferogram, with a
depth resolution of mm. However, because the heights were encoded as spectral frequencies, the raw data from their
system did not permit a simple visual interpretation. The surface profile could only be seen after digital processing
to extract the fringe frequencies. Our implementation, which we intend to describe in more detail in a future paper,
retains the ability to make instantaneous depth measurements but also presents the raw data in an easily understood
form, permitting direct vizualization of surface profiles and cell gaps in real-time.
Noting again that the quantity, d(z), to be measured is encoded as an oscillation frequency in the reflected
intensity spectrum, we observe that the real function of interest is not 1(u) itself, but its Fourier transform. Using
the convolution theorem, 1° it is easily shown that the transform of 1(v) will in general consist of three fringe packets,
one centred at zero frequency, the other two symmetrically placed either side of the frequency origin, with a separation
proportional to d(x). As expected, the move into Fourier space transforms a problem of frequency measurement into
one of distance measurement.
By using a stationary imaging Fourier transform spectrometer (IFTS) to perform the spectral analysis, we capture
the raw data from our system in this convenient Fourier transformed format. Figure 2 b) illustrates the difference
between the data sets produced by our profiler (lower plot) and the implementation described by Sandoz et al. .

3.3. Experimental results
We built the IFTS according to the design described by Sellar and Raffert." This is a stationary design, producing
the transform in one step, without scanning, using a Sagnac interferometer, the common-path arrangement ensuring
good stability. The complete profiler is shown in figure 2 a) , the reference surface being omitted for cell thickness
measurements. A line on the object under test is illuminated with a narrow stripe of white light, which defines the
spectrometer's input slit. The IFTS output is captured on a 2-D CCD array, each scan line recording the Fourier
transformed spectrum corresponding to a different point along the illuminated line. The scaling of the Fourier
transform axis in the spectrometer output, and hence the depth measurement range of the profiler, is easily altered
by translating the mirror M2.
Figure 3 a) shows a single video frame taken from our profiler, using a stepped aluminium surface as the test
object. For comparison, figure 3 b) shows a measurement of the same surface taken with a conventional stylus

23

a)

b)

Oulpid from coiwenIIonaJSAWU prolow

reference
surface
OA
0.4

test
surface

0.2

580000

yJ
__
Li

M2

U

2.50.06

30.06

150

100

I

so
while light
source

CCD array

1 .5..06
20.06
avonu,*Imr (md)

Caneopg MW from IFTS SAWU pro bw

200

A

L2

4

10.06

0

+

I

an

Figure 2. Stationary IFTS surface profile/cell thickness mea.surement system based on the SAWLI principle. Ml
and M2 are plane mirrors, Li is a spherical lens and L2 a cylindrical lens.

I• - —. -

•--- •...

.-.

2000

-.
U.

- .••'I•

Soo

0

1000

2000

3000

4000

5000

8000

7000

8000

pm

iI...'.

Spatiai axis (pExels)

Figure 3. a) Singe video frame produced by the IFTS/SAWLI profiler, using a stepped aluminium surface as the

test object. b) Measurement of the same surface produced by a conventional stylus profiler.

24

profiler. The principal advantage of our implementation, the simple correspondence between surface features and
the profiler's output is clearly seen.
We are currently working on data processing methods to accurately locate the centres of the side fringe packets
and so allow numerical measurements to be taken. The similarity between the output from our profiler and the
data sets produced by scanning white-light methods suggests the use of the same data-processing techniques. Our
proposed approach uses digital demodulation (as described, for example by Dresel et al. 3 ) to make a first estimate
of their positions, followed by the phase slope method described by Danielson and Boisrobert 12 to make the final
position measurement. We expect that, in common with other interferometric methods, nanometer depth resolution
should be attainable.
We also propose to use the technique for characterizing switching characteristics of LC phase modulators, since
it enables us to make fast absolute measurements of the optical path through a cell. Our preliminary results suggest
that the Fourier transform method can be used to measure the optical thickness, not only of transmissive cells, for
which the the spectral fringe contrast in reflected light is very high, but also of reflective cells such as those found in
VLSI silicon LC spatial light modulators.

4. MEASUREMENT OF LIQUID CRYSTAL CELLS USING CONTINUOUSLY
TUNABLE ILLUMINATION
We now turn to a technique designed to allow full 3-D mapping of spatial thickness variations in transmissive LC
cells. Here, we have used a 2-D imaging approach, building up depth information from a sequence of data frames.
This is appropriate for cell measurement since the interfering beams travel a common path, except for a short
distance inside the cell, so the fringe patterns formed are inherently stable. Our method contrasts with the approach
taken by both Love and Major 9 and Sandoz et al.8 in two ways. First, they both used a 1-D imaging method to
produce 2-D profile measurements and second, they recorded complete spectral fringe patterns over a continuous
wavelength range. While this is viable for 2-D measurements, it produces extremely large data sets when applied
to full 3-D mapping. Our method, which draws on ideas introduced by Sandoz et al. ,8 uses algorithms developed
for phase-shifting interferometry (PSI), together with limited a-priori knowledge the cell thickness, to produce 3-D
maps from data taken at discrete, widely spaced wavenumbers, thereby greatly reducing data acquisition time and
storage requirements.

4.1. The principle of PSI/SAWLI measurement
Phase-shifting interferometry, conventionally a single-wavelength technique, can produce highly accurate measure.X/100 being fairly typical) from a sequence of interferograms, acquired as the relative phases
ments (accuracies of
of two interfering beams are altered. Thorough reviews have been given by Creath' 3 and by Greivenkamp.' 4 Although the capabilities of the two methods are very different (since PSI has only a one-\ unambiguous measurement
range), the extraction of measurements from raw data in PSI and SAWLI is rather similar.
In PSI, the depth information over the surface (x, y) is encoded as a phase 4i(x, y), which must be found from a
sequence of measurements I (x, y), conforming to
I(x, y) oc A + Bcos(q5(x, y) + &)

( 2)

where the 6i are usually known. If, instead, we record a sequence of interferograms at different wavenumbers zi,
as in SAWLI, our intensity measurements may be written
12 (x,y) xA+Bcos('1(z,y)+9)

(3)

where .',(x, y) = 2d(x, y)vj and d(x, y) is the depth to be measured. So, in SAWLI, the depth may be found
from the phase gradient d(x, y)/du1. Of course, the phase gradient is simply determined from a number of phase
calculations, which may be made using PSI algorithms, at known wavenumbers.
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4.2. Limitations of discretely sampled SAWLI
If the fringe pattern is sampled continuously, then the unambiguous measurement range of SAWLI is limited only
by the width of the sampled spectrum and the smallest resolvable wavenumber element. If, however, we sample
discretely, our measurements become cyclic, since we cannot detect spectral fringe frequencies with periods smaller
than twice the sampling interval.
In practice, the useful measurement range will be limited by the performance of the algorithm used to extract
the phases (x, y). Most phase-measuring algorithms are based on the assumption that there is a constant and
known phase shift between acquired frames of data, and because calibration of phase-shifters in conventional PSI has
traditionally been problematic, many authors 1523 have derived algorithms which are tolerant, to a greater or lesser
extent, to departures from the expected phase shift. in discretely sampled SAWLI, such departures are inevitable,
since the phase shift, being proportional to d(z, y), varies pixel-to-pixel across the image. With a sufficiently tolerant
algorithm, we can select a set of wavenumbers separated by zv, which match the desired phase shift condition
sufficiently closely for all measurement points, that accurate phases can be determined across the whole image. The
interval A v should be selected so that the mean phase shift is as close as possible to that expected by the algorithm
(usually 7r/2). We therefore need a rough a.priori estimate of the cell's thickness. Since LC cells are usually made
to some target thickness specification, this information is normally available. If it is not, an estimate may be made
by observing fringe motion as the illumination is tuned continuously over a small number of fringes. The degree of
phase shift miscalibration which our selected algorithm must tolerate will depend on the expected deviation from
our thickness estimate.
Schwider 18 showed that, to a good approximation for a small phase shift miscalibration, the effect is an error in
the calculated phase proportional to (a+bcos[2']+ccos[2']). This error may be reduced by increasing the number
of intensity samples used to calculate t. Schmit and Creath 23 have described a method whereby new algorithms may
be derived sequentially, each new algorithm yielding smaller errors and using one more data frame than the one from
which it is derived. This provides us with a systematic way to derive a PSI algorithm with the degree of phase shift
miscalibration tolerance required for a given measurement task. Using an N-point PSI algorithm, (N + M —1) frames
of data are sufficient to make M phase measurements. The number of phase measurements needed, in practice, to
calculate the phase gradient reliably will depend on the accuracy of the phase measurements themselves.
The need to select a set of appropriately spaced wavelengths to produce a phase shift in the permitted range
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Figure 5. Theoretical comparison of various PSI algorithms for cell measurement

also implies that the cell gap to be measured must either be non-dispersive or that the dispersion relation must be
known. To avoid these difficulties we have so far chosen to measure cell gaps before filling with liquid crystal.
4.2.1. Numerical simulations
In order to establish the feasibility of the discretely sampled SAWLI method, we performed numerical simulations
to examine the performance of various PSI algorithms. The algorithms chosen, which are listed in appendix A, were
designed for 7r/2 phase shifts, with one exception, the Carré algorithm 24 which uses four intensity samples and treats
the phase shift as an unknown which may be calculated. We simulated intensity data, quantized to 256 levels, for
• range of thicknesses from 1 to 9 pm, at ten wavenumbers. The frame-to-frame interval Av was selected to give
• 7r/2 phase shift at the mean thickness 5 pm. For each algorithm, the same simulated intensity values were used
to calculate a number of phases from which the phase gradient, and hence the thickness, was found by least squares
fitting. The results are plotted in figure 5 which shows calculated against true thickness for each case.
Referring to the figure, we see that as we move away from the central target thickness for which i.v was calculated,
systematic phase measurement errors result which cause an oscillation in the measured value about the true level.
The plots for the 7r/2 algorithms demonstrate the reduction in measurement error achieved as we progress from
the simple 4-frame algorithm to the increasingly error-compensating 6A and 8131-frame algorithms. 23 As we would
expect, the character of the measurement errors produced by Carré's algorithm is rather different from those which
treat the phase step as known. Although it performs well in these simulations, it is somewhat less robust in the
presence of other errors (which are discussed briefly in section 4.3) than algorithms which use a larger number of
data points. The most appropriate algorithm for making measurements from real data must be selected not only
for its tolerance to linear phase shift ruiscalibration, but also for its resislance to detector nonlinearities, nonlinear
phase-shifter errors, random intensity noise and so on. Of course, for a fixed number of acquired frames, N, we can
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only use at most an (N - 1)-frame algorithm for calculating individual phases, since we need at least two phase
calculations to evaluate the phase gradient dcb/dv. In practice, the presence of random errors will mean that more
than two phase measurements will be needed to give accurate gradient values. In our experiments described in
section 4.4.we found that Schmit's 6A-frame algorithm, which in addition to its resistance to phase-shifter errors is
also insensitive to second order detector nonlinearity, performed well.
In addition to plotting the simulated retrieved thickness maps, we also evaluated the absolute error per measurement point of the calculation for the algorithms used. We found that, if the cell thickness varied by 25% either
side of the mean thickness, the ratio of mean absolute error to mean cell thickness was approximately constant at
around 0.04%, using Schmit's 6A-frame algorithm with ten intensity samples. For a mean cell thickness of 5pm, this
corresponds to a mean error per measurement of 2nm.

4.3. Effects of other errors
Many other error sources have been discussed in the literature of PSI. These include nonlinear phase shifter response,
nonlinear detector response, vibration, light source instability and intensity quantization. Unlike the linear phase
shifter miscalibration discussed above, all of these errors can in principle be eliminated from the PSI/SAWLI system
and so are not considered here in detail. Because of the fundamental difference between PSI/SAWLI and singlewavelength PSI, we will briefly discuss the effect and minimization of intensity errors. These errors, which include
quantization noise and source brightness variations have been analyzed in detail by Brophy. 25 He found that for 7r/2
phase-shift algorithms, the average phase variance due to intensity quantization error is not affected by the number
of data frames used, but only by the number of quantization levels Q, scaling approximately as (1/3Q 2 ). We must
therefore attempt to use as many quantization levels as possible when capturing the fringe pattern.
When measuring LC cells the fringe modulation is reduced by the presence of reflections from the outer cell
surfaces. Because these surfaces are separated by twice the thickness of the glass (in our experiments we used 1.1mm
thick glass), they do not contribute observable spectral fringes but increase the bias level of the fringe pattern,
reducing the number of useful quantization levels. We minimized this effect by adjusting the zero level used by our
frame grabber's A/D converter up to this bias level.
Unlike conventional PSI, our method uses broad shifts in wavelength to produce the phase shifts. This means
that corrections must be made to ensure all frames are taken at the same effective intensity and that the dynamic
range of the camera and framegrabber are efficiently used, since no light source will be spectrally flat. In our system
we used two linear polarizers to normalize the intensity of each frame at the time of acquisition. We then performed
a further correction in software, calculating the bias intensity of each frame from an image of a reference surface
captured alongside the fringe pattern.

4.4. Experimental results
Figure 4 shows our experimental arrangement. A mercury arc provides a high-intensity white light source, which is
imaged on to the entrance slit of a scanning grating monochromator. Compensating optics re-collimate the emergent
beam which illuminates the cell under test at normal incidence. A broadband beam splitter directs half of the
beam energy towards a reference surface, which as discussed above, is used to compensate for spectral variations in
measured intensity. The cell and reference surface are imaged side-by-side on to a 2-D CCD array, from which video
frames are captured, a manual intensity correction being made for each frame, using using two linear polarizers.
Figure 6 shows six interferograms taken from an empty LC cell at wavenumbers designed to give a frame to frame
phase shift of 7r/2 for a thickness of 3 pm. Alongside is the modulo 27r phase map derived from them using Schmit's
6A-frame algorithm.
By taking a series of fifteen interferograms we produced 10 such phase maps from which phase gradients were found
for each pixel by least squares fitting. The full cell thickness map is shown in figure 7. Note the large unambiguous
measurement range, the thicknesses mapped spanning an interval of about 1.5 pm. Successive measurements on the
same cell suggested a repeatibility of around lOnm rms. Calculations on the same data using the Carré algorithm
produced very similar results, the rms difference between the two measurements again being around the lOnm level.
This suggests that, over this measurement range, linear phase-shift miscalibration errors are not significant for
Schmit's 6A-frame algorithm.
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5. CONCLUSIONS
We have outlined the theory of and shown experimental results from two novel implementations of the SAWLI
principle. The first, which we have called IFTS/SAWLI, allows us to make fast line-profile measurements of both
single surfaces and liquid crystal cells. Unlike previously reported SAWLI implementations, the raw data from our
system permit a simple visual interpretation, allowing real-time inspection of depth features on nanometer scales. The
second, discretely sampled SAWLI, allows spatial variations in LC cell thickness to be mapped in three dimensions,
from a relatively small data set. In future, we intend to use both these techniques for analyzing and improving the
performance of LC phase modulators, permitting their use in increasingly demanding applications.
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APPENDIX A. PSI ALGORITHMS USED IN THE SIMULATIONS

Standard four-frame algorithm
qS(x, y) = tan

114 - 121
- ':3.1

(4)

[

Schmit's 6A-frame algorithm
[-312 + 414-161
ci(XY)=tan'_
11-413+315.1

(5)

Schmit's 8B-frame algorithm
6(13 - 12 - 16 + 17) + 20(14 - 15)
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(I1[

(6)

-13)}}h1'2]
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Fast surface profiling by spectral analysis of white-light
interferograms using Fourier transform spectroscopy
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Abstract

We present a fast white-light interference method for measuring surface depth
profiles at nanometre scales. Previously reported white-light profilers have relied
either on path difference scanning or spectral analysis of the reflection from a fixed
interferometer. We show that by performing this spectral analysis with an imaging Fourier transform spectrometer, the high speed of spectral techniques may be
combined with the simple data interpretation characteristic of the scanning method.
Giving experimental results from a profiler based on this principle, we show that
real-time visualization of surface profiles is possible and report measurements with a
repeatability of approximately 5nm rms. We also demonstrate good agreement with
stylus profiler measurements.
Key words: optical metrology, profilometry, white-light interferometry,Fourier
transform spectroscopy.
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1. Introduction

Scanning white-light interferometry (SWLI) has been used widely for unambiguous distance
measurement with nanometre resolution, along the propagation direction of a light beam 1

.

Depth information is gained by forming an interferometer between test and reference surfaces
and scanning the path difference between them through a range of values. Using lowcoherence light, the fringe contrast varies strongly (and acyclically) with path difference
near the equal path length condition, and can therefore be used to measure test surface
depth unambiguously, relative to the reference. If the test surface is imaged, a full threedimensional map can be built up from a sequence of two-dimensional interferograms. The
need to perform a physical scan, typically taking a few seconds, limits these instruments to
measuring static quantities in mechanically stable environments.
In part because of this limitation, there has been recent interest in white-light interferometers used in conjunction with spectrally-resolved imaging 7 ' ° to retain the unambiguous
measurement advantage of SWLI, while eliminating the need for scanning. Sandoz et al. 9
reported a profiler based on this principle which they called spectroscopic analysis of whitelight interferograms (SAWLI). As in SWLI, the test and reference surfaces are used to form
an interferometer. Now, however, rather than recording the wavelength-integrated intensity
from each measurement point over a range of path differences, the intensity is recorded as
a function of wavelength and the path difference kept fixed. For a given path difference,
the phase difference between two rays varies linearly with wavenumber, so a set of spectral
fringes may be recorded, the frequency of which uniquely characterizes the test-reference
separation. These systems typically record data on a 2-D detector array, using one axis for
spectral (depth) information, the other being used to give one dimension of lateral (image)
resolution.
Previously reported surface profilers based on this principle have used dispersive spectrographs employing gratings 7 or prisms 9 to record the interferometer's output intensity
' 8

as a function of wavenumber. Noting that the depth measurement is encoded as a spectral

2

fringe frequency, we show that, by acquiring the spectrum in the Fourier domain using a
stationary Fourier transform spectrometer (FTS), the profiler output gains a simple visual
interpretation, allowing inspection of surface features in real time. We point out a strong
correspondence between data acquired by SWLI and that from an FTS implementation of
the SAWLI principle, which allows us to extract quantitative profile information from FTSSAWLI data using algorithms developed for SWLI. Finally we present results from such a
profiler that show repeatability around 5nm rms.

2. Similarity between SWLI and SAWLI

We now compare the scanning and spectral approaches to profiling. First, we examine the
form of the data set produced by a SWLI system and show how this leads to recovery of a
surface profile. We then demonstrate that the spectral approach, when implemented with a
Fourier transform spectrometer, leads to a very similar data set which may be acquired in
one step without scanning. We consider the scanning and spectral approaches to profiling
via two simple systems. The first, a scanning Michelson interferometer, serves as a simple
model of the SWLI case. The second, consisting of a fixed Michelson interferometer in series
with a Fourier transform spectrometer illustrates the FTS-SAWLI principle. In each case
we consider the response of the profiler for a single point on the test surface.

A. SWLI single test point response

Figure 1 shows a Michelson interferometer SWLI system and defines co-ordinate axes and
various parameters used in our analysis. Practical implementations have used a range of interferometer configurations' 6 , but do not differ in principle from the Michelson case treated
below.
The interferometer is illuminated by a broadband source with output power P(o- )da in
the vicinity of wavenumber a. We consider a single point (x', y') in the output image plane,
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corresponding to a point (x, y) on the test surface. At this point, the intensity distribution
of the interferogram, as a function of the scan position z and wavenumber may be written
(1)

I(, z) = Ir () + I() + 2{Ir (a)It(u)}cos(aD)

where D = 2(h - z) and Ir (cr) and It (r) are the spectral intensities that would be detected
from the reference and test arms individually, as a function of wavenumber. Integrating over
all wavenumbers gives a total output intensity
(2)

1(z) = Jr + It + 2 0 {I r (a)It (a)} 4 cos(aD) du

where 'r and It are the integrated output intensities from the reference and test arms separately. The typical form of 1(z) is illustrated in figure 2(a). It is normally assumed 2 that
' 4

the third term of equation 2 may be expressed as g(D)co.s(ao D) where g(D) is a fringe envelope function and o 0 is the mean wavenumber of the spectrum. If there is no unbalanced
dispersion between the two interfering beams, then at the point of zero geometrical path
difference, D = 0, the optical path difference for all wavenumbers will also be zero and the
fringe envelope g(D) will reach its maximum value. To determine the test surface height at
(x ) y), the distance z (see figure 1) is scanned, allowing 1(z) to be recorded over a range of
values. Locating the maximum of g(D) for all points (x, y) then allows the surface height

h(x,y) to be recovered.

B. SAWLI single test point response

Turning to the acquisition process of SAWLI, we again consider the interferometer of figure
1. We may re-write equation 1, describing the variation of intensity with wavenumber, now
treating D as a fixed quantity D0 for a given (x, y).

1(a) = 1r (a) + It (a) + 2{Ir (a)It (a)}cos(aD o )

(3)

To extract the depth information from this intensity signal, we must perform a spectral
decomposition which may be done using a dispersive spectrometer, or alternatively, by
4

forming the signal's autocorrelation in a Fourier transform spectrometer. The FTS splits
the signal to be analyzed into two equal parts, recombining them after introducing a path
difference A. The output intensity 1(A) is proportional to the Fourier transform of the power
spectrum, plus a constant. Depending on the type of FTS used, the function 1(A) may be
acquired by scanning A over time, as for example in the scanning Michelson interferometer,
or by using a linear detector array to sample a range of A values simultaneously. Assuming
an ideal FTS, the output response for the input intensity given in equation 3 is

1(A)

1

I(0) +

1°°

+ It (a)}cos(aA) da +

L

(u)It

1

cos(aDo )]cos(aA) da (4)

where we have defined the spectrum for negative wavenumbers such that I(—a) = 1(a) and
changed the integration limits to include both positive and negative wavenumbers. We see
that the variation in intensity 1(A) with path difference A is given by the sum of two cosine
transforms. The last term of equation 4 is the only one which contains information on the
relative test surface depth D0 . The similarity between SAWLI and SWLI becomes apparent
when we use the convolution theorem 11 to re-write this term
rc'o

J

1

[{Ir(a)It (a)}rc03(t7Do )Ico3(7A) da oc

-

0

P00

J

)It (a)}cos(aA)
a
d
{I r (a

{8(A—D 0 )+S(A+D0 )}

(5)

where ® represents the convolution operation and S is the Dirac delta function. Referring
back to equation 2 we see that the interferogram from the SAWLI system contains the fringe
pattern that would be produced by SWLI, replicated at displacements of +D0 from the
origin. In addition, the SAWLI interferogram contains the sum of the Fourier transformed
power spectra reflected from the test object and reference mirror. This is illustrated in
figure 2(b), which shows the form of 1(A) given in equation 4. The zero-order fringe packet,
centred on A = 0 corresponds to the second term of equation 4 while the third term of this
equation appears as two sidelobes of fringe contrast, centred on A = +D0

.

If we ensure that D0 is sufficiently large that these sidelobes are well separated from the
zero-order fringes (essentially if D0 is larger than the source coherence length), the data set
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from the SAWLI system in these regions is essentially identical to that produced by a SWLI
system close to the condition of equal path length, apart from a higher constant background
intensity due to the first term of equation 4. The effect of this background intensity is to limit
the fringe visibility in the sidelobes to 0.5, reducing the signal to noise ratio as compared
with the SWLI case. Because of the similarity in the data sets, the algorithms used to find
the centre of the fringe envelope in SWLI are directly applicable to this implementation
of SAWLI profiling. Locating the centres of these sidelobes of fringe contrast gives us the
distance

D0 directly for any point on the surface, and hence the surface profile.

3. Fourier transform profiler system

As mentioned in section 2, a Fourier transform spectrometer may be constructed so that

I(z) is sampled over a range of

Li

values simultaneously. Many such stationary FTS designs

have been reported in the literature 1217
Sellar and Rafert' 6 described how the design presented by Okamoto et al. 13 may be
modified to an imaging configuration in which a two-dimensional detector array records the
function

I(z, y'), providing spectral resolution plus one dimension of spatial resolution. Our

profiler, the layout of which is shown in figure 3, uses this imaging FTS (IFTS) design to
perform the spectral analysis.
The test sample is placed in one arm of a Michelson interferometer, with the reference fiat
in the other. The Michelson configuration was simply chosen to give a wide field of view, and
other configurations (for example, the Mireau 2 ) could equally well be used where higher
'9

magnifications are required. Light from a tungsten-halogen source is filtered to reduce its
bandwidth to about 400nm, and collimated. A cylindrical lens Li focuses the collimated
beam on to the test and reference surfaces (which lie in the spectrometer's input plane), the
resulting stripe of light defining the spectrometer's input slit. A CCD camera in the output
plane is aligned so that the A axis of the IFTS is parallel to the pixel rows and the y' axis
to the columns. Each point along the illuminated stripe is imaged by the combination of
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the spherical lens L2 and the cylindrical lens L3, to a pixel row on the CCD array, C. The
pixels within a given row then sample the function I(L, y') over some range of L. The IFTS
design used allows continuous scaling of this sampling range, by adjusting the position of
mirror M2. As we have shown, along the L axis of the detector, we will find sidelobes of
fringe contrast, centred at A = +Do (y').
Because of the imaging property of the IFTS, the locus of the fringe contrast maxima
corresponds directly to the surface profile of the test object, provided the sign of Do (y') is
the same for all values of y' sampled. This will be the case as long as the virtual image of the
reference does not intersect the test surface (see figure 1). In practice, this may be verified by
checking that the fringes on one side of the zero-order move in the same direction on all pixel
rows, if the reference surface is translated axially. The direction of this fringe motion can also
be used to infer the sign of Do (y'), which must be known in order to avoid depth inversion
in the measurement. Figure 4, which shows the interferograms obtained from two different
metal test surfaces (top), together with their measured surface profiles (bottom), illustrates
this correspondence between sidelobe shape and surface profile. Because of the symmetry
of the interferograms, only the zero-order fringes (near the top of the CCD frame) and one
sidelobe are shown in each case. Note that the interferograms in figure 4 have been rotated
through 90 degrees, so that pixel columns run horizontally, to aid comparison between fringe
shape and surface profile. The advantage of this implementation of SAWLI for rapid surface
evaluation, that of simple interpretation of the raw data, is clearly demonstrated.
As with other white-light interferometric techniques, large step heights may be measured
unambiguously. In common with non-IFTS SAWLI systems, our profiler also has the advantage of instantaneous measurement along a line, without the need for mechanical scanning.
Unlike conventional spectrometers, the spectral resolution of the IFTS is not affected by the
entrance slit width. This allows light throughput and measurement range (determined in
SAWLI systems by the smallest resolvable spectral element) to be optimized independently.
The lateral resolution of the setup, shown in figure 3, is governed in the y' direction by
the imaging system formed by the combination of lenses L2 and L3 and the CCD camera. In
7

our system, the limiting factor was the size of the CCD pixels (approximately 10jirn pitch)
and the smallest resolvable element in this direction was therefore on the order of 20im,
taking the image magnification of 0.6 into account. Since the lens system does not image in
the direction transverse to the illuminated stripe, the resolution in this direction is governed
by the width of that stripe on the surface. The measured depth may be taken to be an
averaged result over the stripe width. In our system, this width was approximately 75m.
Where higher lateral resolution is required, a setup using a Mireau interference objective
to image the interferogram at high magnification onto a physical slit at the spectrometer
entrance would be more appropriate. Sandoz et al. 9 demonstrated the feasibility of this
approach in a SAWLI profiler using a conventional spectrometer.

4. Data processing

As we have shown, the IFTS-SAWLI profiler permits real-time inspection of nanometre scale
features through the direct correspondence between fringe shape and surface profile. In most
cases, numerical measurements of surface features are also needed. We now describe how a
captured interferogram is processed to produce a surface height map.
Because the transformed spectrum is symmetric about the zero frequency position, only
the zero-order fringes plus one sidelobe need be captured. The data processing task is then
to locate the centre of the sidelobe for each scan line and to translate this measurement in
pixels into physical units, via a calibration step. The surface profile is calculated from a
set of three images: the original interferogram, a normalization image used to cancel the
effects of non-uniform illumination and fixed pattern noise, and a calibration image which
allows the conversion to physical units. Example data from these three image types are
given in figure 5. After capturing the interferogram, the normalization image is acquired by
increasing the test-reference separation so that the sidelobe is no longer seen by the detector.
Calibration data are generated by placing an interference filter of known centre wavelength
into the beam path, before lens Li.

1.1

The centre of the zero-order fringe system marks the position of zero geometrical path
difference in the interferometer. This information is not needed for surface profiling, where
only the relative heights of points on the surface are required. For this reason and also
because normalization data for this region of the interferogram are not easily generated, we
first segment the raw data from each scan line to remove the zero-order fringes (those beyond
about pixel 400 in figure 5(a)). The remaining points are then divided by the corresponding
data from the normalization image. An estimate of the sidelobe fringe envelope function

g(D) is formed by shifting the normalized pixel values to zero mean, taking the modulus
and smoothing over several fringe periods. Locating the maximum of the resulting function
gives a first estimate of the sidelobe centre. A higher order correction to this estimate
is then found by processing the data in the Fourier domain' 8

' 19

. Taking a subset of the

normalized data, centred on our first estimate, we perform a fast Fourier transform and
calculate the phase slope of the Fourier components. This phase slope is proportional to
the offset between the sidelobe centre and the centre of the transformed data and therefore
allows us to correct our first estimate with sub-pixel accuracy. The final step is to convert
the profile measurements to physical units, the necessary scale factor being found from the
fringe period in the calibration data and the known calibration wavelength.

5. Surface profiling results

To evaluate the performance of the profiler, repeatability tests were performed using a
number of evaporated metal test surfaces. Figure 6(a) shows the results of one such test, for
a surface consisting of two rounded aluminium steps. The three traces are the surface profiles
recovered from three interferograms, the reference surface having been translated slightly
between each one. After removal of the relative translation, the rms difference between
traces was found to be just over 5 nanometres. A plot of the residual error between the top
and bottom traces is given in figure 6(b).
In order to provide an independent verification of the optical measurements, we corn-

pared results from our interferometer with data from a stylus profiler (Sloan Dektak hA). A
metal test surface, this time consisting of two sharp steps, approximately lm and 0.5m
high, was measured using the two techniques. Comparison of the profiles showed a small
calibration discrepancy (approximately 3%) between the two, as shown in figure 7(a). We
expect that this is at least in part due to the effect of the finite numerical aperture of the
beam illuminating the test and reference surfaces. Numerical aperture effects in interferometry have been discussed at length, for example by Creath 20 . Other possible sources of
miscalibration include error in the fringe period calculated from our calibration data (see
figure 5(c)) and departures from the expected mean wavelength transmitted by the narrow
band filter used to acquire these data. After a linear scaling to remove this discrepancy,
optical and stylus results were plotted on the same axes, as shown in figure 7(b). Profiles
recovered from the two systems are seen to be in very good agreement. By contrast with
stylus profiling, the optical method carries no risk of surface damage and allows real-time
measurement. Whereas the stylus scan for the data of figure 7 took several seconds to complete, the interferogram used to generate the optical measurement was captured in a single
40ms video frame.

6. Conclusions

We have shown that by using an imaging FTS to perform the spectral analysis in a SAWLI
profiler, surface height data similar to those produced by a SWLI system may be acquired in
real time, without scanning. As with other white-light systems, unambiguous measurements
may be made over a depth range of many microns. Unlike dispersive SAWLI implementations, the IFTS-SAWLI profiler permits simple visual interpretation of the raw output data
in terms of surface features. Applying data processing techniques developed for scanning
white-light interferometry, we have extracted highry repeatable surface profile measurements
from IFTS-SAWLI interferograms and have verified these using a stylus profiler.
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FIGURES

Fig. 1. Schematic SWLT setup (TM is an imaging system).

Fig. 2. Tllustration of data sets produced by (a) SWLT profiler, and (b) FTS-SAWLI profiler.
Fig. 3. FTS-SAWLI profiler. Ml and M2 are plane mirrors. Li and L3 are cylindrical lenses and
L2 is a spherical lens.
Fig. 4.

Tnterferograms (top) and measured profiles (bottom) from two different test surfaces.

Data along the interferogram depth axes correspond to Fourier transformed spectra from points in
the input plane.
Fig. 5. Experimental data from FTS-SAWLI profiler. (a) raw data from one CCD row (b)
normalization data from the same row (c) calibration data

Fig. 6.

(a) Surface profiles recovered from three interferograms after small translations of the

reference surface. (b) Residual error between the top and bottom profiles.

Fig. 7.

Comparison of optical (solid line) and stylus profiler measurements (a) before and (b)

after linear scaling
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