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BEAD-BASED BIOLOGICAL ASSAYS
by Sam William Birtwell

A new method for high-capacity encoding of microbeads that allows non-contact optical
reading has been developed. In this new approach, a bead is encoded by a number of
superimposed gratings with different periods manufactured on the surface of the bead,
where each distinguishable tag has a unique combination of superimposed gratings. The
tags are read optically at a distance, by detecting the diffraction pattern produced by
the superimposed gratings. It has been demonstrated that the tagging method allows
for millions of unique and distinguishable tags only a few tens of micrometers in size,
when read by visible laser light. Using 2-dimensional superimposed gratings has been
demonstrated to further increase the number of unique tags.

The tagging method was first demonstrated using chromium-on-glass libraries of tags
manufactured by e-beam lithography. Two libraries containing tags with up to five su-
perimposed gratings were fabricated, one containing 1-dimensional tags, and the other
containing 2-dimensional tags. A laser reading system has been developed including a
software package that automatically identifies individual tags in the library. Capacity
for up 68000 unique 50um long 1-dimensional tags and up to 10® unique 50 x 50um
2-dimensional tags was demonstrated. '

The diffractive tags were developed for biological, chemical and medical applications by
manufacturing them from the polymer SU8, which is suitable for biochemical functionalisa-
tion. A nano-imprint process for creating diffractive tags in SU8 has been developed, that
allows for high-throughput manufacturing. A library of 100 different tags were shown to
produce high-quality diffraction patterns, recognisable in the laser reading system. Capac-
ity for up to 10* unique 100pum long 1-dimensional tags and up to 10® unique 100 x 100m
2-dimensional tags was demonstrated using this manufacturing method.

A version of the tagging technology based on holographic writing has been developed.
Holograms of binary arrays of spots were written into SU8 doped with a photochromic
dye. This version of the technology offers a number of potential advantages, including
use of error-checking algorithms and smaller diffraction angles. Capacity for 1014 codes
was demonstrated to be theoretically achievable on a 100 x 100um tag. A laser reading
system has been developed with a software package that antomatically identifies individual
holographic tags. Capacity for 1019 tags was demonstrated on bulk photochromic-doped
SUS8. A dry-etch based method was developed for manufacturing individual particles of
SU8 doped with photochromic dye. Capacity for 512 tags has been demonstrated on a
500um particle. Additionally, it was shown that tags written using this technique could be
erased and re-written, which is the first demonstration of rewritable microbead tagging.
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Chapter 1

Introduction and background

1.1 Biological assays

1.1.1 ELISAs and microarrays

In recent years, rapid advances in genomics and proteomics have produced demand
for high throughput analysis of large numbers of biomolecules, in particular for
application to medical diagnostics and drug discovery. For example, immunoassays
require the identification of a large number of different antibodies that exist in blood
or other samples obtained from a patient, in order to identify diseases [1]. Such
identification is accomplished in routine clinical diagnostics by use of an Enzyme-
Linked ImmunoSorbant Assay (ELISA) [1], which tests for the presence or absence
of a certain antibody. A schematic outline of the principle of an example ELISA
(known as an indirect ELISA) that might be carried out on a diagnostic sample, is
shown in figure 1.1. An antigen (substance to which a specific antibody will bind)
which binds to the target antibody of interest is coated on the inside of a well of a
microtitre plate. A sample from a patient is added and any target antibody in the
patient binds to the antigen. A ‘detection antibody’, which can bind to the target
antibody and is linked to an enzyme, is then mixed with the sample. The detection
antibody binds to the target antibody. The sample is then washed to get rid of non-
bound detector antibody. A ‘substrate’ chemical is then added, which is a chemical
that the enzyme can convert from a colourless to a coloured form. The colouring
of the solution is then measured by spectrophotometry, indicating the quantity of
target antibody present in the sample.

The disadvantage of a traditional ELISA is that the reaction is large-scale and
only tests for a single antibody at a time. Multiple ELISAs may be performed in a
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Figure 1.1: Schematic diagram showing the principle of an indirect ELISA. (1) Antigen
(orange) corresponding to a particular target antibody is bound to a well of a microtitre
plate. (2)A patient sample is added to the well, and any target antibody (red) in the sample
binds to the antigen. (3)A detection antibody (purple) bound to an enzyme (green) is
added to the well, and binds to target antibody. (4)A substrate (white) is added, which
is converted by the enzyme to a coloured form (blue). The amount of colour therefore
indicates the quantity of target antibody present in the sample

microtitre plate, which has a number of wells (typically between 6 and 1536 wells)
which act as reaction vessels. A different antigen is bound to each well, and an
ELISA carried out in each. The solution colouring in each well is measured on an
automated ‘plate reader’. which performs spectrophotometry on each well in turn.
In order to use a large number of wells, large volumes of sample from the patient
are required.

Therefore testing for multiple antibodies is a time consuming process, and requires
relatively large volumes of sample from the patient. The object of much current
research in this field is “multiplexed” and high-throughput analysis of biomolecules.
If we stay for the moment with the example of an immunoassay. the ideal case
would be to have a system which tests for a large number of different antibodies all
at once in a single, low-volume, patient sample. To do this, one needs to have a
large number of different antigens, each of which will bind to one of the antibodies
produced in response to a disease. These antigens need to be reacted at the same
time with a patient sample: the particular antigens which bind to antibodies in the
sample indicate which antibodies are present. The obvious question which arises
from this is how can we tell which antigen in the mixture is which. The answer is to
have some method of labeling the antigens, such that their identity may be quickly
recognised by machine.

A well-developed method for this identification is the protein micro-array, which
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has been used for ‘micro-ELISAs" of cytokines [2] and immunoglobulin-E antibodies
[3]. This is a plate of a material such as glass, which contains a square array
of positions, each with a different antigen attached. The whole plate is reacted
with an antibody-containing sample, and the antibodies in the sample bind only to
their corresponding antigens. A detector antibody which can bind to all the target
antibodies and which is linked to a fluorescent dye is added. and binds to all the
plate positions to which target antibodies are attached. making them fluorescent.
The fluorescent positions on the plate can be automatically identified by analysing
a microscope image of the plate, and hence the antibodies present in the patient
sample (and the corresponding disease(s) in the patient) can be identified. A simple
example with four antigens reacted with a sample containing two different target

antibodies is shown in figure 1.2(A) and (B).

A B

Figure 1.2: Schematic diagram showing the principle of a microarray used for immunoassay
and DNA assay applications. (A)Different antigens (coloured diamonds) are attached to
each of four sites on a microarray. (B)Target antibodies (red and black) bind to two of the
sites. and a fluorescently labeled detector antibody binds to the target antibodies making
the reacted positions fluorescent. The antigens at the fluorescent sites are identified by the
(x.v) coordinates of the sites. (C)A similar arrangement of different 3-base oligonucleotides
bind to two complementary fluorescently-labelled DNA sequences (D). The sequences are
again identified by the (x,y) coordinates of the fluorescent array sites.

Similar microarrays manufactured by companies such as Affymetrix and [llumina
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are also more routinely used for identification of DNA and RNA fragments in sam-
ples. Uses for this include; detection of DNA sequences that indicate the presence
of bacteria and viruses (including genetic variants of more common types) [4]; mea~
surement of gene-expression which allows investigation of cellular activity such as
protein synthesis [5, 6], and can be used for diagnosis of diseases such as leukaemia
[1]; detection of DNA methylation which affects gene expression and plays a part in
diseases such as multiple sclerosis and diabetes [7]; and identification of indicators
of genetic disease, such as the single-nucleotide polymorphism (SNP - a change in
a single DNA base which causes disease) which causes cystic fibrosis [6]. A DNA
microarray has a different DNA sequence (oligonucleotide) of the required length
attached to each position on the plate. In a similar manner to the immunoassay mi-
croarray, fluorescently labeled oligonucleotides will only hybridise (chemically bind)
to their complementary sequence on the microarray plate. Again specific sites will
become fluorescent, allowing identification of the specific DNA sequences present
in the sample. A simple example of four different 3-base DNA sequences binding
to two target complementary sequences in a sample is shown in figure 1.2(C) and
(D). Typically, DNA assays require a much higher level of multiplexing than im-
munoassays. An image of a real DNA microarray is shown in figure 1.3, showing
the size of each individual site. It is currently possible to make arrays with several
tens of thousands of sites [5], which require much smaller amounts of sample than

a microtitre assay would.

1.1.2 Bead-based assays

Microarrays suffer from some disadvantages, including slow reaction kinetics [8], and
problems with localization of the biomolecules bound to the chip. For this reason
there has recently been a large amount of research interest in “bead-based” assays.
Such assays use micrometre-sized solid particles (beads) as a platform for attachment
of the detector biomolecules, for example antigens in an immunoassay. A number
of particles are used, each one with a different antigen attached. The particles are
then reacted in suspension in the sample under investigation, in the same manner
as a microarray. Since positional encoding of the type used on the microarrays
described above cannot be used on a suspension of particles, each particle must be
somehow identifiable. The method of doing this is to ‘tag’ each particle with an
identifying code which is somehow indicative of the molecule bound to its surface.

An outline of this is shown in figure 1.4. After reaction the particles must be
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Figure 1.3: An example DNA microarray, using two fluorescent indicator dyes, Cy3 and
Cy5, to differentiate samples taken from cells in two different activation states. (image
taken from [5]).

analysed for (a)their fluorescence signal indicating the binding of (for example) an
antibody from the sample, and (b)the code. The combination of these two will allow
identification of the specific antibodies present in the sample. In addition to this
kind of analysis, particles could be analysed in microfluidic systems, allowing for very
high throughput analysis. Additionally, such a system allows particles to be directed
after analysis into other reaction vessels depending on the results of fluorescence
and code analysis. This may be useful for so called split-and-mix synthesis. in
which compounds such as oligonucleotides are progressively and combinatorially
synthesised (considered in more detail in section 4.1.2).

Having outlined the motivations behind developing bead-based assays, it has
become apparent that there is a need for a method to encode microparticles. Such a
method must be: readable by non-contact methods; suitable for encoding particles of
tens of microns in size: unaffected by any reactions required for the biochemical parts
of the assay; robust with low error rate; able to encode large numbers of particles,
each with a unique code and implementable on materials which are compatible with
biomolecule attachment. This thesis will present a particular method for encoding

microparticles, based on modifying the particles so that they give a unique, machine
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Figure 1.4: Schematic layout of a simple bead-based immunoassay. Three beads, each
with a different antigen attached. are encoded with unique number indicative of the anti-
gen on the surface. The beads are reacted with a sample containing a single tvpe of target
antibody, which binds to only one of the antigens. Fluorescently labeled detector anti-
body is then added which binds only to the target antibody. One of the beads becomes
fluorescent after binding. and the number on the bead indicates the antigen on this bead,
and hence the antibody in the sample.

readable diffraction pattern upon illumination with a laser beam. For the rest
of this chapter, the circumstances and larger project within which this encoding
technology was developed will be considered, followed by reviewing a number of
existing methods of encoding microparticles which have been developed in recent
vears. Finally the concept of diffraction of light will be introduced, along with a
generic explanation of how it may be used as an encoding technique. including a brief
review of some existing technologies that make use of diffraction for data encoding

purposes.

1.2 The 4G project

The work presented in this thesis was undertaken by the author as part of the
4G Basic Technology project at the University of Southampton. This is a project
that was set up with the aim of investigating methods for practically realising high
throughput bead-based assays. The project is highly multi-disciplinary, featuring
contributions from researchers specialising in engineering. microfabrication, physics,

chemistry and bioinformatics. One of the main original aims was to investigate the
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possibility of using split-and-mix synthesis together with bead-based analysis to
sequence the human genome in a high throughput manner using 16-base oligonu-
cleotides. However, since the work of the bioinformatics part of the project showed
that this was essentially impossible [9], the project has mainly concentrated on other
uses of bead-based assays, such as SNP analysis, detection of virus and bacterium
DNA and mutations, proteomic assays and immunoassays.

An outline of the structure of the 4G project is shown in the diagram in figure
1.5. Grayed out parts of the diagram indicate the work of other people and the rest
constitutes the sections of the project undertaken mostly by the author. The project
is essentially divided into four main areas. The first, is broadly described as bioin-
formatics and is now completed. This section of the project was mainly concerned
with investigation of the feasibility of sequencing human, bacterial and viral DNA,
using the kind of short oligonucleotides that may reasonably be attached to beads.
Since it is no longer in existence, it is not shown on the diagram. The second section
of the project (“Assay development”) involves chemists who work on the attachment
of DNA, proteins and antigens to the surface of the specific microparticles used in
the project, together with performing assays using the encoded microparticles. In
addition to this, part of this section is devoted to synthesising DNA on the surface
of the microparticles, for possible applicability to split-and-mix synthesis. The third
section of the project involves design and microfabrication of the microfluidic chips
for transport of the particles during analysis, and integration of the fluidics into op-
tical systems. In this part, high-speed software for reading the codes in flow is also
developed. The final section is that with which the author was directly involved,
which constitutes development of the encoding strategy for the microparticles, to-
gether with hardware and software for reading the codes and characterization of the
encoded microparticles themselves once manufactured. Although the author was
involved with fabrication of the codes, a large portion of the manufacturing was
done by other people on the project. The parts directly contributed by the author
are outlined in black in figure 1.5. There is however considerable overlap between

the various areas of the project, with people contributing jointly to many areas.

1.3 Existing microparticle encoding technologies

In the years since the identification of the possibilities of bead-based assays, there
have been a large number of proposed techniques for encoding beads to use in such

assays [10]. Research in this area has been extensive, and this section will give
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Figure 1.5: Diagram indicating the structure of the 4G project, showing the main overall
areas of development.

an overview of the available microparticle encoding techniques, considering their
advantages and disadvantages. The important points to consider when reviewing
the encoding techniques are; the encoding capacity of each technique (how many
molecules may potentially be identified using each technique, which determines the
types of assays it can be used for); the simplicity of the manufacturing process
(i.e. 1is it realistically possible to manufacture the number of encoded particles
required for a particular assay); the simplicity of the reading system; robustness of
the technique (i.e. how likely errors are to be made in the reading of the code); and
the compatibility of the technique with other aspects of the assay, in particular the
chemical processes that the particles will have to undergo (i.e. whether the particles

can actually be used for their suggested applications).

1.3.1 Fluorescent dyed microspheres

The first and most well established encoding technique to be developed was the use
of the specific emission spectrum of a polymer microsphere doped with a fluorescent
dye. This is commonly achieved by soaking latex microspheres in organic solvent
so that they swell, allowing dye molecules to enter the material via pores. When
placed in an aqueous solution, the spheres shrink, trapping the dye molecules within

the latex. Using a single dye at different concentrations, a multiplexed assay of six
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different cytokines has been demonstrated [11]. The code is provided simply by the
fluorescence intensity from each particle. read using a fluorescence activated flow-
cytometer (FACS) which excites the dve with a laser emitting light of a wavelength
within the absorption band of the dve. and detects the fluorescence emission from
it. The particles flow in a stream past the excitation laser. allowing a large number
of particles to be analysed based on the intensity of their emitted fluorescence. The
results of statistical analysis of the particle fluorescence intensity is presented in
the histogram in figure 1.6, showing good separation between the six fluorescence
intensities, which allows each fluorescence intensity to be used as a unique code to
identify the particles. There is. however, little scope for increased multiplexing using

this technology, without introducing overlap in the populations.
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Figure 1.6: Histogram of particle population as a function of fluorescence intensity re-
ceived in the detector of a flow-cytometer, for particles doped with six concentrations of
a fluorescent dye. The lack of overlap between the six populations indicates that the six
types of particle will be easily distinguishable (image taken from [11]).

Similarly encoded beads are used in commercially available bead based assay in-
struments. such as Luminex Corporation’s xMAP technology [12]. This technology
uses a proprietary method to uniquely encode each bead with a mixture of two
fluorescent dyes. one with a red and one with an infra-red emission spectrum. The

unique emission spectrum produced by a particular ratio of the two dyes serves as
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the method for identification of a particle. The company advertises 100 unique codes
being available using this method [12], and Luminex beads have successfully been
used to detect eight different cytokines {13], and 11 singe-nucleotide polymorphisms
(SNPs) of enzyme genetic material [14]. The xMAP technology was recently ap-
proved by the US Food and Drug Administration for clinical use as part of a system
to identify 12 different viruses by analysis of their genetic material [15]. In all cases
using the Luminex system, a green fluorescent dye is used to indicate binding of
a molecule to the microparticles, so as not to interfere with the spectrum of the
fluorescent code.

A similar approach is to use semiconductor quantum dots rather than organic
fluorophores to fluorescently encode microparticles. These quantum dots are typi-
cally a core of cadmium selenide (CdSe) surrounded by a shell of zinc sulphide (ZnS)
(16, 17, 18, 19]. The boundary between the two materials creates a potential which,
due to the small size of the particle, confines the electron wavefunction, forcing it
to exist only at discrete values. The electrons thus have discrete energy levels, and
after excitation will emit a single wavelength of light, whose peak wavelength de-
pends on the radius of the particle. The linewidth of the quantum dot emission is
generally lower than organic dyes, and the peak wavelength of the emission may be
tuned by varying the radius of the quantum dot, potentially allowing for a large
number of individual emission wavelengths which could be used for microparticle
encoding. In addition, the excitation spectrum of a quantum dot is typically very
broad [16], allowing all of the different sized quantum dots to be excited with a sin-
gle wavelength. Figure 1.7(B) indicates the narrow emission spectra of six different
sized quantum dots, compared to the emission spectra of the two organic dyes rho-
damine red and DsRed2, shown in figure 1.7(A). The quantum dots are seen to have
much narrower emission lines than the organic dyes, allowing the potential for many
unique fluorescence wavelengths to use for encoding. In addition, the black line in
figure 1.7(B) shows the broad nature of the absorption spectra of the quantum dot
with a 510nm emission peak wavelength, indicating the potential for exciting all
sizes of quantum dots with the same wavelength. Figure 1.7(C) show the radius r in
angstrom of the CdSe core of each of the six types of quantum dots, together with
their corresponding emission peak A in nm and a photograph of the emission from
suspensions of each size under 365nm illumination.

Once quantum dots have been synthesised (see, for example [18, 21]), they may
be incorporated into polymer microbeads to which biomolecules are then attached
[17, 18, 20], or the quantum dots themselves may be functionalized for molecular
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Figure 1.7: The emission spectra of six differently sized CdSe-ZnS quantum dots (B),
compared to the emission spectra of two organic dyes, rhodamine red and DsRed2 (A).
The black line in (B) shows the broad nature of the absorption spectrum of the quantum
dots emitting at a peak wavelength of 510nm. The photograph in (C) shows an image
of emission from each of the six quantum dots under 365nm illumination, together with
their mean radius (figure taken from [19]).
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attachment [19]. In addition to use of the emission wavelength difference as the
code, multiple quantum dots may be embedded in a polymer microparticle in a
precisely defined ratio, to create a larger number of unique emission spectra that
act as a code [17, 18, 20]. One example is the embedding of quantum dots in
polymer microspheres using a so-called “layer-by-layer” approach [17]. Layers of
quantum dots are deposited in alternation with layers of polymer. By using different
size quantum dots in different layers, the relative intensities of various parts of the
microsphere emission spectrum change. A combination of intensity and wavelength
values allows for a large number of codes, for example six different colours with six
intensites could give about 40,000 codes [20]. The biological applicability of these
particles was demonstrated by their use in a four-plex immunoassay. The small
size of quantum dots means that they may be inserted into cells for multiplexed
cell analysis [18]. Using different ratios of quantum dots, a 10-plex cellular assay
was demonstrated, with the authors predicting the possibility of around 1000 codes

using quantum dots with five different peak-wavelengths in four mixture ratios.

1.3.2 Patterned multi-wavelength fluorescence encoding

A technology with the potential for generating more unique codes than those de-
scribed in the previous section, uses both the wavelength and position of a fluorescent
dye as the code which identifies the microparticle. The particles are manufactured
from multiple sections of aluminosilicate glass, doped with different rare-earth metal
ions [22]. The barcodes were manufactured using a ribbon-fibre drawing method.
To begin with, square 25 x 25cm glass blocks were prepared, doped with RE;Og3
oxides of the rare-earth elements RE, where RE is either Dy (Dysprosium), Tm
(Thulium), Tb (Terbium) or Ce (Cerium). These particular rare-earths were chosen
due to their efficient visible emissions in the aluminosilicate matrix, their overlap-
ping absorption spectra (for excitation purposes), and their non-interference with
typical organic fluorescent markers used to indicate binding in a biological assay.
Once the glass blocks were cast, they were drawn into 3.5 x 3.5cm glass canes and
multiple canes doped with different glass were assembled in an order that defined
a code. The cane assembly was fused in a graphite press at 900°C, and the whole
fused assembly drawn into a ribbon fibre 20um thick and 100um wide. The ribbon
fibre was then cut into 20um sections using femtosecond laser pulses of wavelength
800nm and average power 100mW.

A false-colour fluorescence image of a selection of the resulting barcodes is shown
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Figure 1.8: (A) A fluorescence false colour image of rare-earth doped glass encoded mi-
croparticles. showing two different codes. (B)The spectra of each element of a glass bar-
code. alongside two barcodes with each elemnt false coloured to match the spectra. Also
included in (B) is the spectrum of a double-elemnt doped glass, which allows the colour
palette to be increased compared to that available by doping with single rare-earth ele-
ments (figure taken from [22]).

in figure 1.8(A). together with the fluorescence spectra of each possible barcode ele-
ment in figure 1.8(B). Using the six positions and four different rare-earth elements
shown. the number of non-degenerate combinations (and hence the number of possi-
ble unique codes) is 2080. The authors also fabricated glasses doped with mixtures
of two rare earth elements: the emission spectrum of the Tm + Dy combination is
included in figure 1.8(B). Such two element combinations increase the colour palette
to 9 and hence the number of codes 265.000. By extending the colour palette to
include triple element combinations. the authors claim that > 10° codes would be
theoretically achievable using this technique. The applicability of these glass micro-
barcodes to bead-based assays was shown by the successful demonstration of a 2-plex
DNA assay.

Although the capacity for a large number of codes has been demonstrated with
this technique, a significant disadvantage would appear to be the complex nature
of the manufacturing process. A separate fibre ribbon has to be manufactured for
each unique code required. resulting in a relatively time consuming manufacturing

process in order to be able to use the technique for highly multiplexed assays.
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1.3.3 Patterned metallic nanowires

A similar approach involves the use of nanowire barcodes manufactured from alter-
nating sections of different metals, where the reflectivity, position and length of the
metal sections combine to create unique codes [23. 24, 25]. The nanowires are man-
ufactured [24], by electroplating alternating metal layers into an alumina template.
The template was a commercially available alumina membrane with 200nm diame-
ter pores. which was initially prepared by evaporating a silver layer onto one side as
a conduction layer for the electroplating. Alternating layers of gold and silver where
then electroplated to the required section lengths, in order to produce a code. The
resulting nanowires were then removed from the template by dissolving the alumina

in 3M sodium hydroxide.

Figure 1.9: Optical micrograph of encoded metallic nanowires after release from their
alumina electroplating template (figure taken from [24]).

A mixture of wires with different codes is shown in figure 1.9. The final nanowires
are 200nm in diameter and approximately 4.5um long. The code on a wire is binary
with ‘0" bits represented by gold stripes of a fixed length and ‘17 bits by silver stripes
of a fixed length [23]. The length of a stripe of a particular metal indicates how
many of the same bit appear in sequence (e.g. ‘11" will appear as a silver stripe
double the length of “17). Readout of the code is accomplished by illuminating the
nanowires with light of a wavelength for which one metal has a high reflectivity
whilst the other has a low reflectivity. The code can then be automatically read

from microscope images such as that shown in figure 1.9 by analysing the image
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brightness along the wire’s length.

The segment length used for each binary digit in figure 1.9 was 640nm, allowing
7 binary digits to be encoded. resulting in an encoding capacity of 80 unique codes
(roughly half what is expected from binary considerations. as there is no indication
of which direction the particles should be read). The minimum segment length
obtainable corresponds to the Rayleigh resolution limit of the microscope system
used to read the codes. The authors claim that for reliable readout the section length
needs to be well above this diffraction limit, and give an example of a 6.5um wire
with 500nm segments, which allows 13 binary digits to be encoded, giving a capacity
for 4160 unique codes. The nanowires have been functionalized for biochemistry and

used to demonstrate a 2-plex immunoassay [23], and a 15-plex SNP assay [26].

1.3.4 Structurally patterned microparticles

A large number of technologies are based on encoding by microstructuring different
materials. to create patterns which constitute a binary code. One such commercially
available technology is the UltraPlex technology developed by SmartBead Technolo-
gies Ltd.. a spin-out company of the University of Cambridge, UK [10, 27]. The
codes used in this technology are manufactured from aluminium rods patterned with
holes. defined and patterned by photolithography and dry etch methods. An exam-
ple of a selection of such codes are shown in figure 1.10(A). The company offers a
fully automated reaction and reading system for immunoassays, and around 100.000

codes are possible using this technology.

Figure 1.10: (A)Optical micrograph of encoded aluminium rods manufactured by Smart-
Bead Technolgies. as used in their UltraPlex system (figure taken from [10]). (B)Optical
micrograph of a 3DMS ImageCode. The L-shaped pattern of holes indicate the orienta-
tion. and the central holes constitute a binary code. (C)Optical micrograph of a 3DMS
FloCode. The pattern of ridges along the edge is a binary code, read by recording the
fluctuations of scattered laser light as the particle flows through a laser beam (figures
taken from [28])
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A similar technology developed by 3D Molecular Sciences Ltd. (3DMS, Cam-
bridge. UK). involves the patterning of the epoxy photo-polymer SU8 [28]. They
have developed two types of code, both defined and patterned using photolitho-
graphic selective cross-linking of the SU8. The first type, termed ImageCodes is
designed to be read on a flat plat and are relatively large in size (100 x 100um).
They are patterned with square arrays of holes. which represent binary digits making
up a code. An example of an ImageCode is shown in figure 1.10(B). The L-shaped
pattern of holes around the edge is used to identify the orientation of the particles,
and the rest of the holes constitute the code used to identify the particles. The
second type are designed to be read in a more-high throughput. flow-based system.
An example is shown in figure 1.10(C). The codes have different patterns of ridges
along both edges. which constitute the code. During reading. the particles flow past
a laser beam, and the change in scattered laser light due to the ridges is monitored
by a detector, allowing high-speed. automated reading of the code on the particle.
The number of codes is quoted to be of the order of 10°, although no detail is pro-
vided to justify these numbers. The attachment of DNA to the flow codes has been

demonstrated, proving their compatibility with biochemical assays [28].
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Figure 1.11: (A) particles are manufactured by first photolithographically patterning an
SUS8 mould on a glass substrate with a Cu sacrificial layer. into which alternating nickel and
PTFE layers are deposited. The particles are coated with gold for biomolecule attachment,
and lifted off by etching the Cu layer (figure taken from [29]). (B) Particles with three
different codes are coated with IgA, IgG or IgM and a particle with fourth code remian
uncoated and are used as a control. (C) A fluorescence image of the particles after reaction
reveals little binding of the target analyte to the control particles (figures taken from [30]).

Another encoding technology based on patterning holes into particles to make
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binary codes, has been demonstrated by using SU8 photopolymer moulds to manu-
facture patterned nickel particles [29]. The manufacturing process is shown schemat-
ically in figure 1.11(A): An SUS layer was spun onto glass coated with a copper sac-
rificial layer, and the SU8 photolithographically patterned to form square wells (as
moulds for the particles) with SUS pillars to mould the code bits. Nickel and PTFE
were electroplated in alternating layers of approximately 6um thickness, followed by
a chrome adhesion layer and then a gold coating. The SU8 was then removed, and
the finished particles lifted off by etching the copper sacrificial layer. The resulting
particles are of dimensions 100 x 200um, with an 80 x 50um array of up to 8 code
spots, which can be made either present (‘1’) or absent (‘0’), creating a binary code.
This particular scheme can encode 28 = 256 different microparticles, although in-
creasing the number of bits would be possible, to create more unique codes. The
gold layer is used due to its higher compatibility with chemical attachment than the
nickel layers, with the nickel layers supplying mechanical stability.

The particles have been successfully used in a 3-plex immunoassay [30], the results
of which are shown in figures 1.11(B) and (C). A selection of particles with three
different codes 1.11(B) have either one of three antibody types (IgA, IgG or IgM)
attached to the surface. A particles with a fourth code have no antibody attached,
and are used as a control. A fluorescence microscope image of the resulting codes
after incubation with antigens corresponding to each antibody is shown in figure
1.11(C). The lack of fluorescence on the control particles shows that little non-
specific binding of the targets occurs. The particles were also used in a similar
fashion in a 3-plex oligonucleotide hybridisation assay [31].

Pregibon et al. [32] recently demonstrated an encoding technology very simi-
lar to the 3DMS ImageCodes. However, a significant achievement of their work
was the demonstration of encoding, analyte attachment to the beads and reading
of the codes all within a microfluidic system. The method of manufacturing the
encoded microparticles is shown in figure 1.12(A); two streams of the monomers of
poly(ethylene glycol) (PEG) flow together down a microfluidic channel, remaining
separate due to the laminar flow properties of microchannels. One stream contains
fluorescently labeled monomers to form the code region while the other contains
monomers with a biological probe (for example an oligonucleotide) attached, for use
in an assay. The particles are defined and patterned using UV light passed through
a mask and a reduction lens; regions of high UV intensity polymerize the monomers
forming a solid particle from which the un-crosslinked monomer is subsequently

rinsed, leaving holes signifying binary ‘1’ digits. The resulting particles, shown in
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Figure 1.12: (A)Particles manufactured in-flow from the photo-polymer PEG. Two flow
streams contain fluorescent labeled PEG for the code section of the particle and Peg with
probe attached for the analyte section of the particle. (B)The resulting particles contain
a code featuring orientation digits and the code digits themselves, and an analyte region,
both of which are read along the lines defined by the arrows. (C)Three types of coded
particle. allow the binding of different oligonucleotides O1 and O2 to be compared to a
control region Ctl (figures taken from [32]).

figure 1.12(B). feature a coding region on one half of the particle, consisting of two
orientation-identification elements and 20 digits of a binary code which may be made
present (*17) or absent (*0") depending on the desired code. As a result the example
presented here has the capacity for 22° ~ 10° unique codes. The region surrounding
the holes representing the code digits is fluorescent, increasing the signal-to-noise
ratio. The other half of the particle has the biological probe attached, for use in
bead based assays using these particles.

The applicability of these particles to DNA hybridization assays was demon-
strated by fabricating three types of particles with different codes; one type with
oligonucleotide O1 in the analyte stream, one type with oligonucleotides O2 and one
type with naked PEG containing no oligonucleotide as a control (figure 1.12(C)).
All three types of particle were reacted with a solution containing no oligonu-
cleotides (O1(-), O2(-)), a solution containing the fluorescently-labelled complemen-
tary oligonucleotide to O1 (O1(+), O2(-)), a solution containing the fluorescently-
labelled complementary to O2 (O1(+), O2(-)), and a solution containing both
fluorescently-labelled complementaries (O1(+). O2(+4)). The results can be seen

in the bottom part of figure 1.12(C): The control ‘Ctl.” shows no increase in fluo-
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rescence in the molecular-binding section of the particle, whilst the particles con-
taining O1 and O2 show an increase in fluorescence in the solutions containing their
respective complementary oligonucleotides, indicate binding of the complementary
oligonucleotides to the particles. This demonstrates the use of the particles in bead
based DNA-hybridisation assays. In addition, the authors demonstrate the use of
more than two flow streams to create particles with multiple analytes in separate
regions.

Two more technologies have been developed recently based on structuring of
beads to provide a code. They are conceptually similar, and rely on the readout
of the reflectance of optical [33] or radio-frequency (RF) [34] radiation in a flow
device. The first type [33] are microbars of silicon 1000 x 500 x 100um defined
photolithographically, and patterned with wet-etched aluminimium stripes which
constitute the code. Two examples of the coded microparticles are shown in figure
1.13(A). The codes are read by flowing the particles through a microfluidic system
past a 633nm laser beam focussed to a 50um spot. The reflected light from the laser
is read by a phototransistor, and an example readout of the detector from a particle
is shown in figure 1.13(B). The aluminium has a higher reflectivity of the laser light
than the silicon, allowing the aluminium areas to be identified from the reflectance
readout. The microbars were successfully identified at flow rates of 10 cm s~

The second type of flow-read reflectance codes consists of SU8 bars (100 x 20 x
0.3um), with embedded aluminium strips, again defined and patterned photolitho-
graphically [34]. An example of such a code is shown in figure 1.13(C). The particles
flow in a microfluidic system past a set of radio frequency (RF) generating/detecting
electrodes. The reflectance of the RF field is detected, and the aluminium shows
increased reflectance compared to the SUS, so that aluminium areas can be identi-
fied from the RF reflectance readout. Typical readouts for the codes ‘1100110011’
and ‘0110110110’ are shown in figure 1.13(D). Such a 10-bit code gives an encod-
ing capacity of 2!9 = 1024 unique codes, with the authors claiming the possibility
to decrease the bit-width by a factor of two, allowing for 22° ~ 10° unique codes.

1

Flow rates of 10cm s™' were demonstrated with successful readout, and binding of

antibodies to the particles has been demonstrated.

1.3.5 Photobleached fluorescent microspheres

A microbead encoding method which involves patterning microspheres without

structuring them, involves the writing of patterns by fluorescence photobleaching
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Figure 1.13: (A)Silicon microbars encoded with patterned aluminium. (B)Reflectance
traces of 633nm laser light recorded from flowing silicon microparticles allow successful
identification in flow speeds up to 10cm s~ 1 (figures taken from [33]). (C)An SU8 microbar
encoded with patterned aluminium. (D)RF reflectance traces allow identification of SUS
bars in flow at similar speeds to that recorded for the silicon bars(figures taken from [34]).

[35, 36, 37]. The particles were 45um diameter polystyrene spheres doped with a
specialized fast bleaching green fluorescent dyve (N-(7-nitrobenz-2-oxa-1,3-diazol-4-
vl)diethyl amine). The dye was bleached using light of wavelength 488nm from
an 30mW argon-ion laser which was focussed by a 40x objective onto the sphere
[37]. The laser was deflected by an acousto-optic modulator controlled by a com-
puter. in order to be raster-scanned over the sphere, writing the desired pattern by
photobleaching the fluorescent dyve. The pattern could then be observed by illu-
minating the sphere with lower intensity light of the same wavelength (with power
levels of 30uW). causing fluorescence to be excited in the non-bleached parts of the
sphere, whilst the bleached parts remain dark. Some examples of codes written into
spheres using this method are shown in figure 1.14. The codes are dark bars whose
width and intensity constitute the code elements: partial photo-bleaching may be
employed to adjust the fluorescence intensity in the code bars. An example of a
two-level code (bleached/unbleached) is shown in figure 1.14(A), and a three level
code (bleached /partially bleached/unbleached) example is shown in 1.14(B). Since
the codes are written by scanning the laser beam over the sphere, the write time

can be minimized by writing only in one dimension, creating what the authors term
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‘dot codes’ (figure 1.14(C)). A cross section through this dot code is shown in figure
1.14(D) showing the distinguishability of the three bleaching intensity levels used.
Using two intensities and three bar widths. the authors claim an encoding capacity

of 4 x 10° unique codes. increasing to 10° with the use of three intensity levels.
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Figure 1.14: Codes written into fluorescent microspheres by photobleaching. Codes are
written as bars of different width. and may be of two (A) or three (B) intensity levels.
Write time is minimized by creating ‘dot codes” (C), and a cross section through such a
dot code (D) indicates the ability to distinguish the three fluorescence levels (figures taken

from [37]).

A significant problem with the above technology is that the use of spherical beads
means that the code is not necessarily oriented in the correct plane for reading, as
the bead may easily rotate in all three dimensions. This problem was solved by
using a ‘layer-by-layer’ approach to coating the microspheres with a material suit-
able for the attachment of antibodies/antigens [35, 36]. A layer of poly(allylamine
hydrochloride) (PAH) is first deposited on the microspheres, followed by a layer of
ferromagnetic chromium dioxide (CrO,) nanoparticles of diameter less than 450nm.

Another layer of PAH is deposited to trap the nanoparticles on the surface. followed
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by more layers to which antibodies may be attached. A magnetic field is applied to
the particles during writing, which permanently magnetizes the CrO, nanoparticles.
On reading, a weaker magnetic field in the same direction causes the microspheres
to rotate into the correct orientation for reading. Using the layer-by-layer coatings,
the encoded microspheres have been successfully used in 3-plex immunoassays [36].

1.3.6 Raman spectroscopic encoding

A number of encoding technologies have been developed, that make use of codes
based on Raman spectroscopy. The first of these are formed from aggregates of
silver nanoparticles with organic molecules chosen for their specific Raman spectra
[38], termed ‘Composite Organic-Inorganic Nanoparticles (COINs)’. The particles
are manufactured, as shown schematically in figure 1.15(A), by placing seed sil-
ver nanoparticles in a solution of silver nitrate and a Raman label. The silver
particles grow in the solution and aggregate with the Raman labels to form the
COINs. Some example COINs are shown in the TEM images in figure 1.15(B). Ra-
man spectroscopy of the COINs reveals particular dominant peaks, whose Raman
shift depends on the particular organic Raman label used (see figure 1.15(C)). The
silver nanoparticles enhance these peaks via Surfaced-Enhanced Raman Scattering
(SERS), phenomenon in which Raman signals from substances in close proximity to
rough metal surfaces are increased. Inclusion of more than one organic Raman label
results in a larger number of dominant peaks, allowing for more codes to be created
(see figure 1.15(D)). The authors claim that with 50 Raman labels, whose Raman-
shift peaks are separated by 15 cm™!, of the order of millions of different codes are
possible. Antibodies were conjugated to the COINs by adsorption, allowing them
to be used in a demonstration of a 2-plex immunoassay.

A method has also been proposed that uses polystyrene beads, in which the
styrene monomer is modified with a range of additional chemical groups in order to
create unique features in the Raman spectra of the beads [39]. Each particular type
of styrene monomer is given a binary digit (see figure 1.16(A)), and the presence or
absence of this monomer results in the assignment of ‘1’ or ‘0’ respectively, to that
particular digit. With the 6 different monomers used, up to 2° = 64 beads may
be uniquely encoded. To demonstrate the reading of the Raman-encoded beads,
beads with 12 unique codes among them were randomly inserted into 100um wells
patterned by reactive-ion etching into a silicon carrier. The bead were inserted

from a suspension in ethanol, using mechanical assistance to force beads into the
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Figure 1.15: (A)Schematic diagram of the formations of the COIN aggregates. (B)TEM
images of some COINs. (C)Raman spectra of COINs containing three different organic
Raman labels 8-azaadenine (AA), 9-aminoacridine (AN)and methylene blue (MB). The
spectra show the different positions of the dominant Raman peaks which may be exploited
for encoding. (D)Raman spectra of COINs containing different ratios of all three Raman
labels. showing how the varying relative heights of the dominant peaks can be used to
create larger numbers of unique codes.(figures taken from [38]).

wells. An area of 48 beads was scanned using 110um steps over the carrier (see
figure 1.16(B)) taking a Raman spectrum at each step. Each bead is then uniquely
associated with a Raman spectrum, as shown by the colour coding associating the
beads in figure 1.16(C) with the spectra in figure 1.16(D). A deconvolution algorithm
identifies which styrene monomers’ signature peaks are present in each spectrum
by comparison against a set of prerecorded spectra from each type of polystyrene
[40]. allowing a binary code to be associated with each bead. The deconvolution
process took 15 minutes for the 48 beads, giving a readout rate of approximately

3 beads per minute. Attachment of peptides to the beads has been demonstrated
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[40], showing no appreciable effect on Raman spectra, allowing the codes to be read
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Figure 1.16: Polystyrene beads can be encoded by inclusion of styrene monomers with
various additional side groups. with each type of monomer representing a binary digit
(A). The beads are deposited in wells in a silicon carrier, which is scanned in 110um steps
and Raman spectrum collected at each step (B). Each bead (C) is associated with the
correspondingly coloured Raman spectrum (D). A deconvolution algorithm then uses the
presence or absence of each monomer signature in each spectrum to assign each bead a
binary code (figures taken from [39]).

A third Raman based method uses a single dye with a characteristic Raman spec-
trum, whose various positions on a micron-length wire constitute the code [41]. The
wires are manufactured using a process called ‘on-wire lithography’ [42]: Nanowires
of nickel with pairs of gold segments (see figure 1.17(A). step 1) are synthesised
by electroplating. in a similar manner to the nanowires described in section 1.3.3.
After removal of the electroplating templates, the wires are deposited randomly on
a surface and covered with evaporated silica. The wires are freed from the surface
by sonication in ethanol. and the nickel etched away leaving arrays of gold nanodisk
pairs held together by a silica ‘backbone’ (1.17(A), step 2). Raman-active dyes are

then attached to the gold (1.17(A). step 3) [41], and the arrays are examined by
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confocal Raman microscopy, which forms an image by scanning pixel-by pixel over
the nanodisk array, recording the Raman spectrum between 139 and 2789 cm™! at
each point and integrating the Raman intensity over the whole spectrum to create
the pixel intensity. The Raman signal is increased inbetween the gold disk pairs due
to the higher dye concentration in these regions. as compared to other areas of the
array, resulting in confocal Raman images of the type seen in figure 1.17(B) for the
code 11111. The signal inbetween the disk pairs is further enhanced due to surface-
enhanced Raman scattering. Disk pairs can be removed from the array to create 0
digits, allowing any 5-bit binary strings to be encoded with this method. as seen for
some examples in figure 1.17 (C). The encoding capacity of these nano-disk arrays
is then 2° = 32 codes. Using this technology, DNA assays have been demonstrated
by attaching Raman-labeled oligonucleotide sequences to the gold disks in place of
the simple Raman labels. The encoding capacity can potentially be increased by
using more disks in the array. and using a number of different Raman-active dyes,
identified by filtering the Raman images according to the unique Raman properties

of each dye.
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Figure 1.17: (A)Schematic diagram of the process for manufacturing nanodisk codes, for
the example code 11111. Omission of any of the nanodisks change a ‘1" bit to a ‘0’ bit,
allowing creation of a large number of binary codes, as seen here for some examples (B).
The codes are read by confocal Raman spectroscopy, which shows enhanced signal between
the disk pairs, allowing the code to be identified by areas of strong Raman signal (figures
taken from [41]).
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1.3.7 Tag technology summary and discussion

This section has described a number of existing technologies, which are being de-
veloped to solve the problem of uniquely encoding large numbers of microparticles
for use in bead-based biological assays. These are essentially divided into two main
technologies: The first is spectroscopic encoding, in which the concentration of var-
ious molecules constitutes the code, where the various molecules are detected by
UV-visible spectrophotometry or Raman spectroscopy; the second is graphical en-
coding, in which a pattern is encoded on the surface of the microparticle, and read
directly using a microscope with attached CCD camera and machine vision software.
There is some overlap between the two, in that some technologies make use of both
graphical patterning and spectroscopic information.

In general, the purely spectroscopic methods have lower encoding capacities, and
the use of intensity information for the more highly multiplexed fluorescence-based
technologies may start to make them unreliable as the number of codes increases,
due to spectral intensity variations. In addition, the use of fluorescence as an indica-
tor is not particularly compatible with the use of fluorescent dyes to indicate analyte
binding, which is a common technique in most biochemical assays. However, fluo-
rescence based flow-cytometric assays technologies with approximately 100 unique
codes are in commercial use, demonstrating that they have a promising and well-
defined place for reliable assay encoding for applications with lower multiplexing
requirements, such as many common immunoassays.

The graphical methods have the advantage of much higher encoding capacities
(of the order of 10° unique codes). In addition, it is easy to implement binary en-
coding techniques featuring error detection mechanisms when using these graphical
technologies. They also have the advantage of not requiring fluorescence as part of
the encoding (although some of the technologies do), reducing interference with the
binding indicators of the assay. The main disadvantage of many of the graphical
methods is that to obtain large encoding capacities, the particles must generally
be around 10 times larger than those used for fluorescence based technologies (i.e.
dimensions of hundreds rather than tens of micrometres). In addition, creating an
adequate signal to noise ratio between ‘1’ and ‘0’ bits often requires either a more
complicated manufacturing process to incorporate high reflectivity elements into the
microparticles (as in [33] and [34]), or the use of fluorescent dyes to create a bright
background for dark code elements (as in [37] and [32]). There is also the potential
that damage to the bars causes reading errors by removing or reducing the signal of

some parts of the code. There is also little scope for coping with mis-orientation of
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the particles, which may result in reading errors.

1.3.8 Diffractive encoding of microparticles

The work presented in this thesis investigates a method of encoding microparticles
that retains the high encoding capacity and compatibility with fluorescent binding
indicators that are the most useful features of the graphical encoding methods, while
attempting to address some of the graphical methods’ disadvantages. To do this,
encoded patterns will still be created on the surface of the microparticles, but instead
of reading them directly to obtain the code, the distribution of light diffracted by
the patterns on the particles’ surfaces will be detected and analysed. This method
offers a number of advantages over graphical systems; principally that the code is
projected from the particle, so that no additional optics are required for reading the
tag. This simplifies the system, compared to the microscopy systems required to
read graphical tags. This simplification makes the reading system for this tag more
amenable to miniaturisation. In addition, the diffractive method’s reliance on the
periodicity rather than the absolute position of features on the tag’s surface, makes
this system more robust to tag contamination and breakage. To begin to understand
how the diffractive method might work, some background on the phenomenon of

diffraction will first be considered.

1.4 Diffraction

1.4.1 Introduction - the Huygens-Fresnel principle

In general, diffraction is a phenomenon that occurs when any wave encounters ob-
stacles which either attenuate or vary the speed of the wave in a different manner to
the surrounding medium. The effect is normally most pronounced when the obsta-
cles are of only a few wavelengths in size. In this instance we only wish to consider
visible light waves (with wavelengths of 400-700nm), and therefore the obstacles will
have a different light absorption or refractive index than the surrounding medium,
and will generally be of a size smaller than a few tens of microns. The obstacles
could be arranged in a pattern, and the light diffracted by the pattern of obstacles
will contain information about the dimensions of that pattern. The simplest way
to visualize this, is to consider a diffraction grating which is an infinite (for the
moment), mostly opaque object with periodic slits which transmit light. To visu-

alize how the diffraction pattern of this grating is formed, we will use calculations
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based on the Huygens-Fresnel Principle, which states that ‘every unobstructed point
of a wavefront, at a given instant in time, serves as a source of spherical secondary
wavelets with the same frequency as that of the primary wave. The amplitude of the
optical field at any given point is the superposition of all these wavelets, considering
their amplitudes and relative phases’ [43]. If we consider the slits as infinitesimal
for the moment, when a plane wave of wavelength ) is incident on them, we may
consider the grating as a series of point sources of spherical waves with wavelength
A, with the sources positioned along a straight line and spaced by distance a (see
figure 1.18(A)). The distance a is usually known as the ‘period’ of the diffraction
grating. The waves from all of the sources add up either constructively or destruc-
tively in different directions. The maximum intensity occurs at the angle § when
the phase of waves from one source differ by an integer number of wavelengths from
the phase of all other sources. By considering the triangle Adef in figure 1.18(A),

it can be seen that this occurs when

asinf = m, (1.1)

where m is an integer, i.e. m = 0,£1, 42, .... Hence, the diffraction pattern of the
array of slits is a series of high intensity beams (which can be represented by delta

functions, as shown in figure 1.18(B)), traveling at angles 6 defined by equation 1.1.

A C ;

m=-2 m=-1 m=0 m=1 m=2

»a Ma sin@

Figure 1.18: When a plane wave passes through an infinite-length array of infinitesimal
slits of period a (A), diffracted maxima form when the waves from all slits have an integer
number of wavelengths phase difference between them. The maxima appear as delta
functions separated by A/a in sin 6.

An infinite grating with slits of infinitesimal width is clearly not practical, so we
need to consider what happens to the diffraction pattern when the grating has a
finite length L and the slits have a finite width b. To see the effect that L has on the
diffraction pattern, we start by considering what happens as the observation angle

6 moves away from a maximum position. For an infinite grating, even a very small
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Figure 1.19: If the diffraction grating has a finite length L (A), the diffracted intensity
falls to a minimum at sin(8 + A8) = A\/L, giving the diffracted beams a larger width (B).
Introducing a finite width b to the slits (C) gives a final form for a realistic diffraction
grating, where the diffracted intensity of the maxima falls off according to the envelope
defined by sin(A8) = A/b (D), shown here as a dotted line over the whole pattern.

change in 6 immediately extinguishes the diffracted wave, as for each slit there will
always be a slit somewhere else on the grating which has a wave 7-radians out of
phase with it, and therefore the light from all sources is completely canceled out.
For a grating with finite length L, this complete cancelation only happens when the
sources at either end of the grating are perfectly in phase, so that there are pairs all
the way along the grating, separated by L/2 whose waves differ by A\/2. The first
position at which this occurs next to a maximum at position 6, as shown in figure
1.19(A), is at the new position § + A8 for which

sin(f + Af) = % (1.2)
Up until this point the intensity drops off from the maximum, as more and more
waves interfere destructively. In addition, as § moves away from the minimum, a
small proportion of the waves interfere constructively again, and in this manner a
number of very weak subsidiary maxima are produced. The result is a diffraction

pattern as seen in figure 1.19(B), with the principal maxima now spread out instead
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of being infinitely thin J-functions. The finite width b of the slits has a similar
effect. We consider the slit to be made up of a large number of infinitesimal sources,
as shown in figure 1.19(C). The intensity due to these sources falls to a minimum
at sin(Af) = A/b, which forms an envelope over the whole diffraction pattern,
resulting in diffracted maxima with successively greater values of m being less and
less intense, as shown in figure 1.19(D). The principal maxima of the diffraction
pattern at values of § that satisfy equation 1.1 are commonly called the diffracted
orders of the grating, with m = 0 being the 0-order, m = 1 being the 1st-order, etc.

It should be clear that a set of diffraction gratings with different values of a can be
uniquely identified from their diffraction patterns, as long as their diffracted orders
are at different positions, so that they can be distinguished from each other. This sets
the basis for an encoding system in which a grating of period a is illuminated with a
plane wave, and its diffraction pattern observed on a flat plane parallel to the grating
at some distance z from it. The period of the grating can be obtained by finding the
angle @ for m = 1 using the separation of the peaks of the various diffracted orders
together with the distance z. Equation 1.1 can then be used to recover a. Varying
a changes 0, so we can create a number of codes using different values of a, which
can be identified by their diffraction pattern. The diffracted orders with |m| > 1
can potentially also be easily eliminated from the diffraction patterns, as they are
less intense than the m = =£1 orders, as seen in figure 1.19(D). This is exactly the
basis that will be used for diffractive encoding of microparticles. The exact details
of the encoding method are discussed in chapter 2. First, however, the phenomenon
of diffraction needs to be considered in a more rigorous and generally applicable
manner than that based on the Huygens-Fresnel principle, to provide some useful

tools for formulating and investigating diffractive microparticle encoding techniques.

1.4.2 Fresnel and Fraunhofer diffraction

Mathematical formulations of the calculations of the forms of grating diffraction
patterns based on the Huygens-Fresnel principle, can be found in references such
as [43, 44, 45]. The formulation that is used to solve many types of diffraction
problems is that of Kirchhoff, in which the wave equation of a spherical wave with
wavelength A emanating from a source P, and passing through an aperture in a
perfectly absorbing infinite screen is solved with respect to the boundary conditions
imposed by the aperture. This is done by considering an arbitrary aperture in such

an opaque screen defined by the coordinates (z,y, z) and, using the geometry shown
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in figure 1.20(A), the diffracted field E(F,) at a point P, with coordinates (z’.1/. 2)

is given by

e =51 [ Do) - costusllas (13

where the integral is over the aperture A, (' is a constant proportional to the strength
of the source at Py, k = 27 /A, r is the vector connecting the source P; to a point
on the aperture. s is the vector connecting the aperture point to the observation
point Py and n is the normal to the aperture plane. The derivation of this is given
in many standard texts (for example [44, 45]), and it is commonly referred to as
the ‘Fresnel-Kirchhoff diffraction formula’. Some problems with this formulation
are that (i) it has been shown to be mathematically inconsistent in terms of its
boundary conditions and (ii) it is only valid if the aperture is much larger than
the wavelength (as it assumes the field immediately after the aperture is an exact
geometrical shadow of the aperture and not disturbed by edge effects in any way)
[44]. However, when considering only the diffracted intensity, the formulation and
the common approximations to it (see below) have been shown to agree very well
with experiment even with aperture sizes of around 1 wavelength, provided the
diffraction pattern is observed at sufficiently large distances from the aperture [46,
47].

Figure 1.20: (A)The geometry used in the derivation of the Fresnel-Kirchhoff diffraction
formula. Circular wavefronts emanate from point P;, pass through the aperture, and are
observed at point Fy. (B) Geometry used for the Fresnel and Fraunhofer approximations
to the Fresnel-Kirchhoff formula. A plane wave passes through an aperture in the plane
(r.y) and the diffraction pattern is observed in plane (2'.y) a distance 2 from the aperture.

A number of approximations to the Kirchhoff formulation are made to solve
certain types of problems. The most common being the Fresnel and Fraunhofer

approximations. which apply when the source is a plane wave and the observation
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plane is at a large distance from the aperture, relative to the wavelength of the
light illuminating the aperture. To consider these approximations, we now use the
geometry shown in figure 1.20(B): A plane wave illuminates an aperture in the
plane (z,y), and the resulting diffraction pattern is observed in the plane (z',y').
The Fresnel approximation requires that the distance z between the two planes is
large enough that the distance s from any point with coordinates (z, y) to any point
with coordinates (z’,y') can be approximated by the first two terms of its quadratic
expansion, when written in terms of z, y, ’, ¥ and z. The resulting expression [44]
for the observed diffracted field amplitude F(z’,y’) is

—icos 0 Cexp(ikz)

B@.y) = exp iz (07 +47) (1.9

)
/ /_ : exp {iz—kz(“ﬁz + 92)] T(z,y) exp(iklzz’ /2 + yy [2))dzdy

where k = 27 /A, 6 is the angle between the aperture normal and a line from the
aperture centre to the observation point, and 7'(z,y) is a function which describes
the transmission of the incident plane wave by the aperture (which could contain
some structure, such as a grating, for example). The Fraunhofer approximation
applies at even larger distances, and is that which we will use for diffraction calcu-
lations in this thesis. For the Fraunhofer approximation to be valid, the distance z
should satisfy z > k(22 + y?)mas/2 and the field E(z',y/) is then [44]

—icosf Cexp(ikz)
A

/ /_oo T(z,y) exp(iklza'/z +yy'/2])dzdy (1.5)

1o _ k 2 2
E(Z,y) = exp [Zzz(w +y )}

Apart from the factors preceding the integral, this is simply the Fourier transform of
the aperture function, allowing the Fraunhofer diffraction patterns of objects which
are not simply periodic (and therefore not easily analytically calculable) to be calcu-
lated on a computer using standard fast Fourier-transform (FFT) algorithms. Such
FFT methods based on equation 1.5 will be used to simulate diffraction patterns
throughout this thesis. The conditions for equation 1.5 to apply are also satisfied
at any value of z, if a lens of focal length f is placed a distance f from both the

diffracting object and the observation plane [44].
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1.4.3 Diffraction from phase gratings

An alternative method of creating a diffraction grating, is to modulate the phase
shifting properties of a structure, as opposed to the amplitude transmittance mod-
ulation considered in section 1.4.1. This is known as a phase grating, as diffraction
from it depends upon the relative phase shift of light passing through, or reflected
from, the grating features. Figure 1.21 (A) shows how a phase grating works; light
passes through the entire grating, but is relatively phase shifted depending on the
height D of the surface profile. For the purposes of calculating the diffraction pat-
terns produced by such a grating (following Goodman [44]), it is treated as a flat sur-
face, consisting of periodic regions which phase shift the light by different amounts.
We consider the low points of the square profile to be zero phase shift, and the high
points to be a relative phase shift ¢ of ¢ = —27|n;—ny|D/A where n; is the refractive
index of SU8 and n, the refractive index of the surrounding medium. The angular
irradiance spectrum I (a) of such a grating is I(a) = F*(a)F(a), where F(a) is the
Fourier transform of the spatial electric field distribution of the light immediately
after passing through the grating, and F*(a) denotes the complex conjugate. For a

phase grating of period a and aspect ratio a/(a — b) this field is

N (n—1)a+b . na )
Fla) = Z/ exp [iQW?El—a} dzr +/ exp [—i¢] exp [iQ’/’l’wjl dz,
n=1"(n-la A (n—1)a+b A

(1.6)
where as before N = L/a. The result is a diffraction pattern of similar form to that
for an amplitude grating, with diffracted orders at angle a according to the equation
asin o = mA (figure 1.21 (B)). However, for a phase grating, the relative intensities
among the various orders can be different to the amplitude grating case, depending

upon the value of ¢.

1.5 Existing diffraction-based encoding and sens-
ing technologies

Diffraction-based encoding is already in use in optical communication systems, op-
tical computing interconnects, information storage and sensing applications. In this
section, some technologies that use diffractive methods for these purposes will be

reviewed.
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Figure 1.21: (A) A square profile grating consisting of ridges of height D on the surface
of a material of refractive index n; is illuminated with a plane wave of wavelength A. The
grating shifts the phase of light traveling through the ridges with respect to that in the
troughs. (B) The result is a series of diffracted beams in the same positions as for a similar
amplitude grating, of the type considered in chapter 2.

1.5.1 Wavelength division multiplexing

1st-orders
Signal [ ' \

receivers | % . ,, \

Transmission
fibre

Grating

Figure 1.22: Schematic of a grating-based wavelength demultiplexer for optical fibre sig-
nals. Light from a fibre carrying multiple signal channels, each with a different wavelength,
is diffracted from a grating. Detectors at the expected position of the first order for each
wavelength receive the signals for each channel (image modified from [48]).).

Diffraction is used for encoding and de-coding signals in the well-established
technology of optical fibre wavelength division multiplexing (WDM) [48]. In such

a technology, multiple signals are sent at the same time down an optical fibre,
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encoded with light of different wavelengths (each wavelength is termed a ‘channel’).
At the receiving end, the channels are separated using a diffraction grating, which
disperses the light exiting the fibre, giving diffracted first orders at different angular
positions for each channel (see figure 1.22. Two channels can be resolved if their
wavelength difference is such that the angular positions of the first orders according
to equation 1.1 are separated by more than the first order widths given by equation
1.2. This criterion sets the limit on the number of channels which can be encoded
by this method in a single fibre (additional limits are set by factors such as signal
degradation during transmission).

In order to obtain high channel capacities in WDM systems, the information not
only needs to be decoded with a narrow wavelength range for each channel, but also
encoded with a narrow range. Information is encoded for light based transmission
systems using semiconductor waveguide lasers modulated according to the required
signal. Diffractive encoding technologies have been developed that allow tuning of
semiconductor lasers between multiple narrow wavelength bands [49, 50, 51, 52],
allowing the use of WDM methods for systems with large numbers of wavelength
channels. Typically, a narrow linewidth is obtained from such a laser using a Bragg
mirror, which is grating of period a through which light is incident along the pe-
riod driection. The reflectance of such a grating is confined to a narrow wavelength
region, whose width is defined by the length of the grating in a similar manner to
equation 1.2. This reflectance, combined with the cavity length of the laser, deter-
mines the wavelength output. In order to be able to tune the laser through multiple
wavelengths, and thus transmit information in multiple wavelength channels, the
cavity length must be tuned and, in addition, the Bragg mirror grating must be
able to reflect multiple wavelength bands. To perform this function, the grating
must have multiple periods.

The multiple period gratings are termed ‘distributed Bragg reflectors (DBRs)’,
and laser making use of them are known as DBR lasers. A schematic of the struc-
ture of a typical DBR laser is shown in figure 1.23(A) [49]. The laser consists of
a waveguide of semiconductor material with a gain section, a phase tuning section
for changing the effective cavity length, and front and back DBR mirrors. The two
DBRs have reflectance spectra with slightly different peak separations. To tune the
laser, currents I; and I, are applied to the front and back reflectors, respectively,
which shifts the spectra such that one peak from each reflector coincides in position
with one peak from the other reflector. The reflectors are designed so that only one

peak from each spectra coincides for a given current (see figure 1.23(B)). A current
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I, is then applied through the phase tuning section to set the cavity length to corre-
spond to a mode with wavelength at the selected reflectance peak, producing lasing
at the chosen wavelength. Since the light from the laser must travel through the
reflectors, the length of the reflector gratings (and thus the width of the wavelength
reflectance bands, as described above) is limited by the maximum signal reduction

that can be tolerated, due to absorption in the grating regions.
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Figure 1.23: (A) The structure of a DBR laser, showing the reflector, gain and phase
tuning regions, and the corresponding applied currents. (B)The spectra of the front and
back reflectors are shifted by currents Iy and I, respectively, so that one peak of each of
their respective reflection spectra coincide (figures taken from [49]).

A number of methods are used for creating multiple-period gratings in DBR
semiconductor lasers. The three most widely used in devices are reviewed here:
Sampled gratings (SGs), superstructure gratings (SSGs) and binary superimposed
gratings (BSGs). An SG [50] is a grating which is periodically modulated so that
it has a short grating section followed by a section with no grating, etc. Since the
grating is formed by the multiplication of the unmodulated grating function and
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the sampling function (figure 1.24(A)), the wavelength transmission spectrum is the
convolution of that of the unmodulated gratings with that of the sampling function
(figure 1.24(B)), due to the convolution theorem for Fourier transforms [44]. Thus
there are multiple transmitted wavelengths, with transmitted intensities decreasing
either side of the principle wavelength transmitted by the unmodulated grating. The
intensity and position of each subsidiary transmission maximum is determined by
the period of the sampling function. This technology has allowed for approximately
57nm tuning range with 14 wavelength channels [50], with power variation of around

3dB from centre to outlying channels.
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Figure 1.24: (A)The formation of a sampled grating by multiplication of an unsampled
grating with a sampling function. (B)The resulting wavelength reflectance spectrum is
formed by the convolution of the spectrum due to the unsampled grating, with the spec-
trum due to the sampling function (figure taken from [50]. (C)Formation of a superstruc-
ture grating by multiplying the grating period by a sawtooth function. (D)The resulting
wavelength reflectance spectrum (figure taken from [51]).

Superstructure gratings [51, 52| have a continuously chirped grating period that
varies linearly from a; to ao, where a; > a; over a distance a, then reverts to a; and
continues to cycle. This forms a grating with regions of continuously varying pitch,

repeated with a large overall period a, (the ‘superstructure’). The principle is shown
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in figure 1.24(C), together with the resulting wavelength transmittance spectrum in
figure 1.24(D). The grating produces peaks of uniform intensity between wavelengths
A1 = 2nga; and Ay = 2n.4a4, spaced by dX = Ao> /21,05, Where ng, is the grating
effective refractive index and Ay = 2n..a0 is the wavelength transmittance due to
the average grating period Ag [51]. Since the interactions between the various fea-
tures can produce non-uniformity of the transmittance peaks, the relative phases of
these features are adjusted by optimising the chirping function to produce peaks as
uniform as possible [52]. Although more complex to design and manufacture than
SGs, SSGs have the advantage of producing much higher uniformity (variation of
around 0.8dB compared to 3dB) in the transmittance peaks. SSG devices have been
demonstrated with around 60 wavelength channels over a 30nm wavelength tuning
range [53].

A disadvantage of the superstructure grating is that many features of different
size, some of them extremely small, must be accurately reproduced on the gratings,
which is very demanding of the etch processes used to reproduce the gratings on the
semiconductor waveguides. Binary superimposed gratings (BSGs) [49] offer sections
of equal size which may be of one of two possible phases. The feature size is thus
never less than some minimum value, which makes the fabrication processes more
simple. The grating profile of a BSG is calculated by first forming a function f(z)
(where x is the coordinate describing distance along the length of the grating), which
is the weighted sum of N sine waves with periods a; corresponding to the desired

wavelength reflectance peaks, given by

f(w) = éqj sin <%3 ¥ \Pj) , (1.7

where g; is a weighting factor and ¥; is the phase of each sine function. The resulting
function f(z) is then digitised into segments of length s, where each segment is given
a phase value of n(A)+An/2if f(s.[i—1/2]) > 0, or n(A)—An/2if f(s[i—1/2]) <0,
where ¢ = 1,2,3...L/s for a grating of length L. Since this digitisation distorts the
function f(z), producing non-uniformities in the reflectance peaks, the peaks are
optimised by adjusting g; and ¥; for each sine wave making up f(z). The result is
reflectance spectrum with a band of uniform peaks (see figure 1.25) which is similar
to that from an SSG. The grating however is much less difficult to fabricate, due a
minimum feature size which is much more realisable with processes such as electron
beam lithography. Although not as common in WDM systems as SSGs, lasers using

BSG reflectors have been fabricated that demonstrate a tuning range of 24.5nm with
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56 wavelength channels [54].
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Figure 1.25: The wavelength reflectance spectrum of a binary superimposed grating (figure
taken from [49)).

For an entire WDM system over long fibre transmission lines, extra noise can limit
the number of channels available as compared to the number available from the laser.
Currently around 40 different channels, each carrying data rates of approximately
40GDb s7! are achievable over 10,000km distances, giving data rates of greater than
1Tb s [55)].

1.5.2 Diffractive multiple-beam generating elements and com-

puter generated holograms

A great deal of research into diffractive structures has concentrated on the develop-
ment of diffractive components for use as interconnects in optical computing systems.
In particular, the development of elements for producing multiple beams from a sin-
gle beam are important for distributing identical information throughout a system.
Multi-beam elements may be required to produce beams of identical intensity (for
example to distribute information to multiple parts of a computation system [56]),
or to produce beams with a weighted distribution of intensities (particularly useful

for optical neural network applications [57, 58, 59]).
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As a result of the technological need for diffractive elements that produce multi-
ple beams from a single incident light beam, there has been a large amount of re-
search into methods for creating such elements. To be used for interconnects, such
diffractive elements must be capable of producing an arbitrary number of beams
as required, with as high diffraction efficiency as possible, and with the required
intensity distribution for the particular application. The elements are usually based
on phase- rather than amplitude-modulation due to the higher obtainable diffrac-
tion efficiencies, and are often binary-phase elements (each region of the element
may have only one of two phase values) in order to simplify fabrication. For a 1D
multi-beam array, methods such as those described above for DBRs can be used, as
they will produce spatial diffraction patterns similar to their wavelength distribu-
tion patterns if they are constructed to be used with a single wavelength incident
perpendicular, rather than parallel, to the grating plane. An additional method for
creating 1D beam arrays is the Dammann grating [60]. A Dammann grating has a
phase function ¢(¢) of the form shown in figure X, which is a single period of the
grating. The grating is designed with the desired result that each of the N required
diffracted orders have the same intensity. The intensity of 0 and nth desired order

are given by [60)

N
U = 22(—1)k(5k+1-§k)
k=0
1 N
Up = ;;_—Z(—l)k(sin%rngkﬂ—sin27rn§k), (1.8)
' k=0

where N is the number of transition points between phase levels and &, denote the
transition point positions. The amplitudes of each diffracted order are adjusted iter-
atively by a computer algorithm by adjusting the positions of each transition point,
until uniformity in the diffracted orders has been obtained, to within some thresh-
old. A similar grating may be constructed with phase functions in two perpendicular
directions, to produce a 2-dimensional array of diffracted orders.

The Dammann method is somewhat restricted however in that diffraction effi-
ciencies are limited to around 50% in the desired orders, the rest being distributed
into other unused orders [61]. The Dammann grating is also limited to uniform ar-
rays of diffracted orders: patterns with missing orders or orders of differing intensity
cannot be constructed by this method [61]. Therefore, a number of methods have
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been developed to produce diffractive optical elements which produce more general
beam patterns for optical computing applications. The diffractive elements gener-
ated by these methods are often termed ‘computer generated holograms’ because
their structure is generally no longer grating-like in appearance, and there is much
more available freedom in the diffraction patterns that can be produced. Some com-
monly used methods for generating multi-beam arrays are outlined here. Although
multi-beam arrays for encoding purposes have been considered so far, these methods
are in fact designed to produce any arbitrary required output image. In all cases,
they begin with a desired output image and attempt to create a hologram whose
image output intensity distribution is as close as possible to the desired one.

The first of these methods is the direct quantization of an analytical hologram
phase-function. This analytic function may be obtained by inverse Fourier transform
of the required image field distribution, or calculating the result of the interference
of the required image field with a plane reference wave [62] (which would be the
hologram resulting from a Fourier interference based hologram formation method,
such as that considered in chapter 4). This analytically obtained hologram phase-
function is complex and continuously variable, and as a result would be almost
impossible to fabricate by lithographic methods. Therefore, a number of methods
can be used to quantise the phase-function into a finite number of pixels with a
set number of possible phase levels [62, 63], producing a pattern that can be more
easily fabricated. This quantisation process generally results in noisy reconstructed
images, although the process is used for applications which require an approximation
to a particular wavefront shape, rather than a particular image [63].

Another method of calculating pixelated CGHs is the iterative Fourier-Transform
algorithm (IFTA, for holograms with Fraunhofer-region image reconstruction) [64,
65] and the closely-related iterative Fresnel algorithm (IFA, for holograms with
Fresnel-region image reconstruction) [66]. A flow diagram of a generic IFTA is
shown in figure 1.26. The algorithm starts by creating the image complex am-
plitude using a randomly generated phase distribution and the desired amplitude
distribution. The image is then Fourier transformed (FT, generally by FFT) into
the plane of the hologram. As it is a phase-only hologram, the amplitude of the
complex field distribution across the hologram must be constant (to within some
user-set tolerance). If it is, the process is terminated; if not, the constant ampli-
tude is enforced over the hologram, the phase is kept, and the complex amplitude
is inverse Fourier transformed (FT~!) back to the image plane. There the phase is
kept as the result from the FT~1 calculation, and the amplitude is adjusted to that
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desired in the image. The process is then repeated.

Start: input random phase
distribution over image

|

Combine amplitude and
phase to form image field

l

image amplitude
adjusted to desired =%
result

FT to hologram plane FT" to image plane
Is amplitude constant over Enforce constant ammplitude
hologram plane? NO over hologram, keep phase

YES l

Finish

Figure 1.26: Flow diagram of a general iterative Fourier-transform algorithm for computer
generated hologram calculation (figure modified from [66]).

The result as it stands does not produce the pixellated, phase discretised holo-
gram required by manufacturing processes. The pixellation and finite phase levels
are introduced as further constraints to the hologram along with the constant am-
plitude constraint, before the inverse Fourier transform back to the image plane
[64]. However, once discretised, the IFTA algorithms tend to converge to local
rather than overall optimum design [64], requiring a number of modifications to be
introduced to the algorithm for calculation of pixellated holograms. -One method
of accomplishing this is “soft-quantization”, in which only regions of the hologram
phase distribution which are within a certain interval of one of the required phase
levels are quantised. The size of the intervals are progressively increased with each
iteration of the algorithm, until the whole hologram is quantised. Often, the contin-
uous distribution is first optimised with one run of the algorithm, and then a second
run performed to introduce the quantisation [64]. Other methods include allowing
arbitrary light phase and/or amplitude in the diffraction space outside the image
area, which reduces the severity of constraints on the process. Another method in-
volves re-balancing high intensity and low intensity regions of the image after each
iteration, improving output uniformity. In all cases however, introduction of binary
phase (i.e. only two allowed phase levels, as is often desirable for manufacturing

ease) produces many local optima, which the algorithm will often settle on, and

binary phase holograms produced by IFTA methods are often very noisy as a result
[64].
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Figure 1.27: Flow diagram of a general simulated annealing algorithimn for computer gen-
erated hologram calculation.

Finally, two alternative hologram generation methods will be considered, which
can produce significantly higher quality holograms, particularly in the case of binary
phase. These methods are based around building the hologram pixel-by-pixel, rather
than quantising a continuous phase distribution. The first of these are termed
“simulated annealing” algorithms. A flow diagram of such an algorithm is shown in
figure 1.27 [61]. The algorithm begins by treating the hologram as an array of pixels,
each with a random phase. The image intensity distrubution of this hologram is then
calculated by calculating the intensity at each point a,, at coordinates (z',y’) in

the output plane as [61].

N—-1N- . / /
= —1—2 Z Z oy €XP (————QM(WZV-'— vy )> (1.9)

z=0 y=0

where ¢, is the complex transmission function of the pixel at coordinates (z,y) in
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the hologram plane. A “cost function”, C is calculated as the squared difference
between the desired and actual image intensity distributions. The phase of one pixel
in the hologram is changed, and the difference AC between the previous and current
cost function. If AC < 0 the change is accepted, otherwise the change is accepted
with a probability P = exp(AC/T), where T is a fictitious “temperature”. Once the
change is accepted or rejected, another pixel is changed, and the algorithm continues
through multiple iterations. The “temperature” T is slowly reduced throughout the
running of the algorithm. Once a stopping condition is met (the AC is less than
certain threshold), the algorithm is terminated. The “cooling” (annealing) process
prevents the algorithm from settling in local optimum solutions, allowing it to reach
a global optimum, allowing this algorithm to be used generation of high quality
binary-phase holograms. A significant disadvantage of this method is the fact that
it can require prohibitively long computing times [67].

The direct binary search (or direct search) algorithms [67, 68, 69, 70, 71] are
similar to the simulated annealing method, but do not involve the use of a “cooling”
process and so can have significantly reduced computing times. A flow diagram of
this method is shown in figure 1.28. In a similar manner to the simulated annealing
algorithm, the process is started with a pixellated hologram with arbitrary phase
distribution among the pixels, subject to allowed phase levels. The cost C of the
image intensity distribution is calculated, and then a phase level of one pixel is
changed. If the new values of C is less than previous, the solution is kept, otherwise
it is discarded. This process continues until a stopping criterion is met. In order to
obtain good quality solutions, variants on this basic algorithm have been devised,
with different methods of calculating C' and different stopping criteria. Methods
using the mean squared difference in intensity distribution between the calculated
and ideal intensities converge quickly to local, not global, optima, requiring another
method such as simulated annealing, or preconditioning using a method such as
IFTA at the start of the algorithm to prevent this happening [68]. An alternative
method [67] uses a cost function based on “state variable”, of the form C = —al +
bor, where I is the average intensity of the image reconstructed from the hologram
at each iteration, o7 is the standard deviation of the image intensity and a and b
are positive “cost balancing” parameters. The stopping criterion in this method
is that the algorithm terminates when the estimated probability of a change being
accepted (i.e. the probability of AC < 0) is less than some user defined threshold.
This allows holograms to be design that produce high quality images, without the

long computing times required by simulated annealing algorithms.
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Figure 1.28: Flow diagram of a direct search algorithm for computer generated hologram
calculation (figure taken from [67]).

1.5.3 Applications of computer generated holograms

As described briefly in the previous section, there are many technologies which make
use of computer generated holograms, designed using the techniques described in
the previous section. The Dammann method [60] was developed for fault removal in
periodic masks, by placing the mask in front of the source illuminating a Dammann
grating. The multiple diffracted images contain the correct periodic mask, spa-
tially filtering out fault in the mask. Other applications include optical computing
interconnects for parallel information transfer and optical neural networks, and op-
tical security devices. Parallel information transfer applications require reasonably
simple, uniform intensity beam arrays, for sending the same signal to multiple com-
puting devices [56]. In addition, multi-beam elements have been used in the reverse
process, to combine a number of signals for transport to a single detector {72, 73].
Optical neural networks [57, 58, 59| consist of light sources and detectors as the
outputs and inputs, respectively, of the “neurons”, together with weighted intercon-
nects between the outputs and inputs. A layout of a typical optical neural network
is shown in figure 1.29. The light sources (neuron outputs) are electrically connected
each to one detector (neuron input). Each source is the n optically interconnected
to every detector via beams of differing intensities produced by a computer gen-
erated hologram. Holograms for use in neural networks have been produced by
preconditioned direct search [57] and simulated annealing [61]. The holograms may
be pre-fabricated [57, 61] or displayed on liquid-crystal spatial light modulators
[58, 59]. These neural networks have been demonstrated in network packet schedul-
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ing (the switching of signal packets between source and destination) to perform at

greater rates than electrical switches [58].

Fourier
Transform
Light Hologram  lens Detector
Source Plane Plane Plane

Figure 1.29: Layout of a typical optical neural network, in which light source form neuron
outputs, detectors form neuron inputs and the inputs and outputs are interconnected by
computer generated holograms that produce arrays of multiple, intensity weighted beams.
(figure taken from [57]).

Security devices based on optical correlators have been developed [74, 75, 76],
which make use of encrypted computer generated holograms. The encrypted holo-
gram is designed to produce an unreadable image upon illumination, except when
read in and optical correlator-based decryption device. To form an encrypted holo-
gram, the image to be encrypted is overlayed with a pixellated mask of random
phase, and the result is used to generate a CGH by a process such as simulated
annealing [75]. The original image can only be recovered using a decryption device
such as the one shown in shown in figure 1.30(A). The hologram is placed at the
centre of a 4- f system, with a decryption key at the back focal plane of the first lens.
The decryption key is the random phase mask used in the encryption process. The
key is Fourier-transformed by the first lens, with the plane of the transform coincid-
ing with the plane of the encrypted hologram. The cobined light distribution of the
random phase mask FT and the encrypted hologram are then Fourier transformed
to the front focal plane of the second lens, forming the decrypted image. An example
image is shown in figure 1.30(B), with the corresponding encrypted hologram (figure
1.30(C)) and the decrypted image (figure 1.30(D)). An integrated optics device us-
ing micro-optic components has been demonstrated [74], as a practical miniaturised

device using this decryption functionality for security applications.
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Figure 1.30: (A) Layout of an optical decryption system for encrypted holograms. (B)An
example of an image to be encrypted. (C)The encrypted hologram designed from the
image in (B). (D)Image decrypted from the encrypted hologram in (C). (figure taken from

[75]).

1.5.4 Diffractive barcode scanner

Diffractive elements have also been used to create a passive-optics barcode scanner,
i.e. one that requires no moving optical parts [77]. The optical layout of such a
scanner is shown in figure 1.31. The scanning function is based around a tunable
laser and a simple diffraction grating of a single period. When thelaser wavelength is
tuned from A,in t0 Apae. the angle of the diffracted first order from the grating, 6y,
changes. The system is set up so that the angular change scans the first order across
the barcode. Reflected light from the barcode is collected by a lens and focussed
onto a photodiode, which feeds a readout of the reflected power to a computer for

analysis of the code.

1.5.5 Holographic data storage

Diffractive structures, in the form of holograms. are also used in holographic data
storage systems [78, 79, 80]. These are memories in which a number of ‘pages’ of
data are written into photorefractive crystals as holograms formed by recording the

interference pattern between the page data and a reference beam (see figure 1.32).
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Figure 1.31: Optical layout of a diffractive optics barcode scanner, based around a diffrac-
tion grating (G) and a tunable laser. Tuning the laser wavelength from Apmin t0 Amax
changes the angle 8,,; of the diffracted first order from the grating, scanning it over the
barcode. (figure taken from [77]).

Using a number of different reference beam angles allows more than one page to Be
stored as overlapping holograms. Ilumination with a beam at the same angle as the
reference beam results in a diffracted image which is a reconstruction of the data
page, where the page is effectively a patterning of the diffracted first order of the
hologram. The number of resolvable pages that can be stored in the holographic
storage system is again set by equations 1.1 and 1.2. More details of the mathematics

and details of hologram formation will be considered in chapter 4.

1.5.6 Holographic chemical sensors

In addition, holograms are being developed for biochemical sensing applications.
These include chemically sensitive substrates encoded with holograms, being devel-
oped by Smart Holograms Ltd., a spin-out company of Cambridge University [81].
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Figure 1.32: Schematic of setup for writing pixellated data from a spatial light modulator
into a photorefractive crystal by interference with a reference beam to create a hologram.
Reference beams at different angles allow multiple holograms to be superimposed. The
same reference beams are diffracted from the holograms in readout. reconstructing the
data. An example 1024 x 1024 pixel data page is shown in the inset. together with a
magnified portion (images from [80]).

These holograms are made of a variety of polymers which swell upon being immersed
in a target analyte. The polymers contain silver nitrate. into which holograms are
written, which are then developed. leaving gratings made up of silver grains em-
bedded in the polymer. The swelling has the effect of changing the spacing of the
complex series of gratings making up the hologram. Considering a simple reflection
grating (see figure 1.33(A)). when white light is incident on the grating at angle 0,
light of wavelength A is reflected back at angle —6. with A set so that all parameters
satisfy the Bragg equation mA = 2ndsinf (which can be derived using a similar
method to that used for equation 1.1). where m is an integer and n is the polymer
refractive index. This selects the reflected wavelength depending on the spacing of
the grating d. which changes as the polymer swells. Thus a change in colour of the
diffracted image can be used as a quick method to signify pH change [82], as shown
in figure 1.33(A). The pH sensitivity of these holograms is an order of magnitude
greater than the most sensitive existing methods [82]. The holographic sensors can
also be used to detect a variety of other analvtes such as glucose, enzyme products
and fermentation products [83]. by using different polymers that swell in response

to the conditions to be detected.
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Figure 1.33: (A) The wavelength selectivity achieved by reflecting white light from a
grating of silver grains with fixed spacing d. (B) Creating gratings in a polymer which
swells in response to pH changes d as the pH changes, altering the reflected colour. thus
allowing the grating to be used as a pH sensor (images from [82]).

1.6 Thesis synopsis

In the rest of this thesis a new technique for encoding microparticles will be de-
scribed, based on reading diffraction patterns produced by unique structures fab-
ricated on the surface of the particles. In chapter 2. the concept of using simple
diffraction gratings. and more complex gratings with multiple periods. to uniquely
encode microparticles is introduced. The large theoretical encoding capacity of
these tags will be introduced, and the encoded gratings demonstrated experimen-
tally using metal-on-glass gratings fabricated by e-beam direct-write lithography.
In chapter 3. the steps required to make the technology suitable for implementa-
tion in bead based assays are described, including fabrication of the gratings on a
bio-compatible polymer, and characterisation of the resulting diffraction patterns
and the suitability for encoding. This characterization leads to a more realistic es-
timate for practically achievable encoding capacities using this technology. Chapter

4 introduces the concept of using holograms, which are more complex diffractive
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structures, to encode particles, with the aim of overcoming some disadvantages of
the simple grating technology. The concept of re-writeable codes will also be in-
troduced in this chapter, together with the reasons for developing them. Finally in
chapter 5, the conclusions which may be drawn on the technology detailed in the

thesis are summarised, and options for further work in this area are described.




Chapter 2

Superimposed diffraction grating

micro-tags

In this chapter, the simplest implementation of the diffractive microparticle encoding
technique is introduced. In this implementation the pattern on the tag is simply a
miniature diffraction grating, where information is coded in the pitch of the grating.
The encoding capacity of such a tag can be greatly increased by fabricating more
complex tags with several overlapping gratings on the surface.

To begin with, section 2.1, will consider how information can be encoded onto
both 1 and.2 dimensional diffraction gratings, and how many codes are theoreti-
cally achievable. In section 2.2, the concept will be experimentally demonstrated
by measurement of diffraction patterns from high-resolution gratings written by
electron-beam direct-write lithography of chromium on a glass substrate. In section
2.3, we will consider undesirable features which appear in the diffraction patterns
from the grating tags. The affect of these features on the encoding concept will be

considered, together with solutions to the majority of problems that they cause.

2.1 Encoding concept

2.1.1 1-dimensional diffraction gratings

In a classical single diffraction grating, information can be encoded in the pitch or
spacing of the grating, a. As we saw in chapter 1, when such a grating is illuminated
with light at wavelength A, for example at normal incidence, a series of diffracted
beams of different order m is created in the far field (Fraunhofer) region, according to

the equation asina = mA. Here « is the angle of diffraction and m is the diffraction

92
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order. Therefore, a measurement of the first order diffraction angle, at m = 1, gives
direct information about the pitch of the grating a. This principle is shown in figure
2.1 (A). The number of distinguishable tags that can be manufactured depends on
the ability to resolve a difference between two diffraction patterns. Two diffracted
beams at diffracted angles o; and a, can be resolved if they satisfy the Rayleigh
condition, i.e. if |a; — as| > Aa1/2 + Ay /2, where Aa is angular width of the
beam. The beam width A« can be derived using similar principles to those used to

derive equation 1.2, and is given by [43]

A
Ag= ——m—
@ Nacosa’

where N is the number of periods in the grating of length L (N ~ L/a). Using
this criterion it is possible to calculate the encoding capacity of diffractive barcodes

(2.1)

consisting of a single grating for various values of the grating length, by calculating,
for each value of L, the possible positions n, of the first order diffracted beam
(neglecting for the moment all diffraction orders above m = 1) between o = 0° and
a = 90°, seperated according to the Rayleigh criterion. Once the value of a+ Aa for
a beam is greater than 90°, the calculation is terminated. The beam which extends
beyond 90° is discounted, and the number of remaining beams gives the value of
n, for the particular value of L. This truncation of beams that extend beyond
90° accounts for the “jagged” appearance of all curves in figure 2.3. For this and
all subsequent calculations, a value of A = 633nm is used. The calculations were
performed for value of L ranging from 1 to 100um, in steps of 1um. The encoding
capacity of a single grating is then given by ¢ = n,. The results for this are presented

in figure 2.3, curve (1).

2.1.2 Superimposing multiple grating periods

A much larger capacity of tag can be obtained if several gratings are superimposed
on the particle. The particular method used in this work for superimposing multiple
gratings is shown in figure 2.1(C). The superimposed grating is formed by multi-
plying the transmission function of the constituent grating transmission functions,
which are made up of regions of zero transmission, and regions of one (100%) trans-
mission. The result is a binary amplitude multi-beam grating. This combination
method is simple and uses no optimisation of the grating profile, making it ideal for
production of large numbers of prototype gratings. However, as will be discussed in
subsequent parts of this chapter, the fact that no optimisation of the grating profile
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Figure 2.1: A) First order diffraction from grating with pitch a;; B) first and second
order diffraction from grating with pitch ag; C) first order diffraction from combinatorial
grating made by superposition of gratings with pitches a; and ag; D) first and ghost order
diffraction from the combinatorial grating.

is used has the disadvantage of introducing spurious features into the diffraction
pattern of the gratings, which provide a limitation on the encoding capacity of this
encoding technique.

A large number of other techniques exist for combining amplitude gratings, which
can produce more ideal multiple beam diffraction patterns. One way to optimise
gratings designed by a multiplicative method is to use the degree of freedom offered
by the relative position of the constituent gratings with respect to each other. This
modifies the relative phases of of the various components of the super imposed
grating diffraction pattern, allowing diffracted order intensities to be adjusted. Many
other possible methods have already been considered in section 1.5.2 in reference
to phase gratings; methods such as BSG generation, in which the phase of various
parts of the pattern is varied by translating the components of the binary grating,
can be modified to be used for amplitude gratings of the type used here. In addition
holography methods, as considered in section 1.5, have the opportunity to provide
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even more optimal patterns, and one such method will be investigated in chapter 4.

2.1.3 Superimposed phase gratings

While amplitude gratings are used in this chapter to experimentally demonstrated
the concept of superimposed grating diffractive microtags, it will be shown in chapter
3 that phase gratings are more useful for practical implementation of the tags on
the surface of microparticles which are compatible with the necessary biochemistry.
Superimposed phase gratings were designed for this work by simply taking amplitude
grating calculated using the method in section 2.1.2, and substituting a phase shift
of zero in regions with transmission 1, and phase shift of (ideally, although this is
dependant on manufacturing accuracy) 7 in regions with transmission 0.

Similarly to amplitude gratings, the relative position of the constituent gratings
can be adjusted to optimise order intensities. Phase gratings, in contrast to ampli-
tude gratings, can also be stacked by algebraic addition rather than multiplication,
with regions of phase shift 27 cycling back to zero, etc, which could help with grat-
ing optimisation. Additionally any of the methods considered in section 1.5.2 could
also be used to provide more optimised multi-beam phase gratings.

We can use a fast Fourier transform algorithm to calculate the diffraction patterns
from tags with various numbers of superimposed gratings, for different values of D.
Here we use n; = 1.6 (the refractive index of SU8), as this is the material that will be
used in chapter 3 for manufacture of phase gratings. The main difference caused by
changing D is the relative intensity of the zero order compared to all other diffracted
orders. In figure 2.2 (A) & (B), we see the diffracted angular intensity spectr'a for
an example grating with period a = 3.7um and a/(a — b) = 3, illuminated with a
plane wave of wavelength A = 633nm. The spectrum in (A) is for a grating with
D = 63, while in (B) D = 452. I, is the value of the peak intensity of the zero
order (m = 0) beam, and I; the peak intensity of the first order (m = 1) beams.
Figure 2.2 (C) curve (1) shows the variation of the ratio fo//; of the zero order to
first order intensity, as a function of D for such a single grating with a = 3.7um
and a/(a — b) = 3 illuminated with a plane wave of wavelength A = 633nm in a
vacuum (ng = 1). We can see that this ratio reaches a minimum at a certain value
of D, which is the point at which ¢ = 7. At this point, D = A/(2|ny — n2|), which
for the parameters above gives D = 452nm. The spectra in figure 2.2 (B) is for
a grating with D at this minimum point value, and we can see that the m = 0
beam intensity has fallen to around 1/6 of its intensity for a grating with D = 63
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nm(figure 2.2 (A)). The light is instead diverted into the m=1 beams, which have
risen to approximately 20 times their intensity for a grating with D = 63nm. Both
effects contribute to the minimum value of Iy/I; = 0.4 seen on figure 2.2 (C) and (D)
curves 1. The same calculations for water (n = 1.33) as the surrounding medium,

gives a minimum at D = 855nm (see Figure 2.2 (D) curve (1)).
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Figure 2.2: Example of calculated diffraction intensity profiles for a grating with D = 63nm
(A) and D = 452nm (B) with incident wavelength A = 633nm, showing a large difference
in first order (I3) and zero order (I3) intensities. (C) & (D) The variation of the zero order
to first order intensity ratio for SU8 tags with different numbers of superimposed gratings
in air (C) and water (D), for different ridge depths D. The number of superimposed
gratings on the tag is denoted by the number on each curve. All gratings profiles have
a/(a—b)=3.

For tags with 2, 3 and 4 superimposed gratings on the surface, the value of Iy/I;
becomes larger for all values of D (examples shown in figure 2.2 (C)+(D), curves (2
- 4)), with each successive increase in the number of superimposed gratings. This
mainly occurs because the intensity of the zero order is dependant on the ratio of
regions with ¢ = 0 to regions with ¢ = —2x|n; — ny|D/A, which changes when
multiple gratings are superimposed. This is a result of the encoding method, and

optimisation could allow Iy/[; to reduced for multiple combined gratings. There
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is also a faster deviation of the ratio from either side of the minimum point. The
values given for superimposed gratings are the mean values of Iy/I; as there is some
fluctuation of first order intensities for different first orders on each tag. The mini-
mum point appears at the same value of D for all values of pitch a, and corresponds
to ¢ = 7.

The importance of the calculations of Iy/I; is that a very intense zero order
can cause scattering problems within the reading system, which can cause reading
errors. In addition, more light in the code first order beams increases the ability
to distinguish the code from any noise present. We would therefore ideally like
phase grating tags to have the value of D which gives the minimum value of zero
order intensity, and also the maximum amount of light diffracted into the first order
beams. This is achieved by selecting the value D = 432nm for SUS8 gratings in
air, or D = 855nm for SU8 gratings in water, at which I/I; is a minimum for an

illumination wavelength of A = 633nm, as seen above.

2.1.4 Encoding capacity estimates for superimposed 1D grat-
ings

Disregarding the effects of the grating combination method for the moment, a sim-
ple estimate of the encoding capacity of superimposed grating tags can be made
by assuming each of the superimposed gratings can be considered to produce its
own set of first order diffracted beams. In addition to the diffracted orders pro-
duced according to the equation asin @ = mA, the superimposed gratings produce
extra ‘ghost’ orders (see figure 2.1(D)), which are a due to the particular grating
combination method used and are discussed in detail in section 2.3.2. These beams
will eventually be seen to provide the limit on the number of gratings which can be
superimposed using this particular method. If the tag has n, superimposed grat-
ings, the number of possible distinguishable codes c is then given by the number
of possible combinations of n, beams in the n, possible positions, using the com-
binatorial formula ¢ = (n_o:%W This formula arises because each code diffracted
first order is indistinguishable from the others: Hence if we have orders at positions
1, 2 and 3, this is indistinguishable from swapping the orders around in the same
positions (e.g creating 3, 2, 1 or 2, 1, 3), so only the positions of the beams, not
their sequence, is important. The results of calculations of the tag capacity for
several superimposed gratings using this resolution criterion are presented by the

solid curves (2)-(5), figure 2.3. The limit of ny = 5 is chosen because it provides
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enough tags on 100um particle (around 10°) to cover the whole human genome with
16-base oligonucleotides, which was part of the original aim of the project before it
was shown to be impractical, as described in section 1.2. In practice, as shown in
chapter 3, the maximum number ngn,, of superimposed gratings in the tag which
can be distinguished reliably by diffraction is limited by the resolution ¢ of the tag’s
fabrication process and , more significantly, the interaction of the code orders with

unwanted beams produced by this particular grating superimposing method.
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Figure 2.3: Encoding capacity of a diffractive bar-code tag as a function of the length
of the tag for different numbers of superimposed gratings. The number on each curve
corresponds to the number of superimposed gratings. Dashed lines show capacity after
the elimination of tags with high intensity ghost beams, discussed in section 2.3.2.

2.1.5 2-dimensional gratings

To further increase capacity, ‘2-dimensional’ tagging can be introduced, using diffrac-
tive elements created from two perpendicular gratings. An example of such a tag
is shown in the inset to figure 2.4. The tags are read by the same method as the
1-dimensional tags, but now measuring the first order positions in the two per-
pendicular directions. The pitches of the two perpendicular gratings can be varied
separately, and it is possible to have different numbers of superimposed gratings,
ngz and ng,, in each direction. The number of codes available for all possible com-
binations of pitches, with ng, and ng, values ranging from 1 up to a maximum n,

is then

: n,! 1
- ; - 2.2
’ Z Z— (no - ngw)!ngz! (no - TLgy)! ! ( )
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The results for the number of codes as a function of tag side length for a square
two dimensional tag with different values of ng, are shown in figure 2.3. It can be
seen from this that the maximum encoding capacity of tags 100um side length is of
the order of 10?! codes, choosing the limit of ng in the same manner as in section
2.1.4. Likewise, the maximum achievable value of n, will be shown to be limited by

the presence of unwanted features in the diffraction pattern.
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Figure 2.4: Encoding capacity of a square 2-dimensional diffractive barcode tag as a
function of the side length of the tag, for different values of k. The value of & is denoted
by the number on each curve. Inset shows an example 2-dimensional grating surface.

2.2 Experimental demonstration of high resolu-

tion amplitude-grating tags

2.2.1 1-dimensional tags

In order to demonstrate the 1-dimensional tagging concept, a library of chromium
gratings was manufactured on a glass substrate using direct write electron beam
lithography (fabrication by Kelvin Nanotechnology, Glasgow).

The library of gratings contains almost 7,400 unique barcode tags, 50x50 um
separated by gaps of 200 um. SEM images of these tags showing a range of different
superimposed gratings are presented in figure 2.5. With a nanofabrication minimum
feature size § of about 100nm we have been able to demonstrate tags up to order
three (containing three superimposed gratings) that feature no imperfections in
grating reproduction. Using the methods of section 2.1.4, we have that ny, = 75 for

a tag of length 50um and this superimposing limit thus provides capacity for about
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68,000 distinguishable tags. Higher order tags have also been fabricated, but they
sometimes show failures in pattern reproduction (figure 2.5 (iv)) and additionally
the diffraction patterns for many tags with n, > 3 tend to be unreadable due to
unwanted beams produced as a result of the encoding method. which is discussed

in more detail in sections 2.3.2 and 3.2.4.

(i

Figure 2.5: SEM images of 1-dimensional barcode tags of different order: (i) single grating
tag: (ii) two superimposed gratings: (iii) three superimposed gratings; (iv) four superim-
posed gratings (note nano-lithography resolution limiting quality of this grating).

Barcode ccD
sample camera

HeNe Laser s R
633nm To PC
Lens >
f=100mm

Figure 2.6: Setup used to record the diffraction patterns from metal-on-glass superimposed
diffraction grating tags. Light from a helium-neon laser (wavelength 633nm) is focussed
by lens of focal length f = 100mm onto the grating sample. The resulting diffraction
pattern is captured by a CMOS array camera a distance z = 4mm from the grating.
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Figure 2.7: Diffraction patterns created by single grating tags (A). and tags containing
three different gratings (B). Moving from left to right shows how a progressive decrease
in the pitch of one of the gratings changes the diffraction pattern. Third order beams
are visible in dotted circles in (A) (second orders do not appear as the gratings have
a/(a —b) = 2 as explained in section 2.3). Ghost beams are visible in dotted circles in

(B).

An example of the diffraction patterns created by these tags is presented in figure
2.7. The gratings were ‘read” using the setup shown in figure 2.6; light from a HeNe
laser (633nm) incident at normal angle to the sample, after focussing with a lens
of focal length f = 100mm. The sample is placed a distance f from the focussing
lens. The diffraction pattern was captured on a 1280x1024 CMOS array detector
(Prosilica EC1280), parallel to the grating and a distance z = 4mm from it. Figure
2.7(A) shows how the diffraction pattern changes with grating pitch: increasing in
diffraction angle as the pitch decreases. The series of diffraction patterns (labeled A
to J) demonstrates how it is possible to uniquely distinguish between ten different
tags containing only a single grating. In the photographs, the first order diffraction
spots (marked m; = 1 as in figure 2.1(A)) are highlighted by the solid circles,
while the positions of the much weaker second order diffraction spots (m; = 2) are
indicated by dashed circles.

Figure 2.7(A) shows diffraction patterns from different tags containing three su-
perimposed gratings (patterns HGF to QGF). Here, the first grating diffracts exactly
as grating G in figure 2.7(A), while the second grating diffracts as grating F. The
third grating differs from pattern to pattern. The first diffraction pattern is from a
grating which diffracts as grating H in figure 2.7(A). but then changes step by step
to give a higher and higher diffraction angle. The labels assigned to each individ-

ual grating in 2.7(A) are used to assign a code to each tag: for example tag HGF
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in figure 2.7(B) is formed from the gratings labeled H, G and F in figure 2.7(B).
In this way diffraction patterns with up to three superimposed gratings have been
resolved. Further increase in the number of superimposed gratings on the tags led
to increasing read errors due to the limited minimum feature size available in the

grating fabrication process.

2.2.2 Two-dimensional tags

A similar library of 2000 50x50 um two-dimensional tags was fabricated by the
same process used to manufacture the 1-dimensional tags. SEM images of these
tags showing a selection of different superimposed gratings are presented in figure
2.8.

Figure 2.8: SEM images of 2-dimensional tags of different order, with equal numbers of
gratings in the two perpendicular directions: (1) single grating tag: (2) two superimposed
gratings: (3) three superimposed gratings: (4) four superimposed gratings.

Examples of the diffraction patterns created by these tags are presented in figure
2.9. The gratings were ‘read’ using a helium-neon laser, and the diffraction pattern

projected directly onto the surface of a CMOS array detector, as for the 1D tags.
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Figure 2.9 (A) shows how the diffraction pattern changes with grating pitch in
each of the perpendicular directions; increasing in diffraction angle as the pitch
decreases. The series of diffraction patterns (labeled DA to DD) demonstrates how
it is possible to uniquely distinguish between eight different tags containing only a
single grating in each perpendicular direction. In the photographs, the first order
diffraction spots in the z and y directions (m, = 1 and m, = 1 as defined in
figure 1(A)) are highlighted by the solid circles, while the positions of the much
weaker second order diffraction spots (m, = 2 and m, = 2) are indicated by dashed
circles. Dotted circles indicate ‘quadrant’ diffracted beams which appear only on 2-
dimensional tags. These beams result from the fact that the 2-dimensional gratings
are produced by multiplying the transmission functions of two gratings oriented
perpendicular to each other: The diffraction pattern from these gratings is thus
the convolution of the diffraction patterns of each of the mutually perpendicular
gratings. This is discussed in more detail in section 2.3.

Figure 2.9 (B) shows diffraction patterns from different tags containing two su-
perimposed gratings in each of the perpendicular directions (patterns DEDE to
DHDE). Here, the first grating in both directions diffracts exactly as grating D in
figure 2.7(a). The second grating in the vertical direction has increasing pitch mov-
ing from DEDE to DEDH. A similar sequence for the horizontal direction gratings,
moving from pattern DEDE to DHDE, demonstrates the ability to independently

vary multiple pitches in the two perpendicular directions.

2.2.3 Experimentally obtainable encoding capacities

The encoding capacity of the diffractive encoding technique depends upon separating
the beams by the Rayleigh condition (as described in section 2.1.1) and so is affected
by the actual beam width. Therefore, measurement of beam-widths from the high
resolution metal-on-glass samples enables us to demonstrate how close we may come
to being able to obtain the encoding capacities calculated in sections 2.1.1 and 2.1.5.

Figure 2.10 shows the width of the first order diffracted beam at various diffracted
angles, for 1-dimensional and 2-dimensional tags. These are seen to be higher than
the theoretical widths calculated from equation 2.1, which requires a reduction of
our estimate of the obtainable encoding capacity. This increased width is likely to
be due to the method used to measure the widths: Since the widths are measured

from images taken on a camera, the measured values are very sensitive to inaccuracy

in determining system parameters such as the grating to CCD distance. The width
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Figure 2.9: Diffraction patterns created by (A) single grating 2-dimensional tags and (B)
tags containing two different gratings in each perpendicular direction. Moving from left
to right shows how a progressive decrease in the pitch of the vertical (y) grating changes
the diffraction pattern. The bottom row illustrates the same change in the pitch of the
horizontal x grating. Solid circles indicate positions of 1 of the 4 sets of first order beams,
dashed circles indicate second order and dotted circles ‘quadrant’ beams.

increase is thus system-dependant and could be reduced.

Curves fitted to the data in figure 2.10 may be used in place of equation 2.1, for
calculation of the possible diffracted beam positions that may be used for encoding,
in the particular system considered here. Following the same method as in section
2.1.1. replacing the analvtic value of Aa with values calculated from the curves
fitted to the data in figure 2.10. an estimate of the values for encoding capacity as a
function of grating length is obtained. for various numbers of superimposed gratings,
as shown in figure 2.11. While there is an obvious reduction in encoding capacity

due to the higher beam width compared to the theoretical ideal situation, there is
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Figure 2.10: Measured beam widths at various angles for 1-dimensional (open circles)
and 2-dimensional (black circles) tags illuminated by a beam focussed with a lens of focal
length f=100mm. Parts A-D represent 1-4 times superimposed tags, respectively. The
dashed line is a plot of theoretical beam width (as described in section 2.1.1) as a function
of diffracted angle, for comparison to experimental measurements. Solid lines show fitted
curves used to calculate encoding capacities in figure 2.11

still the capacity for very large numbers of codes using this diffractive technique, for

example approximately 10® on a 100um 5x superimposed 1-dimensional tag.

2.3 Non-code diffracted beams

2.3.1 Diffracted orders other than m =1

The analysis of the encoding concept given so far assumes that only the first order
diffraction spots encoding the data are present. In practice, however, this would
only be correct for a grating with a sinusoidal transmission function (figure 2.12(A)
inset). Such a grating has only a single frequency Fourier component in addition to
the zero frequency, which results in a diffraction pattern containing only zero and
first order beams, as shown in figure 2.12(A). The gratings considered here, of the
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Figure 2.11: Encoding capacity of a diffractive bar-code tag as a function of the length of
the tag for different numbers of superimposed gratings, based upon beam widths measured
experimentally from metal-on-glass high resolution tags. Graph (A) shows the capacity
for 1-dimensional tags and graph (B) the capacity for 2-dimensional tags. The number on
each curve corresponds to the number of superimposed gratings.

type shown in figure 2.1, have a step transmission function with period a, as seen
in figure 2.12(B and C) insets. In addition to the fundamental Fourier component
with period a, there are higher frequency Fourier components which make up such
a step function. These components appear as higher order beams (m; > 1) in the
grating’s diffraction pattern, shown in figure 2.12(B and C). The relative intensity
of the various higher diffracted orders, as calculated from Fraunhofer diffraction
theory, depends upon the exact profile of the grating, in particular on the ratio
a/(a —b), where b is the width of the transparent grating elements. Each successive
higher order is less intense than the previous one, except that some of the higher
orders are entirely absent from the diffraction patterns produced by certain grating
profiles; for example a grating with a;/(a; — b1) = 2 has no second order (m; = 2)
diffracted beam (figure 7(B)), while a grating with a;/(a; — b2) = 3 has no third
order (m; = 3) beam (figure 2.12(C)).

The higher order beams can be confused with the first order beams, leading to
misreading of the tag. It is therefore critical to be able to distinguish the first
order diffracted beams from the higher order beams. This can be achieved by use
of intensity discrimination of the higher order diffracted beams. The discrimination
level is set to the level of the most intense higher order beam. Defining the calculated
first order intensity as I;, this level S can be defined as S = I5/I;, where I, is the
intensity of the second order beam. This level S was calculated for ideal rectangular
profile gratings with different values of a/(a — b). Gratings with a/(a — b) = 2
require the lowest level of threshold, since one needs only to discriminate the third
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order beams, as described above: setting S = 0.05 eliminates all higher diffraction
order beams and provides error-free identification of the tag (see figure 2.13). For
all other values, the second order beams have to be discriminated, resulting in the

increasing values of S shown in figure 2.13 inset.
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Figure 2.12; Diffracted beams from various grating profiles, calculated by FFT. The grat-
ing transmission function is shown in the inset to each graph. A) Sinusoidal transmission
function, only first order diffracted beam appears. B) Step transmission function with
ratio ai/(a; — b1) = 2. C) Rectangular profile with a;/(a; — b2) = 3. D) Grating with
two superimposed pitches a; and ag, both pitches have a/(a — b) = 3. In addition to the
higher order diffracted beams, ghost beams appear due to superimposing process.
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Figure 2.13: The level of intensity discrimination S necessary to ensure higher order
elimination (solid curve) and elimination of the ghost and 2-dimensional ‘quadrant’ beams
(dotted curve), for different grating aspect ratios.

2.3.2 ‘Ghost’ orders due to superimposing

In addition to the higher order diffracted beams, when two or more pitches are
superimposed, extra ‘ghost’ beams appear, which may also be confused with code
first order beams. This is shown in figure 2.1(D) for two superimposed pitches a; and
as. These beams result from the fact that the superimposed grating profile (figure
2.12(D) inset) is a multiple of the individual grating step functions. Therefore, in
addition to the Fourier components of the individual step functions that make up the
grating, the superimposed grating profile function has extra Fourier components that
arise from the convolution of the individual grating components (figure 2.12(D)). The
origin of these beams can be seen from the following analysis: consider a 2-times
superimposed grating with transmission function C, consisting of the multiple of
the transmission functions A and B of two individual gratings, i.e. C = AB. The
Fourier transform (and hence the diffraction pattern) of grating C' (denoted FT'(C)
is therefore given by [44]

FT(C) = FT(A) ® FT(B), (2.3)

where ® denotes a convolution. The convolution produces a set of beams according
to F'T(A) about each of the diffracted beams in FT(B). About the zero order, these
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produce the code beams from each of the gratings superimposed on the tag, plus
the higher order diffracted beams. About the first order diffracted beams, extra
‘ghost’ beams are produced. From the properties of the convolution operation [44],

the intensity of these ghost beams as a fraction of the first order intensity I is
ioobr
(G,Sln—‘

——=)? (for derivation, see Appendix A), where I is

the zero order intensity, plus a weighting determined by the amplitude and phase

equal to the ratio /Iy =

of the individual diffraction patterns of A and B at this point. In regions where
both individual patterns have a very low light intensity (i.e. away from any of the
diffracted orders), the ratio can be considered to be given just by Iy/I;. These
ghost beams can be eliminated using a similar intensity threshold method to that
described above for the elimination of diffracted beams with m > 1. The resulting
threshold for different values of a/(a — b) is shown in figure 2.13. It can be seen from
this graph that the thresholds used for higher order elimination will also eliminate
the ghost beams for all aspect ratios, except a/(a — b) = 2.

By considering equation 2.3 it can be determined that each pair of pitches on a
superimposed grating produces a set of ghost beams as a result of the convolution
process. The ghosts appear at angular positions that depend upon the spatial
frequencies present in the superimposed grating. A pair of gratings superimposed
as in figure 2.1(D) individually have spatial frequencies kg1, = m27/a; and kgam =
m27 /ay, which give rise to the diffracted orders shown in figure 2.7(A and B).
The superimposed grating has, in addition, spatial frequencies k,, which are linear

combinations of these, given by

ksg = g1kcim + g2kcom, (2.4)

where ¢; and g, can have the values 41, +2,....These spatial frequencies produce

ghost beams at positions «a such that

sina = A (_9_1_ + 23) , ' (2.5)

a;  ag
which results in a diffraction pattern as in figure 2.12(D). The metal-on-glass super-
imposed tags shown in figure 2.5 display evidence of these ghost beams (see figure
2.7(B), example ghosts shown in dotted circles). The ghost order positions can be
experimentally measured and compared against equation 2.5, as shown in figure
2.14. It can easily be seen that there is very good agreement between this equation
and the measured diffracted spot positions.

In addition, the intensities of the ghost beams can be obtained from the FEF'T sim-
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Figure 2.14: Positions of the g; = 1, go = 1 ghost peaks due to a pair of superimposed
gratings. The position depends on the angular spacing between the first order beams
from the gratings. Points are experimental measurements from the diffraction patterns
of the metal-on glass gratings, dashed line is a plot of equation (2) for comparison. The
equivalent curves for go = 1 are identical, but reflected about 0°.

ulations, in order to determine whether they may be discriminated by a threshold
level method, similar to that described for the higher order beams. The simulated
intensities of ghost beams ¢g; = g» = +1, which are the most intense, are measured
in regions well away from other features of significant intensity in the diffraction
pattern. We find that if I is the zero order intensity, I; is the first order intensity
and I, the ghost order intensity, the relation /Iy = I,/I; appears to hold, with
fluctuations of +:2.4% (these fluctuations are dependant on the relative phase of the
field as well as its amplitude, and therefore may be reduced, as will be discussed
below). The ratio I,/I; is used as a discrimination level, in a similar manner to
the value S used for higher order elimination. It has already been seen in section
2.2.2 that the ratio I; /Iy decreases with increasing a/(a —b) (figure 2.13). The ratio
I,/I1 behaves in the same manner, because of the equivalence I1/Iy = I,/I;, as
stated above. As already shown, the higher order intensity increases with increasing
a/(a — b). For a/(a —b) > 2, the ghost intensities are less than the higher order
beam intensities in the regions of the diffraction pattern considered here. Therefore
in these regions, the higher order and ghost beams for gratings with a/(a — b) > 2
are entirely discriminated by S. Additionally, the side lobes of the zero order (seen
near 0° in figure 2.12), cause the ghost beam intensity to increase as its position
approaches the zero order. Such ghost beams can be eliminated by having a dis-




2.3. Non-code diffracted beams -71-

crimination threshold that increases close to the zero order. Such a threshold is
shown in figure 2.15, for example ghost beam intensities measured from metal-on-
glass grating diffraction patterns. The optimal point for both ghost and higher order
intensity is a/(a — b) = 3 (either side of this value, one or the other increases, see
figure 2.13) and we therefore chose this grating profile for subsequent investigation
of the superimposed diffraction grating tags. A similar analysis can be performed
for other grating profiles.

A more drastic problem occurs when a ghost beam coincides with another ghost,
or a higher order beam from one of the other gratings on the tag. The most signif-
icant case of coincidence with a higher order beam occurs for g; = g = £1 ghost
beam due to two periods a; and as, coinciding with a 2nd order beam. This happens

when

a1 a2 a

(:ti + —1—) = 3, (2.6)

where a; > a,. For coincidence of two ghost beams in position, the most significant
case is for two ghost beams with g; = go = +1. For any combination of pitches a;,

1 1 1 1
(:I:—- + —) = <:{:— + ——-> , (2.7)
a; Q2 as Q4
where a; > ay > az > as.

This effect can create a ghost with an intensity which is a large fraction of the

as, az and a4

first order intensity (again, this is dependant on the relative phase of the interfering
components, see below), which can therefore be extremely hard to discriminate from
a code first order beam (see figure 2.15 inset). It is difficult to remove such high
intensity ghosts using a threshold method, so tags with high intensity ghosts have
to be eliminated from the encoding library. Using equations 2.6 and 2.7, the ghost
coincidences for all possible grating combinations and for all different superposition
levels can be calculated, and so these tags can be identified and removed from the
possible set used for encoding. This gives rise to a set of revised values for the
diffractive tag capacity (figure 2.3, dashed curves 2 - 5). It is clear from this that
the majority of the tags can still be used for encoding.

Although not studied practically in this thesis, it is possible to change the effect
of the combination of ghost orders with other features of the diffraction patterns

from the individual gratings on a superimposed tag, by modifying this particular su-

perimposing method. This can be done because the result of interference of features
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Figure 2.15: The measured intensity of ghost beams at various angular positions for
example 2 times superimposed tags with a/(a — b) = 3 (black points). The dotted line
separates the region where I /Iy = I,/I; (right of dotted line) from the region of rising
ghost intensity close to the zero order (left of dotted line), due to interference between
the ghosts and the zero order subsidiary maxima. The solid line shows an example of a
threshold which could discriminate such ghost beams. An example ghost with an intensity
that cannot be discriminated by this threshold is indicated by the circled point. Inset
shows how such a ghost beam is formed by coincidence in position with a second-order
beam.

in the diffraction pattern is dependent not only on the electric field amplitudes, but
also the relative phase of the two interfering features. The relative phases of the
field due to each grating at a particular point in the detection plane depends on
the position of the point, and also on the relative spatial position of the gratings
on the tag. Therefore by moving the gratings with respect to each other, the inten-
sity of features produced by interference of ghost beams with other features can be
reduced to a minimum level. This is similar to the techniques used in some of the
technologies described in chapter 1, such as the binary superimposed Bragg gratings
(BSGs). »

For 2-dimensional tags, an extra set of diffracted orders appear in the quadrants
between the code axes (marked on figure 2.9 (A) by dotted circles). These orders
are not on the code axes so in theory would not interfere with the code reading.
However, for the reading algorithms that will be considered in chapter 3, we will
see that the reading process involves locating these axes (the axis location is not

assumed). Therefore these orders may also disrupt the code reading process. The
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origin of these beams are due to the convolution process, in a similar manner to the
ghost beams described above : a 2D grating with transmission function C consists
of the multiple of the transmission functions A and B of two mutually perpendicular
gratings i.e. C = AB. The intensity of these beams as a fraction of the first order

in b
intensity I; is therefore equal to the ratio I; /I = (“5-=)?, where I, is the zero order

b
intensity, plus a weighting determined by the amplitude and phase of the individual
diffraction patterns of A and B at this point. Since both individual patterns have
very little light at the positions of most of these beams, the ratio can be considered
to be given just by Iy/I;, ignoring the weighting except in regions very close to
the zero order. These quadrant beams can be eliminated using a similar intensity
threshold method to that described above for the elimination of diffracted beams
with m > 1. The resulting threshold for different values of a/(a — b) is shown in
figure 2.13. It can be seen from this graph that the thresholds used for higher order
elimination will also eliminate the extra two dimensional ‘quadrant’ beams for all

aspect ratios, except a/(a — b) = 2.

2.3.3 Thresholds and SNR

Throughout this section, the method of thresholding has been used to remove un-
wanted beams from the diffraction pattern. These unwanted beams, can however
(since they are not code beams) be considered as noise, and the threshold is then
equivalent to the signal-to-noise ratio (SNR) of the code diffraction pattern. The
word “threshold” has been used thus far simply because it describes the method of
removing the unwanted noise from the diffraction patter before reading.

The SNR of the grating diffraction patterns determines the limit on the available
superimposing levels: as the SNR approaches 1, the gratings can no longer be
reliably read. Since more spurious features (ghost beam) appear as more gratings
are superimposed on the tag, SNR is inversely proportional to ny. In our case, as
will be discussed in more detail in section 3.2.4, SNR approaches 1 for n, = 4,

limiting the encoding method to 3 superimposed gratings for reliable reading.

2.4 Conclusions

In conclusion, the concept of a new optical non-contact tagging technique for mi-

croparticles has been demonstrated, based on superimposing large numbers of minia-

ture diffraction gratings on a tag. Various limitations of the method for rectangular
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profile gratings have been analysed, such as higher order diffracted beams and ghost
beams produced due to the superimposing process, which may be confused with code
first order beams. However, it has been shown that in most cases these beams can
be eliminated by the use of an intensity threshold method. Using simple combinato-
rial analysis, the technique was predicted to be capable of creating distinguishable
tags containing at least 5 superimposed grating and encoding up to 10° tags, each
of which is only 100um long and a few um wide. To demonstrate this technique
a library of 50um x 50um tags was manufactured on a glass wafer and the practi-
cality of the superimposed grating tags was confirmed. The simple multiplicative
encoding method allows for up to three superimposed gratings, providing capacity
for more than 68,000 tags. The available encoding capacity was shown to be limited
by inaccuracies in the reading setup, in addition to the limitations provided by the
encoding method, which are discussed in more detail in chapter 3. An enormous
increase in capacity is possible if two sets of mutually perpendicular gratings are
used, creating ‘two-dimensional’ tags. Combinatorial analysis predicts that up to
10?! different two-dimensional barcode tags can possibly be fabricated with up to 5
superimposed gratings in each dimension. A library of two-dimensional tags allowed
ones containing at least three superimposed gratings to be resolved, demonstrating
an obtainable capacity of the order of 6.2x108 codes. The robust nature of the
tags, together with the non-contact remote reading capability makes them ideal
for a large variety of micro-particle based biochemical, cytological, proteomic and

genomic assay applications.




Chapter 3
Encoding for automated assays

In this chapter, the steps required to apply the encoding concept (outlined in the
previous chapter) to biochemical assays are outlined. This includes the materials
and fabrication details required to manufacture particles compatible with the as-
say system, and an automated reading algorithm that could be used to identify a
particle’s code in such a system.

Section 3.1 outlines the type of system which could be used to read diffractively
encoded particles in order to perform high throughput assay analysis, together with
the requirements for the material from which the particles are fabricated. The
concept of phase gratings, manufactured by profiling the surface of the particles,
is introduced as being the simplest method for diffractive encoding of particles.
Section 3.2 introduces the manufacturing method of nano-imprint lithography for
production of encoded particles, and characterize the diffraction patterns from the
resulting tags. Finally, section 3.3 presents details of an algorithm for automated
reading of the tags, under the conditions likely to be present in a microfluidic assay

system.

3.1 Assay system requirements

In order to analyse a bead based assay in a high throughput manner, a microfluidic
system must be used. While the exact details and implementation of the microflu-
idics fall outside the scope of the work presented in this thesis, the requirements
of such a system affect the development of tag reading software and hardware, and
the material requirements for the tags. We therefore consider here the system re-
quirements, in order to develop these aspects of the diffractive tagging technique

for later integration into a microfluidic system. The principle of such a system is

[6)
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outlined in the schematic in figure 3.1. A mixture of encoded particles which have
undergone biochemical binding reactions (such as those described in chapter 1) is
pumped into the system. Those which have undergone successful molecular bind-
ing are fluorescent and trigger a signal in the fluorescence detector. An impedance
detector prompts the diffraction detector to start the reading process (see section
3.3). The diffraction detector is a CCD/CMOS camera; the diffraction pattern is
projected directly onto the surface of the camera sensor. The camera takes images
of the diffraction patterns obtained from tags, and sends them to a PC for analysis,
in order to obtain the code (see section 3.3). The wavelength of the laser used for
diffraction measurement should be chosen not to be too close to the absorption peak
of the fluorescent dye used to indicate successful molecular binding, so as avoid the
possibility of bleaching the dye: in our case we design tags for use with light of
wavelength 633nm, well away from the absorption peak of the fluorescent dye Cy3.
After identification the particle can, if required, be sorted into a variety of channels,
depending on its code and the results of fluorescence detection, for further analysis
or chemical processing (example sorting electrodes are shown in figure 3.1(B)). The
system of channels and electrodes is manufactured by photolithographic processes,

and is contained in a glass chip measuring 20 x 20mm (figure 3.2(A)).
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Figure 3.1: Schematic of the kind of microfluidic system that can be used for high through-
put analysis of diffraction-encoded micro-particle assays. A mixture of particles enter the
system and are analysed for analyte binding and diffractive code, both of which are trig-
gered by impedance detection. The particles are sorted for further analysis on the basis
of code and fluorescence signal.

In order to be successfully used for tag detection, the camera must fulfil a number

of requirements. It must be able to cope with high intensity incident light (particu-
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larly due to the zero order); many CCD sensors are prone to ‘bleeding’ of signal from
saturated pixels into neighbouring pixels. This creates a ‘blooming’ effect, so that
high intensity objects appear much larger than they actually are. This will cause
the zero order to interfere with, or obliterate, code beams close to it. The system
should therefore use a camera with a CMOS diode-array type sensor, which features
an antiblooming ground, moving excess charge away from high intensity pixels to
stop it leaking into neighbouring pixels. The size of the sensor must be large enough
to fit wide-angle diffraction patterns on at the minimum distance from the gratings,
that is required to observe the Fraunhofer diffraction pattern of the tags. To ob-
tain the Fraunhofer diffraction pattern on the camera [44], the distance z between
the grating and the camera sensor should satisfy z > kz,,,./2. By evaluating the
Fresnel diffraction integral at various values of z, we find that at z > kZ,,0./2 the
pattern is equivalent to the Fraunhofer pattern. For our gratings (z,,az ~ 25um),
this distance is about 3mm.

Electrodes within the microfluidic channel (shown in figure 3.2(C)) keep the par-
ticles aligned for reading of the diffraction patterns, although the reading algorithm
is able to tolerate some misalignment of the particles (see section 3.3.1). A high
frequency electric field is placed across the alignment electrodes. The alignment
is accomplished by dielectrophoretic forces (see, for example [84]), which require
the tagged particles to have length#width#height. A high throughput method for
manufacturing large numbers of rectangular blocks is photolithography. This pro-
cess requires a material which either cross-links (polymerizes) or un-cross-links under
exposure to light. The first type is known as a negative resist and the second type
a positive resist. When using a negative resist, as is the case in this work, a layer of
material is spun onto a flat substrate (for example glass or silicon), and a mask is
used to selectively cross-link rectangular sections of material. After removal of the
non-crosslinked material, rectangular particles are left on the substrate, which can
then be encoded and subsequently lifted off from the substrate for use in assays.

In addition to the photolithographic properties, the material used must be able to
withstand the physical and chemical conditions of the processes required to attach
biomolecules to the surface of the particles. The particles must be mechanically
stable, in order to withstand pippeting, sonicating and centrifuging accelerations
up to 78000 ms~2. The material must be resistant to attack from organic solvents
used in the biochemical processes and: stable in temperatures up to 50°C. Most
importantly, the material must have surface chemistry which is compatible with the

attachment of biomolecules to the surface.
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Figure 3.2: (A) An example chip containing a microfluidic channel, through which so-
lutions containing encoded particles can be passed for automated analysis. Electrode
connection are seen on the left and righ sides of the chip. After analysis, electrodes (B)
force the particles into certain channels, depending upon the analysis results. (C) Paral-
lel electrodes keep the particles aligned during reading of the code. in order to minimise
distortion of the diffraction pattern (images courtesy Dr. G. Galitonov).
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Figure 3.3: Schema of the cross-linking process of SU8. The macromonomer is made
of a number of repeating elements (on average 8) containing free expoxide groups. Upon
exposure to UV light (wavelength 365nm) in the presence of a photo-initiator, a proportion
(depending on the light fluence absorbed during cross-linking) of free epoxide groups open
and form bonds to each other, permanently linking the macromonomers together. A
number of residual free epoxide groups remain after cross-linking. These free epoxide

rings may easily be chemically opened and functionalized for attachment of biological
molecules.
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Taking the above factors into account, the material chosen for the manufacture of
diffractively encoded microparticles was the novolac-epoxy resin SUS8, which is well
established in the field of microfabrication and micropatterning and is widely used
as a negative resist [85, 86, 87]. The structure of the SU8 monomer is shown in 3.3.
SUS8 is generally dissolved in an organic solvent (for example gamma-butyrolactone),
and mixed with a photo-initiator (ArsS and SbF¢ mixture). This solution is spun
onto a flat substrate and baked to remove the solvent. Upon exposure to UV light of
wavelength 365nm, the photoinitiator causes the expoxide groups to form cross-links
between the monomers (figure 3.3), resulting in a polymeric material. SU8 performs
outstandingly in photolithography, forming flat well-defined microstructures with
surface variations as small as £40nm. After exposure through a mask, SUS8 is cured
with a post-exposure bake process, forming an extremely thermally stable material,
with a decomposition temperature of 380°C [88]. Fully crosslinked SUS8 has a tensile
breaking strength of approximately 55 MPa [88], comparable to nylon fibres, indicat-
ing an ability to withstand high forces without being destroyed. SUS is also resistant
to attack by most organic solvents once crosslinked [89]. In addition, the crosslinked
material has residual free epoxide groups on the surface, which are easily functional-
ized for attachment of biochemical molecules such as oligonucleotides, peptides and
antibodies [28, 89, 90, 91, 92, 93]. SUS also has excellent optical transparancy in the
visible region; to demonstrate this, the transmission spectra of flat 17um thick SUS8
plates on a glass substrate were measured using a spectrophotometer, which gave
an average transmittance of 99.4 &+ 0.2% for wavelengths 400-700nm (measurement
calibrated to the substrate without SU8). All of these properties make SU8 an ideal
candidate for diffractively encoded microparticles to be used in bead based assays.

In order to diffractively encode SU8 particles, methods for photolithographically
patterning metal onto the SU8 were investigated, in order to produce amplitude
gratings similar to those in chapter 2. The manufacturing tests were performed by
Dr. Shahanara Banu and the process is outlined schematically in figure 3.4(A). First,
SUS8 is spun to a thickness of approximately 5um on a substrate, and selectively cross
linked to form bars. The un-crosslinked SUS8 is removed with a developer, and gold
evaporated to a thickness of approximately 100nm. A positive resist is then spun
over the gold coated bars, and patterned to provided a mask in the shape of the
required grating. The exposed gold is then etched away, leaving a gold grating on
the surface of the bars. Since this process involves many steps and thus is very time
consuming, it was abandoned in favour of producing phase gratings using a the one

step photolithography process shown in figure 3.4(B). A layer of SUS is spun onto
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a substrate and the bars patterned using the mask shown in figure 3.4(B). This
creates grating ridges along the edges of the particles which form a phase grating

which diffracts as described in section 1.4.3.
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Figure 3.4: Schematic of the procedures for manufacturing (A) amplitude gratings and
(B) phase gratings using photolithography.

The photolithography method described above was used to manufacture phase
gratings with 4 different periods which were successfully used in real genomic and
proteomic assays by members of the 4G group (in particular, Dr. Rohan Ranasighe,
Joseph She and Graham Broder) in which the code was detected by distributing the
particles on the slide after the assay, and scanning the slide over a reading beam.
The code was read using the algorithm described in section 3.3.3, integrated by
Dr. Gerasim Galitonov into an overall piece of control software with initial options
to detect the fluorescence signal from the chemical components of the assay. In
addition to demonstrating the applicability of the encoding technique to its intended
application. the assays provided some important data about the number of repeats
of each code which need to be read due to fluctuations in the fluorescence signal.
More details on this are given in section 3.4. In addition to these static slide-based
assays, reading of the codes was succesfully demonstrated in a microfluidic device by
Dr. Galitonov, although the full integration with fluorescence required to perform
actual fluidic assays still requires some work.

The photolithography method, although successful at producing a very limited
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number of periods, was not able to produce large numbers of codes due to the
resolution limits of the available lithography devices (resolution limit approximately
2pm).We now move on to describe a manufacturing process which will be shown to
be able to reproduce superimposed diffraction gratings as ridge profiles on the surface
of SUS, with accuracy adequate to achieve a large number of unique, distinguishable

codes.

3.2 Gratings manufactured by nano-imprint lithog-
raphy |

In order to pattern nano-structured encoded superimposed gratings into SU8 as
ridge profiles, we use a process known as nano-imprint lithography. In conventional
nano-imprint lithography, a high resolution stamp is fabricated in a hard material
such as silicon or fused silica using a combination of electron beam lithography
and dry etching. Figure 3.5 shows an outline of the basic principle of nano-imprint
lithography. The high-resolution stamp is brought into hard contact with soft poly-
mer, transferring the stamp’s structures onto the polymer surface. The result is
high quality replica of the structures on the stamp, with similar resolution to the
original. The process can be repeated many times, providing material transfer from
the substrate to the master is minimized using an anti-stick coating. Nano-imprint
lithography is therefore ideal for the production of diffractively encoded SU8 micro-
tags, which require high quality, high throughput reproduction of many copies of
structures with high resolution features.

A /Stamp B C

Press stamp T Release stamp

I I
Patterned

Soft polymer
- polymer

Figure 3.5: Generic outline of the nano-imprint lithography process. A high-resolution
structured stamp is brought into contact with a soft polymer, and force applied. The
stamp is removed, leaving a high-quality copy of the stamp’s structure in the polymer
surface.




3.2.  Gratings manufactured by nano-imprint lithography —82-

3.2.1 Imprint ridge depth

In section 2.1.3, the optimum values of ridge depth D for SU8 gratings in air and
water were calculated. As we shall see, manufacturing constraints preclude us from
using any arbitrary value of D: the nano-imprint process that will be described in
the next section can in general only achieve maximum depths of about 500-600nm
whilst still adequately resolving features of 100nm width. Gratings superimposed
using the simple multiplicative method described in chapter 2 contain some features
of 100nm or even less. Therefore, we cannot realistically achieve the optimum value
of D for water, whilst maintaining the required feature resolution. However, the
chosen a value of D =~ 600nm (D/)\ = 0.947) is close to the optimum value for
gratings in both air and water, giving Iy/I; = 1.4 for a single grating in air and
Iy/I; = 1.3 for a single grating in water. It is difficult to guarantee an accurate
depth using the process which produced the nano-imprint masters, so the obtained
depth deviated somewhat from our originally chosen value. In addition, it will be
shown that the features of 100nm or less in size have little effect on the code; most
limitation occur due to the interference between wanted and unwanted elements of
the diffraction pattern, introduced by the particular coding method used.

The relative intensities of all the diffracted features away from the zero order
(e.g. the ratios of first order to second order intensity I/l and first order to
ghost order intensity I;/1;) may also change with different values of D. This will
be investigated further in section 3.2.4 alongside experimental results from SUS8
encoded tags, together with the variation in the values of Iy/I; between different

orders on a superimposed tag.

3.2.2 Stamp manufacture

Two types of nano-imprinting stamp were tested. The first was fabricated by e-
beam direct-write from silicon carbide, for a simple test of the manufacturing con-
cept. The nano-imprinting stamp was designed as a GDSII mask layout file using
dedicated software that allows the user to enter the required grating parameters and
then automatically generates the required mask (software written by Dr. Gerasim
Galitonov, University of Southampton). The embossing stamp was an area 2 x 2

mm, containing an array of 50 x 50 um gratings, one of which is shown in figure
3.7(B). The array contained four areas, each of 25 tags with 2 superimposed grat-
ings on the surface. The stamps were manufactured from silicon carbide wafers by
Dr. Yifang Chen of the Rutherford Appleton Laboratory. An outline of the pro-
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cess is shown in figure 3.6. A 120 nm layer of Poly-methyl-methacrylate (PMMA,
molecular weight (MW) = 100k) was spin coated onto the wafer and then baked
at 180°C in an oven for 1 hour. A second layer of PMMA (MW = 350k) was then
applied under the same conditions. This bilayer resist was essential for the creation
of an undercut in the resist profile after lithography to ensure successful lift-off.
Electron beam exposure was carried out at 100 kV, using a high resolution vector
beam writer (VB6, Leica-Cambridge plc). Standard development of the PMMA
in MIBK:IPA (a 1:3 ratio mixture of methyl isobutyl ketone and isopropanol) was
undertaken at room temperature. A 30 nm thick chromium layer was deposited
by thermal evaporation (Edward evaporator) and the sample soaked in acetone for
20 minutes to lift off unwanted chromium. Etching of the chrome-patterned silicon
carbide was performed using an anisotropic dry etch with a mixture of C,Fg/CHF3,
in an Oxford Plasma Technology System 90 etcher. In this process a plasma of the
two gasses reactively removes the silicon carbide. The process is adjusted to make
the etch as anisotropic as possible, i.e. creating straight-walled grooves rather than
grooves with curved walls. By adjusting the ratio of CoFg to CHF3, various etched
profiles can be achieved. In our case, it was found that a ratio close to 1 produced
vertical side-wall profiles as shown in figure 3.7. With this gas mix, the etch rate was
approximately 10 nm/minute. After etching, the remaining chromium on the top of
the silicon carbide features was removed with a commercial chrome etchant. These
stamps were used to imprint barcodes onto flat sections of SU8 for characterisation.

The second type of nano-imprint stamp tested was a nickel stamp moulded from
a direct e-beam written silicon master. The advantage of this second process is that
the stamp is more robust, and may easily and cheaply be replaced after breakage
or severe contamination by moulding a new stamp. This second process therefore
lends itself more realistically to mass-manufacture of encoded microparticles. The
stamp is the size of a 4” wafer, allowing it to be used in standard wafer processing
machines. The layout of encoded tags on the master is different to the silicon carbide
master; in this case there is a 4 x 4 mm area of gratings. Within this there are 100
gratings within a 2 x 2mm area, repeated four times to make a 4 x 4mm square. As
before, the design was created using the software written by Dr. Galitonov.

The first part of the manufacturing process of the nickel stamp is the creation
of the initial silicon mould (silicon mould manufactured by Kelvin Nanotechnology
Ltd). This is shown schematically in figure 3.8. First (steps 1 - 4), a raised area 5um
in height and approximately 2 x 2cm in area is created. The purpose of this is to

prevent any contaminants disrupting the imprint process, which is likely to happen
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Figure 3.6: Process for manufacturing the SiC nano-imprint master: (A) A layer of PMMA
is spun and cured onto the SiC, and the required pattern un-crosslinked by e-beam. Un-
crosslinked PMMA is removed with MIBK:IPA and a chrome protective layer is deposited
(B). The remaining PMMA removed with acetone leaving a protective chrome layer cover-
ing only the required features (C). The unprotected SiC is dry etched away to the required
depth, leaving the patterned imprint master (D).

Figure 3.7: SEM images of a SiC nano-embossing master. The high aspect ratio and
uniformity of the structures can be seen (A), together with the multiple periods evident
in a superimposed grating pattern. Single grating patterns are 50 um square (B), with
many such patterns in an array over a 2 x 2mm area (images courtesy Dr. S. Banu).
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Figure 3.8: Schematic of the process for creating a silicon mould for the manufacture of
nickel nano-imprint masters.

over the area of a 4”7 wafer. The area is created by spinning a layer of negative
photoresist onto a 4” silicon wafer (step 1), and exposing it through a mask which
crosslinks the resist inside the position of the raised area (step 2). Uncrosslinked
resist is then washed away, and the exposed silicon etched to a depth of 5um. The
remaining resist is then removed, leaving a raised area in the centre of the silicon
wafer. The pattern of the encoded gratings is then created on top of this raised
area (steps 5 - 8) by the same e-beam direct write method used to create the silicon
carbide master, as described above.

Once the silicon mould is fabricated, a nickel ‘father’ mould is created from it by
electroforming (all electroforming was carried out by Tecan Ltd using a proprietary
process). Nickel is electroplated to a thickness of 300um over the silicon. The silicon
is then completely removed by immersion in potassium hydroxide (KOH), leaving
a nickel plate with a reversed copy of the silicon’s structure. Nickel is then again
plated to a thickness of 300um over the father mould. This second plate is released
from the father mould mechanically, leaving both intact. The father mould is kept
and may be used repeatedly, each time creating a nickel copy of the silicon structure
which is then used in the nano imprint process. This ability to mould many stamps
allows them to be more easily and cheaply replaced than the direct-write silicon
carbide stamps. SEM images of the final nickel embossing master are shown in

figure 3.10. We can see that the quality of the master produced is similar to that of




3.2.  Gratings manufactured by nano-imprint lithography —86—

1

Silicon Mould Nickel plating
4

Nickel plating
2
Silicon Mould
Multiple copies l

Etch silicon l S

" (KOH) m

Figure 3.9: Schematic of the process for creating a nickel mould from the silicon mould.
The final nickel imprint master is then created from this nickel mould. The nickel mould
may be used repeatedly to create many nickel imprint masters.

the silicon carbide master. with some evidence of imperfect reproduction of features

less than 160nm in width seen in figure 3.10(3).

Figure 3.10: SEM image of single (1). 2x superimposed (2) and 3x superimposed (3)
gratings on the final nickel nano-imprint master. Inset shows a zoomed in section of the
3x superimposed grating: Note the resolution limit of the process resulting in imperfect
reproduction of gaps less than 160nm in width in part (3) inset.

3.2.3 SUS8 imprinting process

The manufacture of nano-imprinted SU8 diffractive tags was performed by Dr. Sha-
hanara Banu, a member of the 4G basic technology group. The first imprinting tests
were performed using the silicon carbide stamp in a simple home made compres-
sion tool, to test the applicability of nano-imprinting to diffractive encoding of SUS.

SUS films were fabricated on boro-silicate float-glass wafers (thickness 700 =+ 25 pm,
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Schott), which were first spin-coated with a Ti-prime adhesion layer at 3000rpm,
followed by baking at 120°C for 2 minutes. A layer of SU8-5 was then spin coated at
2000rpm followed by 1 minute baking at 65° and a further 1 minute at 95°. The final
thickness of the SU8 could be adjusted by varying the spin speed; the speed was
optimised to 2000rpm to give a film thickness close to 5 um. After coating the wafer
with SUS8, the wafer was exposed to light of wavelength 365 nm (I-line of a mercury
arc lamp) through a mask, using a MA6 (SUS Microtech) mask aligner, with an
optimized exposure dose in the range 60-200 mJ cm™2, depending on the thickness
of the SU8. The mask was either blank to fabricate flat films for characterization,
or patterned with rectangular blocks for manufacture of bar-shaped particles. After
exposure, the wafers were baked at 65°C for 1 minute, and the temperature was then
increased for 7.5 minutes at 4°C per minute, to 95°C. The wafers were developed
in PGMEA EC solvent (polypropylene-glycol-methyl-ether-acetate, Chestech Ltd,
UK.) for 2 minutes with agitation, then thoroughly rinsed with isopropyl alcohol
and blow dried.

In order to ensure complete detachment of the stamp after imprinting [11], the
stamp was coated with a monolayer of anti-stick agent, trichloro(1H, 1H, 2H, 2H-
perfluorooctyl)silane. The stamp was soaked in a solution of 1-2% of the trichlorosi-
lane in ethanol for 30 minutes, rinsed with ethanol and baked in an oven at 120 C
for 30 minutes.

Imprinting was performed by pressing the master onto a 2 x 2mm area of wafer
containing the pre-fabricated SU8 bars (or flat films for grating characterization),
with thicknesses of approximately 5 um. A home-made press was used, based on a
screw clamp arrangement, in which the pressure was adjusted using a torque-wrench.
The applied force was calculated from the torque and checked using an electronic
balance. The imprinting force was distributed as homogeneously as possible using
a piece of PDMS sheet between the stamp and the pressure plate. The stamp
was aligned by eye with the substrate and then the assembly was pre-baked. The
required force was applied using the torque-wrench, and the system again baked. In
order to optimise the imprinting, a range of forces in the range 60-320 N were tested
(over the 2 x 2 mm stamp). The baking temperature was ramped from 50 — 100°C

at 4°C min~! for 5 minutes. The stamp was removed manually by levering it off

with tweezers, leaving the sample ready for characterisation.

In order to characterize the imprinted patterns, gratings of 50 x 50 pum were fab-
ricated on flat films of SU8. With an imprinting force of 320 N, high quality gratings
with high aspect ratio (figure 3.11 (C) and (D)) were obtained, in this case with
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feature depths of 650 nm. Patterning bars onto the film by photolithography be-
fore imprinting allows us to produce similar high quality imprinted patterns on bars
(figure 3.11 (A) and (B)), showing that this technique works well for the production

of diffractively encoded microparticles.

189.8kV X15.8K 2.88»m

Figure 3.11: SEM images of an array of microbars nano-imprinted using a silicon carbide
imprint master(A), with a high quality diffraction grating pattern (B) reproduced on the
surface. The depth of the features (C) and uniformity of the profile (C and D) are shown
here in patterns imprinted into flat SU8 films. All samples were coated with 5nm gold
before imaging (images courtesy Dr. S. Banu).

Once the silicon carbide stamp was shown to produce high quality diffraction
gratings, proving that the imprint principle works for manufacture of encoded su-
perimposed grating tags, further imprint tests were made using the nickel imprint
masters produced by electroforming. SU8 3005 films were fabricated on glass pre-
treated as described above. The SU8 was spun to a 5um layer on the glass by
spinning at 500rpm for 5s, followed by spinning at 2500rpm for 30s. The coated
glass wafers were then soft baked at 65°C for 5 minutes, followed by 95°C for 30
minutes. As for the silicon carbide stamp, the nickel stamp was coated with silane
to ensure detachment of the stamp after embossing. However, in order to allow ad-
hesion of the silane to the stamp, the stamp had first to be coated with evaporated

silica (coating by Philips MiPlaza, Netherlands).
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Figure 3.12: Schematic diagram of the stack layout for nano-imprint inside the wafer
bonder. The substrate to be embossed is held on a flat plat which is heated to 95°C. The
stamp is placed on top of the substrate, and two graphite layers are placed on top of the
stamp to evenly distribute the force of the piston. The piston compresses the stack, thus
embossing the substrate.

The imprint process was performed under vacuum in an EVG520 wafer bonder.
A schematic diagram of the setup inside the bonder is shown in figure 3.12. The
SUS coated substrate is placed on a flat metal base plate which is in contact with
a heating element, and the nickel stamp aligned and placed on top of it. A soft
graphite plate and a thick hard graphite plate are placed on top of the stamp as a
contact surface for the bonder piston, and to evenly distribute the piston pressure
over the embossing stamp. The stack is heated to 95°C and the piston brought into
contact with the graphite with a force of 1000 N (300 N from stack and 700 N from
piston) and the force held for 5 minutes. Due to the raised temperature the imprint
is performed at, this process is often referred to as ‘hot embossing’. The whole stack
including the base plate is then transferred to a mask aligner (EVG620) to expose
SU8 with UV light for 30 sec (intensity 10.5-11.0 mW /cm2). The wafer is then baked
together with the stamp on a hot plate at 95°C for 10 minutes. After that the wafer
is cooled for 2 minutes and the stamp is removed using a knife. SEM images of the
resulting gratings are shown in figure 3.13. The results show excellent fidelity with
the original master, with the only significant imperfections in the grating structure
being the imperfect reproduction of features below 160nm, which was seen on the

master (such features are seen in figure 3.13(3).
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Figure 3.13: SEM images of single grating (1), 2x superimposed (2) and 3x superimposed
(3) encoded tags on an SUS8 film nano-imprinted using an electroformed nickel imprint
master. All samples were coated with 5nm gold before imaging (images courtesy Dr. S.
Banu).

3.2.4 Characterization of diffraction from nano-imprinted
gratings

To be successful for high capacity encoding, the nano-embossed patterns must have
diffraction patterns with characteristics that are similar to those described in chapter
2. That is they must have beam widths, higher order intensities and ghost order
intensities close to those for the ideal case. In addition, the diffraction efficiency of
the gratings, as considered theoretically in section 1.4.3, should be high enough that
the diffracted first orders from the nano-embossed tags are easily distinguishable
from any noise present.

The encoding capabilities of the nano-embossed SUS patterns formed from both
types of master were measured using the experimental system described in chapter
2. A helium-neon laser (wavelength A = 633 nm) was focused by a lens (focal length
f = 100 mm) onto sample plates containing a thin film of SU8 into which 50 X
50pum barcodes had been embossed using the methods described in section 3.2.3.
The resulting diffraction pattern was projected onto a CMOS array camera.

The diffraction images recorded for an example set of 5 codes from the sample
embossed using the SiC master, each with two superimposed gratings, are shown
in figure 3.14. The tags have 2 superimposed gratings, with one pitch remaining
constant while the other decreases moving from tag GF to KF. The naming con-
ventions for the tag’s code are the same as for figure 2.7. The first order diffracted
beams, which constitute the code, are clearly visible and well defined. The figure
shows that the code can be easily read by measuring the positions of the first or-
der spots relative to the zero-order beam. The diffraction patterns obtained from

the nano-imprinted codes, as shown in figure 3.14, are of high quality and appear
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almost identical to those obtained using the gratings made from metal on glass by

high resolution e-beam direct write (section 2.2.1).
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Figure 3.14: Diffraction patterns created by nano-imprinted SUS8 tags containing two
different gratings, fabricated using a silicon carbide imprint master. First order (m=1)
beams are indicated by solid circles, while dotted circles enclose example ghost beams
(described in section 2.3.2). Moving from top to bottom shows how a progressive decrease
in the pitch of one of the gratings changes the diffraction pattern.

Similar example diffraction patterns from the SUS8 tags imprinted using the nickel
master are shown in figure 3.15. Figure 3.15(A) shows the diffraction patterns from
and example set of 10 single grating barcodes. The pitch of the grating decreases
from grating A to grating J. The naming conventions for the tag’s code are the same
as for figure 2.7. First order (m=1) beams are indicated by solid circles and second
order beams by dotted circles. Second order beams are visible because these gratings
have a/(a — b) = 3, in an attempt to minimise ghost order intensity relative to the
first order intensity (see section 2.3.2 for more detailed discussion on this). Figure
3.15(B) shows the diffraction patterns from and example set of 10 tags containing
two superimposed gratings. One pitch remains constant, giving a diffracted beam
as for grating E in figure 3.15(A), while the other pitch decreases moving from
right to left, producing diffracted beams in positions D to N. Both sets of diffraction
patterns appear of high quality and similar to the diffraction patterns obtained from
the metal-on glass gratings in chapter 2.

We can measure the widths of the diffracted first order beams from the nano-
embossed gratings, and compare them to both the widths obtained from the metal-
on-glass gratings, and the theoretically expected widths, as in section 2.2.3. The

results for the tags created with the silicon carbide stamp are shown in figure 3.16. It
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Figure 3.15: Diffraction patterns created by nano-imprinted SUS8 tags fabricated using a
nickelimprint master. Diffraction patterns created by a single grating tag (A), and tags
containing two different gratings (B). Moving from left to right shows how a progressive
decrease in the pitch of one of the gratings changes the diffraction pattern. First order
(m=1) beams are indicated by solid circles. while second order (m=2) beams in (A) and
example ghost beams in (B) are indicated by dotted circles.

can clearly be seen that the beam widths obtained from the nano-embossed gratings
are comparable with those from the metal-on-glass gratings. Therefore, the possible
encoding capacity of tags manufactured in this way is the same as those shown
in figure 2.10. Measuring the intensities of the ghost beams (indicated by dotted
circles in figure 3.14) in the regions away from significant other features in the
diffraction pattern (as described in section 2.3.2), results in a mean value of of
I,/I; = 0.1940.05. Comparing this to the theoretical value of 0.17 indicates that the
ghost beams produced by the nano-embossed tags will successfully be discriminated
in the reading process by the kind of threshold level presented in figure 2.15.

The measured beam widths for the nano-embossed SUS tags created with the
nickel stamp are shown in figure 3.17. The plotted points from the SUS8 grating are
the mean of measurements from the four repetitions of each tag on the master. Er-
ror bars indicate the standard deviation of the averaged measurements. Again, the
beam widths are seen to be comparable to those measured from the direct-written
metal-on-glass gratings, and therefore in a similar way the width increase is mostly
due to inaccuracies in measurement of system parameters such as the grating to
camera distance. The widths are also similar to those produced by the gratings
manufactured using the SiC master, indicating that the nickel master produces sim-
ilar quality grating profiles. In addition, the low intensity of beams from tags with
more superimposed gratings makes the beam width difficult to estimate, causing in-

creased scatter of the beam widths about the level expected due to beam divergence.
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Figure 3.16: Measured beam widths at various angles for metal-on-glass tags (open circles)
and nano-imprinted SUS8 tags created by the SiC master(black circles), illuminated by a
beam focussed with a lens of focal length f=100mm. The dashed line is a plot of theoretical
beam width (as described in section 2.1.1) as a function of diffracted angle, for comparison
with experimental measurements. Solid line shows fitted curve used to calculate encoding

capacities.

The ghost intensities from an example set of SU8 tags containing 2 superimposed
gratings were also measured, for comparison with the discrimination method given
in figure 2.15. Figure 3.18 shows the ghost intensities from SUS8 tags, together with
similar measurements from the metal-on-glass tags. The solid line shows the dis-
crimination level used to eliminate the ghost beams and second order beams from
the diffraction patterns of the metal-on-glass tags. It is clear that this level success-
fully discriminates most of the ghost beams from the example SU8 tags. However
some ghost beams are not discriminated. In addition, the measured mean value of
the second order to first order beam intensity ratio I5/I; is 0.31 4 0.05, somewhat
higher than the expected theoretical value of 0.25 calculated analytically for single
gratings with the same aspect ratio as these tags (which have a/(a — b) = 3, see
figure 2.13). Possible reasons for these higher intensities are considered later in this
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section, by comparison to data from FFT simulations.
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Figure 3.17: Measured beam widths at various angles for metal-on-glass tags (open circles)
and nano-imprinted SU8 tags created by the Ni master(black circles) with a single grating
(A), 2 superimposed gratings (B), 3 superimposed gratings (C) and 4 superimposed grat-
ings (D) on the surface of the tag. The tags were illuminated by a beam focussed with
a lens of focal length f=100mm. The dashed line is a plot of theoretical beam width (as
described in section 2.1.1) as a function of diffracted angle, for comparison to experimental
measurements. Solid lines show fitted curves used to calculate encoding capacities.

It is important to compare the data from gratings produced with the nickel im-
print master to appropriate FFT simulations, in order to indicate the possible cause
of differences from values of the diffracted intensities calculated using simple theory
of single gratings. As part of this, the effect of manufacturing resolution on the
diffraction patterns from the nano-imprinted SU8 tags is investigated. There are
three limitations of the master manufacturing process that prevent perfect repro-
duction of the tags: the spot size of the e-beam write process (in conjunction with
the chemistry of the resist), the ability of the plasma etching process to produce
vertical sidewalls on the silicon features, and the ability of the nickel plating process
to fill very small features with nickel. These effects stop features below a size limit

(the manufacturing resolution limit - in our case approximately 160nm) being repro-
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Figure 3.18: The intensity of ghost beams at various angular positions for example 2
times superimposed SU8 tags with a/(a — b) = 3 (black points), in a similar manner to
figure 2.15. The solid line shows an example of a threshold which could discriminate such
ghost beams. Example points measured from the metal on glass grating are shown for
comparison (white points).

duced at all on the master. Evidence of this resolution limit affecting the pattern
reproduction has already been seen in the SEM images in figure 3.10. Simulating
the diffraction patterns of these gratings by FFT and comparing with simulations
of perfect gratings, allows us to estimate the effect of limited manufacturing resolu-
tion on the grating diffraction patterns. In particular, we would like to investigate
whether the variations in ghost and second order intensity observed above could
be explained by manufacturing limitations, or whether they are expected from this
type of phase grating even in the perfect case.

In order to characterize the quality of ridge depth (D) reproduction from the
imprint process, the relative intensities of the zero and first orders were measured and
compared to those from FFT simulations similar to those used to calculate figure 2.2.
Since the dynamic range of the camera cannot simultaneously display the first and
zero orders without the zero order being saturated, a standard silicon photodiode was
used to measure the zero and first order intensities. The photodiode was attached
to a goniometer centered on the nano-embossed grating sample, enabling it to be
moved in an arc over the grating’s diffracted angular spectrum. After measuring
the zero and first order beam intensities, we need to take account of the extra

intensity that will be present in the experimental zero order, due to the fact that
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the illuminating spot is 150um in diameter, compared to the grating dimensions
of 50 x 50um. The half-angle divergence of the illuminating beam (0.49°) is less
than the angular half-width of the zero order (0.73°), so that only the zero order
intensity is affected. To take account of this, the FF'T simulations can be adjusted
so that the illuminating light is a Gaussian beam of the appropriate size, rather
than a uniform intensity illumination covering only the grating, as used in section
1.4.3. The simulations are performed in 2D, and the diffracted order intensities are
summed between the intensity minima surrounding them, in order to correspond
to the intensities measured experimentally. For the samples obtained from the
SiC stamp, we get a value of Iy/I; = 26.7 & 7.5 which, after taking the extended
illumination beam into account, equates to a ridge depth D of D = 646 £ 64nm.
From SEM images (taken looking along the ridge of the embossing master), the value
of D for the master was directly measured to be D = 650 + 50nm. We therefore
have the expected ridge depth reproduced on the grating surface.

Surface thickness variation affects both the embossing depth and stray light scat-
tered from the surface, resulting in variation of the value of D calculated from the
diffraction patterns. Similar measurements of Iy/I; for single grating tags embossed
from the nickel master yields a value of 6.94 &£ 0.77 which is equivalent to an em-
bossing depth of 850 &+ 50nm. Direct measurement of the depth from SEM images
gives an embossing depth of 890 & 50nm. It is clear from these measurements that
the gratings diffract as expected for their actual embossed depth, but that the mas-
ter production processes are not capable of producing the required depth (600nm)
with very great accuracy. However, the values of Iy/I; are sufficiently low for our
purposes, allowing the grating to be easily read on the camera used in our system.

In order to characterize the effect of manufacturing resolution on diffraction from
phase gratings, FFT simulations of the diffraction patterns were calculated for tags,
with all features below 160nm in size removed. Figure 3.19 shows some example
diffraction patterns obtained from simulations of perfect and manufacturing-affected
gratings. The diffraction pattern from 3x superimposed tag with 160nm resolution
shown in figure 3.19(A), appears almost identical to the perfect case shown in fig-
ure 3.19(B). Unwanted beams in both cases can be discriminated by a threshold of
the form described in section 2.3.2. As the number of superimposed gratings in-
creases, the effect of manufacturing becomes more pronounced, until patterns such
as that shown in figure 3.19(C) start to be produced from 5x superimposed gratings.

This diffraction pattern appears very different from the perfect case shown in figure

3.19(D), and unwanted ghost beams can no longer be discriminated by the threshold
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Figure 3.19: Example of simulated diffraction patterns, illustrating the effect of manu-
facturing limitations. For an example tag, with 3 superimposed gratings, the effect of
manufacturing leads to small difference (A) from the perfect case (B). Unwanted beams
in both patterns may be discriminated by a threshold of the form described in section
2.3.2 (bold dotted line). As more gratings are superimposed, the negative effects of man-
ufacturing get more pronounced, until most 5x superimposed tags such as the example
shown in (C) give very different patterns to the perfect case (D), and a threshold that
discriminates ghost beams in (C) (bold dotted line) also eliminates some first orders.
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method without removing some first order beams as well.
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Figure 3.20: The mean values over 25 tags of I/I; (green points) and I;/I; (black points)
for diffraction patterns from simulated perfect tags (A), simulated tags affected by a man-
ufacturing resolution of 160nm (B) and experimental nano-imprinted tags manufactured
with the nickel imprint master (C), for different numbers of superimposed gratings. The
grey points show the fluctuation of the first order intensity relative to the particular ref-
erence first order used for the ratios. Error bars give the standard deviation for each
point.

A more detailed simulation of 100 tags (25 each of 2, 3, 4 and 5x superimposed
tags) was undertaken to estimate the first order intensities and the ratios I,/I; and
I,/I; for tags with an embossing depth of 850nm in air. All tags had one fixed
pitch of 3.81um; the 3, 4 and 5x superimposed tags, in addition had one fixed pitch
of 2.91um; 4 and 5x superimposed tags had an additional fixed pitch of 2.11um:;
and 5x superimposed tags had an additional fixed pitch of 1.58um. All remaining,
non-fixed pitches had values which produced diffracted first orders at 25 different
positions, spaced by twice the angular width of the diffracted beams, beginning at
two beam-widths angular offset from the zero order. All pitches are additionally
chosen so that no high intensity ghosts are produced (see section 2.3.2), as such tags

would not be used for encoding anyway. The mean first order intensity /1., for each

tag was used as a reference intensity for the calculation of I5/I;,, and I,;/I,, for
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each tag, which are shown by the green and black points respectively in figure 3.20.

The resulting mean values of I /I, (black points) and I5/I;,, (green points) for
tags with 2, 3, 4 and 5 superimposed gratings are shown for perfect tags in figure
3.20(A), and tags with a manufacturing resolution of 160nm in figure 3.20(B). The
relative intensity of all other first orders on each tag to the reference first order
was also measured, and the mean values of these are shown by the grey points in
figure 3.20. The standard deviation of each value, given by the error bars on each
point, shows the fluctuation of all the first order intensities about the mean value.
We can see that, even for the perfect case, there are fluctuations of all orders, due
to the interference of the features from each each individual grating on the tag.
These are appear a result of the particular multiplicative encoding method used in
this work and, as discussed in section 2.3.2, they magnitude of these fluctuations
could be reduced by optimising the relative positions of the superimposed gratings
with respect to ecah other, and thus the relative phase of the interfering components.
This fluctuation of order intensity appears to become larger with more superimposed
gratings, due to the greater probability of features being in proximity, and the larger
number of ghost beams.

The values in figure 3.20(B), when compared to those in figure 3.20(A), give an
idea of the effect of manufacturing resolution on the tag diffraction patterns. While
tags with 2 and 3 superimposed gratings experience very little change due to the
limited resolution, those with 4 and 5 superimposed gratings are affected much more
dramatically. In general it would appear that more superimposed gratings results
in smaller features on the tag and hence a greater effect from limited manufacturing
resolution. However, the fluctuations due to the encoding method still appear to
be the major limiting factor. The experimental values for 20 tags each with 2, 3
and 4 gratings superimposed on the surface, measured from SU8 tags imprinted
using the nickel imprint master, are shown for comparison in figure 3.20(C). As an
example, comparing the experimental value of ghost beam I/, = 0.21 £ 0.05 for
a 2 x superimposed tag with the resolution-affected value of I;/I1,, = 0.20 £ 0.05,
indicates that the experimental value is in fact exactly as expected. Similarly, there
is good agreement between the experimental value of I5/I,, = 0.31 £ 0.05 and the
resolution-affected value of I5/1y,, = 0.27 £ 0.05.

The data from figure 3.20 allows us to estimate how effective the threshold method
will be at eliminating the unwanted beams from both perfect and manufacturing-

limited tags, which is the reason for measuring the relative intensities of various

features of the tags’ diffraction patterns. Using the data from the experimental
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tags, we can discriminate the higher order beams from tags with 2 or 3 gratings on
the surface successfully using a threshold placed at I/I;,, = 0.5 which is greater
than 2.57¢ from both the mean first order and mean second order values of I/I;,,.
Here, o id the standard deviation of the order intensity, and 2.57¢ encompasses
99% of values. Thus we have a 0.5% probability of either a second order or first
order crossing the threshold for any one tag. For tags with 4 gratings on the sur-
face, the threshold needs to be at 1/, = 0.62 which is greater than 1o from both
ghost order and first order mean values. This leaves us with a 15% probability
of any one tag having an order which crosses the threshold. However, due to the
good agreement between the resolution affected simulation and the experimental
values, it may be possible to identify the 15% of gratings which lie in this region,
and discard them from the set used for encoding. Further investigation needs to be
performed to determine whether this is really the case. Looking at the data from
the manufacturing-affected simulations, we see that the range of values for ghost
and first order beams on 5x superimposed tags coincide extensively. Thus, using an
embossing technique with 160nm resolution, we have an absolute limit of 4 super-
imposed gratings on a tag if tags which cannot be differentiated by the threshold
method can be eliminated by simulation, otherwise the limit is 3 superimposed grat-
ings. These limits only apply to the particular multiplicative encoding scheme used
here, and phase optimisation (as discussed in section 2.3.2) or alternative encoding
methods (such as those reviewed in section 2.1.2) would increase this limit, allowing
for higher encoding capacities.

At the end of chapter 2, it was briefly mentioned that the limit on superimposing
depends on the obtainable SNR ratio in the tag diffraction patterns. These results
indicate real world SNR for this encoding technique of greater than 2 for tags with
up to and including three superimposed gratings. For tags with 4 superimposed
gratings, 15% of the tags have an SNR less than 1, which marks the point at which
some tags cannot be read reliably. Thus we have a limit of 3 superimposed gratings

for which all tags have a SNR of greater than 1, and may be reliably read.

3.2.5 Limits on observable diffraction angle

In most real systems (as decribed insection 3.3.2, glass-air interfaces will be present,
limiting the observable diffracted angles to around 43°, due to total internal re-

flection. Figure 3.21 illustrates the encoding capacity for 1-dimensional tags in

the system described so far, taking into account real beam widths, the limit of 3-
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Figure 3.21: Encoding capacity of a 1-dimensional diffractive bar-code tag as a function of
the length of the tag for different numbers of superimposed gratings, limited by real beam
widths, superimposing limits due to manufacturing and glass/air interfaces. The number
on each curve corresponds to the number of superimposed gratings. The ‘stepped’ appear-
ance of these curves is due to truncation of diffracted beam angles at 90°, as explained in

section 2.1.1.

4 superimposed gratings (depending on factors considered in section 3.2.4) which
can be distinguished by the threshold method and the 43° diffraction angle limit.
This leaves us with capacity for approximately 10* codes on a 100um 1-dimensional
3x superimposed grating. Assuming the same superimposing limit applies to 2-
dimensional gratings (although nano-imprinted 2D gratings have yet to be tested),
we expect to obtain around 10%® unique codes on a particle 100 x 100um square.
These capacities compare reasonably well with the quoted capacities for many of
the graphical encoding technologies considered in chapter 1 (which demonstrate ca-
pacities of the order of 10° codes). However, the graphical encoding technologies
have the potential for the number of available codes to be extended to much higher
numbers. Therefore, the next chapter will consider a method for which very high

encoding capacities are more realistically achievable.

3.3 Reading superimposed grating tags

In order to analyse diffractive tags in a microfluidic system, we need a stable auto-

mated reading algorithm that will identify the codes from their diffraction pattern.
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In order for such a system to work we need to consider an important effect which
we have not covered so far; that tagged particles may not be perfectly oriented
with respect to the reading beam. We will then consider the hardware and software

required to implement the automated reading of diffractive tags.

3.3.1 Reading misaligned tags

The analysis given so far assumes normal incidence of the reading beam on the
tag. In practical chemical and biological implementations these tags will be read
in microfluidic devices, where perfect alignment may not always be possible. We
therefore have to consider whether we can still recover the pitches on a tag if it is
at some non-normal orientation with respect to the reading beam. A tag can rotate
about three possible axes, as shown in figure 3.22(A), from which we define three
rotation angles 7, # and v. Non-normal incidence requires a modification of the
diffraction equations, so that a beam at diffracted angle « to the z-axis (see figure
3.22(A) for axis definitions) satisfies a(sin 7 cos § —sin(n+a)) = mA. (for derivation,
see appendix B), resulting in a distortion of the diffraction pattern.

The results of calculating the diffraction patterns modified by tag rotation are
shown in figure 3.22(B, C and D). A grating with a 1um pitch is chosen to show the
variation of « for example m = +1 and m = —1 orders, due to rotation n (figure
3.22(B)). Rotation by angle n produces reduction of o on one side of the m = 0
beam and an increase on the other: this increase in alpha could eventually cause
the diffracted first order to move outside the +90° detection range, if 7 becomes
very large. For the other two rotation axes, the diffracted spots change position,
but o remains constant. The modified patterns produced by rotations v and § have
diffraction angles o which are no longer completely in the z-z plane, so we define
a, and a, to be the diffracted angles seen in the z-z and y-z planes, respectively,
in order to show how the pattern appears in angular space. The large dots in figure
3.22 (C and D) show how the first order beams from an example lum pitch vary
due to these rotations. The small dots are plots of beams with values of o between
zero and 90°, in steps of 2°, and illustrate the shape of the modified diffraction
patterns over a wide angular range. The open circle in figure 3.22(C and D) shows
the position of the m = 0 beam. The pattern in figure 3.22 (D) represents how
the pattern appears on a flat plane a distance z from and parallel to the unrotated

grating (such as the camera sensor in a real system). It is the fact that the rotation

@ transforms the grating into a different plane no longer parallel to the observation
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Figure 3.22: Diffraction pattern distortions produced by tag rotation. A) The coordinate
system used for distortion analysis. B) Variation of diffracted angle « for example m = +1
and m = —1 orders from grating with @ = 1um, due to the rotation n. C) Variation in
diffraction pattern orientation for selected values of v (given above corresponding curve).
D) Variation of diffraction pattern shape for selected values of 6 (given above corresponding
curve).

plane, together with the fact that the observation region is flat and not spherically
curved, which introduces the diffraction pattern curvature seen in figure 3.22 (D).
It is, however, still perfectly possible to recover the pitch of a grating from a
pattern distorted by tag rotation. To do this, we need to remove the unknown
cos @ sinn from the diffraction equation. We can do this by measuring the absolute
angle of both the m = 1 and m = —1 diffracted beams with respect to the zero order,
denoted a; and as, respectively. The pitch of the grating can then be reconstructed

using

2\

T (3.1)
sin s — sin oy

a =

thus the tag can still be identified.
Having described a method for coping with rotation of the tag, it should be
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pointed out that extreme rotation angles are not expected. There are alignment
electrodes in a microfluidic system, as described in section 3.1, whose purpose is to

keep the rotation of encoded particles as small as possible.

3.3.2 Reading system hardware - parameters and limita-

tions

An outline of the hardware used to develop the tag reading system is shown in figure
3.23. A helium-neon laser (wavelength = 633nm) is focused by a lens (focal length f
= 100mm) onto a sample plate containing 50 x 50 ym tags. The resulting diffraction
pattern is projected onto an 8-bit (256 gray levels) CMOS array camera. The camera
streams images through a firewire interface to dedicated reading software, which
analyses the diffraction patterns and reads the code on the tag. The code is then
stored in a database, and/or output to the user interface. A full microfluidic system
would contain additional PC inputs and outputs for reading of the tags’ fluorescence
and operations such as automated sorting of the tagged particles. Additional optics
and laser sources would also be required for fluorescence observation. These extra
considerations, however, fall outside the scope of this thesis. To simulate a flow
system for the development of the reading software, the metal tags on a flat glass
substrate were moved through the reading beam by translating the substrate using

an automated, computer controlled translation stage.

Optlcalsetup ......................................................................... . User
: interface
Barcode ccp PC
sample Camera frr o
HeNe Laser : . | Firewire Reading
633nm ! : | interface software
Lens "ZJ [
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Figure 3.23: An outline of the hardware system used to read superimposed diffraction
grating tags.

The optical setup for illuminating the gratings is conceptually very simple, al-
though some component parameters had to be carefully chosen. The wavelength of
the reading laser (633nm) is that which was used in the design of the tags. The
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focal length of the lens used to illuminate the gratings determines the spot size of
the illuminating beam, but also the beam’s divergence. A spot approximately the
size of the grating is useful in order to keep the zero order intensity to a minimum,
as any light which goes around the grating is not diffracted and so adds to the zero
order intensity of the tag diffraction pattern. However, a smaller spot has a higher
beam divergence which, as explained in section 2.2.3, increases the width of the
diffracted first orders, thus reducing the tag encoding capacity. Therefore, the lens
chosen must be a compromise between the short focal length required for small spot
size, and the longer focal length required for low beam divergence. The chosen focal
length of 100mm, producing a spot approximately 3 times the size of the grating is
good compromise, keeping a large encoding capacity available (figure 2.11), whilst
also allowing gratings to be read without problems caused by the zero order.

The camera used for imaging the diffraction patterns produced by the diffractive
tags is the Prosilica EC1280. This camera uses 2/3” 1280 x 1024 8-bit (256 gray
levels) CMOS array sensor with anti blooming ground, which is necessary in order
to reduce leaking of signal from high intensity pixels into neighbouring pixels. In
particular, as described in section 3.1, this reduces spreading of the high intensity
zero order over the rest of the diffraction pattern. In addition, it has a multiple slope
gain profile for different intensities, integrating low intensity parts of the signal for
longer than high intensity parts, which in our case would lead to enhancement of
the code beams in the diffraction pattern and reduction of the zero order. The
sensor is essentially made of an array of individual diodes, allowing readout from
user-definable sections of the sensor, without reading the rest of the pixels, allowing
increased frame rates if the diffraction pattern can safely be assumed to be a certain
size (for example if only tags producing beam within a certain diffracted angle are in
use). The frame rate of this sensor varies from 25fps (full frame) to 120fps (640x480
section of full frame), adequate for readout of many assays. Larger assays may
require more sophisticated high speed cameras.

The camera still exhibits some blooming, which together with scattered light from
the zero order results in some background noise on the diffraction pattern images.
This background light becomes more of a problem with an increasing number of
superimposed gratings on the tag. A 1-dimensional tag with n, superimposed grat-
ings has a first order I, ; to zero order I, intensity ratio of fng1/fngo = Il/Iongz,
where [/l is the ratio for k = 1. For a 2-dimensional tag, this ratio becomes
I /Ingo =1/ Iongingz. As a result, the intensity of the background noise even-

tually becomes comparable with the first order intensity. The point at which this
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happens depends a lot on the system: in our case the superimposing limit is n, ~ 6
for 1-dimensional tags and for 2-dimensional tags ng, = n, ~ 4, with square tags of
side length 50um. These limits are higher than the actual limit on superimposing
due to the encoding method (see section 3.2.4, of n, = 3, so they have no effect on
the real SNR which limits the number of possible superimposed gratings. However,
this noise still affects the accuracy with which beam positions and widths can be
determined during the reading process even for ny = 2 and ny = 3. The problem
may be solved to an extent by making use of the fact that once the position of the
zero order has been calibrated, it no longer needs to reach the camera. Therefore a
spatial filter consisting of a spot at the size and position of the zero order may be
used to prevent the zero order reaching the camera surface, thus reducing problems
caused by it.

To obtain the Fraunhofer diffraction pattern on the camera [44], the distance z
between the grating and the camera sensor should be greater than 3mm, as discussed
in section 3.1. The camera sensor can therefore not be directly attached to the
microfluidic chip, which would place it only a few hundred yum from the diffraction
grating, but must be outside the chip. This is therefore likely to place a severe
limitation on the encoding, in that there will be glass/air interfaces between the
grating and the camera, which would limit the diffraction angles to less than 43°, due
to total internal reflection. It could be possible to have a cell of index matching oil
between the microfluidic chip and the camera, to help reduce this angular limitation

on the encoding technique.

3.3.3 Reading software algorithm

A flow diagram of the reading software is shown in figure 3.24. The software was
written in MATLAB in order to test the algorithm, resulting in approximately 1
second for the reading of a single frame on a single 2.8GHz processor PC with 768MB
RAM, running Microsoft Windows XP Professional. Much faster implementations
for the actual flow system would be obtained by using a lower-level language such
as C++, although the principle of the algorithm remains the same for all languages.

An example of the results of some of the steps in reading a single grating tag
with period a = 5.6um is shown in figure 3.25 for visualisation purposes. Initially
(step 1), before any tags enter the reading beam, the position of the zero order is
calibrated by the user. The incident laser beam is intense enough to saturate the

camera, when it is set up for reading tags. Therefore, the zero order position may
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be found by using a ‘centre-of-mass’ method [94], to find the centre point of all
saturated pixels. This method takes the coordinates z; and y; (coordinates defined
in figure 3.25 (A)) of each saturated pixel and works out the coordinates (xg,yo)
of the central position of all n saturated pixels as zo = > z;/n and yo = > y;/n.
Once the position of the zero order has been found and stored, the movement of
tags into the reading beam starts. As a tag moves into the beam the intensity of its
diffraction pattern increases to a maximum as it becomes centred on the beam, and
then decreases. The diffraction pattern at the maximum intensity point is taken
from the camera stream to be analysed for reading of the code, and thresholded
(step 2) to remove unwanted beams (as described in chapter 2).

Intensity profiles of each horizontal line of pixels are taken (examples shown in
figure 3.25 (B & C), respectively) and smoothed using a moving average filter [94]
(step 3). The peaks in each profile are located by finding points at which the
second differential is negative (steps 4-7). Differentials are approximated using the
difference in intensity of each pair of neighbouring pixels. The width of each peak is
taken as the distance between the zero values on either side of it; other peaks within
this width are taken to be from the same diffracted spot and are labeled as such
(steps 8-10). The central peak belonging to a particular spot is found by the centre
of mass method, and taken as that particular spot’s position (step 11). The software
now has the position of every diffracted spot on the camera surface and its distance
r from the zero order (figure 3.25 (D)). If there are only 2 spots in the diffraction
pattern, the diffracted angle of each is calculated as o = arctan(r/z), using the
pre-measured distance z between the grating and the camera sensor surface. From
this the pitch associated with the spot pair is calculated and the code on the tag
recovered from a look-up table (steps 12, 13 and 19).

If there are more than 2 spots, once the spot positions have been obtained, the
nearest 4 to the zero order are found (steps 12 and 14). The software then needs
to take account of a particular problem, associated with the diffraction pattern
distortions due to tag rotation described in section 3.3.1. The problem is illustrated
in figure 3.26; when the diffraction pattern of a 2-dimensional tag becomes distorted
by tag rotation, the spots move away from the z and y axis of the camera. Therefore,
the algorithm has to correctly associate the diffracted spots with the appropriate

axis, otherwise the 2D tag will be read incorrectly. For an example pattern shown in
figure 3.26 (B), figure 3.26 (C) shows the effect due to rotation 7 (6 gives the same
effect, but rotated by 90°), figure 3.26 (D) the effect due to v and figure 3.26 (E)
the effect due to a combination of all three rotations. In all cases, a pair of spots
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Figure 3.24: An outline of the software algorithm used to analyse the diffraction patterns
from superimposed diffraction grating tags, and reconstruct their code.
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Figure 3.25: (A) A diffraction pattern from a single-grating tag with period a = 5.6um,
showing the zero (m = 0), first (m = 1) and second (m = 2) order diffracted beams,
and image coordinate axis definitions. (B) The diffraction pattern after thresholding to
remove the second order beams. The image is scanned to obtain an intensity profile of
each image line. (C) Example profiles of 3 image lines on the diffraction pattern. The
intensity peaks are identified by differential methods. (D)After step 6 of the algorithm,
the software has data on the zero and first order positions. Their separations r; and 7o
can be used to reconstruct the grating pitch.

with Az < Ay are associated with the y-axis of the tag, and vice-versa (as long as
v < 45°) and so the spots can be associated with the correct pitch directions on the
2D tag (step 7, figure 3.24). Thus by calculating Az and Ay for all possible pair
combinations of the four spots, we can associate each pair with either the z or y
axis. Out of the spots associated with each axis, the actual spot pair that constitute
the code is the one that has the maximum distance r; + r, between the two spots.
This process is repeated for the next closest spots, until all the spots have been
considered (steps 12 and 14-17). The value of the diffracted angle a = arctan(r/z)
for each spot in a pair is then calculated using the pre-measured distance z between
the tags and the camera surface. The pitches are recovered from the values of a for
each spot pair, using equation 3.1 (step 18). The combination of pitches obtained
for the tag is then compared to a look up table of all pitch combinations and their
associated codes, and hence the code on the tag is recovered (step 19).

The user may then stop the reading if required (ie at the end of the sample) (step
20). If the process is not terminated by the user, the algorithm then waits for the
next tag to enter the reading beam, before repeating the whole reading process.

To estimate the error rate of the reading algorithm, a selection of 10 tags, all
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Figure 3.26: Diffraction patterns from a 2-dimensional tag with one grating in each of the
perpendicular directions. (A) definitions of the coordinates and rotations used, relative
to a 2-dimensional tag. The pattern in (B) has been distorted by rotations n (C), v (D)
and all three rotations (E), causing the spots to move away from the = and y axes of the
camera (dotted lines, all parts of figure). The spots can be associated with the correct
axes by comparing the quantities Az and Ay (examples shown in (D)), and r; and 7
(examples shown in (E)).

with first order diffracted angles less than 20°, on a flat substrate were moved past
the reading beam on an automated translation stage. The test was performed
under no rotation, as rotation is rather difficult to achieve for a large flat substrate
containing tags when moving the substrate in this fashion. As each tag was read,
it was compared to the tag that should have appeared at the current position of
the translation stage’s motion. This was repeated 20 times for the 10 tags with no
reading errors (out of a total of 200 reads), giving an error rate for the algorithm of
0% under these conditions. As an additional test, a single tag with one 1-dimensional
grating on the surface was rotated through all rotation angles by up to 20° for which

the algorithm was still correctly able to identify the tag.

3.3.4 Additional error considerations

The reading algorithm above has no error detection/correction implemented for
reduced reading error in non-ideal situations. Here sources of reading error that
might occur in a real system are briefly considered, together with methods to improve
reading accuracy in the presence of such error sources. The first thing to consider is

what kind of errors may appear in the reading process, and are they detectable? The
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main sources of errors will be stray scattered light from, for example, contamination
in the tag’s environment. These may form spots on the camera surface which are
bright enough to be detected by the reading software even after image thresholding.
These could then be marked as first order spots, causing a misreading of the tag.
The simplest way to detect whether there are any such spots in the diffraction
pattern image is to use the symmetry characteristics of the diffraction pattern; all
first orders should have a corresponding pair on the other side of the zero order.
Therefore, if there are an odd number of spots, the tag has been read incorrectly,
and an error warning can be flagged. Since the problem could occur on both sides
of the zero order, a more robust method could be implemented, such as designating
one order as an error check, indicating the parity of the code orders.

One advantage that diffractive tags have over all other tag techniques, is that a
single code is fundamentally based on the periodicity of the pattern on the tag’s
surface, rather than the entire structure. Theoretically, then, if a small portion of
the tag breaks off (for example during mechanical steps of the chemical processing,
such as centrifuging), the code should still be readable. However, if a tag breaks,
its length decreases and hence the width of the diffracted beams becomes larger. A
certain amount of redundancy then has to be encoded into the tags, by spacing the
beams out more, to take into account a certain fraction of the tag being removed.
This is done by effectively encoding for a reduced length, lowering the encoding
capacity. If breakage occurs reasonably infrequently (for example a few percent of
tags) then it may not be worth redundantly encoding. Instead it is accepted that
some tags, particularly superimposed tags with beams close together in diffracted
angle, will have the possibility to be read incorrectly due to breakage.

3.4 Biological assays with diffractive encoding

The use of diffractively-encoded SUS8 particles in real biological assays was recently
demonstrated by members of the 4G group [95]. The results from these assays allow
us to give an estimate of the number of replicates of each code that must be read
in a real biological experiment, and thus the total number of particles that actually

have to be included in a real assay experiment. Two types of biochemical assays

were performed using diffractively encoded microparticles, by Joseph K. She, Gra-
ham R. Broder and Dr. Rohan T. Ranasinghe. The first was a multiplexed DNA
hybridisation assay performed using sequences corresponding to a polymorphic lo-
cus (N1303K) on the gene encoding the cystic fibrosis transmembrane conductance
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regulator (CFTR) protein [96]. This assay aims to identify the single-base mutation
(single-nucleotide polymorphism or SNP) that identifies cystic fibrosis. Two codes,
identified as 2 and 3, were used in this experiment. Wild type (non-diseased) se-
quence P2 was bound to code 3 and the mutant sequence, P1, differing by a single
nucleotide, was attached to code 2. A hybridization to the complementary strand
to P” was then performed. The particles were assayed using conventional flow cy-
tometry. Sorting on the basis of the fluorescence signal, followed by decoding of
a representative sample of particles (50 from each fraction) showed that the hy-
bridised population consisted of 96% code 3, with the unhybridised population B
consisting of 96% code 2. The mean fluorescence of the mismatched and comple-
mentary particles is shown in figure 3.27(c). These results demonstrate that the use
of diffractively encoded microparticles permits discrimination of a single mismatch
from a Watson-Crick base pair within a short DNA duplex, enabling their use in

SNP genotyping applications.
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Figure 3.27: Mean fluorescence intensities with standard deviations for representative
positive (complementary labelled oligonucleotide present) and negative (complementary
labelled oligonucleotide absent) particle sets functionalised with different probes (A) and
cumulative P values from positive datasets plotted against read number (B). The 0.03%
probability that the difference in mean fluorescence of positive and negative populations
could arise by chance is shown by the horizontal dotted line in and B (figure courtesy Dr.
R. T. Ranasinghe).

A t-test was used to compare the difference between negative and positive datasets
from the DNA hybridisation assay. Cumulative probability (P) values from three
positive datasets are plotted against number of particles read, figure 5b and 5d. As
expected, as more particles are read, the value of P falls, indicating greater confi-
dence in the difference between datasets. After reading 11 particles, the probability
of any of the positive datasets being indistinguishable from the negative dataset is
< 0.01 and after reading 16 particles, the probability is < 0.0003. Therefore for
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multiplexed platforms where thousands of molecular interactions are assayed, mea-
surement of 15-20 replicates is necessafy to satisfy a confidence level of > 99.97%.
This level of degeneracy is greater than that necessary for ELISAs, but is compara-
ble to that used in lllumina BeadArrays where 30 replicate beads are used for each
oligonucleotide to enable averaging and thorough statistical analysis of results [97].
The degeneracy requires that each coded particle appears in the assay at least 15
times, thus increasing the number of particles that have to be analysed, compared
to a single reading of each code.

Having to read this number of replicates for each code obviously has implications
for the practical realisation of highly multiplexed assays. Taking the outside range
of the number of each code needed to give a > 99.97% confidence that the code has
been assigned the correct judgement on the presence or absence of the fluorescent
hybridisation indicator, we need to read 20 times as many codes as the multiplexing
level of the assay. Considering, for example, an assay containing 10,000 unique codes,
which is obtainable on a 3x superimposed particle 100um long, 200,000 particles are
required to gain the required confidence interval in the fluorescence identification.
Assuming the particles are 50 x 100um, giving the rectangular shape required by
the microfluidic system, the total area of SU8 required to manufacture all of the
particles needed for the complete assay is 0.001m?. Spacing on the manufacturing
wafer by their own dimensions to ensure separation after photolithography and lift-
off, the area of SUS8 required becomes 0.004m?. This area will fit inside a square
6.4 x 6.4cm which can be fitted onto a 4” wafer with 1.8cm spare for marks to align
the embossing master with the bars. Thus all the particles required for a complete

10,000-plex assay can be manufactured on one wafer in a single embossing step.

3.5 Conclusions

This chapter has considered the steps required to make superimposed diffraction
grating tags applicable to assay systems, to be analysed using microfluidic chips. It
has been shown that high quality superimposed diffraction gratings may be manu-
factured in the biologically compatible polymer SU8, by using the high-throughput
fabrication method of nano-imprint lithography. Gratings manufactured by this
method were shown to give diffraction patterns of comparable quality to those man-
ufactured by e-beam direct write techniquesb. Therefore, gratings can be mass pro-
duced that are both compatible with assay systems and allow for the large encoding

capacities given in chapter 2, with some limitations. The encoding method, with
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a small contribution from the resolution of the manufacturing process, was shown
to limit the number of grating that can be superimposed to 3 (possibly 4 after
more investigation), which still allows for 10,000 codes on 100um particle (when the
diffraction angle is limited to 43° due to total internal reflection at glass-air interfaces
in the system). Assuming the same superimposing limit applies to 2-dimensional
gratings (although nano-imprinted 2D gratings have yet to be tested), it is expected
that around 108 unique codes can be obtained on a particle 100 x 100um square. In
addition, the robustness of the reading technique to rotation of the tags with respect
to the reading beam has been demonstrated, and a computer algorithm outlined for
automated reading of the diffractive tags. The actual number of particles which
must be read in an assay experiment has also been estimated, using data from a
real biological assay performed by others on diffractively encoded microparticles.
Hence, the practicality of high throughput manufacture of the diffractively encoded

microparticles has been demonstrated.




Chapter 4

Holographic microparticle

encoding

In this chapter we introduce a new diffractive tagging concept, which addresses many
of the limitations of the simple superimposed diffraction gratings, that have been
investigated in the previous two chapters. This technique involves the writing of en-
coded holograms into microparticles doped with photochromic dye. We consider the
reasons for developing this new technique, methods and dyes for implementing the
encoding concept on SU8 microparticles, and an algorithm for reading the encoded
holograms.

Section 4.1, considers the advantages of holography and section 4.2 gives a general
outline of the formation, reconstruction and properties of encoded holograms written
with light into photosensitive materials. Section 4.3, then considers the properties of
a specific photosensitive dye that is added to SU8, and methods for manufacturing
photosensitive SU8 microparticles. Then, section 4.4 will consider the experimental
formation and properties of encoded holograms written into the dye doped SUS.
Finally, in section 4.5, an algorithm for reading the codes reconstructed from the

holograms will be decribed.

4.1 Rationale for holographic encoding

4.1.1 Introduction to holograms and their encoding advan-
tages

Throughout this chapter, we define holograms as diffractive structures which can
be designed to give a specific diffraction pattern. From this definition it is appar-
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ent that by creating holographic tags, we have the potential to overcome some of
the disadvantages of the superimposed grating tags investigated in the preceding
chapters. This will allow us to create a different and potentially improved encoding

method for bead based assays.
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Figure 4.1: Methods of creating holograms in a photochromic material. The hologram
surface pattern is precalculated by a computer algorithm and imaged directly onto the
surface (A), such that illumination of the material produces the desired code diffraction
pattern (B). An alternative method is to pattern a beam with the required code pattern
and interfere with another beam on the surface (C). Illuminating the resulting hologram
with the original reference beam produces a copy of the code pattern on the reverse side
of the hologram (D).

The preceding chapters have described the concept and implementation of a
diffractive tagging technique for bead-based assays, based on the use of superim-
posed diffraction gratings. This technique has been shown to be successful in pro-
viding large numbers of unique codes for the identification of microparticles. There
are, however, some limitations to this technique, as discussed in chapter 3, which
prevent us from obtaining the very large numbers of unique codes that should the-
oretically be achievable. These include: the high manufacturing resolution required
to accurately produce tags with large numbers of superimposed gratings; the very
large observation angles required to encompass large numbers of codes; unwanted
features such as ghost beams which can affect the reading process and reduce the

encoding capacity. In addition, the current nano-imprinted SU8 implementation
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creates codes which are permanent and cannot be changed once aésigned to a par-
ticle (reasons for changing the code will be considered in section 4.1.2), and there
is no possibility to introduce binary encoding schemes, for which there exist well-
established error-correction mechanisms. It would therefore be ideal to develop a
diffractive tagging concept which has the potential to overcome some or all of these
limitations.

To create holograms that can encode microparticles, the diffraction pattern de-
sired for encoding purposes is first designed, and a diffractive tag created which will
produce this diffraction pattern. By designing the tag’s diffraction pattern to fit our
requirements, we overcome most of the limitations of the grating tags: we can design
tags which in principle produce only the code diffracted beams which we require, that
do not require high manufacturing resolution, that produce the entire code within a
small angular space, and that allow us to implement binary code schemes which are
easily machine readable and open to error detection and correction schemes. Also,
by appropriate material choice, the final item on the list of disadvantages of the
previous encoding implementation will be overcome: that the code is permanent
and may not be changed during experiments. To do this, the hologram should be
written into a photochromic material. Such materials change their absorption spec-
trum and/or refractive index upon illumination with light in a certain wavelength
band, and revert to their original form upon illumination with light of a different
wavelength. While gratings could be written into a photochromic material, writing
of holograms was chosen for the various other advantages listed above. There are
two methods which can be used to create encoded holograms in a photochromic
material, which are schematically outlined in figure 4.1. The first method (figure
4.1(A and B)) is to use a computer algorithm to precalculate a pixellated pattern of
absorption constant and/or refractive index, which will give the desired diffraction
pattern upon illumination with a plane wave of a certain wavelength. This pattern
is written onto a mask, and imaged onto the photochromic material to create the
hologram (4.1(A)). When the hologram is illuminated with a plane wave, the de-
sired code diffraction pattern is formed on a detector (4.1(B)). The second method
is the more ‘classical’ method of interference holography. In this method (4.1(C))
one beam is again passed through a screen, this time patterned with the actual code
that the hologram should produce. This beam is interfered with a reference beam,
creating a complex mixture of diffraction gratings in the photochromic material.
When this mixture of gratings (the hologram) is illuminated by a readout beam

similar to the original reference beam (4.1(D)), the code pattern is reconstructed
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on a detector on the reverse side of the substrate. One advantage of this method is
that little or no precalculation is required.

As discussed in chapter 3, the encoded microparticles should be made from the
polymer SUS8, which is chemically stable, and for which there is a procedure for
chemically attaching biomolecules. Therefore a photochromic material needs to be
incorporated into SU8 in order to create re-writable holographically encoded mi-
croparticles, which are compatible with the necessary biochemistry. Photochromic
materials are commonly found as reasonably small organic molecules that may
be mixed with polymers in solvent [98, 99, 100], such that they become trapped
within the polymer matrix upon polymerization. This will allow the creation of
SU8 microparticles with photochromic (and therefore writeable and potentially re-
writeable) properties. The reasons for creating re-writeable encoded microparticles

are outlined in the next subsection.

4.1.2 Necessity for re-writable tags

In order to justify the creation of re-writeable encoded microparticles, this section
will consider the kind of experiment for which it would be necessary to re-write
the codes on a set of microparticles. The main reason for having the ability to
change the code on a microparticle is to use the particles in directed combinatorial
split-and-miz synthesis of chemicals. Although this can be accomplished without
changing the code, it would require the particles to be sorted after each step, instead
of having the code re-written. This requires extra complexity in the microfluidic
system, so it is useful to investigate an alternative method. To demonstrate how
this works, consider the simple example of creating all possible 2-base DNA strings
(oligonucleotides), using all 4 DNA bases A, G, C and T. A schematic outline of the
progression of the synthesis is shown in figure 4.2. This synthesis requires 42 = 16
codes, which can be achieved with 4 binary digits (bits). The process begins with
blank particles, which are divided equally into four sets. Each set is added to a
different reaction vessel, in each of which one of the four bases is attached to the
particles. This results in four populations of particles, each one with either A, G,
C or T attached to the surface. The particle's are encoded with a binary number
indicating the base attached to the particle: ‘0001’ indicates A, ‘0010’ indicates G,
etc (step 1 in figure 4.2). All of the particles are then mixed into one set and again
divided into four. This results in four equal sets of particles, each containing an
equal number of particles with A, G, C and T attached to the surface.
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Figure 4.2: The combinatorial split-and-mix synthesis of all 2-base oligonucleotides. In
step 1, the particles are functionalized with either A, G, C or T, and encoded to indicate
the base attached to them. In step 2, equal amounts of each particle are reacted in order
to have one of the four bases added to the oligonucleotide. After reaction (step 3), the
particles from each pot are analysed, and the look up table shown in 4.1 used to construct
a new unique code for each particle.

Reaction pot | Existing code | New code
A 0001 0000
A 0010 0001
A 0011 0010
A 0100 0011
G 0001 0100
G 0010 0101
G 0011 0110
G 0100 0111
C 0001 1000
C 0010 1001
C 0011 1010
C 0100 1011
T 0001 1100
¥ 0010 1101
T 0011 1110
T 0100 1111

Table 4.1: Look-up table used to construct the new code for each particle after reaction.
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The next step is to add another base to-each particle. Each of the four sets is again
put into one of the four reaction vessels, each attaching a different base. The result is
particles with two-base oligonucleotides AA, AG,... GA, GG..., etc. attached to the
surface (step 2, figure 4.2). Now each of the particles are passed through a reading
system. First, all of the particles from pot A are passed through, then pot B, etc.,
so that the reaction that has just taken place on a particle is known. The code on a
particle (which signifies the first reaction) is read, and according to this code and the
reaction vessel which the particle has just been in, a new code is constructed, e.g.
‘0000’ for AA, ‘0001’ for AG, ‘0010’ for AC, etc, as shown in table 4.1. The old code
is then erased, and replaced with the newly constructed code. All the possible 2-base
oligonucleotides have now been created, each one attached to a particle containing
a code which uniquely identifies it (step 3, figure 4.2). This process can be generally
applied to the synthesis of k-base strings of chemicals with n possible bases, which
will have n reaction steps, as long as one has k reaction vessels and can write k™
unique codes onto the particles. Once the synthesis is complete, these particles can
all be mixed together for further reactions, for example hybridisation to unknown
k-base oligonucleotides in a mixture. The hybridized particles can then be identified
after reaction in order to identify the unknown sequences.

Having described the motivation behind developing a re-writeable holographic
encoding strategy for microparticles, the next section considers the form the code
will take, and describe the theoretical basis of a method which will allow use to
write this code into photochromic microparticles. This will include a description of
the formation of the hologram, as well as the properties of diffraction from it and

the encoding capacity.

4.2 Holographic encoding concept

The basic layout of the diffraction pattern from the hologram which is to be used
for encoding the microparticles is shown in figure 4.3. The pattern consists of two
parts; the first part consists of two orthogonal lines of bright spots, which define
a ‘code grid’, indicated by dotted lines in figure 4.3(A). Each intersection of the
dotted lines indicates the position of a code bit. The code is written onto this grid
as a binary string, by either placing a bright spot at a bit position to indicate a ‘1’
bit, or leaving the bit position blank to indicate a ‘0’ bit. An example depicting the
16-bit code 0110 1011 1111 1001 is shown in figure 4.3(B). Similar square arrays of
bright and dark regions have become a standard method for encoding in large scale
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volume holographic memories [80].

Figure 4.3: The diffraction pattern to be used to encode microparticles. (A)Two orthog-
onal lines of spots define a code grid, upon which spots may be placed to represent a ‘1’
bit. Grid spaces left blank indicate a ‘0" bit. (B)An example depicting the code 0110 1011
1111 1001.

The two orthogonal grid defining spot lines are present as a reference frame for
automatic computer reading of the code: once this frame is found, the code grid
can be constructed in the computer’s memory, and each position on it analysed for
the presence or absence of a spot. The binary code represented by the array is
thus reconstructed. More details on an algorithm for reading the codes are given in

section 4.5.

4.2.1 Fourier Holography

Having described the form of the microparticle diffraction patterns, a method for
forming a hologram on SUS is now required, which will produce such a diffraction
pattern. As briefly considered in section 4.1.1, there are two principal methods
of doing this; an interference holography method, and the precalculation of the
hologram by a computational algorithm, such as those already reviewed in chapter
1.

The method that was chosen for forming holographically encoded microparti-
cles, as briefly considered in section 4.1.1, is a standard interference holography
method. This method was chosen over the CGH methods, due to the fact that the
holograms may be easily written into photochromic microparticles directly, with no

pre-calculation required. This particular implementation of interference holography
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Figure 4.4: (A) Setup for forming a Fourier hologram. A plane wave of wavelength A is
passed through a patterned screen and focussed through a lens of focal length f onto the
photochromic medium. A reference plane wave, also of wavelength A, is incident on the
medium in the same place, forming an interference pattern between the two. (B) The
geometry of interference between a single plane wave from the screen Fourier transform
S, and the reference plane wave R.

is generally termed Fourier holography. To describe the formation and diffraction
properties of holograms created using this method we will follow the analyses given
in references [101], [102] and [103]. A schematic outline of a generic writing setup for
this method is shown in figure 4.4(A). A unit amplitude plane wave of wavelength
) is passed through a patterned screen (referred to as the ‘object’; in our case the
pattern is the code we require for particle identification, as described above) with
transmittance t(z1,y;), where the y;-axis is perpendicular to the plane of figure 4.4.
The wavelength is chosen to be one which will cause a change in the transmission
properties of the photochromic material to be used for recording the hologram. A
lens of focal length f is placed a distance f from the screen, and the photochromic
material placed an equal distance in front of the lens. The electric field distribution
E(y2.22) (where 3, is again perpendicular to the plane of figure 4.4) of the light
incident on the substrate due to the light passing through the screen is given by
[44].

E(zs,y2) = l/i/\f//x t(z1,y1) exp [-27i /A f(z122 + y1y2)]|dz1dYy; (4.1)

which is simply a scaled Fourier transform of the object pattern. This distribu-
tion is usually referred to as the ‘signal’ beam, as it contains the information about
the object’s transmittance. This indicates the reason for having the lens at dis-

tance f from both the object and photochromic material: this arrangement pro-
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duces the exact Fourier transform of the object transmittance, which is equivalent
to converting each object point to a plane wave. This allows the hologram to be
reconstructed with no abberation, even if the reconstruction wavelength or angle
are different to those of the reference beam [101]. Also incident on the material
is a unit amplitude plane wave, also of wavelength A, at incidence angle 6,.. This
plane wave is termed the ‘reference’ beam, and its field at the substrate is given
by U(za,y2) = exp[—27i/A(xgcos8, + yosinf,)]. Both fields propagate into the
medium, interfering and causing a change in transmission properties throughout the
volume of the photochromic medium. For simplicity in the following analysis, we use
the fact that the signal field in equation 4.1 is a sum of a series of plane waves. There-
fore the interaction of one of these plane waves with the reference plane wave is con-
sidered, which will then be applicable to the other plane waves making up the signal
beam. The geometry of such an interaction is shown in figure 4.4(B). A signal plane
wave is incident on the photochromic medium at angle 6, to the z-axis, and thus
propagates in the medium with angle 8, = arcsin(nsin§;), where n is the bulk re-
fractive index of the photochromic medium. Similarly, the reference plane wave is in-
cident on the medium at angle 6,, and so propagates with angle /. = arcsin(n sin g, )
in the medium. Therefore, within the photochromic medium, the field due to the
signal plane wave is given by Us(z, y2) = exp[—(27i/A)(z cos 6, + yo sin #.,)] and that
due to the reference wave is given by U,(z,ys) = exp[—(27i/A)(z cos b, + y sin 6..)].
The intensity I(z,y2) of light in the medium is then

I(z,y2) = |Us(2,y2) + Ur(2,32)| = 2+ 2cos ¢ (4.2)

where, for simplicity of notation, we have introduced ¢ = (ks — k. )-r. Here r is the
vector to point (z,y2). The photochromic material response to the incident light will
be proportional to I, so that, assuming for the moment that only the transmission
T of the material changes in response to illumination, the resulting hologram has

transmission

T(z,y2) =To + 2B cos ¢ (4.3)

where B is a constant incorporating exposure time and the material response to
illumination, and Tg is the constant transmission offset over the whole hologram.
This result constitutes a sinusoidal grating with grating wavevector K = k, — k,.

Lines of minimum transmission from equation 4.3 bisect the angle between the

reference and signal plane waves, and are shown as dotted lines in figure 4.4(B).
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The total transmission of the hologram formed from the patterned screen will be
the sum of a number of these terms representing each plane wave in the Fourier
transform of the screen pattern. This analysis applies only to media in which the
holograms formed have low diffraction efficiency (i.e. less than around 5% [102]),
as it has been assumed that the intensity remains constant as the light propagates
through the hologram (a non-depletion approximation). If diffraction efficiency is
high, a significant fraction of the writing beams will be diffracted out of the medium
as the light propagates, and a more rigorous coupled-wave theory based on Maxwell’s
equations must be used [102]. The material used experimentally in this chapter will
be shown in section 4.4 to give holograms with a diffraction efficiency of less than

1%, permitting the use of this simple theory.
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Figure 4.5: (A) Setup for reading a Fourier hologram of the type written using the setup
in figure 4.4. A reference plane wave, of wavelength A, is incident on the medium in the
same configuration as in the writing process. Diffraction from the hologram is focussed
by a lens onto camera, forming an image of the original screen pattern. (B) The geometry
of formation of a diffracted plane wave from interaction of the reference plane wave with
the hologram.

To read the hologram, a setup of the kind shown schematically in figure 4.5(A)
is used. A reference plane wave R; of wavelength A is incident on the hologram at
angle 6,, and propagates in the medium with angle 6., = arcsin(nsin#,;). The plane
wave scatters from the absorption variations in the hologram, forming a diffracted
field of plane waves D propagating at angle ¢, in the photochromic medium. The
full characteristics of this diffracted field are obtained by calculating the Kirchhoff
integral for the readout wave and the transmittance given by equation 4.3 which
is considered in detail in reference [103]. The resultant diffracted field of the £1st

orders is given by
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Uss(z,y2) = CFsectsinc{(kT/2cos8})[z cos(8; — 6.)
F cos(fg — 0;) + peos(f; — 6,1) — pl} (44)

where p is the ratio of writing wavelength to reading wavelength, T is the thickness
of the photochromic medium, and F' = [Fsin(6/,— 6..) £ sin(#; — 0,) + psin(6,;, — 6., )].
Equation 4.4 can be used to determine hologram formation and readout geometries
which maximise the diffracted first order intensity. An important geometry which
maximises the value of U (z, y2) and hence the diffracted first order intensity [103],
is that for which 6,; = 6, and 6; = 6,, with p = 1. Therefore, by recording a
hologram using the setup in figure 4.4 and then illuminating it with a plane wave of
the same wavelength and incidence angle as the original recording reference wave,
each plane wave originally in the object beam will be reconstructed in the diffracted
beam. For our case, the result is that the Fourier transform of the code patterned
onto the object beam will be reconstructed from the hologram. In fact, due to the
exact Fourier transform performed by the writing lens, the Fourier transform of the
code is correctly reconstructed with no aberration by a readout beam of a different
wavelength and incident angle, albeit angularly displaced and reduced in intensity,
as we shall consider in section 4.2.3. A lens of focal length f performs the inverse
Fourier transform of the diffracted field (i.e. the inverse operation to equation 4.1),
resulting in the reconstruction of the code pattern which was on the object screen.
The code pattern may then be observed by CCD camera for automated reading of
the codes. Such a geometry will be considered in the rest of the theoretical analysis,
and this geometry will be used experimentally for writing holographic codes into

microparticles.

4.2.2 Hologram size and encoding capacity

The encoding capacity of the binary array concept described in section 4.2, depends
on the required size of the hologram and the number of bits that can fit into the
observable image space. The observable space clearly depends on the camera surface
area used to observe the hologram during reconstruction. In order to correctly
reconstruct the code image from the hologram written into a particle, enough of
the Fourier transform of the code must be written into the particle to record all
of the required information about the position of the bits in the code. To begin

with, consider the code pattern as a square array of square spots of side length b
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Figure 4.6: (A)An example code pattern featuring a square array of bright squares of side
length b and separation a. (B) The array may be considered as a convolution of an infinite
array of delta functions F with separation a with a square function G which defines the
code spot size, and square function H which defines the size of the entire array. From
this, the form of the Fourier transform of the code when projected onto a substrate as in
figure 4.4 may be deduced (C), allowing us to easily estimate the minimum hologram size
Dg for given values of a, b and f.

and centre-to-centre spacing a, with total array length L (see figure 4.6(A)). Note
that throughout this chapter a, b and L refer to paramaters of the image written
into/recovered from a hologram, not the hologram itself. Using the geometry of
figure 4.4, this array is represented for the moment as a transmittance function
t(z1,y1). The field U(z,y,ys2) of this projected through a lens of focal length f onto
a flat substrate, as in figure 4.4, is given by equation 4.1. Aside from a constant
factor, this is the Fourier transform of the aperture function into frequency space

(za/ASf,y2/Af). The function A(zq,y;) may be represented as

A(zy,y1) = Fz1,1) ® G(z1,y1) X H(z1,11), (4.5)

where ® denotes a convolution, F'(z1,y;) is an infinite 2D array of delta-functions

spaced by a in the z; and y; directions, G(z1, ;) is a square function where G = 1
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for —b/2 < z1,y1 < b/2 and G = 0 elsewhere, and H(z,y;) is a square where
H=1for —L/2 < z1,1n1 < L/2 and H = 0 elsewhere (F and G are shown in figure
4.6(B)). The Fourier transform of A(z;,y;), denoted FT(A), may then be written
as FT(A) = FT(F)FT(G) ® FT(H) [44], where

FT(F) = a*comb (%\2}—2) comb (%) (4.6)
FT(G) = b%inc (i%f) sinc (i—%f) (4.7)
FT(H) = LPsinc ([;\—3;2) sinc (i—i’f) . (4.8)

Here comb (“T“j}) comb (%) denotes an infinite array of delta functions spaced by
Af/a in the z; and y; direction, as defined in [44]. The form of the function FT(A)
may therefore easily be deduced by considering the functions above, without the
need to fully calculate it, and is shown in figure 4.6(C) - the Fourier transform of the
square array function is a series of peaks whose maxima are spaced by Af/a in the z;
and y; directions, with zero-to-zero widths Af/L, enveloped by a sinc function that
falls to zero at £Af/b. In order to have enough information to correctly reproduce
the positions of the spots in the square array, the hologram on the particle must at
least contain the first peaks of the Fourier transform, i.e. the smallest dimension
D of the particle to be encoded should be greater than Dpr = 2(Af/a + Af/L).
Figure 4.7 shows the hologram size vs a for different values of f, with A = 532nm.
This wavelength was chosen, as it is the one which will be used experimentally (see
sections 4.3 4.4). The values demonstrate the particle sizes that can be encoded with
this technology, depending on the values of f and a we can achieve experimentally.

As stated above, the encoding capacity of a hologram depends on the bit spacings
(as shown in figure 4.7), and the size of the observable image space. Assuming the
only lens in the imaging system is the F'T lens, the observable image space is limited
by the sensor size of the camera used to observe the reconstructed code hologram.
As an example, the encoding capacity of different hologram sizes was calculated
for a number of values of f, when a standard 2/3” (active area 8.5 x 6.8 mm)
camera sensor is used to observe the reconstructed code. The bits reconstructed
from each size of hologram are spaced by a distance a using values from figure 4.7
for the particular value of f being considered. The largest rectangular array of

bits spaced by a that fit into the sensor area was calculated, and a reference row
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Figure 4.7: The width Dpr of the code Fourier transform as a function of the separation
between code bits, for different values of f. The values of f are given above each curve in
mm

and column of bits (as described in section 4.2) removed. The remaining n bits
are available for encoding, and the number of unique binary codes available using
these bits is 2. The resulting encoding capacities are shown in figure 4.8. The
‘stepped’ appearance of the graph results from the fact that all code spot arrays
must contain an integer number of spots in each dimension of the array. Therefore,
the capacity only increases when the hologram FT size allows a higher number of
spots to fit in the image area, creating a step in the encoding capacity, which then
remains constant until one more spot will fit in the image area in either dimension.
It is clearly seen that a very large number of codes are available, with 1032 codes
available from a particle 100um in size with f = 50mm, and 10'*° codes available on
a 100um particle when f = 25mm. Thus large numbers of particles can be uniquely
encoded, with diffraction patterns that are contained within an easily observable
image space.

There are a number of caveats that may prevent such high encoding capacities

from being obtained. Firstly the value of a can never be exact; it is prone to an

inaccuracy due to the finite resolution of the method use to display the object code

mask. For the spatial light modulator that will be used in the experimental section

4.4, the resolution is the pixel pitch, which in our case is 13.68m. Thus all values of
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Figure 4.8: The encoding capacity of different hologram sizes, for various values of f, when
the reconstructed code is observed on a standard 2/3” camera sensor. Solid lines show
the fundamental encoding capacity, dashed lines show the capacity after taking account
of more realistic system parameters. The values of f are given above each pair of curves
in mm.

a have a tolerance of +13.68um, resulting in some code spots having a larger period
than intended. The result is a reduced encoding capacity, because allowance must
be made for a dots spaced by a larger value of a to be contained within the sensor
dimensions. There are additional effects which can change the apparent dot spacing
in the image diffracted from the hologram including the fact that the laser light has
an uncertainty in wavelength A\ and is diverging (i.e. is not actually a perfect plane
wave. A typical value of A) for a DPSS (Diode-pumped solid-state) laser such as
that used for the experiments described in section 4.4 is AX ~ 1Inm. The reduced
encoding capacity taking into account these effects is shown by the dashed lines in
figure 4.8, giving around 10%* code on a 100um particle with f = 50mm.

There are a number of effects that will still further reduce the encoding capacity;
one which will have a very large effect is the use of a smaller camera sensor. There
may be reasons to place a limit on the shortest focal length used, as a lens closer to
the sample will collect more of the light scattered from the sample surface. Prelimi-
nary tests on experimental holograms suggest that the focal length limit lies between

f = 50mm and f = 25mm, for the particular materials studied. Additionally, we
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may want code diffraction patterns which are much smaller than the sensor size, to
make sure the patterns stay within the sensor when the particles are not perfectly
aligned to the readout beam. Such effects of angular rotation of the holograms are

considered in the next section.

4.2.3 Angular sensitivity of diffraction from SUS8 holograms

In addition to providing information about the conditions which give a maximum
intensity reconstructed image from a hologram, equation 4.4 allows an analysis of
the effect that angular rotation of a hologram has on its diffraction pattern. This
will be important for the application of encoded holograms to automated flow-based
reading systems, where there is a possibility of the encoded particle not being per-
fectly normal to the reading beam, as already considered for superimposed grating
tags (see section 3.3.1). Much like gratings, the diffracted angles within the holo-
gram are expected to change if the hologram rotates. However since the hologram
is written throughout the volume of the material, rather than just on the surface,
there will be other effects arising from the violation of the Bragg law. Equation 4.4
can be used to calculate the diffracted intensity for different values of 6., which is
equivalent to a rotation of the hologram about the y axis. The intensity variation
depends on a number of parameters, notably 6, 8,, write wavelength, read wave-
length and thickness T of the hologram material. The effect of these parameters on
the diffracted intensity for different 6, is investigated in the following, using typical
parameters which we will later use in the experimental investigation of holograms
in SU8. It will turn out to be useful to record holograms with light of wavelength
A = 532nm and read with light of wavelength A’ = 633nm due to the properties of
the photochromic dye that will be used (see section 4.3.1). Typical SU8 films will
have thickness in the range 5 - 35um.

Figure 4.9(A) shows the effect of changing 6,1 on the hologram diffracted first
order intensity, for a selection of values of 6, and 6,, with T' = 35um. There is a peak
in intensity at the Bragg angle, when 2sinf,1A/(sinds—sind,) = X'. For values of 6,4
either side of this peak, the diffracted intensity falls off in a sinc?-function form. The
width of the sinc function decreases with increasing 8, and ;. Therefore the larger
the incident angles of the recording beam, the smaller the rotation of the hologram
that can be tolerated, before the hologram intensity drops to an unacceptable level.
In addition to the intensity reduction, the diffracted angle of the hologram image
also changes with changing 6,1, as shown in figure 4.9(B). This adds a limitation
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Figure 4.9: (A)Diffracted first order intensity for a hologram formed from two plane waves,
as in figures 4.4 and 4.5, for different values of 8,;. The effect is shown for a number of
values of 8, and 8,, denoted next to each curve. Increased efficiency with increased 8, and
6, results from the greater total material volume in the hologram. (B)The diffracted angle
corresponding to each value of 8,1, for different values of §, and 6 as denoted next to each
curve, with writing wavelength of 532nm and reading wavelength of 633nm. (C)Diffracted
first order intensity for a similar hologram with 6, = 8, = 20°, for values of L ranging
from 5 - 35um. Values of T increase in 5um steps in the direction of the arrow. All figures
where calculated by inputting the appropriate parameters into equation 4.4.

which is specific to the setup in use: at some point the hologram will move outside

the reconstruction lens/camera.

In addition to the effect of ., and 6, on the hologram angular sensitivity, the
thickness T of the hologram has some effect. Figure 4.9(C) shows the variation of
hologram intensity with varying 6,1, for different values of T ranging from 5um to
35um in steps of 5um, with a fixed value of 6, = 6; = 20°. From this it is clear
that the thicker the hologram is, the smaller the rotation that can be tolerated. The
calculated hologram rotation 6., that causes the diffracted intensity to fall to zero,
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for changing 8,, with ; = 0 and with different fixed values of T', is shown in figure
4.10.

Figure 4.10: The rotation €., of a hologram required to extinguish the diffracted image,
for different values of 8, and selected values of hologram thickness 7". The number above
each curve indicates the value of T" in um.

For the parameters that are used experimentally, i.e. T~ 35um and 6, —60, > 20°,
figure 4.10 shows that we can only tolerate rotations of less than +3°. To allow for
such a rotation, the size of the code image space must be reduced to leave an
empty border of approximately 2mm for a value of f = 50mm, in order to allow
for movement of the code without it going outside the sensor area. This places the
most severe limitation yet on the encoding capacity, reducing it by a factor of 100
from the values in figure 4.8, giving around 10! codes on a 100um particle when
f = 50mm. However, this is still a very large number of codes. Moving the camera
would eliminate the need for this border, if it could be accomplished fast enough to
read the code in a high throughput system.

Possible intensity variations in the code pattern should also be considered, caused
by the movement of the hologram and associated with the differing optimum diffracted
angle of the different plane waves which make up the diffraction from the hologram.
If the hologram contains only the first and second order beams from the Fourier

transform, in addition to the zero order, the maximum plane wave angle diffracted
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from the hologram will be 64 £ arctan([2(a + L)/ f], where 84 is the diffracted angle
of the zero order of the diffracted code Fourier transform. For values of a up to
500pum which have been considered so far, the 8,; position of the intensity peaks

differ by a maximum of 0.5%.

4.2.4 Summary

To summarise this theoretical section: A method of creating holograms in a pho-
tochromic material has been considered in detail. This method can create holograms
which, when illuminated, will reproduce binary code in the form of an array of spots.
The fundamental encoding capacities of these holograms depend on the spacing of
spots in the code array, and the focal length f of the writing FT lens. For f = 50mm
around 10%? unique codes are available on a 100um hologram. There is consider-
able angular sensitivity associated with these holograms , due the fact that they
are written throughout the volume of the material, and are therefore subject to
Bragg selectivity. For typical experimental parameters of SU8 microparticles, the
maximum rotation of the hologram which can be tolerated is £3°. In allowing for
the movement of the diffracted image from a code hologram due to a 3° rotation,
the encoding capacity of a 100um hologram with f = 50mm reduces to about 10
codes.

The next section considers the materials and fabrication techniques necessary to
manufacture SU8 particles suitable for holographic encoding. These materials and
processes will set the values of some of the parameters that were used in the above
calculations, in particular the values of A and X’ given above, and also the value of
L.

4.3 Photochromic dyes and sample preparation

4.3.1 Dye photochemistry

Holographic storage in polymer materials has attracted a lot of attention for many
years, particularly for application to holographic compact discs [79, 104, 105]. The
most successful commercial implementations have concentrated on writing holo-
grams into photopolymerizable materials [105], forming ‘write-once read many’ holo-
graphic memories. However, substantial research efforts in the last 20 years have

concentrated on the use of organic photochromic molecules dispersed in polymer
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matrices [98, 99, 100, 107], for application to re-writable holographic storage de-
vices. Of these, the most promising materials are the diarylethene derivatives, first
studied by Masahiro Irie and his group [106, 107]. These organic dyes can undergo
a photo-induced conversion between two states with different absorption spectra.
Both states of these dyes are extremely thermally stable, meaning that in dark con-
ditions written holograms can, for some dyes of this type, remain for many months
[108]. Some diarylethene derivatives can also be cycled from one form to the other
and back many thousands of times [107], allowing rewritable storage to be imple-
mented using these materials.

The photochromic dye used in this thesis is the commercially available diarylethene
dye 1,2-Bis(2,4,5-trimethyl-3-thienyl)-cis-1,2-dicyanoethene (TCI-Europe), which has
previously been characterized for its photochromic properties in the polymer matri-
ces of PMMA and PVA [107]. Although other diarylethene derivatives are available,
this is the only one that was found to be soluble in either of the two solvents com-
monly used for SUS8; either gamma-butyrolactone or cyclopentanone. The possible
photochemical reactions of the dye molecule are shown in figure 4.11. Upon illumi-
nation with UV light in the 300-400nm wavelength band the molecule in form (i)
may undergo a conrotatory cyclization to form (ii), a disrotatory cyclization to form
(iii), or a cis-trans isomerization to form (iv). The reactions that are interesting
for this application are the cyclization reactions, as these are the ones for which the
molecule’s absorption spectrum changes (the cis-trans isomerization competes with
the cyclization processes, and its importance will be considered in section 4.4).

The allowed cyclization reactions of a molecule are determined by the Woodward-
Hoffmann rules [109], which are based on the symmetry of the highest occupied
molecular orbital (HOMO; the highest energy electron orbital which contains any
electrons). For molecules containing double bonds, these are known as m-orbitals.
The Woodward-Hoffmann rules for this dye state that the molecular symmetry al-
lows the disrotatory cyclization to take place in the ground state of the molecule,
and the conrotatory reaction in an excited state of the molecule (i.e. the disrotatory
reaction can be brought about only by heat, and the conrotatory reaction by light).
For a more complete discussion, one may calculate [110] the energies of the 7 orbitals
for the initial and final forms of the molecule for both cyclization types. By consid-
ering the symmetry of the orbitals in the initial form and final form, one can draw
a state correlation diagram [112] showing how electrons will redistribute from the
form (i) orbitals to the form (ii) orbitals. Such diagrams for the conrotatory and dis-
rotatory cyclizations of 1,2-Bis(2,4,5-trimethyl-3-thienyl)-cis-1,2-dicyanoethene are
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Figure 4.11: The photochemical reactions of 1,2-Bis(2,4,5-trimethyl-3-thienyl)-cis-1,2-
dicyanoethene.

shown in figures 4.12(1) and 4.12(2), respectively. Dotted lines in these figures indi-
cate the expected correlation from pure symmetry considerations; solid lines show
more realistic correlations, as electron-electron repulsion prevents states of the same
symmetry from crossing. Although the disrotatory reaction could theoretically be
allowed by heating, in reality the large energy difference between the ground states
of the two forms makes it extremely unlikely. This has been shown experimen-
tally by the fact that the disrotatory cyclization does not appear to occur even at
temperatures around 300°C [110].

Having seen that the disrotatory cyclization to all intents and purposes does not
take place, only the conrotatory cyclization can be used to transform the molecule
from the open ring to the closed ring form. As seen in figure 4.12(2), there is an
extremely large energy barrier between the two forms in the ground state, prohibiting
the cyclization. However, in the S, excited state, no such barrier exists, allowing
the cyclization to occur. Thus the molecule can be cyclized by use of light which

will excite the molecule to the S, state. The reverse, ring-opening, process also
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Figure 4.12: State correlation diagrams for (1) the disrotatory cyclization from form (i)
to form (iii) and (2) the conrotatory cyclization from form (i) to form (ii). Here A’, A”,
A and B represent the orbital symmetries as defined in [112]. Figure modified from [110]
Figures 1 and 2.

easily takes place in the S, excited state, albeit requiring a lower energy (longer
wavelength of light) to excite the molecule. Thus using two wavelengths of light,
we can transfer the molecule reversibly between forms (i) and (ii). The yield of
each form (modelled for free molecules) upon illumination with UV light is 30%
form (ii), and 70% excited state of form (i). Of the molecules in the excited state
of form (i), 50% decay to form (i) ground state and 50% to form (iv) ground state
[111]. Since form (iv) cannot cyclize, around 35% of molecules are “lost” in each
photocyclization .Thermally (i.e. in the molecular ground state), the closed-ring
form is reasonably unlikely to transfer to the open ring form, because of the same
energy barrier that prevents the cyclization. However, since the closed-ring ground
state has a higher energy than the open-ring ground state, the barrier for thermal
reversion of the closed ring form is lower, making the closed ring form slightly less
thermally stable than the open ring form. Nevertheless, the closed ring form can
be expected to remain for some time at room temperature, or perhaps even higher
temperatures [110]. This is a useful property, as the codes written into particles
need to remain for the duration of any biochemical experiment they are used in,
without being thermally erased.

The molecule in form (i) (open-ring form) has an absorption band mainly in the
UV region of the electromagnetic spectrum (see figure 4.13 dashed line). Illuminat-
ing the molecule with light within this absorption band transfers the molecule into
its excited state. This allows the conrotatory cyclization to take place as described
above, changing the molecule to form (ii) (closed ring form). The closed ring form

has an additional absorption band in the visible region, for wavelengths from around
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500-600nm (see figure 4.13 solid line). The change may be reversed by irradiating
the molecule with visible light within this visible absorption band.
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Figure 4.13: The absorption spectra of the open ring (dashed line) and closed ring (solid
line) forms of the photochromic diarylethene dye 1,2-Bis(2,4,5-trimethyl-3-thienyl)-cis-1,2-
dicyanoethene in cross-linked SUS.

4.3.2 Manufacture of dye-doped SUS8 films and microparti-
cles

In order to manufacture SU8 microparticles doped with the photochromic dye, it was
first necessary to optimise the steps for cross-linking the dye-doped SUS. First the
appropriate SU8 solution had to be chosen from the available standard solutions;
the dye was found to dissolve most readily in the SU8-2000 series resists, which
are solutions in cyclopentanone. Next, the exposure time required to cross-link
the SUS8 needed to be optimised, as the dye prevents the SU8 cross-linking within
standard exposure time of approximately 10s. This arises from the fact that, as we
have seen in section 4.3.1, the dye absorbs UV in the 300-400nm wavelength region.
Since light of wavelength 365nm is required to initiate the polymerization of SUS,
the dye prevents the SU8 cross-linking under standard process conditions: a much
longer exposure time is required. To optimize the UV exposure time 5% wt dye
was mixed with SU8-2015 solution in cyclopentanone. A 0.7mm thick boro-silicate
float glass substrate (Schott Borofloat) was pre-treated with a Ti-prime adhesion
promoter (Microchem Corp.) spun onto the substrate at 3000rpm, and the substrate
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baked at 120°C for 2 minutes. The SUR was then spun at 8000rpm to a flat plate
of thickness 8um on the glass substrate, and baked for 1 min at 65°C followed
by 3 min at 95°C. To create a flat surface to minimise distortion to the written
holograms. the plate was then left to relax for 2 hours at room temperature (23°C).
A number of samples were exposed for a variety of times to UV light (wavelength
365nm) through a mask patterned with 500 x 1500 um rectangles. After exposure
the samples were developed in EC solvent (Microposit) for 1 min. The exposure
time was increased until rectangular dye-doped SU8 microparticles remained on the
substrate after development. An exposure time of 8 min was found to give fully
cross-linked microparticles (compared to a typical time for a similar layer wihtout
dve of about 12s). The exposure was performed in 48 intervals of 10s each. with
a dark time of 20s after each interval. in order to prevent the sample heating up
during the long exposure. After exposure the SU8 was baked on a hotplate with the

1

temperature ramped from 50 to 95°C at 2°C min~"'. and left to cool on the switched

off hotplate, in order to minimise distortions of the particle surfaces due to thermal

stress.
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Figure 4.14: Schematic of the process used to manufacture the photochromic dye doped
SUS microparticles.

It was found that to create holograms with a reasonable signal-to-noise ratio,
much more dye must be used than was present in the 8um layers described above

(essentially increasing the value of B in equation 4.3). Since the particles need to
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be thicker from a structural point of view anyway (due to their relatively large size
compared to thickness). it was decided to achieve this by creating structures which
were fabricated from multiple 8um layers. This process involves spinning and cross-
linking a layer of dve-doped SUS. spinning and crosslinking another layer on top of
this etc, to create a lavered structure. In our case we observed that an adequate
hologram signal to noise ratio was obtained from a structure with 4-layers. Flat
plates of multi-layered SUS were created by this method (represented schematically
by steps 1-4 in figure 4.14). While a similar increase in hologram signal could have
been obtained by creating a single thick layer of SUS8, or adding more dye to a single
8um laver. it was decided not to do this. because of the very long UV exposure

times that would be required to cross-link the SUS.

Figure 4.15: SEM images of 500 x 1500 x 35um microparticles on glass substrate after
completion of the manufacturing process.

Initially. manufacture of multilayvered particles was attempted by patterning each
layer photolithographically. before spinning the next layer. However, this was found
to result in particles with a curved surface profile. This is partly due to the different
total baking times of each layer causing thermal stress and thus curving, and partly
due to the effect of spinning SUS over pre-formed structures. It was therefore decided
to form the particles by dry etching. A schematic of the final optimised process for
forming photochromic dye-doped SU8 microparticles in shown in the schematic in
figure 4.14. This part of the process was carried out by Dr. Shahanara Banu. First,
50nm aluminium is evaporated onto the glass substrate as a sacrificial layer to allow
later release of the particles from the surface. prior to pre-treatment. Then (steps
1-4) a four layver flat plate of SU8 is manufactured. as described above. A chrome
adhesion layer followed by a gold conduction layer is evaporated onto the SUS (step

5) and 2.8um of the positive photoresist S1828 is spun at 5000rpm on top of the gold
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and thermally cured at 95°C for 35min (step 6). This is then exposed to UV light of
wavelength 365nm and intensity 14 mW cm™2 for 11s, through a mask that defines
the shape of the particles. Exposed areas of resist are washed away with MF319
solvent (aqueous solution of tetramethylammonium hydroxide, Microchem Corp.),
leaving holes defining areas where the particles will be. Nickel is electroplated into
the holes by use of the conduction layer (step 9). Electroplating was carried out in
a Watt’s bath [113] containing an aqueous solution of nickel sulphate (NiSO4.7H50,
concentration 267g/L), nickel chloride (NiCl,.6H50, concentration 100g/L)and boric
acid (H3BOj3, concentration 35g/L). The sample forms the cathode and a blank
nickel plate the anode of the electrochemical system. Nickel ions are deposited onto
the sample from the nickel compounds in the solution. To obtain a nickel thickness

2 and the plating carried out for

of 5um, the current density was set to 1 mA cm~
14 minutes 16 s. After electroplating, the S1828 is removed with acetone. Exposed
gold was removed by ion-beam milling in an Oxford Instruments Ionfab 300 plus
for 15min, using argon ions at a flow rate of 6 cm® min~!. The exposed SU8 was
dry-etched away using an Oxford Plus Plasma etcher. The machine parameters were
set as defined in a previous publication [114]; gas flow rates of 60 cm?® min~=? for O,
3 cm?® min~?! for SFg, and a chamber pressure of 150 millitorr. After the dry etch,
the nickel protection layer was removed by immersing the sample in 30% aqueous
ferric chloride (FeCls) solution at 70°C for 30 seconds. The resulting particles were
well defined, as seen in the example SEM images shown in figure 4.15, and flat to

within +50nm as measured on a stylus profiler.

4.4 Writing encoded holograms into SUS8

4.4.1 Holograms written into SUS8 films

In order to write holograms into the photochromic SUS8, the whole sample is ini-
tially exposed to a broadband mercury UV source (intensity 20mW cm~2 measured
at a wavelength of 365nm) for 30mins, to transfer the dye into form (ii). Encoded
holograms are written into the photochromic dye-doped SUS8 using a standard holo-
graphic setup for forming Fourier transform holograms, the basic principles of which
were considered in section 4.2.1. A schematic of the setup used is shown in figure
4.16(A). Light from a frequency doubled diode-pumped Nd:YVO, laser (wavelength
A = 532nm, near to the peak of the visible absorption band of form (ii) of the dye)

is split equally into two beams. One beam (the ‘signal beam’) is expanded 10 times
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by lenses L1 and L2. and spatially filtered by the pinhole P between the two lenses.
The signal beam is then reflected from a spatial light modulator (Texas Instruments
DMD (R)). which patterns the beam with the required code. The patterned beam
is focussed through a lens L3. to create the Fourier transform (FT) of the code
pattern on the SUS film. The other laser beam (the ‘reference beam’) is reflected
directly onto the same place on the photochromic sample. The signal and reference
beams are incident at angles 11 4+ 1° and 35 £ 1° to the sample normal. respectively.
The hologram was illuminated with a 633nm laser beam from 3mW He-Ne laser
during writing. which is incident at angle 27 £+ 1°. in order to be Bragg-matched to
the hologram for maximum reconstruction intensity and minimal distortion of the
reconstructed hologram (see section 4.2.3 for more detail). This wavelength was cho-
sen to allow easy monitoring of the hologram diffraction as the writing progressed.
due to the different diffracted first order angle produced by this wavelength. The
diffraction pattern reconstructed from the hologram is focussed by a second FT lens
(L4) onto a CNMOS camera sensor (1280 x 1024 pixels. Prosilica EC1280) in order
to view the reconstructed image. The reconstructed image develops to a maximum
intensity before the hologram begins to erase due to multiple interference patterns
building up from substrate reflections [115]. The time taken for the reconstructed
image to reach maximum intensity in our case was approximately 6s with a total
power in both writing beams of 0.1 mW. This corresponds to an absorbed energy

of 0.6 mJ being required to form a maximum intensity encoded hologram.
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Figure 4.16: (A) Schematic of the setup used to write encoded holograms into dye-doped
SU8 microparticles. DPSS: frequency doubled diode pumped Nd:YVOy laser. HeNe:
Helium-neon laser. BS: beamsplitter. M: mirror. L: lens. SLM: spatial light modulator.
(B) Example of a code pattern written onto the signal beam using the SLM, indicating
the grid-defining spots (indicated by dotted lines) and the code spots (indicated by shaded
square).

An example of the kind of code patterns written onto the signal beam using
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the SLM is shown in figure 4.16(B). White spots represent points at which light
is reflected onto the sample, the rest of the beam being reflected away from the
sample. The top row and leftmost column of spots constitute a reference frame
which defines the code grid for the benefit of an automated reading algorithm, as
discussed in section 4.2. The rest of the spots represent a binary number which
uniquely identifies the SU8 particle: a bright spot at a code grid position indicates
a ‘1’ bit and the absence of a bright spot at a particular grid position indicates a ‘0’
bit. The example in figure 4.16(B) represents the binary string 01000011 11111111
11111113 11111111 11011111 11111111 11113111 11111111, The spacing between
the grid positions in this case was 220 um. This spacing, together with the focal
length f of the FT lens, determines the size of the Fourier transform of the pattern
on the SLM, and thus the size of the hologram. In this case a value of f = 50mm
was used for ease of arrangement of the setup, which together with the chosen value
of code grid spacing resulted in FT size of 400um, allowing the hologram to be
written onto the 500um SUS particles.

After writing, the hologram is reconstructed by illuminating with the 633nm laser
beam used to monitor the writing process. The diffraction pattern reconstructed
from the hologram is focussed by a second F'T lens onto a CMOS camera sensor
(1280 x 1024 pixels, Prosilica EC1280) in order to view the reconstructed code. As
an example, the diffraction pattern reconstructed from a hologram written using
the pattern in figure 4.16(B) is shown in figure 4.17. The hologram was written
into a flat plate of dye-doped SUS, in order to characterize the capabilities of the
material to form encoded holograms. The pattern in figure 4.17(A) shows that the
required code pattern has successfully been reproduced with minimal distortion.
Cross sections through a row of entirely 1 bits (figure 4.17(B)) and a row containing
both 1 and 0 bits indicates the high contrast between bright and dark regions of
the encoded diffraction pattern from the hologram. The mean signal to noise ratio
(SNR) of 1 bit intensity to O bit intensity in diffraction patterns from holograms
written using this method is 5.9 + 1.2. This value of SNR determines how well
the holograms can be read using a threshold method similar to the superimposed
gratings. As we shall see, in the case of holograms, random scattered light from the
SUS8 surface seems to be the main source of noise, rather than unwanted diffraction
pattern features, as in the case of the gratings. The hologram is erased by the
reading light, requiring 15mins of constant illumination with a power of ImW to
erase the hologram to the point where the hologram signal-to-noise ratio becomes
too low for the reading algorithm described in section 4.5. Due to the lower power of
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Figure 4.17: (A)An example camera image of a code reconstructed from an encoded
hologram written into diarylethene doped SUS. (B)A cross section through a row of
entirely 1 bits (row indicated on (A) by correspondingly labelled dotted line. Comparing
this cross-section with one taken through a row containing a mixture of 0 and 1 bits (C)
indicates the obtainable signal to noise ratio between 0 and one bits.

the reading light. together with the lower dyve absorption at the reading wavelength,
this erasure is much slower than erasure by the writing laser.

In order to be successfully used for a biological assay. the written hologram must
remain readable throughout the duration of the experiment (tvpically up to a few
days). We have seen that form (ii) of the diarylethene dye returns to form (i)
upon illumination with light of wavelength 532nm. In addition. form (ii) can decay
to form (i) by thermal relaxation (section 4.3.1), although the thermal lifetime
is expected to be reasonably long. This thermal decay will cause the diffracted
light from the hologram to reduce in brightness over time, eventually making the
hologram unreadable. In order to characterize the thermal decay of the dye in

the SU8 matrix. a hologram was written into a flat plate of dye-doped SUS. as
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Figure 4.18: Signal to noise ratio of hologram vs time kept in the dark at room tempera-
ture.

described above, and the image reconstructed for enough time to take an image
with the camera (approximately 1 second). The hologram was left in the dark at
20°C for 4 days, reconstructing the hologram at various time intervals. A graph of
hologram SNR over time is shown in figure 4.18. This shows that the hologram SNR
reduces by approximately 60% after 70 hours (2.9 days), giving a remaining SNR of
2.3. Since, as seen in section 4.5, we have an algorithm which can read holograms
with SNR> 2, the hologram is still readable after almost 3 days storage at room
temperature.

Section 4.1.2 discussed an additional property that would be desirable in our
holographic encoded microparticles. This is that, for certain applications such as
combinatorial synthesis, it would be advantageous to be able to erase and rewrite the
holograms encoding the particles. Diarylethene dyes have previously been character-
ized as being rewritable [107]; when in form (ii) the dye may be returned to form (i)
and back to form (ii) repeatably. In order to test the rewritability of holographically
encoded SUS8 particles, 10 holograms were written into particles as described above.
After recording the reconstructed image from the holograms, the sample was illumi-
nated with 532nm light to erase the holograms. The sample was then re-illuminated
with UV light to return the dye to form (ii) and the same holograms written into it
again. This process was repeated a number of times, and the resulting SNR for each

write is presented in figure 4.19. The write number starts with 1 as the first write
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Figure 4.19: Signal to noise ratio of a hologram vs number of write/ erase cycles. ‘1’
corresponds to the first write with no erasure. Writes 1-3 were performed within three
hours of each other. The sample was left for 48 hours and then writes 4-6 performed
within 3 hours of each other, indicating the partial recovery of the fatigued dye over time.

before any erasure. These results show that two successive different holograms may
be written into the SU8, before chemical fatigue causes the hologram SNR to fall
below 2, rendering it unreadable by the software described in section 4.5. Leaving
the hologram in the dark for 48 hours at room temperature restores 70% of the
1st hologram SNR, allowing the particle to be written two more times to produce
readable holograms. This partial restoration of the hologram intensity suggests that
at least part of the fatigue mechanism is a cis-trans isomerization of the open-ring
form of the dye to 1,2-Bis(2,4,5-trimethyl-3-thienyl)-trans-1,2-dicyanoethene, in ac-
cordance with previous observations [107]. This extra isomerization is illustrated in
figure 4.11 by the transformation of form (i) to form (iv). Only the cis isomer may
undergo the cyclization necessary for the absorption spectrum change, which allows
holograms to be written into the material: a proportion of the dye transforming
to the trans isomer will therefore reduce the diffraction efficiency of the resulting
holograms. The isomerization is reversible, with the trans form relaxing thermally
to the cis isomer over 48 hours, restoring the hologram intensity to 70% of the initial
value. However, further investigation will have to be performed to discover whether

this is actually the case.
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4.4.2 Holograms written into SU8 particles

To demonstrate the writing of holograms into particles. a wafer of 1500 x 500 x 35um
particles was manufactured on an aluminium coated glass substrate, as described in
section 4.3.2. The large size was chosen for demonstrating the writing of holograms
into particles, in order to facilitate aligning the particles with the writing beams.
Further work in this area would concentrate on using the system with smaller par-
ticles. The particles were lifted from the wafer by sonicating for 2 hours in the
standard aluminium etch solution MF319 (Microchem Corp.). The MF319 was di-
luted out with de-ionised water, and the particles pipetted onto a glass slide. where
they were left to dry in order to prevent movement during hologram writing. Holo-
grams of a 4 x 4 spot array (spot spacing 490 ym)were written into the particles
using the setup shown in figure 4.16(A). An example hologram reconstructed from a
particle by the method described in section 4.4.1 is shown in figure 4.20(A). together

with a cross section indicating the signal to noise ratio in figure 4.20(B).
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Figure 4.20: (A) An image of the reconstructed diffraction pattern from a hologram written
into a 1500 x 500 x 35um SUS particle. Iimage is contrast enhanced for clarity. (B)A cross
section through the image indicates the pattern signal-to-noise ratio.

The mean signal to noise ratio of the pattern in figure 4.20 (£ standard deviation)
is 1.9 + 0.3. From figure 4.20 it is clear that the patterns reconstructed from the
lifted-off particles are noisier and less intense than those reconstructed from flat SU8
films. which is most likely caused by the harsher fabrication and lift-off conditions of
the particles compared to the flat films. However. the encoding principle has been
shown to work on dry-etched SUS8 particles with a reasonable signal-to-noise ratio of

the resulting hologram diffraction patterns. Further work can now concentrate on
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improving the signal-to-noise ratio and fabricating smaller encoded particles with

large encoding capacities.

4.5 Reading encoded holograms

4.5.1 Reading optics and hardware

Optical setup
ey : ; : S " User
Encoded interface
Photochromic >
Sug fimp PC J ]
Faa e
He-Ne N : — :
L gser | — | Firewire _,| Reading
i i -+ = linterface software
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Figure 4.21: Schematic layout of the reading hardware. The optical part of the setup
is identically to the monitoring part of the setup that was shown in figure 4.16(A). The
reconstructed diffraction pattern from the hologram is collected by a CMOS camera and
fed via a firewire interface to a PC running dedicated analysis software.

The reading optical setup has already been seen in figure 4.16(A), as it is inte-
grated into this larger setup. The reading part consists of the components shown in
figure 4.21. A laser beam from a helium-neon laser (wavelength 633nm) is incident
on the encoded hologram. The beam is Bragg-matched to the hologram so that its
angle of incidence produces the maximum intensity diffracted image (as explained
above). This beam diffracts from the hologram, and the diffracted light is collected
by a lens of focal length f set at distance f from the hologram. The lens focusses
the light onto a CMOS camera sensor which is set at distance f from the lens,
producing the code pattern on the camera sensor. The camera is connected by a
firewire (IEEE 1394) interface to a PC. which runs dedicated custom software to
analyse the image on the camera sensor. and reconstruct the tag's code. The details

of the software are outlined in the next subsection.
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4.5.2 Decoding algorithm

The reconstructed diffracted code from the hologram is read using dedicated reading
software, which analyses the image on the CMOS camera in order to identify the
code. It was found that differential methods of peak identification, such as those
described in section 3.3.3, are relatively unsuccessful in correctly reading holograms,
due to the large effect of surface perturbations on the uniformity of the code spots.
This often resulted in the identification of more than one code spot when there should
only be one. In principle the differential method would read a hologram from a very
high quality surface, but it is prudent to reduce the effect of surface perturbations as
much as possible, in order to reduce the reading error rate. Therefore, an algorithm
based on a different image analysis technique was developed, and is described in
this section.

A flow diagram of the algorithm is shown in figure 4.22. The image is first filtered
with a Gaussian filter, to remove the substantial proportion of the random noise in
the image (caused by unwanted scatter from the sample)(step 4 of algorithm). The
software thresholds the image, and equalizes the image brightness histogram (steps
2 and 3). The histogram equalization process divides the brightness histogram into
‘dark’ and ‘bright’ parts, and forces bright parts to brighter values and dark parts to
darker values [94]. The aim of this is make the code image more uniform in brightness
and reduce the background light. The image is then binarized so that all features
above the threshold become white, and all features below threshold become black
(step 5). The connected components method [94] is then used to independently label
all white features in the image and find their position (steps 6 and 7). The connected
components method is outlined in figure 4.23. The aim is to find regions of white
pixels that are independent of each other (i.e. regions of white pixels surrounded
by black pixels). An example 5 x 9 pixel image of white (1) regions surrounded by
a black (0) region, is shown in figure 4.23(A). The image is scanned from the top
down. Each time a non-zero pixel is encountered at position (z,y), its neighbouring
pixels are analysed in the manner shown in figure 4.23(B). If all the neighbours are
zero, a new label is assigned to the pixel. If any neighbour is non-zero, the label
of that neighbour is used for the current pixel. In this way a labeled image such
as the one in 4.23(C) is formed. Here ‘label collision’ has occurred, that is each of
the white regions has pixels with more than one label assigned. The whole image is
scanned again, and any neighbouring pixel pairs with non-zero and non-equivalent
labels are assigned the lowest of their two label values. After the first such pair has

been analysed, all pixels with the higher of the two values are switched to the lower
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Figure 4.22: Flow diagram of a decoding algorithm for micro-particles encoded with holo-
graphic binary arrays which uniquely identify the particle.
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one: in our case the algorithm converts all ‘3" pixels to ‘2" and all *5" pixels to ‘4.
Thus there are two independent regions that are now identifiable by their labels, as
shown in figure 4.23(D). Finding their ‘centre-of-mass’, as decribed in section 3.3.3,

results in a position for each region.
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Figure 4.23: An outline of the connected components method: an image consisting of
bright (1) and dark(0) regions (A) is scanned from the top down. The neighbours (r—1.y),
(r—1.y+1). (r.y+1)and (r+ 1.y + 1) of each pixel at coordinates (x.y) are analysed
(C). If all neighbours are zero the pixel is assigned a new label, otherwise the pixel is
assigned the label of a neighbour (C). Scanning again for neighbouring label pairs results
in independent regions which are uniquely labeled (D).

Once the positions of all the bright spots in the image have been identified,
recovering the code is a matter of identifying the spots” spatial arrangement. First.
the grid-defining ‘axis spots’ must be found. To begin with. the axis origin spot
at position (xrg.yo) is found (steps 9-12). by identifving the spot with the minimum
value of the sum x + y for its (r,y) coordinates. The nearest neighbour spots (the
two spots with minimum distance r,,;, from (g, yo): distance of point (r,y) from
(2g.yo) defined as r* = (x — x9)* + (y — yo)?) within a tolerance Ar of ry is then
labeled as the first y-axis spot. and that within Ay of iy, is labeled as the first x-axis
spot (steps 14-16). This sets the direction of the r and y axes. Spots within the

same tolerances of these are then labelled as the next axis spots and so on. always
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referring positions back to the previous spot (steps 18-20). Once the axis spots are
identified, each grid position is analysed by looking within éy of an x-axis spot’s y-
coordinate and dz of an y-axis spot’s z-coordinate. If a spot feature is present, this
grid position is taken as a 1 bit, otherwise a 0 bit is assigned to the grid position. By
analysing each possible  and y axis spot combination, the binary code identifying
the particle is built up (steps 21-23). In an automated system, the experiment is
either ended, or the algorithm starts again, ready to identify the next particle. The
software successfully reconstructs the code of all holograms with SNR>2, otherwise
identifying the code as unreadable. Reading of 50 holograms written into a flat SU8
plate resulted in correct reading of 96% of the holograms and correct identification

of the remaining 4% as unreadable.

4.5.3 Error correction

The use of a binary encoding method, as mentioned at the start of this chapter
allows the use of standard binary error-correction and detection schemes. A number
of schemes have been developed for digital radio and cable transmissions [116], which
allow the decoder to detect whether or not the binary sequence has been corrupted
during transmission. Corruption in this case means that a ‘0’ bit has been switched
by noise to a ‘17, or vice-versa. In this case, the scattering of light from contaminants
or surface imperfections may cause such a switch, and in order to have a safeguard
against this, we can implement error correction schemes in our encoding.

The basic principle of an error correction scheme is to set aside a fraction of the
code bits for encoding information about the structure of the code. The simplest
scheme is a single ‘parity check’ bit. One bit of the code is set aside as a check bit,
and given the value ‘1’ if there are an even number of ‘1’ bits in the code, and ‘0’ if
there are an odd number of ‘1’ bits. If one bit of the code is switched in value by
noise, the code will change from having an odd number to having an even number
of ‘1’ bits (or vice-versa), and the parity check bit will enable us to detect if this has
happened, allowing us to discard this code. Such a scheme can of course only detect
an odd number of errors. Since the holographic codes are arranged in a square array,
however, there is a much more robust scheme that can easily be implemented. This
is shown schematically in figure 4.24; a parity check bit is placed on each row and
column of the code, together with a corner check bit for detecting errors in the parity
bits themselves. All single bit errors can not only be detected using this scheme,

but also corrected, so that the code can be recovered. Double and triple bit errors
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. Reference frame

Check bit for parity
bits

Figure 4.24: Lavout of a code which includes a parity check on each row and column of
the code. This scheme can detect and correct all single bit errors. and detect but not
correct all double and triple bit errors.

will be detected. but the code cannot be corrected. so a particle with such a code
must simply be rejected from the experiment. The detection, however. avoids the
more serious problem of a mis-read. Any more than three bits in error will result
in a misread code. however the parity bits increase the robustness of the encoding

scheme.

J

Figure 4.25: An example of the effect of large code rotations and a solution to the problem.
(A)An example of a code spot array. with the axis spots highlighted in green. (B)The
code array from (A) rotated by 90° in the direction of the arrow. The axis spots should
be those highlighted in green and grey. however they are incorrectly identified as those
highlighted in green and blue. leading to a misreading of the tag. (C)The addition of a
rectangle which identifies the top of the array allows the axis spots on the rotated pattern
to be correctly identified.

A second source of error is rotation of the tag about the axis normal to its largest
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surface, resulting in rotation of the entire code array, so that the array appears tilted
compared to the images seen so far. The most extreme problem is rotation by > 90°,
so that the wrong sets of spots are identified as the axis spots, as shown in figure
4.25(A), resulting in a (most likely unidentifiable) misreading of the code. This
could potentially be solved by making sure the bottom row and rightmost column
of the (correctly oriented) code part are never made up entirely of one digits, so that
the reference frame may be used to identify the orientation. This would however
require not using some codes. A method which allows all codes to be used involves
introducing an asymmetric feature into the code pattern, to identify the top of the
code. An example of such a feature is shown in 4.25(B). This feature is a reactangle
of larger size than the code spots, which is thus easily identifiable as the orientation
identification feature. The connected components method outlined in section 4.5.2
can easily identify the size of the white regions in the image; the largest region can
then be labeled as the orientation indicator, identifying the top of the code array.
The final source of error which should be considered is breakage of the particle,
so that part of it is missing. As already considered in reference to the superimposed
grating tags (see section 3.3.4), diffraction based methods of microparticle encoding
rely on the periodicity of the patterns on the particle, rather than the absolute
features as is the case for most other microparticle encoding techniques considered
in chapter 1. Thus even if part of the pattern is removed by damage, the periodicity
remains, so that the code can still be reconstructed. However, if part of the tag is
broken, reducing its size, each code spot will appear wider in the reconstruction. If,
as considered so far in theoretical calculations, a hologram is created from only the
first peaks of the code Fourier transform, the width of each spot is already equal
to the distance between spots. Therefore, any widening of the spots could start to
make neighbouring spots hard to distinguish from each other. To prevent this, both
the first and second code Fourier transform peaks could be contained within the the
hologram. This will allow robustness of the encoding against tag breakage, albeit

at the expense of substantially reducing the encoding capacity.

4.6 Conclusions

A second novel diffraction-based method of encoding polymer microparticles has
been presented. This method is based on the writing of holograms into the particles,
that produce code images upon illumination. The particles are manufactured by a

dry-etch process from the epoxy photo-resist SU8, to which biochemical molecules
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can successfully be attached. It has been demonstrated that the inclusion of a
photochromic diarylethene dye in the SU8 allows encoded holograms to be written
into the material. Holograms written into a flat SU8 plate have a mean signal-to-
noise ratio of 5.9 on the initial write, and remain for more than 3 days at room
temperature, allowing ample time for biological experiments to be performed. A
dedicated computer decoding algorithm for the codes has been demonstrated. The
holograms may be re-written once within a short time, whilst still remaining readable
by the computer decoding algorithm. Holograms written into particles have been
demonstrated, with a lower mean SNR of 1.9+ 0.3, although care taken with factors
which may reduce the surface quality of the particles compared to flat plates mean
that there is the possibility of increasing this SNR value. 8-bit holograms have been
successfully demonstrated on flat SU8 plates, which have an encoding capacity of

10'° unique codes.




Chapter o

Conclusions and further work

5.1 Conclusions

In conclusion, the concept of a new optical non-contact tagging technique for mi-
croparticles has been demonstrated, based on superimposing large numbers of minia-
ture diffraction gratings on a tag. The particular superimposing method used was
a simple binary AND, or multiplicative approach, with no optimisation of the ex-
pected diffraction pattern. Various limitations of the method for rectangular profile
gratings have also been analysed, such as higher order diffracted beams and ghost
beams produced due to the superimposing process, which can be confused with code
first order beams. However, we have shown that in most cases these beams can be
eliminated by the use of an intensity threshold method. Simple combinatorial anly-
sis predicts that the technique is capable of creating distinguishable tags containing
at least 5 superimposed grating and encoding up to 10° tags, each of which is only
100pm long and a few pum wide. To demonstrate this technique we manufactured
a library of 50um x 50um tags on a glass wafer and confirmed practicality of the
superimposed grating tags. With the particular encoding method used it has been
possible to resolve tags containing at least three superimposed gratings, providing
capacity for more than 68,000 tags. An enormous increase in capacity is possible
if two sets of mutually perpendicular gratings are used. Combinatorial analysis
shows that up to 10! different barcode tags can possibly be fabricated with such
two-dimensional superimposed gratings up to order five. A chip library of such 2-
dimensional tags allowed tags containing at least three superimposed gratings to be
resolved, demonstrating an obtainable capacity of the order of 6.2x108 tags. The
robust nature of the tags, together with the non-contact remote reading capability

makes them ideal for a large variety of micro-particle based biochemical, cytological,
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proteomic and genomic assay applications.

The steps required to make superimposed diffraction grating tags applicable to
assay systems, to be analysed using microfluidic chips, have been considered. It has
been shown that high quality superimposed diffraction gratings may be manufac-
tured in the biologically compatible polymer SU8, by using the high-throughput fab-
rication method of nano-imprint lithography. Gratings manufactured by this method
were shown to give diffraction patterns of comparable quality to those manufactured
by e-beam direct write techniques.Therefore gratings can be mass produced, that
are both compatible with assay systems and allow for the large encoding capacities
given in chapter 2, with some limitations. The encoding method, with a small con-
tribution from the resolution of the manufacturing process was shown to limit the
number of gratings that can be superimposed to 3 (possibly 4 after more investi-
gation), which still allows for 10,000 codes on 100um particle (when the diffraction
angle is limited to 43° due to total internal reflection at glass-air interfaces in the
system). Assuming the same superimposing limit applies to 2-dimensional gratings
(although nano-imprinted 2D gratings have yet to be tested), around 10® unique
codes can be obtained on a particle 100 x 100um square. In addition, the robust-
ness of the reading technique to rotation of the tags with respect to the reading beam
has been demonstrated, and outline given of a computer algorithm for automated
reading of the diffractive tags. The actual number of particles which must be read
in an assays experiment has also been estimated, using data from a real biological
assay performed by others on diffractively encoded microparticles. Hence, the prac-
ticality of high throughput manufacture of the diffractively encoded microparticles
has been demonstrated.

A second novel diffraction-based method of encoding polymer microparticles has
been presented. This method is based on the writing of holograms into the particles,
that produce code images upon illumination. The particles are manufactured by a
dry-etch process from the epoxy photo-resist SU8, to which biochemical molecules
can successfully be attached. It has been demonstrated that the inclusion of a
photochromic diarylethene dye in the SU8 allows encoded holograms to be written
into the material. Holograms written into a flat SU8 plate have a mean signal-to-
noise ratio of 5.9 on the initial write, and remain for more than 3 days at room
temperature, allowing ample time for biological experiments to be performed. A
dedicated computer decoding algorithm for the codes has been demonstrated. The
holograms may be re-written once within a short time, whilst still remaining readable

by the computer decoding algorithm. Holograms written into particles have been
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demonstrated, with a lower mean SNR of 1.9+ 0.3, although care taken with factors
which may reduce the surface quality of the particles compared to flat plates mean
that there is the possibility of increasing this SNR value. 8-bit holograms on flat
SU8 plates have been successfully demonstrated, which have an encoding capacity

of 10'° unique codes.

5.2 Further work

5.2.1 Superimposed diffraction grating-encoded micropar-

ticles

Although it has been demonstrated that superimposed diffraction gratings can be
manufactured successfully and with high quality in SU8 by nano-imprint methods,
further work in this area must concentrate on developing a microfluidic reading
system, and using the codes for highly multiplexed assays. As mentioned in chapter
1, the nature of the collaborative project within which the work for this thesis was
done, means that these aspects have already begun to be developed by other people.
The microfluidic systems have already been developed and tested with low-resolution
diffractive codes defined by photolithography. These tests have indicated that it is
possible to capture and analyse the diffraction pattern from a particles moving in a
continuous flow stream. The next step is to manufacture large numbers of particles
nano-imprinted with many different codes, in order to rigorously test the reading
algorithm in a flow system. Data, such as alignment capabilities and maximum flow
speeds, must be obtained to characterize the practical limitations of the system for
high throughput analysis.

Further analysis of the codes must be performed to determine whether the limit
of the number of superimposed gratings can be extended above 3, by predicting and
eliminating codes which will not be correctly read using the threshold method of
eliminating the higher order beams. The minimum spacing of first orders between
different codes should also be more rigourously determined to ensure that reading
errors rates for the codes are as low as possible. This requires manufacture of a large
number of repetitions of a set of embossed codes, in order to more fully characterize
variations in first order beam width, beam position and intensity (relative to both
the zero order and higher order beams) variations between samples. In addition, the
use of a more optimised method for superimposing the gratings should be studied, in

order to reduce the effect of unwanted diffraction pattern features, and thus increase
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the reliability and available encoding capacity of the technique.

The most important test of the technology is demonstrating its use in highly
multiplexed biological assays. This has already been started with demonstration of
up to 4-plex assays, using low resolution photolithographically defined diffractive
microparticles. An important future step is to design assays which require much
higher (of the order of hundreds or thousands) multiplexing, which can make use
of large numbers of different codes. The most significant test of the encoding tech-
nology will be the ability to perform high throughput, error-free analysis of such an

assay in a microfluidic system.

5.2.2 Holographically encoded microparticles

It has been demonstrated that microparticles of SU8 doped with a photochromic
dye can be manufactured, and encoded holograms can be written into them. Having
done this, and shown that the dye can support holograms whose diffracted images
have a signal-to-noise ratio more than adequate for encoding purposes, further work
should concentrate on reducing the particle size, whilst still maintaining large en-
coding capacities. It has been shown that this is theoretically possible with the right
combination of writing lens focal length and spacing spots in the code.

The dye currently in use maintains a hologram in a readable form for up to 3 days.
There are many variants of the diarylethene-type dyes, and further investigation
should focus on whether any of these can retain readable holograms for even longer.
In addition, investigating whether any of these dyes can support more hologram
rewrites than the one use in this thesis would be advantageous for many applications.

The third focus of further research in this area should be the integration of the
whole holographic technology with a microfluidic system. This includes the align-
ment of the particles for reading, which is more critical than for the grating codes,
due to the volume nature of the holograms. The integration should also include
the writing of the particles inside the fluidic system, which presents something of a
challenge in that to form holograms, the particle must be stopped and held still for
the duration of the hologram writing. This could be accomplished by use of electric
forces, or perhaps by doping the SU8 with magnetic nanoparticles in order to hold
the microparticles in place with magnetic field, in a manner similar to the fluorescent
photo-bleached tags [37]. The reading algorithm also needs to be properly tested
with respect to error rates when reading flowing holographically encoded particles.

The technology must also be demonstrated in use in multiplexed assays.
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In addition to using dyes to dope SUS8, there is substantial scope for investigation
of writing holograms into the surface of the SUS itself, by using a UV laser in the
holographic system to pattern holograms be crosslink the SUS8 selectively with the
hologram interference pattern. It may also be possible to create imprint stamps from
the SU8 structured via this method, by plating with nickel for example, allowing
the holographic SU8 structures to be copied by imprinting. It would also be fruitful
to investigate the use of other photosensitive polymers for forming the hologram,
particularly if re-writeable polymers can be found. Further investigation into the use
of computer generated holograms would also be useful, particularly if an algorithm
for generating hologram diffracted images off-axis from the zero order is used.

Due to the volume nature of the holograms, and thus their wavelength selec-
tivity, there exists the possibility of using common white light sources rather than
a laser source to read the holograms. There may also exist the potential to inte-
grate a sensing technology based on chemical changes to the polymer making up the
microparticle, in a similar manner to that described in [82, 83]. This could poten-
tially allow the hologram itself to be used for detection of analyte binding during

reactions.




Appendix A

Derivation of first to zero order

intensity ratio

The first to zero order intensity ratio, I1/ly of a grating with parameters a, b and
N as defined in section 2.1.1 is derived as follows. The angular intensity spectrum
I(a) of light of wavelength A and wavevector k = 27/ diffracted by such a grating
is given by [43]

BV w

where C' is a constant x = (ka/2)sina and 8 = (kb/2)sina. Using equation 1.1, for
the zero order (m = 0), we have that sin @ = 0 and therefore x = 8 = 0. Applying
L’Hospital’s rule [117],

. sing .
%13(1) 5= };LI}) cosf=1 (A.2)
and
N N
lim 22X gy SN (A.3)
x—0 sy x—-0 Ccosy

Therefore, inputting these values into equation A.1, the zero order intensity I is

Iy = CN2. (A.4)

Similarly, for the first order (m = 1), we have that sina = A/a and so x = 7 and

B = 7wb/a. Applying L’hospital’s rule again,
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sin Ny . cos Ny
im —— = lim
x—n 8iny X—T COS X

= N. (A.5)

Inputting the values of # and « given above into equation A.l therefore gives the

expression for the first order intensity I as

sin(wb/a)

I(a) = CN? (M) , (A.6)
b

Finally, dividing equation A.6 by equation A.4 gives the expression for I/l as

I(a) = (ﬁﬂg’-@y (A7)




Appendix b

Derivation of rotated grating

diffraction angles

The equation for the diffracted angle of the mth order from a grating with period
a, for which the readout light is not incident normally but at some arbitrary angle
1 to the grating normal, is derived using the geometry shown in figure B.1. Using
similar methods as used to derive equation 1.1, orders must appear at angles n + «
to the grating normal (and hence angles o to the diffracted zero order) for which
the path difference between waves diffracted from either end of one period is equal
to mA, where m is an integer. From figure B.1, it can be seen that this occurs when

o satisfies

a(sinn — sin(n + a)) = mA. (B.1)

Figure B.1: Geometry for deriving the diffraction equation for a plane wave of wavelength
A incident at angle n to the grating normal, into a diffracted order at angle o to the
diffracted zero order (and hence angle 1 + « to the grating normal)

The additional rotation angle 8 introduces a modification due to the plane of
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diffraction moving from normal to the grating, to a plane at angle 6 to the grating
normal. This modification is found using the standard definition of spherical polar

coordinates [118], and the resulting diffraction equation is

a(sinncos@ —sin(n + a)) = mA. (B.2)
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