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Advanced manufacturing techniques enable ultra-precision surfaces to be fabricated with
various complicated and large-area structures. For instance, the cost-effectivenessoeRBIbll-

(R2R) manufacturing technology has been widely demonstrated in industries making high
volume as well as large-area foil products and flexible electronics. Evaluation of these fine
surfaces by an expensive trial-and-error approach is unadvisable due to the high scrap rate.
Therefore quality control using in-line metrology of the functional surface plays an important
role in the success of employing R2R technology by enabling a high product yield whilst
guaranteeing high performance and a long lifespan of these multi-layer products.

This thesis presents an environmentally robust line-scan dispersive interferometry (LSDI)
technique that is suitable for applications in in-line surface inspection. Obtaining a surface
profile in a single shot allows this interferometer to minimise the effect of external perturbations
and environmental noise. Additionallyt eliminaies the mechanical scanning and has an
extended axial measurement range without2kigghase ambiguity problem by dispersing the
output of the spectrometer onto the camera. Benefiting from high-speed camera, general-purpose
graphics processing unit and multi-core processor computing technology, the LSDI can achieve
high dynamic measurement with a high sigteahoise ratio and is effective for use on the shop
floor.

Two proofof-concept prototypes awd at different applications are implemented. The
cylindrical lens based prototype has a large lateral range up to 6 mm and can be used for
characterisation of additively manufactured surface texture, surface form and surface blemish.
The second prototype using 4X microscope objective with a diffraction limited lateral
resolution (~ 4um) is aiming at characterisation of surface roughness, micro-scale defects, and
other imperfections of the ultra-precision surfaces. System design, implementation, fringe
analysis algorithms and system calibrations are presented in detail in this thesis. Their
performances are evaluated experimentally by measuring several standard step heights as well as
Al>0Os coated polyethylene naphthalate (PEN) films. The measurement results acquired using
both prototypes and commercial available instrument (Talysurf CCI 3000) align with each
other acceptably. This shows that the developed metrology sensors may potentially be applied to

production lines such as R2R surface inspection where only defects present on the surface are
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concerned in terms of quality assurance. Implementation of these prototypes offers an attractive
solution to improve manufacturing processing and reliability for the products in ultra-high-

precision engineering.
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1.1 Application background

Surfaces act as interfaces which havdirect influence on the functional behaviour of a
product (De Chiffre et al., 2003). It has been shown that 90% of all engineering component
failures in practice are surface initiated, through mechanisms such as adhesive wear, fretting
wear, and erosion (Blunt & Jiang, 2008herefore, surface metrology plays an important role in
manufacturing as well as optimising the performance of a workpiece for quality assurance.

Advanced manufacturing techniques such as additive manufacturing (AM) ana-Raoll-

(R2R) manufacturing technologies, enable ultra-precision surfaces to be fabricated with
increasingly large areas, complicated curvatures and customised nanostructures (Léach et a
2015). Instead of milling a work piece from solid bloeky UHIHUV WR pD SURFHV!
materials to make objects from 3D model data, usually layer upon layer, as opposed to
VXEWUDFWLYH PDQXIDF \(6¥alaQ,)20RHIViKaReS RANRahemtsV §uilt up
highly complex with reduced part count and shorter design cycle and is an ideal tectioology
making high-value parts. AM is increasingly being applied to make components in the
aerospace, automotive and medical sectors (Platform, 2014). R2R, always involving the
deposition and patterning of multi-layer thin films on large area substrates, is also one of the
most cost-effective manufacturing processes applied in nhumerous fields such as flexible and
large-area organic electronics devices (Sgndergaard et al;, \BilkBann et al., 2014), solar
panels (Krebs et al., 2018chulz-Ruhtenberg et al., 2014), flexible displays (Gregg et al., 2005)
thin-film batteries (Keranen et al., 2012) and chemical separation membranes (Morse, 2012). It
has been reported that the flexible Photovoltaic (PV) films based on@GEulnSe (CIGS)

could conserve the light energy with an efficiency up to 19% (Jackson et al., 2011). The extreme
miniaturisation of critical feature sizes to the nano-scale makes the R2R technology of
considerable interest to modern industry (Morse, 2012).

However, surface quality is one of the main constraints concerning AM (Grimm et al., 2015)
and R2R technology (Lee et al., 2010). One of the biggest challenges faced byyimustr
characterisation of surface texture, defects, and other imperfections as surface effects are
responsible for 10% of the failure rate for manufactured parts (Leach, 2011). Meanwhile, it has

been reported that traditionally high quality fabrication relies mainly on experience @ntlial
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error, which makes the manufactured items suffer from a scrap rate as high as 50-70% (Heeren
& El-Fatatry, 2008 Jiang et al., 2010). It is suggested that in-process measurement is the ideal

way to monitor the manufacturing process but with a great challenge, which subsequently

stimulates the development of modern metrological instrumentation. Take R2R manufactured

components as an example, the film products must be uniform and largely perfect across most of
the area of the foil. Defects are undesirable for printed electronics since they cause open and
short circuits, thus preventing correct function. Likewise, the defects present osOarbadrier

layer of flexible PV cells make the active elements suffer from environmental degradation due to

the penetration of water and oxygen vapour (Carcia et al.,; R@si & Nulman, 1993) and

thus are detrimental to the performance of the PV module (Blunt et al., EDa@wemi et al.,

2013). Therefore, concerning the success of employing R2R technology, an in-line surface

inspection system needs to be implemented to optimise the manufacturing process for coated
polymer films in terms of quality control. After the effective inspection, further presdéige

local repair techniques can be applied according to the provided feedback to remove the defects
and correct the fabrication anomalies, which consequently achieves a reduction in product costs
and throughput time as well as guarantees a high performance and long lifespan of these multi

layer products.
1.2 Metrological techniques overview

Advances in modern manufacturing have led to the progress and development of wide range
of metrology devices and instrumentation. Faster measurement speed with sophisticated
computational capabilities has been made possible with the use of modern computers and
efficient algorithms. This section details various examples of developed metrology instruments
so far, which mainly based on two classifications, namely contact and non-contact types (Conroy
& Armstrong, 2005Malacara, 200;//Whitehouse, 1997).

Contact profilometers such as stylus based instruments can cover a large measurement range
up to several millimetres in height with nanometre axial resolution. Yet they are not capable of
performing in-line measurement due to slow measuring speed and non-immunity to
manufacturing environment (Bhushan, 200®ung et al., 1980). While optical techniques,
based on either non-interferometric or interferometric principle, can provide damage-free
measurements for ultra-precision surface with fine axial and lateral resolution and have the
potential to be used in in-line surface metrology. There are several critical factors that determine
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the performance of in-line surface inspection such as outstanding dynamic range, excellent
signalto-noise ratio, high measurement speed and flexible and easy integration into a production
environment (Martin, 2010). Currently the instruments, whether comnigraigilable or not,
developed potentially for on-livie-line surface inspection in terms of quality assurance mainly
adopt techniqgues such as machine vision (Chin & Harlow, 1982), scatterometry (Stover, 1995),
confocal microscopy (Petroll et al., 1993), focus variation (Bremen et al., 2012), and optical
interferometry (Yatagai, 1994).

Machine vision system is one of the most common optical methods for surface inspection
(Leach & Sherlock, 20%45hankar & Zhong, 2005). ISRA Vision reported a high-speed camera-
based inspection system for substrate surface. A well-aligned line-scan camera bank covers the
complete product width with certain defined overlaps and the switchable LED illuminations at
different positions make it capable of performing defects detection for different applications
(ISRA-Vison, 2015). Nonetheless, it is not suitable for the metrological field where defects or
fine structures are smaller than the diffraction limit of the instrument used. In this case, surface
inspection using scatterometry can be a preferred solution due to its super-resolution breaking
the diffraction limit (Ke et al., 201(Leach & Sherlock, 2014). An enhanced Coherent Fourier
Scatterometry (CFS) with signed-noise ratio is proposed for contamination detection in R2R
production of Organic Light Emitting Display (OLED) and Organic Photovoltaic (OPV) devices
(Pereira, 2015). The overall nanometre accuracy performance of CFS can beabterpathat
of AFM and SEM measurements on the same sample (Kumar et al., 2014). Yet both of the two
methods mentioned above are either only 2D image which is impossible to reconstruct for 3D
information of defects, or just detection with no images of tested surface at all (Thonya et al.,
2003).

Some companies such as Precitec, Nanofocus and Polytec offer chromatic confocal
microscopy (CCM) solutions for real-time quality control of various engineering surfaces. A
series of optical sensors developed by Precitec has been applied for contact-free measurement in
industries such as Photovoltaics, glass, semiconductor and medicine. These sensors can be
directly integrated into the in-line production process because of their high speed and the
possibility to handle up to three encoder signals with a high measurement rate. The spot diamete
of the optical probe is only few micrometres which enables the detection of small surface
defects. Nanofocus also has been working at the CCM sensors which can be flexibly and easily
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integrated into manufacturing machines. With more than one million measurements per second,
WKH PHDVXUHPHQW VHQVRUV VXFK DV VSULQMNG SWIR@GI K |
applications from 3D form, topography and defect detection. The CCMs eliminate the scanning

in height; however their vertical measurement ranges are restricted by the capability of its optical
system to separate the broadband wavelength along the optical axis.

Alicona offers a range of optical metrology products based on focus variation (FV) method
(Triantaphyllou et al., 2015) enabling the measurement of functional parameters such as surface
texture and roughness. Compared to most optical measurement techniques restricted by an angle
of slope of 60°,FV technique is capable of measuring the angle of slopes bigger than 80°.
Therefore, FV instruments are of great interest in the metrology of AM surfaces, where ghere is
requirement to perform the measurements on complex geometries with steep slopes as well as
large vertical range. Regarding interferometry techniques, Heliotis developed a series of products
(Helilnspect H3, H4, etc.) utilising the parallel optical coherence tomography principle (POCT)
(Ducros et al., 2002) to be engineered for industrial applications requiring high throughput
harsh environment. Fast vertical scan speed (up tar, high-speed camera combing with
in-pixel signal processing and special physical design make slgstems meet the requirements
of the most demanding 3D in-line inspection tasks such as measuring roughness, step height and
defects. Additionally, an enhanced wavelength scanning interferometer (WSI) for detecting
defects on PV films was proposed as well (Jiang et al., ;20Mamedsalih et al., 2014)
Compaed to conventional WSI it combines four new techniques, namely compensation of
environmental noise by a built-in stabilisation system, wide wavelength scanning technique
using acousto-optic tunable filter (AOTF), analysing the interferograms in a parallel manner
using GPU technology (Muhamedsalih et al.,, 2013), and auto-focus function through a
multiplexed reference interferometer along with a translation stage (Muhamedsalih et al., 2015).
Yet for the moment FV, POCT and WSI system are still limited to some extent in that they
require the sample surface to keep stationary when performing measurements.

Compared to the above-mentioned interferometers, singe shot interferometry stands out
because it eliminates the mechanical scanning along the optical axis and enables measurement of
WKH VXUIDFH LQ PRWLRQ 3)OH[&DP" RQH RI'VXHAKNLQG R
(George, 2014 Kimbrough, 2015), is implemented to detect defects for PV barrier films
manufactured by R2R technology due to its anti-environmental disturbance and fast
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measurement with 3D surface topography. It provides sub-nanometre vertical resolution and
micrometre-scale lateral resolution for in-process roughness and defect quantification and
enables real-time monitoring and control of roughness to less than 0.5 nm rms. However, the
vertical measurement range of this system is limited to sub-microns (George, 2014), which is
problematic when attempting to identify and classify features or defects with large vertical range
(a few micrometres to a few tens micrometres). Line-scan dispersive interferometry is another
promising technique for monitoring the manufacturing processhadt an extended axial
measurement range without tl#( phase ambiguity problem by spatially separating the
broadband beam along the detector pixels of the spectrometer. Fast surface profilingdiy analy
of a single interferogram allows this system minimise the effect of external environmental
disturbances. In the last decades it has been widely used in applications such as surface profile
and thin-film thickness measurements (Debnath & Kothiyal, 28@acara, 2007).

1.3 Aim

The aim of tls research work is to investigate the potential for applying the line-scan
dispersive interferometry (LSDI) in in-line metrology of functional surfaces or R2R surface
inspection where only defects on film surfaces are concerned in terms of quality assuyance. B
combining the single shot interferometry technique with high speed CCD/CMOS camera and
graphic processing unit (GPU) technology, the developed metrology devices shall be
environmentally robust and realise high dynamic measurement ratio with a hightsigoae
ratio to overcome the technology barriers of the current white light interferometry, and thus be
potentially applied to monitor the samples in production lines. By using different types of
interferometric objectives, the line-scan dispersive interferometer shall have the measurement
capabilities for characterisation of surface profiles in large range (up to 6 mm) or defects with

microscale sizes.
1.4 Objectives

x To investigate approaches for designing a single shot interferometry system for
surface inspection to achieve vertical resolution in the nanometre range while
maximising lateral range and resolution.

X To develop and optimise efficient absolute phase measurement algorithms to improve

the measuring accuracy and speed.
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X To build compact prototypes equipped with different types of interferometric
objectives able to measure surface profile instantly in the manufacturing environment.

X To evaluate the performances of developed sensor systems to prove their feasibilities
and reliabilities as metrology tools for in-line micro/nano scale surface profile
measurement.

x To calibrate the developed prototypes in terms of accuracy, resolution, measurable

range and repeatability.
1.5 Contribution

This research project contained in this thesis has made the following contributions:

x Development and demonstration of a single shot dispersive interferometry technique
with extended lateral range by using cylindrical lens to observe the tested surface
with line focus. It can achieve real-time surface inspection with a long profile up to
5.885 mm and may potentially be used for characterisation of additively
manufactured surface texture, surface form and surface blemish present on the
functional surface.

x Development and demonstration of an instantaneous line-scan dispersive
interferometry usinga 4X microscope objective to measure the smaller structure
dimensions and features on engineering surface and detect defects present on the PV
barrier films manufactured by R2R technology.

x Demonstration of the efficiency and accuracy of the developed algorithms and further
acceleration of computing process through data parallelism using GPU technology

(based on FFT technique).

1.6 Thesis organization

This research work presents the development of the line-scan dispersive interferometry for
in-line surface inspection with the aim of producing an environmentally robust, instantaneous
metrolayy instrument capable of performing nanoscale measurements. The thesis is organised
into eight chapters to present the overall aim of the research project.

x Chapter 2 first presents a brief introduction about surface metrology and some of
related terminologies used in the field. It also gives a description of various

metrology techniques proposed for surface characterisation with emphasis on the
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optical metrology techniques, which may be potentially applied in in-line surface
measurement.

x Chapter 3 shifts the emphasis to introduction of interferometry for precision surface
metrology, including the interference principle and methodologies of various
interferometry based instruments. Due to the particular interest in dispersive
interferometry, its principles and advantages over other interferometers are discussed
in some detail.

x Chapter 4 presents the development strategy of the line scan dispersive interferometry
in detail by dividing it into four parts, namely light source, interferometric objective,
spectrometer and the console. Additionally, the alignment of interferometric objective
and wavelength calibration are described due to the crucial influence on the system
performance.

x Chapter 5 describes the fringe analysis of the spectral interferogram in five steps.
Two algorithms are presented to analyse the measurement data recorded by the
developed metrology sensor. Subsequently the resolution of the algorithm and a
parallel programming model for accelerating the computing process using GPU
technology are discussed.

x Chapter 6 reports a cylindrical lens-based interferometer prototype which aims at
long profile measurement mainly in terms of surface form evaluation. The
performance was evaluated by measuring the reference step samples with heights
ranging from 100 nmW R P

x Chapter 7 presents an appraisal of the other prototype using a 4X microscope
objective in the optical probe head. It has potential to be used for R2R surface
inspection where only defects on the film surface are concerned. Both step height
sampOHV DQG IOH[LEOH 39 ILOPV ZHUH PHDVXUHG WR D

x Chapter 8 gives the overall discussion of the developed LSDI systems and provides

the conclusions and proposal for further investigation and improvement.
1.7 Publications

The work in this thesis has produced one peer reviewed journal paper, and six conference
papers. A full publication listanbe found in thefPublications and Awardfsection at the end of

this thesis.
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2.1 Introduction

Surface metrology is of great importance in manufacturing and optimising the performance
of a workpiece. Roughness, waviness and form are three basic geometrical features used to
evaluate an enginemt surface. Among all various measurement processes, in-process
techniques stand out becauseoffers not only assessment but also effective feedback. This
chapter briefly introduces surface metrology and then presents a detailed overview of the recent
trends in surface metrology with special emphasis on non-contact optical metrology techniques,
which may potentially be used for the-line retrieval of surface topographic information.

Finally, a description of the requirements for in-line metrological sensors is made.
2.2 Surface metrology

Surface metrology refers to the measurement that describes the surface deviation detween
structured surface and its ideal shape (Whitehouse, 2004). It also defined by Jiang et )al. (2007
DV uWKH VFLHQFH -sthldPgednéiddailf€atiiras P sdr@aces: the topography of the
VXUIDFH 9 ,W VSHFLILFDOO\ FRYHUVXRHD WXUWH P H ®RUNERYVIKRKH
shape, surface finish, etc.

Manufactured surfaces are allowed to be specially designed with a particular function and
can be classified into two main categories, namely engineered surface and non-engineered
surface (Stout & Blunt, 2001). The engineered surfaces are generally manufactpredde
functional properties such as bearing and sealing, or to have high fluid retention capabilities. The
assessment of these surfaces is criticeatse a significant proportion of enginedrcomponent
failures in practice are surface initiated due to surface defects resulting from the friction,
corrosion and wear. In the past numerous metrological work had been conducted on the surfaces
manufactured by processes such as turning, milling, grinding and polishing, which generate
surface roughness ranging from several micrometres to sub-micrometres. With the evolution of
manufacturing technology, surface metrology has shown its significant importance not only in
traditional mechanical production, but also extension into semiconductor industry,
optoelectronics industries and biomedical field where feature characterisation at nanometre scale
is required (Lonardo et al., 2002). The significant challenges of surface topography consequently
stimulate the development of modern metrological instrumentation.
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Various metrological techniques for quality assurance of surfaces have been developed
according to different applications and described in detail in scientific literatures by several
authors (Grous, 2013/ainsah & Chetwynd, 2013/orburger et al., 20QAVhitehouse, 1997)

As mentioned in chapter 1, measurement techniques based on off-line approakie the
manufactured items suffer from a high scrap rate. This is especially true for the production of
high value components where a high level of innovation is normally involved. Therefore, in-
process matology for ensuring great accuracy and functionality of a component will
significantly contribute to the manufacture of these products in a cost-effective and
environmentally sustainable manner (Leach, 2014), bectaose only allows the assessment of
manufactured components but also offers valuable feedback to the control system for optimised

manufacturing or post-process repairs.
2.3 Surface characterisation

A number of different frequency components related to the manufacturing process or the
production technique are superimposed to form the structures on the surfaces (Mainsah &
Chetwynd, 2013Thomas, 1998). These different frequency components affect the performance
of a workpiece in both functional and aesthetic aspects. Surface features are generally
characteried along the vertical direction by height parameters and along the horizontal direction
by spatial (wavelength) parameters (Sherrington & Smith, 1988). According to the spatial
frequency, the frequency components for a surface profile are generally divided into three types
of surface features, namely form, waviness and roughness (Blunt & Jiang)2003997 Raja
et al., 2002 Texture, 1995). For areal surface characterisation, the concept oflisutdd-
surface is introduced. The scale-limited surface contains S-F surface and S-L @sfsivewn
in Figure 2.1), which are created by combination of S-filter, L-filter and F-operator (ISO, 2012).

x S-filter, which defined as a filter that removes small scale lateral components from the

surface resulting in the primary surface.

x L-filter, which is used to remove large-scale lateral components from the primary

surface or S-F surface.

X F-operator, which removes the form from the primary surface.

An S-F surface results from the use of an S-filter and an F-operator in combination on a

surface, and an S-L surface by the use of an L-filter on an S-F surface.
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Figure 2.1 Surface characterisation: (a) extracted (raw) surface, (b) primargurface, (c) S-F surface, (d) S-

surface.

The separation and characterisation of the surface texture allow a direct assessment of the

manufacturing process and prediction of the functional performance of the work piece (Davim,

201Q Jiang & Whitehouse, 2012). Additionally, with the guiding information the manufacturing

process can be modified to obtain the acceptable surface features. Figure 2.2 is a schematic

representation of the procedure of surface assessment.

X

X

Select an instrument for measurement to acquire information of the surface topography.
Decompose the information into primary features (stadged surface) by filtration.

Characterise the surface by parameterisation.

Assess the function of the component based on the measurement and predict possible
functional capabilities.

Use the gained information to modify the manufacturing process.
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Figure 2.2 Procedure of surface assessment
2.4 Measurement process types

Surface characterisation can be performed at different conditions according to the
requirements of applications. Vacharanukul and Mekid (2005) provided a classification for the
act of measurement during the manufacturing process in three groups, maprelyess, in-situ
and post-process.

In-process

In-process measurement refers to the act of measuring performed while the workpiece is
being manufactured. It can be developed with the control system to provide real-time feedback
information for compensation of manufacturing errors and is therefore the most challenging
measurement process in that harsh factory environment, such as machining forces, heat loads,
added difficulties of vibration and presence of lubricants or debris, needs to be dealt with.

In-situ

In-situ measurement is that which can be conducted without removing the machined
workpiece from the machine tool. It is also known as on-machine or on-line measurement. The
manufacturing is actually halted during the measurement process. Compared to in-process

measurement, it not only significantly relaxes the challenges for implementation due to a mild
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assessment surroundings, but also still takes the advantages of not having to remove/refit the
workpiece in terms of further modification.

Post-process

Post-process measurement is an off-line metrology mode in high precision manufacturing.
Measurement is perforea after the manufacturing is completed and the workpiece is removed
from the machine. Its advantages are reflected in the ultra-precision applications where the
workpiece is required to be measured at a specific temperature, humidity, pressure as well a
anti-vibration environment. The drawbacks of post-process measurement are its time-consuming
nature and the unavoidable need to realign the workpiece on the machine tool for further

alteration.
2.5 Instrumentation for surface metrology

Before the turn of the nineteenth century, assessment of the surface quality primarily relied
on skilled and experienced wenk using their senses of sight and touch. With the development
of high-precision sensom@d increasing ability to process large volumes of data using modern
computers, instruments for surface metrology have besing great progress. As mentioned in
previous section, modern metrology devices can be classified into contact and non-contact types
depending on the nature of probes.

2.5.1 Contact profilometers

Stylus profilometry (Figure 2.3) and Scanning Probe Microscopes (SPMs, Figure 2.4) are
generally grouped as contact profilometers due to the use of a tactile probe. The stylus-based
instrument is the earliest form of profilometer developed for measuring surface topography. It
traces a contacting stylus through a transducer (acting as a gauge) and measures the vertical
variation of the stylus as it traverses across the surface of interest (Gauler, 1982). Stylus
instruments have the benefit of a large measurement range up to several regllimbaeight as
well as a vertical resolution in nanoscale. The lateral resolution is determined by the fadius o
curvature of stylus tip and the slopes of the surface irregularities (Bennett & Dancy, 1981). Many
commercially available products have been developed such as Talysurf PGllymahd series
(applied to surface form and roundness measurement, respectively) from Taylor Hobson
Limited. SPMs came about with the invention of the Scanning Tunneling Microscope (STM) in
1982 (Binnig & Rohrer, 1983), which has the Atomic Force Microscope (AFM) (Binnig et al.,
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1986) as a further extension for measuring the electrically non-conductive materials. In principle,
the SPM has much in common with stylus instrument in that it has a similar lever with a fine tip
to scan the measured surface. The main difference is that the parameters directlgchimasur
STM/AFM is the charge density or atomic forces (Alvarez & Siqueiros, 2010), not the height
data. A number of authors have described the principle and applications of the STM and AFM in
detail in scientific literature (Braga & Ricci, 2008¢éuntherodt & Wiesendanger, 19®8thneir

et al., 1989Serry & Schmit, 2006).
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Figure 2.3 Schematic representation of stylus profilometer [Adapted from Lee & Cho, 2Q]
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Although having the advantages of high lateral/vertical resolution and large measurable
range, stylus-based instruments have numerous drawbacks. Not only do the stylus tips have the
chance to be damaged in harsh measurement environment, but also the tested sample, especially
the soft and dedicate surface, may get scratched or even functionally damaged when it is
traversed across by the stylus. Furthermore, the finite size of stylus tip makes it impossible to
penetrate into all valleys of the true surface and introduces a non-linear distottiotine
measured envelope as well (Lonardo, et al., 2002). As shown in Figure 2.5, the trajectory of the

true contact poin® is different from the nominal pois on the vertex of the stylus.

Figure 2.5 Relationship between the true contact poir® and the vertex of the stylus/

SPMs are also not applicable to the metrology in manufacturing environment. Moreover, the
STM further narrows its applications due to the requirement for a conductive tested surface and
the image resolution is highly dependent on the tip geometry (Van Loenen et al., 1990).

Meanwhile, measurements of surface topography based on contact profilometer are time-
consuming because such instrument performs point by point scanning to acquire 2D mapping of
the tested surface. In conclusion, all factors such as slow speed, destructive nature, finite size of
stylus and senvity to environment restrict the contact profilometry to be applied to on/in-line

surface metrology in manufacturing (Bhushan, 20Qfung, et al., 1980).

2.5.2 Non-contact profilometers

To overcome the above-mentioned limitations of contact profilometry, the metrological
technigues based on optical phenomena are developed. By replacing the stylus with the light
beam probe, optical metrology takes advantage of being non-contact and fast measurement speed

with fine vertical and lateral resolution. Many reviewsvdndoeen written regarding various
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optical methods (Hocken et al., 2Q0&hitehouse, 1997), offering a detlllist of categories

such as polarization interferometry, speckle interferometry, heterodyne interferometry, white
light interferometry, moiré and structured light methods, holographic methods, confocal
microscopy, optical scattering, focuanation, etc. All these categories can be divided into two
types, namely non-interferometric and interferometric techniques. The following sections give an
overview of some main optical techniques for surface tomography.

2.5.2.1 Optical interferometry

In recent times, significant development in electronics, software and high performance
computng has made optical interferometry a popular technique for metrological applications.
Interferometry makes use of the interference principle of two beams originating from the same
source but travel on different paths in the interferometric objective and provides nanoscale
vertical resolution for precise surface metrology by analysing the captured interferogram.

According to the light source used in the interferometer, interferometric techniques can be
divided into two main groups, namely monochromatic interferometry (including single
wavelength and multi-wavelength interferometry) and white light interferometry.
Monochromatic interferometry, well developed in phase shifting interferometer, can achieve
surface measurements with low noise and a high resolution of the level of angstrom.
Nevertheless, it is limited to the measurement of relatively smooth surfaces due to the well-
known 2 ( phase ambiguity problem.

White light interferometry (WLI), using broadband illumination such as super-luminescent
diodes and halogen lamps, has been used for determining the absolute distance between the
testing surface and the reference surface withouRthphase ambiguity problem (Bowe &

Toal, 1998 Tang et al., 2014Zhu & Wang, 2012). Additionally, dependent on the different
scanning methods used when performing measurement, subdivision of WLI can be made with
three categories, namely vertical scanning interferometry (Scott et al., 2005), wavelength
scanning interferometr(Gao et al., 2012) and dispersive interferometry (Malacara, 2007) such
asLSDl in this thesis.

Though optical interferometry takes advantage of accurate and non-contact measurement, it
has a drawback of extreme sensitivity to environmental noise such as mechanical vibration, air
turbulence and temperature drift (Adhikari, 2004). To solve this issue, the measurement data

need to be taken instantly by using a high speed camera and fast scanning method. Additionally,
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compensation of the environmental disturbances is also an effective method to stabilise the

metrology device and then provide the nanometre measurement accuracy (Jiang, et al., 2010).
Chapter 3 will go on to describe the basic principles of interferometry and various

interferometric techniques developed for efficient surface characterisation, which provides a

basis for investigation of the proposed metrology system.
2.5.2.2 Machine vision

Machine vision is one of the most common optical metrological techniques for surface
inspection in terms of quality assurance in industry. The basic working principle of such
imaging-based system is shown in Figure 2.6. It is comprised of four main parts, namely
illumination system, imaging optical system, detector and computer system for real-time image
view and data analysis. The tested surface is first illuminated by a light source and then the
highlighted features within the field of view (FOV) are imaged by a group of optics, normally a
microscope system (Harding, 2013). A high speed camera is then employed to receive the image
of the region of interest/(RJR 1 W X, 2004). Bi@Gally the recosdl grayscale images are
binarized and might be smoothed through data presessch as averaging and filtering to

characterise the surface features of interest.

Detector/Detectorbank

‘\:;}p-"—z_» ~
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o Inspected surface
> Computer system

Figure 2.6 Machine vision system [Adapted from ISRA Vision, 2015]
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Appropriate illumination is crucial for surface inspection. Depending on the applications,
various illumination schemes can be adopted in machine vision system, such as bright field
transmission illumination for transparemt nearly transparent material, dark field preferred for
glossy surfaces, diffuse illumination for low contrast surface irregularities and directional
lighting for emphasising the topographical structures of the surface like scratches (Harding,
2013). The optical system determines the resolution and FOV of ROI inspected for each
measurement. A high speed camera is required and should be selected considering factors such
asweb speed and the minimum feature size on the tested surface. The commercial sprint series

of CMOS-cameras from Basler offer line rates up to 140 KHz with 4K pixels and>pixel

size. The data processing unit of the machine vision system is based on techniques such as
reconfigurable hardware (FPGA) and is used to store and analyse the high throughput data.

Currently the machine vision technique has been widely used in industry for applications
such as die attach bond inspection, ball grid array inspection, solar & PV device inspection,
metal surface inspection and print inspection. Kurada and Brgii#97) gave a review of
machine vision sensors for tool wear assessment. Luo et al. (1999) presented a colour machine
vision system for identification of various types of damaged kernels in wheat. Various
morphological and colour features were extracted from the captured images using a developed
software and all average identification accuracies for various damaged kernels were up to 90%.
Additionally, Blasco et al. (2003) unitised the machine vision technique for on-line estimation of
the quality grade of fruit in terms of size, colour, stem location and external blemishes. The
results showed that it had a good performance with repeatability in blemish detection and size
estimation of 86% and 93% respectively. ISRA Vision (2015) has also developed vision-based
system for efficient detecting surface and web defects on various R2R processes.

However, the limitation of this technique reflects in only offering 2D captured images,
which is impossible to reconstruct into a 3D surface topography and cannot obtain the depth
information of the sample surface. Additionally, it is limited to be applied in the metrological
field where the defects or fine structures are smaller than the diffraction limit of the instrument.

2.5.2.3 Optical scatterometry

Optical scatterometry is a non-destructive technique usually applied for characterisation of
periodic features(RJR 1 W X HWanD Surface roughness (Jean Bennett & Mattsson, 1989

Vorburger et al., 1993) by measuring and analysing the variations in the intensity of light
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reflected from the tested surface. It is a simple apparatus which is composed of a laser or white
light illumination device and a detection part, as shown in Figure 2.7. Depending on the surface
types, the scattered light can be both specular (satisfying the law of reflection in geometric
optics) and diffuse (the angle of reflection is not equal to the angle of incidence, including
diffraction lights). Scatterometry does not measure the absolute value of surface parameter,
while it is commonly employed to investigate the process change (Leach, 2014).

Laser or white light
source
Specular reflection

Diffuse reflection

Tested surface

Figure 2.7 Principle of optical scatterometry

Having many advantages such as being fast and relatively immune to environmental
turbulence, contamination free, no Rayleigh limit and cost-effectiveness enables this technique to
be widely used for in-process measurements such as defect detection and tool condition
monitoring. Persson (1998) reported a scatterometry instrument with laser illumination used for
evaluating the surface roughness in a grinding process. The measurement results of surface

roughness (within the ranges of 0.0 » 5D * Pand3.0 P ” 5D " P)were of the

same order as when a stylus instrument was use@Galzhary et al. (2011) carried out a
theoretical analysis on a spatially coherent optical scatterometry, which was demonstrated to
have an increase in the acayafthe gDWLQJYJV SURILOH UHFR @&kdcé FW LR (
case. Moreover, an enhanced coherent Fourier scatterometry with teigo&e ratio (SNR)

was presented for contamination detection in R2R production of OLED and organic-PV device
(Pereira, 2015). Roy et al., (2014) showed that the SNR could be enhanced through partial
blocking of the aperture and have discussed how this technique can be applied to detect the

isolated particles down to size of diameter 100 nm on a wafer surface.
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Though the optical scatterometry overcomes the limitation of low SNR and diffraction limit,
it cannot offer real-time images of the inspected surface.

2.5.2.4 Focus variation

Focus variation is a method that tracks the focus variation of the objective to reconstruct the
surface topography with full FOV by computing the sharpness at each position within the
scanning measurement range (Helmli, 2011). The schema of a focus variation instrument is
shown in Figure 2.8. The collimated beam is first brought to an objective and is focused onto the
ROI of tested surface. All reflemd rays then go back to the objective and are gathered by a
camera through an imaging lens. The numerical aperture (NA) of objective determines the FOV
or measurement ranges in the two orthogonal directions of the camera. The axial measurable
range is dependent on the scanning range along the optical axis, which is affected by the working
distance of the objective. Compared to other optical techniques, co-axial illumination is not the
only choice for focus variation instrument but various illumination schemes can be used
(Hiersemenzel et al., 2012). For example, a ring light illumination can greatly enhance the
measurable slopes of the system up to 80° (Danzl et al., 2009). Additionally, the polariser and
analyser showed in the schema can be used as filters to polarise the light, which is of great help
for measurement of metallic surfaces with steep and flat surface elements (Leach, 2014).

Camera
1

Imaging lens
Polariser
White — Analyser
light source
‘<
Piezo driver
system

Objective

Measured surface

Figure 2.8 Schema of a focus variation instrument [Adapted from Leach, 2014]
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This technique can achieve measurement with vertical resolution as low as 10 nm and a high
dynamic range, which is applicable to surfaces with complex structures and large discontinuities.
Danazl et al. (2011) have demonstrated that the focus variation is a robust technique for 3D
surface metrology with high resolution by evaluation of surface roughness, form measurement
and engineering tools. The roughness results of focus variation instruments and tactile devices
(offering reference) are comparable to each other with differences of a few nanometres, and then
measurement repeatability is less than 100 nm when measuring standard hemi-spherical calottes.
The assessments of steep surface flanks and welding spots using focus variation method further
validated its ability of measuring slope of up to 80°. Focus variation instrument from Alicona
was also applied as one of the characterisation methods to investigate the additive manufacturing
process such as selective laser melting and electron beam melting (Triantaphyllou, et al., 2015).

However, the focus variation technique is limited by the requirement of the mechanical
scanning in height and thus cannot be employed for in-line metrology. Additionally, it is not
applicable to transparent samples.

2.5.2.5 Confocal microscopy

Unlike the conventional microscope, confocal microscopy has two pinhole apertures as
spatial filters. Figure 2.9 shows the principle of confocal microscopy. Monochromatic or white
light source travels through a pinhole and converges on the sample surface. Thednefiect
then return to a detector or a spectrometer. The other pinhole prior to the detector only allows the
focused rays to transmit and to be received by the detector. Vertical scanning is required for
monochromatic confocal microscopy to retrieve the height information of a point (Conchello et
al., 1994) and scanning in two more directions (X,y) is required for reconstruction of the surface
topography. While the chromatic type (CCM) achieves parallelisation of the depth scan without
any mechanical scanning in that a series of focus points can be acquired along the optical axis by
focusing the supercontinuum white light generated from a broadband light-source device (Shi et
al., 2004). Each wavelength of the illumination corresponds to a focal plane along the optical
axis. A spectrometer is then used to detect the wavelength (value) with respect to the pixel
number. The depth measurement range of CCM is dependent on the capability of the optical

system to separate the broadband wavelength along the vertical height direction.
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Figure 2.9 Schema of confocal microscopy: (a) Monochromatic type, (b) Chromatigge (CCM).

Due to the compact arrangement of system, simple analysis of captured image and fast
measurement speed (especially for CCM), confocal microscopy has great potential to be applied
in in-process metrology. Tiziani arldhde (1994) presented a chromatic confocal microscopy
which has potential to be applied in measurements of moving objects. The colour impression was
used for depth discrimination and three images were required for areal topography which
significantly reduced the measurement throughput. Many CCM point sensors are already
commercially available from company such as Precitec, Nanofocus and Micro-Epsilon.
However, most of these metrology sensors regifedirection scanning to measure the surface
topography. Ruprecht et al. (2004) presented a CCM sensor which eliminates one direction of
scanning using a line focus, achieving the measurement with a height range of 0.7 mm along a
line of 2.4 mm. Moreover, they also investigated the maximum parallelisation of the CCM
through measuring an area in one shot using a colour camera.

The confocal microscopy suffers from the same problems as other microscopy instruments
such as vertical measurement range depending on the working distance of objective or the
optical capability of wavelength separation in depth, lateral ranges determined by the
magnification of objective and lateral resolution restricted by the diffraction limit of objective

used if not camera-limited (Leach, 2014).
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2.6 The requirements for in-line sensors

As mentioned in section 2./-situ or in-process metrology can avoid the errors caused by
moving and re-positioning the workpiece during measurement process. Meanwhile, the ongoing
evolution in modern manufacturing technologies such as R2RAdhdtechnologies enable
surfaces with increasingly large-area as well as complicated structures to be fabricated, which
also pushes forward the in-line metrology technique in order to monitor the manufacturing
process for ensuring great accuracy and functionality of a component. By using in-lir optic
sensors, the measurement efficiency and throughput time can be significantly improved.
Therefore, the work in this thesis aims at devising of an approach with measurement resolution
in nanometre scale, which is suitable for applications on production lines. The drawback of
damaging the delicate features on the tested surface precludes stylus based instruments for this
task without controversy.

The requirement for am-line probe is that first it should have reasonable measurement
speed to match the production line. Secondly, the probing system must be environmentally
robust to vibration and other turbulences to be effective for use in manufacturing surroundings.
Additionally, it is supposed to be compact enough for integratioraintachine. Optical probes
based on techniques such as interferometry, confocal microscope, machine vision and
scatterometry are preferred for-line metrology because the non-contact nature can provide
much faster measurement.

In this thesis a single shot dispersive interferometry is investigated, which can measure a
surface profile with nanometre resolution and repeatability without any mechanical scanning.
Unlike single shot interferometry proposed by 4D Technology (George, 2014), it has a much
larger axial measurement range to assess large vertical features or defects by spatially dispersing
the interference beam along the camera pixels. Additionally, by utilising a cylindrical lens to
observe the tested surfagelarge lateral measurement range can be acquired; while using a
microscope objective in the probe head, micro-scale lateral resolution is achieved for measuring

the finer structure dimensions and features on the specimen.
2.7 Summary

This chapter has given the brief coverage to the historical development of surface metrology
as well as the characterisation and measurement process. The current popular metrological

technigues and instrumentation for carrying out surface metrology are presented in detail. The
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contact methods are by far the most widely used for surface characterisation, which gather data
by physical contact with the tested surface. Due to its point by point contact scanning nature, the
measurement speed and chance to damage the precision surface contact methods are restricted i
their applications to in-process metrology. The results from the stylus profilometry tend to be
more used as a reference for evaluating other techniques in future.

Optical methods are the most popular alternatives to contact techniques. By using an optical
probe, they assess the tested surface in a non-contact manner without generating any damage.
The principles of optical interferometry and non-interferometric techniques such as machine
vision, scatterometry, focus variation and confocal microscopy are presented. Though optical
instruments have many advantages over contact instruments, it should be noted that their
performance will be affected by aberrations generated by imperfection of the optigadbnents
or misalignments of the optical system. The finite parameters of the microscope used also set
limitations such as lateral resolution, measurable slope and maximum measurement range.

An appropriate measurement technique for the surface metrology should be determined
according to the function of the surface and the applications. Figure 2.10 shows the measurement
ranges of different instruments as a reference. It can be seen that stylus profilometry has the
largest vertical measurement range while the optical profilometry and AFM perform better in
both vertical and lateral resolution. With respect to a methad-lrie measurement, a single
shot interferometry technique will be investigated in this thesis and its principle and

implementation will be discussed in the next chapters.
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Figure 2.10 Measurement ranges for different instruments [Adapted from Jiang et al., 2007]
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3.1 Introduction

As discussed in Chapter 2, optical interferometry benefits from fast and non-contact
measurement and has great potential to be appliedlime metrology. By utilising an optical
probe the pressure on the tested surface is released and the measurement with nanoscale vertica
resolution can be achieved by interpreting the interferogram. In this chapter, basptsoof
interference are presented and some main interferometry techniques for surface characterisation
are discussed in detail. Dispersive interferometry is of particular interest due to its advantages

over the alternative techniques.

3.2 Interference principle

Interference fringes were discovered in 1802 by Thomas Young through the famous double-
slit experiment. Subsequently, the first interferometry instrument was implemented by Albert A.
Michelson in 1882. Some basic concepts concerning interference are presented in this section.

The phenomenon of optical interference refers to the superposition of two or more
electromagnetic waves originating from the same source, which generates the modulation in the
distribution of light irradiance in the spatial domain. The bands of varying intensity are known as
fringes, which can be classified into many categories such as Newton, Brewster and Fizeau.
Accordingly, the fringe pattern may be presented as various shapes such as circles, pesallel i
or anything in between, depending on the instrument or method by which they are created.
Moreover, for the interferometers using the white light illumination, colourful fringes will be
generated within the measurement FOV. Equation (3.1) mathematically describes the
interference produced by the coherent superposition of two waves, which forms the basis for the
field of interferometry and derives many and widely varying applications.

I x5y I, xy 1,xy Aﬁlxylzxy cos A (3.1)

where | x,y is the intensity of the interference fringes andy denotes the spatial

coordinates of the interferograrh. x,y andl, X,y are the intensities of the two beams with
the same frequency andA is the phase difference between them. Therefore, it can be deduced

from equation (3.1) that the intensity within a fringe pattern varies between two ljfpitand
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l.... In the case of complete coherence, the maximum and minimum intensities are simply

expressed as

Imax__§ Il X, ¥ IZX’y 2\l|1X,y szy §

, | (3.2)
lin®© L XV 1, Xy Z\Iillx,y l,Xy €

The interference visibility \{), an important concept for interferometry, is defined as the

contrast of the fringe pattern. It can be theoretically calculated by

. Z,fl |
v Imax I min 12 (33)

The maximum fringe visibility will occur when the two interfering beams are of equal

intensity (I, 1,). However, it is a difficult task for the interferometer to achieve the maximum

visibility because the specimen and the reference mirror have different reflectivities. In general,
the value ofv is between 0 and 1. In order to obtain good fringe visibility, the irradiance of the
two reflected beams should be balanced in practice. For a sample surface with low reflectivity,
the visibility is more likely to be low. In this case, properly using the neutral density (ND) filters
in the optical arrangement offers the most simple and effective solution to match the intensities
of the two interference beams.

Additionally, there are two types of coherence, namely spatial coherence and temporal
coherence. Spatial coherence refers to a measure of the phase correlation between two points on
the same wavefront (Shulman, 1970). It is associated with the size of the source. The
overlapping of numbers of patterns of interference fringes produced by a broadband source will
lead to a uniform illumination without fringes. Temporal coherence is a measure of phase
correlation between two points at the same point but at different {ifetharan, 2010). It is
related to the spectral bandwidth. All interferometry techniques discussed in this thesis belong to
the category of temporal coherence.

The coherence lengthl(), another vital property in interferometry, can be used for

qualifying the degree of temporal coherence. It is related inversely to the spectral bandwidth of

the light and is defined as
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where (represents the central wavelength andis the bandwidth of the light.

Equation (3.4) shows that a narrower spectral bandwidth corresponds to a longer coherence
length. For this reason the Fizeau interferometer employs the single-wavelength light
illumination to produce fringes between the two unequal-path arms for measurement.
Additionally, the spectral profile of the illumination system has influence on the coherence

length and therefore a correction formula is expressed as

I” KO (3.5)

c

wherel_ is the corrected coherence length aiib correction factor depending on the spectral

profile. For the spectrum with Gaussian distribution2 In 26 0.4« (Ohta et al., 2008).

On the whole, interferometry is a technique which produces the interference fringes (or
interferograms) and subsequently performs fringe analysisletermine a variation in a
measurand using all the information such as fringe spacing, shape, deviation, rate of translation
and colour depending on the specific application (Martin, 2010). The following sections will

discuss some main interferometry techniques more specifically.
3.3 Phase shifting interferometry
3.3.1 Single wavelength interferometry

Phase shifting interferometry (PSI) using monochromatic light source has been the most
popular and preferred techniques for high precision surface metrology in controlled
environments since the 1960s (Deck, 2001). It was proved that PSI has a high measurement
resolution up to @1000( C being the wavelength of light) peak-valley in optimum conditions
(Cheng & Wyant, 1984Kafri, 1989). The earliest referentethis technique can be traced back
to Caré (1966). With the advancement in powerful congmt solid-state detector arrays and
high precision piezoelectric transducers (PZMg, single wavelength technique has occupied an
important position in modern optical metrology. It has many advantages such as high phase
measurement accuracy, fast measurement speed, results independent of intensity variations
across the pupil, phase obtained at fixed grid of points and good results with low contrast fringes
(Cheng & Wyant, 1984).
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The basic idea of PSI i® measure height variations by means of precisely determining
phase angles in an interferogram (De Groot, 1995). In general, PSI electronically stores a
sajuence of interferograswith a precisely controlled phase change between them (Sykora & de
Groot, 2011). There are many methods that can be used for phase shifting such as moving the
reference mirror witre PZT, moving a diffraction grating, using a Bragg Cell, tiltamgglass
plate, rotatinga half-wave plate and usirenacousto-optic or electro-optic modulator. For each

recorded interferogram, the modulated intensity represented in equation (3.1) can be rewritten as

| 1,1 vcos/xy (3.6)

where |, is the background intensity of the two beamsgefers to the fringe visibility and

/ X,y is the phase. In the case of a n-step phase shifting, the following mathematical equation

can be deduced
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After phase shifting, the original wavefront phase is re@/by analysis of the variations
of irradiance as a function of reference phase shift (Schreiber & Bruning, 2006). The number of
frames required depends on the phase extraction algorithm empitbgegerformance of the
computer and the range of PZT actuators (if used). To determine the three unknowns in equation
(3.6) at least three temporally phase shifted intensity patterns are required. Various popular phase
extraction algorithmsuch as three-step algorithm, four-step algorithm, five-step algorithm and
Carré algorithm, have been studied since the PSI technique came out (Carréjatban et
al., 1987 Schwider et al., 1983Vyant et al., 1984).

Sensitivity to external vibrations is probably the most serious impediment to wider use of
PSI, which was proved through analysis by deds (1995). Environmental vibrations lead to
incorrect phase shifts between data frames. The ways to avoid or mitigate the errors due to

vibrations include retrieving frames effectively and fast (Deck, 1996), controlling the
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environment, using common-path interferometers, measuring vibration and introducing vibration
180 degrees out of phase to cancel vibration, and so on.

,Q WHUPV RI WKH SKDVH DPELJXLW\ SUREOHPWG®XH RMR R
trigonometric functions, various phase unwrapping algorithms have been developed for PSI to
solve this issue and achieve phase continuity (Charette & Hunter, H@88ey, 1989). Yet the
single wavelength PSI is still confined by the phase ambiguity problem when the optical path
difference (OPD) jump between any adjacent pixels is greater @&, where Cis the
wavelength of the light used, and restricted to application for characterisation of the smooth
surface with discontinuities not higher thai4. Use of multiple-wavelength interferometry (as
discussed in next section) can mitigate this problem. Additionally, the utilisation of
monochromatic wavelength restricts its applicability to ranges where only continuous fringes can
be acquired (Ali, 2012).

3.3.2 Two and multiple wavelength interferometry

As discussed above, conventional single wavelength interferometry can offer excellent
vertical resolution. However, it has difficulty in achieving accurate measurement for surfaces
with high discontinuities. To overcome this issue, the two- or multiple- wavelength
interferometry technique has been developed, which provides a way to extend the vertical
measurement range by creating fringes at a longer synthesized wavelength. This method has the
benefit of keeping the resolution constant, as it is in the single wavelength technique, while
increasing the dynamic range of the measurement. The term two-wavelength interferometry was
first mentioned by Polhemus (1973). A widely used definition of the effective wavelength (or

synthetic wavelength)@ for two-wavelength technique is expressed as

@ .Q/0, g (3.8)

where ¢ and @ are the two wavelengths used.

Multiple-wavelength techniquis an extension of two-wavelength, and have been developed
to solve the problems of single wavelength interferometry as well (Decker et al., 2003). Multiple
wavelengths include three, four or sometimes many wavelengths to produce a series of effective
wavelengths enabling ultra-precision metrology over a wider range of surface. Much research

into two- or multiple-wavelength interferometry for surface measurement has been carried out.
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Cheng and Wyant (1984) proposed a two-wavelength phase shifting interferometry which
achieved measurement r