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Abstract 

Microscopy has been an underpinning technology of the scientific community since it’s 

conception at the end of the 16th century. Significant inventions, which are still in use 

today, in the form of the fluorescence microscope and the development of fluorescent 

dyes, have confirmed and enhanced microscopy’s place as a staple in science today. 

However, these advancements would be dramatically reduced if the detector technology 

had not progressed in parallel. With the development of Single Photon Avalanche Diodes 

(SPAD) array detectors it is now possible to perform time resolved microscopy on-chip, 

without the need for any additional counting electronics. This allows for the possibility 

to perform widefield fluorescent lifetime imaging microscopy (FLIM) due to their fast 

frame rates and single photon sensitivity. 

The research presented here is based on the SPAD array technology, SPCImager. The 

aim is to push the SPCImager platform to its limits by performing widefield single 

molecule fluorescent lifetime imaging microscopy. The SPCImager is able to perform 

this due to a dual time-gated imaging modality that allows crude time tagging capabilities 

over the full array of 320 by 240 pixels.  

To provide SPCImager with the most optimal and stable conditions, an objective-based 

Total Internal Reflection Fluorescence (TIRF) microscope set up was designed and 

developed to allow operation in either CW or Pulsed laser modalities with data being 

captured on SPCImager and a commercial sCMOS/emCCD simultaneously. 

To gain a more complete understanding on the deployment of SPCImager’s dual time 

gates, a complete computational model was developed to simulate SPCImager’s response 

to a fluorescent event. By conducting a study into optimising imaging parameters, for a 

range of simulated events from 1µm carboxylate microspheres to quantum dots and single 

molecules, it was possible to determine optimal settings required to return accurate and 

reliable lifetimes.  

SPCImager was able to perform Widefield FLIM on a range of microspheres before 

demonstrating its potential and, identifying limitations, when applying this to single 

molecule widefield FLIM.  
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Chapter One: 
 

 
    Introduction to Microscopy, Fluorescent 

Lifetime Imaging Microscopy and 

Associated Detector Technologies 

 

 

1.1 Introduction 

Microscopy has been an underpinning technology of the scientific community since it’s 

conception at the end of the 16th century. This chapter will give a brief overview of how 

the field of microscopy has evolved, and how the development of camera technologies 

has played a huge part in advancing the field. It closes by discussing the current state of 

the art methods of fluorescence microscopy.  

Additionally, the camera technology used throughout this thesis, SPCImager, will be 

presented and compared to current practices, highlighting some advantages that 

SPCImager offers, and identifies areas where SPCImager can further the field of research. 
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1.2 Microscopy 

Lenses have been used as far back as ancient Greece as a tool to create fire from 

sunlight[1]. A refinement in the manufacture of lenses from quartz to glass allowed for 

the invention of eyeglasses in the 1280s [2]. It wasn’t until the end of the 16th century, 

once eyeglasses had distributed across the world, that people started to realise the 

magnifying potential of these devices. In 1595, two Dutch eyeglass makers, Hans Janssen 

and Zacharias Janssen, developed what is generally considered the first compound 

microscope, by incorporating two lenses into a system of tubes that allowed the Janssen’s 

to control magnification from 3x to 9x [2], [3]. Galileo subsequently redesigned the 

compound microscope in 1609, using concave and convex lenses to create one of the first 

equivalents of our modern microscope [4]. 

 

1.2.1 Early Microscopists 

Following from the Janssens and Galileo, Robert Hooke developed his own microscope 

incorporating two lenses during the middle of the 17th century. It was in many ways 

similar to Galileo’s system, however, unlike Galileo, Hooke used his to explore the 

microscopic world. Despite distortions and aberrations introduced during the 

manufacturing of the lenses, Hooke observed many different micro-organisms, features 

of the macroscopic world and documented his findings in the influential book 

“Micrographia” in 1665 [5]. Micrographia was a pivotal moment in the application of 

microscopy in science and demonstrated to a wider audience the true potential of the 

technology. Of many things to note from the book at the time, it’s interesting to comment 

that by imaging the bark of a cork oak tree, he found small compartments that reminded 

him of the dormitories that the monks slept in, and he named them after that, thus the 

origin of the name “cells” for life sciences. Figure 1.1 Shows Hooke’s microscope and 

some of the many observations that he made.  
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 1.1 a) Robert Hooke’s two lens microscope [6] that he designed and used 

throughout his work documented in his “Micrographia”. Shown using a flame from a 

lamp to be used as a light source. (b) a section of cork where Hooke defines the cell. (c) 

a section of the Nettle plant highlighting the needles that he had named “Bodkins”. (d) 

Hooke imaged the foot of a fly to understand how they adhere to surfaces. 
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By using sunlight propagated through a globe filled with water or a deep plano-convex 

lens, Hooke was able to provide strong and uniform illumination for his samples. To 

maintain a constant illumination, he moved to a flame from a lamp to create a constant 

and repeatable light source [5]. In addition to imaging cork, his book documents a range 

of objects that were both natural and man-made, from the tip of a sewing needle to the 

eyes of insects. Hooke also documented the instruments he created and utilised to image 

these microscopic objects.  

Working at the same time as Hooke, Antoni van Leeuwenhoek, a Dutch scientist, 

developed his own single lens microscope, (simple microscope), using a small convex 

lens [7]. Leeuwenhoek constructed many iterations of his single lens microscope, and 

crucially, developed highly polished, low aberration lenses, which subsequently led to the 

discovery of erythrocytes in blood in 1673 [1]. His microscopes consisted of a convex 

lens held in place between two plates, which was connected to a small pin with an 

objective attached [8]. 

 

Figure 1.2 Antoni van Leeuwenhoek’s “simple microscope” [9]. A sample would be 

mounted the end of the needle and was able to be imaged using the lens and objective. 

 

With further advancements in the manufacture of high-quality lenses over the next 200 

years, further microscopy technologies began to offer increased magnification and 
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resolutions, with reduced loss in image quality. However, they faced new and different 

challenges, the biggest, particularly for biological imaging, being the lack of contrast. 

There were a few different methods developed to improve this. Initially, Joseph von 

Gerlach in 1858 showed improved contrast by staining the sample with dyes [10]. The 

discovery and usage of fluorescence was a crucial element in the evolution of microscopy 

and is still a central component in helping to progress our understanding of life sciences 

today. 

However, alternative contrast enhancing methods remain. Specifically phase contrast 

invented by F. Zernike in 1942 [11] and dark field, invented by Francis H. Wenham and 

George Shadbolt in 1855[12]. For phase contrast, by changing the phase of the incident 

light by the introduction of a glass plate, the contrast was improved. Zernike showed how 

areas of slightly varying refractive index could greatly enhance contrast showing both 

irregular samples in both size and thickness [11]. 

Dark field microscopy, on the other hand, operates by utilising a dark field condenser. 

This condenser created a hollow cone of light, only allowing oblique rays to interact with 

the sample. These rays are then diffracted or reflected by parts of the sample, allowing 

rays to enter into the objective, creating a high contrast image on a black background. 

Compared to bright field [13] microscopy, dark field microscopy has many advantages 

such as enhanced contrast at the edges of samples, however, to gain sufficient illumination 

many samples such as cells and single molecules require a lot of excitation; this can 

denature and damage samples. 

Due to their limited performance on single cells and sub cell microscopy, these techniques 

are not used in this thesis.  

 

1.2.2 Development of Fluorescence 

Staining and dying became the standard practice for some time, and remains so in some 

cases even today, but a true step forward occurred in 1911 when O. Heimstädt invented 

the fluorescence microscope [14]. He discovered that it was possible to gain a higher 

contrast image by exciting the samples with high energy UV light, after which they began 

to fluoresce naturally. Using a bandpass filter to block all light except UV from a white 

light arc lamp, Heimstädt was able to illuminate the sample and make it fluoresce. To 

allow for a high contrast image, Heimstädt deployed dark field illumination to prevent 

any light propagating into the objective lens [15]. Shortly after the invention of the 
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fluorescence microscope, Stanislav Von Provazek used this new microscope to study how 

dyes could be bound to cells and fixed samples [16]. It wasn’t until 1941, however, that 

Albert Coons presented a technique allowing specific fluorescent labelling via antibodies 

[17]. Osamu Shimomura was then first to discover fluorescent proteins when he was 

studying the Aequorea Victoria jellyfish in 1962 [18]. He found that a protein had the 

ability to emit light when it was activated by calcium and named it aequorin. Shimomura 

spend nearly two decades collecting this protein from these jellyfish in order to make a 

full structural analysis before aequorin could be manufactured directly in the 1990s. In 

1994 [19], Martin Chalfie et. al then successfully created bacteria and roundworms that 

were able to fluoresce due to being modified with aequorin. As the emission of this 

protein was 509nm it was called green fluorescent protein (GFP). They found that, when 

excited with blue light, the protein produced a stable green fluorescence with minimal 

photobleaching, the phenomenon where a fluorescent label permanently loses the ability 

to fluoresce due to damage caused by photon interactions [20]. This work resulted in 

Shimomura and Chalfie receiving a share of the Nobel Prize in Chemistry in 2008. Since 

these early discoveries, a wide range of fluorescent dyes and proteins have been 

developed for broad range of applications across the life sciences.  

Fluorescent microscopy has become a fundamental tool in the advancement of the life 

sciences and is the underpinning technology throughout a multitude of work. It is also 

important to note that the advancements made in the life sciences would not have been 

possible without the development of detector technologies, discussed later, or the advent 

of excitation sources. Specifically, laser technology [21] as it provided a new, highly 

controllable, high intensity way to excite samples.  

The early microscopists mentioned earlier in this work, had to sketch their results onto 

paper to record what was being imaged. It wasn’t until the start of the 1800s before the 

first photographic image from a microscope was produced. Wedgwood and Davy used 

sunlight to illuminate their sample before projecting it onto a white screen, where the 

image was captured using a photographic device [22]. In 1839, a French photographer 

named Daguerre invented a new method of developing images which created high 

detailed images on copper without the use of a negative [23]. This design was made public 

and allowed a major advancement in microscopy imaging, which led to German physicist 

Joseph von Gerlach integrating a camera onto a microscope around 1852 [22]. The 

microscope design varied from horizontal to vertical over the next century, trying to 

reduce vibrations and allow for clearer imaging until in 1950s, when a vertical frame was 
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adopted. A few short decades later the introduction of CCD technologies saw microscopy 

move to digital imaging.  

 

1.3 Fluorescent Microscopy  

Fluorescence is the term used to describe the luminescent process in which a higher 

energy light is absorbed by a molecule which then emits a lower energy light from 

electronically excited states [24]. To illustrate the absorption and emission process, a 

Jablonski diagram can be utilised [25], Figure 1.3. 

 

Figure 1.3 A Jablonski diagram of a hypothetical fluorescent molecule showing the 

absorption of high energy light (blue arrows), non-radiative transmission (red arrows) and 

fluorescence (green arrow). 

 

The electrons are naturally found in the ground state S0 before being excited up to the 

excitation (upper) state S1,3 by high energy incident light. This elevation to the higher 

energy state occurs within femtoseconds of the light hitting the molecule. From here the 

electrons relax and lose energy through a non-radiative transmission, to the excitation 

state S1,0 in a matter of picoseconds, before relaxing back to the ground state losing energy  

in the form of an emitted photon before arriving back at S0,3 [26]. The ratio of the radiative 

and non-radiative processes can be defined by Equation 1.1 and Equation 1.2 showing 

that lifetime is a sum of radiated and non-radiated emission. 

Non-Radiative 

Transmission   

𝜏𝑁𝑅 

𝜏𝑅 
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This relaxation between the excitation state and the ground state typically takes a matter 

of nanoseconds and is therefore the dominant timescale in the whole process.  

The energy required to excite the electrons of a molecule from one state (S0) to the other 

(S1) is governed by Planck’s relation [27]: 

 

 𝐸 = ℎ𝑐
𝜆⁄  (1.3) 

   

Where E is the energy required to excite an electron to the upper state, h is Planck’s 

constant, c is the speed of light and λ is the wavelength of the photon. Typically, optimal 

molecule excitation is into higher energy vibrational states where density of states is 

higher than exciting directly into the S1 state. This allows for maximum absorption from 

the fluorescent sample and results in the excess energy being lost during non-radiative 

relaxation to S1. Upon relaxation from S1 to S0, the light produced from this event has a 

longer wavelength than the excitation light. This shift in wavelength was first documented 

by Stokes in 1852 and was named after him [28]. 

With the use of optical filters, this shift between the excitation wavelength and the 

emission wavelength can be exploited to allow for high efficiency in illuminating 

fluorophores without capturing any of the illumination light on a detector. This, and the 

ability to specifically label sample sub-units makes fluorescent microscopy one of the 

most powerful tools in modern biological sciences.  

 

 𝜏 =  𝜏𝑅 + 𝜏𝑁𝑅 (1.1) 

 1

𝑘
=

1

𝑘𝑅
+  

1

𝑘𝑁𝑅
 

(1.2) 
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Figure 1.4 Fluorescent test sample (F36924, ThermoFisher) with prepared bovine 

pulmonary artery endothelial cells (BPAEC). Red CMXRos dye was used to stain the 

Mitochondria, Alexa 488 was used to stain the F-actin and the cell Nuclei were 

counterstained with DNA stain DAPI. The image was taken on a Hamamatsu Orca-Flash 

4.0 v2 sCMOS.  

 

An example of a fluorescent test chart, shown in Figure 1.4, is from ThermoFisher that 

is imaged on an sCMOS. Each part of the test cell had been dyed differently to highlight 

individual parts of the cell. With the use of various optical filters, an image of each dye 

can be captured before a false colour composite image is produced by a computer. 

 

1.4 Fluorescent Lifetime Imaging Microscopy (FLIM) 

Fluorescent Lifetime Imaging Microscopy (FLIM) is a type of microscopy that involves 

categorising groups of molecules that provide a characteristic lifetime described by the 

exponential decay, which arises due to the quantum stochasticity of the process. This 

event is known as the molecule’s lifetime and generally range from a few hundred 

picoseconds to microseconds [29]. The lifetime of a sample can also be considered as the 

time taken for fluorescence intensity to decrease to 1/e of its initial value, or the average 

time a fluorophore resides in the excited state as described in Figure 1.3. 

FLIM has evolved to a robust and common technique throughout life sciences and allows 

samples to be identified through their lifetime rather than their intensity or emission 

spectra [30]–[32], Figure 1.4. 



10 

 

Figure 1.5 An example of intensity-based imaging vs fluorescent lifetime-based imaging 

taken from G. Weitsman et. al. Intensity based and lifetime based images of Picchu-X 

biosensor expressed in untreated HCC1954 tumour cells [33]. 

With the introduction of more affordable lifetime imaging systems, the field of 

biomedical microscopy has made some major advancements. These systems allow in-situ 

measurements of protein dynamics as well as molecule interactions [34]. A common 

method for monitoring these interactions is through Förster resonance energy transfer 

(FRET) [35]. This process occurs when a fluorescent molecule (donor) transfers energy 

non-radiatively to another molecule (acceptor) that is within close proximity, ~10nm [36]. 

When the donor is further away from the acceptor, the only fluorescence that will be 

detected is that of the donor. However, when the acceptor moves closer to the donor non-

radiative transfer of energy occurs, reducing the acceptor lifetime.  [37]. FLIM-FRET is 

therefore a more robust method than intensity-based FRET, as the measured reduction in 

lifetime is independent of intensity. FLIM-FRET is therefore often preferred for 

measuring protein interactions within living cells as this insensitivity to intensity provides 

more consistent results. However it remains more challenging than intensity based FRET 

as it demands typically more photons, [32], [34], [38]. However, as this is only possible 

by calculating the shift in lifetime, this requires very specialised timing equipment to 

measure photon arrival times. Time-domain FLIM-FRET is considered the gold-standard 

as it can return full fluorescent decays per pixel. The most precise method is called time-

correlated single photon counting and records full decay histograms of photon arrival 

times. 

 



11 

1.4.1 Time-Correlated single photon counting (TCSPC) 

Time-correlated single photon counting (TCSPC) came about thanks to Bruno Rossi in 

1930, after his novel way to measure coincidences of many counters by inventing the first 

electronic coincidence circuit [39]. Continuing with his work, Rossi implemented a delay 

to his circuit allowing delayed coincidences to be measured and by 1942, had published 

a method that allowed the amplitude of the signal to be measured as a function of delay 

between the pulses. This invention is now known as a time-to-amplitude converter (TAC). 

A TAC only uses two input pulses to record time. When the first pulse, the “start” pulse, 

is present a capacitor starts charging. On arrival of the second pulse, the “stop” pulse, the 

capacitor stops charging. The charge in the capacitor is now equivalent to the time 

between the two pulses, which is then converted into a voltage. By the 1950s, this method 

had become very popular for measuring short radioactive decay times thanks to 

resolutions of 8 x 10-11s [40]. 

From Rossi’s initial work, TCSPC took off in the 1960s after flashlamps with pulse 

widths of roughly 2ns became available [41]. Using a TAC, the arrival time of a single 

photon is measured relative to a controlled excitation pulse. This process can be repeated 

very quickly, allowing millions of these “start-stop” processes to be measured in a very 

short time. This can then be converted into a histogram, representing intensity vs time.  

 

Figure 1.6 A schematic of a TCSPC system collecting photon arrival times and building 

up an exponential decay due to the stochastic nature of photon arrivals. 

 

Due to this new method of time measurement, and with the advancement in microscope 

technology, TCSPC was first introduced to the measurement of fluorescence decays in 
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the 1970s [42]–[44]. Nearly two decades later, laser scanning confocal microscopes 

allowed TSCPC fluorescence lifetime imaging (FLIM) [45], and this became established 

and a more common area of research in the early 2000s [46]. However, to date, these 

methods use single point detectors to record fluorescence decays at each pixel of the 

image. This, and the scanning nature, takes considerable time and prevents FLIM being 

adopted for live cell and dynamic imaging purposes. The jump to widefield TCSPC would 

enable much more rapid widefield type FLIM and open the door towards live cell lifetime 

imaging. 

 

1.5 Commercial Detector Technologies 

This thesis aims to demonstrate how a new single photon array technology can be best 

utilised for widefield fluorescent lifetime imaging for life sciences. Throughout this work, 

three main detector technologies will be used: two commercial cameras that will be used 

as a reference, and SPCImager - the single photon avalanche diode (SPAD) array that has 

been implemented in CMOS technology [47], designed by Robert Henderson’s groups at 

The University of Edinburgh. The two commercial cameras are an ANDOR Luca S 658M 

electron multiplying Charged Couple Device (emCCD) [48] and a Hamamatsu Orca-

Flash 4.0 v2 scientific Complementary Metal-Oxide-Semiconductor (sCMOS) [49]. 

 

1.5.1 CCD Technologies 

Charged Coupled Devices (CCD) are the predecessor detector technology that electron-

multiplied CCDs were developed from. The CCD were invented by Bell Telephone 

Laboratories in 1969 by W. Boyle and G. Smith [50]. This new type of semiconductor 

device was originally intended to be a new form of digital storage and was considered for 

a range of applications such as a shift register, an imaging device, display device or for 

performing logic operations. The core concept of this device was to store minority carriers 

in a known spatial location in a depletion region at the surface of a homogeneous 

semiconductor. Then by manipulating the potential minimum, the charge can be moved 

about the surface of the semiconductor. From this, Boyle and Smith constructed an array 

of conductor-insulator-semiconductor capacitors and by changing the voltage applied to 

these capacitors, were able to create and move potential minima about the array. With the 

ability to perform logic and transfer charge in two dimensions, it was hypothesised that 

by directing light onto the substrate, the creation of electron-hole pairs would occur. The 

holes would be transferred to the device and stored for a set amount of time before 
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gathering the information by a shift register| [51]. Even though this technology was 

initially designed as a form of storage, the CCD camera was a revolutionary step change 

in imaging technologies. Boyle and Smith were awarded the Noble Prize in Physics for 

Applications in Digital Imaging in 2009 [52].  

In 1970, building on the original CCD concept, an 8-bit register [53] was developed using 

an array of 26 MOS capacitors. This line array allowed for a 99.9% efficiency in 

transferring the charge between the capacitors at a transfer rate of 2µs. This device was 

the first line imaging device built from the CCD platform.  

A big motivator for the advancement of CCD technology as an imaging device was 

Astronomy, as the detectors was nearly a factor of 100 times more sensitive than film for 

visible light and near Infrared (IR). Due to the need to collect photons over very long time 

periods, the CCD could prove beneficial. The early technology, however, was limited by 

its small array size of less than 100 by 100 pixels [54].  

In 1972, R. Walden et. al improved upon the original CCD by introducing a channel 

buried under the surface of the device allowing an enhanced overall speed of the device 

[55]. This modification also eliminated any surface traps that were getting generated on 

the device, as well as improving transfer efficiency at lower operational frequencies.  

Due to their demand in astronomy, Jet Propulsion Laboratory (JPL) in 1972 led the push 

in increasing array size of these image detectors. Companies such as Fairchild 

Semiconductors [56], RCA Corporation [57] and Texas Instruments [58], began 

manufacturing their own CCD imaging devices. The Fairchild line array of 1 by 500 and 

their 100 by 100 array were the first CCD based imaging devices available to the scientific 

community, operating with a noise floor of 30e- rms. The following year in 1975, RCA 

released their CCD imaging device with 512 by 320 elements [59]. 

Throughout the remainder of the 1970s, CCD imaging technologies advanced 

tremendously thanks to JPL requesting a CCD based imaging device being added to the 

Hubble Telescope. The final push needed to confirm the technology came from work 

published by J. Oke [60], producing the first spectra of quasars to be captured using a 

CCD in 1978. Finally, only 15 years after their invention, a CCD imaging device was 

integrated to the Hubble Telescope [61], and around this time, electron multiplying CCDs 

(emCCD’s) were being invented [62]. 
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1.5.2 Electron multiplying CCD (emCCD) 

Madan et. al. [62] investigated what the maximum applied clock amplitude could be to 

the pre-existing CCD technology. This technique of measuring gain as a function of clock 

voltages proved invaluable at the time, however the group did not measure how the levels 

of noise changed as a function of gain. It was not until several years later, in 1988, that a 

group from MIT [63] studied how adding gain to the CCD adds noise to the overall image. 

Additionally, the group were able to show a notable improvement in post-detection. 

Hynecek introduced a new concept for applying gain to CCD with the use of his Charge 

Carrier Multiplier (CCM) [64]. By incorporating this CCM inside a CCD during the 

charge transferring process, the CCM was able to increase the gain of the CCD without 

adding to the noise floor of the camera. This CCM was controlled by adjusting the gate 

clock allowing for precise control over the multiplication of the CCD. This extra level of 

controllability allowed the gain to be switched on and off when required. 

Moving the technology forward in 2001, two companies produced improved multiplied 

CCD devices, Texas Instruments and e2v Technologies. 

From Texas Instruments, Hynecek’s Impactron, [65] focused on applying the 

multiplication to the photo-generated charge directly to the charge domain before it is 

converted to voltage. In doing so, Hynecek was able to reduce the multiplication of the 

noise floor found in multiplied CCDs of the time.  

E2v Technologies produced their Low Light Level CCD (LLLCCD) [66], boasting a 

read-out noise of less than one electron rms [67]. By utilising state of the art amplifiers 

(in 2001) and applying gain to the single charge before it is converted to a voltage, they 

were able to achieve noise of less than 1 electron at MHz rates. The LLLCCD was able 

to detect single photons under strict imaging conditions – only if the photon flux was 

significantly low for the camera to detect one photon per pixel, if the device was cooled 

to illuminate dark count, and if the gain was low enough that the noise from the amplifiers 

wouldn’t dominate the detection. 

Today, this low light detection and gain with a significantly reduced noise compared to 

their predecessors is why emCCD’s are still the desired camera for extreme low light 

lifetime imaging.  
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1.5.3 CMOS Technologies 

Prior to Complementary Metal-oxide-semiconductor (CMOS) image sensors, there were 

a number of MOS image sensors in the 1960s utilising an nMOS and a pMOS process. 

S. Morrison devolved a new type of photosensitive device that can return an x-y 

coordinate of a light source being incident upon the device [68]. The following year, 1964, 

J. Horton, et. al. produced a new type of sensor using an array of n-p-n junctions [69]. 

Horton’s sensor, the “scanistor” was constructed of a linear array of photodiodes that 

could return a series of output pulses which would spatially represent input signals. Two 

years later in 1966, a 50 by 50 mosaic of phototransistors was produced by M. Schuster 

and G. Strull [70] which had moved away from the scanning approaches previously 

discussed, to a direct wire approach allowing a response from any element to be recorded.  

Nearing the end of the 1960s, larger arrays had been produced, notably a 100 by 100 array 

by R. Dyck and G. Weckler [71] from the Fairchild laboratory [56]. This new array 

integrated a new type of pixel technology that was coined passive pixel sensor (PPS), 

starting the first generation of CMOS detectors. Dyck and Weckler’s design used an array 

of photodetectors each connected to a metal-oxide-silicon field effect transistor 

(MOSFET), to allow the read out of a selected row of detectors. This method of 

manufacture also had a benefit of larger fill factors and smaller pixel sizes, however, this 

came with a cost of low sensitivity and a high noise level [72], [73].  

At the same time, a group from RCA Corporation [57] produced a thin-film transistor 

(TFT) sensor with an array size of 180 by 180 elements [74]. 

Almost immediately after the invention of the PPS, the active pixel sensor (APS) was 

invented. It was considered that adding an amplifier to each pixel would drastically 

increase the detectors sensitivity. However, with the addition of these amplifiers came a 

few disadvantages such as a reduction in fill factor, fluctuations in transistor thresholds 

and gain characteristics across the array leading to a high level of fixed-pattern noise 

(FPN). With the release of CCD technology, the research focus moved to them due to 

their smaller pixel size [73] and its lack of FPN. P. Fry, et. al. [75] explored the source of 

FPN in MOS imaging sensors that were manufactured at the time [74], ultimately 

showing the advantages of using CCD technology. Fry, et. al. tested two main 

configurations of sensor: voltage sampling and recharge sampling. For a voltage sampling 

configuration, the array of pixels is scanned by a MOS shift register attached to the output 

of the device. This leads to two sources of FPN, firstly the threshold voltage of the 

substrate is not constant across the array of pixels, and secondly the capacitance of the 
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substrate gate. Recharge sampling was a preferable method when operating with larger 

arrays or when operating at higher scanning rates. It was found that the main sources of 

FPN from this configuration arise from the diode area and quantum efficiency as well as 

capacitive charge breakthrough. 

Throughout the 1970s and the 1980s, the major focus in detector research shifted to CCD 

as their fill factors, quantum efficiencies and overall performance were better [73]. Near 

the end of this period, one limitation in CCD technology started to arise. Due to CCD’s 

poor performance at low temperatures, CMOS multiplexers were invented to improve 

readout performance [76] and offer comparable performance to CCD detectors.  

Research into the development of CMOS imaging technology returned in the 1990s with 

the first high-performance photodiode-type APS by R. Nixon, et. al. [77]. They produced 

a 128 by 128 array of photodiode-type CMOS APS with on-chip electronics to 

significantly reduce FPN to under 86e- rms down from the 250e- rms achieved with PPS 

[73]. Throughout the 1990s, there as a push to improve fill factor and quantum efficiency 

as well as to minimise readout noise, while still maintaining a low power draw (compared 

to CCDs) to make CMOS detectors a competing technology. In 1996 R. Nixon, et. al. 

[78] developed a larger chip of 256 by 256 APS sensors, manufactured onto a CMOS 

chip that operated timing and control electronics at a low power consumption. This sensor 

showed comparable performance to a contemporary CCD with a QE of 25% at 700nm 

and a very low read noise of 13e- rms. Only a year later, a group from JPL [79] were able 

to model and develop a CMOS APS sensor with a read noise of 5e- rms by reducing the 

size of pixel transistors.  

 

1.5.4 Scientific CMOS (sCMOS) 

Moving forward to the current generation of imaging detectors, in 2009 [80] a new CMOS 

sensor was developed as a result of a collaboration between three companies: Fairchild 

Imaging [56], Andor Technology [81] and Pioneer in Cameras and Optoelectronics 

(PCO) [82]. They developed a new type of CMOS sensor and subsequently named it 

scientific CMOS (sCMOS) [83]. This new technology was developed to combine the 

sensitivity and low light performance of more traditional emCCD’s, and the fast 

acquisition time[84], [85] and small pixel size of the underpinning CMOS technology. 

Their device was able to achieve a low read out noise of 1.5e- rms by using photodiodes 

as detectors. These photodiodes contribute to the low noise as well as using smaller 
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capacitors similar to CCD image sensors to greatly reduce noise. As well as this low read 

out noise, sCMOS sensors have a high quantum efficiency (QE), meaning more photons 

arriving at the sensor are converted into a registered count by the device. The main 

advantage of sCMOS sensors is their high frame rates at large regions of interest (ROI); 

typically, sCMOS cameras have a much larger array with smaller pixel sizes than 

emCCDs. sCMOS sensors also have a large dynamic range and a large bit-depth, both of 

which contribute to low light operation.  

 

1.5.5 Comparison between emCCD and sCMOS technologies 

EmCCD and sCMOS technologies offer their own advantages. While sCMOS devices 

offer larger overall sensors resulting in larger field of view than emCCD sensors, but with 

smaller pixel sizes, their detection at very low photon limits events falls behind that of 

emCCD’s [86]. However, sCMOS sensors operate at much higher frame rates making 

them the preferable sensor for high dynamic imaging [87]. Choosing which detector 

technology to use is application dependent [88]. 

 

1.6 Development of SPAD arrays 

1.6.1 Avalanche Photodiodes (APDs) 

Over the years solid state single photon detectors have proved their use in a vast range of 

applications, from cryogenic [89] to room temperature detectors [90]. Of these, silicon 

avalanche photodiodes (APDs) are perhaps the most adaptable [91]. APDs can be 

subjected to a reverse bias voltage of 100-200V, creating an internal current gain of ~100 

due to impact ionization. This is where a single electron, with enough kinetic energy, hits 

a static, bound electron and breaks its bond, promoting it to the excited state, creating an 

electron-hole pair. If this impact ionization takes place in a region of high voltage, it can 

trigger an avalanche breakdown (also known as breakdown voltage), which is a form of 

electric current multiplication, allowing very high currents to pass through both 

semiconductors and insulators. Therefore, the higher the reverse bias applied, the higher 

the resulting gain. However, due to the carrier generation and recombination process, 

thermal energy is exchanged with the material in the form of phonons (lattice vibrations). 

This thermal energy can generate extra carriers which can trigger the avalanche process 

inside these APDs. As a result of this, it is possible for APD’s to register counts in 

complete darkness, producing a notable background signal. From this, an average number 
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of these dark counts per second is taken, defining the dark count rate (DCR), which is a 

crucial factor in determining detector noise. As the breakdown voltage is increased, the 

more thermal energy is created, causing a higher DCR. The reciprocal of this DCR, 

determines the mean time the APD is required to be above the breakdown threshold 

before being triggered by thermal generation. 

 

Figure 1.7 A cross section of a typical avalanche photodiode (APD) implemented in a 

high-voltage CMOS technology [92]. Electrons pass through the Anti-Reflection Coating 

and strike the absorption region to register a detection.  

 

1.6.2 Single-Photon Avalanche Diodes (SPAD) 

Single-Photon Avalanche Diodes (SPAD) are a type of APD that can operate above the 

breakdown voltage; the minimum voltage required to cause an insulator to allow a current 

flow. Working in this region, SPADs are said to operate in “Geiger mode”, allowing very 

high gain. When working under the correct bias, the impact ionization of a single photon 

can be converted into a measurable voltage, allowing single-photon detection. 

SPAD detectors are very useful for single photon detection by working above the 

breakdown voltage, however this does not make them immune to errors (noise). As well 

as DCR, SPADS are also troubled with Shott noise. This concept was introduced in 1918 

by Walter Schottky [93], which described the fluctuations of current. These fluctuations 

occur in both electronics and optics as they both travel in quantised packets but are more 

frequently observed in small currents or low intensities. Due to this, when operating at 

low intensity levels these random fluctuations can be “detected” by the sensor. These 

fluctuations also contribute to the background count of the sensor.  
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1.6.3 SPAD Arrays 

SPAD detectors have been around since the 1980s and only with their incorporation into 

planar technologies [94], [95], have they been able to be miniaturised. Even though it was 

proposed to attempt to manufacture SPADs in an array in the late 1990s, it proved 

challenging due to very high optical cross talk between the pixels [96], [97]. However, it 

was A. Rochas et al. in 2003 that fabricated a SPAD in a complementary metal-oxide-

semiconductor (CMOS) [98] which led to a fully integrated CMOS SPAD [99] the same 

year. Rochas presented a two-dimensional, 4 by 8 array of SPADs fully incorporated into 

a CMOS process [100]. This early SPAD array had a 75 μm pitch between pixels which 

were 6.4 μm in diameter with a deadtime (where the detector cannot detect photons) of 

32 ns [101]. However, due to the manufacturing process of their SPAD the detection 

probability dipped for red light with only 0.05 probability for 700 nm. Although the 

detection does peak with a probability of 0.2 for 460 nm [99], [101], thanks to the array 

being uniformly illuminated at 500 nm, the overall detection probability was 0.175. 

From this breakthrough, the second generation SPAD arrays were presented the following 

year at an ISSCC conference by C. Niclass and E. Charbon. They unveiled their 32x32 

pixel array [102] which proved to be a big upgrade in time of flight (ToF) measurements. 

Following from the conference, C. Niclass et al. published a paper on their SPAD later 

that year [103], that was capable of performing 1024 independent time of flight 

measurements. This second generation SPAD has an increased photon detection 

probability than Rochas’, reaching a peak of 26% at 460 nm and up to 8% for 700 nm 

with still a relatively low fill factor [103]. 

 

Figure 1.8 A cross section of a p+/n- well SPAD implemented in a 150nm CMOS process 

presented by H. Xu et.al [104]. Due to the manufacturing process of this array a shallow 

trench isolation (STI) was used to reduce pixel size and increase fill factor of the array.  
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Since these early devices there have been rapid improvements in the technology. In 2009 

D. Stoppa et. al. [105] introduced a Time-to-Amplitude Converter (TAC) into a 32x32 

pixel array enabling both time-correlated or time-uncorrelated imaging with an 8-bit 

ADC. The same year, J. Richardson et al. [106] presented a 32x32 pixel array 

implemented in a 130nm CMOS technology with a 10-bit Time to Digital Converter 

(TDC). As a result of this TDC, the array was able to perform TCSPC making it viable 

for applications in FLIM and ToF imaging. Following from this in 2011, Y. Maruyama 

and E. Charbon  [107] presented an all-digital, time-resolved 128x128 SPAD array which 

is capable of time-correlated single-photon counting using time-gating. 

N. Krstajić et al. [108] were able to optimise the data capture and transfer rate of the 

Megaframe (MF32) SPAD array presented by J. Richardson et al. [106]. MF32 was able 

to operate as a full frame TCSPC system, acquiring 0.5 billion events per second while 

operating with 16 histogram bins spanning 14ns. These data speeds were achieved by 

using custom firmware written to process the incoming data from MF32 to a field-

programmable gate array (FPGA) before being passed to a computer using a USB 3 

interface.  

In 2014 N. Dutton et al. [109], [110] proposed a SPAD with a pixel pitch of 8 μm and a 

fill factor of 26.8 %. This impressive sensor also boasts a 39.5% photon detection 

probability at 480 nm. Even though the technology is advancing at a fast pace, the fill 

factors of these SPAD arrays are still considerably less than a commercial sCMOS[111] 

and emCCDs [112] at near 100%. 
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Figure 1.9 Photomicrograph of SPCImager [109] showing on chip circuitry as well as a 

pixel cross section.  

 

With the development of onboard counting electronics and a SPAD’s single photon 

detection capability, this makes SPAD’s an excellent choice for fluorescent lifetime 

imaging. The SPAD presented by N. Dutton, named SPCImager, is the SPAD array 

technology presented in this thesis and was used for widefield fluorescence lifetime 

imaging microscopy (FLIM). 

 

1.6.4 Methods of Improving SPAD Array Technology 

One of the major limiting factors in SPAD arrays is their low fill factors (the percentage 

of photosensitive area of the array). These limited fill factors are due to the need to 

accommodate complex on-chip electronics. Additionally, SPADs are limited in fill factor 

by their guard ring, present at the edge of the junction. This prevents any premature edge 

breakdown of the system and can reduce fill factor [113]. This has been rapidly changing 

over recent years. In the early years of SPAD arrays these fill factors were around 1% 

[102], then, gradually increased to 9% by 2006 [114]. 

There have been many different techniques to rectify the low fill factors of these SPAD 

arrays, such as replacing the counting electronics with binary pixels allowing a greatly 

improved fill factor of 61% with a pixel pitch of 16 μm [115]. However, the large pixel 

active area increases the dark count of the SPAD array. Another group introduced back-

side illumination technology that is incorporated in conventional CMOS imagers in their 
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SPAD. With the back-side illumination and moving the pixel electronics to a separate 

tier, they were able to demonstrate a fill factor of 45% with a pixel pitch of 7.8 μm [116]. 

Another method of increasing fill factor is by moving the electronics to a separate layer, 

behind the detectors. T. Abbas et al. in 2017 [117] presented the first backside illuminated 

(BSI) 3D stacked SPAD array, capable of single photon counting as well as TCSPC. By 

only having the photodetectors present on the top layer of the device and all the circuitry 

underneath, Abbas et al. were able to achieve a fill factor of 45% with a pixel pitch of 

7.83µm. Further improving the technology, S. Hutchings et al. [118] produced a 3D-

stacked SPAD array boasting 256 by 256 pixels, achieving a fill factor of 51% with a 

pixel pitch of 9.18µm. The bottom tier of this array contains pixel control circuitry as well 

as 16, 14-bit count arrays that allow for a range of imaging modalities from single photon 

counting to time resolved imaging.  

Incorporating microlensing into a SPAD array is a more traditional way of increasing fill 

factor, and is the method typically employed for many commercial CCD and sCMOS 

cameras. This method moves the focus onto a micron sized photoactive area for each 

SPAD pixel. There have been various attempts, using different types of microlensing like 

spherical refractive [119], [120] or planar diffractive lenses [121]. Alternatively a Fresnel 

lens has been proposed for near infrared imaging [122]. However, as the SPAD arrays 

typically have a low fill factor ~ <10%, before microlensing, this makes alignment 

difficult, implementation expensive and still limits the overall fill factor after the 

microlensing. Often a compromise is reached between maximising fill factor and 

microlens coupling with increasing pixel pitch. However, this is not ideal for several 

applications in microscopy where image sampling is crucial. Larger imaging pixels also, 

as discussed previously, increase DCR. For widefield and single-molecule localisation 

microscopy (SMLM), the pixel size should be close to the Nyquist sampling limit, 

yielding a pixel size around 5.58μm when using a 1.4 NA objective, 60 times 

magnification and a 525 nm emission [123]. However, this is not a universal case, with 

emCCD’s having typically larger pixel sizes, optics would need to be changed to match 

Nyquist conditions.  

The other main limiting factor to SPAD array technology are their poor Quantum 

Efficiencies (QE’s), typically 30-50% compared to over 90% for emCCD and sCMOS 

cameras. This factor is the percentage of incident photons hitting the device’s photoactive 

surface that produce signal electrons. Quantum efficiency can be measured in electrons 

per photon or amps per watt. Due to this, the QE of a detector will differ due to the 
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wavelength of the incident photons as the band structure and therefore absorption ability 

of the semiconductor changes. This variation can be largely minimised in non SPAD 

detectors, by using backside illumination, but can be as high as factors of 2 or more 

between red and green in SPAD arrays. 

Another type of error that presents itself due to the thermal energy are hot pixels. This 

phenomenon is caused when current in the electronics of the sensor leak into the pixels, 

causing a voltage increase at that pixel. This is usually caused by minor manufacturing 

defects. This increased voltage is then detected by the sensor and is mistaken for an 

incoming light source. The effect is permanently “on” pixels registering constantly high 

counts. These typically exist in commercial cameras, but the numbers are minimised, and 

on-chip or firmware processing is used to mask them. In SPAD arrays, the complexity of 

the electronics and manufacturing restrictions results in significantly higher numbers; 10-

30% of pixels is not uncommon in research prototype units such as the one studied in this 

thesis. Any move to larger scale commercial use is expected to reduce this through 

refinement and improvement in manufacturing. However, since these hot pixels are 

caused by the sensor, they will appear in the same location on every image taken by that 

SPAD array and can be systematically removed from the final images. Their impact on 

imaging single molecule localisation is minimal for values below around 50% [124], and 

the effect can be reduced by cooling the sensor.  

SPAD arrays are a rapidly evolving technology that have a wide range of uses, such as 

ToF [122], [125], Fluorescent lifetime imaging microscopy [126] and lidar [103], [127]. 

With the increasing development in optimising fill factors and QE, they will be able to 

rival sCMOS and emCCD technologies due to their single photon sensitivity as well as 

their very fast frame rates. Where these cameras surpass sCMOS/emCCD’s are their 

ability to perform time correlated imaging without the need for any further equipment due 

to their on-board electronics. With the combination of BSI 3D-stacked sensors and 

microlensing, SPAD arrays will be on par, if not exceed sCMOS and emCCDs for 

traditional imaging.  

 

1.7  Methods of Fluorescence Lifetime Imaging Microscopy 

There are two methods of performing FLIM: using a scanning laser to scan the sample, 

pixel by pixel, or by illuminating the entire sample, known as widefield illumination. As 

discussed in previous sections, specialised counting electronics are required for both types 

of illumination. 
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1.7.1 Scanning FLIM  

Laser scanning microscopes, such as confocal microscopes, utilise a small aperture to 

allow for out of focus rejection when scanning across a sample [128] providing control 

over the focal plane. Using a pulsed laser, the sample is scanned pixel by pixel in the X 

and Y axis, at each position fluorescence is collected by the detector and a per pixel 

lifetime can be calculated. A core advantage of confocal microscopy is the greatly 

reduced, out of focus light collection due to the pinhole, leading to a much higher signal 

to noise ratio than widefield equivalent. However, this prolonged exposure can cause 

photo damage to the sample and results in a much, much longer acquisition time than 

widefield methods. 

 

1.7.2 Widefield FLIM 

Widefield FLIM offers rapid imaging over large FOVs and can be performed by either 

TCSPC, time-gated techniques, in which multiple fluorescent images are captured while 

propagating a time gate through the fluorescence decay [129]–[131] or by frequency-

domain methods [132]–[134]. Frequency-domain FLIM operates by modulating the 

phase of the light source incident on the sample, and by measuring the phase delay and 

modulation ratio, can return a lifetime of the sample [26]. All these widefield methods 

provide much faster acquisition times compared to laser scanning, resulting in less 

damage caused to the sample due to prolonged illumination. However, there is a 

compromise in axial resolution due to camera sensitivity, as signal to noise ratios cannot 

compete with laser scanning methods. 

One of the first instances of widefield FLIM was presented by A. Mitchell, et. al in 2002 

[135], where they presented a CCD imager performing FLIM without the need for an 

intensifier. Instead, they were able to modulate the voltage patterns of each pixel, 

increasing the signal-to-noise ratio, before reading off each row of pixels sequentially, 

generating a full array image. During this modulation of voltage, when two or three gates 

are at a lower potential, charge accumulation still occurs however the sensitivity is 

reduced to 75% of the unmodulated CCD. Due to unoptimized electronics, the drivers 

associated with the sensor were not designed for high-speed switching. However, the 

main limitation of this work was the high impedance of the gates on the sensor. 

Up until the development of SPAD arrays in 2003 [99] and great improvement in the 

performance of SPAD arrays in the middle of the 2010s, [110], widefield FLIM moved 
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away from CCD imagers to emCCD cameras. Due to high QE’s, low read out noise and 

large fill factors, emCCD’s proved to be the best for widefield detection [136], [137]. 

However, widefield FLIM comes with some challenges, the biggest of these is achieving 

single photon time tagging, without compromising any sensitivity [138], [139]. SPAD 

arrays offer a range of advantages over emCCDs and sCMOS technologies, mainly their 

ability to time each photon arriving at every pixel simultaneously [29], [140].  

 

1.7.3 Current Widefield FLIM 

Applying widefield FLIM to single molecules has been quite a difficult task due to 

previous generations of camera lacking the sensitivity at high frame rates to image single 

molecules accurately. Due to the rapid improvements in detector technologies in recent 

years, there has been an increased interest in FLIM [141]. R. Datta, et. al. [141] presented 

a perspective paper highlighting some of the advancements that have been made in 

2020/2021 by J.Lagarto. et. al and V. Zickus et. al. The focus of this thesis will be on the 

recent improvements in widefield FLIM.  

J.Lagarto. et. al. [142]. presented a 32 by 64 SPAD array detector, offering a fill factor of 

3.14% and a QE of 50% at 450nm, that was used to capture multispectral 

autofluorescence at the macro scale and perform real-time lifetime imaging. This SPAD 

was placed at the detection end of an optical fibre to record spectral and temporal data 

from the illuminated sample. Using a white LED to constantly illuminate the sample and 

a secondary camera to gain true spatial information at the sample, the temporal data was 

sent to the SPAD array to generate a temporal spatial map using a modified phasor 

method. However, the system presented is limited by the low photon efficiency of the 

SPAD array detector.  

Additionally, V. Zickus et. al. [143] integrated a time-gated SPAD array camera with a 

neural network to gain lifetime estimations for the entire 500 by 1024 array. After 

capturing an image, the data is read off the array and by using methods described by 

X.Liu, et. al. [132], their neural network returns a per-pixel lifetime. By comparing the 

lifetime returned by their neural network to the least mean squares approach, it was found 

that noise needed to be considered to return a more accurate lifetime. However, their 

novel approach returned more accurate lifetimes than the least mean squares approach for 

the convallaria samples imaged.  
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N. Oleksiievets, et. al. presented a new wide field TCSPC camera in 2020 [138], called 

the LINCam25, used for single molecule widefield FLIM. The LINCam25 is constructed 

from a microchannel-plate based photomultiplier tube (MCP-PMT) [144], using a 

photocathode for visible light detection. Their camera operated with a ~5% detection for 

greater than 600nm, and due to low readout noise, they were able to perform single 

molecule FLIM on Cy5, Atto 647N and Atto 655. The LINCam25 was able to return 

accurate lifetimes for all 3 single molecules when they were individual samples, as well 

as being able to identify each single molecule in a mixed sample with acquisition times 

of 3 to 5 minutes per image [138]. In comparison, SPCImager can operate at a much 

higher frame rate than the LINCam25 due to its time-gated approach, resulting in an 

acquisition time 20-30 times faster, capturing widefield FLIM in just 10 seconds.  
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1.8 Application of SPCImager to Widefield FLIM 

The research presented in this thesis will be based on the SPCImager platform that was 

developed by N. Dutton et al. [109] and, how to apply its dual time gating imaging 

modality to fluorescent lifetime imaging microscopy. As discussed, SPCImager provides 

a relatively large SPAD array of 320 by 240 pixels and two fully programable time bins. 

Initially, SPCImager will be operated in its photon counting mode to test its performance 

in “traditional” imaging as well as testing its viability in fast particle tracking. Due to 

SPCImager’s single photon detection sensitivity and ability to perform crude time tagging 

of photons, this technology proves to be a viable option for fluorescent lifetime imaging 

microscopy. With the development of a custom TIRF microscope system, see Chapter 

2, SPCImager will utilise both time gates to return a ratiometric lifetime estimate of 

fluorescent samples, see Chapter 4. To optimise imaging parameters and allow for the 

most accurate lifetime estimates, a mathematical model will be created to simulate a 

fluorescent lifetime event. This model will allow for full control of the lifetime event and 

be able to deploy a simulation of SPCImager’s dual time gates to determine optimal 

settings, see Chapter 4. Once the optimal imaging parameters have been established, 

SPCImager will perform widefield FLIM on a range of carboxylate nanospheres, using 

the sample preparation protocols defined in Chapter 2. Finally, SPCImager will 

demonstrate its potential, and its limitations, by performing single molecule widefield 

FLIM.  

 

1.9 Summary 

Since their invention, the development of microscopes and detector technologies have 

gone hand in hand. With the refinement and advancements in the manufacturing of high-

quality lenses around the start of the 1800s, photographs of images produced by 

microscopes were adopted over sketching results. In addition, the field of microscopy 

made a huge advancement with the introduction of darkfield illumination and synthetic 

dyes. In 1911, one of the most powerful tools in microscopy was invented, the fluorescent 

microscope, allowing high contrast, non-invasive imaging. The identification of Green 

Fluorescent Protein (GFP) in 1962 allowed cells to be modified by the protein to emit 

fluorescence and resulted in a Nobel Prize. By the middle of the 1900s, detector 

technologies had caught up and were mounted directly onto microscopes. By the end of 

the 1900s, another huge advancement in the form of CCDs and CMOS image detectors 

allowed for fast high-resolution imaging.  
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The early 2000s presented great advancements in detector technologies with the advent 

of emCCD sensors offering very high sensitivity at low light levels as well as the sCMOS 

presenting fast full frame imaging. Additionally, SPAD array sensors were developed 

allowing single photon detection at very high frame rates.  

With fluorescent imaging still being a staple in microscopy today, many techniques have 

been developed that allow the identification of different families of cell by timing their 

fluorescence rather than intensity (FLIM), and to monitor protein-protein interactions in 

live cells (FRET-FLIM). 

With the advancements in SPAD array technologies as presented in this chapter, their 

ability to provide rapid widefield FLIM will help revolutionise the field of microscopy. 
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Chapter Two: 
 

 
2  Total Internal Reflection Fluorescence: 

Microscopy Set Up and Accompanying 

Technologies 

 

 

2.1. Introduction 

Throughout this chapter the key pieces of technology used for all this research will be 

introduced and characterised. To achieve Widefield Single-Molecule Fluorescent 

Lifetime Microscopy, an objective-based Total Internal Reflection Fluorescence (TIRF) 

microscope set up was designed and developed to allow operation in either CW or Pulsed 

laser modalities. This TIRF set up was built around a commercial Olympus IX 71 

Microscope. A 50:50 beam splitter was mounted to the microscope out port, which 

allowed two camera technologies to image simultaneously and provided a direct 

comparison between “SPCImager”, the SPAD array used in this work, and commercial 

sCMOS and emCCD cameras.  
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2.1 Total Internal Reflection Fluorescence Microscopy  

Total Internal Reflection Fluorescence (TIRF) microscopy is a very powerful imaging 

technique that was first conceptualised in 1956 by E. J. Ambrose [145]. Ambrose 

discovered that by mounting a slide and coverslip to the top side of a 60o prism, separated 

by an immersion oil, the light that could be made to propagate into the sample at the 

internal reflection interface could be varied. 

 

Figure 2.1 E.J. Ambrose’s set up for studying cell movements [145]. S is a mercury arc 

light source resulting in high intensity light. T is a slit that the light is passed through 

before hitting the surface, A, of the 60o prism. The microscope, M, was used to image the 

cell sample.  

 

 Crucially, if the angle of the light was increased much larger than the critical angle, 

Ambrose found the depth the light penetrated the sample would decrease significantly. 

Moving the concept forward, D. Axelrod in 1981 used TIRF to explore many different 

ways to illuminate the contact points between cells and solid substrates. He discovered 

his method allows excitation of fluorophores at or near the coverslip without exciting any 

of the rest of the fluorophores in the sample [146], [147]. This was due to the evanescent 

waves created at the internal reflection interface, that only propagate ~100nm into the 

sample. This paved the way for many different areas of research in varying areas of 

microscopy [148]–[154] and is the underpinning technology for single molecule imaging 

in live cells [155]. There are two main types of TIRF microscopy techniques that are 

widely used today, prism-based TIRF and objective-based TIRF. 
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2.1.1 Principles of TIRF 

Total Internal Reflection (TIR) is described by Snell’s Law [156]. When the incident light 

comes into contact with a medium of higher refractive index, such as air to glass, at an 

angle greater than the critical angle [157], almost all of the incident light is reflected back 

into the higher refractive index medium,  

 

 𝑛𝑖𝑠𝑖𝑛𝜃𝑖 =  𝑛𝑟𝑠𝑖𝑛𝜃𝑟 (2.1) 

 

Where i is the incident light and r is the refracted light, n is the refractive index of the 

medium the light is propagating through and θ is the angle of incidence from the normal. 

Figure 2.2 shows Snell’s law working for varying angles, Figure 2.2a) shows the 

incident light passing through the interface with an angle of 0o. At exactly 0o, there is no 

reflection present allowing the light to propagate into medium n2. When the incident light 

hits the medium at an angle, Figure 2.2b) most of the light is transmitted into the new 

medium and the rest is reflected back inside the initial medium.   

 

Figure 2.2 Schematic of Snell’s law [158]. Two mediums with differing refractive indices 

n1 and n2. Incident light propagates towards the interface between the two mediums. (a) 

the incident light interacts with the interface at 0o from the normal, causing no refraction 

on the light propagating into the medium with n2. (b) incident light interacts with the 

interface at an angle θ1 and is refracted at θ2 and (c) is at the critical angle θc which causes 

total internal reflection, causing the light to propagate along the interface between the two 

media. (d) greater than the critical angle, the incident light is completely internally 

reflected, and the evanescent waves produces do not propagate as far into the sample. 
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Under certain circumstances, when the incident is exactly at the critical angle as seen in 

Equation 2.2, the incident light reflects along the interface of the two mediums.  

 𝜃𝑐 =  arcsin (
𝑛2

𝑛1
) (2.2) 

 

This can be seen in Figure 2.2(c) where the incident light is propagating at the critical 

angle to the interface of the two media, the incident light is then totally internally reflected 

and propagates along the interface of the two media.  

However, Snell’s law is an oversimplification and at the interface on total internal 

reflection, not all light is in fact reflected back. At this interface evanescent waves 

propagate into the sample illuminating the first few 100nm’s of the sample, Figure 2.1d). 

Propagation of these waves penetrating the first few 100nm’s can be fully characterised 

by M. Milosevic [159]. This evanescent field decays exponentially the further into the 

sample it propagates [160], meaning only the very first 10’s-100’s nm of the example is 

illuminated, Figure 2.3b). It is this process that forms the basis of Total Internal 

Reflection Fluorescence (TIRF). The penetration depth of less than 100nm is 

approximately 5 or 6 times less than the typical axial resolution of a microscope. As only 

the illuminated fluorophores emit, this cross sections the sample to emit signal from a 

very limited profile. Additionally, by only illuminating the first few 100’s nm of the 

sample, there is a reduced background as the rest of the sample, in different focal planes 

are not illuminated.  

 

Figure 2.3 A schematic comparison of Epifluorescence (a) where the incident laser light 

is perpendicular to the sample. Laser light propagates through the entire sample activating 



34 

all the fluorophores in the sample, depicted as green spheres. The microscope will then 

be focused onto a plane of the sample to obtain data. Objective-based TIRF (b), where 

the incident laser light is approaching the samples at an angle greater than the critical 

angle, causing an evanescent wave to propagate along the cover slip activating the 

fluorophores on the coverslip surface. 

 

2.1.2 Prism-based TIRF 

There are two main methods of TIRF, prism-based TIRF and objective-based TIRF. 

Prism-based TIRF requires a prism to be attached to the surface of the microscope slide 

and is used to direct the incident light to the sample. Prism-based TIRF offers a higher 

Signal-to-Noise ratio [161] than objective-based TIRF as the prism allows for finer 

control of the incident angle, resulting in a very small evanescent field [162]. 

Additionally, the biggest advantage of Prism-based TIRF is that it is not objective 

dependent, allowing for much greater versatility while imaging. However, there are 

drawbacks, such as the evanescent field being generated on the opposite side of the 

sample to the objective as seen in Figure 2.4. Additionally, Prism-based TIRF requires 

the use of water-based objectives which are much more expensive that their oil-based 

equivalents. There are a few optical issues with this method, firstly the laser light has to 

be directed through the prism itself to illuminate the sample, which is less than optimal 

as there are several refractive index changes affecting the path of the light. Additionally, 

as the prism is mounted to the sample, the setup will need to be realigned for every sample 

that is mounted to the microscope for imaging. Another drawback with this set up is the 

requirement of quartz slides, as they are needed to match the refractive index of the prism. 

These slides have a large upfront cost but are however, reusable following correct 

cleaning procedures demonstrated by Roy. et. al. [163].  
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Figure 2.4 Schematic of Prism-based TIRF microscopy performed on an inverted 

microscope. This setup creates the evanescent field on the other side of the sample from 

the object, however the prism can allow a greater range of angles from the critical angle 

θc to π/2 than objective-based TIRF. 

 

2.1.3 Objective-based TIRF 

The principles of objective-based TIRF are very similar to prism-based TIRF, the incident 

light is brought into the sample at an angle greater than the critical angle θc resulting in 

evanescent waves. Using an inverted microscope, the laser light is brought into the very 

edge of a sufficiently high Numerical Aperture (NA) objective, >1.45 from custom 

designed objective lenses, for TIR to occur at the interface of the coverslip [160], [164]–

[166], Figure 2.5. NA is a dimensionless number that characterises the optical power of 

an objective, more specifically the range of angles over which the objective can accept 

light.  

 𝑁𝐴 = 𝑛2 sin 𝜃𝑚𝑎𝑥  (2.3) 

Where n2 is the refractive index of the immersion interface (oil) and θmax is the largest 

angle that can be accepted by the objective [167].  
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Figure 2.5 Schematic of objective-based TIRF using a TIRF objective. The laser light 

propagates through oil with a high refractive index and is incident on the glass coverslip. 

The laser light is propagating at a greater angle than the critical angle and is therefore 

totally internally reflected down the objective. As the laser light propagates through the 

coverslip an evanescent wave propagates into the sample illuminating ~100nm [160] into 

the sample activating the fluorophores bound to the coverslip. 

 

A significant advantage that objective-based TIRF has over prism-based TIRF, is that the 

sample is mounted directly onto the objective; there is no realignment needed every time 

the sample is changed and not propagating from the other side of the sample as in prism-

based TIRF. Additionally, the angle of the incident laser can be easily changed allowing 

a transition from TIRF to more conventional epi-fluorescence based imaging. However, 

since the laser light is incident on the sample, the reflected light must be filtered out 

through the use of dichroic mirrors or bandpass filters. 

The TIRF Objective used in this work is an Olympus APON 60XOTIRF objective with 

a high NA of 1.49 and operates with type-F immersion oil of refractive index of 1.518. 

By re-arranging Equation 2.3 the maximum angle that the laser can be incident on the 

back of the objective can be calculated. 
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𝜃𝑚𝑎𝑥 =  𝑠𝑖𝑛−1(

𝑁𝐴

𝑛2
) 

(2.4) 

Where the NA of the Olympus objective is 1.49 and the refractive index n2 of the 

immersion oil is 1.518, resulting in a maximum angle θmax that the objective can accept 

of 78.978o.  

 

2.2 Custom TIRF Design 

For this work a custom objective-based TIRF system was developed to allow the 

immediate transition from traditional EPI-Fluorescence imaging to TIRF imaging, while 

operating with both pulsed and multiple different wavelengths of Continuous Wave (CW) 

laser light, and in addition, being able to capture the resultant data on multiple camera 

technologies simultaneously. The entire system is shown in Figure 2.6 Throughout this 

section, this setup will be broken down and each part of the system will be explored in 

more detail.  

 

Figure 2.6 A 3D cad model made in FreeCAD, of the entire custom TIRF setup showing 

the entire beam path of all four lasers and their respective drivers and control electronics. 

A piezo controlled moveable mirror is used to manipulate the beam path to allow 

transition from epifluorescence to TIRF. Additionally, at the out port of the Olympus 

IX71 microscope is a beam splitter system allowing both SPCImager and an 

sCMOS/emCCD to image simultaneously. 
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2.2.1 Laser Bed and Launch 

In order to excite a range of different fluorescent dyes, a set of three CW diode lasers, 

were incorporated onto a Nikon laser bed. A 500mW Melles Griot 405nm diode laser, a 

50mW Melles Griot 488nm diode laser and a 480mW Sapphire 561nm diode laser were 

aligned onto the same beam path through the coupling optics shown in Figure 2.7 and 

coupled into an angled single mode fibre (P5-460B-PCAPC-1).  

 

Figure 2.7 A Melles Griot 405nm diode laser, a Melles Griot 488nm diode laser and a 

Sapphire 561nm laser mounted to a Nikon Laser bed. All three lasers operate in a CW 

modality and each laser has its own alignment optics and dichroic mirrors to combine at 

the fibre coupler. A single mode fibre is used to collect the three lasers and introduce 

them to the system.  

 

A Leica ACHRO 10/0.25 ∞/0.17 objective was placed at the output of the fibre coupler 

to create a collimated beam. A variable ND filter wheel was placed after the Leica 

objective and used to attenuate the laser power. With the use of the variable ND filter, the 

lasers were set to <1mW of power for alignment purposes and the 561nm laser was used 

for reference alignment for the rest of the system.  
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2.2.2 Picoquant Laser 

For time resolved microscopy such as Fluorescent Lifetime Imaging Microscopy (FLIM), 

a pulsed laser is required to illuminate the sample in short picosecond pulses. This work 

used a 485nm Picoquant D-C-485 laser head, connected to a PDL 800-D laser controller, 

which can operate in a CW or pulsed modality, see Section 2.3.1 for a full 

characterisation. The Picoquant laser head is connected to a single mode optical fibre, 

allowing it to be easily integrated into the set up.  

 

Figure 2.8 The Picoquant D-C-485 laser is connected into the system via a single mode 

fibre. A Leica ACHRO objective is used to collimate the laser beam and a Bright line 

482/25nm bandpass filter is used to clean up the output spectra of the laser.  

 

Placing a second Leica ACHRO 10/0.25 ∞/0.17 objective at the output port of the pulsed 

laser fibre allowed the Picoquant laser beam to be collimated. Additionally, a 482/25 band 

pass filter was placed after this objective to clean up the broad laser output typical of these 

short pulse devices. The Picoquant laser was added to the beam path of the other lasers 

just after the variable ND filter wheel by a steering mirror and a flipping mirror mount 

(Thorlabs, TRF90). Using the steering mirror, the Picoquant laser could be aligned along 

the same path as the laser bed while the flip mounted mirror allowed a quick change from 

the CW operation of the laser bed to the pulsed operation of the Picoquant.  
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2.2.3 Beam Expansion 

Once aligned all lasers propagate through two different beam expanders. The first was 

comprised of a 50mm lens (Thorlabs, AC254-050-A) and a 200mm lens (Thorlabs, 

AC254-200-A) creating a set 250mm apart to expand the beam 4 times. The second beam 

expander used another AC254-050-A as well as an AC254-300-A at total of 350mm from 

the 50mm lens expanding the beam a further 6 times. In total a 24x expansion of the beam 

ensures the laser light completely filled the back aperture of the microscope objective 

with a near flat wavefront to allow for constant illumination through the objective, 

allowing for a uniform illumination of the sample. 

 

Figure 2.9 Two beam expanders comprised of an AC254-050-A and an AC254-200-A 

pair of lenses set 250mm creating a 4 times expansion and a second pair of AC254-050-

A and an AC254-300-A, set 350mm apart creating a 6 times expansion. This expands the 

original spot size 24 times causing it to fill the full aperture of a one-inch optic. 

 

2.2.4 Movable Mirror and Different Imaging Modes 

To allow a quick transition between epifluorescence and TIRF, a mirror was mounted 

onto a PT1/M-Z8 motorised translation stage from Thorlabs, Figure 2.10. This stage was 

connected to a K-Cube brushed DC servo motor controller which allowed the stage to 

translate 25mm, or from one edge of a one-inch optic to the other, through Thorlabs 

proprietary Kinesis software package. For alignment purposes the translational stage was 

set to the middle of its range at 12.5mm.  
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Figure 2.10 A mirror mounted to a PT1/M-Z8 motorised translation stage from Thorlabs, 

controlled by a K-Cube brushed DC servo motor controller through Thorlabs Kinesis 

software. This allows the transition between epifluorescence and TIRF. 

 

2.2.5 Periscope 

To raise the beam path to allow propagation into the back of the microscope, a periscope 

was constructed using a SM2Y1 port adapter and two cage mounted mirrors, Figure 2.11. 

A final focusing lens was attached 215mm away from the output of the movable mirror 

to focus the laser light onto the entrance of the periscope. Once at the correct height the 

laser beam propagated into the filter wheel, where an LF488/LP-C-000 filter set was used, 

Figure 2.13.  
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Figure 2.11 With the use of two cage mounted rotational mirrors the beam path was 

raised to meet the objective in the back of the microscope. Using a SM2Y1 port adapter 

and a LCP11(/M) cage plate adapter, the periscope was secured to the bench and the 

microscope. 

 

2.2.6 Microscope base and Filter Sets 

Using an Olympus IX71 Microscope body as the platform for the custom TIRF system, 

the microscope was reduced to just the main body by removing the illumination lamp and 

the transmission section, seen in Figure 2.12. 

 

Figure 2.12 The main body of an Olympus IX71 confocal microscope with the 

transmission arm and the illumination lamp removed to create the base for the custom 

TIRF system. A long pass LF488/LP-C-000 filter cube was mounted into the filter wheel 

of the microscope, based below the objective. 
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The filter set used in this work is a LF488/LP-C-000 filter cube set from Laser 2000, 

spectra seen in Figure 2.13. This filter set includes two bandpass filters with a dichroic 

mirror in between them. The first bandpass filter, a single band filter, FF02-482/18-25 

accepts laser light coming into the filter set. The laser light is then reflected off the 

dichroic mirror, Di02-R488-25x36 allowing the laser light to illuminate the sample. Once 

illuminated the sample produces fluorescence which is propagated in all directions. The 

final bandpass filter, BLP01-488R-25 is a long pass filter and is positioned after the 

dichroic mirror but before the sample. This allows laser light to pass through to illuminate 

the sample but prevents it from returning into the system. From the sample, the light that 

is propagated back down the microscope passes through the dichroic as it is longer than 

488nm and towards the out port of the microscope.  

 

Figure 2.13 Transmission and reflections for the LF488/LP-C-000 [168] mounted inside 

the microscope filter wheel. FF02-482/18-25 is a Single Band Excited shown in red, 

BLP01-488R-25 is a Long Pass Emitter shown in black, Di02-R488-25x36 is a Single 

Band Dichroic shown in blue. This filter set is designed to allow the Picoquant excitation 

laser at 485nm through to excite the fluorescent sample and block all fluorescence from 

returning down the laser path, instead reflecting it to the microscope’s out port so it can 

be captured. 
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2.2.7 Out Port of the Microscope 

 

Figure 2.14 Using a BS010 50:50 beam splitter and three AC254-100-A 100mm focal 

length lenses, the fluorescence from the sample can be split to allow two camera 

technologies to be mounted to the microscope out port at once. 

 

With the beam splitter added to the out port of the microscope, as shown in Figure 2.14, 

multiple camera technologies can be compared simultaneously on the same Field of View 

(FOV) on the sample. Just after the out port of the microscope a filter wheel with a 550-

40nm band pass filter to simulate a green channel and a 650/13nm band pass filter to 

simulate a red channel has been incorporated. These filters align with the samples 

discussed in the later parts of this chapter, allowing for optimal overlap.  

 

2.2.8 Total Internal Refection Fluorescence  

When the movable mirror is set to 12.5mm, the centre of its translation, the laser was 

aligned to propagate straight through the centre of the objective providing epifluorescence 

imaging Figure 2.15b). At the start of the movable mirrors travel, 0mm, the incident laser 

light propagates from the centre of the object to beyond the edge of the 10.66 mm radius 

back aperture, causing no illumination, Figure 2.15c). Systematically moving the mirror 

from the start of its travel, 0mm to the middle of its travel, 12.5mm, it was found that 

8.7mm, Figure 2.15a) was the optimal angle for TIRF, Figure 2.16(a). 
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a)

 

b)

 

 

c) 

 

Figure 2.15 Translating the movable mirror along its axis, the incident beam changes 

how it enters the system. (a) when the movable mirror is set just before the centre of its 

travel, the laser light is incident on the edge of the objective, causing light to enter at an 

angle higher than the critical angle. This in turn creates evanescent waves, illuminating 

the first few 100nm’s of the sample. (b) moving the mirror to the centre of its travel, the 

laser light propagates through the centre of the objective illuminating the entire sample, 

epi-fluorescence. (c) when the mirror is at the very beginning or end of its travel, the laser 

does not propagate through the back aperture of the objective causing no illumination of 

the sample.  

 

8.7mm 
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2.2.9 Signal-to-Noise Ratio 

A test-slide made up of 200nm yellow-green FluoSpheres adhered directly to the 

coverslip was placed in a fluorescent solution made by dipping a highlighter into an 

Eppendorf of water, to create a very high background signal. Placing the movable mirror 

at the centre of its travel, 12.5mm the system was set to Epifluorescence, Figure 2.16(c) 

the highlighter solution is observed given very large background signal. The stage was 

then moved in increments of 0.1mm and at each step an ANDOR Luca S 658M emCCD 

camera was used to capture images of the test sample. Using the software package 

ImageJ, the photon counts from 5 of the 500nm beads were recorded and then compared 

to the photon counts of the background surrounding the bead, resulting in the Signal-to-

Noise Ratio. Figure 2.16(a) finds that for the best Signal-to-Noise ratio and therefore the 

most optimal position of the movable mirror is 8.7mm to obtain the best TIRF signal, 

Figure 2.16(b). 
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a)

 

b)

 

c)

 

Figure 2.16 A test sample with 500nm beads and some highlighter solution as a 

background was used to test the validity of TIRF. Using an ANDOR Luca S 658M 

emCCD (a) the signal to noise ratio was plotted against the moveable mirror position. 

The strongest TIRF, the highest ratio was found at 8.7mm of travel. (b) shows just the 

500nm beads in TIRF with no highlighter solution background. (c) the mirror is then 

moved to 12.5mm of travel, allowing the microscope to operate in an epifluorescence 

imaging mode and a large amount of highlighter solution is present as a background.  

 

Figure 2.17(a) shows an aggregation of 100nm and 200nm beads in standard 

Epifluorescence when the mirror is positioned at 12.5mm. The left edge of the sample 

was in focus, showing 100nm beads clearly, while the remainder of the aggregation of 

beads is blurry and out of focus. Translating the movable mirror from Epi to TIRF the 

main aggregation of beads became clear and focused while the left edge completely 
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disappears out of the focal plane. The background in Figure 2.17(b) significantly reduced 

as the laser is only illuminating the beads that are on the coverslip therefore, reducing the 

amount of fluorescence being emitted by beads that are not in focus. 

a)

 

b)

 

Figure 2.17 The same FOV with a mix of 100nm and 200nm yellow-green FluoSpheres 

from ThermoFisher, while the system is in epifluorescence (a) and in TIRF (b). Both 

images were captured on a Hamamatsu Orca-Flash 4.0 v2 sCMOS camera attached to the 

out port of the microscope and false colour added via ImageJ post-processing.  
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2.3 Control Electronics 

In addition to the custom TIRF microscope, there are delay generators that are connected 

to the Picoquant laser driver. These delay generators are used to control the trigger from 

the laser driver to the camera and are used to manipulate the temporal plane of the system.  

 

 

Figure 2.18 A Picoquant PDL 800-D laser driver is used to control the 488nm Picoquant 

pulsed laser. The laser trigger is first fed into a Stanford DG645 delay box before being 

passed to a Lambda DB45 coax passive delay box before reaching SPCImager. These 

delays are in place to have precise control over the start of SPCImager’s time bins. 

 

2.3.1 Laser Diode Controller 

A Picoquant D-C-485 laser head is connected to PDL 800-D laser controller allowing 

CW mode operation or a range of pulsed operations, 2.5Mhz, 5MHz, 10MHz, 20MHz, 

40MHz and 80Mhz. A BrightLine FF01-482/25-25 482/25nm filter was placed after the 

laser head, to clean up the emission spectrum. For lifetime acquisition to be possible the 

laser controller was set to pulsed operation. 

A Thorlabs PM400 power meter with an S121c sensor was connected immediately after 

the BrightLine bandpass filter and the output power of the laser was recorded while 

varying the power output from the controller. This allowed the laser threshold, where it 

begins to lase, to be found and enabled a calibration of the laser driver’s potentiometer 

dial. 
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a)

 

b) 

 

Figure 2.19. Using a S121c sensor the CW output was recorded (a) showing that 

threshold occurs at 34.63% on the laser controllers power dial. The laser was then set to 

pulsed using its internal trigger and the repetition rate, was varied (b). This showed a lot 

lower detected power on the sensor and a threshold of ~52% for all repetition rates.  

 

For all lifetime experiments the repetition rate of the laser was set to 5Mhz to prevent 

laser pulse pile-up setup, explained in more detail in Chapter 4. Using a BNC cable, the 

PDL 800-D laser controller is connected to a Stanford Delay generator DG645 to gain 

fine control over the triggering from the laser.  

 

2.3.2 Stanford Delay Generator 

The Stanford DG645 delay generator is capable of generating 8 different user defined 

delays from 0 to 2000 seconds with 5ps resolution, allowing accurate delays for 

measuring nanosecond lifetimes. These delays are paired up, creating four pairs of output 

pulses that can be manipulated for the user’s needs, Figure 2.20(b).  
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a) 

b) 

 

Figure 2.20(a) Stanford DG645 Delay Generator front panel user interface. “EXT TRIG” 

is connected to the PDL 800-D laser controller to allow an external trigger input and 

delays to be controlled through the user interface. (b) 8 timing events from Stanford 

DG645 Delay Generator, A-H, in their pairs creating the four front panel output pulses. 

The AB timing pair was set as the output and connected with a BNC cable to the rest of 

the system. 

 

During the initial setup, the trigger had to be set to external on the rising edge of the delay 

pulse generated from the DG645. Through systematic trial, it was found that the optimal 

settings for the trigger threshold was set to -1.7V. The AB timing pair was set to a negative 

polarity with a step size of 0.7 volts and an offset of 0V. Using the front panel controls, 

the width of the AB timing pulse was set to 9ns by manipulating time event B. These 

settings gave the most stable and therefore the most optimal settings for SPCImager. 

Some further study is needed to confirm the viability of this being globally optimal 

settings for SPCImager, but it remained stable for the work presented in this thesis. The 

output signal was set to trigger off the rising edge of this AB pair and by manipulating 

timing event A, the desired delay from the laser to SPCImager was able to be set. Finally, 

the trigger signal is subjected to the delay and outputted towards SPCImager. 
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2.3.3 Lambda Delay Box 

An SRS DB64 Coax Delay Box is integrated into the trigger path between the Stanford 

DG645 and SPCImager to allow for additional precision. Using varying internal lengths 

of RG58A/U coax cable, with 50Ω impedance, the DB64 is able to introduce a controlled 

delay from 0ns to 63.5ns in 0.5ns intervals, Figure 2.18. These varying lengths of cable 

are introduced or removed from the overall delay through the use of DPDT switches on 

the front panel of the box. 

 

2.4 Camera Technologies 

There are three main camera technologies used in this project, two commercial cameras, 

a Hamamatsu Orca-Flash 4.0 v2 scientific Complementary Metal-Oxide-Semiconductor 

(sCMOS) and an ANDOR Luca S 658M electron multiplying Charged Couple Device 

(emCCD) as well as the SPAD array, SPCImager. This SPAD array is the main 

technology this research is based around, and its operation will be explored in the 

following chapters. These commercial cameras were used as a comparison against the 

SPAD array in traditional imaging, as well as a reference to ensure that the SPAD array 

was imaging the correct FOV of the sample.  

 

2.4.1 scientific Complementary Metal-Oxide-Semiconductor (sCMOS) 

A Hamamatsu Orca-Flash 4.0 v2 sCMOS [49] was used as the main commercial imaging 

technology. Often considered a gold standard in low photon microscopy imaging, this 

camera boasts a large array of 2048 by 2048 pixels at a pixel size of 6.5µm by 6.5µm, 

that is capable if acquire data at a rate of 100 frames per second (fps) over the full array. 

This sCMOS operates with a 16-bit bit-depth and a low read out noise of 1.6e- rms when 

operating at 100 fps. The sCMOS was designed to have a high QE across a wide range of 

fluorescent markers with a peak QE of 82% at 560nm. Note for this work the device is 

not water cooled, which would further reduce the read noise. 
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Figure 2.21 A spectral response experiment with the Hamamatsu Orca-Flash 4.0 v2 

sCMOS. A Spectrogen 655 nm and a Semrock 510 nm bandpass filters were placed into 

the Spectral Filter Wheel to allow for a quick transition. A Thorlabs MCWHL5 white 

light LED was used as a light source and a set of absorptive ND filters were placed in the 

ND Filter Wheel, to attenuate the LED. 

 

Figure 2.21 shows a spectral response experiment that was conducted with the sCMOS. 

Using a ThorLabs white LED, a 655nm and 510nm bandpass filter were used to simulate 

the wavelengths of fluorescent samples that are used throughout this work. The LED light 

was then attenuated using Thorlabs Absorptive ND Filter Kit generating a controllable 

signal for high photon count scenarios such as 1µm beads, down to the photon starved 

scenarios like single-molecule imaging. The sCMOS shows good response for these low 

photon events for either wavelength, Figure 2.22 with a slightly better response to 510nm 

light as expected due to the peak QE of the sensor being at 560nm. The Thorlabs PM400 

power meter with an S121c sensor was introduced into this system after the bandpass 

filters and before the ND filters to record the energy of each wavelength. Using the area 

of the power meter sensor and the size of each pixel on the camera, a theoretical number 

of photons could be calculated per pixel for the sCMOS at any given exposure time. To 

gain an accurate number of detected photons from the camera a conversion gain factor of 

2.17 was used [169], meaning that for every count detected on the sCMOS, there are 2.17 

times more photons incident at the pixel. 
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a)

 

b)

 

 

Figure 2.22 The sCMOS was operated with a 25ms exposure. (a) The sCMOS has a 

better spectral response for green light than red light however it is marginal. The 

theoretical number of photons per pixel for a 25ms exposure was calculated for the 

sCMOS and plotted as a secondary x-axis against the detected photons by the camera. (b) 

Quantum efficiency of the Hamamatsu Orca-Flash 4.0 v2 sCMOS [169]. 

 

2.4.2 sCMOS Acquisition time 

Using the same setup in Figure 2.21, the exposure time of the sCMOS was varied. Using 

the full chip of the sCMOS, 2048 by 2048 pixels the camera cannot operate with a smaller 

exposure of 1.0037ms, this is due to read out limitations on the electronics of the camera. 

To operate faster, the number of active pixels needed to be reduced. 
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Figure 2.23 Using the setup from Figure 2.21, the 510nm bandpass was used only. The 

sCMOS was initially set to a full field of view using all 2048 by 2048 pixels. The exposure 

was then reduced, and the field of view also had to be reduced to compensate, operating 

with a 32 by 32 field of view to achieve an exposure of 0.2534ms. 

 

The sCMOS shows a similar response while varying the exposure time. Using a small 

area on the sensor, a field of view of 32 pixels by 32 pixels the sCMOS was able to image 

with an exposure time of 0.25ms, Figure 2.23. However, this fast data acquisition time 

started running into some limitations at the lower photon levels. The sensor was able to 

operate faster than a 0.25ms exposure time, hitting a limit at 0.075ms. However, to 

achieve this the field of view had to be reduced to only 8 by 8 pixels, which becomes 

rapidly unusable for any practical imaging purposes as it proves difficult identifying parts 

of the sample with such small FOV’s and becomes difficult to distinguish full Point 

Spread Functions (PSFs) samples that are used in this work. 

By taking the various exposure times and scaling them to match an effective exposure 

time of 1ms, all four plots were superimposed on each other, Figure 2.24. This shows 

that an exposure of 25ms will detect ten times the number of photons than an exposure of 

2.5ms, proving the camera exposure time scales this test condition signal as expected.  
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Figure 2.24 Using the data from Figure 2.23, a linear response graph was created by 

superimposing each curve by setting them to a theoretical 1ms exposure time. This shows 

that all responses lie on top of each other, meaning the sCMOS responds linearly in 

exposure time, excluding the saturating points and the drop off at the end. 

 

2.4.3 electron multiplying charged couple device (emCCD) 

An ANDOR Luca S 658M emCCD [48] was also used as a comparison to SPCImager. 

This camera has an array size of 658 pixels by 496 pixels with each pixel being 10µm by 

10µm. The sensor only has a peak QE of 52% at 500nm compared to the sCMOS ~80%, 

however the main advantage of using an emCCD over an sCMOS is the camera’s 

multiplying technology which introduces a gain variable in the camera operation. It’s 

worth noting that this was an older, more established, mid-spec emCCD camera, 

manufactured in 2008. The Hamamatsu sCMOS used and presented here therefore 
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represents the higher spec comparison for SPCImager for conventional imaging 

modalities. 

 

 

Figure 2.25 The ANDOR Luca S 658M emCCD connected to a Thorlabs white LED 

with a Spectrogen 655 nm and a Semrock 510 nm bandpass filter placed in the Spectral 

Filter Wheel. An ND Filter Wheel with Thorlabs absorptive ND filters was used to 

attenuate the MCWHL5 white light LED. 

 

The ANDOR emCCD has a 14-bit image depth, allowing each pixel to detect, 214=16,384 

counts per pixel. As in Figure 2.22, the same spectral response test was carried out with 

the emCCD. A colour response was conducted on the emCCD using a gain of 1 and a 

gain of 200, seen in Figure 2.26(a). As expected, the camera detected more photon counts 

with the gain at 200, however while operating with any amount of gain, the background 

counts are also multiplied [170]–[173].  



58 

a)

 

b) 

 

Figure 2.26 Operating the emCCD at a 25ms exposure. (a) A spectral response was 

conducted using a gain of 1 and a gain of 200 for both 655nm and 510nm. The theoretical 

number of photons was also calculated and plotted as a secondary x-axis against detected 

counts. (b) A subset of the data from (a) was used to test the non-linearity of the gain 

from gain 1 to gain 200. The offset in the red and green curves are due to differing 
quantum efficiencies between wavelengths. 

 

As typical for emCCD cameras, the Luca emCCD has a non-linear gain varying from 1-

200. This is evident in the results shown in Figure 2.26(b), a gain of 200 was found to be 

roughly 15x larger than a gain of 1, when the camera was not saturated. Due to the 

nonlinearity of the gain [48], mean counts for both red and green responses were taken at 

0.01% ND corrected transmission. Figure 2.26(b) shows that the Luca emCCD is more 

sensitive to red than green. This is likely to be due to specific filters in the camera, but 

this cannot be verified for this older, inherited model where the full specification on the 

exact unit is not available. 

 

2.4.4 emCCD vs sCMOS 

Using the results from Figure 2.22 and Figure 2.26(a) the colour response from both 

cameras were compared to determine which technology would be most suitable as a 

reference device and a main comparison to SPCImager. Figure 2.27 shows that in both 

incidences, the sCMOS outperforms the emCCD when a gain of 1 has been applied to the 

camera however, this changes when gain is introduced [88]. This provides an advantage 

while operating at low photon levels such as single-molecule samples. 
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a)

 

b)

 

Figure 2.27 Using a 25ms exposure on both the sCMOS and emCCD a direct spectral 

response comparison was conducted. (a) the emCCD was compared to the sCMOS for a 

510nm spectral response for both a gain of 1 and a gain of 200. (b) the same comparison 

was conducted for 655nm light.  

 

Even though the emCCD is more sensitive, and thus better suited to extreme low light 

applications, the sCMOS has a larger chip size with smaller pixels and a higher QE 

covering the range of samples used in this work more completely. Additionally, the 

sCMOS has a much faster acquisition time that brings it closer to the operating frame rate 

of SPCImager. Therefore, the sCMOS will be used as the primary reference for the rest 

of this work.  

 

2.5 Sample Preparation  

2.5.1 Slide Cleaning 

To prepare slides for bead and single molecule work a simplified version of the cleaning 

and channel preparation guide outlined in Roy et. al [163] was followed. As single use 

micro-channel chambers are made, the cleaning regime is less rigorous than the recycling 

method outlined in Roy, which required reusing quartz slides for prism based TIRF, but 

included to minimise background contaminants and reduce unwarranted fluorescence for 

low photon imaging. For this work, standard glass microscope slides and coverslips, of 

thickness of 1.5, were used and were placed into Coplin jars. These jars were then placed 

in an ultrasonic bath to conduct following wash cycles:  
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• Wipe/scrub slides and coverslips using Kimwipe sprayed with acetone 

• Wipe/scrub slides and coverslips using Kimwipe sprayed with isopropanol 

• Allow to dry 

• Cyclic clean in ultrasonic bath as follows; 

o Solution: W – A – W – K – W – I – W – K – W 

o Time (mins): 5 – 15 – 5 – 15 – 5 – 15 – 5 – 15 – 5 

(Where W = water, A = acetone, K = KOH, I = isopropanol) 

• Replace water after final sonication step with fresh water 

• Slides and coverslips can be left in water for several days.  

Once the slides and coverslips were clean, they were taken out of their Coplin jars and 

dried with compressed nitrogen gas. Once dried, two lengths of double-sided sticky tape 

were applied along the length of the slides, leaving a gap between them creating a 

channel[163]. A coverslip was then dried and mounted to the slide, adhering to the sticky 

tape Figure 2.28a). All excess sticky tape that was not securing the cover slip to the slide 

was removed using a clean, sharp blade, and the slide was ready for the samples.  

 

a) 

 

b) 

 

Figure 2.28(a) Using double sided tape a channel was created on a microscope slide using 

the method detailed by Roy. et. al. [163] (b) After creating this channel a pipette was used 

to push the sample in between the coverslip and the slide and fill the channel. The sample 

was pipetted until the channel was full and emerged from the other end of the channel.  
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Holding the slide and mounted coverslip at an angle, the prepared sample was able to be 

pushed into the channel using a BioPette single channel Pipettor [174], Figure 2.28b). 

The pipette was used until the sample filled the channel completely before being left to 

incubate coverslip down for 25 minutes to allow the samples to bind to the coverslip. A 

final rinsing step is undergone to wash away any of the sample that didn’t bind before 

both ends of the channel are sealed with Covergrip sealant (Bittium #23005), to keep the 

sample inside the channel. Once the Covergrip sealant was dry the sample is ready to be 

imaged on the microscope.  

 

2.5.2 TransFluoSpheres Carboxylate NanoSpheres 

There are four main TransFluoSpheres that are used in this work: 

• 1µm beads dyed with Crimson-Fluorescence (ThermoFisher, T8880) 

• 100nm beads dyed with Crimson-Fluorescence (ThermoFisher, T8872) 

• 1µm beads dyed with Red-Fluorescence (ThermoFisher, T8883) 

• 40nm streptavidin-labelled microspheres that use the Red-Fluorescence dye [175] 

(ThermoFisher, T10711) 

The 1µm and 100nm beads are Carboxylate-Modified Microspheres made from 

polystyrene beads. They boast an extremely large Stokes shift [176], the difference 

between the peaks of the excitation band and the emission band, and were selected to 

provide clear emission of each from the single common 488nm pulsed laser. 
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Figure 2.29 Excitation and emission spectra for both TransFluoSpheres that are used in 

this work. The yellow-green TransFluoSpheres have an emission spectra peaking around 

560nm and the red TransFluoSpheres have a long Stokes shift causing an emission spectra 

peaking around 645nm.  

 

2.5.3 FluoSpheres Carboxylate NanoSpheres  

The other main type of beads that were used throughout this work come from a 

FluoSpheres Size Kit #2 (ThermoFisher, F8888). This kit offers six different sizes (0.02, 

0.1, 0.2, 0.5, 1.0, and 2.0µm) of yellow-green carboxylate nanospheres that are excited at 

505nm and have an emission peak at 515nm [177], see Figure 2.30.  
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Figure 2.30 Excitation and Emission spectra of the yellow-green FluoSpheres. All six 

beads use the same fluorescent dye, with an emission peaking at 515nm. The Picoquant 

488nm laser light has been added to show where it appears on the excitation curve.  

 

These carboxylate microspheres have a strong excitation from the 488nm Picoquant and 

can be used in conjunction with the TransFluoSpheres. As with the TransFluoSpheres, 

the FluoSpheres have a carboxylate outer shell that make both sets of beads suitable for 

covalent bonding with proteins and amine-containing biomolecules, however this is not 

used in this project. The 0.2µm and 0.1µm beads were used in Figure 2.17 to demonstrate 

that the custom TIRF system was operating correctly.  

 

2.5.4 Carboxyl Quantum Dots 

In addition to the carboxyl nanospheres, yellow-green Qdot™ 525 ITK™ Carboxyl 

Quantum Dots (ThermoFisher. Q21341MP) were also used [178]. These quantum dots 

have the benefit of a carboxyl modified structure allowing them to be bound to the 

coverslip surface using the same protocol as the carboxylate nanospheres. This allows a 

direct comparison between 100nm yellow beads and yellow Qdots on the same slide with 

ease, which will be fully explored in Chapter 4. 
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Figure 2.31 Qdot™ 525 ITK™ Carboxyl Quantum Dots excitation and emission spectra. 

The Picoquant 488nm laser has been added to the graph to show where it appears on the 

excitation curve. 

 

Even though the Qdots are not highly excited by the 488nm Picoquant laser they still have 

a very strong emission resulting in the Qdots being very bright and photostable when 

operating in a CW or pulsed imaging modality. This is explored in more depth in Chapter 

4 and Chapter 5.  

 

2.5.5 Nanosphere Sample Preparation 

For all the carboxylate nanospheres and carboxylate Quantum Dots, the 

TransFluoSpheres and FluoSpheres, the sample preparation is the same. The beads are 

stored between 2-6oC away from light while not in use and are held in a suspension of 

water and 2mM Sodium Azide. This suspension is mixed well in an ultrasonic bath for 

10 minutes before use. Pipetting 1 µL of the beads into solution of 2.5 µL of 2 mM 

hydrochloric acid (HCl) and 500 µL of ultra-pure water into an Eppendorf tube, a stock 

is created. The HCl allows the outer shell to be stripped, leaving a charge on the beads 

causing an electrostatic attraction between the beads and the clean coverslip [179]. This 
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stock solution was placed into an ultrasonic bath and left to sonicate for 10 minutes. Once 

sonicated a dilute solution is made up that is then pipetted into the channel in Figure 

2.28(a). 

Dilute the stock solution with ultra-pure water in second Eppendorf tube as follows: 

• 2μm beads: 75μL solution in 100μl water 

• 1μm beads: 60μL solution in 100μl water 

• 500nm beads: 50μL solution in 100μL water 

• 200nm beads: 35μL solution in 100μL water 

• 100nm beads: 7.5μL solution in 100μL water 

• 20nm beads: 1μL solution in 500μL water 

• Qdots: No dilution 

 

Each dilution is further mixed using the vortex mixer for an additional 5 minutes before 

being ready to pipette.  

Finally, pipetting around 20-30 µL of the dilute solution into the channel under the cover 

slip until the channel was full, as in Figure 2.28(b), the slide was created.  

 

2.5.6 Streptavidin sample preparation 

Streptavidin is a protein that has a very high binding affinity for biotin [180]. This 

interaction allows single molecules and quantum dots that are attached to streptavidin, to 

be bound to a layer of biotin that can be placed onto a coverslip, Figure 2.32. This was 

used to image individual molecules. 

a)

 

b)

 
Figure 2.32 A schematic of the slide preparation process used to create slides with single 

molecules. (a) BSA is first bound to the coverslip with biotin binding sites ready to accept 

(b) Streptavidin – Alexa 488 conjugate.  
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A stock solution of Pierce™ Bovine Serum Albumin (BSA), Biotinylated (ThermoFisher, 

29130) was made up by putting 5mg of BSA into an Eppendorf tube of 500µL of 

Phosphate-Buffered Saline (PBS) (ThermoFisher, 10010002). The stock solution is 

mixed on a vortex mixer, on a low setting to prevent damage to the BSA protein in an 

ultrasonic bath [181]. From this stock solution 100µL is added to 1ml of PBS, this is then 

added to the slide by inserting into the channel using the same method described in Figure 

2.28(b).  

All streptavidin samples were made by creating a stock solution of 1µL of the desired 

sample into an Eppendorf tube full of 100µL of PBS. From these stock solutions, three 

dilutions were made of each sample type: 

• 4µL of stock in 100µL of PBS 

• 10µL of stock in 500µL of PBS 

• 4µL of stock in 500µL of PBS 

It was found that these dilutions could be stored in the fridge for a few days before they 

became unviable. 

The slides were cleaned using the same protocol in Section 2.5.1 and each streptavidin 

sample was made with the following method: 

• A narrow channel was made on clean slides in order to use less solution 

• 50µL of the dilute BSA in PBS was pushed into the channel and left to incubate 

for 25 minutes with the coverslip facing down 

• Rinse 2 x 50µL of PBS through the channel to remove any unbound BSA 

• Push 50µL of solution into channel and leave to incubate for a further 25 minutes 

with the coverslip facing down 

• Rinse 2 x 50µL of PBS through the channel to remove any unbound streptavidin 

• Seal up slides using Covergrip sealant and leave to dry. 

Once samples were made, they were imaged on the microscope that day. The samples 

would however typically last up to a week in a blacked-out sample box with PBS in the 

bottom to prevent the slides from drying out. However, all key results where image on 

fresh samples on the day they were made. 
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2.5.7 Streptavidin labelled Quantum dots 

A Qdot™ Streptavidin Sampler Kit (ThermoFisher, Q10151MP) was used to push the 

camera technologies closer to the end goal of the project, single-molecule FLIM. These 

Qdots are made from semiconductor material (Cadmium Selenide, CdSe) with an outer 

shell of Zinc Sulphide (ZnS) to improve their optical properties [182] and bound to 

streptavidin. Due to streptavidin’s denaturing when subjected to high temperature water 

as previously discussed, these Qdots require a different protocol to the Carboxyl Quantum 

Dots explored in Section 2.5.4. Each Qdot Streptavidin conjugate has its own emission 

peak, see Figure 2.33 and is roughly 15-20nm in size, Figure 2.34. 

 

Figure 2.33 The Qdot Streptavidin Sampler Kit, excitation and emission spectra 

normalised to show response to the Picoquant 488nm laser. This normalised response can 

determine which Qdots to use for this work. 585,605,625 and 655 all show promising 

responses.  
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Figure 2.34 A schematic of the overall structure of Qdot™ Streptavidin conjugate. The 

biomolecule attached to the shell by a polymer coating is streptavidin. Image was taken 

from Figure 1 in the Invitrogen user manual for the Qdot conjugates [182]. 

 

The Streptavidin binds to the polymer coating surrounding the outer shell of the Qdot 

using one of the four binding sites on streptavidin [183]. This leaves empty binding sites 

that can be bound to the BSA that covers the coverslips, as shown earlier in Figure 

2.32(a). For this work, 585, 605, 625 and 655nm Qdots were used as they have the best 

emission spectra from the Picoquant 488nm laser which also matched the camera 

technologies imaging capabilities. The near infrared Qdots at 705 and 800nm were 

beyond the imaging capabilities of SPCImager as the QE is too low to reliably use. 

Additionally, the 525 and 545nm Qdots are not excited enough by the laser and therefore 

not viable. 

 

2.5.8 Streptavidin labelled Cy 3 and Alexa 488 

Cy3(ThermoFisher 434315) and Alexa 488(ThermoFisher, S32354) streptavidin labelled 

conjugates were used as they are very common fluorescent labels for single molecule cell 

imaging. As with the Qdots, Cy3 and Alexa 488 were bound to streptavidin allowing 

single molecules to be adhered to the coverslip with the use of BSA. These streptavidin 

conjugates were chosen for their known lifetime values, Cy3 at 0.5ns [184] and Alexa 

488 at 4.1ns [185] as well as their ability to be excited by the Picoquant 488nm laser, 

Figure 2.35.  
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a)

 

b) 

 
Figure 2.35 Excitation and Emission Spectra both (a) streptavidin-cy3 conjugate and (b) 

streptavidin-Alexa 488 conjugate. The Picoquant laser excitation was added to show both 

conjugates response. 

 

Images of these samples will be presented throughout the rest of this thesis as associated 

work they are used for is discussed. 

 

2.6 Summary 

This chapter explores the need for the custom built TIRF system and how it would be 

beneficial in the overall goal of the project. Figure 2.6 and Figure 2.17 show the 

complete system and how well it performs, giving SPCImager the optimal imaging 

conditions for single molecule imaging.  

Additionally, this chapter introduces camera technologies that will be used as a reference 

to SPCImager as thanks to the beam splitter relay seen in Figure 2.14, both SPCImager 

and the sCMOS/emCCD can image simultaneously. Also introduced in this chapter are 

the samples used throughout this work and how each sample is prepared using its own set 

of protocols.  
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Chapter Three: 
 

 
3  SPCImager  

 

 

3.1 Introduction 

SPCImager is a Single Photon Avalanche Diode (SPAD) array, with 320 by 240 pixels 

allowing for wide field single photon detection. This array records data by capturing a 

320 by 240 array of binary inputs representing single photon detections, 0 for no photon 

and 1 for a photon detected. These binary arrays are called bit-planes. These bit-planes 

allow for various post processing opportunities which depend on specific experimental 

needs. 

Throughout this chapter, the nature of how SPCImager’s data is handled post processing 

will be explored. Additionally, SPCImager will be characterised and compared to the two 

commercial imaging technologies discussed in Chapter 2, an Andor Luca emCCD and a 

Hamamatsu Orca Flash 4.0 v2 sCMOS. This chapter will include an exploration into 

previous work this SPAD has been involved with as well as characterisation of the sensor 

for the current research of this thesis.  
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3.2 The SPAD Array 

SPCImager was developed in 2014 by groups from Edinburgh UK, CMOS Sensors and 

Systems group at the University of Edinburgh [186] and STMicroelectronics Imaging 

Division, Edinburgh UK [187]. SPCImager has an array size of 320 by 240 pixels, 8μm 

in size and an initial fill factor of 26.8%.  

 

Figure 3.1(a) The SPAD array mounted to the Printed Circuit Board (PCB) with control 

and counting electronics on the green Opal Kelly Board. (b) an expanded view of the 

sensor showing the different readouts and row drivers. (c) shows a magnified view of the 

sensor showing individual pixels.  

 

SPCImager’s sensor is a SPAD array that has been implemented in CMOS technology 

[47]. This particular sensor is fabricated in STMicroelectronics’s 0.13μm imaging low 

voltage CMOS [109], creating an array 3.4mm by 3.1mm in size with a fill factor of 

26.8% and a quantum efficiency (QE) of 12.75% for red light and 18% for green light.  
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Figure 3.2 SPCImager’s photon detection probability (PDP) response over a range of 

wavelengths performed by N.Dutton [110]. This shows a peak PDP of 39.5% at 480nm 

and over 20% PDP for ~650nm. 

 

This fill factor, the amount of detector area sensitive to light, was world leading [110] for 

SPAD arrays when it was released in 2014 but pales in comparison to the near 100% of 

commercial emCCD [112] and sCMOS [111] technologies. At the time other SPAD 

arrays were reaching fill factors below 10% [188]. This was due to the set of complex 

accompanying counting and control electronics to allow for single photon counting and a 

guard ring [113, 189] to prevent premature avalanche breakdown. SPCImager used 

virtual guard rings [109] in addition to binary pixels replacing old analogue circuits 

allowing for a much larger fill factor than previously produced. Deep Nwells were created 

within the substrate, acting as a guard ring, while maintaining low doping concentration 

of p-substrate compared to a conventional guard ring generated by doping.  

As a time resolved single photon detector SPCImager has complex control electronics 

and is built using single layer CMOS technology such that those electronics are based 

around the active imaging area of the sensor, shown in Figure 3.3, thus limiting the fill 

factor [190]. 
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Figure 3.3 SPCImager’s SPAD array based on a single layer of 130nm sCMOS 

technology. This sensor array is surrounded by an analogue and digital readout as well as 

row drivers to help monitor and control the SPAD array. Additionally, alongside an image 

of the individual pixels, the architecture of an individual pixel is depicted [109]. 

 

3.3 Microlensing  

To improve the fill factor of SPCImager, microlensing has been applied to some examples 

of the SPCImager sensors [188]. Microlensing adds miniature lens technology directly to 

the SPCImager chip to focus incoming light to the sub optimal fill factor photosensitive 

areas. Figure 3.4(c) shows that the microlenses developed for use with SPCImager are 

cylindrical in design rather than the conventional circular-shaped elements due to the 

sensor’s odd-even row pattern that was implemented to maximise native fill factor prior 

to microlensing. Microlensing is also used in modern confocal spinning disk microscopes 

to increase the amount of excitation light.  
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Figure 3.4 (a) Diagram of SPCImager [188], shows size of the SPAD array and the 

photoactive area. (b) Pixel pitch of SPCImager shows a close up of the pixels with no 

microlensing and a close up with microlensing. (c) Microlensing profile, showing the 

dimensions and a ray diagram of how the microlens redirects the incident light into the 

pixels. (d) Micrograph of microlens array. 

 

SPCImager was never designed to be microlensed, therefore the array is missing some 

key markers that help with the alignment process of these microlenses. This misalignment 

is emphasised when the detector is slightly off centre as there is a reduction in efficiency 

of every second row. However, the cylindrical pattern of these microlenses allow light to 

couple as intended when the array is tilted to an optimum angle of 11⁰; this method 

achieves a final fill factor of 50% [188]. 

Characterisation of SPCImager was done in the same way in Gyongy et. al [188], both 

with and without microlensing to characterise. A Dark Count Rate (DCR) compensation 

was applied similar to the method in Antolovicet et. al [191] and any hot pixels, pixels 

that have an inherent DCR higher than 5000 counts per second due to manufacturing 

defects, which were less than 10% of all pixels, were interpolated over using MATLAB 

code “inpaint_nans” [192], downloaded from MathWorks file exchange.  
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Figure 3.5 An image was taken with no light incident on SPCImager to create a 

background image using 100,000 bit-planes all summed together, explored in more detail 

in Section 3.6. This background image highlights the hot pixels in red that are circled as 

well as the sensors dark counts.  

 

The hot pixels seen in red and circled in Figure 3.5 are constant and appear in every frame 

of SPCImager, unlike typical imaging sensors that undergo enhanced manufacturing to 

reduce the number of hot pixels and include onboard additional post processing that can 

remove limited numbers entirely. This enhanced manufacturing, however, is prohibitively 

expensive for such research sensors and therefore with SPCImager it is dealt with by post 

processing, as explained above. 
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a) 

 

b) 

 

 

Figure 3.6(a) A Thorlabs MCWHL5 white light LED was propagated towards 

SPCImager mounted onto a manual rotation stage from Thorlabs (RP01/M). SPCImager 

was operating with the microlensed sensor and an absorptive ND filter of 2.0 to prevent 

any camera saturation. (b) It was found that there is one maximum peak at 8⁰ and a 

secondary smaller peak at -16⁰. 

 

SPCImager was tested to find the optimum angle to allow maximum optical coupling into 

the microlenses Figure 3.6(a). An absorptive ND filter 2.0 was utilised to prevent the 

white LED saturating SPCImager. Rotating SPCImager to 20⁰ left of centre it was rotated, 

at increments of 2⁰, through centre and until 20⁰ right of centre. At each increment, 1000 

bit-planes were taken with an exposure time of 100μs. To produce an image from these 

bit-planes, all 1000 bit-planes were summed together. This post processing technique is 
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called aggregation and will be explored in depth in Section 3.6. A single image at each 

increment was produced since high spatial information is required. Aggerating 1000 bit-

planes with an exposure of 100μs will simulate an exposure of 100ms. 

It was discovered that the optimum angle of tilt for this microlensed SPCImager is 8⁰, 

Figure 3.6(b). This tilt corrects the slight misalignment produced in the manufacturing 

process of the microlensing. All further intensity-based experiments were conducted with 

the microlensed SPCImager at this optimum angle to allow the maximum coupling of 

light. 

This microlens sensor was used for all intensity-based imaging in this thesis. However, 

the non-microlensed sensor was used in Chapter 4 onwards for lifetime imaging, as the 

microlensed chip subsequently developed a serious of functional operating errors that 

limited use, as can occur with these novel and high end SPAD array chips. Financial cost 

of microlensing (£10’s K per chip) and inherent risk to the chip itself during the process, 

made lensing additional chips prohibitive. 

 

3.4  TotalPhoton Project 

This PhD work is a follow on from the work accomplished in the ERC project “A Total 

Photon Camera for Molecular Imaging of Live Cells”, grant ID: 339747 [193]. This 

multidisciplinary and cross university project had the goal of developing a new type of 

imaging technology called “TotalPhoton”, based on a SPAD integrated CMOS design. 

The goal was to create a camera designed to be able to capture multiple elements of the 

photon fingerprint of fluorescent microscopy samples using very high frame rates. 

TotalPhoton was designed to have an advantage over more commercial camera 

technologies such as an emCCD and an sCMOS, as TotalPhoton was able to capture the 

time of arrival of the photons emitted from the sample on chip and not need complex, 

external counting electronics.  

In the first period of this project, TotalPhoton was able to operate at 100,000 frames a 

second and was able to time the arrival of photons at these high frame rates. As 

TotalPhoton is a SPAD based imaging technology, the camera operated similarly to 

SPCImager, producing bit-planes of the imaged sample. Ultimately two TotalPhoton 

cameras were produced, operating in different modalities for lifetime and super-

resolution imaging applications. Although inherent issues with dark counts and usability 
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limited use, the output laid foundation for a next generation of camera that are proving 

revolutionary for multiple projects on life science and LIDAR [125], [194]–[197].  

Interestingly, the TotalPhoton project ultimately proved that for rapid, low photon count 

widefield lifetime imaging, SPCImager, the underlying technology that the TotalPhoton 

platform was developed from and created at the start of the project in 2014 [109], [110], 

was a more robust and viable option than the new sensors. This thesis work evolved from 

that discovery and set out to understand and optimise the lifetime imaging modality and 

explore the ultimate limits of SPCImager for lifetime imaging applications in the life 

sciences.  

 

3.5 Acquisition time 

Other key features of SPCImager are its fast frame rate and time gating ability, discussed 

thoroughly in Chapter 4. SPCImager offers dual time gating due to its two readout 

chains. The first readout chain, a single channel differential analogue readout path 

connected to an external 14bit differential ADC. The second readout chain, is a fast 1-bit 

digital readout using dynamic latched comparators arranged for readout into sixteen 20b-

word serialisers [109], [198]. 

The SPCImager is not comparable to an sCMOS or emCCD in terms of quantum 

efficiency or fill factor, however, SPCImager can operate at a much higher frame rate 

than either camera technology.  

 
Figure 3.7 The refresh window represents the 100μs refresh rate that SPCImager operates 

with. The first bin is filled with one of the blue boxes, representing the exposure time of 

the camera. The second bin shows the camera exposing for 10μs out of the 100μs refresh 

window this however leaves 90μs of dead time. The third bin shows a 1μs exposure with 

a 99μs dead time and the final bin, reducing the exposure time of SPCImager even further 

just increases the dead time. 

 

SPCImager has a sensor refresh rate of 100μs. This means that once a pixel has detected 

a photon, it will have to wait until the refresh window shown in Figure 3.7 completes its 

100μs refresh rate 

100 μs exposure 10 μs exposure 1 μs exposure 

90 μs dead time 99 μs dead time 99.9μs dead time 

0.1 μs exposure 
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100μs cycle before it is able to detect a second photon. The exposure time can be reduced 

below the 100μs refresh rate, but this will introduce a factor called dead time. This is 

where the detector is unable to detect any incident photons as its electronics reset. 

Although the camera can acquire in windows as short as 20ns, and this is useful in LIDAR 

type situation, as discussed immediately below, for microscopy work, and specifically 

photon starved microscopy work, any dead time should be minimised at all costs as 

information will be missed. Using the 510nm bandpass filter due to SPCImager’s better 

spectral response, a study was performed into how exposure time affected SPCImager’s 

detected photons. Following the same procedure in Figure 3.17, SPCImager was set to a 

100μs exposure time and ND filters were used to map the full response. 

a)

 

b)

 

 

Figure 3.8(a) SPCImager was setup with an initial exposure of 100μs to eliminate any 

sensor dead time. The exposure was then reduced to 1 ns to find the limit at which the 

camera can operate. 

 

As before SPCImager took 1000 bit-planes per exposure, whilst the white LED was 

attenuated. Pushing SPCImager to lower exposure limits, it proves difficult to 

differentiate between the spectral response curves for 1 ns and 10 ns exposures. This is 

because of the 50MHz readout clock of SPCImager, resulting in a 20ns absolute read out 

time. Figure 3.8 shows how much dynamic range SPCImager still has when operating 

with these very fast exposure times. Due to the camera operating in binary mode however, 

information is lost when photons pile up at these very fast exposure times as they generate 

large dead times, Figure 3.7. Operating at these faster exposure times does have its 

benefits, the 100μs exposure times saturates at ~0.1% transmission. However, reducing 

the exposure time, causes SPCImager to saturate at a higher transmission percentage, 

making it possible to differentiate between intensities closer to 100% transmission. 
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Again, like aggregation, choosing the correct exposure time for each experiment is crucial 

to gain all the desired information from SPCImager. However, unlike aggregation, 

choosing the correct exposure time has to be done before SPCImager images, the only 

way to change an incorrect exposure time is to retake the data. 

  

3.6 SPCImager’s Data Capturing Operation and Post Processing 

SPCImager captures data differently from a commercial emCCD or sCMOS. Due to 

SPCImager being an array of single photon detectors, the array can only register two 

states: 0 if there are no photons present at that pixel or as a 1 if a photon is detected. Each 

pixel does this simultaneously creating a 320 by 240 matrix of 1’s or 0’s, which we define 

in this work and others as a single bit-plane. 

 

a)

 

b)

 

Figure 3.9 Uses a Lego Iron Man to compare the two camera technologies as it offers 

good depth with distinct edges and features to resolve. (a) captured using SPCImager, 

using a single bit-plane. As shown by the key, there are only counts “1” or no counts “0” 

of pixels arriving at the sensor from the object. (b) was captured on a Samsung Galaxy 

Note 20 Ultra for a reference. 

 

Figure 3.9, shows a single bit-plane image of a common LegoTM toy used due to well 

defined sharp features and optimal object size. The sensor is only able to return a “1” or 

a “0” therefore. The image therefore has no dynamic range, the ratio between the largest 
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non-saturating value and the smallest detectable value of a sensor. This is due to each 

pixel being a single photon detector. Of course, counts can be missed if two photons arrive 

close enough together to the same pixel due to dead time, see Section 3.5.  

When operating with SPCImager, each data set requires two imaging parameters to be set 

before an image can be taken, the number of bit-planes to be captured and the exposure 

time of the sensor. After data capture, the bit-planes can be post processed in numerous 

ways, to align with experimental needs.  

 

3.6.1 Fixed Aggregation 

Using the post processing techniques discussed in the work by I. Gyongy et al, [199], 

these bit-planes are summed together to generate image depth. By layering up a user 

defined number of bit-planes, SPCImager is able to build an image with a much higher 

dynamic range and bit-depth, the number of values between the highest value possible 

and the lowest value possible.  

Figure 3.10a) demonstrates the aggregation process, “layering” up single bit-planes on 

top of each other to create a desired image in Figure 3.10b) with a maximum bit-depth 

equal to the number of bit-planes summed. Before the image can be compiled, a 

background of 10 blocks of 10,000 frames were captured with the room lights off. This 

allowed the sensor to capture any hot-pixels and a dark count reading without the sample 

being illuminated, seen in Figure 3.5. These background bit-planes were aggregated in 

the same way as the signal files, before being subtracted from the final signal image. This 

compensates for any hot pixels that may occur while imaging. 
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Figure 3.10(a) Individual Bit-planes are stacked on top of each other, summing up the 

“1’s” and “0’s” creating an image shown on the right. (b) is a generated image, using 

100,000 bit-planes “layered” upon each other. This level of aggregation allows for 

100,000 intervals between the lowest and highest possible value a pixel can return.  

 

This post processing is a crucial feature of SPCImager. It allows the user to decide post 

acquisition how to process data to present image depth, at a cost of increasing the 

simulated exposure time. Due to single photon detection and low dark counts, the cost of 

aggregating background noise is minimal. This is unlike conventional emCCD or sCMOS 

where a finite frame rate must be decided pre imaging and any post aggregation has larger 

impacts on background and noise [199]–[201].  

Figure 3.12 shows how this user-defined level of aggregation affects the image depth: 

you are gaining more information per pixel the more bit-planes are aggregated together. 

However, as mentioned there is a trade-off, the more bit-planes that are aggregated 

together the lower the temporal resolution and effective frame rate. While operating at a 

100μs exposure time, SPCImager will capture 10,000 frames (bit-planes) per second 

(fps). Changing the level of aggregation applied to these bit-planes will result in a 

different simulated exposure time. If SPCImager is operating at 10,000 frames a second 

and all 10,000 frames are aggregated together, this is equivalent to a 1 second exposure 

time, from a more commercial imaging technology, sCMOS or emCCD. However, 

changing this to a 10 bit-plane aggregation, as in Figure 3.12b) this will result in a 

simulated exposure time of 1ms. By choosing bit-plane aggregation, the bit depth of the 

image produced is also chosen. When operating at an aggregation of 1, Figure 3.12(a) 
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the bit depth of the image is defined by 2 to the power of 1, 21 = 2, meaning there are two 

levels of information per pixel, i.e., detected photon or not. When operating with an 

aggregation of 100,000 the bit depth generated is greater than that of the 16-bit 

Hamamatsu sCMOS this camera is used alongside.  

a)     1 bit-plane Aggregation

 

  

b)     10 bit-plane Aggregation 

 

c)    10,000 bit-plane Aggregation 

 

d)   100,000 bit-plane Aggregation 

 

Figure 3.11 SPCImager was set to take 1 block of 100,000 bit-planes with an 8mm micro 

lens placed over the sensor to focus on the LegoTM Figure. The raw bit-planes were then 

processed through a Matlab code (a) no aggregation present to capture the raw bit-plane 

operating with a simulated exposure of 0.001 seconds, (b) every 10 bit-planes were 

aggregated together, operating with a simulated exposure of 0.01 seconds, (c) 10000 bit-

planes were aggregated together operating with a simulated exposure of 1 second and (d) 

all 100,000 bit-planes were aggregated together operating with a simulated exposure of 

10 seconds. 
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a)

 

b)

 

Figure 3.12 Using the data from Figure 3.11(a) and Figure 3.11(d), a horizontal and 

vertical cross section plotted to show the effect of varying aggregation has on image bit 

depth for (a) 1 bit-plane aggregation and (b) for 100,000 bit-plane aggregation. 

 

3.6.2 Object Tracking and Image Reconstruction 

SPCImager’s high frame rate implies naturally an application towards rapid particle 

tracking and dynamic image reconstruction. In 2017, I. Gyongy et. al. used SPCImager 

to track and reconstruct a high-speed fan and a toy car on a rail in front of a background 

image [201]. Initially the camera was set to aggregate all frames taken to generate a clear 

image of the background as well as determine the level of motion blur created by both 

moving objects. A novel algorithm was applied so that both the fan and car were 

reconstructed separately before being combined into a final blur free image.  

Another situation where you would care more for temporal resolution would be in a very 

fast event such as particle tracking. Although not the main focus of the thesis, in 2018 

this project explored directly particle tracking by exploiting SPCImager’s rapid bit-plane 

rate: I. Gyongy, A. Davies, A. Crespo, A. Green, et. al. [190]. In this work, it was 

demonstrated how the SPAD array technology could potentially improve dynamic live 

cell imaging due to its high frame rates. This work demonstrated SPCImager’s ability to 

track exemplar fluorescent microspheres undergoing Brownian motion as well as in intra-

cellular vesicle dynamics. To first gain an understanding of the limits of how a SPAD 

array would track a particle moved due to Brownian motion, a model was created by I 

Gyongy, to simulate a random walk in the x and y axis [202] and then simulate how the 
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SPAD array tracked the particle, Figure 3.13(a). The particles were then plotted as a 

function of time between frames, revealing if the particle was spatially or temporally 

constrained. Additionally, the level of aggregation can be explored through this model to 

optimise SPCImager’s spatial-temporal resolution. 

For the control experimental work, for which this thesis author contributed, 0.5µm 

FluoSpheres were added to slides but without the incubation and adherence step outlined 

in Section 2.5. A 50:50 mix of water and glycerol was then used to slow down the 

movement of the free FluoSpheres within the microchannel. These FluoSpheres were 

imaged using the Olympus IX71 microscope, from the microscope setup in Chapter 2 

using epi-fluorescence mode and a 60x water objective (UPLANSAPO 60X). Once the 

FluoSpheres were added to the micro channel on the slide they were immediately imaged 

prior to any settling or adherence to surfaces. SPCImager was then used to track these 

FluoSpheres while using various aggregations, Figure 3.13(b). It was found that below a 

simulated 5ms exposure, operating at 20,000 bit-planes a second and applying a 100 bit-

plane aggregation, localisation errors were present due to photon noise. These 

experiments aligned with the expectation of the model that had been produced however, 

the FluoSpheres were moving at a much slower rate than SPCImager can operate at and 

were therefore the limiting factor present in this work. However, the principle proved the 

viability of SPCImager as a high-speed tracking camera for life science work and led to 

the following control experiments in that area. 

a)

 

b)

 

Figure 3.13 Figures taken from I. Gyongy, A. Davies, A. Crespo, A. Green, et. al. [190], 

showing the (a) modelling for a SPAD array capturing Brownian motion. The Root Mean 

Squared (RMS) displacement is plotted against N, the aggregation level simulated in the 

model. (b) The experimental results of SPCImager that has the RMS displacement plotted 

against frame time which is controlled by aggregation level.  
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This work therefore proceeded to compare SPCImager to a Hamamatsu ImageEM 

emCCD for tracking vesicles using various aggregations to control temporal resolution. 

For this work large-core vesicles were labelled with fluorescent dye, mCherry by a 

method described by C. Rickman [203]. The emCCD was set to 30ms exposure while 

operating with a 55ms frame time. This was connected to an Olympus IX81 microscope, 

from the ESRIC imaging facility at Heriot-Watt [204] using a 150x TIRF objective lens. 

SPCImager was also mounted to this microscope and was set to an exposure time of 

100µs allowing aggregation levels of 50, 100 and 550 to simulate a 5ms, 10ms and 55ms 

frame time respectively.  

 

Figure 3.14 Vesicle tracks captured on SPCImager by I. Gyongy [190] superimposed 

onto one frame for different levels of aggregation (a) aggregation of 50, resulting in a 

simulated 5ms exposure, (b) aggregation of 100, resulting in a simulated 10ms exposure 

and (c) aggregation of 550, resulting in a simulated 55ms exposure time.  

 

 After tracking the vesicles, both cameras compared the mean speed of the vesicle tracks 

as well as the directionality of the vesicles. SPCImager was almost identical to the 

emCCD while operating at the similar 55ms frame times, while at the faster frame times 

of 10ms and 5ms, SPCImager was running into the same limitations as the model, the 

vesicles were not moving fast enough to properly utilise such a fast frame time. However, 

the work proved the principle and showed potential of SPCImager for such work. It was 

not explored further in this thesis work, due to the focus of time resolved imaging for the 

project.  

It was shown that there is a great advantage to be able to change the frame rate through 

post-processing however, to track these particles the SPCImager requires frame 

aggregation to produce image depth. As discussed earlier, the frame rate is the product of 

exposure and aggregation, the more the aggregation (more depth) the slower the frame 

rate will be. The net effect is a temporal performance at best comparable to commercial 

sCMOS cameras. However, as investigated in Figure 3.8, SPCImager could be used to 

operate with a very small exposure time and accepting the corresponding readout dead 
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time. The result would be a reduction in the inherent particle smear within each exposed 

frame which could aid extremely high precision particle tracking. However, this won’t be 

explored further in this project. 

 

3.6.3 Smart Aggregation 

A more advanced form of data processing with SPCImager is Smart Aggregation. This 

approach is outwith the scope of this thesis work but was originally developed for earlier 

work with SPC Imager and is presented here to provide wider contextual uses of the 

camera. See I. Gyongy et. Al for further details. [124]. Similar to fixed aggregation this 

image processing is done after the data has been captured from the camera. This unique 

technique however was designed to better accommodate the temporally variable data 

typical to the field of Single Molecule Localisation Microscopy (SMLM). 

SMLM is the name given to a group of powerful imaging techniques that beat the 

diffraction limit [205] of standard microscopy techniques and is a well-established 

standard for imaging sub-cellular structures and capturing molecular dynamics inside 

living cells. [206], [207]. SMLM is able to surpass the diffraction limit defined by Abbe 

as part of his 1873 work [208], where he proposed the diffraction limit of an imaging 

system is given by: 

 
𝑑 =  

𝜆

2𝑁𝐴𝑜𝑏𝑗
 

(3.1) 

Where d is the diffraction limit of the system that is dependent on the wavelength, λ and 

the Numerical Aperture of the objective in the system, NAobj. Using the TIRF set up in 

Chapter 2, the diffraction limit of the custom system when using the TIRF objective lens 

with an NA of 1.45 can be calculated using Equation 3.1. Using the two main operating 

wavelengths of samples, this results in a diffraction limit of 193nm, using the 560nm 

TransFluoSpheres and 222.4nm while using the 645nm TransFluoSpheres.  
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Figure 3.15 A sample of 100nm, 560nm TransFluoSpheres was imaged on SPCImager 

using 100,000 frames and aggregated 100,000 times. The yellow lines through a 100nm 

bead were added using ImageJ, where a cross section was taken shown by detected counts 

per pixel plots on each axis.  

 

As an example, Figure 3.15 shows 100 nm diameter TransFluoSpheres emitting at 560 

nm. Taking a cross section through these, and accounting for the 8 um SPCImager pixel 

size and 60x magnification shows a Gaussian profile approximating the diffraction 

limited airy function with FWHM of 223.606nm. This matches well with the theoretical 

diffraction limit and shows the limit of object resolution on this particular microscope. 

For this objective, operating at 560nm, optimal Nyquist sampling is 93nm per pixel [209], 

in practice however, the microscope system is operating at 133nm per pixel. Although 

this is not optimal, as the focus of this work is not point source localisation, this proves 

to be a good balance between SPCImager pixel size and the ideal objective lens for TIRF.  

By using SMLM it is possible however to achieve resolution of 10-20nm [210]. These 

imaging techniques that resolve well below the diffraction limit of a system are said to be 
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called super-resolution imaging techniques; this field was awarded the Nobel Prize [211] 

in Chemistry in 2014 along with the similarly high resolution but fundamentally different 

super-resolution technique known as STED (Stimulated emission depletion microscopy) 

[212].  

There are several different methods that fall into the SMLM family, but they all have the 

same fundamental principles, localising temporally blinking single molecules from a 

series of diffraction limited image sequences.  

Photoactivated Localised Microscopy (PALM) [206], [213] is used to create a super-

resolution image by only turning on a small subset of fluorophores, in a densely populated 

sample at a time. These fluorophores are turned on by an activation laser and are 

subsequently photobleached, causing them to turn off before another set of fluorophores 

are turned on. These subsets of fluorescence are localised typically by centre of mass 

approaches and the centres co-ordinates recorded. This is then repeated many, many times 

so that a final image can be reconstructed. Image resolution is dependent on localisation 

accuracy that scales with the inverse of the square root of photon counts and can be as 

low as the 10-20nm range. 

Stochastic Optical Reconstruction Microscopy (STORM) [214]–[216] applies the same 

fundamental technique as PALM, however, the fluorophores used in STORM are not 

photobleached. These fluorophores instead blink on and off stochastically each image 

frame. They are much more photostable than those used in PALM, but STORM is limited 

to molecular labelling of fixed cells where PALM can use expressed proteins to image 

live cells. 

In 2016, I. Gyongy et. al. [124] applied SPCImager to blinking single-molecule samples, 

molecules with intermittent intensity fluctuations between a well defined on and off state 

due to underlying photophysics, see Section 5.5 for further details. SPCImager’s high 

temporal resolution and post processing was used to automatically aggregate only the 

“on” frames from each blinking molecule independently with specific application towards 

STORM type SMLM. The first step applies a spatial gaussian filter to detect the 

molecules that are blinking, using the ImageJ plugin developed by Ovesný, M, et. al. 

[216]. Secondly, two different types of thresholding are applied to the image. Using the 

filtering from the first step the smart aggregation process determines where on the 

sensor’s FOV the molecules are and isolates them from the rest of the image; this allows 

for a very high signal to noise ratio (SNR). Additionally, the smart aggregation process 



91 

thresholds the blinking events in time, allowing for an estimated on-off time for the 

blinking of the molecule being imaged. Once the individual molecules have been detected 

and their on-off times estimated, the smart aggregating process isolates the raw bit-planes 

that have a molecule present and only aggregates the frames in which the molecule is 

blinking on, together, as seen in the bottom graph of Figure 3.16(b). 

 

 

Figure 3.16 A schematic taken from I. Gyongy et. al. [124] showing smart aggregation 

in operation. (a) A graphical representation of SPCImager’s output, similar to Figure 

3.10, showing 0’s for no counts and 1’s for detected photon counts. (b) The top graph 

depicts an intensity vs time trace for a single-molecule blinking on and off. The middle 

graph shows an emCCD’s capturing response using a fixed frame rate. The bottom graph 

shows how SPCImager processes the data using fixed aggregation in blue and smart 

aggregation in green. (c) A simulated view of a single-molecule in each time frame from 

an emCCD 

 

This very powerful post processing technique was able to demonstrate a great reduction 

in localisation error of the single molecules showing a factor of two improvement over 

longer blink durations. Due to the limited photon levels for short duration blinking, the 

improvement was reduced. This work carried out by I. Gyongy et. al. proved that despite 

the lower quantum efficiency and fill factor of SPCImager compared to sCMOS or 

emCCD technology, smart aggregation applied to fast frame rates produced comparable 

localisation results. Simulations provided by I. Gyongy et. al. suggests that upcoming 

SPAD arrays could therefore outperform standard imaging technologies such as sCMOS 

and emCCD. 
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3.7 Spectral Response 

Utilising a similar method as used for the emCCD and sCMOS in Chapter 2, 

SPCImager’s spectral response to 510nm light and 655nm light was characterised. These 

wavelengths are the main operating wavelengths for the samples present in this work. To 

generate these operating wavelengths a Thorlabs MCWHL5 white LED was used in 

conjunction with a Semrock 510nm bandpass filter and a Spectrogen 655 nm bandpass 

filter, Figure 3.17.  

 

Figure 3.17. SPCImager tilted at 8⁰ to maximise optical coupling with the microlenses. 

Using the same method that was used in Chapter 2 for the sCMOS and emCCD, a 

Thorlabs white LED was propagated onto SPCImager’s sensor. The bandpass filter wheel 

was used to switch between 510nm light and 655nm light. A filter wheel was also added 

to map a full response from 0 ND filters to ND 5.0. 

 

The LED light was then attenuated using Thorlabs Absorptive ND Filter Kit generating 

a spectral response for high photon count scenarios such as 1µm beads, down to the 

photon starved scenarios like single-molecule imaging. At each ND increment, 

SPCImager captured 1000 bit-planes and was aggregated 1000 times to generate one 

image with high spatial resolution. Figure 3.18 demonstrates the spectral response of 

SPCImager to each wavelength, showing a greater response to 510nm that 655nm. This 

difference is expected as SPCImager has a higher QE at 510nm, ~35% than 655nm, 

~21%, Figure 3.2 [110]. As before with the emCCD and sCMOS in Chapter 2, the 

theoretical number of photons could be calculated per pixel for SPCImager. By recording 

the power of 510nm light and 655nm light with a PM400 power meter with an S121c 
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sensor, the energy per meter squared was calculated. Knowing the size of SPCImager’s 

pixels to be 8µm it is possible to calculate a theoretical number of photons arriving at the 

pixel per second. Incorporating the QE of both wavelengths, as well as the exposure time 

and aggregation level, the secondary x-axis on Figure 3.18 was calculated.  

 

Figure 3.18. SPCImager was operated with a simulated 100ms by capturing 1000 bit-

planes and aggregating 1000 times. The theoretical number of photons detected by the 

sensor after QE correction, was plotted as a secondary x-axis against the actual detected 

photons of SPCImager. Using a 510nm bandpass filter and a 655nm bandpass filter the 

spectral response was characterised. 

 

As seen in Figure 3.18, SPCImager saturates photon counts at the same level of 

aggregation that was used. This is due to the fact that each frame only has two values, 0 

or 1. However, as the secondary axis suggests, the top end of the response curve is 

saturated meaning that any additional information is lost. Similarly, at the lower end of 

the response curve, the response is tending to zero losing important low photon count 

information from the sample. Therefore, a study into how SPCImager responds as a 

function of aggregation was conducted.  
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Figure 3.19 Using the Semrock 510 nm bandpass since it yielded the best response, the 

spectral response data taken in Figure 3.18 was aggregated several times. The secondary 

x-axis of theoretical pixel counts was plotted against detected photons. 

 

The additional benefit of SPCImager’s post processing technique allows data to be 

aggregated multiple different ways. Using the data from the 510nm spectral response 

curve in Figure 3.18, Figure 3.19 shows how the spectral response changes with varying 

levels of aggregation. While increasing the level of aggregation, the bit depth of each 

pixel is also increased. Each level of aggregation saturates at its respective limit, as 

expected.  

SPCImager performs well in its intensity based imaging modality, showing expected 

results for both operating wavelengths that will be utilised in the rest of this work. It’s 

ability to post-process the captured bit-planes sets it apart from commercial cameras and 

offers a wide range of applications. 
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3.8 LIDAR based work using SPCImager 

Additionally, as a result of SPCImager’s time gating ability, it proves to be a useful tool 

in light detection and ranging (LIDAR) applications. LIDAR is a common technique used 

to determine the distance an object from a sensor using light [217]–[219]. Although out 

with the remit of this thesis work, such applications are worth noting to highlight the 

broad potential of SPAD array technologies beyond microscopy. In LIDAR, a pulse of 

light is propagated towards the target and bounced back to the sensor. Using a photon 

counting camera, like SPCImager, it is possible to record the time taken for photons to 

return and calculate a distance. This technique has a range of applications such as, object 

detection in autonomous driving [220], [221] as well as defence applications [222]. 

Previously LIDAR calculations were done with single point detectors, where the sensors 

were scanned across the target area to generate an image. SPAD arrays are gaining 

traction and allow for a full image to be captured without the need for scanning. 

SPCImager with its 320 by 240 pixels presents an advantage over single point detectors. 

S. Chan used SPCImager to capture long-rage images, using this technique, at distances 

of up to 150m with sub-centimetre precision [127]. SPCImager’s time gating mode was 

deployed, and the time bins were set to 18ns allowing light at a known fixed distance to 

be returned and captured by the camera, see Chapter 4, Section 4.1.3. Placing a target 

150m from the sensor, a laser scanned over the target and the photons arriving back were 

recorded by SPCImager. S. Chan swept the time bin through the target and was able to 

generate a 3D reconstruction of the target, with a dimensional accuracy of less than a 

centimetre in all three dimensions at a range of 150m. Following from this work, the next 

generation SPAD arrays with Time Correlated Single Photon Counting (TCSPC) 

capabilities will provide much faster data acquisition of 3D depth imaging [223]. 
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3.9 Summary 

In conclusion under most traditional microscopy applications SPCImager is outperformed 

by both emCCD and sCMOS. However, SPCImager offers much faster acquisition times, 

resulting in many advantages in particle tracking and in LIDAR based research. With the 

addition of on board counting electronics, SPCImager is able to time photon arrival times. 

This opens up the possibility of, when paired with pulsed laser excitation, applying it to 

rapid fluorescent lifetime imaging by utilising dual time gating and applying a ratiometric 

approach to lifetime estimation. This time-gating ability and array of single photon 

detectors sets SPCImager up to perform wide-field single molecule fluorescence lifetime 

microscopy (FLIM). 
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Chapter Four: 
 

 
4  SPCImager as a Fluorescent Lifetime 

Imaging Microscopy Platform 

 

 

4.1 SPCImager’s Dual Time-Gate Modality 

SPCImager’s onboard counting electronics, working in tandem with two fully 

programmable time gates, allow this sensor to perform in a time resolved imaging 

modality that approximates full TCSPC. This chapter explores this imaging modality, 

specifically in its application to photon limited fluorescence microscopy.  

Throughout this chapter, SPCImager’s dual time gated imaging modality will be explored 

and characterised with help from a mathematical model that was produced to optimise 

imaging parameters. This mathematical model was based around the work done by I. 

Gyongy, A. Green, et. al [126], and allows further exploration into the extreme limits of 

photon starved events. 
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4.1.1 Time Bin Concept 

SPCImager operates with two fully programmable time gates that allow a fast lifetime 

approximation of a sample’s lifetime. The two time-gates are named Bin A and Bin B as 

shown in Figure 4.1. The figure shows a graphical representation of Bin A and Bin B 

with respect to a fluorescence response. In practice Bin A and Bin B do not have a top 

side of the rectangle, this is just present for graphical representation. Bin A and Bin B are 

a start point, T0 and an end point TA and TB capturing all photons that are detected within 

that range.  

 

Figure 4.1. A graphical representation of Bin A (red) and Bin B (blue) superimposed 

over a fluorescence decay. The laser pulse (shown in green) triggers the fluorescent 

response from the sample and Bin A and Bin B are set up to start at the laser pulse. For 

ease of visualisation, Bin A and Bin B, are depicted as perfect rectangles whereas in 

practice they have a slight leading edge. Additionally, both Bins start before the laser 

pulse to reduce the effects of the real-world leading edge.  

 

While operating in time gated mode, the sensor alternates bit-planes between Bin A and 

Bin B, creating two separate stacks of bit-planes. These two stacks of bit-planes are then 

aggregated separately through Matlab post-processing software, producing images for 

Bin B 

Bin A 

T0 T
A
 T

B
 

Laser 

Pulse 

t 

𝐴𝑒−
𝑡
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Bin A and Bin B (IA, IB). By taking the ratio of these two images IA/IB, an estimate of 

lifetime on a per pixel basis can be calculated.  

From I. Gyongy, A. Green, et.al [126]; In order to mathematically demonstrate and 

understand how SPCImager can be used to obtain a fluorescent lifetime, a simple model 

can be considered. Taking the total photon counts at each pixel for each time bin, it is 

possible to represent the mean counts at a given pixel NA, NB. The duration of Bin A and 

Bin B is defined as TA and TB.  

 
𝑁𝐴 = ∫ 𝐴𝑒

−𝑡
𝜏⁄ = 𝐴𝜏 (1 − 𝑒

−𝑇𝐴
𝜏⁄ )

𝑇𝐴

𝑡=0

 
(4.1) 

 
𝑁𝐵 = ∫ 𝐴𝑒

−𝑡
𝜏⁄ = 𝐴𝜏 (1 − 𝑒

−𝑇𝐵
𝜏⁄ )

𝑇𝐵

𝑡=0

 
 

(4.2) 

Assuming the fluorescence decay of the sample is a mono-exponential as shown in Figure 

4.1. The ratio of Bin A and Bin B, r, is taken:  

 

𝑟 =  
𝑁𝐴

𝑁𝐵
=  

𝐴𝜏 (1 − 𝑒
−𝑇𝐴

𝜏⁄ )

𝐴𝜏 (1 − 𝑒−
𝑇𝐵

𝜏⁄ )
 

(4.3) 

Equation 4.3 can then be rearranged to allow a conversion from ratio into a lifetime 

estimate: 

 𝑒
−𝑇𝐴

𝜏⁄ = 𝑟(𝑒
−𝑇𝐵

𝜏⁄ − 1) + 1 (4.4) 

Due to there being an exponential with the +1 term being on the right-hand side, there is 

no direct analytical solution. However, in special limiting cases, when the width of Bin B 

is much greater than the lifetime, TB>>τ or where the width of Bin B is twice that of Bin 

A, TB = 2xTA, Equation 4.4 can be solved for τest. 

When TB >> τ the exponential term 𝑒
−𝑇𝐵

𝜏⁄
 tends to 0: 

 𝑒
−𝑇𝐴

𝜏⁄ = 𝑟(−1) + 1 (4.5) 

 𝑒
−𝑇𝐴

𝜏⁄ = 1 − 𝑟 (4.6) 

Then taking the natural log of both sides to eliminate the exponential term and solving 

for 𝜏𝑒𝑠𝑡: 

 
𝜏𝑒𝑠𝑡 =

−𝑇𝐴

ln(1 − 𝑟)
 

(4.7) 

However, as explored later in this chapter, Section 4.2.2, extending Bin B (TB) much 

greater than the ground truth lifetime, τ is not practical due to limitations with electronic 
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delays of the system. It would also limit system repetition rate and possible triggering 

issues.  

Therefore, this work will focus on the second solution to Equation 4.4, when TB = 2xTA.  

 𝑒
−𝑇𝐴

𝜏⁄ = 𝑟(𝑒
−2×𝑇𝐴

𝜏⁄ − 1) + 1 (4.8) 

Rearranging in terms of r:    

 𝑟(𝑒
−𝑇𝐴

𝜏⁄ )2 − (𝑒
−𝑇𝐴

𝜏⁄ ) − 𝑟 + 1 = 0 (4.9) 

Using the quadratic formula, the roots can be determined to be:  

 
𝑒

−𝑇𝐴
𝜏⁄ =

1 − 2𝑟 + 1

2𝑟
 𝑜𝑟 

1 − −2𝑟 − 1

2𝑟
 

(4.10) 

  

Taking the first root, Equation 4.4 can be solved for τ: 

 
𝜏𝑒𝑠𝑡 =

−𝑇𝐴

ln(
1 − (

𝑁𝐴
𝑁𝐵

⁄ )

(
𝑁𝐴

𝑁𝐵
⁄ )

)

 =
−𝑇𝐴

ln(
1 − 𝑟

𝑟 )
 

(4.11) 

Theoretically TB can be n times TA and the equation will still hold, however, as discussed 

before, setting Bin B, TB to 3x or 4x TA will run into these triggering errors and delay 

issues discussed in more depth in Section 4.2.2. Equation 4.11 therefore represents a 

viable approximation to fluorescent lifetime from the dual time bin modality of SPC 

imager. This result was incorporated into the post processing code to allow SPCImager 

to utilise this ratiometric lifetime approach under the condition of Bin B being set twice 

the size of Bin A. Throughout the rest of this chapter, Equation 4.11 will be tested to 

verify its accuracy in approximating lifetimes and explore the extreme photon limits it 

holds true to return an accurate lifetime for SPCImager. This model in its current state 

mimics SPCImager’s inability to determine if returned lifetime is single exponential, 

biexponential, etc, and is beyond the scope of the work presented here. If a biexponential 

decay is present, the ratio between Bin A and Bin B will change compared to a similar 

sample with a single exponential decay. Future work could adapt this model to 

incorporate these biexponential decays. 
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4.1.2 Setting up SPCImager  

Before SPCImager could operate in its time gated modality, the sensor requires 

calibration through SPCImager’s firmware, written in Matlab, Chapter 2, and the 

Stanford Delay Generator, explored in more detail in Section 4.2. Setting up the time bins 

correctly is a two-stage process, through manipulating SPCImager’s firmware and the 

introduction of the Stanford Delay Generator. Stage one calibrates SPCImager with the 

rest of the system whereas the second stage manipulates the time bins through Matlab and 

is sample dependent. 

Using SPCImager’s firmware, SPCImager introduces a 5ns delay from the Experiment 

Start Point, t=0 in Figure 4.2. Throughout this work Bin A and Bin B always share the 

same Start Point, TS.  

 

Figure 4.2 Initial configuration of SPCImager’s time bins. Bin A and Bin B are set to the 

same value, 15ns, as shown by the red and blue rectangles. Both bins finish before the 

laser pulse has triggered the fluorescent decay of the sample shown in green. 

 

In this stage of the configuration, Bin A and Bin B are set to the same value to locate T0, 

the temporal position of the laser pulse and the start of the fluorescence decay. The End 

Point of Bin A and Bin B were set to both finish at TA and TB, 20ns from T=0 creating 

an Initial Bin Width of 15ns. This 15ns before the laser pulse minimised the effect of the 

non-linear edge of the time bins, this will be explored in depth in Section 4.2.5.  

Setting TA and TB to 20ns after T=0, Bin A and Bin B end at Δt after the laser has triggered 

a fluorescence response from the sample. To show this, a chroma diagnostic slide [224] 

was imaged at the Δt point. These diagnostics slides are auto fluorescent plastic slides 

TS = Start of Bins 

T0 = Laser Pulse 

TA = End of Bin A 

TB = End of Bin B 
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that are used to investigate the illumination of an excitation light on a fluorescent sample. 

Figure 4.3(a) shows only the start of the fluorescent decay as there are dark bands at the 

top and bottom of the sensor.  

a)

 

b)

 

Figure 4.3 SPCImager’s live view when Bin A and Bin B are at T0 + Δt (a). The sample 

is just present as the bins are capturing a small amount of fluorescence from the sample. 

As there is a non-uniform temporal response across the sensor, the centre of the array is 

able to detect signal before the edges of the array. (b) Moving the event with the Stanford 

Delay Generator, the sample is no longer being detected by SPCImager’s time bins as 

they are set to T0.  

 

By introducing a delay from the Stanford Delay Generator, this problem is rectified by 

manipulating the system until TA and TB are aligned with T0. By utilising SPCImager’s 

live viewer in the Matlab Graphical User Interface (GUI), TA can be lined up with T0 

when the signal disappears, as shown in Figure 4.3(b). 

The first stage is complete, when both TA and TB are aligned with T0, and the start point 

of the Bins TS no longer needs to be altered. The second stage of the setup is sample 

dependent and will vary for each experiment. 
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Figure 4.4 A sample with a lifetime of 1.5ns is triggered from a laser pulse, shown in 

black and the fluorescent decay of the sample is shown in green. SPCImager applies its 

dual time bins Bin A, in red and Bin B, in blue to return a lifetime estimate derived via 

Equation 4.11. For this diagram the bins are depicted as perfect rectangles but, as 

explored in Section 4.1.1, this is not the case in practice.  

 

Figure 4.4 shows the second stage of setup, configuring SPCImager’s time Bins for 

lifetime events. To obtain an accurate lifetime and for Equation 4.11 to hold true, the 

Operation Window of Bin B, T0 – TB was set to be twice the size of the Operation 

Window of Bin A, T0 – TA. The size of these Operation Windows was controlled within 

SPCImager’s firmware by changing the End Point of each Bin with respect to the laser 

pulse T0. 

The example experiment shown in Figure 4.4 is of a sample with a lifetime of 1.5ns. 

Using Figure 4.27, the optimal Operating Windows to return an accurate lifetime 

estimate are 3ns and 6ns. Using the same parameters in Figure 4.2, TS = 5ns and T0 = 

20ns, an initial bin width of 15ns is created. By using the delay electronics to minimise 

Δt, the end point of Bin A and Bin B can be set to TA = 23ns and TB = 26ns respectively. 

Each Bin will collect all the photons between T0 and their respective end points as in 

Figure 4.24(b) and (c) and by utilising Equation 11 a lifetime estimate can be calculated. 

 

4.1.3 Testing Dual Time-gated Modality  

To verify the dual time gated modality a simple time of flight experiment was performed. 

SPCImager was mounted to the optical bench, as shown in Figure 4.5(a) and positioned 

as such to allow it to image the length of the 3 metre bench. An 8mm micro lens was 

attached over the sensor to allow the focus of SPCImager to be adjusted. The Picoquant 

D-C-485 laser was mounted next to SPCImager, propagating down the optical bench to a 

white detector card (B) mounted 3m away. The Picoquant laser was connected to a PDL 
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800-D laser controller and set to pulsed operation with a 5Mhz repetition rate. Another 

detector card (A) was placed at 1.5m away from the camera and positioned so half the 

laser spot was on the card, leaving the other half of the beam to propagate to the other 

card. The live view was used to confirm SPCImager was detecting both halves of the laser 

spot, one on each detector card shown in Figure 4.5(c).  

From here a very basic time of flight experiment was conducted to investigate the 

operation of the camera's time gating modality. TS was set to 5ns, and the time bins were 

both set to end, TA and TB at 20ns, as before in Figure 4.2. Using the Stanford Delay 

Generator Δt was increased until detector card A was illuminated on SPCImager’s live 

view. Knowing light travels at 3x108 ms-1, it can be determined that light will travel 1.5m, 

the distance of card A from the camera in 5ns. By reducing Δt by 5ns and increasing TA 

and TB to 25ns, to create an Operation Window of 5ns, SPCImager is able to detect card 

A. Setting TB a further 5ns later than TA at 30ns, creating an Operation Window of 10ns, 

SPCImager will be able to detect card A in Bin A and card B in Bin B. 

  



106 

a)

 
b)

 

c)

 
Figure 4.5(a) A basic time of flight experiment set up to test the delays from the Stanford 

DG645 and check the time bins of SPCImager are operational. Placing a light source, in 

this case a laser, behind the camera and illuminating two objects at different distances in 

front of the detector. (b) The even frames only see the detector card A, whereas the odd 

frames show both detector cards A and B (c). 

 

SPCImager was set to capture 10 blocks of 1000 bit-planes during this experiment. This 

result was processed differently than standard fixed aggregation. The odd and even frames 

were separated into two sets of 500 bit-planes, one odd and one even before aggregating 

each set. After processing, two separate images were produced, one for even frames and 

one for odd frames. It was found that on every even frame, SPCImager could detect only 

the close detector card and on every odd frame, it could detect both. This simple 

experiment highlighted that SPCImager was operating as expected, with Bin A only 

detecting detector card A and Bin B detecting both cards. 

B 

A 

SPCImager 

Laser 

1.5m 
3m 

Bin A – 5ns 

Bin B – 10ns 
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4.1.4 SPCImager Alternating Data Capture 

As explored in Chapter 2, SPCImager alternates between Bin A and Bin B while 

operating in its time-gated imaging modality [109], [126]. This alternating pattern was 

tested for any timing errors by imaging card A only from the Time-of-Flight experiment. 

Card A was placed in the centre of SPCImager’s field of view at 3 meters away. TS was 

set to 5ns, T0 was set to 20ns as before. Bin A operates on every odd frame that is captured 

and Bin B on every even frame. Setting the Operation Windows of Bin A to 5ns and Bin 

B to 10ns, this allowed SPCImager to detect the Card A only in Bin B, every even frame. 

a)             Odd Frame 

 

b)            Even Frame 

 

c) 

 
 

Figure 4.6 With a TS set to 5ns and a T0 set to 20ns SPCImager was set up to only 

populate its even frames with fluorescence from the chroma slide mounted to the 

microscope. (a) An individual bit-plane taken from SPCImager showing the odd frame 

and (b) is an alternate even frame. (c) These frames were split into an odd and even matrix 

using a Matlab code to convert the bit-planes into single tif files with no aggregation and 

then plotted together on the same intensity vs bit-plane plot. 
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SPCImager was set to capture 10 stacks of 10,000 bit-planes and the only processing 

applied was a conversion from bit-plane to a tif file. An average of each frame was taken 

to allow intensity values to be applied. As seen in Figure 4.6, there are 50,000 Even 

frames and 50,000 odd frames showing no errors in this area of the SPCImager’s 

operation.  

 

4.2 Troubleshooting Temporal Blindness Effect on SPCImager 

For the initial few attempts at obtaining a lifetime with SPCImager a sample of 1µm 488/645 

TransFluoSpheres, with a known lifetime of 1.49ns, shown in Chapter 2, was used. 

These initial results returned no lifetime data as seen in Figure 4.7. This section explores 

a systematic approach to minimise the temporal blindness effect that SPCImager is 

exhibiting.  

 

4.2.1 SPCImager’s Temporal Blindness  

Keeping SPCImager’s temporal set up the same as the Time-of-Flight experiment in 

Section 4.1.3, TS was set to 5ns, and the Initial Bin Width was set to 15ns. Using 

SPCImager’s live view in the Matlab GUI, in tandem with the Stanford Delay Generator, 

Δt was reduced. Once set up the Operation Windows of Bin A and Bin B were set to 3ns 

and 6ns respectively. 

The sample of 1µm 488/645 TransFluoSpheres was placed on the microscope and a series 

of different field of views (FOV’s) captured. SPCImager was set to acquire 10 stacks of 

10000 bit-planes through the Matlab GUI. As discussed in Section 4.1.1, this resulted in 

5000 bit-planes captured by Bin A and 5000 bit-planes captured by Bin B. Using the 

Matlab post processing code “fspc”, each stack is aggregated independently as in 

Equation 4.1 and Equation 4.2. The ratio of Bin A / Bin B is calculated before being 

integrated into Equation 4.11 to return a ratiometric lifetime, τest. This method returns a 

per pixel lifetime. The result is then displayed as a 2D contour map shown in Figure 4.7. 
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Figure 4.7. A lifetime spatial map of 1µm 488/645 TransFluoSpheres with Bin Operation 

Windows of 3ns and 6ns. Some temporal blindness is present in the middle of the spatial 

map resulting in no detection from SPCImager. Only the beads on the edge of the FOV 

are present in the midst of false counts recorded by the sensor.  

 

As shown in Figure 4.7 the middle part of the image is blank with signal at the top and 

bottom of the image. This temporal blindness was present in all FOV’s that were captured 

giving no lifetime data. There are a few beads that lie within the top and bottom bands of 

signal, but they returned unreliable data. As seen by the colour bar, hot spots and false 

counts up to 84ns are present on beads that have a lifetime of 1.49ns. To explore this, an 

investigation into the physical dimensions of SPCImager’s time bins was needed. 

 

4.2.2 Mapping out Physical Time Bins  

After multiple results of lifetimes not matching the ground truth, a possible source of error 

was considered to be the Stanford DG645. By removing the bandpass filter from the DAPI 

filter cube but retaining the dichroic, the laser was directly imaged on SPCImager without 

the need for ND filters to limit the photon flux below saturation values allowing the 

system instrument response to be explored. For this investigation the laser power was set 

to just above threshold to prevent damage to any of the camera’s components. The 

Stanford Delay Generator was set up with a trigger threshold of -1.7V, a step size of 0.7V 

with a negative polarity and a 0V offset. These settings are the optimal conditions to 

ns 

ns 

ns 

ns 

ns 
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obtain data with SPCImager as they reduced instabilities in the camera, as discussed in 

Chapter 2 and were therefore not changed. 

 

Figure 4.8 A Chroma diagnostic slide imaged in photon counting mode with SPCImager, 

demonstrating the even illumination of the chroma slide across the sensor. 

 

In order to map out SPCImager’s time bins correctly, a chroma diagnostic slide was 

mounted onto the microscope to generate a uniform field of fluorescence, Figure 4.8. TS 

was set to 15ns for this experiment, see schematic in Figure 4.9 and both TA and TB were 

set to 17ns, creating a 2ns Operation Window for both bins. Keeping Bin A and Bin B 

equal to each other a range of Bin End Points were chosen to be investigated from 17ns 

to 25ns, Figure 4.10.  

 

Figure 4.9 SPCImager is initially set up with TS set to 15ns, with Bin A and Bin B both 

set to 17ns, creating a 2ns Operation Window. The Sampling Delay TD is brought into the 

system by the Stanford Delay Generator and is varied. Bin A/B are then swept thought 

the laser pulse to map out their physical dimensions.  



111 

 

Using the Stanford Delay Generator, the Introduced Delay, TD, was increased in 

increments of 0.1ns moving Bin A/B through the laser pulse, Figure 4.9, from TA/B to 

TS. SPCImager detected the Fluorescence decay curve at each delay increment and 

10,000 bit-planes were captured. SPCImager was operated in its time-gated mode, 

allowing the bins to be triggered off the laser. The raw bit-planes were then processed 

using the Fixed Aggregation code [225] to create an intensity image at each delay interval. 

These images were imported to ImageJ and a stack was produced. Using the “Plot Z-axis 

Profile” command, the shape of each bin was shown as a “Normalised Photon Counts vs 

Sampling Delay” plot. 

 

Figure 4.10 Normalised photon counts vs introduced delay plot of the varying time bins 

using SPCImager. TS was set to 15ns and TA/B was varied from 17ns to 25ns in increments 

of 2ns creating an operation window of 2ns to 10ns. Each Operation Window side was 

plotted and compared. The Stanford Delay Generator was set to a Sampling Delay, TD of 

65ns and increased to 120ns to map the Operation Window of 10ns. 

 

The smaller 2ns Operation Window SPCImager cannot capture as many photons as it is 

possible with a 10ns Operation Window as it is operating for a shorter time. Therefore, 

by plotting normalised photon counts it allowed the Operation Windows to be compared 
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more easily. When the Signalling Delay from the Stanford Delay Generator passes 89.3ns 

there is a drop in intensity across all the curves, Figure 4.10. This corresponds with a 

warning “RATE” display when a large delay was introduced. This error represents that 

when the Stanford Delay Generator receives a trigger while a delay is still in progress, 

the trigger is ignored. 

 

It was initially considered that the start point of SPCImager’s time bins were causing 

issues, so the experiment was repeated with TS at 13ns. 

 

Figure 4.11 A repeat of the experiment conducted in Figure 4.10, setting the operational 

windows equal to each other and setting TS to 13ns. The Stanford Delay Generator was 

set to a Sampling Delay, TD of 70ns and increased to 120ns to map the Operation Window 

of 10ns. 

 

As before the intensity was reduced to about 55% after a Sampling Delay, TD, of 89.3ns 

from the Stanford Delay Generator and the RATE LED illuminated on the front panel. 

Comparing the two experiments a shorter start to the bins TS, 13ns rather than 15ns, 

required a longer Sampling Delay from the Stanford Delay Generator. Rather than 

introducing a delay by increasing TS, a DB64 Coax Delay Box was introduced into the 

system, after the Stanford Delay Generator and before SPCImager.  
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Figure 4.12 SPCImager is still imaging the fluorescent response from the first laser pulse 

when a second laser pulse arrives. This causes the RATE error on the Stanford Delay 

Generator and the drop in intensity captured with SPCImager seen in Figure 4.10 and 

Figure 4.11. 

 

This RATE error that is seen on the Stanford Delay Generator is due to SPCImager and 

the Stanford Delay Generator still imaging and processing “pulse 1” from the laser, 

Figure 4.12, when “pulse 2” arrives. This causes the Stanford Delay Generator to ignore 

the new pulse as it is still processing the first pulse. SPCImager displays this by a drop in 

detection, seen in Figure 4.10 and Figure 4.11. 

 

A DB64 Coax Delay Box introduces a passive delay into the system. It is able to do this 

by taking the trigger input and passing it along RG58A/U coax cables, with 50Ω 

impedance, of various lengths. The user can vary the length of the coax cable by operating 

the switches on the front panel of the box. This extra delay box is capable of adding up 

to 63.5ns delay at a 0.5ns resolution. Setting the DB64 to a delay of 32ns, it was possible 

to move SPCImager’s time and not trigger the RATE LED from the DBG645.  
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Figure 4.13 With the introduction of the DB64 Coax Delay box, a Passive Delay, TP of 

32ns was added to the system. SPCImager was set up with a TS of 15ns, allowing the 

mapping of SPCImager’s time bins without any errors. The normalised intensity is at 

background noise when the sampling delay is ~85ns resulting in no intensity reduction. 

 

SPCImager’s time bins were set back to TS at 15ns and the experiment was repeated with 

the DB64 in the system. Figure 4.13 shows that by introducing a large Passive Delay 

from the DB64 coax box TP, it reduces the Sampling Delay required from the DG645, 

correcting the RATE error seen before.  

 

4.2.3 Laser Repetition Rate Accuracy 

Another source of SPCImager’s temporal blindness was thought to be coming from the 

Picoquant laser’s trigger timings. This would cause SPCImager to be mis-timing its bins, 

missing the fluorescent event. Using the Stanford Delay Generator and the method from 

the previous experiments, Section 4.2.2, the Picoquant laser was set to a 5MHz and then 

10MHz repetition rate, and the Stanford Delay Generator was set to a 0ns Sampling 

Delay. The Sampling Delay, TD, generated by the Stanford box was increased from 0ns 

to 300ns in increments of 1ns. At each interval SPCImager acquired 10,000 bit-planes in 

its dual time-gated mode which were then processed with the Fixed Aggregation Matlab 
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code to obtain an “image” of the laser pulses. As before SPCImager was set with a TS of 

15ns and the Operation Window was set to 8ns. 

 

Figure 4.14. SPCImager was set with a TS of 15ns and with both time bins set to an 

Operation Window of 8ns TD was measured from 0ns to 300ns to allow two pulses from 

the laser with a repetition rate of 5MHz. It is more apparent in the 5MHz plot, red plot, 

around 90ns delay the RATE error is triggered and there is a noticeable drop in intensity. 

 

Figure 4.14 shows the consistency of the laser pulse, showing once every 200ns for a 

5MHz repetition rate and once every 100ns for a 10MHz repetition rate. The laser pulses 

drop in intensity due to the Stanford Delay Generator. As the Sampling Delay reaches 

90ns, the Stanford Delay Generator triggers the RATE error message. When this is 

triggered, the Stanford Delay Generator is still receiving the initial trigger while the next 

one arrives, which causes the new trigger to be ignored causing a reduction in collected 

photons.  
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4.2.4 Accuracy of the Stanford Delay Generator DG645 

It can be seen in all the experiments that the shape of these time bins are not perfectly 

rectangular, they have a pronounced trailing edge, Figure 4.13. To remove any further 

issues arising from the delay electronics in the system, the accuracy, of the DG645 and 

the DB64 were explored. The accuracy of the DG645 was validated with the DB64 by 

measuring the same time bin using each box separately. An Operation Window of 8ns 

was chosen as it was wide enough to validate the experiment as well as being within the 

range of the DB64.  

 

Figure 4.15 Using the DB64 Coax delay box and the Stanford DG645 delay box, a bin 

size of 8ns was mapped. The delay was increased, and the normalised intensity response 

was plotted. A range of step sizes were varied to improve the accuracy of the test. 

 

The time bin was mapped several times, using different increments in its delay size. The 

DG645 has a resolution of 0.1ns and was tested up to a 1ns interval, while mapping an 

8ns time bin. As expected, both the DG645 and the DB64 delay boxes overlay each other, 

proving they are both accurately delaying the trigger pulse from the laser.  
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4.2.5 Non-linearity of Time Bins  

As stated before in the work with I. Gyongy, A. Green, et al, [126] and in Section 4.1.1, 

the time bins were assumed to be perfectly rectangular, however as shown in Figure 4.18 

this is not the case. In theory this does not matter as long as Bin A and Bin B are the 

shame overall shape as the ratio of the two bins would stay somewhat the same. By 

manipulating the Sampling Delay with the Stanford Delay Generator, T0 is aligned with 

the sharper rising edge, Figure 4.16a) and is used as the start of Bin A, TA, or Bin B, TB. 

A study was conducted to explore impact of this trailing edge, which is a result of a non-

linearity within SPCImager’s time bins. As before the start of both time bins, TS was set 

to be 15ns in SPCImager’s firmware and Bin A, TA and Bin B, TB were set equal to 22ns. 

Using the Stanford Delay Generator, the sampling delay was manipulated to set T0. From 

here the sampling delay was increased at intervals of 0.25ns and at each interval a stack 

of 10,000 bit-planes were acquired. These stacks were then processed through the Matlab 

“Fixed Aggregation” code [225]. These stacks were imported into ImageJ and a z-axis 

profile was acquired to determine the shape of the bin, shown in Figure 4.16. A z-axis 

profile takes the average pixel count for the entire image for each frame of the stack that 

was imported. Each frame in this case represents a different sampling delay supplied by 

the delay electronics.  

a)

 

b)

 

c)

 

d) 

 

e) 

 

f)

 

Figure 4.16 Using ImageJ, an image stack was created to compare sampling delay from 

the control electronics against the number of photons counted by SPCImager. A chroma 

diagnostic slide was imaged to gain as close to full illumination of the sensor as possible. 

(a), (b) and (c) are intensity images of the chroma slide at different sampling delays from 

the Stanford Delay Generator. (d), (e) and (f) are average photon counts over the sensor 
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at each delay for (a), (b) and (c) respectively with a red indicator line showing how far 

through the Sampling Delay each image is. 

 

The images seen in Figure 4.16 are intensity spatial maps, meaning each pixel of the 

image has an x and y coordinate as well as an intensity value. Using ImageJ, it is possible 

to create a 3D image from this image stack by utilising the “orthogonal view” function, 

shown in Figure 4.17, by creating the YZ plane and the XZ plane. For all orthogonal 

views created through ImageJ, the orthogonal slices were taken at the centre of each 

image. 

a) XY - plane 

 

b) YZ - plane 

 

c) XZ – plane 

 

 

Figure 4.17(a) The same image stack of a chroma diagnostic slide from Figure 4.16, 

captured by SPCImager while the Stanford Delay Generator varies the Sampling Delay 

from 37ns to 85ns. Both Bins were set equal to obtain an intensity image. Using the 

“Orthogonal View” function in ImageJ, (b) the YZ plane and the (c) XZ plane can be 

seen, creating a 3D image of the stack. 

 

The Area of Detected Photons, YZ plane, shows the trailing edge that is in Figure 4.16 

(f) and highlights the effects it has on the image captured by SPCImager Figure 4.16 (c). 

The banding seen in Figure 4.16 (c), matches YZ plane in Figure 4.17 (b) showing more 

fluorescence at the top of and bottom of the sensor than the middle.  
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Figure 4.18(a) Using the same chroma diagnostic chart from Figure 4.8, a photon counts 

vs sampling delay plot for Bin A with an Operation Window of 8ns, showing a sharp 

leading edge and a sloping trailing edge. (b) shows the Area of Detected Photons for the 

8ns Operation Window (a) and is plotted on a contour plot as width of array in pixel vs 

sampling delay with photon counts as the z-axis. TS is set to 15ns and TA/B is set to 23ns 

giving an 8ns Operation Window.  

 

The Area of Detected Photons in Figure 4.18 (b) demonstrates the sharp leading edge 

and the shallow trailing edge as well as some temporal blindness, a gap between 60 and 

80 pixels in Figure 4.18 (b). When SPCImager is operating in its time-gated mode it 

captures photons under the curve shown in Figure 4.18 (a). However, due to the sensors 

non-linear response caused by the trailing edge, it captures more photons at the edges of 

the array than in the centre, as displayed in the first experiment in Figure 4.7. As shown 

by the overlay in Figure 4.18 (b), the flat top of these bins is the optimal imaging window 

as they have full illumination across the array, when temporal blindness is not present.  

An investigation into how the trailing edge shown in Figure 4.13 affects SPCImager’s 

ability to capture lifetime data was conducted. By varying TS – TA/B and Setting Ts to 

15ns, TA/B was varied from 16 ns to 35ns creating Operation Windows from 1ns to 20ns. 

a)

 

b)
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a)

 

b)

 
c)

 

d)

 
Figure 4.19. YZ orthogonal views were taken using a range of Operation Window sizes 

to see how the Area of detected photons was affected. SPCImager was set to TS = 15ns 

and TA/B was manipulated to give: (a) 3ns bin shows a large gap in the middle of the 

array, which is similar to the initial experiment. (b) 9ns bin shows a complete illumination 

across the array however the size of the Area of Detected Photons is restricted to 30ns 

compared to an ideal window of great than 40ns. (c) 14ns Operation Window shows 

optimal size of Area of Detected Photons at 40ns. (d) 20ns Operation Window returns a 

larger Area of Detected Photons.  

 

As the bin size increases TA/B, the greater the optimal Operation Window for 

SPCImager’s time-gated mode. This suggests that for optimal results the largest 

Operation Window should be used. However, as the Operation Window of Bin B needs 

to be twice the Operation Window of Bin A to estimate lifetime, care must be taken. Too 

large a window can cause some read errors as shown in Figure 4.20 (b). These read errors 

are a result of laser pulse pile up at the delay electronics which causes the next laser pulse 

to arrive at the sample while SPCImager is still imaging the fluorescence from the 

previous pulse. This was tested by using a TS of 15ns and TA/B of 50ns, resulting in an 

Operation Window of 35ns. As expected, the RATE error was triggered on the delay 
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electronics causing SPCImager to suffer from read errors after 95ns, seen clearly in 

Figure 4.20(b). 

a)

 

b)

 
Figure 4.20 SPCImager was set to T0 at 15ns and TA/B were set to 50ns, resulting in an 

Operation Window of 35ns. An orthogonal view was captured showing in (a) that the bin 

is too large and there is no sharp leading edge. This is not good as there is no zero point 

for the bins to line up to. The analogue delay box was used to introduce a global delay to 

move the whole bin back. (b) shows some read error from the sensor as the Sampling 

Delay expands passed 90ns and the RATE error is triggered. 

 

When the bin size is too large the sharp edge cannot be used to create T0. This can be 

worked around by using the DB64 delay box to introduce a delay at the start of the bin. 

Figure 4.20(b) shows some read errors from the sensor are present as the delay exceeds 

the RATE limit of the Stanford box which can be seen by the drop in photon counts. 

 

4.2.6 Optimised Step Up 

To obtain an overall view of what the Areas of Detected Photons looked like while 

undertaking a FLIM experiment, the start of the time bins TS was set to 15ns and T0 was 

set to 30ns. This gave the biggest possible Area of Detected Photons without hitting the 

RATE error. The computational model in Section 4.3.4, Figure 4.27, suggests that the 

most accurate Operation Windows were 3ns and 6ns for Bin A and Bin B respectively, to 

return the best ratiometric lifetime for the 1µm 488/645 TransFluoSpheres (estimated 

lifetime 1.49 ns). For this example, TA was therefore set to 33ns to create an Operation 

Window of 3ns, and TB was set to 36ns, creating a 6ns Operation Window. Using the 

same method as the other characterisation experiments, SPCImager was set to take a stack 

of 10,000 bit-planes per sampling delay increment. A photon counts vs sampling delay 

plot was produced and overlaid an Area of Detected Photons plot to show what was 
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happening in the experiment. Figure 4.21 shows Bin A in red and Bin B in orange, with 

full Areas of Detected Photons and no loss in intensity due to read errors caused by the 

delay electronics, as in Figure 4.20(b).  

 

Figure 4.21 A Photon counts vs sampling delay plot was generated for the optimised 

setup. TS was set to 15ns for all three curves. T0 was set to 30ns, TA was set to 33ns and 

TB was set to 36ns. To allow a visual representation of what is happening both bins were 

set equal to allow the intensity vs delay plot to be plotted. Orthogonal plots were also 

taken for each part of the experiment showing full illumination across the array and that 

the RATE error was not triggered. 

 

4.2.7 Multiple Start Points  

For all the experiments undertaken in this characterisation TS of SPCImager’s time bins 

has been set to 15ns. As a final study, the TS was varied to see if bringing TS closer to 

T=0 would cause any rep rate errors or read errors. Since a 15ns gap between the TS and 

T0 has yielded the best results, it was maintained. 
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Figure 4.22 An overlay of three different TS, 5ns, 10ns and the original 15ns. Bin A and 

Bin B were both set equal to each other and 15ns later than TS at 20ns, orange, 25ns, 

yellow and 30ns in red. The photon count curves show a slight increase in photon counts 

for the smaller TS as well as clear definition in the individual bins.  

 

As shown in overlay of Area of Detected Photons with a “photon count vs sampling 

delay” plot, Figure 4.22, each TS gives an identical map of the time bin just at different 

delays. This is very valuable as this allows the start point of these time bins to be moved 

to 5ns, allowing a greater range of bin sizes that will operate correctly before being 

subjected to the Stanford Delay Generator’s RATE error. While this result proves the 

working fundamentals to continue this work, some further study is needed at the start 

point of 5ns to confirm its viability as the optimal start point. 

 

 

 

4.2.8 Troubleshooting Summary 

The temporal blindness that was seen in Figure 4.7 has been rectified through a 

systematic investigation of the sampling delay that is introduced to the system by the 
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control electronics. Initially SPCImager’s invalid data sets were a result of temporal 

misplacement of SPCImager’s time bins relative to the rest of the system. Through this 

investigation the optimum Initial Bin Width B TS – T0 has been discovered. This 

discovery led to an exploration of the effects this slow trailing edge had on SPCImager’s 

ability to image as seen in Figure 4.19. Understanding this, SPCImager was set up to 

avoid this trailing edge for all future experiments to minimise read errors and any 

temporal blindness it can cause.  

 

4.3 Mathematical Model 

A mathematical model was considered to explore operational modality and optimise the 

Operation Window sizes of Bin A and Bin B. This model sets out to simulate an intensity 

variable fluorescent sample being excited by a laser pulse to produce a fluorescent decay. 

The model replicates SPCImager’s dual time-gated imaging mode to return simulated 

lifetimes approximations using the dual time bin modality. As with SPCImager, the time 

bins in the model would be user defined and would vary sample to sample. Using 

Equation 4.11, the ratio of the two Operation Windows would be taken and a ratiometric 

lifetime will be produced and compared to the user inputted ground truth. This model was 

created to explore what parameters were needed to return an accurate lifetime 

approximation and at what extremes does this approximation fail. 
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4.3.1 Replicating a Lifetime Event 

The computation model was developed in Matlab to simulate a fluorescence data set, with 

added Poisson noise and dark count, with a controllable rise time and decay rate. The 

fluorescence decay from the samples was recreated based on the model presented by 

Wang et. Al. which simulate a fluorescent decay curve with a fast rising edge and a slower 

falling decay [226]: 

 
𝑦 = 𝐴𝑒

−(𝑡−𝑻𝟎)
𝑏

⁄ − 𝐴𝑒
−(𝑡−𝑻𝟎)

𝑎⁄
 

(4.12) 

       

Here A is the simulated amplitude of the fluorescence at time t = 0, b is the decay of the 

fluorescence and a the rise time of the curve. T0 was introduced into the exponential to 

simulate the decay in fluorescent decay as it is triggered by a laser pulse. For this model 

the Instrument Response Function (IRF) is assumed to be part of the rise time. Since the 

IRF is orders of magnitude smaller than the decay rate it is not further considered. In 

practice, the IRF is a combination of laser width and SPCImager’s temporal resolution 

[227]. 

 𝐼𝑅𝐹2 =  𝐿𝑎𝑠𝑒𝑟𝑤𝑖𝑑𝑡ℎ2 +  𝑆𝑃𝐶𝐼𝑚𝑎𝑔𝑒𝑟2 (4.12) 

 

The exact IRF of SPCImager, and each individual pixel, is unknown. However, similar 

detectors in similar SPAD architectures report ISRF between 100 and 200 ps [228]. 

Assuming the upper limit of this range, the estimate largest overall IRF of our system is 

therefore: 

 𝐼𝑅𝐹2 =  90𝑝𝑠2 +  200𝑝𝑠2 (4.13) 

 𝐼𝑅𝐹 =  219𝑝𝑠 (4.14) 

But possibly for some pixels may be as low as 135 ps. The key result is that even the 

upper bound is significantly lower than the smallest expected fluorescent lifetime under 

study in this work (0.5 ns for Cy 3). And although it would remain an approximation, we 

can be confident that the dual bin lifetime extraction approach is not dominated by our 

IRF in all cases. 

Poisson noise was added to the curve using the Matlab function 

“y=imnoise(y,'poisson')” which simulates the shot noise added to the decay curve as 

shown in Figure 4.23. 
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Figure 4.23 A computational recreation of a fluorescence decay, with a user defined 

lifetime of 8ns, amplitude of 1022, using Equation 4.12 simulated in Matlab. A delay of 

5ns has been introduced to simulate a response to a laser pulse, TS, and a rise time of 0.1ns 

used. The red exponential decay curve was incorporated to highlight the fluorescence 

decay of 8ns. 

 

Using the Matlab exponential fit function, a test can be conducted on the decay to see if 

it is returning the correct user defined lifetime: 

 𝐼(𝑡) =  𝐼0𝑒
−𝑡

𝜏⁄  (4.15) 

MATLAB returned a value of 8.08ns for an 8ns user defined lifetime. 
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4.3.2 Modelling SPCImager’s Time Bins 

SPCImager’s time gates were now added to the model. Following from the work done 

with I. Gyongy [126], Bin A and Bin B were assumed to be perfect rectangles, as shown 

in Figure 4.24(a). 

a) 

 

b)

 

c)

 

Figure 4.24(a) A graphical representation of Bin A and Bin B added to the fluorescent 

decay curve generated by Matlab, shown in Figure 4.23. (b) Bin A, shown in red, is set 

to have an Operation Window of 4ns ending at TA, and (c) Bin B, shown in blue, is set to 

have an Operation Window of 8ns ending at TB. T0 in this simulation will always be set 

to 5ns. As discussed earlier, Section 4.1.1 the time bins are not perfect rectangles, 

however for the simplicity of the model they were considered as perfect rectangles. 
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Bin A and Bin B were set to 9ns and 13ns, and this takes into account the 5ns second 

global delay from T=0 incorporated to the system. The functional time Bins are therefore 

4ns and 8ns respectively. Utilising Matlab’s in built “find” function, it was possible to 

summate the number of simulated photons between the rise of the curve at T=5ns and the 

set limit of Bin A and Bin B as shown by Figure 4.24(b) and Figure 4.24(c) respectively. 

Once Bin A and Bin B had been summed, the ratio was taken to give a lifetime 

characteristic which could be later processed to return a ratiometric lifetime using 

Equation 4.11. 

This estimated lifetime would be compared to the lifetime returned from the mono-

exponential fit described above.  

 

4.3.3  Accuracy of the Model for High Photon Counts 

A simulation was constructed that produced a range of fluorescent lifetimes from 1ns to 

75ns. As before, an amplitude of 1000 was used to simulate a bright sample. At each 

simulated lifetime, the Operation Window of Bin A was set to 4ns, and the Operation 

Window of Bin B was set to 8ns, and Equation 4.11 was used to return an estimated 

lifetime. To test the accuracy, three more bin pairs were deployed to this range of 

lifetimes. A bin pair of 8ns and 16ns was deployed to return slightly longer lifetimes in 

the range of 4ns to 10ns. The second bin pair used was 10ns and 20ns to return longer 

lifetimes that would be found on Quantum Dot samples [228]–[232]. Finally, a 15ns and 

30ns bin pair were chosen to test the upper limits of a simulated SPCImager before 

experiencing read errors and delay issues discussed previously in Section 4.2.5. 
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a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
Figure 4.25 A range of Bin sizes were chosen to be compared to the ground truth, black 

line, for a range of 1ns to 75ns in 1ns intervals. Bin B was set to twice the size of Bin A 

to see how bin sizes effected the accuracy of estimated lifetime returned by the model. 

(a) shows the models response to fast lifetimes of within the range of 0 to 3 ns. (c) is 

shown only over a range of 0 to 20 ns to highlight the precision at faster lifetimes. (e) the 

full range of 1ns to 75ns. The residuals of (a), (c) and (e) were calculated to check the 

accuracy of each pair of Operation Windows (b), (d) and (f). 
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a)

 

b)

 
Figure 4.26(a) Simulation conducted over 2ns to 5ns with Operation Window of Bin A 

set to 4ns and Operation Window of Bin B set to 8ns, to see the effective precision of the 

model. Intervals of 0.01ns, red line, was compared to intervals of 1ns, blue line as well as 

compared to the ground truth. (b) the same simulation over a range of 2ns to 3ns. 

 

Finally, the precision of the model was tested. Lifetimes can vary by 0.1ns, therefore the 

model has to be able to replicate this. The model was pushed to the limits by reducing the 

precision of the estimated lifetime to 0.01ns, red line shown in Figure 4.26 which is 

beyond the resolution of SPCImager. Using Operation Windows of 4ns and 8ns, a 

simulation was conducted to test the accuracy for a range of precisions, over a range of 

2ns to 5ns. 

As shown in Figure 4.26, the 0.01ns precision overlays the 1ns precision line. However, 

as before the estimated lifetime seems to be deviating from the ground truth for longer 

lifetimes.  

As seen in Figure 4.25(a), when the Operation Windows are small, 4ns and 8ns, the 

model returns accurate lifetimes with very small residuals <0.2 for short lifetime samples. 

As seen in Figure 4.25(c) once the lifetime surpasses 8ns, the 4ns and 8ns Operation 

Window pair starts to deviate away from the ground truth, the residuals of this bin pair 

start increasing beyond the desired accuracy of 0.5-1. This becomes more apparent in 

Figure 4.25(e), as the “4ns & 8ns” curve deviates from the ground truth dramatically, 

returning a lifetime estimate of 129ns for a ground truth of 75ns. However, this limited 

range of 1-10ns is the range of lifetimes for all carboxylate-modified nanospheres used in 

this project. As the lifetime gets longer, into quantum dot territory [234], it is seen in 

Figure 4.25(e), that longer lifetimes require large time bins to return an accurate result, 

with residuals in the desired 0.5-1 range. As shown at the start of Figure 4.25(a), these 
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long bins do not however return accurate lifetimes for samples that possess a short 

lifetime.  

Therefore, care must be taken when operating in practice, as this shows that SPCImager 

will be sample dependent. Longer lifetime samples such as Quantum dots will require 

much longer Operation Windows than the TransFluoSpheres at a lifetime of 1.49ns. An 

investigation into selecting the correct Operation Window for a known lifetime will be 

explored. 

 

4.3.4 Choosing the Correct Bin Size 

With the model producing accurate and repeatable results, it can be used to determine 

what size of Operation Windows are required to return an accurate result for a range of 

samples. By setting the Operation Window Bin B to be twice the size of the Operation 

Window of Bin A, the Operation Window of Bin A was varied from 0.5ns to 20ns and a 

lifetime estimate from the model was returned. 

 

Figure 4.27 Using the model to predict viability of Operation Window sizes for Bin A 

for a range of samples with different lifetimes. Two solid black lines represent 10% 

accuracy, creating an Accuracy Window between them. For each lifetime, a ground truth 

has been added in as black dashed lines to show accuracy.  
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This confirms the previous results from the model, shorter bins for shorter lifetimes and 

longer bins for longer lifetimes. Figure 4.25(d) and Figure 4.25(f) show that the accuracy 

fall off becomes quite severe quite quickly, therefore a limit of + 10% accuracy to the 

ground truth was set, the 10% accuracy upper and lower limits create a window of 

accuracy where SPCImager can operate reliably. This model suggests that choosing any 

Operation Window for Bin A inside the Accuracy Window will return a correct lifetime 

for the desired sample. Figure 4.27 is a very solid result and allows SPCImager to be set 

up with the most optimal Operating Windows possible to return a valid lifetime from a 

sample. For example, using Cy 3, with a known lifetime of 0.5ns for standard FLIM, 

SPCImager should deploy bin pairs of 1ns and 2ns to obtain an accurate lifetime estimate. 

Using Figure 4.27 in conjunction with the work done in Section 4.2.5, when imaging 

Alexa 488, with a known lifetime of 4.1ns, SPCImager can deploy bin pairs of 4ns and 

8ns or 5ns and 10ns before triggering any rate or reading errors. 

 

4.3.5 How the Model Responds to Low Photon Limits 

Having explored the parameters needed in order for Equation 4.11 and subsequently 

SPCImager to operate with a high degree of accuracy, shown in Figure 4.27. The model 

was then used to explore how Equation 4.11 holds under the extremes of low photon 

limits. Using a fixed 5ns lifetime simulated event, the amplitude of the decay curve was 

reduced, Figure 4.23, and the upper and lower limits of accuracy were monitored. 
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Figure 4.28 Using a 5ns simulation decay, Bin A was varied from 0ns to 40ns, with Bin 

B set to twice the size of Bin A. The simulation was run 25 times and the average number 

of photons vs Bins A size was plotted. The error bars show the standard deviation across 

the 25 iterations. The lower limit, black line, is the smallest possible bin size of Bin A to 

return an accurate lifetime with 90% confidence. Inversely the upper limit is the largest 

possible bin size for Bin A to return an accurate lifetime of 5ns. These limits were plotted 

against a semi log plot of number of photons to gain a clear insight at the photon starved 

end. 

 

As expected, when imaging a photon rich event, SPCImager will have a large operating 

window allowing a range of bin sizes to be chosen. However, as the photon levels start to 

reduce, the Operation Window becomes narrower. At the lower photon limit the standard 

deviation of both the upper and lower limit is quite large, showing that the Operation 

Window is very narrow, only returning a correct lifetime for one or two different sizes of 

Bin A. This increase in standard deviation is down to Poisson noise and camera dark 

count. 

The main goal of this project is to operate in these photon starved limits imaging single 

molecules. This model helps highlight what size of Operation Window is required at what 

photon level for SPCImager to return an accurate lifetime estimate. This shows promising 

results, in suggesting that SPCImager shall be able to image these low photon samples 



134 

using Operation Windows roughly twice the size of the sample lifetime and returning an 

accurate result.  

 

4.4 Fluorescence Lifetime Imaging Microscopy 

With the temporal blindness understood and minimised, Figure 4.21 and the 

computational model returning per sample optimal Operation Windows for SPCImager, 

Figure 4.27, a range of lifetimes were obtained from varying samples. SPCImager was 

set with a TS value of 15ns for all samples used and with a Sampling Delay of 14ns, only 

the size of the Operation Windows needed to be amended on a per sample basis.  

 

4.4.1 SPCImager as a Fluorescent Lifetime Imaging Microscopy Platform 

A sample made up of 488/560 and 488/645 TransFluoSpheres 1µm beads were added to 

the same slide following the sample protocols in Chapter 2, to differentiate through 

lifetime alone rather than by spectral filtering 

By consulting Figure 4.27, it was found that operating with Bin A at 3ns and Bin B at 

6ns would return an accurate lifetime for both samples. SPCImager was set to capture 10 

blocks of 10,000 bit-planes resulting in a 10 second acquisition time (1 second per block 

of 10,000 bit-planes). By using spectral filters attached at the microscope out port but 

before the camera, a set of reference spectrally filtered images were captured on 

SPCImager for each FOV. A 560nm bandpass filter was used to select the 488/560 beads, 

a 640nm bandpass filter for the 488/645 beads individually, spectrally distinct beads, then 

both together. 
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a) Intensity 

 

b) Lifetime 

 
c) 

 
 

Figure 4.29 (a) an intensity spatial map of red and green 1µm TransFluoSpheres captured 

on SPCImager with false colour. A 640nm bandpass filter was used to capture the red 

beads and a 560nm bandpass filter for green. (b) a lifetime spatial map captured on 

SPCImager. (c) 488/560 and 488/645 TransFluoSpheres lifetime histograms showing the 

488/645 beads with a shorter lifetime of 2.67ns and the 488/560 beads having a longer 

lifetime of 2.93ns.  

 

SPCImager was able to perform widefield FLIM in 10 seconds on the TransFluoSpheres 

and was able to differentiate the spectrally different beads by lifetime alone, Figure 

4.29(b). SPCImager returned a lifetime of 2.67ns for the 488/645 TransFluoSpheres and 

2.93ns for the 488/560 TranFluoSpheres, Figure 4.29(c). 
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4.4.2 Ground Truth vs SPCImager 

To gather ground truth comparative lifetime data, the samples used in this work were 

imaged under a state of the art, commercial Leica SP5 Scanning confocal FLIM 

microscope from the ESRIC imaging facility at Heriot-Watt University [204]. As well as 

the TransFluoSpheres bead samples, a TetraSpeck green sampler kit was used to help 

characterise SPCImager and for fluorescent imaging. Using the sample protocol in 

Chapter 2, 200nm green (505/515) TetraSpeck Microspheres were prepared and imaged. 

The same sample was then imaged on SPCImager to maintain continuity and the lifetime 

results compared.  

a)

 

b)

 

Figure 4.30 Histogram plots of lifetimes acquired by (a) SPCImager and (b) the Leica 

SP5 Scanning confocal microscope. Insets show lifetime spatial maps of the 200nm bead 

sample. SPCImager returned an average lifetime of 2.804ns compared to the ground truth 

of 2.916ns. 

 

SPCImager returned a lifetime with a high degree of accuracy to the ground truth, 2.8ns 

compared to 2.9ns. The rest of the TetraSpeck Microspheres sampler kit returned similar 

results as they share the same fluorescent dye. This result was acquired on SPCImager in 

10 seconds compared to the 10 minutes needed for the state-of-the-art scanning confocal 

microscope. 
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4.5 Summary 

A systematic study of control electronics, system delays and SPCImager configuration 

settings was completed to return optimal operational parameters for fluorescent lifetime 

experiments. Crucial to this was the introduction of the Stanford Delay Generator DG645 

to allow for fine control over delay parameters. However, this introduced limits on the 

usable bin size windows before the inherent missing of photon registration events. 

However, these mis-registrations or missing of photon counts was minimized through 

optimal configuration settings and the introduction of an analogue delay box for better 

control of system delays.  

A mathematical model was then produced to verify under what configuration settings 

SPCImager’s can return an accurate lifetime from its dual bin imaging modality. The 

model also allowed the exploration of extreme photon starved events. This work 

demonstrated that is, as least theoretically, able to extract reliable lifetime data from 

photon starved single molecules under reasonably stable conditions.  

This work demonstrated: 

• A systematic investigation into the control electronics of the system resulting in 

optimised settings for lifetime imaging with SPCImager. 

• A mathematical model was produced to explore SPCImager’s operational 

limitations at extreme photon starved events. 

• SPCImager was able to obtain widefield lifetime images of a range of carboxylate 

nanospheres in 10 seconds, resulting in a 60 times faster result compared to the 

scanning confocal microscope used in the ESRIC imaging facility. 

• SPCImager also able to differentiate 1µm spheres through lifetime alone. 
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Chapter Five: 
 

 
5  Wide Field Single Molecule FLIM with 

SPCImager  

 

 

5.1 Introduction 

This chapter explores the functionality of SPCImager for imaging individual photon 

starved samples such as quantum dots and single molecules. It’ll be shown that individual 

photon starved samples can be imaged with the use of the TIRF system constructed and 

characterised in Chapter 2 on SPCImager.  

Building upon the mathematical model presented in Chapter 4, optimal imaging 

parameters were chosen to return lifetime values of various quantum dots. Due to 

hardware limitations the optimal imaging parameters cannot be stabilized for the long 

Qdots lifetimes presented in this work. 

Additionally, small clusters of single molecules, Cy3 and Alexa 488 were imaged under 

widefield FILM at very fast acquisition times, returning reliable lifetimes at high 

confidence levels.  
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5.2 Imaging on the sCMOS 

Two test samples were made up from streptavidin labelled 565nm Qdots, Figure 5.1(a) 

and streptavidin labelled 605nm Qdots, Figure 5.1(b), utilising the process outlined in 

Chapter 2. Various dilutions of Qdots in ultra-pure water were tested to find the optimal 

spacing throughout the sample to prevent the Qdots binding together. Firstly, these Qdots 

were imaged on the sCMOS using the 488 nm Picoquant laser in CW mode. The sCMOS 

was chosen as a reference to work out dilutions and operating parameters before imaging 

on SPCImager, as the sCMOS is the gold standard for intensity-based imaging.  

a) 565nm Qdots 

 

b) 605nm Qdots 

 

Figure 5.1 Test samples from Qdot™ Streptavidin Sampler Kit (ThermoFisher, 

Q10151MP) imaged on a Hamamatsu Orca Flash 4.0 sCMOS camera with an exposure 

time of 30ms. (a) streptavidin labelled 565nm Qdots and (b) streptavidin labelled 605nm 

Qdots. Both imaged on the TIRF microscope discussed in Chapter 2. 

 

Once it was confirmed that both types of Qdots were able to be detected and imaged on 

the sCMOS, a study of their respective blinking dynamics was conducted. This could help 

to identify whether the sCMOS is detecting individual Qdots or clusters.  

 

5.2.1 Proving single Quantum Dots 

Since quantum dots are of the scale of <20nm, it is impossible to determine, when imaging 

alone, if what is recorded is a small sub-diffraction limited aggregation of dots or 

individual dots. It is well known that intensity alone is a poor metric to delineate these 

situations due to the inhomogeneous intensity distribution from single dots. However, 

quantum dots undergo an intermittent blinking phenomenon where they stochastically 

switch between dark and fluorescent states, even under constant laser light [235]. This 
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leads to very well defined on-off intensity fluctuating between two discrete intensity 

states. By exploiting this photophysical behaviour, it is possible to determine if there are 

individual emitters, Figure 5.2. 

 

Figure 5.2 Fluorescence intensity versus time trace for a single Cadmium Selenide 

(CdSe) quantum dot take by M. Nirmal et. al. [236] using a 40ms sampling rate. Two well 

defined on-off states are present showing the quantum dot blinking on and off.  

 

Nirmal, et. al. [236] were the first to discover this phenomenon back in 1996 using 

Cadmium Selenide Quantum Dots, Figure 5.2. Using constant laser illumination (CW), 

the quantum dots blinked on and off on a roughly 0.5 second time scale. They found that 

the average on-time of these quantum dots was inversely proportional to laser intensity 

while the off-times were independent of laser power. 

 It is still unclear what exactly causes these quantum dots to act the way they do, however, 

one of the current arguments [237], [238] is based on quantum dot charge. For an 

uncharged quantum dot, when a photon excites an electron-hole pair, this recombines 

producing another photon under standard photoluminescence. However, if there is a 

charge on the quantum dot, the extra energy is transferred through a process called non-

radiative Auger recombination [239], in which the energy is transferred to an extra non-

radiative electron-hole pair. 

The other widely accepted argument [240] is surface trap induced recombination [241]–

[243]. Here quantum dot blinking occurs due to the opening and closing of non-radiative 

surface trap channels. These channels are made on the surface of these quantum dots due 

to fluctuations in the manufacturing process [244], [245]. When a hot exciton reaches the 

band edge, a hole is trapped in these channels, called “surface states” before recombining 
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non-radiative with the core state electron [246]. These traps operate on a very short time 

scale and produce two well defined states. 

Although the exact mechanisms are not yet known, and not relevant directly to this thesis, 

it is commonly thought that a combination of both Auger recombination and the surface 

trap model are working together to create quantum dot blinking [247].  

 

5.2.2 Blinking on sCMOS 

To test that the Qdots shown in Figure 5.1 were blinking, and therefore individual dots, 

the 605nm Qdot test sample from Figure 5.1(b) was mounted to the microscope and the 

sCMOS was set to capture 30 seconds at a frame rate of 50ms. To keep file sizes to a 

minimum, the FOV on the sCMOS was reduced to 1024 by 1024 pixels.  

 

Figure 5.3(a) An example of streptavidin labelled 605nm Qdots from Qdot™ 

Streptavidin Sampler Kit (ThermoFisher, Q10151MP), was created using the method in 

Chapter 2, to highlight the well-defined blinking between (b) the on (in blue) and (c) off 

(in red) state of photoluminescence. This sample was captured using a Hamamatsu Orca-

Flash 4.0 v2 sCMOS operating at a 50ms frame rate. 
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As highlighted by the red and blue lines in Figure 5.3 the dot is fluctuating between two 

well-defined luminescence states, one of these is the zero intensity background level of 

the camera shown by the red line “off” state and the other, by the blue line – blinking 

“on”. This is further proved by the small section captured by the camera showing an 

empty ROI and a populated ROI. These two defined states show that there is a single 

Qdot present. 

Using the same sample, an investigation into how intensity time traces differ when there 

are multiple Qdots inside an ROI was performed. Using ImageJ, a different ROI was 

chosen where two Qdots were in close proximity to each other. Figure 5.4(a) shows a 

multi-level system in which both Qdots were blinking independently. When both Qdots 

are in their “off” state, neither are emitting any fluorescence as indicated by the red line 

and highlighted in Figure 5.4(e) showing no fluorescence. It can be seen in Figure 5.4(c) 

and Figure 5.4(d) that both Qdots are independently blinking “on” and “off”, where their 

fluorescence falls inside the blue band present. It is only when both Qdots are in their 

“on” state, Figure 5.4(b) that another well-defined level is present, highlighted by the 

green banding on the time trace. This multi-level time trace allows the differentiation 

between the presence of a single Qdot or multiple Qdots this technique is used throughout 

the rest of this work to determine if individual diffraction limited point sources are truly 

single quantum dots or clusters.  
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Figure 5.4(a) The same test sample of streptavidin labelled 605nm Qdots from Figure 

5.1, was used to demonstrate a cluster of Qdots blinking. There are two Qdots in this 

cluster seen by blinking between (e) the off (in red) state, the first well-defined state, (c), 

(d) in which either one of the Qdots were on (in blue) and (b) the second well-defined on 

(in green) state. This sample was captured using a Hamamatsu Orca-Flash 4.0 v2 sCMOS 

operating at a 30ms frame rate. 

 

Using streptavidin labelled 565nm and 605nm Qdots, blinking was observed on the 

Hamamatsu Orca Flash 4.0 v2 sCMOS when illuminated by CW 488nm laser light from 

the Picoquant. The sCMOS was set to record for 30 seconds with a 50ms frame time, 

while operating at a reduced FOV, 512 by 512 pixels for data management. Figure 5.5(c) 

and Figure 5.5(d) show time traces from each of the samples showing clear two level on-

off states from the Qdots. Due to the lack of temporal resolution from the camera, the 

sCMOS is unable to fully or always define these rapid on-off states, resulting in 

occasional lower intensity being recorded. These well-defined two levels prove that there 

are individual Qdots present  
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a) 565nm Qdots 

 

b) 605nm Qdots 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

Figure 5.5 Test samples of (a) streptavidin labelled 565nm Qdots and (b) streptavidin 

labelled 605nm Qdots were imaged on a Hamamatsu Orca Flash 4.0 v2 sCMOS with a 

frame rate of 50ms and recorded for 30 seconds. For each sample, three Qdots were 



146 

chosen, highlighted by the red, yellow and blue dotted circles and their respected time 

traces were produced showing clear blinking on and off from the (c), (e) and (g) 565nm 

Qdots and the (d), (f) and (h) 605nm Qdots. 

 

5.2.3 Imaging on SPCImager 

By utilising the 50:50 beam splitter that was incorporated to the microscope out port, 

SPCImager can be introduced to image the exact same ROI simultaneously with the 

sCMOS. This was used to benchmark single quantum dots for study on the SPCImager 

in these initial trials. Once it was established SPCImager could image individual Qdots, 

the beam splitter was removed allowing 100% of the fluorescent light to be incident on 

SPCImager. Initially, the Qdots were illuminated with the Picoquant laser operating in 

CW mode, to give strong excitation and the most fluorescence for SPCImager to detect. 

a) 565nm Qdots 

 

b) 605nm Qdots 

 

Figure 5.6 SPCImager was set to capture 10,000 frames and all 10,000 frames were 

aggregated to create the most bit-depth. A background image of 10,000 bit-planes was 

captured prior to imaging with the laser blocked to limit illumination and was subtracted 

from the final image. New samples were made up of (a) 565nm Qdots and (b) 605nm 

Qdots. 

 

New samples were made up for SPCImager to eliminate any photobleaching or damage 

to the streptavidin that had been caused by the laser when illuminating the sample for the 

sCMOS. Figure 5.6(a) shows a much higher density of Qdots than desired, however, 

when the sample was diluted, neither SPCImager nor the sCMOS were able to detect any 

Qdots. This may have been due to age of the stock sample solution at the time of sample 

creation. However, Figure 5.6(b) shows clear and separated Qdots with adequate density 

to test if the sample has single Qdots present.  
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5.2.4 Blinking on SPCImager 

To confirm if single Qdots were being imaged, 20 sets of 10,000 bit-planes were captured, 

taking 1 second per 10,000 bit-planes, allowing the capture time to be similar to the 

sCMOS. Due to SPCImager’s post processing abilities, an aggregation of 1000 was first 

conducted to confirm if individual Qdots were present. As before, 3 separate ROI were 

chosen, and time traces were plotted for each Qdot, Figure 5.7. ROI for the 565nm Qdots 

were chosen from the less populated area of the sample. As the corresponding time traces 

for 565nm Qdots suggest in Figure 5.7(c), (e) and (g), single Qdots are present as 

represented by the “on-off” states. 

The 605nm Qdots show much clearer and more defined “on-off” states, likely because 

the sample has a much more viable density than the 565 nm sample. As explored in 

Chapter 3, SPCImager can process the same data set using various levels of aggregation, 

depending on the level of temporal resolution required. As the purpose of the work was 

to prove that SPCImager could successfully image individual dots in lifetime mode, the 

605nm Qdots sample was used to investigate blinking dynamics with respect to levels of 

aggregation.  
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a) 565nm Qdots 

 

b) 605nm Qdots 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 
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Figure 5.7 Test samples of (a) streptavidin labelled 565nm Qdots and (b) streptavidin 

labelled 605nm Qdots were imaged on SPCImager capturing 10,000 bit-planes and 

processed with a 1000 aggregation. This produced a simulated 10ms exposure recording 

for 20 seconds. For each sample, three Qdots were chosen, highlighted by the red, yellow 

and blue boxes and their respected time traces were produced showing clear blinking on 

and off from the (c), (e) and (g) 565nm Qdots and the (d), (f) and (h) 605nm Qdots. 

 

SPCImager captured 20 seconds of 605nm Qdots blinking “on” and “off” in Figure 

5.7(b) using 10,000 bit-planes. This data was processed multiple times using varying 

levels of fixed aggregation. The lower the aggregation, the shorter the simulated exposure.  

a)

 

b) Red ROI 

 

c) Yellow ROI 

 

d) Blue ROI 

 

Figure 5.8(a) Three new ROI were chosen on the test sample of streptavidin labelled 

605nm Qdots (b) shows time traces for a range of aggregation for the red ROI (c) time 

traces for the yellow ROI and (d) for the blue ROI. 

 

This temporal event highlights how powerful SPCImager’s post processing aggregation 

is and how it can potentially be exploited to reveal greater information than traditional 

imaging cameras. The bit-planes were processed using different levels of Fixed 
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Aggregation. Figure 5.9 shows how increasing the temporal resolution by aggregating 

less frames together provides more information per blink event. Using an aggregation of 

100, the two-level event is more accurately represented temporally, however this 

introduces a noise increase. By aggregating more, 1000 or higher, there is an 

improvement in signal clarity however, at a loss of temporal resolution. Due to 

SPCImager’s ability to post process, there is no need to choose between image clarity or 

temporal resolution when imaging the sample, unlike traditional camera technologies. By 

comparing two different aggregations levels, at around 8.5 seconds an aggregation level 

of 1000 highlights that it missed a blinking off event that would be detected at an 

aggregation level of 100. 

 

Figure 5.9 Using the Qdot from Figure 5.8(c), a blinking “on-off” event can be seen 

around 8.5 seconds when aggregating 100 frames together that cannot be identified using 

any higher aggregation.  

 

Overall, SPCImager is well suited to these fast temporal events due to its very fast frame 

rate. The addition of being able to change the simulated exposure time by post processing 

allows SPCImager to outperform the sCMOS in capturing these events. As shown by the 

well-defined “on-off” states, SPCImager clearly imaged individual Qdots. 

1 sec 

0.5sec 

 

100ms 

 

10ms 
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5.3 Photon Counts of Samples 

It is crucial to explore directly how SPCImager reacts to extreme photon starved samples, 

specifically studying the final number of photons produced by samples per second 

(photon flux) when comparing CW and pulsed excitation. Although for lifetime imaging 

pulsed excitation is required, and it is detected events per pulse that is important, the 

absolute photon flux received compared to CW is greatly reduced and there remains a 

fundamental threshold of dark count to overcome. Setting SPCImager to capture 100,000 

bit-planes and aggregating all 100,000 frames together, Figure 5.10 shows the impact of 

moving from CW laser excitation to pulsed excitation in terms of photon counts per 

sample. 

When operating at 100,000 bit-planes and aggregating them all together, this simulates 

an exposure time of 10 seconds. This long exposure time increases the noise floor of the 

camera quite significantly causing the pulsed Qdots to be undistinguishable from the 

background noise.  

 

Figure 5.10 SPCImager was set to capture 100,000 bit-planes for each sample used 

throughout this work. These bit-planes were processed through 100,000 fixed aggregation 

to simulate a 10 second exposure time. The samples were excited by both CW and pulsed 

laser light from the Picoquant laser and their average photon counts were added to the 

graph.  
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As Figure 5.10 suggests, operating in CW works well for identifying individual Qdots 

on SPCImager, however pulsed operation is required to obtain lifetimes. However, 

Figure 5.10 shows that under pulsed excitation, Qdots prove difficult to image for 

SPCImager’s intensity-based imaging modality as they would be returning around 1750 

counts. This is around the noise floor of SPCImager. This makes initial identification of 

individual quantum dots on SPCImager in photon counting mode with pulsed excitation 

extremely challenging. However, time resolved imaging is not directly comparable, as 

discussed above, it is the absolute count per unit pulse that contributes to the lifetime 

result.  

For this work the Picoquant pulsed laser can be easily switched between pulsed and CW 

mode without impacting alignment. Figure 5.10 and above discussion show this is a vital 

feature, and future work with SPCImager would benefit greatly retaining such flexibility 

in laser operation.  

 

5.4 Model Predictions for Imaging Parameters for Qdots 

To expand on the limits for low photon counting samples discussed in Figure 5.10, the 

model presented in Chapter 4 is advanced to create a “Variable Photon Count” overview. 

Building from Section 4.3.5, the Variable Photon Count model, is able to determine at 

what level of confidence a lifetime will be returned at a given level of photons. A fixed 

simulated lifetime event of 15ns was chosen as the lifetimes of the Qdots used in this 

work, 565nm, 585nm, 605nm & 655ns range in lifetime from ~10ns to 20ns [230], [248]. 

To run the model, the amplitude of this decay curve was reduced, and the upper and lower 

limits of Bin A were monitored. By running the model 100 times, an average Bin A size 

and its associated standard deviation was determined for each level of photons. This 

model also introduced confidence levels of 97.5%, 90% and 70% for both the lower limit 

and upper limit to Bin A’s size, Figure 5.11(a). Meaning for a 90% confidence level, 90 

times out of 100 SPCImager will return a reliable lifetime. 
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a)

 

b)

 

Figure 5.11(a) Computational model showing what size of Bin A is required to return a 

lifetime of a given accuracy at a set number of photons incident on SPCImager for a fixed 

lifetime of 15ns to simulate Qdots. (b) the same simulation over zoomed in range of 

emitted photons at which Qdots are expected to emit, from Figure 5.10.  

 

Even operating at low photon levels, <1000, the model suggests in Figure 5.11(b), that a 

correct lifetime will be returned with a high degree of confidence, > 90%.  When the 

model was set to return a lifetime with a confidence level of 97.5% (solid black lines 

above), SPCImager will be able to operate with a Bin A size in the range of ~8ns to 12ns 

and still return an accurate lifetime. Decreasing the level of confidence to 70% a range of 

~5ns to 15ns would return a reliable lifetime.  

 

5.4.1 Qdot lifetime 

The “Variable Photon Count” model suggests that SPCImager would be able to return an 

accurate lifetime for the Qdots used in this work, within the range of ~10ns to 20ns [230], 

[248]. By using Bin A sizes ranging from 5ns to 15ns, with the optimal Bin pair of Bin A 

set to 10ns and Bin B set to 20ns, SPCImager was set to capture 10 sets of 10,000 bit-

planes, for both 565nm Qdots Figure 5.12 and 655nm Qdots Figure 5.13, resulting in an 

acquisition time of 10 seconds per FOV. These samples were illuminated by the 

Picoquant laser operating in pulsed mode at 5MHz.  
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Intensity Lifetime 

a)

 

b) 5ns and 10ns 

 

c)

 

d) 10ns and 20ns 

 

e)

 

f) 15ns and 30ns 

 

Figure 5.12 565nm Streptavidin labelled Qdots imaged on SPCImager. Intensity based 

images were processed through the Fixed Aggregation code and the lifetime spatial maps 

were processed through the lifetime Matlab code. (a) an intensity map and (b) a lifetime 

spatial map for Bin pair 5ns and 10ns. (c) an intensity map and (d) a lifetime spatial map 

for the optimal Bin pair of 10ns and 20ns. (e) an intensity map and (f) a lifetime spatial 

map for Bin pair 15ns and 30ns.  
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Intensity Lifetime 

a) 

 

b) 5ns and 10ns 

 

c) 

 

d) 10ns and 20ns 

 

e) 

 

f) 15ns and 30ns 

 

Figure 5.13 655nm Streptavidin labelled Qdots imaged on SPCImager. Intensity based 

images were processed through the Fixed Aggregation code and the lifetime spatial maps 

were processed through the lifetime Matlab code. (a) an intensity map and (b) a lifetime 

spatial map for Bin pair 5ns and 10ns. (c) an intensity map and (d) a lifetime spatial map 

for the optimal Bin pair of 10ns and 20ns. (e) an intensity map and (f) a lifetime spatial 

map for Bin pair 15ns and 30ns.  

 

Both Figure 5.12 and Figure 5.13 show that imaging in lifetime mode on SPCImager is 

challenging but potentially possible. It was seen in Section 5.2.4 that SPCImager is 

capable of imaging single quantum dots under CW excitation, however due to the low 
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photon limit when operating with pulsed laser light, the intensity based images from 

Figure 5.12 and Figure 5.13 are unable to return any single quantum dots. 

Unfortunately, due to limitations on delay generator and control circuitry, the optimal 

imaging parameters cannot be stabilized for the long Qdots lifetimes presented in Figure 

5.12(c)-(f) and Figure 5.13(c)-(f). These results do not negate the potential of the 

SPCImager technology being applied to single quantum dot lifetime imaging but suggest 

a more targeted approach to developing the hardware for working with longer time Bins 

would be required. It is speculated that these results show evidence of time delay errors 

being produced, similar to what is seen in Chapter 4. The model in Chapter 4 and in 

Figure 5.11, suggests using 10ns and 20ns for Bin A and B respectively would be 

optimal. 

However, the principle has been demonstrated and presented in this work, for the first 

time, the viability of using SPCImager to image individual quantum dots in widefield 

lifetime mode. With further exploration into the optimisation of the control electronics, 

allowing SPCImager to remain stable at longer lifetimes, this could have direct 

application in a range of quantum dot imaging fields, such as the life sciences.   

 

5.5 Proving Individual Single Molecules 

In 1997 R. Dickson et. al. [249] discovered that by trapping single molecules of green 

fluorescence protein (GFP) in polyacrylamide gels [250], they would blink on and off 

when subjected to laser light. When these molecules were in a bulk sample, the individual 

blinking of each molecule was undetectable. However, unlike quantum dots, it was found 

that when imaging individual single molecules, they undergo blinking between “on” and 

“off” states until they reach a permanent “off” state. These GFP molecules were observed 

to produce roughly 106 photons over the course of several minutes before switching 

permanently dark. It is now believed that when imaging individual GFP molecules, it is 

a change in their vibration or rotation that can cause a change in their fluorescence 

behaviour [251], [252] resulting in the GFP molecule turning to its dark state.  

 

In this thesis monolabelled Cyanine 3 [253] and monolabelled Alexa 488 [254] molecules 

are used in place of GFP, but the principle remains the same and single molecules are 

expected to blink between two well defined states before turning permanently dark.  
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The same method, as demonstrated above for identifying individual Qdots was conducted 

here to identify individual Cy3 and Alexa 488 molecules. Due to the rapid photobleaching 

displayed by both families of single molecules, SPCImager was only set to capture 10 

sets of 10,000 bit-planes resulting in a 10 second acquisition time.  

Figure 5.14 and Figure 5.15 demonstrate that SPCImager is capable at imaging single 

Cy3 and Alexa 488 molecules under CW excitation. Despite high density of molecules 

of both, areas of clear single molecules with well-defined two-level blinking are 

identifiable, as seen in Figure 5.14b) and Figure 5.15b). By summing counts over whole 

FOV, the characteristic exponential decay of a photobleaching samples is seen confirming 

the permanent bleaching of the molecules present under constant illumination, Figure 

5.14(c) and Figure 5.15(c). 

 

a) 

 

b) 

 

c) 

 

Figure 5.14 Streptavidin labelled Cy3 imaged on SPCImager. a) a spatial intensity map 

captured on SPCImager at 10,000 bit-planes with a 10,000 aggregation. A highlighted 

10,000 Agg 
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ROI is present (b) recording a time trace using a 100 aggregation for increased temporal 

resolution showing a clear two-level system indicating individual single molecules. (c) a 

time trace of the entire FOV showing an exponential decay, highlighting the 

photobleaching effect of the single molecules.  

 

a) 

 

b)

 

c)

 

Figure 5.15 Streptavidin labelled Alexa 488 imaged on SPCImager. a) a spatial intensity 

map captured on SPCImager at 10,000 bit-planes with a 10,000 aggregation. A 

highlighted ROI is present (b) recording a time trace using a 100 aggregation for 

increased temporal resolution, showing a clear two-level system. (c) a time trace of the 

entire FOV showing an exponential decay, showing photobleaching of the single 

molecules. 

 

 

 

10,000 Agg 
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5.6 Streptavidin labelled Cy3 

Building from the previous work from this thesis, the optimal imaging parameters have 

been explored to allow for widefield single-molecule FLIM. This represents one of the 

most challenging imaging situations in the life sciences. As discussed in Chapter 4, 

optimal Bin A size is roughly expected to be that of the fluorophore lifetime, so 0.5ns in 

this case. However, 0.5ns is at the operational limit of SPCImager and, more importantly, 

due to the firmware code written in Matlab, SPCImager’s Bin sizes are limited to positive 

integers. Therefore, a compromise of a Bin pair of 1ns and 2ns were explored with the 

information gained from Figure 5.10, it is expected these single molecules are going to 

produce roughly 100 to 1000 photons. Working with the “Variable Photon Count” model 

from Figure 5.11, it is possible to simulate the experiment and understand SPCImager’s 

reliability to return a reliable lifetime at these low photon levels. 

 

5.6.1 Model Predictions for Imaging Parameters for Cy3 

The “Variable Photon Count” computational model was used to simulate the very fast 

lifetime of Cy3, of 0.5ns in Figure 5.16. Due to this fast lifetime, the window of accuracy 

between the upper and lower confidence levels is narrow, reducing the range of viable 

Bin sizes to operate at, between 0ns and 3ns if operating with a 70% confidence level. 

This changes when operating at low photon levels, <1000, the model suggests in Figure 

5.16(b) that only 1ns or 2ns for Bin A will return a reliable lifetime within any confidence 

level.  

a)

 

b)

 

Figure 5.16(a) “Variable Photon Count” model simulating Cy3 and what size of Bin A 

is required to return a lifetime of a given accuracy at a set number of photons incident on 

SPCImager. (b) the same simulation over the range at which Qdots are expected to be 

found due to Figure 5.10. 
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5.6.2 Cy3 Blinking Results 

The two different FOV’s, Figure 5.17 and Figure 5.18, of Cy3 were imaged under Pulsed 

excitation and imaged on SPCImager operating in photon counting mode to determine if 

the highlighted ROI’s contain individual single molecules or small clusters.  

a)

 

b)

 

c)

 

d)

 

Figure 5.17 The first FOV of streptavidin labelled Cy3, imaged on SPCImager capturing 

10,000 bit-planes, operating under pulsed laser excitation from a 488nm Picoquant laser. 

(a) an intensity spatial map of Cy3 with 3 highlighted ROI’s. (b), (c) and (d) show 

blinking dynamics from each ROI on SPCImager undergoing 1000 aggregation.  
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a)

 

b)

 

c)

 

d)

 

Figure 5.18 The second FOV of streptavidin labelled Cy3, imaged on SPCImager 

capturing 10,000 bit-planes, operating under pulsed laser excitation from a 488nm 

Picoquant laser. (a) an intensity spatial map of Cy3 with 3 highlighted ROI’s. (b), (c) and 

(d) show blinking dynamics from each ROI on SPCImager undergoing 1000 aggregation.  

 

The ROI’s highlighted in Figure 5.17 and Figure 5.18 are the same as the ones presented 

in Figure 5.19 and Figure 5.20 respectively. SPCImager was set to capture 10 sets of 

10,000 bit-planes and the data was processed through a range of aggregation levels to 

increase temporal resolution. As seen in both Figure 5.17 and Figure 5.18 there is no 

clear evidence of individual single molecules as defined earlier by well-defined two-level 

blinking. However, this does show evidence of small clusters of single molecules. 
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5.6.3 Cy3 Lifetime Results 

To record lifetimes from Cy3 sample, SPCImager was set to capture 10 sets of 10,000 

bit-planes, with an acquisition time of 1 second per set, using a compromised Bin pair of 

1ns and 2ns due to the firmware limitations. Results were then analysed and processed as 

discussed in Chapter 4. Figure 5.19 and Figure 5.20 show two different field of views 

from the same sample, displaying the intensity map, the processed lifetime map, and 

histograms of lifetime over three example ROIs. From both, SPCImager returned an 

estimated lifetime of these clusters to be between 0.461ns and 0.482ns with a 90% 

confidence level. This compares to the known lifetime of 0.5ns for these molecules [184]. 

This shows SPCImager’s capability at capturing accurate widefield lifetimes with a 1 

second acquisition time, albeit with what seems to be small clusters of molecules.  
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a) Intensity Spatial Map 

 

b) Lifetime Spatial Map 

 

c) ROI 1 

 

d) ROI 2 

 

e) ROI 3 

 

f) Full FOV 

 

Figure 5.19 Streptavidin labelled Cy3 imaged on SPCImager capturing 10 sets of 10,000 

bit-planes. (a) Cy3 imaged on SPCImager under pulsed laser light and processed using 

Fixed Aggregation to generate an intensity spatial map. (b) the lifetime spatial map of (a) 

showing three ROI’s (c), (d) and (e) and the returned lifetime estimates from SPCImager. 

(f) a histogram of the full array 0.449ns. 
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a) Intensity Spatial Map 

 

b) Lifetime Spatial Map 

 

c) ROI 1 

 

d) ROI 2 

 

e) ROI 3 

 

f) Full FOV 

 

Figure 5.20 A second FOV of Streptavidin labelled Cy3 was imaged on SPCImager 

capturing 10 sets of 10,000 bit-planes as before. (a) Cy3 imaged on SPCImager under 

pulsed laser light and processed using Fixed Aggregation to generate an intensity spatial 

map. (b) the lifetime spatial map of (a) showing three ROI’s (c), (d) and (e) and the 

returned lifetime estimates from SPCImager. (f) a histogram of the full array 0.438ns. 

 

Figure 5.14 demonstrates that in photon counting mode SPCImager has the potential to 

successfully and reliably detect single molecules. However, Figure 5.17 and Figure 5.18 

demonstrates that under pulsed excitation and our experiment configuration SPCImager 
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was only able to detect small clusters of the Cy3 single molecules. Figure 5.19 and 

Figure 5.20 proves that SPCImager can reliably return widefield fluorescent lifetime.  

 

5.7 Streptavidin Labelled Alexa 488 

The other type of single molecules that were used in this work is streptavidin labelled 

Alexa 488 which has a known lifetime of 4.1ns [185]. These samples were prepared using 

the protocol outlined in Chapter 2, Section 2.5.8 and inserted into a micro channel. 

Utilising both mathematical models set to a fixed value of 4.1ns, a range of suggested Bin 

pairs were produced. Deploying Bin A between 2ns and 10ns would return a lifetime of 

4.1ns with varying degrees of confidence. Bin pairs of 4ns and 8ns, 6ns and 12ns and 8ns 

and 16ns were chosen as the model predicted a 97.5% confidence in lifetime.  

 

5.7.1 Model Predictions for Imaging Parameters for Alexa 488 

Setting the “Variable Photon Count” model to work for a fixed lifetime of 4.1ns, Figure 

5.21 shows a larger window of accuracy between the upper and lower confidence levels 

than Cy3. When zooming in to the low photon counts, seen in Figure 5.21(b) it was 

predicted that SPCImager should operate with a Bin pair of 6ns and 12ns to return a 

lifetime of 4.1ns ± 0.1025ns with a 97.5% degree of confidence.  

a)

 

b) 

 

Figure 5.21(a) “Variable Photon Count” model simulating Alexa 488 and what size of 

Bin A is required to return a lifetime of a given accuracy at a set number of photons 

incident on SPCImager. (b) the same simulation over the range at which Qdots are 

predicted to be found due to Figure 5.10.  
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5.8 Alexa 488 Results 

SPCImager was set to capture 10 sets of 10,000 bit-planes using a Bin pair of 6ns and 

12ns to return the most accurate lifetime estimate, as suggested by the “Variable Photon 

Count” model. Similarly to Cy3, Figure 5.22 shows that SPCImager is in fact imaging 

small clusters not individual single molecules. Figure 5.23(a) shows Alexa 488 under 

pulsed excitation from the Picoquant laser, being captured on SPCImager and processed 

using Fixed Aggregation to return an intensity-based image. The same data was then 

processed through SPCImager’s lifetime estimate code, producing a lifetime spatial map 

shown in Figure 5.23(b). From this data, three ROI were taken and the per pixel lifetime 

was plotted in a histogram. SPCImager was able to return a lifetime range of 2.733ns to 

6.679ns. 

a)

 

b)

 

c)

 

d)

 

Figure 5.22 Streptavidin labelled Alexa 488, imaged on SPCImager capturing 10,000 bit-

planes, operating under pulsed laser excitation from a 488nm Picoquant laser. (a) an 

intensity spatial map of Cy3 with 3 highlighted ROI’s. (b), (c) and (d) show blinking 

dynamics from each ROI on SPCImager undergoing 1000 aggregation.  
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a) Intensity Spatial Map 

 

b) Lifetime Spatial Map 

 

c) ROI 1 

 

d) ROI 2 

 

e) ROI 3 

 

f) Full Array 

 

Figure 5.23 Streptavidin labelled Alexa 488 imaged on SPCImager capturing 10 sets of 

10,000 bit-planes. (a) Alexa 488 imaged on SPCImager under pulsed laser light and 

processed using Fixed Aggregation to generate an intensity spatial map. (b) the lifetime 

spatial map of (a) using a Bin A size of 6ns and a Bin B size of 12ns, showing three ROI’s 

(c), (d) and (e) and the returned lifetime estimates from SPCImager. (f) a histogram of 

the full array. 
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5.9 Summary 

SPCImager was able to image single Qdots as proven by the well-defined “on-off” states 

shown in Figure 5.8. The fast-blinking dynamics demonstrated by the streptavidin 

labelled Qdots proved a perfect scenario where SPCImager’s post processing technique 

proves valuable. As seen in Figure 5.9, by changing the level of aggregation of 

SPCImager, more temporal resolution can be achieved. By aggregating at a lower level, 

SPCImager is able to provide more blinking information, providing the opportunity to 

identify blinking events that were missed at higher aggregation levels.  

To gain an estimate of what imaging parameters were needed to return accurate lifetimes 

from SPCImager, the initial Bin pairs were decided using the computational model from 

Chapter 4. However, due to the low photon levels of Qdots and single molecule samples, 

the model was developed into the “Variable Photon Count” model to investigate how 

reducing detected photons affects the confidence level of the returned lifetime.  

Due to hardware limitations in SPCImager and in the control electronics, SPCImager was 

unable to return any lifetime estimate for the streptavidin Qdots for any Bin pairs used, 

5ns and 10ns, 10ns and 20ns or 15ns and 30ns. Further development in optimising 

SPCImager for longer lifetimes is required. However, the model and work done to prove 

SPC reliability in imaging QDS shows huge potential here.  

By using the “Variable Photon Count” model, SPCImager was able to return lifetimes of 

small clusters of Cy3 single molecules to a high degree of confidence. The lifetime 

estimate of Cy3 was returned at 0.467ns which is within a known 90% confidence level. 

The model suggests that this level of confidence could have been increased if the 

SPCImager’s firmware could operate with non-integer Bin sizes as the optimal suggested 

sizes were 1.5ns and 3ns. 

SPCImager was unable to return a single estimated lifetime for Alexa 488. This is due to 

SPCImager’s lack of accuracy at these low photon levels. Additionally, Alexa 488 

demonstrates two distinct peaks in lifetime, suggesting a biexponential lifetime. As 

SPCImager only has two operating windows SPCImager is unable to produce a single 

lifetime. 

This work suggests that with an efficiency gain of x3-x4, SPCImager could be able to be 

fully applied to single molecule imaging. This gain could be achieved if instead of the 

130nm CMOS architecture, SPCImager was implemented in a BSI 3D stacked 

architecture. Additionally, with the use of more efficient microlensing this gain would 
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also be possible. To further enhance the SPCImager platform, firmware changes to allow 

for sub-integral binning would help with sub-nanosecond lifetime imaging as well as 

single molecule imaging. Additionally, firmware changes would need to be addressed to 

allow SPCImager to improve stability and operating over longer bin sizes, allowing for 

reliable and repeatable quantum dot lifetime imaging. 
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Chapter Six: 
 

 
6  Discussion and Overall Summary 

 

 

6.1 Research Project 

This research set out to push the SPCImager platform to its limits, with the initial concept 

of using it for fast particle tracking before proceeding with the main goal of widefield 

fluorescent lifetime imaging microscopy. This was made possible due to SPCImager’s 

two imaging modalities: firstly, a single photon counting mode that operates similarly to 

a commercial camera (with the additional benefit of bit-plane based post processing) and 

secondly a dual time-gated imaging modality that allows crude time tagging capabilities 

over the full array of pixels.  

Utilising this second imaging modality, SPCImager was able to perform widefield FLIM 

on a range of microspheres before demonstrating potential and limitations of applying 

this to single molecule widefield FLIM.  
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6.2 Initial goals and set up 

In this research, a custom TIRF microscope platform was designed and developed to 

allow imaging through pulsed and CW excitation with a piezo controllable mirror to 

switch between epifluorescence and TIRF through Matlab Kinesis software. Using a 

beam splitter, data can be recorded on both SPCImager and a sCMOS/emCCD imaging 

technologies simultaneously. This robust imaging platform provided SPCImager with the 

most optimal settings to perform widefield fluorescent lifetime imaging microscopy.  

Additionally, throughout this research sample preparation protocols were continuously 

developed and updated allowing for custom dilutions to fit experimental needs. These 

protocols proved invaluable, allowing the production of slow moving 500nm 

microspheres. SPCImager was used to investigate Brownian motion of the microspheres, 

resulting in a publication with I.Gyongy [190]. A computational model was constructed 

to simulate a particle undergoing a random walk in the x and y axis, before simulating 

how SPCImager would track this particle. By operating at 20,000 bit-planes a second and 

applying a 100 bit-plane aggregation, a simulated 5ms exposure was used to track the 

500nm microspheres. Due to the 500nm microspheres moving much slower than the 

operational speed of SPCImager, the speed of the microspheres emerged as the limiting 

factor in that work. However, the principle proved the viability of SPCImager as a high-

speed tracking camera. 

Therefore, SPCImager was then compared to a Hamamatsu ImageEM emCCD for 

tracking vesicles using various aggregation levels. It was found that while operating at a 

55ms simulated exposure that SPCImager was able to track the vesicles to the same 

degree of accuracy as the emCCD. As before, the vesicles were moving too slowly, 

causing them to be the limiting factor for that work. SPCImager has shown great promise 

as a high-speed tracking camera for the life sciences, however this research was not 

explored any further, due to the focus of this work being time resolved imaging. 

 

6.3 Troubleshooting imaging parameters 

Moving on from intensity-based imaging and fast particle tracking, the focus of 

SPCImager was changed to lifetime microscopy. Due to the manufacturing process of the 

sensor, there is a non-linear affect across the sensor that cause the outer edges of the 

sensor to image before the centre in time-gated mode. A systematic study of the control 

electronics and system delays was conducted to negate this non-linear affect and produce 
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the optimal operation parameters for SPCImager to perform widefield lifetime imaging. 

The most crucial element to this was the introduction of a Stanford Delay Generator 

DG645 to allow fine control over delay parameters in the system. However, this 

introduced limits on the operating size of SPCImager’s time gates, Bin A and Bin B. If 

either Bin was too large, the Stanford Delay Generator would return a “RATE” error. 

This occurred when a second laser trigger arrived at the delay generator before it had 

finished processing the first, resulting in an electrical pile up and leading to mis-

registrations or missed photon counts. This was minimised with the introduction of an 

analogue delay generator which allowed for even more control over the system delays.  

 

6.4 Mathematical Model 

Using a modified version of the model presented by Wang et. al. [226], a computational 

model of a fluorescence lifetime experiment, with added Poisson noise and dark count, 

as well as a controllable rise time and decay rate, was developed to further understand 

and optimise SPCImager for lifetime imaging. This model was able to return accurate 

lifetimes for a range of simulated Bin sizes on SPCImager. Alongside this work, a second 

publication with I.Gyongy was produced [126]. By advancing the model further, a study 

into optimising imaging parameters needed for SPCImager to return accurate widefield 

lifetimes was conducted. A further iteration of this model allowed an exploration of 

SPCImager’s accuracy at photon starved events such as single molecules and quantum 

dots under reasonably stable conditions. 

 

The model presented in Chapter 4 is the first rigorous exploration of the full potential of 

SPCImager’s dual time gate binning method applied to a diverse range of biologically 

relevant fluorescent labels. It demonstrated that dual time bins are a viable and efficient 

method to extract lifetime, not hindered by the photon heavy requirements of traditional 

TCSPC lifetime imaging. However, great care needs to be applied when setting the time 

bins to return reliable high confidence data for differing expected lifetimes. This does in 

principle limit SPCImager’s usefulness, when, for example, imaging both short and long 

lifetimes with a > 5 ns difference. The model generated in this thesis, can provide a 

benchmark standard for the correct configuration of SPCImager, or similar dual time bin 

technologies, for future work.  
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6.5 SPCImager as a FLIM platform. 

With the optimisation of the model and the control circuitry and delay electronics 

understood, SPCImager was able to achieve accurate widefield lifetime images of 

TransFluoSpheres 1µm beads with an image acquisition time of 1 second per 10,000 bit-

planes captured. SPCImager was then able to differentiate a sample made up of 488/560 

and 488/645 TransFluoSpheres 1µm beads on the same slide by lifetime alone. 

Comparing SPCImager to a state-of-the-art scanning confocal lifetime system at the 

ESRIC facility based as Heriot Watt [204], a sample of 200nm green (505/515) 

TetraSpeck Microspheres were imaged and lifetimes produced. ESRIC’s system took 10 

minutes to scan the sample and return a lifetime of 2.916±0.558ns compared to 

SPCImager’s 2.804±0.363ns captured in 10 seconds. This demonstrates clearly the 

potential benefit of SPCImager as a widefield FLIM platform. With the ability to 

accurately and reliably perform widefield FLIM, the data acquisition times are reduced 

by 60 times, and in turn, samples are illuminated 60 times less.  

 

6.6 Widefield single-molecule FLIM 

Before imaging in its lifetime modality, SPCImager was set to its photon counting mode 

to determine if it was able to image individual quantum dots and single molecules. This 

was determined by imaging over 20 seconds and recording the fast-blinking dynamics of 

these samples. These fast events are very well suited to SPCImager due to the fast frame 

rate and the ability to post process data to choose between image clarity and temporal 

resolution. This proves invaluable as seen in Figure 5.9, as operating with a lower level 

of aggregation allows for much higher temporal resolution, resulting in two well defined 

blinking “on-off” states and is able to provide more blinking information. Although only 

briefly noted in this thesis, this post processing, acquisition independent, feature of 

SPCImager bit-plane imaging approach, has huge potential on single molecule and single 

dot photophysical exploration. 

Further improvements were applied to the computational model to investigate how 

reducing detected photons affects the returned lifetimes for different confidence levels. 

This allowed SPCImager to be correctly operated for imaging Cy3 with its very fast 

lifetime of ~0.5ns and Alexa 488 at 4.1ns. Using the optimal settings chosen by the model, 

SPCImager was able to return lifetimes of small clusters of both Cy3 and Alexa 488 to a 

high degree of confidence. SPCImager returned a lifetime of 0.467ns for Cy3 clusters and 
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lifetimes for Alexa 488 with an acquisition time of 10 seconds. The work in this thesis 

suggests that an efficiency gain of as little as x1.5 would allow SPCImager to be fully 

applied to single molecule imaging. This is achievable through optimised microlensing 

or more advanced chip manufacturing approach to increase fill factor.  

Due to hardware limitations in SPCImager and the control electronics, SPCImager was 

unable to return lifetimes for the streptavidin labelled 565nm or 655nm Qdots. However, 

these results do not negate the potential of the SPCImager technology being applied to 

single quantum dot lifetime imaging as the principle has been successfully demonstrated 

and presented, for the first time in this work. By conducting a further exploration into the 

control electronics to allow SPCImager to remain stable at the longer lifetimes of quantum 

dots, it is highly likely that SPCImager could have direct applications in the field of 

quantum dot imaging.  

  

6.7 Overall Summary 

Overall SPCImager, operates as a widefield FLIM detector operating on the custom built 

TIRF microscope system, and can return reliable, accurate and fast lifetimes for 1µm 

beads down to 200nm beads. Additionally, SPCImager is able to differentiate samples 

from lifetime alone with a very fast acquisition time. A robust and comprehensive model 

was created to produce optimised imaging parameters for any experimental setup. 

However, although this work did not return reliable lifetimes from individual single 

molecule and single dots, we have shown that the SPCImager architecture has full 

potential to do so, and with huge confidence and efficiency. There are issues regarding 

time gating and binning for longer lifetime samples and efficacy for single molecules. 

However, these are potentially solvable through the next generation devices with 

increased fill factor, quantum efficiency or microlensing.  
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