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Abstract

While time-resolved Raman spectroscopy offers high molecular specificity, it
can be particularly challenging in the presence of noise. A stronger Raman
signal can be obtained by exciting a sample within the visible spectral region
(VIS), thus exploiting the proportionality of the Raman scattering to the
wavelength of excitation (1/ λ4).2 However, acquiring the Raman spectrum
while exciting in the VIS often comes with the price of introducing a strong
fluorescence background, in many applications.3,4,5 This can be limiting,
especially when it comes to resolving the Raman spectra of samples such as
biological tissue, which pose particular challenges to commercial Raman
systems due to their high fluorescence emission across a wide spectral
excitation range.

To deal with this problem there are a number of widely used techniques that
can be adopted to either avoid or reject the fluorescence, such as using near
infrared lasers (where the background fluorescence is less intense), applying
background subtraction algorithms and signal processing to the acquired data,
exploiting time-gating techniques, the use of Kerr cells, and other different and
combined forms of the above.6,7,8
This study contributes to the Raman Spectroscopy field by demonstrating a
suitable alternative to these commonly used methods, exploiting a timeresolved technique to enable the simultaneous acquisition, separation and
subsequent analysis of both Raman and fluorescence from a single set of data,
while exciting in the VIS.
For this purpose, we built a Raman spectrometer that incorporates a detector
called “Ra-II”, recently developed in Robert Henderson’s lab. Ra-II is a new
16.5 giga-events CMOS line sensor, consisting of 512 pixels having 16 singlephoton-avalanche (SPAD) detectors per pixel capable of ultrafast in-pixel timecorrelated single photon counting (TCSPC) histogramming.9
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Compared to previous time-resolved work,10,11,12,13 the spectrometer is able to
separate Raman from fluorescence without the use of time-gating, instead
relying entirely on a unique feature of the sensor: in-pixel on-chip TCSPC timestamp histogramming. Additional features include zoomable time resolution
from 50ps to 6.4ns, and adjustable on-chip time-delay with 63ps resolution,
allowing acquisition of both Raman and time-resolved fluorescence decay data
in a single exposure. These characteristics of the sensor allow the
spectrometer to be operated with 532nm pulsed laser excitation sources,
instead of conventional near-infrared lasers thus offering enhanced Raman
scattering, since scattering emission is proportional to λ-4.2
The system has been carefully calibrated using a Neon calibration lamp from
OceanOptics and benchmarked using well-documented samples, such as
crystalline samples of calcite, diamond, quartz, and also pure distilled-water,
fluorescein, paracetamol, silicate glass and sesame oil. Comparison data has
also been obtained from a continuous wave excitation commercial Renishaw
InVia spectrometer. Lastly the system has been used in a challenging
application in trying to separate fluorescence from Raman signals in a set of
biological samples obtained by mixing goose fat with pig liver, with the aim of
identifying significant variations in the Raman signal according to the
percentages of the biological material in the mixture.
The study builds on our last publications on noise14 and laser selection in
Raman15,1, highlighting the importance of power and repetition rate as well as
how different patterns of activation in the SPAD array (Activation Matrixes), in
combination with the time-zooming capabilities of Ra-II, allow for significant
and controlled improvement in the quality of the collected data. Thus, enabling
the time-resolved separation of Raman scattering from background
fluorescence of various samples when exciting in the visible range. The first
preliminary results procured using biological material provide reason to believe
that this method is far from being close to its limit, considering that all the
following results have been collected using an already 7-years-old SPAD
technology whose capabilities have since been pushed significantly forward.
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Lay Abstract

In this thesis, we explore some of the challenges of the field of Raman
spectroscopy (RS), a spectroscopic technique extensively used throughout
physical and life-sciences, by virtue of its non-invasive and non-destructive
method of analysis. While offering high molecular specificity, RS can be
particularly challenging in the presence of noise, especially when exciting
biological samples within the visible spectral region, due to their high
fluorescence emission that cloaks the weaker Raman signal. Moreover, with
conventional spectrometers we usually trade the fluorescence signal for the
Raman scattering or vice versa, which is undoubtedly a waste of information
since both signals have been proven to be extremely useful in applications as
critical as the screening, diagnostic and detection of surface tumors in clinical
applications, for example. In fact, in the Raman/Fluorescence spectroscopy
field there are reasons to support the idea that, if possible, the simultaneous
collection of the information contained within both types of signals would add
great value to the field of cancer diagnostics, especially when combined with
endoscopy. Thus, this study contributes to the field by demonstrating a suitable
alternative to commonly used methods of either avoidance or rejection of the
background fluorescence, enabling the simultaneous acquisition, separation
and subsequent analysis of both Raman and fluorescence from a single set of
data. With this aim, we built a Raman spectrometer that incorporates a
detector called “Ra-II”, which is able to separate Raman from fluorescence in
time, by zooming-in into specific regions of the rising signal. The system has
been calibrated, benchmarked and compared using well-documented samples
as well as with data obtained from a commercial Renishaw InVia spectrometer.

Samples include: calcite, diamond, quartz, pure distilled-water, fluorescein,
paracetamol, silicate glass, sesame oil and biological samples (obtained by
mixing goose fat with pig liver). The preliminary results from biological samples
open the door to further investigation.
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1. Introduction
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In this thesis, we explore some of the challenges of the field of Raman
spectroscopy (RS), a spectroscopic technique extensively used throughout
physical and life-sciences, which can provide additional information to
fluorescence based studies, by virtue of its non-invasive and non-destructive
method of analysis.16,17 Due to the typically weak signals arising from low
probabilities of Raman scattering, the use of this technique is often linked to
either long measurement times or low Signal to Noise Ratios (SNR).6

Stronger intensity of the Raman signal can be obtained by exciting the sample
under examination within the visible spectral region (VIS), exploiting the
proportionality of the Raman scattering to the wavelength of excitation (1/ λ4).2
However, exciting in the VIS often carries an additional challenge to the
acquisition of the Raman spectrum, which is the presence of background
fluorescence. This is a big limitation, especially when investigating high
fluorescent samples such as biological tissue. For this reason, in many
applications where the fluorescence background dominates the spectrum,
Raman spectroscopy becomes especially challenging.3,4,5
To deal with this problem there are a number of widely used techniques that
can be adopted to either avoid or reject the fluorescence, such as using near
infrared lasers (where the background fluorescence is less intense), applying
background subtraction algorithms to the acquired data, exploiting time-gating
techniques, the use of Kerr cells, and other different and combined forms of
the above.6,7,8,5

This study aims to contribute to the Raman spectroscopy field by
demonstrating a suitable alternative to these commonly used methods through
the simultaneous acquisition, separation and subsequent analysis of both
Raman and fluorescence from a single set of data.
Differently from other gating techniques10,11,12,13, we propose the use of SPADs
in combination with a pulsed laser source to build a new TCSPC-based
Raman/fluorescence spectrometer based on on-chip TCSPC histogramming.
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To support this plan, we need to validate three key aspects:
1. Laser and sample considerations. The combination of both laser
power and repetition rate has a strong impact on the quality of the
Raman results obtainable. With the optimal laser choice is it possible to
enhance the SNR, maximise count rates and minimise exposure times?
2. Spectrometer collection issues. Tackling artefacts arising from
spectrometer design and SPAD sensor configuration is the foundation
for obtaining good Raman results. These issues can be addressed by
careful characterisation of the optical wave-front flowing through the
spectrometer onto the detector, precision system alignment and
appropriate time bin selection and SPAD array configuration.
3. Detection considerations. TCSPC based on-chip histogramming is a
reliable alternative to the currently more common hardware time-gating
techniques to acquire Raman and fluorescence simultaneously, in the
same dataset, even in the visible spectral region (VIS).

1.1 Hypothesis and Aims

The main hypotheses around which the whole study revolves are:
a. A time interval exists where both Raman scattering and fluorescence
are present, but the former is yet to be overcome by the stronger
background signal of the latter.
b. If “a” is true, the two signals can be separated based on their time of
arrival at the detector, without the aid of any hardware gating technique.
c. The quality of TCSPC separation of the two signals is directly related to
the choice of excitation and can therefore be linked to the validation of
the first point: Laser and sample considerations.
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d. The quality of the Raman results varies according to the SPAD sensor
configuration selected and can therefore be linked to the validation of
the second point: Spectrometer collection issues.
e. The results obtained with a TCSPC based on-chip histogramming are
comparable to current standards, and can therefore be linked to the
validation of the third point: Detection considerations.

1.2 Overview of the chapters

In this thesis we set out to explore and demonstrate, with both theoretical
models and collected experimental data, a TCSPC-based method for
Raman/fluorescence spectroscopy in the visible spectral range (VIS).
To do so, we use a custom-built system, specifically developed for this
purpose, and we demonstrate its ability to deliver comparable results to
modern day commercial spectrometers in non-fluorescent environments and
even surpass their performance when under extremely high-fluorescent
conditions.
Moreover, the system allows the simultaneous collection of multiple signals of
interest (both Raman and fluorescence) in the same dataset with a single
acquisition, and without the aid of any kind of time-gating technique.
In the following chapters we will dig deeper into the details of our approach
while thoroughly explaining the unique technology that made it possible.
In Chapter 2 we provide the necessary background to understand the physics
behind the signals in question as well as the mathematical formulas that
explain their behaviour. We describe the different methods commonly adopted
to collect a clear Raman spectrum when exciting in the VIS, since the strong
fluorescence background, inevitably present, makes it challenging. We
discuss the technology of the detector chosen and define its limits and
functionalities.
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In Chapter 3 a three-stage theoretical framework and model of the signals of
interest is presented. The first stage enables prediction of Raman signal
excitation yields of the system under different pulsed laser excitation
conditions. The second stage explores spectrometer aberrations and SNR
with the help of MatLab and the Beam4 raytracing tool. The third stage models
the time-dependence of Raman and fluorescence signals. These three models
support the design choices of the laser selection, excitation optics,
spectrometer components and detector configuration.
In Chapter 4, we characterize the spectrometer as developed in the previous
chapter by looking at the modelling, and therefore the expected outcome, of
the lasers specifically used in the setup. We study the DCR of the detector and
how to limit its contribution when choosing to activate the SPADs according to
different activation matrixes and we perform a walkthrough of the first results
obtained with the setup when using a controlled signal from white light and
Neon calibration lamp sources.
In Chapter 5 we validate our assumptions with real life samples, approaching
the challenge of separating Raman from fluorescence in small steps. Starting
from the analysis of completely non-fluorescent samples, and recording the
effect of increasing the intensity of fluorescence present, we reach fluorescent
condition in which the Raman-Fluorescence Discrimination Ratio obtained is
~240:1. Specifically, we are able to detect ~90 Raman counts at the same
wavenumber (3400cm-1) at which the Fluorescence reaches instead ~21730
counts.
Lastly, in Chapter 6 we discuss the implication of the results obtained using
our TCSPC-based Raman spectrometer in the VIS, its possible impact on the
field at present and in the future, and the possible next steps to enhance such
methods.
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1.3 Contributions to knowledge
In this thesis we contribute to the field of Raman-fluorescence spectroscopy
by discussing and validating the importance of three main aspect:

1. The impact of simultaneous acquisition of both Raman and
Fluorescence when using time-histogramming TCSPC in combination
with a SPAD-based line sensor called “Ra-II” as mean of signal
acquisition;
2. The

importance

of

addressing

the

“Spatial

sampling

noise”

phenomenon, which is linked to the position of the activated SPADs in
the detector, and how to limit its effect when present.
3. The optimization of pulsed laser TCSPC in Raman and the impact that
both laser power and repetition rate have on the quality of the results
obtainable.

We are able to do so by examining a range of well characterised samples with
increasing levels of both complexity and fluorescence emission, demonstrating
that it is indeed possible to achieve the simultaneous acquisition of both
Raman and fluorescence signals in a single set of data.

These samples differed in terms of the amount of fluorescence brightness
produced spanning from non-fluorescent (crystalline samples and water) to
very high fluorescent samples (fluorescein and sesame oil), which are well
known to pose particular challenge to commercial Raman systems, over a
wide spectral range.
Moreover, the spectroscopic system is successfully benchmarked using welldocumented samples of calcite, diamond, quartz, silicate glass, pure distilledwater, fluorescein, paracetamol and sesame oil also in comparison with results
from a continuous wave Renishaw InVia spectrometer.

32

The technique we are going to describe represents a crucial step in offering a
different realm of possibilities in the field of spectroscopy in the visible spectral
region.

The most critical innovations introduced include:
•

The use of 32 bin/50ps TCSPC histogramming as opposed to more
common time gating techniques.

•

The application of zoomable time ranges in Raman.

•

The parallel acquisition of 512 spectral channels.

•

Resolving Raman signals even in the presence of fluorescence
signals up to 240x stronger.

•

Involvement of the company “Renishaw plc” in the project. After
company representatives witnessed a demonstration of the
resolving power of our spectrometer, I was invited to help fit one of
our

Ra-II

detectors

in

one

of

Renishaw’s

InVia

Raman

spectrometers, to validate its commercial viability. After successfully
delivering good quality Raman data with their system, the Ra-II
sensor paved the way for further collaboration between Renishaw
and my lab group at the University of Edinburgh.
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2. Background and
Context
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In 1921 a certain Physics Professor, called Chandrasekhara Venkata Raman,
was crossing the Mediterranean and the Red Sea, when he was struck by the
brilliant blue opalescence colour of the sea. He was not the first person to be
in awe of that view, and certainly would not be the last, but although most
people would simply “look” at it, he “saw” in that colour something that was
concealed.
In fact, until then Lord Rayleigh together with other scientists of that time, all
accepted the school of thought which would explain the blue colour of the sea
as the result of the reflected light of the blue sky above.
Raman, sceptical of this theory, thought of using a Nicol’s prism positioned at
the Brewster’s angle in order to be able to look at the “real” colour of the sea
without the reflected skylight. To his amazement, his hunch was correct: the
sea appeared to be in fact much bluer than was supposed to be.
What Professor Raman noticed during that trip, even though he did not know
it yet, was the change in wavelength that occurs when a beam of photons
interacts with molecules. The scattered light resulting of this interaction is for
the most part left unchanged, as Rayleigh taught us, but a part of it, although
very small, is not. Its wavelength changes, and with it, the information it carries.
What had just been discovered was what today we know as the Raman Effect,
which would lead Professor Raman to win the Nobel Prize in Physics in 1930.18
An interesting fact to note is that, since 1918, the Soviet physicist Leonid
Mandelstam was already making theoretical predictions related to the same
phenomenon, which would bring him to the same discovery on 21 February
1928.19,20 Just a week earlier than Raman, who stated that the first spectrum
of the newly discovered radiation was generated on 28 February 1928. 21 But
since Raman published his results earlier, the phenomenon is today mostly
known as the Raman effect.
Since the day of its discovery, the Raman effect has gained prominence in the
field of spectroscopy, creating a branch of its own called Raman spectroscopy
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(RS), a technique in which the interaction of the molecules of a sample with
the incident photons coming from an excitation source (generally a laser)
provides a unique fingerprint (Raman spectrum), that contains information
specifically about the sample under examination.22
The reason this technique has become popular can be found in its many
positive peculiarities, such as being non-invasive and non-destructive, it allows
the use of both in vivo and in vitro samples and does not require labelling, it
can use near infrared lasers and it can be performed with samples in different
physical states (solid, liquid, gas), it can investigate samples in liquid form
without particular interference from the water response and gives reliable
information about the state of the molecular bonds of the sample.23,3 Similarly
to Infrared (IR) absorption spectroscopy, Raman spectroscopy (RS) creates
for each sample a different spectrum that is unique for that particular material
(offering comprehensive and complementary information to fluorescence
based studies) but since water does not generally interfere with the analyses
of samples24 it becomes very attractive for many practical applications, such
as in the forensic analysis of body fluids25 or in monitoring changes in protein
structure26 and cancer cells.27 Thus, making RS particularly attractive in many
Chemistry applications.16,17,3

2.1 Raman spectroscopy

Light can behave in different ways when applied to a material. It can pass
straight through it, it can be scattered or absorbed or even both. When
scattered, it usually keeps the same frequency as the incoming beam of
photons that produced the scattering in the first place (Rayleigh scattering or
elastic scattering), but in certain conditions a small percentage of it interacts
differently with the molecules in the material, causing a shift of the frequency
of the scattered photons.
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This interaction provokes an exchange of energy between the photons and the
molecules which brings the frequency of the resulting scattered light to be
equal to the excitation frequency plus or minus the frequency of one of the
vibrational modes in the molecule.
This phenomenon is the Raman effect.
To be more precise, the Raman effect is the result of a molecular vibration that
changes the polarizability (𝛼) of the molecule, or in other words, it changes
how easily the electrons in the orbital of a molecule will be influenced if an
external electric field (𝐸) is applied.
For this reason, if there is no change in the polarizability of the molecule, we
define the mode to be Raman silent. If the cloud of electrons changes
significantly, it will result in the formation of an instantaneous dipole, which
implies that one of the polarizability tensors has changed and the molecular
stretch modes in the molecule can then be defined as Raman active.
We can use this knowledge to define the induced transient dipole moment (µ),
as well as its derivations28, as:
µ=𝛼𝐸

(1)

Since 𝐸 is an oscillating electric field then it can be defined as:

𝐸 = 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡)

(2)

While 𝛼 can be expanded further using a Taylor series, thus obtaining:

𝛼 = 𝛼0 +

𝜕𝛼
𝑄+⋯
𝜕𝑄

(3)
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Where the first term of the equation 𝛼0 is the polarization of the molecule in a
state of equilibrium (thus not in motion) and the second one represents how
the polarizability of the molecule is a function of the vibrational movement of
the atoms.
The 𝑄 value can be expanded further in its sinusoidal component at the
frequency of the vibrational movements (𝑓𝑣𝑖𝑏 ), with 𝑄0 as its maximum value:

𝑄 = 𝑄0 𝑐𝑜𝑠(2𝜋 𝑓𝑣𝑖𝑏 𝑡)

(4)

Having defined these equations, we can proceed to substitute equations (2),
(3) and (4) to the formula of the induced dipole (1) and we obtain:

𝜕𝛼

µ = (𝛼0 + 𝜕𝑄 𝑄) [𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡)]

(5)

𝜕𝛼

(6)

𝜕𝛼

(7)

𝜕𝛼

(8)

µ = 𝛼0 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡) + 𝜕𝑄 𝑄 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡)
µ = 𝛼0 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡) + 𝜕𝑄 [𝑄0 𝑐𝑜𝑠(2𝜋 𝑓𝑣𝑖𝑏 𝑡)]𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡)
µ = 𝛼0 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡) + 𝜕𝑄 𝑄0 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓𝑣𝑖𝑏 𝑡) 𝑐𝑜𝑠(2𝜋 𝑓 𝑡)

Finally, by applying Werner’s product-to-sum formula,

1
cos(𝜃) cos(𝜑) = [cos(𝜃 − 𝜑) + cos(𝜃 + 𝜑)]
2

(9)

to the previous equation we obtain:
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µ=

𝜕𝛼 𝑄0 𝐸0

𝛼0 𝐸0 𝑐𝑜𝑠(2𝜋 𝑓 𝑡) + 𝜕𝑄

2

[ 𝑐𝑜𝑠(2𝜋 (𝑓𝑣𝑖𝑏 − 𝑓)𝑡) + (10)

𝑐𝑜𝑠(2𝜋 (𝑓𝑣𝑖𝑏 + 𝑓)𝑡) ]

From this last equation, we can conclude that if 𝑄 represents the normal
coordinate of the vibrational displacement, then the mode can be defined as
Raman active if the derivative of the induced dipole moment with respect to 𝑄
is different from zero,

∂α
∂Q

≠0

(11)

and that the intensity of the Raman band that will be produced is relative to the
value of the first derivative.

Having understood the wave-based math that describes the Raman scattering
phenomenon, the question still remains of what is happening from a photon
and electron perspective. If we are talking about electrons it is only natural to
ask what is happening in terms of energy level transitions.
Fortunately, thanks to the Jablonski diagram, first introduced by Aleksander
Jablonski back in 1933,29 the Raman scattering can be easily explained by
considering what is happening in the electronic vibrational states of the
molecule.
During the exchange of energy, the incident light can excite the material’s
molecules from their ground state to a short-lived virtual state. The material
can return to a higher vibrational state, scattering photons with energy lower
than the excitation photon.
Specifically, this difference will be equal to the amount of energy that would be
necessary to excite the molecule into the higher vibrational state.3,22 The initial
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state of the molecule can also have a higher energy than the final state
resulting in a photon being scattered with energy higher than the excitation
photon.

Figure 1 – Energy level diagram for Raman Inelastic scattering, Stokes scattering on the left
and Anti-Stokes scattering on the right.

As it can be seen in the diagram in Figure 1, the energy shift results in two
types of re-emitted photons, two versions of inelastic scattering which can
either be longer than the excitation wavelength, called Stokes (on the left), or
shorter, called Anti-stokes (on the right). The Stokes scattering is the strongest
form of Raman and it happens when the photons are re-emitted with less
energy than the incident photon, while in the case of the Anti-Stokes the
scattered photons gain energy compared to their initial state.30
The presence of these two types of Raman is not surprising, as the reason for
their presence can be found in the equation previously obtained, since the term
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of the formula between square brackets is in fact comprised of two
components.

𝜕𝛼 𝑄0 𝐸0
[𝑐𝑜𝑠(2𝜋 (𝑓𝑣𝑖𝑏 − 𝑓)𝑡) + 𝑐𝑜𝑠(2𝜋 (𝑓𝑣𝑖𝑏 + 𝑓)𝑡)]
𝜕𝑄 2

(12)

These two types of scattering show a disparity in terms of intensity because to
produce the anti-Stokes scattering the molecules have to be in an excited
vibrational state before the sample is exposed to the excitation source.
Therefore, in thermodynamic equilibrium, since the lower states are more
populated than upper ones according to Boltzmann distribution, there is an
exponential decline in the number of molecules present compared to the
Stokes, which explains the less intense Anti-Stokes scattering and stronger
Stokes lines.
This disparity can be altered by using anti-Stokes enhancing techniques. In
fact, stronger molecular vibrational signals can be obtained with Coherent AntiStokes Raman Scattering (CARS), a technique introduced in 1965 by Maker
& Terhune.31
CARS is obtained by using a combination of the frequency of two lasers
beams: the first is called the pump-beam and its frequency is kept constant at
the value “𝑓𝑝 ”; the second is called the Stokes-beam, and its frequency “𝑓𝑠 ” is
carefully tuned so that “𝑓𝑏 ”, the difference between the first two, equals the
frequency of the Raman active molecular vibration “Ω”:

𝑓𝑏 = 𝑓𝑝 − 𝑓𝑠

(13)

When the pump-beam and the Stokes-beam interact with the sample, the beatfrequency “𝑓𝑏 ” matches the vibrational mode of interest “Ω”, the resonant
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oscillators are coherently driven and generate a stronger anti-Stokes signal at
the frequency:
𝑓𝑎𝑠 = 2 ∗ 𝑓𝑝 – 𝑓𝑠

(14)

This is visually represented in the Jablonski diagram in Figure 2 below.31

Figure 2 – When the beat frequency “fb = fp – fs” is tuned to match the Raman active vibrational
mode “Ω” a stronger anti-Stokes signal is generated at “fas = 2 fp – fs”.

In this study, where much of the project has been focused on the challenge of
achieving the best SNR in the VIS in high fluorescence conditions, only the
Stokes scattering has been analyzed.
Finally, the field of Raman spectroscopy exploits the Raman effect described
above to produce, from a particular sample under examination, the so-called
Raman spectrum. A unique fingerprint which results directly from the
interaction of the molecules in the sample with the incident photons coming
from an excitation source (usually a laser).22 An example of a Raman spectrum
can be seen in Figure 3 below.
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Figure 3 – Raman spectrum of a solid acetaminophen tablet (commonly referred to as
paracetamol), the dataset is provided by hyperSpec (red) while the assignments are from
Moynihan et al (yellow).

As can be seen in the figure above, whose dataset was obtained from the
hyperSpec repository32, the Raman spectrum is usually expressed in terms of
wavenumber shift along the x-axis, and the number of the scattered photons
along the y-axis (intensity normalized in the plot).
As a result, the output is represented as a continuous function that consists of
peaks whose position depends on the vibrational modes of the molecules in
the material.
In the image the Raman peak assignments highlighted in yellow are
documented by Moynihan et al.33 and are described in Table 1 below.

Wavenumber (cm-1)

Assignment

1648

Amide I (carbonyl stretch)

1611

Skeletal aryl C-C stretch

1561

Amide II (N-H in plane deformation)

1516

Aryl C-H C-H symmetric bends
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1447

Skeletal aryl C-C stretch

Table 1 - Raman peak assignments documented by Moynihan et al

This allows for the creation of actual database of various samples, which can
then be used as a reference to identify the presence of a specific compounds
in the sample under examination. A great example of this is the database from
the study of J. De Gelder et al., whose paper presents a collection of 61
reference Raman spectra of various basic biomolecules that can be found in a
cell as well as bacteria and fungal spores, along with their supplier, technical
information and Raman assignments.24,34

Such reference databases can be used in combination with experimental
Raman spectroscopy to look for the presence of biomolecules in the spectra
of various biological samples, as well as to monitor changes in metabolism
both time and environmentally induced.34

2.1.1 Challenges in Raman Detection

Even though the mechanism behind this technique is simple and appealing in
the research field, what Raman delivers in terms of quality of information often
lacks in quantity: in fact, just considering the excitation phase, we usually need
around ~107 photons from the laser, to scatter inelastically even a single
Raman photon.22 If we then consider that from this number we still have to
detract all the inevitable collection and detection losses, artifacts and so forth,
associated with the acquisition of the signal, it’s easy to realise how the task
quickly becomes particularly challenging.
This issue sets important constraints to the way people operate when doing
RS, forcing us to optimize every single aspect of the acquisition process in
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order to improve the SNR. We do so by focusing mainly on two aspects of the
process:
1. Reducing to the minimum the background noise and all external
sources of light to avoid corruptions such as: Ambient light, (which
practically translates as working in dark rooms or enclosed
environments, so that there is almost no stray light), fluorescence, dark
count noise (which can be somewhat limited with a cooling system) and
black-body radiation.35,36
2. Increasing the number of scattered and Raman photons (therefore
increasing the number of collectable photons) at the different key
phases of the whole acquisition process (excitation, collection and
detection), which we can do:
a. In the excitation phase by:
i. Choosing a wavelength of the excitation that sits in the
visible spectral region (VIS), since the intensity of the
Raman scattering is proportional to 1/ 𝜆4.2
ii. Using moderately stronger laser power (but not too strong
to avoid damaging the sample).
iii. Using either a high-power laser (but not too high to avoid
damaging the sample) or one with a high Laser Repetition
Rate (LRR).
b. In the collection phase by:
i. Optimizing the alignment of the setup to avoid loss across
the optical path.
ii. Ensure the focus in the sample is optimised for collection.
c. In the detection phase by:
i. Choosing a detector with quantum efficiency as high as
possible for the acquisition. Knowing that the detection
sensitivity varies according to the wavelength range, we
have to condition our detector choice according to the
wavelength of our excitation. The importance of the
detector’s choice will be further discussed later, but to give
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a rough quick example: if we were to consider an
uncooled silicon-based CCD detector we would have to
take into account that its quantum efficiency diminishes
fairly quickly over 800nm, so we might point instead to an
indium gallium arsenide (InGaAs) detector if the plan was
to use a longer wavelength excitation, (keeping in mind
that it would be at the price of introducing both higher
costs and noise levels, therefore lower sensitivity).
ii. Increasing the integration time of the detector.

If we consider all of the points mentioned above, we can easily appreciate all
the difficulties involved in the process since, rather than offer quick solutions,
each option seems to open the door to more questions. Facing so many
options all at once can sometimes be overwhelming, therefore it can be
tempting to rely on Occam's Razor (“The simplest solution is almost always
the best.”) to guide us in right direction, focusing on the one that seem to
provide the quickest and more easily definable route to collect a better signal,
one that directly intervenes in the number of Raman photons emitted which,
among the above illustrated available options, would be the use of a short
excitation wavelength.

Unfortunately, exciting at very lower wavelengths (i.e., in the UV, 244 - 364
nm) although possible is not always the most accessible option, having to cope
with larger, more complex and considerably more expensive both setup
components and lasers as well as an invisible laser beam. For these reasons,
we turn ourselves to the VIS spectral range. Nonetheless, the VIS still brings
additional challenges to the acquisition of the Raman spectrum, namely the
introduction of background fluorescence, especially when investigating high
fluorescent samples such as biological tissue.

The strong fluorescence background compared to the low probability of
Raman scattering (~10-8) represents a main and non-trivial limit of this
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technique, since it entails either long measurement time or low SNR (high
background noise in the spectrum caused for the most part by ambient light
and fluorescence).37,6 Thus, in many applications where the fluorescence
background dominates the spectrum, collecting a good quality Raman
spectrum becomes especially challenging, limiting its wider application.3,4,5,22

Furthermore, although Raman and fluorescence spectroscopic signals offer
complementary sources of molecular information it is challenging to capture
both simultaneously. In fact, due to the disparity in strength of these two
signals, the fluorescence can easily dominate the Raman signal, making the
analysis of the Raman spectrum impossible. In visible spectrum Raman
spectroscopy therefore, we must necessarily consider how to deal with
fluorescence.

2.1.2 Fluorescence suppression
To deal with this strong background introduced by the fluorescence, there are
a number of widely used fluorescence rejection techniques that can be
adopted. These methods mostly exploit post processing and background
removal techniques in the domains of time, frequency, wavelength and so on 38
to reduce the impact of the fluorescence in the Raman acquisition. Examples
include the use of near infrared lasers (where the background fluorescence is
less intense), applying background subtraction algorithms to the acquired
data, time-gating techniques, Kerr cells (where light transmission is controlled
by the changes in the optical properties of a medium), photo-bleaching prior to
measurement, Shifted‐Excitation Raman Difference Spectroscopy (SERDS),
Surface Enhanced Raman Scattering (SERS) which exploits metallic surfaces
to boost the Raman signal, non-linear techniques (like in the already cited case
of CARS), Stimulated Raman Scattering (SRS) which (like CARS) uses both
an incident pump-beam and a Stokes-beam to create a frequency difference
that matches a molecular vibration of the sample to stimulate the excitation of
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the Raman active vibrational transition, and other different and combined
forms of the above.39,23,6,40,7,41,42
Although there are many options to choose from, in certain instances the
background noise is still so strong that these techniques run the risk of
compromising and spectrally distorting the signal in the process of getting rid
of the background from the spectrum.35,43 Moreover, with conventional
spectrometers we are usually trading the fluorescence signal for the Raman
scattering or vice versa, which is undoubtedly a waste of information since
both signals have been proven to be extremely useful in applications as critical
as the screening, diagnostic and detection of surface tumors in clinical
applications, for example.

In fact, from the optical fluorescence lifetime imaging (FLIM) of tumorous
tissue44 to real-time Raman diagnosis of cell abnormalities in the bladder45 and
detection of changes in biochemical constituents in gastric tissue associated
with intestinal-type gastric carcinogenesis46, the Raman/Fluorescence
spectroscopy field keeps providing new reasons to support the idea that, if
possible, the simultaneous collection of the information contained within both
types of signals would add great value to the field of cancer diagnostics,
especially when combined with endoscopy.44 It is also for this reason that
major investments are being poured into the field, like in the case of the
PROTEUS project, born from an “Interdisciplinary Research Collaboration”
(IRC) with major investment of ~£11.3M from the Engineering and Physical
Sciences Research Council (EPSRC) and ~£3M from 3 consortium
Universities. A project in which 10 research groups have been brought
together by the common goal of revolutionising the process of diagnosis of
lung diseases within the Intensive Care environment (where the risk of
respiratory failure and bedside care is critical) which resulted in the design of
a fully integrated system for rapid and accurate diagnosis of bacterial infection
and which was also involved in the development of the detector used in the
making of this thesis.
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Thus, we see a strong enough motive to justify the pursue of our objective of
capturing both the Raman signal and the fluorescence as a whole, in the same
dataset, and we choose to approach the problem of strong fluorescence
background in the time domain, without altering the signal produced in the
acquisition process. Instead, we exploit the differences in time response
function of both Raman and fluorescence to tell them apart in the early timescales of arrival at the detector.
Unfortunately this is not an easy task, because even though the impulse
response of Raman scattering is different from the one of the fluorescence
(picoseconds compared to nanoseconds) and they reach their peak levels at
different times, they nonetheless overlap or are very close to each other. The
fluorescence, being generally much stronger, cloaks the weaker Raman
signal7,41 and even by focusing our measurement to the early photons, we still
have to deal with a significant overlap. This can be easily noted in Figure 4,
where the probability distribution in time of both the Raman and the
fluorescence photons is represented when a sample is excited with a laser
pulse.38,47

Figure 4 – Probability distribution and temporal relationship between Raman signal and
Fluorescence
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To help solve this issue we need, as always, to enhance the SNR. A cost
saving method to do it is by reducing the contribution of the noise
computationally rather than experimentally. This is not only cheaper, but also
both time efficient and fairly easy to implement in most experimental data.
There are many computational tools available to do so, such as the commonly
used Fast-Fourier transforming filtering (also known as FFT)48, all the “squarebased” and “polynomial” techniques such as the asymmetric least squares49,
weight penalised least squares (WPLS)50, adaptive weight penalised least
squares (APLS) and adaptively weighted polynomial fit (APoly)51, the
ModPoly52 and IModPoly53, the multiplicative signal correction54, the
Automated wavelet transform filtering55, locally weighted scatter plot
smoothing

(LOWESS)

or

locally

estimated

scatter

plot

smoothing

(LOESS)56,57,58, as well as all the kernel smoothing techniques used to pinpoint
features in the acquired data.
For the purpose of this work, only three supplementary techinques have been
used, specifically:
1. Savitzky-Golay filtering, where polynomial fitting is applied using a
moving window, which introduces a smoothing factor to the raw data
that “softens” the signal.59 The drawback is that depending on the
parameters used for both the window and the polynomial formula the
shape of the signal can be heavily altered. Thus, although this is indeed
a powerful tool, it is necessary to identify the appropriate parameters in
order to achieve a good result as an output.51 Some automated fitting
methods that do not need manual insertion of these parameters do exist
already, but they are far from being completely reliable especially in
circumstances such as the ones in this study. For this reason only the
“manual” polynomial fitting was used in the acquired data that will be
discussed in the result section.53
2. Adaptive Iteratively Reweighted Penalised Least Squares (known as
airPLS), a versatile iterative algorithm which is applied several times
while at the same time implementing slight alterations to bring to a
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minimum the weights of the so-called SSE value (Sum of Squared
Errors) between the baseline and the signal. It is well known for its
efficiency in improving the SNR when used in Raman spectroscopy as
a tool to remove the background noise.60
3. The “movmean” built-in MATLAB function, which takes in a raw signal
dataset and returns a smoothed version of it. Specifically an array
where each value is obtained through the calculation of the mean value
across n neighbouring datapoints, using a sliding window to cover the
whole length of the input array.
As seen in Figure 4, Raman and fluorescence overlap for the most part so, in
order to separate them, there is a need for a combination of both well
developed signal processing techniques and a powerful detector, capable of
collecting single photon events on a timescale of tens-hundreds of
picoseconds and discriminating early photons from later ones.

As a consequence, since the early 1970s, the field of time-gated Raman
spectroscopy has been developing to provide a solution to this problem41,61,
producing a variety of detectors which have been widely used in RS
applications. The time-gating (TG) technique is based on the simple but
brilliant idea of collecting only a portion of the light coming back from the
excited sample, the earliest part to be specific, during the time that comes right
after the excitation, before the fluorescence has reached its peak.62 Thus, it
collects only the first wave of photons and then stops the detection, to avoid
collecting the background during the measurement and keeping a relatively
high SNR.
When it comes to fast-gating in Raman spectroscopy, three types of detectors
are currently at the center of attention:
•

Optical Kerr cells. In which a single laser pulse can be used for both
controlling the gating window and excite the Raman, therefore reaching
time gates as fast as the laser pulses but at the price of single-channel
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detection, thus requiring scanning to acquire a complete spectrum.39
•

Intensified Charge Coupling Devices (ICCD). In which the signal
emitted from a photocathode is accelerated towards a Micro-Channel
Plate (MCP) via an electric field which allows for a cascade amplification
towards a phosphor screen, converting electrons back to photons
(whose position is related to the Raman shift) so that they can be
detected by a CCD camera. This allows for gating times as short as
200ps (which may not be short enough for fluorophores that present
very short decay times) but they are very expensive and work
exclusively together with CCDs.8

•

Single Photon Avalanche Photodiodes (SPADs). Which allow the
detection of single photons with less than 100 ps gating times, with the
added value of reduced costs and better integration capabilities.39,63,64

Specifically, we found particular interest in the characteristic features that
CMOS SPAD (Complementary Metal Oxide Semiconductor Single Photon
Avalanche Diodes) based detectors bring to the table compared to others.13
Because even though TG has been well proven to be useful and effective in
RS applications, there is an alternative, similar option worth pursuing which
preserves the fluorescence signal.
In this thesis we propose the time-binning approach, where the Raman and
fluorescence are simultaneously collected in the same dataset using a TCSPC
acquisition. And the separation is made possible, even when exciting in the
visible spectral region (VIS), thanks to the high time resolution capabilities of
our SPAD detector, whose technology will be described in detail in the
following sections.

2.2 SPADs
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Simply put, the SPAD behavior is obtained when using a simple avalanche
photodiode (APD) with a bias above its breakdown voltage value (Geigermode). In contrast to common APDs (although they are both p-n junctions that
exploit the impact ionization effect in order to convert the light perceived into
an electric signal) SPADs have the peculiarity of working above the 𝑉𝐵𝐷 (break
down voltage) value in which even a single photon event can provoke a selfsustained avalanche multiplication65, as illustrated in Figure 5 below.

Figure 5 - Current-voltage characteristic of an avalanche photodiode, who indicates the
relevant zones of work, either as a simple APD or SPAD

The attractive peculiarity of a SPAD is that it generates a synchronous pulse
response when it detects even a single photon, and while a single photon in
an APD would trigger only a few hundred electrons, in a SPAD a current on
the order of milli-ampere is generated. This is possible due to the fact that the
detector is operating in a very unstable regime, so that even a single photon
can trigger the start of a significant avalanche multiplication. When that
happens, a carrier is injected in the depletion region, thus causing an impact
ionization that starts the avalanche reaction66.
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Figure 6 - When a photon with energy “hv” hits the sensitive region of a SPAD, an avalanche
multiplication is induced which creates the Vout pulse. Figure from Bertone et al. (2005).

The scheme illustrated in Figure 6 above visually summarizes what happens
when a photon hits the sensitive region of a SPAD. The energy carried by the
photon, (indicated with ‘hv’), induces an avalanche multiplication, which is
translated into a voltage pulse called Vout by the circuit. Thanks to this
correlation between the generated output pulse and the photon, the system is
capable of counting the total number of photons that hit the depletion region
during the acquisition.65

Figure 7 - The active zone of the sensor is indicated as “ON state“, while the inactive zone is
called “OFF state”. The difference in voltage between these two points is VDD, while Ve is the
overvoltage from the Vbd (Voltage break down) value. Figure from Maruyama et al. (2014).
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If the sensor is in the “ON state” and a photon hits the depletion region, an
avalanche current is triggered, bringing the voltage to the value VBD, (this
process is indicated in Figure 7 with a green arrow called ‘SPAD-off’), therefore
switching the system into the “OFF state”. On the other hand, if a photon hits
the multiplication region when the sensor is already in the “OFF state” the
avalanche current cannot take place, and the output will be the same as if
there were no photons at all. This implies that the system will not be able to
count any more photons until it goes back to the “ON state”. This is where a
process known as quenching is exploited.65,67

The quenching process allows minimization of the dead time, which is the
amount of time necessary for the system to pass from the “OFF state” to the
“ON state” (indicated in Figure 7 with a blue arrow called ‘Recharge’). Simply
put, the time the system needs to reset the SPAD before a new photon can be
detected. Therefore, due to this relation, the shorter the dead time, the better
and more accurate the counting will be.65,67

2.2.1 Key parameters of a SPAD
•

Photon detection probability (PDP): a measure of the SPAD’s sensitivity
across the light spectrum that quantifies the probability of detection of a
single photon. It is affected by two primary characteristics of the
SPAD68:
o Avalanche triggering probability: directly related to the value of
the SPADs excess bias voltage, above breakdown. If the voltage
is high, the junction’s electric field will be stronger and therefore
the probability will also increase. On the downside, increasing
the field too much can cause the opposite effect, increasing the
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noise floor. Best practice is to identify the “sweet spot” in which
the SPAD’s performance is at its peak, to boost the SNR.69,70
o Quantum Efficiency (QE): for CMOS SPADs QE is related to the
silicon’s Internal Quantum Efficiency (IQE) which in turn is linked
both to the location of the junction and to the size of the depletion
region in relation to the depth of wavelength absorption. To
obtain a wider spectral response, one of the possible solutions is
to increase the dimension of the depletion region.71,72
•

Dark Count Rate (DCR): the rate of “false” avalanches due to carriers
rather than photon events, which can be generated by band-to-band
electron tunnelling (related to the junction’s electrical field), thermally
(linked to the temperature and therefore can be limited with cooling) or
by Shockley-Read-Hall (SRH) traps.73 The DCR, being a factor related
to the manufacturing process of the SPAD, can be substantially reduced
with a careful design. For example, a passivation layer used with
Shallow Trench Isolation (STI) guard rings prevents the leaking of
electric current between adjacent components, thus stopping the
carriers from creating further dark events.74

•

Temporal Response of the SPAD: also called “Jitter”, is usually
indicated as a measure of Full Width Half Maximum (FWHM) of the
Impulse Response function (IRF), with reference to the laser pulse. The
jitter is a measure of the statistical difference between the moment a
photon is detected in the sensitive region and the moment the photon
is actually “counted” by the SPAD (so the pulse is generated). The time
needed to count the event is bound to both the location in which the
photon is being absorbed and the time it takes to reach the
multiplication junction. If the absorption happens inside the depletion
region then the drift times are minimal, but if it happens outside, the drift
times increase, causing as a result the appearance of a “diffusion tail”
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in the measured IRF, due to the statistically varying delay with which
the photon reaches the multiplication junction. Being linked to the
avalanche triggering probability, the value of the excess bias also
influences this parameter, thus, by increasing the bias the jitter also
increases.68
•

Afterpulsing: impurities in the junction and manufacturing defects can
generate “traps” for carriers, which can then be released with the
current after a real photon event is counted by the SPAD, therefore
causing the detection of a false second event.
This effect can be limited by:
o lower excess bias value;
o smaller junction and therefore smaller current and parasitic
capacitances;
o increasing the “OFF state” of the SPAD, so that the avalanche
current cannot take place, giving enough time to the traps to
empty;
o adopting manufacturing processes that limit the creation and
presence of impurities.

•

Crosstalk: we distinguish two main types: Electrical and Optical.
Electrical crosstalk happens when a photon is detected by a SPAD,
which generates an electron-hole pair that ends up being perceived as
an event by the neighboring SPAD. Optical crosstalk instead happens
when an avalanche is triggered and secondary photons are emitted at
different wavelengths and end up being detected by neighboring
SPADs.75

2.2.2 Using SPADs for Raman spectroscopy

SPADs allow for miniaturization, therefore it is possible to integrate a sub
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nanosecond readout system into very compact designs of solid-state chip,
and, since they have a short duty cycle and low Dark Count Rate (DCR) and
(differently from CCDs) they do not produce a particularly significant readout
noise even when detecting at high speed, they do not require a cooling
apparatus. Moreover, since they operate in close proximity to the SPAD’s
breakdown voltage (Geiger mode) they are extremely sensitive to even a
single photon event, triggering an avalanche current (and therefore a fast
transition) even in the case of very weak signals. Due to these facts, the overall
complexity, size and cost of the detection system can be reduced.47,76
This is not always the case with other detectors, such as Intensified ChargeCoupled Devices (ICCD), Photo Multiplier Tubes (PMT) and Multichannel
Plates (MCP), whose systems are quick to become bigger in size, more
expensive,

and

since

they

often

require

cooling,

more

complex.13,77,69,78,35,38,10,79 A thorough review of the pros and cons that
alternative detectors for time-gated Raman spectroscopy, compared to
SPADs, has been recently published by Kögler et. al.76
For all these reasons, a detector based on SPADs seem to be our best
candidate when it comes to building a compact – cheaper - less complex - very
sensitive Raman spectrometer with a sub nanosecond readout, compared to
the other detectors mentioned above.64,11,37

2.2.3 Evolution of SPADs detectors for Raman spectroscopy

In 2003, Rochas et. al. developed a new type of detector array based on
SPADs for the very first time and, since then, this field has been growing and
expanding across different applications and designs to bring us to where we
are today.80
Below we present a short overview of the main chronological steps of its
evolution, specifically in the Raman field, that we think are relevant to the
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purpose of better introducing the detector used to acquire the data of this
thesis76,77:
2011 – the rising edge of a 532nm pulsed laser of few mW (FWHM of 300ps

and ~0.2nm) was exploited to trigger a delay generator which sent the
enabling signal of the SPAD right before the pulse. By doing so, the
scattered Raman photons were detected only for the duration of a
time window, allowing for the suppression of the background
fluorescence64
2013 – it was shown how the fluorescence contribution could be greatly

suppressed by limiting the collection of the excited photons to the
duration of the laser pulse. Then the fluorescence tail of each spectral
point was used to estimate the fluorescence baseline. At this point
only a single SPAD was used for the acquisition, and a translational
stage was used to move the pixel across a wider spectral range,
allowing for a full output spectrum.7
2014 – modifications of the design allowed for both an increased fill factor

and photon detection efficiency (PDE) as well as simultaneous photon
detection across the spectrum thanks to the use of an array of 1024x8
gated SPADs rather than a single one moved across the focal
position.67
2015 – it was demonstrated that even a shorter gating window (100ps) is

enough to suppress the fluorescence contribution in most cases81 and
that a multi-channel TCSPC line array of SPADs could be efficiently
used in the field of fluorescence spectroscopy, pushing the
boundaries of future applications in the field of chemistry and biology
but also medicine.82
2016 – it was demonstrated that was possible to record with a CMOS SPAD

the fluorescence suppressed Raman from different samples both
photoluminescent and non (such as caffeine, ranitidine hydrochloride,
and indomethacin both amorphous and crystalline), and then use the
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acquired raw data to identify drugs without the need of any data
processing.83
2017 – the next generation of CMOS SPAD-based line sensor arrays

began, combining linear sensors of high fill factor with a Field
Programmable Gate Array (FPGA). Extending the detector resolution
to 1024 × 8 while implementing 512 Time to Digital Converters (TDCs)
in the chip. Bringing the average timing resolution down to 50 ps and
generating the histogram on-chip to decrease the output data rate
while also mitigating the I/O and USB bottlenecks, thus enabling
advanced biophotonics applications in the field.84,85,86

It is thanks to all these (briefly mentioned) moments of progress in time, where
knowledge was passed on and then put to use to improve our detecting
capabilities, that the first version of the “Ra” sensor was built, which is the
direct predecessor of the detector used in the making of the results of this
thesis.
The “Ra-I” sensor incorporated two rows of 256 pixels, with both rows having
4x4 SPADs in a single column, and for each of these rows the SPADs were
designed to have different peak efficiency. The first row, made of what were
termed “blue SPADs”, was designed to be most efficient at the blue end of the
VIS. The second row was designed with increased sensitivity at the red end of
the VIS spectrum up to the NIR (these were therefore termed “red SPADs”).
Each of the pixels in Ra-I (having both red and blue SPADs), was then
connected to a dedicated TDC for parallel timestamping of photons. It was
from this starting point that “Ra-II” subsequently came to life, which forms the
center topic of the next section.87
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2.3 RA-II
RA-II, named after the Egyptian god of light, is a 16.5 giga-events/s 1024 × 8
SPAD Line Sensor with 23.78µm pixel pitch (512 pixels with 16 SPAD
detectors per pixel)84 which has been specifically designed to be an ultraflexible sensor for time resolved spectroscopy, capable of acquiring ultrafast
in-pixel time-correlated TCSPC histogram data.9 It can be seen in Figure 8
below.

Figure 8 - On the left, RA-II as it appears in real life with its relative dimensions. On the right,
as it appears mounted on the board (inside the red circle).

By making good use of the characterization and application of Ra-I (its
predecessor), Ra-II was built to improve certain design flaws and implement
additional Important features, such as:
•

Doubling of the amount of SPADs per pixel (4 → 8):
Ra-II possess both 1024 x 8 Blue and Red SPADs in two rows, which
can be controlled independently to be either in their on-state or off-state,
thus allowing for the de-selection of the so called “screamers” (SPADs
that produce high DCR values) and therefore for better SNR.14
The sensor, as shown in Figure 9, is composed of three types of SPADs
which are selected during the initialization process:
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•

Red SPADs without Shallow Trench Isolation (STI, which would
prevent the leaking of electric current between adjacent
components)

•

Red SPADs under STI

•

Blue SPADs

Figure 9 - Above is a picture of a portion of RA-II. Starting from the top of the sensor: the
first four rows are Red SPADs without STI, the next four are Red SPADs under STI, while
the last eight rows are Blue SPADs.

•

doubled the TDCs (256 → 512):
All the 512 pixels in the sensor are made out of a group of 16 adjacent
SPADs, and each of them has a 32 bin histogramming TDC with
zoomable time ranges from 1.6ns up to 204.8ns. A bottleneck is usually
implied by readout of per pixel time-events from TDCs to implement
TCSPC off-chip and on-chip histogramming dramatically alleviates this
problem

•

quadrupled the number of columns (256 → 1024);

•

introduced the possibility to select individual SPADs and combine or
divide SPAD columns:
Each column of 8 SPADs is connected in an OR fashion, and for every
pair of columns (2 x 8 = 16 neighboring SPADs per pixel) there are two
different 20-bit photon counters.
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This allows, through the selection of a binary parameter called “Chain”,
to operate the detector either in unchained mode (8 SPADs x 1024
pixels - 32 bins (or counters) with 10-bit per bin) or in chain mode (16
SPADs x 512 pixels - 16 bins with 20-bit per bin) trading off dynamic
range against temporal resolution. Therefore, if we operate in
unchained mode, the 1024 pixels consisting of 8 SPADs each are
connected to one of the two counters, while by operating in “Chain”, we
are actually connecting the columns of 8 SPADs in pairs, linking them
to its neighbors, and thus, if photons are detected only by the first
column, they will appear as if they were counted in both.
•

Individual selection capabilities of the SPADs by programming their
state (on/off);

In the following subchapter, we illustrate in a bit more detail the key features
of the operating modes of this detector:

2.3.1 Operating Modes
The sensor can operate in three modalities:
1. Single Photon Counting (SPC) mode, where the registered light levels are
obtained by considering each detected photon as a digital event. Each
event of every SPAD is then counted and linked to its pixel, giving us an
indication of both the detector’s sensitivity and spatial/spectral resolution,
(with a throughput of 65 giga-events/s);
Figure 10 below was obtained in SPC mode, by capturing ambient light
while only the blue SPADs were activated, with a break down voltage of 15
Volts, Voltage quench at 3 Volts and 1us exposure time. The image shows
the number of photons counted in the y-axis and the pixel number in the xaxis.
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Figure 10 – Single Photon Counting Mode in ambient light

The plot suggests an almost linear count across the length of the
detector; therefore, each pixel is detecting more or less the same
number of photons. This is plausible since the experiment was run in
ambient light and we can assume that the photons will be evenly
distributed over the sensor. This implies that if we were to cover only
one side of the detector, we should see a spatial “drop” in the number
of photons detected. This can be seen in Figure 11, whose data was
acquired separately, on a different day, but it still shows the expected
count drop.

Figure 11 – Single Photon Counting Mode in ambient light with the sensor partially covered
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The result above was obtained using the blue SPADs in ambient light,
setting the break down voltage at 15 Volts, Voltage quench at 2 Volts and
100us exposure. In this case, the surface of the sensor has been partially
covered with a piece of paper, and as expected, the plot reflects this action
showing a decrease in the count number of the covered pixels (pixels
number 0 to 410), allowing for a rough but practical demonstration of its
spatial resolution.

2. Time-Correlated Single Photon Counting (TCSPC) mode, in which a laser
pulse controls the start signal for the recording of the timing of related
discrete events, while an external trigger is used to issue the stop signal to
each pixel counter, (throughput of 194 million-events/s).
For each detected photon its arrival time is recorded. Therefore, by
repeating this measurement for enough photons across multiple excitation
pulses, a histogram of the arrival rate can be put together from all the
different arrival time values registered during the window of acquisition.
Figure 12 shows an example that aims to visually outline the linear
relationship between bin position (average time position from the TDC in
all the pixels) and time from the results delivered by the sensor. In this
experiment, the start signal is given to the counter as soon as a photon is
detected, while the stop signal (controlled in this case by function
generator) is triggered with a variable delay. The stop signal is then moved
along in time-steps of 10ns (from 20 to 80).
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Figure 12 – Time Correlated Single Photon Counting (TCSPC) Mode

In appendices 7.1 further examples are shown of the actual output result
delivered by each of the operating modes available in the detector, as well
as a step-by-step explanation of how to use the MatLab Graphical User
Interface (GUI) that I developed for selection and control.

3. On-chip TCSPC Histogramming mode (HistMode) (throughput of 16.5
giga-events/s). This operating mode can probably be described as the
“trump card” of Ra-II. The peculiarity of the HistMode is that is generates
on-chip TCSPC histograms at a per-pixel level to avoid readout of raw
TCSPC events.
This allows up to two orders higher photon processing rates of the SPADs
in the detector, which enables for time-resolved spectroscopic imaging
applications with fast scanning or low Input/Output power. This is what
makes it possible to collect good quality time-resolved spectral data even
at very high rates, producing rich and detailed TCSPC spectroscopic
datasets in a short amount of time.
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A detailed characterization and the architecture of Ra-II can be found in
Erdogan et al.9, and the concept behind the technology can be summarized by
the following key points.
There are 32 counters associated with histogram bins. The user has some
degree of freedom on how to use them. According to which configuration the
application needs, they can either be deployed as 16 counters of 20-bit depth
in each pixel, or 32 counters of 10-bit depth.
After every STOP pulse the TDCs are reset, and this allows for the photon
conversion rate to approach the one count per laser pulse limit (the higher
counts per second recoded in the lab was using a 100MHz laser, which
produced 1 count per 31ns, so 16.5 giga-counts/s for the whole pixel array).
The value of each TDC in the pixels is then used to address the counters (time
bins) and update the histogram.
The counters are enabled as soon as a photon is detected, registering the
photon event, but thanks to the selection capabilities of the TDC bits, the
detector can actually ZOOM into the histogram at the expense of the size of
the detection time interval. The user can therefore adjust the time-range zoomin parameters and focus the results of the acquisition into a selected and
particular area of interest, according to experimental need.
Moreover, the detector in-built delay generator, controlled via the “PSTOP”
parameter, allows for further adjustments of the STOP trigger and therefore
for better positioning of the signal of interest within the selected time-range.
Specifically, each unit of PSTOP added, corresponds to ~63ps of delay
introduced, i.e. by adding 200 PSTOP units, the signal will be delayed by
12.6ns (63ps * 200 PSTOP units).

The detailed output histogram delivered by the detector offers time bins having
different resolutions and range, thus achieving a precise temporal sectioning
of the data. The parameter that allows the user to vary the datasets in such a
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manner is controlled by the firmware through the selection of the so-called
“HistMode value”.
The HistMode value is a simple parameter, which will appear in the results
section in different figures, and it can assume integer values ranging from 0 to
7. For each of these HistMode values is associated a different “zooming timestep”. A HistMode value closer to zero is indicative of a more “close-up view”
of the investigated time-range, while a value closer to seven represent instead
a “broader view” of the selected time range.14
The on-chip histogramming mode is usually operated with “chained” pairs of
bins (16 in total) in order to achieve high dynamic range, where the individual
time bin resolutions vary from 0.1 ns to 12.8 ns. This is the configuration that
has been utilized to capture all the HistMode dataset presented in this thesis.
In Table 2 below we list all the different HistMode values that can be selected
in the sensor with both their associated total temporal range and resolution.

HistMode value

Range (ns)

Resolution (ns)

7

204

12.8

6

102

6.4

5

51

3.2

4

26

1.6

3

13

0.8

2

6.5

0.4

1

3.25

0.2

0

1.6

0.1
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Table 2 - Resolution and time range achievable according to the HistMode value selected in
the programming configuration phase of the Ra-II detector.

2.3.2 Noise and distortions in Ra-II
In the field of Raman spectroscopy and operating within the realm of SPADs,
other substantial noise types are possible besides the one of background
fluorescence already explored, which play an important role in interfering with
the quality of the signal obtainable.
If not taken into account, noise can render unintelligible virtually any type of
results. The types of noise we face when working with SPADs can vary
according to the design and application, ranging from the most obvious shot
noise to thermal noise (Johnson-Nyquist noise). Regardless of the source, we
have to take into account that in order to produce quality Raman data with RaII, there are certain noise sources that are too critical to overlook. We already
addressed the most important in chapter 2.1.2, when we talked about
fluorescence suppression, but other noise sources include the following:
•

DCR: as previously mentioned, these are spurious avalanches due to
carriers, generated both thermally and by band-to-band electron
tunnelling.73 Being a factor related to manufacturing process of every
SPAD, it can vary substantially even from SPADs that sit next to each
other in the same detector, as we will see in great detail in Chapter 4.
It is possible to quantify and measure the DCR of the SPADs of the
detector and even create a “DCR-map” of which SPADs are
“screaming” and therefore present a high DCR. For such measurement,
it is sufficient to set up the detector at an excess bias voltage above the
SPAD's Vbd value and total darkness without exposing it to any form of
light, and then count the number of avalanches that still occur.88
Fortunately, with Ra-II, in combination with the above mentioned DCRmaps (as already anticipated and as we will see in detail in Chapter 4),
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we can create the so called SPAD activation matrices, where high DCR
SPADs (screamers) are identified and then switched off before
acquisition, in order to only collect the signal with the SPADs that show
a low level of DCR.
•

Spatial Sampling Noise: a phenomenon unaddressed previously in the
literature related to the physical dimension of the SPADs, when
activating only a certain selection of spads in the array (for example by
programming the SPADs using one of the activation matrices
mentioned above). If the dimension of the beam focused into the
sensitive region of the detector is smaller than the total sensitive
surface, too few SPADs activated can lead to spatial/spectral distortions
when the spectral wavefront exhibits rapid changes in field intensity, i.e.
at the focal plane. The quality of the results will be compromised,
impacting considerably on the spatial number of counts. As will be seen
this can cause very extreme distortions.
Thus, in the attempt to decrease the impact of temporal noise in the
form of DCR (by turning off a significant number of screamers) we have
to take into account that we might inadvertently increase the weight of
the “Spatial sampling noise”.14

•

Pile – up: due to the incapacity of the SPADs in the detector to record
two consecutive photon events in a single signal period, therefore losing
the last of the two.89 Simply put, if a photon triggers the TDC in a certain
timeslot 𝑗 then it will not be able to trigger a second event for a timeslot
𝑖 > 𝑗 if the TDC is already triggered. This concept can be also
expressed mathematically in order to obtain the total number of
excitation cycles (𝐸𝑖) available in that timeslot. By considering 𝑁𝑗 as the
total number of counts in the timeslot 𝑖, we can write:

𝑖−1

(15)

𝐸𝑖 = 𝐸 − ∑ 𝑁𝑗
𝑗=1
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It is important to take into account the effect of pile – up, since its
presence leads to important distortions of the measured signals. This is
particularly critical for Raman and fluorescence spectroscopy, since it
affects the decays by reducing the measured lifetime. In fact, in Chapter
4.2.2 we will see how the low repetition rate (4kHz) laser used in this
study can cause significant pile-up issues when the 1 photon per laser
period detection limit is approached.
If we define as 𝜏𝑚𝑒𝑎𝑠 the measured fluorescence lifetime and with 𝜏 its
actual value, we can express their relationship with the equation
below89, in which 𝑃 is representing the sum of the probabilities 𝑃𝑖 of a
photon appearing in one period during the timeslot 𝑗 (or in simpler
terms, the average number of photons per period).

𝜏𝑚𝑒𝑎𝑠

𝑒𝑃 − 1
=𝜏
𝑃𝑒 𝑃

(16)

These two equations infer that the distortions of the signals can be more
or less important according to the value of 𝐸. If 𝐸 is small (i.e. on the
order of KHz) the distortion is going to be larger than when 𝐸 is bigger
(i.e. MHz).14
•

Optical aberrations: signal distortions linked to the optical components
of the spectrometer itself, such as the diffraction grating and the various
lenses, which inevitably introduce spatial and spectral distortions into
the optical field as the light passes through them.

2.3.3 The proposed solution
By using the on-chip histogramming and zoomable time resolution of our Ra-
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II detector, we will try to separate Raman signals from fluorescence not by
cutting off the background, but by collecting the impulse response of both
signals as a whole and then, with the help of time bin selection, exploit the fact
that the Raman’s impulse response (on the order of picoseconds) follows the
laser, while the fluorescence reaches its peak later in time and lasts longer (in
the range of nanoseconds).
As illustrated in Figure 13 below, when exciting with finite width-laser pulses,
the peak of the obtained convolved Raman signal reaches its maximum at an
earlier time compared to the fluorescence response, which is also of
significantly longer duration.7,41

Figure 13 - Temporal relation of Raman and fluorescence signals.

As already anticipated, to achieve this separation in the realm of low scattering
probability we will need to make every photon count by improving the SNR as
much as possible.
In short, the variables that we will address in this study and that affect the
quality of the signal are fundamentally three:
1. The SPAD array
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2. The laser
3. The spectrometer

The first variable will be covered by careful consideration of artefacts due to
SPADs sensors, which also affect Ra-II, by trying different combinations of
activation maps of the SPAD array and identifying the best configuration which
compromises between higher sensitivity (more SPADs active) and noise.
The second variable is taken into account by developing a theoretical model
and a MatLab equivalent of both the laser used and the signals of interest with
the aim of predicting the expected behaviour according to the pulse duration,
repetition rate and peak power of the laser chosen. Also, since it has been
shown that there is a significant decrease of fluorescence if the sample is
excited with a short-pulsed laser (but not less than 1 picosecond, to prevent
loss of spectral resolution) rather than with continuous wave (CW), the
spectroscopic setup has been optimized to easily switch between different
pulsed lasers excitation, specifically in the VIS at 532 nm.5,41,90,38
Last but not least, the third variable is addressed by developing a custommade optical setup optimized specifically to interface with the Ra-II line sensor.
First, by modelling the spectrometer using the Beam4 software (credit goes to
Gillian Brown), which allows for optimization of the position of optical
components by simulating the behaviour of single rays of light across any
specified optical surface. Secondly, recording experimentally the intensity of
the signal in the actual spectrometer across the focal plane, to identify the
detector’s best position.
Also, it is important to note that all the results produced using Ra-II, which will
be discussed thoroughly in Chapter 5, are based on an already 7-years-old
SPAD technology. Indeed, if we look at Figure 14 below, (credit goes to Prof.
Robert K. Henderson) we can see how the latest state of the art as of 2021
allows for even greater performance and improvements in terms of photon
detection efficiency and, therefore, for better results overall.
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Figure 14 – Photon Detection Efficiency estimate of both older and current generations of
SPAD based detectors. Note that for the grey line (FSI SPAD) and the dark blue line (BSI
SPAD) is also specified the Fill Factor (FF) of the SPAD, which represents the ratio of its
optically sensitive area to its total area.

In the image above the different curves represent the Quantum Efficiency of
both older and current generations of SPAD detectors for different
wavelengths.91,92 Without going too much into the details of the figure, what is
important to note is that the grey line (FSI SPAD) represents a Quantum
Efficiency close to what is obtainable with the current version of Ra-II used in
the making of this thesis (although the curve comes from a different sensor),
whist the dark blue line (BSI SPAD) represents the previous generation. It is
then easy to realize how the rest of the curves (green dot, dashed blue, red
and yellow), which represent by the next generation of sensors, outperform the
technology used to collect our data, therefore opening the door to significantly
improved results in the future.
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2.4 Summary and conclusions

In this chapter we provided the necessary background to understand the
issues we try to overcome with this thesis.
We explained in detail the physical phenomenon behind the Raman signal, the
story of its discovery as well as the mathematical formulas that explain its
behaviour.
We explored the major challenges that people face when working with
fluorescent samples and what are the common solutions.
We proposed SPAD arrays as one of the currently very promising types of
detectors in the field of Raman-Fluorescence separation, describing both the
technology, its evolution and application in Raman spectroscopy.
We introduced the Ra-II detector as the centrepiece of the work of this thesis,
also describing which noise and distortions we are inbound to face during our
experiments.
In the next chapter we will provide the theoretical framework and a detailed
groundwork for the three key aspects previously outlined in Chapter 1.

We will start by introducing, with help of the MatLab software, our Raman
signal intensity model built on McCreery’s model of Raman experiments93,
describing the influence of crucial parameters such as the average, peak
power and repetition rate of the laser on Raman count rates.

Then, a spectrometer model, which uses the Beam4 3D raytracing software
application, will enable the simulation of the propagation of large numbers of
rays of different wavelengths through the chosen spectrometer components,
highlighting the spatial and spectral influence of spectrometer design, optical
aberrations, system alignment and SPAD detector masking/activation
configurations on Raman signals.
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Lastly, we will create a Raman/fluorescence temporal model which adapts the
detailed analysis for time gated Raman discrimination model proposed by
Yaney94, to a time-binning histogramming sensor. Allowing us to predict the
level of Raman-fluorescence discrimination achievable when using the
HistMode time-binning capabilities offered by the Ra-II detector.
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3. Theoretical
Framework/ Modelling
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With this third chapter we aim to provide a theoretical framework to lay the
detailed groundwork for consideration of each of the three key aspects outlined
in Chapter 1 – (1) laser and sample considerations, (2) spectrometer collection
issues and (3) detection considerations. Three computational models were
developed to form the theoretical framework:
a. A Raman signal intensity model building on McCreery’s model of
Raman experiments93, describing the influence of average laser power,
peak power and repetition rate on Raman count rates. The model was
developed in MatLab in collaboration with Dr. Finlayson. My contribution
was to support code development and apply the model to specific
samples, notably diamond. Credit for the experimental data coming from
the laser “NKT-Katana-05” showed in the figures goes to Dr. Neil
Finlayson, Ms. Gillian Brown and Ms. Heather McEwen, who collected
the data with my setup but without my aid, since I was no longer active
in the lab.
b. A spectrometer model which uses the Beam4 3D raytracing software
application to define (i) optical surfaces for each of the spectrometer
lenses, (ii) grating characteristics, (iii) ray positions, directions and
wavelengths, and (iv) refractive index characteristics. The model
enables propagation of large numbers of rays of different wavelengths
through the spectrometer components. The model was developed in
Beam4 by Ms. G. Brown in collaboration with Dr. Finlayson and myself.
My contribution was to exploit MatLab’s computational capabilities on
exported Beam4 ray bundles to highlight the spatial and spectral
influence of spectrometer design, optical aberrations, system alignment
and SPAD detector masking/activation configurations on Raman
signals.
c. A Raman/fluorescence temporal model which adapts Yaney’s timegating model94 to a time-binning histogramming sensor. The Yaney
model describes the ratio of Raman-to-fluorescence signals obtainable
with pulsed lasers over continuous wave ones. It has been adapted here
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to predict the level of Raman-fluorescence discrimination achievable
when using the HistMode time-binning capabilities offered by the Ra-II
detector. We apply Yaney’s methodology specifically to his method of
calculation of the Raman-fluorescence discrimination factor, with the aim
of showing the way to make the discrimination factor as large as possible
for the particular conditions present in our setup where, in contrast with
Yaney’s approach, we bypass the need for gating by using the
histogramming power of the sensor described in the previous chapter.
The model is adapted here in order to enable detector time bin widths
and positions

to be

chosen to optimize

Raman-fluorescence

discrimination and signal-to-noise ratios. The model was developed in
MatLab in collaboration with Dr. Finlayson. My contribution was to
support code development and apply the model to the Ra-II detector and
to specific Raman/fluorescent samples.

3.1

Raman signal intensity model

The Raman signal intensity model addresses the first of three primary
concerns described in Chapter 1, namely:

1

The combination of both laser power and repetition rate has a strong
impact on the quality of the Raman results obtainable. With the
optimal laser choice is it possible to enhance SNR and count rates?

To validate this point, we need to understand the theory behind what happens,
at the photon level, in an optical setup, in order to predict the expected
outcome of using different lasers to drive a TCSPC separation of Raman and
Fluorescence. We then use the Raman signal intensity model to predict the
expected outcome of the setup for a specific sample (eg diamond) when using
a selection of lasers that differ in their parameter specifications.
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Since the Raman spectrometer has to be able to measure the frequency shift
on the signal, the most commonly used form of excitation is a monochromatic
laser source with a narrow bandwidth and stable in both frequency and power.
When choosing a pulsed laser for Raman application, one should pay attention
to at least five crucial parameters: power, repetition rate, pulse width, line width
and wavelength. In the following section we will define briefly why each of them
is relevant.

3.1.1 Average and Peak Power
The power of a laser is usually expressed in Watt (W), joule of energy per
second, and represents the rate at which the laser generates energy. This
parameter is commonly expressed in terms of both peak power and average
power.

Consider a train of optical pulses of period (𝑇), such as the one in Figure 15,
with the energy within every pulse (𝐸) staying constant over time. Then the
peak power (𝑃𝑝 ) is the maximum optical power achievable within a single
optical pulse by the laser in a short time window (𝜏𝑃 ), and represents the rate
of energy flow in every pulse (in J/s or W).95

Figure 15 – Representation of a train of pulses of constant energy.

This concept can be explicated in form of equation by the formula below.
Where the peak power is given by the energy of the laser pulse divided by its
temporal length, or pulse width.
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𝑃𝑃 =

𝐸
𝜏𝑃

(17)

This is different from the average power, which represents instead the amount
of energy that a system can supply in a continuous fashion. That is also a
reason why, when it comes to lasers, peak power is usually higher than the
average power obtainable.
The average power (𝑃𝑎𝑣𝑒 ) represents the rate of energy flow (𝐸) averaged over
the period (𝑇), which is also equal to the energy times the repetition rate (𝑓) of
the laser.

𝑃𝑎𝑣𝑒 =

𝐸
=𝐸∗𝑓
𝑇

(18)

With this information, we can estimate for how long in terms of time, the laser
is actually in a “ON-state” at any given period, a quantity that is called Duty
Cycle.
First, by solving both equations above for the energy term “𝐸” we obtain the
following relation:
𝑃𝑝 ∗ 𝜏𝑃 = 𝑃𝑎𝑣𝑒 ∗ 𝑇
𝜏𝑃 𝑃𝑎𝑣𝑒
=
= 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒
𝑇
𝑃𝑝

(19)

(20)

Thus, the peak power of a pulse can be calculated as the average power
divided by the Duty cycle of the laser:

𝑃𝑝 =

𝑃𝑎𝑣𝑒
𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒

(21)
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Both average and peak powers of the laser are crucial factors, since the
stronger the power the larger will be the intensity of the Raman signal, in a
directly proportional manner. It should be noted that in Raman applications
there is always a tradeoff between delivering as much power as possible, and
being careful not to cause photodamage to the sample.

In practice, since most samples, (especially biological ones) can quickly burn
out (or evaporate) during the exposure, it is best to increase the power
gradually, while also checking for damages, until the highest applicable power
value is found.

3.1.2 Pulse width
Pulse width, introduced by the formula in the section above, is described as
the time during which the photons are actually being emitted by the laser,
representing the temporal duration of the pulse.

This parameter is important because the generated Raman signal follows the
laser in a one to one manner, so the longer the laser pulse width, the longer
will be the “tail” of the Raman signal produced.

In situations where the aim is to discriminate with efficacy the Raman from the
fluorescence, we want the Raman signal and the laser pulse therefore to be
as instantaneous as possible. Since without the aid of any gating technique,
the broader the laser pulse/Raman signal the harder it will be to separate
Raman from fluorescence signals in time.

We will see some practical examples of this with the help of the MatLab
Raman/fluorescence temporal model in section 3.5.
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3.1.3 Repetition Rate
This parameter represents the frequency at which the pulses are delivered by
the laser, indicated in terms of pulses per second, usually measured in Hertz
(Hz).

This factor is critical when it comes to Raman, since increasing the Laser
Repetition Rate (LRR) can affect both the Raman count rate and the amount
of time needed to acquire the spectral results, as well as the overall scanning
time of the samples for dynamic time resolved acquisitions.

As per the case of the power discussed above, if repetition rate is too high and
it is not well matched with the power being used, it can cause damage to the
samples, especially biological ones. This is why the energy transmitted needs
to be kept under control (in order to avoid photodamaging and burning) while
still keeping above the background light field (ambient light).

Trade-offs between LRR and peak power are therefore crucial to produce
quality results in different applications. If we consider the case of a biological
sample, since the acquisition time are usually in the order of ~us/ms,96 even
10 kHz could be too high in terms of LRR if the power is not correctly dosed.

3.1.4 Line width
This parameter represents the spectral width of the laser line. This sets a limit
to the level of spectral resolution achievable, and dictates the smallest
variations in Stokes shift that can actually be detected.

If the laser line width, often defined in terms of Full Width Half Maximum
(𝐹𝑊𝐻𝑀), is too broad, it will not be possible to resolve any significant Raman
features, as they will be broadened according to the spectral shape of the
laser.
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Too broad a laser line is one of the reasons why sometimes very sharp Raman
lines can appear as broad, or features that are normally separated (like in the
case of a double peak) can appear as one in the output spectrum.

Simply put:
𝑁𝑎𝑟𝑟𝑜𝑤 𝐿𝑖𝑛𝑒𝑤𝑖𝑑𝑡ℎ → 𝑆ℎ𝑎𝑟𝑝𝑒𝑟 𝑅𝑎𝑚𝑎𝑛 𝑙𝑖𝑛𝑒𝑠
𝐵𝑟𝑜𝑎𝑑 𝐿𝑖𝑛𝑒𝑤𝑖𝑑𝑡ℎ → 𝐵𝑟𝑜𝑎𝑑𝑒𝑟 𝑅𝑎𝑚𝑎𝑛 𝑙𝑖𝑛𝑒𝑠.

3.1.5 Wavelength
Usually expressed in “nm” and indicated with the 𝜆 symbol, wavelength is
the spatial period of the periodic optical wave. We already anticipated the
importance of this parameter in the introduction chapter, highlighting the
proportional relationship between Raman scattering and wavelength of
excitation, which follows the formula 1/𝜆4 . Therefore, the longer the
wavelength of the laser, the less intense will be the energy of the emitted
Raman signal.2

3.2

Raman excitation rate estimates – Sample and laser
variables

In order to predict the Raman excitation count rate from a given sample when
excited by a given laser we take inspiration from the approach described by
R.L. McCreery93, which considers both the sample and laser variables
separately from ones relative to collection and detection.

To obtain this estimate, we can use a combination of well-known parameters,
such as Planck’s constant (ℎ), the speed of light (𝑐), Avogadro constant (𝑁𝑎 ),
together with values that are defined by our specific conditions.
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We start by defining the Photon Energy according to the wavelength of our
laser using the relation:

𝑃ℎ𝑜𝑡𝑜𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 =

ℎ∗𝑐
𝜆

(22)

We then consider the focus at the sample as a cylinder, rather than a single
point, that has its own length (𝐿𝑓 ) and volume (𝑉𝑓 ), and we use them to
calculate the focus area at the sample (𝐴𝑓 ) with the following formula:
𝐴𝑓 = 𝑉𝑓 /𝐿𝑓

(23)

Once we have 𝐴𝑓 we can calculate the power density (𝐼𝑃 ) in that area by doing
the peak power of the laser (𝑃𝑝 ) over the area of interest.
𝐼𝑃 = 𝑃𝑝 /𝐴𝑓

(24)

At this point the last pieces of information we need are the parameters relative
to the sample itself, such as its density (𝜌), its molecular mass and the Raman
cross section (𝜎𝑅 ), which is wavelength dependent.
These parameters can then be used to estimate the mass of sample present
in the focal volume (𝑀𝑓 ),
𝑀𝑓 = 𝜌 ∗ 𝑉𝑓

(25)

and consequently, the molecules of the sample within that same volume (𝑁𝑚 ).

𝑁𝑚 =

𝑀𝑓 ∗ 𝑁𝑎
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟𝑀𝑎𝑠𝑠

(26)
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Then, considering that the Raman signal per molecule (𝑆𝑅 ) is obtainable as:
𝑆𝑅 = 4𝜋 𝐼𝑃 𝜎𝑅

(27)

We can define the Photon Rate per molecule (𝛾𝑅 ):

𝛾𝑅 =

𝑆𝑅
ℎ𝜈

(28)

Finally, with these two last parameters, we are able to produce estimated
values for the Raman signal produced by the sample:

-

Expressed in photons per second, when using a continuous excitation
(𝑆𝑅𝑃 );
𝑆𝑅𝑃 = 𝛾𝑅 ∗ 𝑁𝑚

-

Expressed in photons per pulse, when using a pulsed excitation (𝑁𝑅𝜏 ).
𝑁𝑅𝜏 = 𝑆𝑅𝑃 ∗ 𝜏𝑃

-

(29)

(30)

Expressed in photons in 1 second, when using a pulsed excitation (𝑇𝑅𝜏 ).
𝑇𝑅𝜏 = 𝑁𝑅𝜏 ∗ 𝐹𝑟𝑒𝑝

3.3

(31)

Raman count rate

Ideally, after having carefully selected the appropriate laser according to the
relevant parameters listed in Chapter 3.1, all Raman spectrometers should
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deliver the same spectrum which reflects the Raman scattering efficiency of
each vibrational feature of the molecules in a sample, regardless of the
variations design in the spectrometers used or in the experimental procedure
followed by the researcher.93

This is almost never the case, since the majority of Raman spectra in the
literature is particularly burdened by:
•

the variations introduced by each spectrometer’s design;

•

the different instrumental sensitivity across the whole spectrum;

•

its dependence from focus and alignment which creates inevitable
differences in terms of losses;

•

the imperceptible variations that occur in the system over time which
result in intensity differences even when the sample and the setup have
not been purposely altered and appear to be in identical conditions.

Moreover, the scale of intensity of the signal, the Raman count rate, is often
arbitrary and it is observed without any reference channel. Which would
compensate for the variations in sensitivity over time of the instrument, as it
happens for example with infrared absorption spectroscopy. Examples of
quantitative Raman exist, but it requires a thorough daily calibration, and its
application is limited to specific choices of design. All this resulting in a usually
more challenging comparison of Raman intensities.97,98

For these reasons, it is easy to conclude that a careful simplification of the
model could be beneficial when it comes to comparing the effect of using
different laser sources in the same spectroscopic setup.

3.3.1 Simplifying the model
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The key point of our simplification of the model stems from defining the Raman
count rate (𝐶) of our setup as an expression of only the average power (𝑃𝑎𝑣𝑒 )
and a proportionality constant ( 𝑘 ) which is linked to both the sample
(everything up to the sample included) and the collection variables (all the
variables that interfere with the collection of the generated Raman)1:
𝐶 = 𝑃𝑎𝑣𝑒 ∗ 𝑘

(32)

𝑘 is a proportionality constant based on the following excitation, sample,
collection and detection variables93: laser pulse width, beam shape, differential
Raman cross-section, number density of scatterers, optical path length
(typically the sample path length monitored by the spectrometer), the sample
area monitored by the spectrometer, the collection solid angle of the
spectrometer at the sample, the transmission of the spectrometer and
collection optics, the quantum efficiency of the detector and the observation
time. For a fixed laser beam shape, wavelength, fixed objective NA, fixed
spectrometer throughput and given detector, the Raman count rate is
proportional to average power. This simplified equation allows for direct
comparison of the count rate with the average power of our laser.

Since we will be using pulsed lasers, this simplified model needs to be
extended to account for a pulsed laser excitation, so that the repetition rate of
the laser also comes into play. Two primary levers are then available to
increase the count rate: increase of the laser peak power and increase of the
repetition rate. In certain cases, it may be desirable to operate at a lower
repetition rate (longer laser period) with higher peak power (e.g. to avoid
fluorescence background arising from fluorophores with a long lifetime).

3.3.2 Pulsed lasers
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To adapt our equation to a pulsed laser case, we take the help of the equations
in chapter 3.1.1, which imply that:
𝑃𝑎𝑣𝑒 = 𝑃𝑝 ∗ 𝜏𝑃 ∗ 𝑓

(33)

Therefore, the Raman count rate obtained with a certain pulsed laser will be
roughly proportional to the peak power, the repetition rate (𝑓) and the pulse
width as well as the proportionality constant 𝑘:

(34)

𝐶 = (𝑃𝑝 ∗ 𝜏𝑃 ∗ 𝑓) ∗ 𝑘

The relation clearly illustrates how, according to this model, the count rate in
now not only dependent by the power but also by the frequency of the laser
chosen.
To illustrate this concept, we propose a selection of different repetition rates
and power levels, based on the lasers available in our lab and reported in the
Table 3 below.

Laser A

Laser B

Laser C

Laser D

NKT Katana

TeemPhotonics

TeemPhotonics

PicoQuant

05

ANG-05E-100

STG-03E-1x0

LDH-D-TA-530B

Wavelength (nm)

532

532

532

532

Linewidth (nm)

0.15

0.01

0.01

0.18

Pulse Width (ps)

40

700

500

60

Typical Peak Power (W)

40

7143

6000

0.29

Typical Average Power (mW)

64

520

12

0.7

Typical Pulse Energy (nJ)

1.6

5000

3000

0.017

Repetition Rate (MHz)

1-40

0.104

0.004

1-40

Table 3 - Key properties of lasers used in experiments
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Laser A (also referred in the thesis simply as “Katana”) can be operated at a
range of repetition rates, specifically 1 to 40 MHz, and can generate peak
powers of >40 W. Lasers B and C are both from TeemPhotonics passively and
are operated instead at fixed repetition rates, respectively at 104 KHz and 4
KHz. Laser B (referred in the text as “TeemPhotonics 104K”) can generate
peak powers of >7 kW while Laser C (referred as “TeemPhotonics 4K”) is >6
kW. Both are Q-switched microchip lasers incorporating harmonic conversion
and, in the case of Laser B, fibre amplification. Laser D (referred simply as
“PicoQuant”) is a picosecond laser diode which can be deliver repetition rates
of 1 to 40MHz and capable of 0.3 W peak power.

Using the values of the table above, we can try to better understand this
relationship between power and repetition rate. We do so by building a
theoretical graph, as shown in Figure 16, to represent the expected behavior
of the count rate according only to variations introduced by the frequency of
the laser chosen, therefore keeping 𝑘 at a constant value in the formula to
normalize the spectrometer throughput for any given laser.
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Figure 16 – Using the Katana laser (Laser A) to vary across different repetition rates, the image
highlights very clearly the relationship between Count Rate and Peak power. (Credit for
experimental data goes to Dr. Neil Finlayson, Ms. Gillian Brown and Ms. Heather McEwen).

From Figure 16 is easy to see how for the frequency of the laser has a strong
impact on the Count rate achievable. In fact, any given level of Count Rate can
be achieved by any frequency value, as long as the Peak power is incremented
accordingly. In the example, it can be seen how a Count rate of 400000 can
either be obtained by a frequency of 40MHz and a Peak power of 60W or by
choosing to use half the frequency (20MHz) but with double the amount of
Peak power (120W). The PicoQuant laser is able to operate at high repetition
rates up to 40MHz. The peak powers however are much smaller than the
Katana laser and therefore much smaller Raman count rates are expected.
In the graph, we depicted the expected performance using the Katana laser
which has a combination of moderately high peak power and high repetition
rates. Such laser source, although it is extremely successful in supporting our
assumptions, it was not linked to my experimental work until later, when I had
already stopped personally collecting data in the lab. Therefore, as mentioned
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at the start of chapter 3, the credit for the related experimental data goes to
Dr. Neil Finlayson, Ms. Gillian Brown and Ms. Heather McEwen.

Nonetheless, the same type of graph can be also built for the two
TeemPhotonics lasers, which instead exhibit very high peak powers but
relatively low repetition rates. Their count rates are expected to conform
roughly to that shown in Figure 17, whose data has been separately acquired
in an attenuated environment. From the plot, it is still easy to conclude how the
104kHz laser outperforms the 4kHz one by far.

Figure 17 - Using the TeemPhotonics lasers, the image highlights again the relationship
between Count Rate and Peak power.

Following McCreery’s model, we can also simulate how the respective Raman
count rate would vary for all these lasers, if the 𝑘 was simply given a
conventional value of 1. Thus showing, in Table 4 below, what the count rate
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would look like in the ideal situation in which the only parameters influencing
its value were the peak power, the pulse width and the repetition rate.

𝐶 = (𝑃𝑝 ∗ 𝜏𝑃 ∗ 𝑓) ∗ 𝑘

Laser

Raman count rate

Katana at 40MHz

C = 40 * 40p * 40M * 1

0.064

TeemPhotonics 104KHz

C = 7143 * 700p * 104K * 1

0.52

TeemPhotonics 4KHz

C = 6000 * 500p * 4K * 1

0.012

PicoQuant at 40MHz

C = 0.29 * 60p * 40M * 1

0.000696

Table 4 – Estimated Raman count rate for the lasers according to McCreery’s model

3.4

Spectrometer model – spatial and spectral considerations

We now turn attention to the spectrometer model. We started to shape the
design of the spectrometer by taking inspiration from the most famous Czerny–
Turner configuration99, illustrated in Figure 18 below, in which a plane grating
is placed between two curved mirrors, used first to collimate and then focus
the incoming light, while the rotation of the grating itself can be exploited to
vary the relative position of the wavelengths that are focused on the detector.

Figure 18 - Czerny-Turner configuration
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This was just a starting point, since a well-known limit of this configuration is
linked to its off-axis method of imaging, which introduces several
aberrations100, such as:
•

Spherical aberration: caused by the use of spherical mirrors or lens to
forms the image, which results in a diffuse symmetric blur of the image
that increases with the cube of the mirrors' apertures size, thus limiting
spatial and spectral resolution.101 The shorter the focal length of the
instrument the higher is the effect.
Wavefront aberration ∝

•

1
(𝑓/#)3

(35)

Coma: caused by the use of mirrors at an off axes angle which results
in an asymmetric broadening of the spectral lines that increases with
the square of the aperture size, thus limiting the spectral resolution.101

Wavefront aberration ∝

•

1
(𝑓/#)2

(36)

Astigmatism: caused by the use of lens or mirrors to image the source
off axis which results in vertical or horizontal elongation of the image,
thus limiting spatial and spectral resolution.

Wavefront aberration ∝

•

1
𝑓/#

(37)

Field curvature: due to not being able to properly bring the image into
focus on a flat plane, as it will be shown in section 3.4.2.

Therefore, although these aberrations have been thoroughly studied and can
be somewhat compensated,100,102,103,104,105 we identified a variation of this
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model that would result in a better starting point for our configuration needs:
the Axial Transmissive Spectrograph.

Figure 19 - Schematic of an Axial Transmissive spectrograph

As shown in Figure 19, this design uses lenses rather than mirrors to collimate
and focus the light, while the grating is placed again between the two
components. Compared to the Czerny-Turner design this configuration is
entirely on-axis, therefore the aberrations are inherently less and easier to
correct. With off-the-shelf high-quality lenses, this setting offers a large flat
field, correcting most of the aberrations over a wide range of wavelengths. 105

Taking inspiration from this configuration, Ms. Gillian Brown and Dr. Finlayson
modelled the spectroscopic part of our setup by using the Beam4 software, a
raytracing tool which allowed us to model the behaviour of multiple rays of light
across the different optical surfaces, therefore facilitating the optimization of
the components’ relative positions in the setup.
By giving as an input the parameters of the optical components, such as the
refractive index, the distance at which the ray will encounter each surface, the
radius of curvature of the lenses, the diameter of the optics used and so on,
the software predicts and displays the path that each wavelength will follow
within the limits of geometrical optics. The output can therefore be used as
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guideline for both the choice of the components but also for their best
placement and angles of the optics. The resulting simulated rays can also be
exported as a table and further processed.
3.4.1 The model of the spectrometer

Figure 20 – Layout of the design as it appears on the Beam4 tool. In the image are plotted 19
rays for each wavelength: 450nm in blue – 530nm in green – 650nm in red.

As can be seen in Figure 20, all the rays are emitted from a single point, the
origin (which aims to simulate the light coming form the epi-fluorescence part
of the setup). Note that a fibre coupler with diameter of 50um is typically used
at the entrance pupil rather than a true point source. The rays are then directed
towards a first collimating aspherical lens (focal length of 50mm and angular
position 57.2°).

By matching this lens with a second focusing aspherical lens (focal length of
75mm and angular position 0°) unwanted bending of the rays (caused by the
first lens) will be partially balanced by the second one. This allows for a
reduction of the amount of aberrations in the system with the aid of very few
components.
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As required in the Axial Transmissive spectrograph configuration, in between
those two lenses we placed the diffraction grating (angular position of 28.6°),
whose purpose is to disperse the incoming signal into its spectral components
before being focused onto the detector by the second lens. Specifically, we
used a grating with 1800 lp/mm at 600nm from Wasatch Photonics.
The gratings are usually defined by their groove density, also known as
grooves per millimeters (g/mm). Very intuitively, the higher this value, the
higher will be the amount of resolution achievable by the spectrometer.

Since the dispersion of a grating is wavelength dependent, there is a specific
working range in which the grating will deliver best results. We found this limit
with the relation below, where the theoretical working wavelength limit for a
grating (𝜆𝑙𝑖𝑚𝑖𝑡 ) is given by:

𝜆𝑙𝑖𝑚𝑖𝑡 =

2
𝑔𝑟𝑜𝑜𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

(38)

For example, in the case of both our real setup and model, we have a groove
density of 1800 g/mm, so we can conclude that the grating will not diffract
much after 1000 nm which is enough for our purpose. This implies that by
using a lower groove density we would be able to acquire a greater spectral
range but at the cost of lower spectral resolution, and vice versa.

Lastly, the focused light is collected by the Ra-II line detector, represented in
the model by a flat circular plane.
The position of the detector within the detector plane and the number and
positions of the SPADs active in each pixel play a significant role in the
collection of good quality data. To better assess the inherent losses of our
design and the level of focus, sensitivity and accuracy achievable, in the next
subchapter, we simulated the behavior of the rays when white light is shined
through the optical path and onto the detector using Beam4. Both to test our
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model and to analyze the output obtained from this particular configuration of
optics.

Then, we exported the Beam4 output data into an excel file and we processed
it using MatLab, to produce a series of plots which will hopefully help the reader
to visually understand the correlation between both the path followed by the
rays and the quality of the results obtainable with the detector.

3.4.2 Raytracing white light

To produce the figures of this section, we used the raw data obtained by Ms.
Gillian Brown with the Beam4 software, in which 1027 rays were generated for
each of five wavelengths, which span across the white light spectral range,
after sending them through the modelled optical path. Specifically, the selected
wavelengths are: 540nm – 560nm – 573nm – 590nm – 610nm.
In Figure 21 below, we see the representation in “true color” of the beams of
light for each of the five wavelengths. To better illustrate what happens at the
detector plane, we also plotted in the same 3D picture a simplified
representation of the sensitive region of the detector (blue rectangle) which is
true to its real-life dimensions (~0.11 mm height and ~12.4 mm in length).
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Figure 21 – Five beams of light crossing the detector plane. In this example the sensor is
positioned perpendicular to the central beam.

It is interesting to note that since in this configuration the sensor is positioned
perpendicular to the central beam the focal position is not optimal overall.
Indeed, the detector appears to be at focus for the 573nm wavelength (center
beam) while for the two beams at the edges of the plot (orange at the far left
and green at the far right) it appears to be fairly distant from the desired
position.

This effect is due to field curvature, which brings the focal point of each beam
to curve across the focal plane. This can be noticed even more by looking at
the same image using a top view, as shown in Figure 22.
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Figure 22 – Top view of the focal plane.

Fortunately, thanks to the possibility of moving freely the detector in the focal
plane, this issue can be somewhat compensated by tilting it to minimize the
effect of field curvature. By doing so, although it would still be a compromise,
the focal position of each wavelength will get closer to the sensitive region of
the sensor, as demonstrated in Figure 23 below.

Figure 23 - Five beams of light crossing the detector plane. In this example the sensor is tilted
to improve the quality of the focus across the whole sensitive region.
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3.4.3 Misalignment and other Losses
Although aberration compensation and field curvature tilt correction may seem
to be an excellent quick solution to maximize signals, it is important to keep in
mind that the loss introduced by these kinds of aberrations are only a small
percentage of the many factors that greatly affect the quality of the signal
collected.

Even the slightest misalignment across the many different components that
compose our setup can easily disrupt the wanted outcome. This can very
easily be the case if, for example, the grating is not properly rotated to match
the orientation of the detector which has a line sensor form factor (12.4mm x
110um). A testimony to this fact is represented in Figure 24, in which the
position of one end of the detector relative to the focal plane has been tilted by
a mere 0.1 mm, causing the loss of a great amount of signal at the edges of
the line sensor.

Figure 24 - Five beams of light crossing the detector plane. In this example the sensor is tilted
vertically of 0.1mm to highlight the sensitivity issues that arise from a poorly aligned optical
setup.

The image above makes very clear how challenging it can be to recreate in
the lab the results obtained from theoretical models such as the ones proposed
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in this thesis. Still, the spectrometer model provides useful guidance to deal
with the real-life challenges associated with the handling of physical
components, first of which is loss.

Loss is a multivariant equation having many aspects. Just to name a few:
•

Aberrations

•

Alignment

•

Sample scattering

•

Sample reabsorption

•

Beam shape loss

•

Overall Optics loss (reflection from surfaces etc)

•

Numerical Aperture of the objective on the return path

•

Fibre coupling

The problem is that all of these, although measurable, can still easily vary over
time according to other aspects such as temperature, power fluctuations,
micromovements of the components and so on. Even the fact itself of using
the spectrometer can, in fact, alter its state.

For these reasons, it is crucial to focus on minimizing at least all those losses
that are somewhat predictable. It is the case of the losses inherently related to
the limiting factors of the detector itself.

In the case of the use of Ra-II, loss is also a factor of:
•

The saturation at one photon per excitation pulse

•

Quantum efficiency/fill-factor loss of the detector – for example, at
573nm:
o Photon Detection Efficiency indicates approximately 10%
o Fill factor (FF) for blue SPADs is 49%
o Leaking of signal to neighboring pixels
o Overfilling of the detector array due to aberrations
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•

SPAD activation patterns – using 8 SPADs in each pixel rather than 16
available SPADs can easily cost up to 50% loss in the amount of
detectable photons (however, as we will see, pixels with 8 low noise
DCR SPADS are preferable to pixels with 16 SPADs with a significant
percentage of high DCR).

This last point is worth investigating further. In fact, while the other aspects are
difficult to control, the activation patterns of the SPADs of Ra-II provide a great
opportunity for correction and control of both the amount and the quality of the
signal that can actually be detected.

We will further expand on this subject in Chapter 4 where we will introduce a
whole study regarding the so-called “Activation Matrixes” and the benefits they
provide. But for now, in the figures below, we build upon our Beam4 raytracing
data to visually understand how sensitivity is strictly linked to the location and
the number of SPADs active in the pixel.

Below in Figure 25 is shown a representation of a true-sized single pixel,
composed of 16 SPADs (each sized 23.78 um x 95.12 um) divided in a 2x8
fashion, over which has been overlayed a spot diagram that displays the
intersection points between each ray of the 540 nm wavelength and the
detector’s plane.

In the two images, we differentiate the 4 SPADs that are in an ON-state from
the 12 SPADs in the OFF-state by using different colors, respectively red and
blue. We assume here that the 4 SPADs switched on in both pixels were
activated because they had the lowest DCR noise. The 4 best SPADs would
of course be randomly distributed in each pixel – we are using this hypothetical
configuration to contrast the best and worst case.
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(a)

(b)

Figure 25 – (a) The rays are hitting the SPADs in the sensor that are turned-off (blue). (b) The
rays are hitting mostly the active SPADs (red).

From Figure 25 it is possible to see a potential problem with SPAD activation
matrices. In the case of Figure 25-a, although the beam is clearly focused onto
the central SPADs in the pixel, they are all switched off and therefore we will
get a signal that is not going to be as good as the one obtainable from the
configuration in Figure 25-b. Indeed, in the case on the left, the beam is hitting
mostly the SPADs that are in the OFF-state (blue squares), while the image
on the right clearly shows that the beam is hitting perfectly the active region of
the pixel (red squares).
This effect, called spatial sampling noise14, can have huge implications in
terms of signal distortion.

If we look at Figure 26 below, we have a similar logic, in which three
consecutive pixels are shown collecting the beams of three wavelength in
succession, specifically at 539nm – 540nm – 541nm.
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Figure 26 - Three consecutive pixels are shown collecting the beam of three wavelength in
succession, specifically at 539nm – 540nm – 541nm.

In this case it is evident that if we were in our optimal ideal condition, we would
detect a level of intensity somewhat constant across the three pixels, therefore:
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑃𝑖𝑥𝑒𝑙 1 ≈ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑃𝑖𝑥𝑒𝑙 2 ≈ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑃𝑖𝑥𝑒𝑙 3

But due to the activation pattern shown above, in which the active SPADs (red
squares) are not all aligned with the position of the beam, we are more likely
to obtain an intensity value that differs in each pixel, which is not representative
of the real state of things.

Unfortunately, even if we were to replicate the pattern used in Pixel 1 on the
rest of the pixels, it still would not be ideal. First, because we would be using
only 4 out of 16 available SPADs, therefore drastically reducing our cumulative
number of counts. And second, there could be a drop at some point, across
the length of the detector, relative to the wavefront due to misalignment. This
issue can be avoided by selecting at least half the amount of SPADs, cherrypicking the ones that present the lowest DCR, as we will see in more detail in
Chapter 4.
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For now, we can just assume that 8 out 16 SPADs is a reasonable gamble,
and we can therefore generate a random activation pattern that takes
advantage of half of the SPADs available in the pixel. Again, we can represent
the activation pattern highlighting in red the SPADs that are in an ON-state,
and blue the ones in the OFF-state.

In Figure 27 we visually illustrate the importance of focus and pattern of
activation by presenting a collection of five images generated using MatLab.
Specifically, we show the intersections of the rays in five different positions
equally distanced in 0.1 mm steps in correspondence of (approximately) the
focal region of the beam. While also overlaying our representation of the truesized single pixel to highlight how the light will behave both before and after
the spot in which the detector has been placed.

From the images is easy to see how regardless of the shape of the beam, by
activating half of the SPADs available in each pixel the beam is both more
evenly distributed over the sensitive region and it is less likely to end up hitting
an inactive region in the pixel.

(a)
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(b)

(c)
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(d)

(e)

Figure 27 - Intersections of the rays in five different positions equally distanced in 0.1 mm
steps in correspondence of (approximately) the focal region of the beam that illustrate how the
light will behave both before and after the spot in which the detector has been placed.

3.4.4 Raman detection count rate
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At this point, after having discussed the laser, sample, and spectrometer
collection factors linked to the achievable value of Count Rate, we can
combine the Raman signal intensity model, spectrometer model and loss
mechanisms to try to estimate the number of detected photons, by taking into
account both the initial amount of power and the estimated losses that will
impact negatively on the number of photons detected.

Finally, we can use all the formulas discussed in section 3.2 to compute the
last parameter (𝑻𝑹𝝉 ) for a sample of our choosing, in order to be able to
compare it later on with the experimentally acquired data, obtained from each
of the three different lasers at the center of my experimental work.

We can use diamond as an example, whose values can be found in the
literature:
𝑘𝑔

•

the density of diamond is given as 𝜌 (3520

•

its molecular mass is 12 ∗ 10−3 𝑚𝑜𝑙 ;

•

the Raman cross section (𝜎𝑅 ), which is wavelength dependent, and

𝑚3

);

𝑘𝑔

whose value for an excitation of 514.5nm is equal to ~ 4.3 ∗
𝑐𝑚2

10−29 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠∗𝑠𝑡𝑒𝑟𝑎𝑑𝑖𝑎𝑛 , which for the sake of the example we consider
close enough to our excitation wavelength.106

Then, as previously anticipated, we consider the focus at the sample as a
cylinder, rather than a single point, with length 𝐿𝑓 = 1.5 ∗ 10−6 m and volume
𝑉𝑓 = 1.16 ∗ 10−18 𝑚3 . Finally, by feeding these parameters to MatLab
according to the process already illustrated in Chapter 3.2 and by referring to
what is stated in the laser’s manufacturer specifics, we can build the following
table:
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Laser
𝑷𝑷 𝒏𝒐𝒎𝒊𝒏𝒂𝒍 [𝑾]
𝑷𝑷 𝒖𝒔𝒆𝒅 𝒊𝒏 𝒕𝒉𝒆 𝒍𝒂𝒃 [𝑾]
𝑷𝒂𝒗𝒆 [𝑾] at the sample
𝝉𝑷 [𝒔]
𝑭𝒓𝒆𝒑 [𝑯𝒛]
𝑭𝑾𝑯𝑴 [𝒏𝒎]
𝑻𝑹𝝉 [Photons in 1sec]

TeemPhotonics
104KHz
7143
206
15 ∗

TeemPhotonics
4KHz
6000
4350

10−3

8.7 ∗

10−3

PicoQuant
0.29
0.29
190 ∗ 10−6

700 ∗ 10−12

500 ∗ 10−12

72 ∗ 10−12

104 ∗ 103

4 ∗ 103

40 ∗ 106

0.01

0.18

0.01
~1.37 ∗ 10

8

~7.96

∗ 107

~1.76 ∗ 106

Table 5 – Comparison of Raman estimated values for the lasers used in the experimental
setup according to the 𝑃𝑃 values used in the lab.

As we can see in Table 5, the laser powers used in the lab are not the same
as the ones shown in the row “𝑃𝑃 𝑛𝑜𝑚𝑖𝑛𝑎𝑙”. The reason for this choice is
twofold: the first is having run the experiments of the two TeemPhotonics
lasers on separate occasions, while the second is our decision, at the time of
the acquisition, of attenuating the power to avoid overheating of the samples,
which in turn resulted in finding that even with an attenuated beam the results
obtained with the 104KHz laser were better than the ones acquired the 4KHz
at higher power levels. Ideally, these experiments would have been carried out
at several power levels but the 104KHz laser was a loan, and we ran out of
time. Another thing that can be noted, is that if we look at the theoretical
number of Raman signal photons per second generated per pulse (𝑇𝑅𝜏 ) we
see that some of these values drastically surpass the ones of their relative
repetition rate. This value is for us clearly not detectable experimentally, since
the SPADs allows for the recording of only one photon event per pulse, which
is in fact our maximum detection limit or “saturation limit” (the maximum
number of events that we can detect). Indeed, this is just a theoretical number
of the excitation rate, not the detection rate. We can have a sense of this
limit by looking at Figure 28 below, in which we varied the peak power using
MatLab, while applying a correction factor for each laser peak power limit,
based on our experimental numbers while also adding to the plot the data
relative to the Katana laser, that was obtained afterwards by the rest of my
group.
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Figure 28 – Peak power in respect to the Raman excitation Rate per second, highlighting the
saturation limit for each of the four laser sources.

Three are the main takeaways from the figure:
•

The low peak power/high rep rate laser with a 60ps pulse width
(PicoQuant) produces the greatest Raman excitation rates at very low
powers but reaches its peak excitation rate at power levels of 1/10th W.

•

The two Teem lasers have very high peak power at long pulse widths
but low repetition rate which enables them to generate peak Raman
excitation rates 10x or more than the PicoQuant. But this means going
to very high peak power levels (hundreds or thousands of W) which we
know can cause damage to the samples. Moreover, their low repetition
rates will keep presenting a further constraint, since as we previously
mentioned we can't detect more than their respective saturation limit
(104kHz or 4kHz).
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•

The Katana laser has high power/high rep rate with the shortest pulse
width, which yields another order of magnitude performance gain in
Raman excitation rates.

Thus, the theoretical graph clearly indicates that the Katana offers the best
compromise, having a good combination of high repetition rate and moderately
high power.

As it has been thoroughly discussed in the previous sections, the saturation
limit of the SPADs in the detector is only one of the many factors that will
impact the overall throughput of the system. Indeed, if we also take into
account that in the case of the use of Ra-II, loss is also a factor of the quantum
efficiency/fill-factor loss of the detector, we can try to approximate a rough
estimation of the total throughput.

For example, at 573nm (which is close to the Raman diamond peak),
considering:
•

Photon Detection Efficiency ~10%

•

Fill factor for blue SPADs ~49%

•

The leaking of the signal to neighboring pixels

•

The possible overfilling of the detector array due to aberrations

•

Alignments issues

•

Aberrations

•

Sample scattering and reabsorption

•

Overall Optics loss (reflection from surfaces etc)

•

Numerical Aperture of the objective on the return path

•

Fibre coupling

•

The fact that we are using only 8 SPADs out of 16 in each pixel
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We can easily estimate a throughput of the system to be drastically lower of
several order of magnitude. In fact, we are most likely way below the one
detected photon per laser period repetition rate saturation limit.

For the sake of our example, let’s assume that the number of photons that are
actually being detected through our system is around the 0.0001%. Therefore:
𝑇𝑅𝜏 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 ≈ 𝑇𝑅𝜏 ∗ 0.0001%

(39)

Then, we calculate the expected value for an exposure time of 2 minutes,
which is the acquisition time actually mostly used in the lab to produce the
results of Chapter 5.
𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑢𝑛𝑡 = 𝑇𝑅𝜏 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 ∗ 120

(40)

So simply multiplying each laser’s 𝑇𝑅𝜏 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 by 120 seconds, we obtain the
theoretical number of counts expected per each acquisition (𝑁𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ).

In Table 6 we can see the comparison of the expected results for each of the
three lasers used to collect the experimental data that will be discussed in
Chapter 5.

Laser
𝑭𝒓𝒆𝒑 [𝑯𝒛]
𝑷𝑷 𝒖𝒔𝒆𝒅 𝒊𝒏 𝒕𝒉𝒆 𝒍𝒂𝒃 [𝑾]
𝑻𝑹𝝉 [Photons in 1sec]
𝑻𝑹𝝉 𝒅𝒆𝒕𝒆𝒄𝒕𝒂𝒃𝒍𝒆
𝑵𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅

TeemPhotonics
104KHz

TeemPhotonics
4KHz

PicoQuant
40MHz

104 ∗ 103

4 ∗ 103

40 ∗ 106

206

4350

0.29

~1.37 ∗ 108

~7.96 ∗ 107

~1.76 ∗ 106

137

79.6

1.76

16440

9552

211.2

Table 6 – Number of counts expected in each experimental acquisition.
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3.5

Raman-fluorescence temporal model

It is now necessary to develop a model that distinguishes between Raman and
fluorescent photons, and noise. But before going further into a detailed
explanation of the model based on Yaney’s theory it is necessary to settle on
a common definition for the 𝑆𝑁𝑅 of the Raman signal.

Specifically, we consider it as the ratio given by measuring with a spectrometer
with finite resolution the noise present at the maximum value of the Raman
spectrum, which will depend on the bandwidth of the two signals, both Raman
and fluorescence.

By that definition, we can assume these to be constant factors in both the
model and the experimental work of Raman-fluorescence discrimination. We
also assume Poisson statistics to describe the fluctuations in intensity of the
light detected by the spectrometer.
Given these assumptions, we can start by generally defining the 𝑆𝑁𝑅 as
approximately equal to the Raman count over the square root of the sum of
the Raman (𝑅), fluorescence (𝐹) and dark count (𝐷).

𝑆𝑁𝑅 =

𝑅
(𝑅 + 𝐹 + 𝐷)½

(41)

We can see how this simple formula has a very important implication, which is
that in cases where the fluorescence is the strongest contribution of the sum
at the dominator, then the SNR can be considered almost equal to:

𝑆𝑁𝑅 ≈

𝑅

(42)

√𝐹

114

This can be seen in the example of the Table 7 below, in which 𝐷 is considered
negligible and 𝐹 assumes values that range from 𝐹 = 𝑅 to 𝐹 >> 𝑅.

𝑭

𝑺𝑵𝑹

𝑹/√𝑭

1∗𝑅

0.71

1

10 ∗ 𝑅

0.30

0.32

100 ∗ 𝑅

0.099

0.1

1000 ∗ 𝑅

0.032

0.032

Table 7 – Relation of SNR and R/√F depending on the fluorescence value.

But while this is true for many cases of Raman spectroscopy, it is not valid for
a case such as the one analyzed in this thesis. By using TCSPC to select early
time bins where the contribution of fluorescence is not as strong, we are by
definition placing ourselves in a situation in which the previous approximation
in no longer valid, and the 𝑆𝑁𝑅 is rather different to the relation 𝑅/√𝐹 by a
factor of √2 or more.107
To adapt the 𝑆𝑁𝑅 formula described above to our specific conditions we
developed the theoretical model below. We calculated the relative proportions
of Raman-Fluorescence, and consequently the level of discrimination
obtainable with our pulsed laser sources, by solving the rate equations for the
fluorescence process and by modelling an accurate pulse shape for the lasers.

We start by defining the Signal to noise ratio for a continuous wave excitation
(𝑆𝑁𝑅𝑐𝑤 ).

3.5.1 SNR for Continuous Wave
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We define the number of counts of the Raman signal (𝑆𝑅 𝑐𝑤 ) as given by the
number of Raman photons Ṅ𝑅 ’ in the time 𝛥𝑡. Where Ṅ𝑅 ’ is the result of the
photodetector quantum efficiency (ɳ) times the Raman scattering efficiency (𝑅)
which describes how many Raman scattered photons actually hit the detector
multiplied by the photon rate of the laser beam (𝐼).

𝑆𝑅 𝑐𝑤 = Ṅ𝑅 ’𝛥𝑡 = (ɳ𝑅𝐼)𝛥𝑡

(43)

To simplify, we consider the settings of the spectrometer to stay constant
during the acquisition time 𝛥𝑡 and we define the shot noise count rate as
primarily composed by the shot noise of the incident photons plus the DCR
contributions.

The total flux of photons is then obtained by summing the Raman and
fluorescence contributions as well. So the noise Ɲ𝑐𝑤 is given by the square
root of the sum of the Raman photons, plus the Fluorescence ones, plus the
DCR photons in the time 𝛥𝑡.
Ɲ𝑐𝑤 = [(Ṅ𝑅 ’ + Ṅ𝐹 ’ + Ṅ𝐷 ’)𝛥𝑡 ]½

(44)

By combining together equations 43 over equation 44 we define 𝑆𝑁𝑅𝑐𝑤 with
the formula:
SR cw
Ṅ𝑅 ’(𝛥𝑡)½
=
Ɲcw
(ṄR ’ + ṄF ’ + ṄD ’)½

(45)

Now if we go back to the definition of equation 43 we can deduce that the
number of fluorescence photons is Ṅ𝐹 ’ = ɳ𝐹𝐼, and that

Ṅ𝑅 ’
Ṅ𝐹 ’

𝑅

= 𝐹 where 𝐹 is

the fluorescence emission efficiency, so
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Ṅ𝐹 ’ =

𝐹 Ṅ𝑅 ’
𝑅

(46)

At this point, by substituting equation 46 in equation 45 we obtain the signal to
noise formula for the continuous wave laser

𝑆𝑅
( ) =
Ɲ 𝑐𝑤

Ṅ𝑅 ’(𝛥𝑡)½

(47)
½

𝐹
[(Ṅ𝑅 ’ (1 + ( )) + Ṅ𝐷 ’)]
𝑅

To get the equivalent for a pulsed laser, we now have to solve the rate
equations for the fluorescence process. To simplify, we assume a three-level
scheme of fluorescence excitation, which is represented in Figure 29.

Figure 29 - Three-level scheme of fluorescence excitation.

By using a three-level scheme of excitation of fluorescence at an observation
level below the laser photon energy, we obtain the following rate equations:
Ṅ3 = 𝑊(𝑡)(𝑁1 − 𝑁3 ) − (𝑘1 + 𝑘2 )𝑁3
Ṅ2 = 𝑘2 𝑁3 − 𝜏𝐹−1 𝑁2

(48)
(49)
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Where 𝑘1 and 𝑘2 are the 3-1 and 2-1 transition rates, 𝜏𝐹 is the fluorescence
lifetime and the 𝑁’s represent the level populations, so the total 𝑁0 is given by
𝑁0 = 𝑁1 + 𝑁2 + 𝑁3

3.5.1.1

(50)

Laser model

𝑊(𝑡) is representative of the laser pulse, and is defined as the effective photon
rate per unit area incident on the sample (pump rate) times the absorption
cross section of the sample at the frequency of the laser.

We modelled it graphically by assuming that the pulse shape of the laser would
match an ideal mathematical form with different behaviors in time relative to
the time 𝑡𝐿 , specifically:
𝑊(𝑡) = 𝑊0
𝑊(𝑡) = 𝑊0 𝑒 –

𝑡−𝑡𝐿
𝜏𝐿

𝑡 ≤ 𝑡𝐿

(51)

𝑡 > 𝑡𝐿

(52)

We assume that the laser is turned on at the time 𝑡 = 0, stays constant for a
time 𝑡𝐿 and then decays exponentially with a time constant with a value of 𝜏𝐿 .
In the model, we can assign the appropriate 𝑡𝐿 and 𝜏𝐿 values to properly match
and roughly simulate the shape measured of an actual laser beam. For
example, as we can see in Figure 30 below, a 𝑡𝐿 = 0.32𝑛𝑠 and a 𝜏𝐿 = 0.25𝑛𝑠
are the values who best follow the shape of the measured data of a laser peak.
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Figure 30 - The pulse shapes of the model (red – yellow -blue) can be compared to the shape
of a measured laser peak (blue) in order to assess the proper 𝜏𝐿 value (0.25 in this instance)

3.5.1.2

Fluorescence model

After having modelled the laser accordingly to our experimental condition, we
followed Yaney in his assumptions and we defined formulae for the
Fluorescence and the Raman signals, starting by defining 𝑛𝐹 , the fluorescence
count per laser pulse in the detection interval (𝑡𝑔 ), as
𝑛𝐹 = 𝑊0 𝑁0 𝐾𝐹 ɸ

(53)

where ɸ ≡ 𝑘2 /(𝑘1 + 𝑘2 ) is the quantum yield for transition 3→2, 𝑊0 is the
pump rate, and 𝐾𝐹 is defined differently according to the time position.
Specifically:

𝐾𝐹 = 𝑡𝑔 – 𝜏𝐹 (1 −

–𝑡𝑔
𝑒 𝜏𝐹 )

𝑡𝑔 ≤ 𝑡𝐿

(54)
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𝐾𝐹 = 𝑡𝐿 – 𝜏𝐹

−𝑡𝑔
(
)
𝑡𝐿
(𝑒 𝜏𝐹

−

−𝑡𝑔
𝑒 𝜏𝐹

[𝜏𝐹 (1 −

𝑡𝑔 > 𝑡𝐿

(55)

)

−𝑡𝑔
(
)
𝑡𝐿
𝜏𝐹
)
𝑒

+

− 𝜏𝐿 (1 −

−𝑡𝑔
(
)
𝑡𝐿
𝑒 𝜏𝐿 )]

𝜏
[( 𝜏𝐹 ) − 1]
𝐿

3.5.1.3

Raman model

Accordingly 𝑛𝑅 , the Raman signal count per laser pulse in the detection
interval, which follows the shape of the laser in a one to one manner is defined
as
𝑛𝑅 = 𝑊0 𝑁0 𝐾𝑅

(56)

And the KR value will be:
𝐾𝑅 = 𝑡𝑔

𝐾𝑅 = 𝑡𝐿 + 𝜏𝐿 (1 −

𝑡𝑔
−( )
𝑡𝐿
𝑒 𝜏𝐿 )

𝑡𝑔 ≤ 𝑡𝐿

(57)

𝑡𝑔 > 𝑡𝐿

(58)
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The equations for both 𝐾𝐹 and 𝐾𝑅 allow us to represent graphically the decay
of fluorescent samples with different decay values compared with the Raman
signal.

Figure 31 below shows the normalized Raman and fluorescence signals based
on these formulas for three different fluorophore lifetimes. A relatively fast one
of 1ns, a longer one of 4ns (which is close to the fluorescein lifetime value used
to obtain the experimental data) and lastly a long decay of 10ns. Although this
representation is not true in terms of intensity of the signals it can still be useful
to note how, even with the fastest fluorophore, a short time window is present
where the Raman signal appears to reach its peak in times where the
fluorescence emission has not risen to its peak value yet.

Figure 31 - Normalized Raman (blue) and fluorescence signals for three different fluorophore
lifetimes (red= 10ns – yellow= 4ns – purple= 1ns).

After having modelled the Raman and the fluorescence signals, the only thing
missing to this theoretical approach was a way to predict the level of
discrimination possible between the two, together with a formula for the
expected 𝑆𝑁𝑅.
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3.5.2 SNR for a Pulsed Laser

Since we are using a pulsed laser, we consider the total noise count as:
Ɲ𝑝𝑢𝑙𝑠𝑒𝑑 = [(Ṅ𝑅 + Ṅ𝐹 + Ṅ𝐷 ) ∗ 𝛥𝑡 ]½

(59)

Where 𝑁𝐷 is is related to the CW case by Ṅ𝐷 ’ = Ṅ𝐷 ’𝑡𝑔 ƒ and thus takes into
accunt the ƒ parameter, which is the number of laser pulses per second while
𝑡𝑔 is the detection interval (signal gate width).
Then if we look back to the formula for the 𝑆𝑁𝑅 of the CW case, we can see
that it can easily be adapted to the pulsed case. In fact, if we consider:
Ṅ𝐹 ’ 𝐹
=
𝑅
Ṅ𝑅 ’

(60)

𝐹 𝐾𝐹
)]
Ṅ𝑅 + Ṅ𝐹 = Ṅ𝑅 [1 + (
𝑅 𝐾𝑅

(61)

𝐷 =

𝐾𝐹
𝐾𝑅

(62)

If we substitute the following formulas to equation 47 above, we can define the
signal to noise formula for a pulsed laser as:

(

𝑆𝑅
)
=
Ɲ 𝑝𝑢𝑙𝑠𝑒𝑑

Ṅ𝑅 ’ (𝛥𝑡)½
{Ṅ𝑅 ’ [1 + (

Ṅ𝐹 ’
) 𝐷] + Ṅ𝐷 ’𝑡𝑔 ƒ }
Ṅ𝑅 ’

(63)
½
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Where 𝐷 is the fluorescence discrimination factor, which:
For 𝑡𝑔 > 𝑡𝐿
1−D =
(A (e

−(X−1)
A

−X

(64)

− e A ) + B (1 − e

A (1 − e

−(X−1)
B )

−(X−1)
A )−

−

B (1 − e

𝐴
−1
𝐵

∗ [1 + B (1 − e

−(X−1)
B )

)

−(X−1) −1
B )]

And for 𝑡𝑔 < 𝑡𝐿

1 − 𝐷 =

Where 𝑋 ≡

𝑡𝑔
𝑡𝐿

,𝐴≡

3.5.2.1

𝜏𝐹
𝑡𝐿

,𝐵≡

–𝑋
𝐴
(1 − 𝑒 ( 𝐴 ) )
𝑋

(65)

𝜏𝐿
𝑡𝐿

Discrimination Factor

By using this equation, we can plot a graph that represents the fluorescence
discrimination factor over the normalized detection interval for a range of
normalized fluorescence lifetimes. Then we altered Yaney’s model to our
particular case, in which we use time bins rather than gating to discriminate
between Raman and fluorescence, and obtained Figure 32 below (in the
picture, the closer 1-D is to 1, the better the Discrimination of the Raman signal
from the background, as it will be discussed further in section 4.2).
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Figure 32 - Level of discrimination achievable with each HistMode value for 4 different
fluorophore lifetimes (blue= 1ns - red= 3ns – yellow= 4ns – purple= 10ns).

In the plot, since the TCSPC histogram bin-width of our sensor ranges from
50ps to 12.8ns for various HistMode values, we highlighted for each HistMode
its relative 𝑋 position, according to Table 8.
Therefore, by looking at the intersection between one of the four 𝜏𝐹 curves,
from faster fluorophores (𝜏𝐹 = 1𝑛𝑠) to slower ones (𝜏𝐹 = 10𝑛𝑠), and each
Histmode vertical line, we can identify the associated 1 − 𝐷 value.

𝑡𝑔 𝐵𝑖𝑛 𝑤𝑖𝑑𝑡ℎ
=
𝑡𝐿
𝑡𝐿

𝐻𝑖𝑠𝑡𝑚𝑜𝑑𝑒

𝐵𝑖𝑛 𝑤𝑖𝑑𝑡ℎ [𝑛𝑠]

0

0.1

0.312

1

0.2

0.625

2

0.4

1.25

3

0.8

2.5

4

1.6

5

𝑋=

Table 8 – Relative X position for each HistMode value
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This means that if in our experiments we use a fluorophore that has a 𝜏𝐹 = 4𝑛𝑠
such as fluorescein, according to Figure 32 above, we can expect to have a
discrimination of 0.7 if we choose to use HistMode 4, whilst if we went up to
HistMode 3 we could have an increase in the discrimination capabilities up to
~0.85.

With this knowledge, one could be tempted to always go for the lowest
HistMode, to increase the resolution at its maximum limit. Although in certain
instances that is indeed advised, it has to be noted that by switching to a lower
HistMode, to look with increased resolution in a smaller window, we are
actually spreading the counts to multiple time bins compared to higher
HistModes. Therefore, lowering the counts in each bin and reducing the overall
SNR of the image.

3.6

Summary and conclusions

In this chapter we provided the theoretical framework and a detailed
groundwork for each of the three key aspects previously outlined in Chapter 1
– (1) laser and sample considerations, (2) spectrometer collection issues and
(3) detection considerations.

We started by introducing our Raman signal intensity model built on
McCreery’s model of Raman experiments93, in which we described the
influence of crucial parameters such as average laser power, peak power and
repetition rate on Raman count rates.

Using diamond as an example, we described the related sample and laser
variables to define the formulas for the estimated values of the expected
Raman signal. Then, after a careful simplification, we extended the model to
account for pulsed laser excitations, and adapted the equations accordingly.
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Doing so, we were able to compare the effect of using different laser sources
in the same spectroscopic setup.

Then we outlined and discussed the workings and the choices behind the
design of our spectrometer model (based on the Beam4 3D raytracing
software application) and we used MatLab’s computational capabilities on
exported Beam4 ray bundles to highlight the spatial and spectral influence of
spectrometer design, optical aberrations, system alignment and SPAD
detector masking/activation configurations on Raman signals.

Afterwards, we processed the Beam4 ray bundles using MatLab to produce a
series of plots. We described the correlation between the path followed by the
rays and the quality of the results obtainable according to the detector’s
position within the focal plane, while also highlighting the implications of having
to deal with field curvature, misalignment and other common types of losses.
On these bases, we focused the discussion into how to minimize the losses
inherently related to the limiting factors of the detector itself.
At this point, after having discussed the laser, sample, and spectrometer
collection factors linked to the achievable value of Count Rate, we combined
the Raman signal intensity model, spectrometer model and loss mechanisms
to estimate the number of detected photons by taking into account both the
initial amount of power and the estimated losses.

Lastly, we introduced our Raman/fluorescence temporal model which adapts
Yaney’s method of calculation of the discrimination factor for a time-gating
model94 to a time-binning histogramming sensor. Which we used to predict the
level of Raman-fluorescence discrimination achievable when using the
HistMode time-binning capabilities offered by the Ra-II detector.
We adapted Yaney’s 𝑆𝑁𝑅 formula to our specific conditions, solving the rate
equations for the fluorescence process and modelling the signals generated
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by our pulsed lasers, as well as the Raman and the fluorescence signals,
predicting the level of discrimination possible between the two.

In the next Chapter we will focus on the System Design Characterization, with
the aim of validating the second of the three key aspects already discussed in
Chapter 1, which addresses the issues related to the artifacts arising from our
spectrometer design.
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4. System Design and
Characterization
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With this fourth chapter we aim to provide the evidence to validate the second
key aspect of time-resolved Raman spectroscopy discussed in Chapter 1,
which states:

2

Tackling artifacts arising from spectrometer design and SPAD sensor
configuration is the foundation for obtaining good Raman results, and
these issues can be addressed by careful characterisation of the
optical wavefront flowing through the spectrometer onto the detector,
precision system alignment and appropriate time bin selection and
SPAD array configuration.

Once the modelling phase was completed, we assembled our dedicated
spectroscopic system in the lab, allowing us to use the system itself to
characterize the various lasers available and compare the results with theory,
the spectrometer experimental performance in comparison with the
spectrometer model, and the effect of different activation patterns in the SPAD
detector array.
We start the next section by describing the system design and its components
by following the path of the beam from the laser to the detector.
We then adopt Yaney’s formulas and model, described in Chapter 3, to our
time binning approach in order to generate model pulse functions appropriate
to the laser used. By comparing them with their measured counterparts we
predict their power of discrimination of Raman from fluorescence.
To characterize the spectrometer, we first calibrate it using an NE-1 Neon
Calibration Light Source from OceanOptics and then we benchmark the output
of Ra-II with the results obtained with an OceanOptics “Flame”, a portable
spectrometer.
We then follow a step-by-step process we called “walkthrough” to analyze the
effect of the detector’s position in the focal plane, verifying that the detector is
at the proper angle and optimal focal position to collect good data.
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Last, to characterize the sensor itself, we study the effect of using different
activation patterns of the SPADs in the pixels. We created five custom
activation matrices to identify the best compromise between the variation of
sensitivity and DCR of activated SPADs across the sensor, while also
investigating and characterizing the different types of artifact and signal
distortions introduced by these matrices.

4.1

System design

We designed our spectrometer specifically to deal with Raman signals. The
presence of background light from unwanted sources was reduced to a
minimum by enclosing the spectrometer within black metal panels and by
carrying out the experiments in a dark room, so that interferences caused by
ambient light would be as low as possible, and with them the impact on the
SNR of the results.108
Below, in Figure 33, is shown a picture of the actual Ra-II setup as constructed
in the lab.

Figure 33 – Ra-II spectrometer as it appears in the lab
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As already anticipated in Table 3, the Ra-II spectrometer was specifically
designed to exploit several different laser sources:
1. Laser A – NKT Katana laser (as previously discussed, this laser was
not available during my time spent in the lab collecting data, therefore
it does not appear in Figure 33 nor is at the centre the rest of the
experiments presented below. It was used later with my experimental
Raman setup however by colleagues and their results will be compared
with the other lasers.)
2. Laser B - TeemPhotonics 104KHz
3. Laser C - TeemPhotonics 4KHz
4. Laser D - PicoQuant

To readily switch between the different light sources, the main path that the
photons follow is kept mostly the same with the only alterations happening at
the very beginning. The TeemPhotonics lasers are placed next to each other
at different angles and, during the switch, the path of the light is easily
corrected by using an indexing mount and a mirror to tilt the reflected light to
the proper angular position.

For both the TeemPhotonics lasers, the light travels open aired inside light
proof dark tubes, while in the case of the PicoQuant laser, a fiber is attached
directly from the laser head to the input of the epifluorescence setup. Other
than these differences the path is identical.

In Figure 34 below, the entirety of the model is represented as a simplified
drawing, using two colors (red and green) to indicate respectively the light
coming from the laser (in red) and the emitted signals after the interaction with
the sample (in green).
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Figure 34 – Simplified scheme of the optical setup

In the figure, we can follow the path of the photons across the whole setup.
The photons from the laser/excitation (red line) first travel across an optical
path, which varies depending on the laser being used, as described above.
The light coming from these optical paths passes through an excitation filter
(SEMROCK SP01-532RU-25) and is then collimated onto the dichroic
filter/mirror (SEMROCK LPD02-532RU-25) which directs the beam towards a
reflective mirror, that allows the rotation of the light from an orientation that is
parallel to the ground to a perpendicular one.
The beam is then focused using a microscope objective (20X 0.4NA) onto the
sample, which is positioned on a stage that allows for focus adjustments and
translations in the X-Y-Z directions. The interaction between the photons and
the material results in scattered Raman and fluorescence light, which is
collected from the sample backwards through the same path (green line).
The dichroic splits the incoming photons, transmitting the emitted light to the
rest of the circuit while blocking the path to any reflected excitation photons.
The remaining laser light is filtered using a razor-edged ultra-steep long-pass
532 nm filter (SEMROCK LP03-532RU-25), and then focused into a 50μm
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diameter fiber optic patch cable using a microscope objective (10X 0.25NA),
which acts as the system pinhole towards the custom f/1.5 spectrometer.
Light emerging from the other end of this fiber is collimated with an achromatic
doublet lens (ThorLabs AC254-050-A-ML) and then diffracted by the grating
(1800 lp/mm Wasatch Photonics transmissive holographic grating). Finally, the
photons are focused using an achromatic doublet lens with focal length 75mm
(ThorLabs AC508-075-A-ML) and collected by the Ra-II line sensor placed at
an optimal focal position and tilt (according to the Beam4 model), which is
achieved with the help of the X-Y-Z-Φ adjustable stages.

The final spectral range for this configuration of the spectrometer is about
80nm with a spectral resolution of approximately 0.16nm. We concluded that
these values were satisfactory enough to proceed with our experiments, as an
increase in the spectral range, if needed later on, could simply be achieved
through transverse translation of the detector array in the focal plane.

4.2

System characterization

Having modelled the behavior of the light across the setup, defined the final
design, chosen which components to use and established their relative
positions to each other and built the spectrometer accordingly, we move onto
the next section, which is the characterization of the laser sources, the
spectrometer and the detector.

4.2.1 Laser
Three were the laser used in the setup, defined by the following manufacture’s
specifications:
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•

The LDH-D-TA-530B from PicoQuant, emits at 532nm with a peak
power of 0.213W (significantly smaller in power compared to the others
below), repetition rate of 40 MHz, linewidth of 0.18nm and pulse width
of 60ps.

•

The ANG-05E-100 from TeemPhotonics, 532nm with a peak power of
~7000W, maximum repetition rate of 104 KHz, linewidth of 0.01nm and
pulse width of 700ps.

•

The STG-03E-140 from TeemPhotonics, 532nm with a peak power of
6000W, maximum repetition rate of 4 KHz, linewidth of 0.01nm and
pulse width of 500ps.

These values are of course theoretical as in the actual setup will be limited by
spectrometer design and various aberrations of the signal.

Indeed, if for example we collect the signal coming from the TeemPhotonics
4K laser, both in time and in frequency, with Ra-II, by measuring the linewidth
and pulse-widths as resolved by our system, we will see that we cannot resolve
the 0.01nm mentioned in the specification sheet. Nonetheless, we can still see
a FWHM smaller than 1nm, which we regard as sufficient for the purposes of
the experiments in this thesis.

In the example, Figure 35-a shows the normalized counts of the beam versus
the wavelength position, while Figure 35-b helps to better visualize the width
of the laser by zooming-in.
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(a)

(b)

Figure 35 – (a) The TeemPhotonics STG-03E-140 normalized counts of the beam versus the
wavelength position. (b) The same plot but zoomed-in to allow the reading of a limited measure
of the FWHM.

As we can see, the peak is centred at ~532.3nm and it presents a limited
measure of the Full Width Half Maximum (FWHM) of ~0.28nm, which as
expected is bigger than specified by its manufacturer. This is not surprising
since as we know our measurement is limited by the fiber diameter, by the
spectrometer itself, as well as by aberrations who further broaden the
response.

Nonetheless, having collected the system-limited spectral shape of the laser,
we can now also compare its temporal behaviour with the help of the laser
model we built in section 3.5. By overlapping the collected shape from
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TeemPhotonics to the one generated with the use of MatLab we can find the
correct constants in the model that allow proper matching of the theoretical
and experimental pulse shapes.
As per section 3.5, we assume that the laser is turned on at the time 𝑡 = 0,
stays constant for a time 𝑡𝐿 and then decays exponentially with a time constant
of value 𝜏𝐿 .

Figure 36 – MatLab model of the STG-03E-140 laser from TeemPhotonics.

As it can be noted in Figure 36 above, we found that by assigning 𝑡𝐿 = 0.32𝑛𝑠
and 𝜏𝐿 = 0.25𝑛𝑠 the two shapes overlap reasonably well. Now we can use the
model already adopted in Chapter 3.5 to estimate the achievable level of
fluorescence discrimination for the 4KHz TeemPhotonics laser. The
corresponding discrimination graph is represented in Figure 37 below.
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Figure 37 - Level of discrimination achievable for a laser with 𝜏𝐿 =0.25ns e 𝑡𝐿 =0.32ns for each
HistMode value and 4 different fluorophore lifetimes (blue= 1ns - red= 3ns – yellow= 4ns –
purple= 10ns).

As explained in Chapter 3.5, in the plot we highlight with a vertical line for each
𝑋 position the associated RAII HistMode bin width (normalized to the width of
the rectangular element of the laser pulse), to use in order to achieve a given
level of discrimination, according to Table 9.

𝐻𝑖𝑠𝑡𝑚𝑜𝑑𝑒

𝐵𝑖𝑛 𝑤𝑖𝑑𝑡ℎ [𝑛𝑠]

𝑋=

0

0.1

0.312

1

0.2

0.625

2

0.4

1.25

3

0.8

2.5

4

1.6

5

𝐵𝑖𝑛 𝑤𝑖𝑑𝑡ℎ
𝑡𝐿

Table 9 – Relative X position for each HistMode value for tL=0.32ns

Specifically, by looking at the intersection between one of the four 𝜏𝐹 curves in
the plot and each HistMode vertical line, we can identify the associated level
of discrimination. For example, if we use HistMode 4 (time bin widths of 1.6ns)
the level of Raman discrimination (1-D) achieved with a fluorophore with
lifetime 1ns is relatively poor (~0.25). For fluorophores with longer lifetimes the
Raman discrimination increases, so if the lifetime is 10ns we achieve a 1-D
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value of almost 0.9. But if then we move from HistMode 4 (large bin widths) to
HistMode 0 (smallest bin widths), we can see how the level of discrimination
increases radically for both fluorophore lifetimes reaching a 1-D ≈0.95 in the
1ns case which can go up to ~0.99 when using a fluorophore with a 10ns
lifetime.

At this point, we can adapt the model to estimate the achievable level of
fluorescence discrimination at the extremes of our available lasers, thus
showing the impact that choosing a source with a short pulse (such as the one
from the PicoQuant - 60ps) rather than one that present a longer pulse (such
as the one from the TeemPhotonics 4K - 500ps) has on the collection of good
quality Raman data.

We do so in Figure 38 below, by taking as an example the PicoQuant and the
TeemPhotonics 4K. We compare the curves for the normalized Raman (KR)
and different cumulative fluorophores (KF) signals with varying lifetimes, based
on Yaney’s formulas. Thus, highlighting the effect of using either a short laser
pulse or a long pulse on the signals of interest.

The first of the three fluorophores is relatively fast (1ns), the second is longer
and closer to the fluorescein lifetime value used to obtain the experimental
data of the thesis (4ns), while the last one is representative of a long decay
time of 10ns.
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Figure 38 – Comparison of the K parameter from Yaney’s model of different lifetimes for two
types of pulses (short and long).

From the figure we see that the K curve for the Raman (KR) is steeper than
any other fluorophore (as expected), and that a shorter pulse yields steeper
curves overall than the ones from the longer laser pulse.

If we were to look only at the K parameter, we could quickly conclude that a
shorter pulse is overall always better than a long one when it comes to Raman.
But that would be an over-simplification. Before making any conclusions, if we
want to estimate the discrimination level, we need to look at the ratio between
𝐾

KF and KR (𝐷 = 𝐾𝐹 ), rather than their absolute values. Thus, following Yaney’s
𝑅

example, we can build the following Figure 39.
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Figure 39 - Fluorescence discrimination factor over the normalized detection interval for a
range of normalized fluorescence lifetimes (for both lasers the PicoQuant and the
TeemPhotonics 4K).

In the figure, the 1-D parameter is related to the Raman-to-fluorescence ratio
according to the model in Chapter 3.5: the closer 1-D is to 1, the better the
Raman signal. The close it is to 0, the worse the Raman signal. Again, we
assume three different fluorophore lifetimes for each type of laser (with both
short and long pulse). The plot represents the Raman-fluorescence
discrimination factor 1-D over the detection interval for a range of fluorescence
lifetimes for both lasers. We have tailored Yaney’s model to our particular
case, where we use time bins rather than gating to discriminate between
Raman and fluorescence. For several HistMode levels of histogram bin width
(100ps, 200ps, 400ps, 800ps, 1.6ns, 3.2ns) we draw a vertical line, and we
can therefore identify the associated level of discrimination to be expected
from these bins.
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From the comparison, it is easy to see how the longer the lifetime the higher is
the level of discrimination achievable with each laser, especially it we move
from a higher HistMode to a lower one. Moreover, we can derive two other
important facts:
•

A longer pulse presents consistently higher discrimination levels than
its shorter counterpart.
This is particularly interesting since previously, in Figure 38, we saw
that for a shorter pulse we get a higher value of K. Therefore, it
highlights how the important aspect when it comes to resolving the
Raman is the ratio of Raman signal and the fluorescence, not the
intensity of the Raman itself.

•

The differences between a short and a longer pulse are significant only
when we use higher HistMode values.
For example: for HistMode 5 and a fluorophore with a lifetime of 4ns we
have a discrimination of 0.46 for the short pulse, while it rises up to 0.52
for the long one. But if we look at HistMode 1, the two lines overlap thus
reducing the impact that the pulse length has on the level of
discrimination (see the zoomed version of the plot in Figure 40 below).
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Figure 40 – Closer look at the fluorescence discrimination factor over the normalized detection
interval for a range of normalized fluorescence lifetimes.

Lastly, always referring to our model in Chapter 3.5, we can compare the
normalized Raman and fluorescence signals, looking at how their shapes
change overtime, and therefore highlighting the differences obtainable in
response to the choice of either a short or long laser pulse.
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(a)

(b)

Figure 41 – (a) Raman and fluorescence temporal model relative to a long laser pulse
(TeemPhotonics - 500ps). (b) Raman and fluorescence temporal model relative to a short
laser pulse (PicoQuant – 72ps).

From both Figure 41 (a) and (b) it would seem that a longer pulse, contributes
in the dilation of the window in which the Raman is yet to be overcome by the
fluorescence background. Also, it can be easily noticed how even with the
fastest fluorophores, a short time window is always present where the Raman
signal appears to be dominant in times where the fluorescence emission has
not risen to its peak value yet. This fact is very important in itself because by
combining it with the findings of Figure 40, it gives us reason to believe that
even in challenging conditions, if the SNR is sufficiently high, we should be
able to discriminate the Raman from the fluorescence by going down in
HistMode value. A theory which will be explored further in Chapter 5.

At this point, after having discussed the laser sources used to acquire the data
in this thesis, we move into the characterization of the spectrometer.
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4.2.1 Spectrometer
To characterize the spectrometer, we needed a predictable light source,
emitting across a wide spectral range and with well-defined spectral lines, in
order to properly calibrate the spectrometer and be sure that the output was
actually matching with the expected results.
To do so, we used an NE-1 Neon Calibration Light Source from OceanOptics
which delivers sharp peaks in the range 580 to 650nm,109 and benchmarked
the output of our Ra-II spectrometer with the results obtained with an
OceanOptics “Flame”, a portable spectrometer. In this process, Ra-II was
operated using the SPC mode.

Figure 42 - RA-II and OceanOptics calibration spectra obtained with Neon lamp illumination.

In Figure 42 is shown the overlap of both the Ra-II (in red) and the
OceanOptics signals (in blue) obtained from the spectrometers, while the
spectral positions of the Neon emission lines have been highlighted and
labelled for a better comparison (in yellow). The labelled Neon positions show
good agreement with the spectra obtained from both spectrometers.
Knowing that the spectrometer was properly calibrated, we had to verify that
the detector was also at the proper angle and best focal position. To do so, we

144

looked at the focal plane following a step by step a process we called
“walkthrough”.

4.2.1.1

Walkthrough

The “walk across the focal plane” or simply “walkthrough”, is carried out by
operating the detector in SPC mode. By feeding the NE-1 Neon Calibration
Light Source from OceanOptics to the spectrometer, and starting from the
hypothetical center of the focus (roughly measured by eye), we use translation
stage micrometers to move both closer and further away from the focal point,
in steps of 0.25mm, through the focal plane and collecting an SPC dataset at
each point. A single SPC result delivers a two-dimensional matrix [𝑎𝑥𝑏] where
“𝑎” identifies the pixels position and “𝑏” represents the photon count in that
pixel. By repeating the SPC acquisition “𝑐” times across the focal plane, we
can create a [𝑎𝑥𝑏𝑥𝑐] matrix that describes the behavior of the photons at the
detector plane as we walkthrough the focal region. This is shown in Figure 43
below.
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Figure 43 – Walkthrough the focal plane for a distance of ~10mm.

From the picture above we can see with real life data how by walking across
the spectral volume the rays converge to the focus and then diverge again
right after.

After many alignment attempts, we finally managed to replicate in the
experimental system the optimal position and tilt for the detector predicted by
the Beam4 model (Chapter 3.4.1), minimizing the effect of field curvature and
yielding the vertical alignment of most of the neon peaks across the length of
the sensor in Figure 43. In the image above, the sharpest region for most
peaks is represented in the x-axis between the longitudinal 15 and 20 steps.

From this point forward, with careful play of the translational stage of the
detector and the real time SPC the setup can be slowly brought to a position
in which both the number of counts is at its highest while at the same time the
peaks are at their sharpest.
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To meet such conditions, we need both to optimize the position in which the
detector is sitting (as we just addressed), and to characterize and control the
noise introduced by the sensor itself.

4.2.2 Sensor
As already mentioned in Chapter 2 our detector is SPAD-based. Although
SPADs are near shot noise limited detectors, we still have to deal with the
problem of high DCR SPADs (screamers).

Ra-II incorporates per-SPAD activation circuitry, designed specifically with the
ability to switch off independently high DCR SPADs, giving us the possibility
to switch on only the lowest DCR SPADs. Unfortunately, that comes with a
price of longer acquisition/exposure times than could be achieved if the
sensitivity of more activated SPADs were exploited. We analyzed these effects
in 2018 in the paper “Noise characterization of a 512 x 16 SPAD line sensor
for time-resolved spectroscopy applications”.14 In the following section, we
take note of the main concept from that study, and we start by introducing the
concept of SPAD activation matrixes.

4.2.2.1

SPAD Activation Matrix

As mentioned in previous chapters, each pixel in the sensors possesses 2
columns of 8 Blue SPADs and a further 2x8 of Red SPADs, which are preprogrammed before acquisition. This allows for the construction of different
activation matrixes which present specific associated issues.
To consider for example two extreme cases: by activating indiscriminately all
16 SPADs in each pixel we will definitely increase the overall DCR (noise)
while maximizing sensitivity. At the opposite extreme, by activating only the
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single best SPAD in each pixel, we would drastically reduce the number of
photons detected (signal) but minimize DCR.
For this reason, we studied different activation patterns of the SPADs in the
pixel, to identify the best compromise between active SPADs and the DCR
they introduce, and to investigate and characterize different types of signal
distortions.
In Figure 44 below, we consider only a single blue SPAD pixel, and we create
five custom activation matrixes:
(a) Activation Matrix A: all SPADs enabled.
(b) Activation Matrix B: 2 SPADs per pixel (single SPAD row).
(c) Activation Matrix C: 1 lowest DCR SPAD per pixel.
(d) Activation Matrix D: 4 best DCR SPADs per pixel by selecting one
SPAD from each pair of adjoining rows.
(e) Activation Matrix E: 8 best DCR SPADs per pixel by selecting one
SPAD from each row

(a)

(b)

(c)

(d)

(e)

Figure 44 - Example of SPAD activation matrixes for a single pixel (a) all SPADs, (b) single
SPAD row, (c) single SPAD, (d) one low DCR SPAD selected from each pair of adjoining rows,
(e) one low DCR SPAD selected from each row.

To be able to replicate these configurations with the SPADs in the detector,
first we have to measure the DCR in completely dark conditions, by using Ra-
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II in SPC mode. In this process, each SPAD is turned on in succession in each
pixel with an exposure of 1s. This allows for the creation of a so called “DCR
map”, which is used to rank (based on the DCR) all the SPADs in each pixel.
The map is then processed using MatLab and integrated in the scripts that
control the programming of the SPADs. After the activation matrix is loaded,
only the chosen SPADs in the matrix will be able to collect any signal.

As an example, Figure 45 below shows the results obtained after having sorted
the SPADs over their DCR. We compare three acquisitions, the first relative to
the activation of only the best SPAD in each pixel, the second obtained
activating only the 11th best SPAD and the third from the activation of the 16th
ranked SPAD in each pixel (therefore the worst SPAD in each pixel). Doing
so, allows for the quick comparison of the overall DCR value in the best and
worst condition.

Figure 45 - Measured DCR across the pixel array for the 1st best SPAD, 11th best SPAD and
16th best (i.e. worst) SPAD.

From our measurement, around 24% percent of SPADs in the sensor present
DCR in excess of 1kHz, while with the selection of only the lowest noise SPAD
in each pixel reduces the DCR value to 53+/-7Hz across the entire pixel
array.14
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Now, we proceed with the analysis of the effects that each activation matrix
produces.

a) Activation Matrix A: All SPADs on
Activation Matrix A (A. Mx. A) enables indiscriminately all SPADs in the sensor,
therefore, as we already anticipated and showed above, the impact of DCR is
at its maximum. In Figure 46 below, we show the strong DCR evidence
obtained by using SPC mode to collect white light signal at the focal plane with
all 16 SPADs on.

Figure 46 - White light signal at the focal plane with all 16 SPADs on. Strong DCR in evidence.

b) Activation Matrix B: Single SPAD row, 2 SPADs per pixel
Below, we demonstrate the effects of Activation Matrix B (A. Mx. B) when using
again a white light signal (Brunel Cold Light Source) in SPC mode. Figure 47
is obtained by activating in succession each row of the detector, thus allowing
us to build a composite figure of the wave-front at the focal plane.14
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Figure 47 - White light signal measured in focal plane by each SPAD row. Strong field
curvature is in evidence in the 560-610nm spectral region.

In the figure, the beam is tightly focused into an area less than the area of the
sensor (12.5mm x 95um). The white light source presents an uneven spectral
distribution, so that there is some variation in field intensity in the horizontal
direction. Moreover, it can be noted a strong distortion of the field (field
curvature) which at the time of the acquisition were coming from misalignment
and optical aberrations in the system.14

c) Activation Matrix C: Single SPAD per pixel with lowest DCR
In this section, we use the Activation Matrix C to study how tight focusing of
the optical field, while helping in optimizing the photon number and spectral
resolution, it can also lead to extreme distortions of the signal, if the field is
spatially under-sampled. This is the case in which there are too few SPADs
enabled in the focal plane.
As we anticipated, choosing only the best possible SPAD in a pixel can have
very serious impact on the quality of the signal. In principle, having only the
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best SPADs active in a sensor should result in the achieving the best possible
SNR, but as we will see that is in fact a trade-off. Activating the best SPAD in
each pixel leads to a very uneven sensitivity distribution across all the sensor
pixels.
The first and most evident drawback of choosing the single best SPAD is the
decrease in the overall sensitivity plus the likely need of increasing the
exposure times. But that is just the tip of the iceberg, since a more subtle
problem is the “sparse sampling noise” arising from the position of the enabled
SPADs in the matrix. When Activation Matrix C (A. Mx. C) is used to activate
the lowest DCR SPAD in each pixel, sampling of the optical field in the region
of the focus is very sparse as illustrated in Figure 48, which shows the spatial
distribution of lowest DCR SPADs.
(a)

(b)

Figure 48 - Activation Matrix for best DCR SPAD. (a) 1 SPAD activated per pixel – ‘sparse
sampling algorithm’. (b) Close-up model of SPAD distribution in the focal plane. Some SPADs
lie outside the beam waist.

The effect introduced by activation Mx. C are interesting when compared with
those with activation Mx. B, as we can see in Figure 49 below. On the left, in
Figure 49-a, are plotted the signals from each row of SPADs obtained using
activation Mx. B, while on the right (Figure 49-b), is plotted the white light signal
measured in focal plane by enabling the single lowest DCR SPAD in each
pixel.
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(a)

(b)

Figure 49 - (a) Activation Matrix B where signals from each row of SPADs are plotted, showing
high DCR spikes. (b) Activation Matrix C where white light signal measured in focal plane by
single lowest DCR SPAD activated.

We can note how in Figure 49-a are really evident the high DCR spikes as well
as the effects of optical aberrations (such as the strong field curvature in the
560-610 nm spectral region), which causes the signals from individual rows of
SPADs to diverge. In Figure 49-b, the DCR spikes are evidently lowered
thanks to activation Mx. C but due to great variation in the detected signal
strength as a result of the random position of the best SPAD, a very serious
distortion of the signal occurs at the focal plane as can be seen in the 560-610
nm spectral range, tracing out the envelope of the activation Mx. B signals.
This arises as a consequence of sparse sampling, which is greatly intensified
precisely in the regions where the optical field intensity is tightly focused and
is changing most rapidly.14
This is not as evident in the spectral region between 520-560nm. Here field
curvature causes overfilling of the sensor array so that the beam is not as
tightly focused and the rate of change of the intensity is not as strong as it is
for longer wavelengths. The signal is still sampled sparsely but without
introducing important contributions of sampling noise.
We can further explore this effect by collecting data from a walkthrough the
focus, the same way we illustrated in section 4.2.1.1.
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Starting from the hypothetical center of the focus (in Figure 50 centered at the
“0” position) we use translation stage micrometers to move at steps of 0.25mm
across the focal plane while collecting the relative SPC data of a white light
signal, for a total of 75 different acquisitions. The end result is shown in Figure
50 below, where it is clear that the resulting sampling noise is strongly in
evidence as well as pixel specific, therefore it does not vary as we move across
the focus, in the “z” direction.

Figure 50 - Density plot of sensor signals with sparse sampling/low DCR (1 SPAD per pixel
activated). White light signal with sparse sampling noise strongly in evidence. Detector array
is translated longitudinally through the focus to 75 positions in steps of 0.25mm

Taking into account these effects, it is then highly desirable to find an activation
matrix that contains and mitigate both the DCR and the sparse sampling noise.
This is the case of the Activation Matrix D.

d) Activation Matrix D: 4 SPADs per pixel with best of 4 in contiguous
rows
In the Activation Matrix D (A. Mx. D), we activate the lowest DCR SPAD in
pairs of adjacent rows resulting in four SPADs turned on in each pixel. In this

154

condition, we try to control the effects of sparse spatial sampling by increasing
the sampling density across the wave-front in the focal plane and therefore
giving a bit more play (but not too much) to the DCR component. The effect is
shown is Figure 51 below.

(a)

(b)

Figure 51 - Activation Matrix D for best DCR SPADs in adjacent rows. (a) 4 SPADs activated
per pixel. Sampling is much more uniform than in the sparse sampling case of A. Mx. C. (b)
Close-up model of SPAD distribution in the focal plane. The optical field region inside the beam
waist is more densely sampled compared to the case of A. Mx. C.

The proof of the efficacy of this compromise can be seen in Figure 52, in which
we collect data from a walkthrough the focus, as we did in for A. Mx. C in the
section above.
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Figure 52 - Density plot of sensor signals with 4 SPADs per pixel activated. Sparse sampling
noise greatly reduced.

Again, using micrometers to acquire 75 consecutive SPC data from white light
at 0.25mm steps, we can see how the A. Mx. D has a dramatical impact in
respect to both the DCR and the sparse sampling noise.

We can compare the two results (the one obtained using the A. Mx. C and the
one from A. Mx. D) even more clearly by simply plotting the detector signal
against longitudinal position for 2 specific pixels:
•

the first (pixel 2 in Figure 53) being located near the center of the optical
wave-front beam waist;

•

the second (pixel 5 in Figure 53) being located outside the waist and
therefore being subject to the sparse sampling distortion.

Such an example is represented in Figure 53 below.
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(a) A. Mx.C

(b) A. Mx.D

Figure 53 - Signal variation with longitudinal position for two pixels: the Pixel 2 SPAD is located
near the centre of the optical wave-front beam waist, while Pixel 5 SPAD is located outside
the waist. (a) Using the A. Mx. C pixel 5 is subject to sparse sampling noise. (b) Using the A.
Mx. D, therefore improving the positional distribution of the SPADs, leads to disappearance of
sparse sampling noise in pixel 5.

As it can be seen in Figure 53-a, where only 1 SPAD per pixel is activated (A.
Mx. C), the distortion from pixel 2 to pixel 5 is very evident. Instead in Figure
53-b, where 4 SPADs per pixels are enabled (A. Mx. D), not only the distortion
in Pixel 5 has been removed, but we are also getting more counts due to the
activation of 4 SPADs per pixel as opposed to just one.

Another way to compare the quality of these last two Activation Matrixes, is by
investigating the effect of the choice on real fluorescence lifetime
measurements. We can do so by deploying the detector in HistMode,
delivering a 3D plot in which the axis represent the counts, the time and the
wavenumber.

For the analysis, we use a sample of Rhodamine B and a 532nm excitation. In
Figure 54 below is shown in a log scale a typical time-resolved spectrum from
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the sample. Since the exposure time used for Rhodamine was 5 seconds and
we were using a 4KHz laser, we know that the maximum count obtainable was
20000 counts, while the maximum detection in data at one SPAD was around
3000 counts (about 15%), so we are well into the pile-up regime. Lifetimes
have been calculated through a linear fitting procedure for each of 512 spectral
positions.
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(a)

(b)
Figure 54 – a) Time-resolved spectrum for Rhodamine B. Note that vertical axis is on a log
scale. – b) TCSPC time-resolved histograms vs wavelength at the focus as a function of the
number of activated SPADs. Log scale. Pileup effects visible with 4 SPADs activated.
Combined effect of pileup and DCR destroys spectra when more than 12 SPADs are activated.
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Then, we extract the fluorescence lifetime detected in HistMode as a function
of the distance of the spectrometer lens from the focal plane and compare the
effects of A. Mx. C and A. Mx. D on the results.

Such comparison is illustrated in Figure 55 below.

(a)

(b)

Figure 55 - Rhodamine fluorescence lifetime as a function of distance from the focal plane of
the spectrometer lens. Colour bar denotes lifetime scale in nanoseconds. Some evidence of
sparse sampling noise. (b) 4 lowest-DCR SPADs activated (A. Mx. D), with little evidence of
sparse sampling noise. Uniform lifetime of approximately 1.6ns in areas far from the focus.
Near the focus, pile-up causes reduction of the measured lifetime to less than 1ns.

Figure 55-a above, shows the Rhodamine fluorescence lifetimes detected
enabling only 1 lowest-DCR SPAD (A. Mx. C) by collecting the HistMode data
at 512 wavelengths for 75 spatial positions the focal plane. In this condition it
is still easy to see the effect of the present of the sparse sampling noise,
although it is not as evident as in it was when using the SPC mode.
In the picture can be noted also the presence of a blue region in the immediate
proximity of the focus. These regions indicate lower than expected lifetimes
and they are caused by the pile-up effect which shortens the lifetime due to
the incapacity of the SPADs to record two consecutive photon events in a
single signal period (as discussed in Chapter 2.3.2), owing to low repetition
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rate and exposure times. Figure 55-a case presents a near flat lifetime sheet
in the neighborhood of the focal plane.
In contrast, in Figure 55-b, where only the 4 low-DCR SPADs are activated (A.
Mx. D), there is very little evidence of sparse sampling noise. Thus, an overall
uniform lifetime of approximately 1.6ns is measured in the areas far from the
focus, while near the focus, due to a pile-up effect, there is a reduction of the
measured lifetime to less than 1ns. From this image, we can infer that although
the effect of spatial sampling noise is now almost completely vanishing, the
distortions due to pile-up are now significant.
To validate our pile-up assumption, we can use the equations defined in
section 2.3.2 (where we discussed the relation between measured lifetime
“𝜏𝑚𝑒𝑎𝑠 ” and pile-up) to plot a theoretical pile-up reduced lifetime as a function
of summed TCSPC counts and compare it with the experimental results at 512
wavelengths x 75 spatial positions in the vicinity of the focus. This comparison
is illustrated in Figure 56 below, which shows that theory (a) and experimental
data (b) are in broad agreement.

(a)

(b)

Figure 56 - Lifetime measured as a function of summed TCSPC counts at 512 wavelengths
and 75 spatial positions in the vicinity of the focus. (a) Theoretical lifetime based on classical
pile-up model, (b) Activation Matrix C experimental measurements (1 SPAD activated per
pixel).
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e) Activation Matrix E: 8 best DCR SPADs per pixel by selecting one
SPAD from each row

In the Activation Matrix E (A. Mx. E) we activate the lowest DCR SPAD in pairs
in each row resulting in eight SPADs turned on in each pixel.
This is based on the same principle and validation obtained from the results of
the A. Mx. D, but attempts to increase even further the sampling density across
the wave-front in the focal plane, while doubling the number of SPADs active
per pixel.
This is not always going to produce results as “

” as in the previous case,

since there may not be a good SPAD in every pair. Thus, in this condition we
are actually increasing the probability of enabling high DCR SPADs.
Nonetheless, this was found to not be an issue when collecting HistMode data.
Being a non-real-time application, and thanks to the pixel dependency of DCR,
we can apply background subtraction in post processing and get rid of the DCR
floor altogether, while still benefitting of the lack of sparse sampling noise and
collecting double the number of photons than we would with the A. Mx. D.
Most of the results presented in the next chapter are in fact produced enabling
8 SPADs per pixel, according to the scheme of A. Mx. E.

4.3

Summary and Conclusions

In this chapter we traced the movement of the photons experimentally across
the final Raman spectrometer system and we characterized the influence of
different major system components, such as the chosen laser sources, the
spectrometer module and the

’s own limits of acquisition.

We then characterized and modelled the laser source by using the models
already described in Chapter 3. We estimated the achievable level of
fluorescence discrimination at the extremes of our available lasers, showing
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the impact that choosing a source with a short pulse rather than one that
present a longer pulse has on the collection of good quality Raman data.
We characterized and calibrated the spectrometer using a NE-1 Neon
Calibration Light Source from OceanOptics which delivers sharp peaks in the
range 580 to 650nm, and benchmarking the results of our Ra-II spectrometer
with the results obtained with an OceanOptics “Flame”, a portable
spectrometer.
We verified that the detector was also at the proper angle and best focal
position by analyzing the focal plane via the use of a “w k

u

”. We studied

different activation patterns of the SPADs in the pixel, through the use of 5
Activation Matrixes, in order to identify the best compromise between active
SPADs and the DCR they introduce, while we investigated and characterized
the signal distortions.
At this point we are ready to move onto the next section, which is the validation
of the approach of “TC C Raman s

s

y” using Ra-II. We do so in the

next chapter by presenting the Raman spectra of real samples, with all the
challenges that come with them. We will start with very basic controlled
samples, such as plain distilled water with increasing defined amounts of
diluted fluorescein salt, and work our way up to more complex and challenging
ones, such as organic and biological samples.
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5. Validation of TCSPC
Raman Spectroscopy
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In this chapter we aim to validate both our system and hypothesis by analyzing
the results obtained using a range of different samples and lasers (which will
be specified in each of the chapter), in which the data is acquired using TCSPC
histogramming, rather than time-gating, to separate the Raman signal from the
Fluorescence background.

Each of the samples presented, spanning from basic to complex, was chosen
either to highlight or validate the spectrometer’s performance and capabilities.
With respect to the three key aspects highlighted in Chapter 1, the fifth chapter
provides additional data to validate the third aspect, which states:

3

TCSPC based on-chip histogramming is a reliable alternative to the
currently more common time-gating techniques to acquire Raman and
fluorescence simultaneously, in the same dataset, even in the visible
spectral region (VIS).

To back up this claim, we present results obtained from the following samples:
•

Acetaminophen tablet and SiO2 glass: with their well characterized
spectrum in the literature and a clear and comparable expected output,
they represented good candidates to test the spectrometer reliability,
quality and accuracy, before moving to the core of the study.

•

Fluorescein – Water Study: starting from a sample of pure distilled water
we added controlled amounts of fluorescein to the solution to create
four additional dilutions that introduced controlled yet increasingly
stronger fluorescence background (up to the point in which the RamanFluorescence Discrimination Ratio obtained was 240:1), highlighting
the changes in the Raman and fluorescence spectra in each case. The
cases analysed are the following:
o Pure water
o Pure water + 0.0001 mM of fluorescein
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o Pure water + 0.001 mM of fluorescein
o Pure water + 0.01 mM of fluorescein
o Pure water + 0.1 mM of fluorescein
o Pure water + 1 mM of fluorescein
•

Crystalline samples: due to their simple structure, lack of fluorescence
contribution and very clear and well documented Raman features, we
chose crystalline samples to investigate the impact of laser peak power
and repetition rate. Specifically, we repeated each measurement for
each of our three laser sources available. The spectrum was collected
from minerals such as:
o Diamond
o Calcite
o Quartz

•

Sesame oil: chosen as a test case for a challenging sample. For testing
the performance of Ra-II when measuring the Raman spectrum in noncontrolled fluorescent conditions, and to compare it with the data
acquired from commercially available spectrometers. The RamanFluorescence Discrimination Ratio achieved was ~14:1.

•

Biological Samples: Ra-II is thought to have potential as a way to
assess biological samples so we decided to test this hypothesis by
using a controlled mixture of pig liver and goose fat. This is a most
challenging condition since, as for the other samples, we are exciting in
the

visible,

therefore

generating

a

very

strong

fluorescence

background. The aim is to provide enough experimental evidence to
support the idea that Ra-II could be used in clinical environments,
ideally to discriminate healthy percentages of fat (<5%) in a liver sample
just by looking at its spectrum, even in these challenging conditions. To
create a controlled model of percentage ratio of fat to liver, we prepared
a set of five samples:
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o 100% Goose fat
o 50% Pig liver – 50% Goose fat
o 90% Pig liver – 10% Goose fat
o 95% Pig liver – 5% Goose fat
o 100% Pig liver

The collection, preparation and the handling of the biological samples during
the experiment was fully carried out by Ms. Nicki Fairbairn (an MSc student).

5.1

Paracetamol

The first sample we investigated was a solid acetaminophen tablet (commonly
referred to as paracetamol), since, as it has been already mentioned, it is well
characterized in the literature and we know what Raman spectrum to expect
as output.
Thus, after some focus adjustments and a calibration check, we collected the
Raman spectrum to compare it with the literature, using the TeemPhotonics
4KHz laser and HistMode 3.
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Figure 57 – 3D histogram output of Ra-II obtained from a sample of a solid acetaminophen
tablet.

The Raman spectrum of paracetamol, detected with our spectrometer, is
shown in Figure 57 in the form of a 3D histogram, in which we can see the
evolution of the spectrum along both the time axis and the spectral axis.
Although the Ra-II sensor provides as output a comprehensive 3D dataset, we
can still readily compare the spectrum with the literature, (as well as with
spectra from conventional spectrometers that do not possess time-resolving
capabilities), by simply taking a slice of the 3D plot shown in the figure in the
spectral direction, where we will see all the Raman peaks across the reference
range, as with any conventional spectrometer. We can also take a slice in the
time direction to see the time behaviour of a particular peak of our choice.

A more detailed view of the spectral components in the paracetamol sample
can be found further down in Figure 58, where a spectral slice relative to a
single time bin (corresponding to ~1.6 ns in the 3D picture above) was plotted
against references from literature, after the noise-floor was subtracted to the
raw data.
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The Ra-II data matched the position of the peaks assigned by Moynihan et al.
(which provides the molecular vibration assignments for some of the Raman
frequencies, as per Table 10) as well as the spectra provided by the hyperSpec
platform for the same sample.32,33

Figure 58 - Raman spectrum of paracetamol. Exposure time of 120 seconds (2 minutes).
Comparison of the spectrum from the Ra-II spectrometer (blue) and the dataset provided by
hyperSpec (red) with the position of the peak assigned by Moynihan et al. (yellow).

In the graph above we compare the spectrum collected using the Ra-II
spectrometer (blue curve) with the dataset provided by hyperSpec (red). 32 As
can be seen, they both match the position of the peaks assigned by Moynihan
et al. (yellow), whose assignments are specified in Table 10 below.33

Wavenumber (cm-1)

Assignment

1648

Amide I (carbonyl stretch)

1611

Skeletal aryl C-C stretch

1561

Amide II (N-H in plane deformation)

1516

Aryl C-H C-H symmetric bends
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1447

Skeletal aryl C-C stretch

Table 10 - Raman peak assignments documented by Moynihan et al.

5.2

Silicon Dioxide

The SiO2 glass spectrum exhibits two broad peaks characteristic of silicate
glass Raman spectra110: the first in the 400–600 cm−1 range while the second
in the 850–1150 cm−1 region, whose assignments are specified in Table 11.

Raman band (cm-1)

Assignment

400–600 cm−1

Stretch-bend mixed vibration across Si-OSi bridging bonds

850–1150 cm−1

Symmetric stretching motions of silica
tetrahedra with varying numbers of nonbridging oxygens

Table 11 - Raman peak assignments documented by White et al.

The collected data of the Raman spectrum of Silicon Dioxide is plotted in
Figure 59, which shows that the two mentioned Raman bands are indeed
positioned where we expected them to be.
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Figure 59 - 3D histogram output of Ra-II obtained from a sample of SiO2 glass.

Thus, on the basis of the literature comparison of both the measured
paracetamol Raman spectrum and the silicon glass, we had enough
confidence that the spectrometer was able to deliver the Raman spectrum of
real-life samples.

The next step was to verify if the Ra-II spectrometer would exhibit good Raman
performance also in more challenging conditions, such as when strong
background fluorescence is present.

5.3

Fluorescein – Water study

To test the ability of Ra-II in discriminating between Raman and fluorescence,
we started with a very simple sample of pure water (whose Raman peaks have
been well characterised)84 and then created four additional dilutions by adding
fluorescein salt to the solution, introducing a controlled increasingly strong
fluorescence background in the spectrum. This experiment was designed to
determine at which point the time-resolved functionality of the spectrometer
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was no longer able to separate the Raman signal of the water from the
fluorescein background.

5.3.1 Pure Water
Although water is Raman active, it is still widely used in many chemistry
applications as a solvent when collecting spectra from liquid samples. This is
because its Raman contribution is (very conveniently) not particularly strong
avoiding risk of distortion of Raman spectrum measurements in most samples.
For our experimental work, we decided to focus on the broad Raman band of
water that lies in the Raman shift range between 3000 and 3800 cm-1. This
Raman band is the result of a convolution of five peaks 111 as can be seen in
Figure 60 below, arising from the OH stretching modes of the molecules. The
position of these peaks can shift very slightly according to the temperature, but
mostly remains in that range.111

Figure 60 - Gaussian deconvoluted vibrational Raman spectrum of the water band in the
2700– 3800 cm region, at 24 °C. Figure based on Carey et al.111
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We first collected data from a sample of pure distilled water, and then observed
the variations in the spectra introduced by adding controlled amounts of
fluorescein salt to the solution, in order to highlight the changes that happen in
the Raman spectrum for different conditions where the fluorescence
background gradually becomes more dominant. Because of its low Raman
intensity, and water’s ability to incorporate fluorophores in controlled
concentrations, these experiments provide useful indications about the sensor
performance and overall spectrometer configuration.

The Raman peak of pure distilled water, collected with Ra-II, is shown in Figure
61 again in the form of a 3D histogram. The temporal bin range for this
acquisition is 12.8ns with a resolution per bin of 0.8ns, which are the values
set by the HistMode 3 parameter (see Table 2), used to show the full extent of
the Raman signal in the time direction. The result is obtained using only 4
spads per pixel, with the TeemPhotonics 4KHz laser and a MatLab smoothing
averaging window of 2 points applied to the data after having subtracted the
noise-floor to the raw data. The position of the Raman band, as expected from
the literature, lies in the 3000 – 3800 cm-1 range.111

Figure 61 - Sample of pure distilled water. Exposure time of 2 minutes.

173

Figure 62 shows the comparison between the Raman band we obtained by
taking a slice of the dataset in the spectral direction (at ~ 4.8 ns) with the one
collected using a Renishaw inVia commercial spectrometer. In this case, the
averaging window size applied was also increased to 20 points, to obtain a
signal with a similar level of smoothing to the one from Renishaw. Both Raman
bands match closely in shape with the water Raman band documented in the
literature.111

Figure 62 - Raman spectrum of pure distilled water measured on the RA-II spectrometer and
Renishaw inVia spectrometer. Exposure time of 2 minutes.

By using the time resolving functionality of the spectrometer to slice the dataset
in the time direction we can compare the Raman signal produced by the
sample of pure distilled water with the laser temporal pulse shape, acquired
with Ra-II with spectral filters removed. This is illustrated in Figure 63 below.
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Figure 63 - Raman intensity for a sample of pure water at a shift of 3400 cm-1 and laser pulse
temporal shape. Exposure time of 2 minutes. FWHM of 0.61ns correspond to the
TeemPhotonics laser specification.

From the image above, the laser signal FWHM is approximately 0.6 ns which
corresponds closely to the quoted laser specification of TeemPhotonics, and
the water Raman signal matches it closely. This dataset was collected using
HistMode 1, which corresponds to a time bin resolution of 0.2 ns. As
highlighted in Chapter 2, the Raman signal is synchronous with the laser pulse
on a timescale of hundreds of picoseconds, whereas fluorescence rises more
slowly.

5.3.2 Pure water + fluorescein
Since the pure water sample delivered the expected result, we proceeded in
evaluating the changes to the signal to noise and Raman-to-fluorescence
ratios as we increased the concentration of the fluorescein in the water
solution. The sample was prepared by creating a bulk solution of 0.1 mM
fluorescein in water, which was then diluted in succession to produce four
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samples spanning four orders of magnitude: ranging from 0.0001 mM to 0.1
mM.15
In Figure 64 we can observe what happens in time, at two different spectral
positions, when a sample possess both Raman and fluorescence signals,
using in this case the solution of water with 0.01 mM fluorescein concentration.
Note that normalised counts are used in each case.

Figure 64 - Laser, Raman and fluorescence signals obtained with a sample of fluorescein
(0.01 mM) in pure distilled water as it appears from two different spectral positions. Exposure
time of 2 minutes. The Raman signal of water (red line) rises more rapidly and lasts for a
shorter duration than the fluorescence signal at 2518 cm-1 (yellow line).

For this acquisition we switched to HistMode 3, in order to capture the tail of
the fluorescence decay. At the wavenumber position 3572 cm-1, the Raman
signal is very evident, as it tracks the laser signal closely, although we can see
a small residual fluorescence arising from the long wavelength tail of the
fluorescein emission spectrum. In contrast at the position 2518 cm-1 the
fluorescence is much more pronounced.
From the image we can visually perceive how the Raman photons arrive earlier
than the fluorescence photons and a long fluorescence decay of ~ 4.8 ns is
observed.
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In Figure 65 we illustrate the 3D time-resolved results obtained from samples
of distilled water and fluorescein of four different concentrations, ranging from
0.0001 mM up to 0.1 mM. In this case we used HistMode 3, which is the
equivalent to a time resolution of 0.8 ns and a temporal range of 13 ns.

Figure 65 - 3D spectral plots for increasing concentrations of fluorescein in water. Exposure
time of 2 minutes.

It can be noted how in the first three plots the Raman signal (position in time 4
ns) remains visible, while the quantity of fluorescence (at time 4.8 ns) gradually
increases.
From the 3D plot angle, is easy to see how the rise-time of the fluorescence
signal, in the 3000-2500 cm-1 region, occurs later than the water Raman signal
and becomes more and more dominant for higher concentrations. This is
particularly true for the 0.1 mM sample, where a significant amount of
fluorescence occurs in the 3000-4000 cm-1 spectral range, so much so that the
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Raman signal, (although some activity is still present in the early time bins), is
no longer visible with the naked eye.
In such conditions of very dominant fluorescence, to be able to distinguish the
water Raman peak from the background, we can make full use of the HistMode
capabilities of Ra-II, which as anticipated in the previous chapters allows us to
“zoom in” to obtain more detail over a specific time range.
In this case we wish to observe the rising part of the combined
Raman/fluorescence signal in more detail. By switching to a lower HistMode
value, such as HistMode 1, we can focus in to a shorter temporal range (3.2ns),
with an increased time resolution of 200ps.
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(a)

(b)

(c)
Figure 66 - 0.1mM fluorescein in water observed using HistMode 1. On the left we see a 3D
view (a) while on the right is shown a spectral slice of the water Raman band at 0.6 ns (b). In
the last image (c) we can see the comparison of the counts of both the Raman and the
fluorescence signal for the same wavenumber at different bin positions. Exposure time of 2
minutes.

In Figure 66 we can see how HistMode 1, which corresponds to a time
resolution of 0.2 ns and a temporal range of 3.25 ns, is able to highlight the
otherwise hidden Raman features of the spectra, allowing us to identify Raman
in the same fluorescent sample.15
In Figure 66-a, we see the same 3D view as before, which allows a better
recognition of the Raman band of water in the early bins.
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At this point, to make the Raman peak stand out even more, we can simply
cut a spectral slice of the plot in the time position of ~0.6ns (which is identified
as Bin 13 in the MatLab script), whose result can be seen in Figure 66-b.
In the image we can readily recognise the water Raman band sitting in the
expected range of the spectrum. If we then compare the counts of both the
Raman and the fluorescence signal for the same wavenumber but different bin
positions (Figure 66-c) we can notice that even if the Raman signal alone only
possess ~100 counts it can still be distinguished from much stronger
fluorescence (~1700 counts) owing to its earlier time of arrival. Therefore, in
this case, we are able to achieve a Raman-Fluorescence Discrimination Ratio
of 17:1.15
This ratio is consistent with what we obtain in Figure 67 below. Here the early
bins are summed and compared for both the time in which the Raman is visible
(0ns up to 1ns) and the time in which the fluorescence signal becomes
dominant (1ns up to 3ns).

Figure 67 – Comparison of the summed bins in which the Raman is visible (0ns up to 1ns)
with the sum of the ones in which the fluorescence is dominant instead, for the 0.1mM sample.
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A more comprehensive view is also proposed in Figure 68 below, in which on
the top row we can see the resulting five different outputs for each
combination, while on the bottom row are plotted the spectral slices of each
sample together with the sum of all the different bins. The interaction between
the water Raman band and increasing levels of background fluorescence is
observed through addition of increasing amounts of fluorescein salt to the
water solution as shown in Figure 68 (b – e). A controlled amount of fluorescein
was added to the solution yielding a 0.0001mM to 0.1mM concentration range.
We can see how Ra-II, thanks to its time binning proprieties is able to
discriminate the Raman from the fluorescence even in high fluorescent
conditions. While if we look at the sum of the bins (in yellow), the more we
increase the fluorescein concentration, the harder it becomes to identify the
peak.

Figure 68 – Collection of a time-resolved spectra from a mixture of pure distilled water and
fluorescein. HistMode 3 was used during the acquisition. In the figures, the moment the Raman
rises from the noise floor is identified by time zero (red line, which corresponds to bin 11 ~
4ns), whilst the moment just before the rise of the signal is identified by the time -0.8ns (blue
line, which corresponds to bin 12 ~ 3.2ns).
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Lastly, always using the TeemPhotonics 4K laser, we looked at a
concentration of fluorescein of 1mM, therefore a concentration that is x10
stronger than the previous case. Here in Figure 69, rather than looking at
HistMode 1, we went back to HistMode 3, to be able to collect more of the
fluorescence tail and therefore be able to calculate an even higher Raman-toFluorescence discrimination ratio.

Figure 69 – 3D spectral plots in HistMode 3 of a 1 mM concentrations of fluorescein in water.
Exposure time of 2 minutes.

As we can see, the fluorescence is very high and the Raman, as expected, is
not visible without zooming into the early bins. To be able to calculate the ratio,
we look at Figure 70-a in which the counts axis has been limited to 150, in
order to be able to see the rising edge of the Raman (at 4ns and 3400cm-1 we
can detect ~90 counts) while on Figure 70-b we can see the comparison for
the same wavenumber of the summed counts of both: the bins in which the
Raman is visible (0ns up to 4ns) and the ones in which the fluorescence is
dominant instead (4ns up to 12ns).

Therefore, since at 3400cm-1 the

182

Fluorescence count reaches ~21730 counts, in this case we are able to
achieve a Raman-Fluorescence Discrimination Ratio of ~240:1.

(a)

(b)

Figure 70 - 1mM fluorescein in water observed using HistMode 3. In figure 70-a we see a 3D
view in which the counts axis has been limited to 150, while on figure 70-b we can see the
comparison at 3400cm-1 of the summed counts of the bins in which the Raman is visible and
the ones in which the fluorescence is dominant instead. Note that the Raman counts have
been multiplied by a factor of 100 to allow a quick visual comparison to the reader. Exposure
time of 2 minutes.
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5.4

Crystalline samples

Having observed how fluorescence impacts the Raman signal according to the
strength of the fluorescence background, we moved onto the next step: the
examination of how laser peak power and repetition rate impacts the quality
and the accuracy of the Raman spectra collected, for a given optical excitation
and collection setup.

To make this comparison study rigorous, and therefore obtain both qualitative
and quantitative results, we decided that the best approach was to use
crystalline samples, due to their simple structure and very clear and
documented Raman features. Specifically, we collected the spectrum of
minerals such as diamond, calcite and quartz.

For each of these samples we performed a 2 minutes acquisition in HistMode
4 and then we took a spectral slice in the temporal position at which the Raman
was as its peak. We then repeated the measurement for each of three laser
sources available: the TeemPhotonics 104KHz, the TeemPhotonics 4KHz and
the PicoQuant at 40MHz. Below are the results obtained for the diamond
sample, which allows a proper comparison in terms of both the strength and
the quality of the signal.

5.4.1 Diamond

The Raman spectrum of Diamond presents a very intense, sharp first-order
Raman line at 1332 cm-1, which arises from vibrations of the two cubic sub
lattices of the crystal against one another.112,113
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In Figure 71 below, we see the comparison of such lines, obtained from our
available laser sources together with a reference diamond spectrum.114 In the
figure, at first glance, we can appreciate the precision of the measurement,
since the single peak of diamond is centered precisely at 1332cm-1, as
expected.

Figure 71 – Comparison of the spectrum of a diamond sample acquired with three different
lasers by using HistMode 4 and exposure time of 2 minutes.

We can use the diamond results in Figure 71 to further discuss and quantify
the efficacy of each of the three lasers by building Table 12, which takes into
account the number of counts of every laser and compare it with the
predictions of the model described in Chapter 3.4.4.

Laser
𝑭𝒓𝒆𝒑 [𝑯𝒛]
𝑻𝑹𝝉 [Photons in 1sec]
𝑻𝑹𝝉 𝒅𝒆𝒕𝒆𝒄𝒕𝒂𝒃𝒍𝒆

TeemPhotonics
104KHz

TeemPhotonics
4KHz

PicoQuant
40MHz

104 ∗ 103

4 ∗ 103

40 ∗ 106

~1.37 ∗ 108

~7.96 ∗ 107

~1.76 ∗ 106

137

79.6

1.76
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𝑬𝒙𝒑𝒆𝒄𝒕𝒆𝒅 𝒄𝒐𝒖𝒏𝒕
𝑴𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝑷𝒆𝒂𝒌 𝒄𝒐𝒖𝒏𝒕

16440

9552

211.2

~17360

~1267

~633

Table 12 – Comparison of the measured results with the ones expected from the model.

As we can see, even though our predictions are not exact, the order of
magnitude of the results measured from the different lasers is more or less
consistent with our model. The result that deviates more from the expected
outcome is the one from the TeemPhotonics 4kHz laser, where the expected
value appears to be higher than the experimental data. This could be due to
many not surprising factors such as day to day alignment differences.

In Figure 71, the 104 KHz TeemPhotonics laser has visibly proven to give the
best results among the three lasers, in terms of both number of counts and
sharpness, which highlights the importance of linewidth, frequency and power
in collecting good Raman spectra. We can further prove this point by looking
at Figure 72, which was obtained at a later stage (by colleagues), when the
Katana laser was utilized in my Raman setup, and represents the comparison
of the typical diamond Raman spectra collected when using each of the four
lasers at power levels similar to the ones already discussed in Table 6.

186

Figure 72 - Typical diamond Raman spectra obtained with each of the four lasers

Figure 72 is particularly interesting, as it proves two fundamental concepts:
•

The effect of the combination of strong power and high repetition
rate.
In fact, we can immediately appreciate how Laser A (Katana)
outperforms any of the other lasers (note that the vertical axis is on
a log scale), allowing for the collection of the greatest peak Raman
count rate of 104 kcps, using all 16 SPADs, a peak power of 53W
and a repetition rate of 40MHz. Note that this result required
background subtraction of high DCR level (since it depends directly
on the repetition rate of the laser), sampled through a time bin
occurring before the Raman signal. Further validation of the
importance of high peak power and repetition rates is offered in
Figure 73 below, in which we present diamond Raman spectra
obtained with the Katana laser with short acquisition times. At 1ms
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a peak of 27 counts is just visible and the background noise level is
on the order of 5 counts.

Figure 73 - Diamond Raman spectra obtained with the Katana at 40MHz and 53W peak power
using 16 SPADs and 1, 2, 5 and 10ms acquisition times.

•

The effect of choosing the “Activation Matrix E” already discussed in
the previous Chapters. The background subtracted noise floor when
using Laser A and 16 SPADs active is of poorer quality (blue line)
than the 8 SPAD result, which could be an issue when analyzing
other types of samples with peaks of much smaller intensity. By
selecting only the best 8 SPADs (red line), according to the
Activation Matrix E, we can see how the overall SNR of the signal
improves without losing much in terms of the intensity value of the
peak.

Using only 8 SPADs in each repetition rate-power combination we can also
compare the number of laser pulses required to generate a detected Raman
photon, as we can see in Table 13 below.
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Power level

Number of laser pulses needed to
detect a Raman photon

Laser A (Katana)

53 W

792

Laser B (TeemPhotonics 104K)

206 W

263

Laser C (TeemPhotonics 4K)

4350 W

386

Laser D (PicoQuant)

0.08 W

5.9 million

Table 13 - Number of laser pulses required to detect a Raman photon for each laser power
used at the time of the experiment. Note that in the case of Laser B, the peak power was
reduced from 7000W to 206W with an ND filter 1. Thus, if we hadn’t done so, we could
potentially have achieved up to ~34 times more.

From this metric we can see how the two TeemPhotonics lasers have the
potential to outperform even the Katana, all thanks to their high peak power
levels. However, they are extremely limited by their low, fixed repetition rates,
and at the time of the experiment end up delivering, overall, much lower count
rates when compared to the Katana, which contrasts a moderately high peak
power with a high repetition rate.

It is also very interesting to see how the PicoQuant laser possess too low peak
power levels to yield good quality Raman spectra, even though it presents a
repetition rate as high as the Katana.

In terms of linewidths, each of the spectra are significantly broader than quoted
by Eckhardt112 (3cm-1) primarily due to intrinsic limitations of the design of the
spectrometer, resulting in the Raman photons being scattered into neighboring
pixels. Note that for laser A, when using 16 SPADs, if we aggregate the counts
of neighboring pixels we can increase the count rate up to 440kcps.

5.4.2 Calcite
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Calcite is another really good sample to analyse as it presents multiple Raman
peaks which spread across a wide spectral range, compared with the single
peak of the diamond line.

The comparison, showed in Figure 74 below, between the results from the
three lasers and a reference spectrum of calcite 115, clearly shows how the
peaks appear to be in the right position for both the TeemPhotonics sources
while that is not the case for the PicoQuant 40 MHz laser, as the peaks are
undistinguishable form the background noise.

Figure 74 - Comparison of the spectrum of a calcite sample acquired with three different lasers
by using HistMode 4 and exposure time of 2 minutes.

Indeed, for the reason discussed in the previous section, we can see that in
order to be able to even compare the results of the PicoQuant with the rest of
the laser data, we had to acquire the same spectra 20 times and add them up
together to increase the SNR. This comparison is illustrated in Figure 75,
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where the PicoQuant results are represented as the sum of 20 exposures of 2
minutes each.

Figure 75 - Comparison of the sum of 20 acquisition of 2 minutes with the PicoQuant and a
single 2 minutes acquisition of the TeemPhotonics lasers. Spectrum acquired using HistMode
4.

It can be readily concluded, on the basis of the previous assumptions, that
among the three laser sources, the one that performed better in both number
of counts and resolution is the 104 KHz TeemPhotonics laser, thanks to its
effective combination of very high laser power and repetition rate.

5.4.3 Quartz

191

Below, we compare the results from our three available laser sources with a
reference quartz spectrum. Again, to allow the comparison, with both the
reference spectra116 and the other TeemPhotonics results, the PicoQuant data
had to be acquired, again, 20 times longer. The normalized data is shown in
Figure 76.

Figure 76 - Normalized comparison of the three laser sources with a reference spectrum of
Quartz. The peaks match the reference quite well. Spectrum is acquired using HistMode 4.

The quartz sample provided further proof that the laser source itself heavily
impacts the quality of the Raman spectra collected when everything else in the
setup stays the same.

5.5

Sesame oil

Is the Ra-II sensor capable of resolving and separating Raman from
fluorescence in a more complex and therefore more challenging sample?
Given the results of the experiments of water plus fluorescein, we have reason
to believe so. In the next section we look for the confirmation with a sample of
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sesame oil which, unlike the water-fluorescein case, is not controlled in any
way and is better representative of a real-world scenario.

Fluorescent oil mixtures of this kind are well-known to be difficult to resolve
when adopting an excitation lower than 1064nm and for this reason it has been
widely used in the literature.117,47 This makes it one of the best candidates for
testing the performance of the Ra-II sensor when measuring the Raman
spectrum of a non-controlled fluorescent sample.
An important aspect to keep in mind is that, unlike crystalline samples, the
composition of sesame oil can vary a lot depending on who the producer is.
Indeed, a key application of Raman spectroscopy is the evaluation of food
product differences and quality.117 For this reason, to properly compare the
data obtained with Ra-II, we benchmarked the results with a commercial
Renishaw inVia spectrometer, acquiring a spectrum of the same sample with
a 532nm continuous wave excitation, exposure time of 2 minutes and laser
power of ~0.0375mW.
In Figure 77 below the spectrum acquired with the Renishaw inVia
spectrometer is shown in red, while the spectrum acquired with Ra-II through
selection of a spectral slice of the 3D dataset is shown in blue. The RA-II
spectrum is obtained using the TeemPhotonics 4KHz laser, in HistMode 1 with
the Activation Matrix D, from an early time-bin where the fluorescence
contribution is still quite low. For both acquisitions the exposure time was 2
minutes and the results have not been post-processed. From the figure, by
looking at the wavenumber 1660 cm-1, we can estimate a RamanFluorescence Discrimination Ratio of approximately ~14:1.
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Figure 77 - Raman spectrum of sesame oil as it appears using both the Renishaw inVia
spectrometer and Ra-II before background removal, exposure time of 2 minutes.

As anticipated, although the total counts in the Renishaw case is much higher,
the strong fluorescent background makes it difficult to see the peaks whose
positions, reported in the literature, have been marked.47,118,119 In contrast, in
the Ra-II spectra, where Raman data is collected before the fluorescence
signal has developed, the peaks are easily identifiable.
To properly compare the two signals, we overlaid them on top of each other
after removing the background, in both cases using an iterative reweighting
procedure known as adaptive iteratively reweighted penalised least squares
(airPLS).
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We then normalised their counts and applied a moving averaging window of 2
points with MatLab. The choice of using the airPLS method among others,
was mainly due to two facts. First, it has been widely used in the past, thus
earning a fair amount of trust when it comes to background removal application
from SERS spectra.120,121,122 Second, but not less important, due to a swift
implementation in MatLab (being based on sparse matrices). Considering
these two points, since the Ra-II sensor was also controlled via MatLab, we
concluded that the airPLS method fulfilled our requirements.
Figure 78 below shows the two signals, which appear to be well matched in
each of the highlighted peak positions, while the Table 14 reports the peak
assignments identified form the literature.47,118,119

Figure 78 - Raman spectrum of sesame oil as it appears using the Renishaw inVia
spectrometer after background removal, using an exposure time of 2 minutes.

Wavenumber (cm-1)

Assignment

1093

-CH probably in-plane bending of phenolic CH
enhanced by polar substituent

1268

C=C symmetric rock in cis double bond

1302

In phase methylene twist
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1442

CH2 scissoring of saturated fatty acid

1660

C=C stretching mode of cis unsaturated fatty acid

1750

C=0 stretching in an ester

Table 14 - Raman peak assignments identified from the literature.

From the charts it is evident that the signals match. Ra-II was able to resolve
Raman in a very fluorescent environment to a comparable degree to what is
achievable with a commercially available spectrometer, using a pulsed laser
rather than a CW and rejecting the fluorescence background through time
selection rather than post processing subtraction. This demonstrates how
powerful Ra-II can be if coupled with a proper configuration and setup.

The same peaks can also be seen when we look at sesame oil spectra
obtained by colleagues (Dr. Finlayson, Ms. Brown and Ms. McEwen) using the
Katana laser in my experimental setup at 40MHz and 20MHz as presented in
Figure 79 (a). In Figure 79 (b) we see instead the time resolved signals of both
the combined Raman-fluorescence and the fluorescence background
respectively at wavenumbers of 1440 cm-1 and 1500 cm-1. The fluorescence
lifetime is estimated to be 2.7ns.
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Figure 79 - (a) Sesame oil Raman-fluorescence spectra obtained with laser A at 40MHz (800
ps time bins) and 20MHz (100 ps time bins). (b) Raman and fluorescence time-resolved signal
at 1440cm-1 and background fluorescence signal at 1500cm-1. (c-d) Highlighted position and
count number of the background (c) compared to the Raman (d).

From this dataset, in Figure 79-b we can calculate a Raman-to-fluorescence
ratio of 1.27, while in figure Figure 79-c and Figure 79-d by exploiting the 100ps
bin resolution and 63 ps increments of bin position using Ra-II’s delay
generator, an improved Raman-to-fluorescence ratio of 4.76 at the 20MHz
repetition rate was achieved (4454 − 773 = 3681 ⇒ 3681/773 = 4.76) and
published in the paper “Time-Correlated Single Photon Raman Spectroscopy
at MegaHertz Repetition Rates” in which I am a co-author.1

Thus, having secured confidence in the capabilities of time-resolved Raman
spectroscopy using Ra-II, we next looked at one of the most challenging
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samples when exciting in the visible range, involving considerable challenges
in the extraction of the Raman signal in a very fluorescent biological
environment. This work was carried out with the aid of Ms. Nicki Fairbairn, who
was in charge of the collection, preparation and the handling of all the
biological samples during the experiment

5.6

Biological sample

Time-resolved Raman spectroscopy using Ra-II is thought to have potential as
a way to assess the health of a liver sample, since excess of fat within the liver
is often indicative of Non-Alcoholic Fatty Liver Diseases (NAFLD) such as
steatosis, cirrhosis, fibrosis, etc.123 For this reason, we decided as a final test
(and in order to pave the way to a far more detailed analysis in the future), to
use a controlled mixture of pig liver and goose fat to investigate such an
environment.

The hypothesis here is that, in optimal conditions, Ra-II time-resolved Raman
spectra should be able to assess the state of the mixture, allowing us to
discriminate between different ratios of liver-fat just by looking at its spectral
results. At the time of the experiment, the Katana laser was not acquired yet,
therefore our best bet was to use the second-best performing laser available,
the TeemPhotonics 104KHz laser, with the activation matrix E enabled (8 best
DCR SPADs per pixel). Whose power could not be exploited fully, since
without attenuation the biological sample appeared to be burning in the focal
point.

To create a controlled model of percentage ratio of fat to liver, we prepared a
set of five samples by mixing different percentages of liver and fat. Note that a
typical healthy amount of fat in a liver is usually between 0 and 5% fat, while it
is associated as being “fatty” when the fat level sits between 5% - 15%
(characteristic of NAFLD and possibly cirrhosis).
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The goose fat and the pig liver used for creating the samples were sourced
from the local market, and the reason we used goose fat rather than pig lard
was simply due to the fact that we didn’t manage to find any, in a suitable time
window. For this sole reason, and given that the purpose of the experiment
was to take only the first step in our desired future direction, we decided that
off-the-shelf goose fat would suffice for what we were looking to prove.

Since the purpose of the experiment was to look at the holistic properties of
the sample, rather than the detailed liver structure, we opted for
homogenization as a way of mixing the two components together. After
realizing that pipetting was not an option, due to occasional lumps of meat that
made the processing too challenging, we decided to use the laboratory
precision balance (accuracy up to three decimals) and weighing boats to
weight out the pieces of pig liver and goose fat, before blending them together
using a food processor. The mass of fat and liver used to make up the different
percentages has been reported in Table 15. All experiments were carried out
at room temperature.

Fat percentage

Liver Mass [g]

Fat Mass [g]

0%

5.144

0.000

5%

4.753

0.254

10%

4.532

0.526

50%

2.524

2.537

100%

0.000

5.065

Table 15 - Mass of fat and liver used to make up the different percentages.

The procedure adopted to make up the samples is the following:
•

the selected amount of goose fat is placed into a weighing boat and
weighted

•

the weighted amount is then placed into a 15ml falcon centrifuge tube.
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•

the homogenized liver is weighed out and then transferred again in the
same falcon tube

•

the falcon tube is put to rest in a heated water bath with a temperature
of ~ 38°C, which simulates the average body temperature of a healthy
pig, thus creating an ideal environment for the fat to melt while also
preventing any possible heat-induced damage to the liver (such as
denaturing).

•

the mixture contained in the tube is then mixed for a full minute by using
a SciQuip vortex mixer

•

the resulting mixture is then centrifuged for thirty seconds at 200rpm.

For all the images below, we removed the background using airPLS and then
normalised their counts while applying a moving averaging window of 2 points
and smoothed using the Savitzky-Golay filtering process, where a convolution
method was used to fit a polynomial to the raw data points. Below in Figure 80
is illustrated the result obtained for a pure goose-fat sample, from a two
minutes acquisition, with the identified peak assignments.124
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Figure 80 – Raman spectra of a sample of pure goose-fat

In the figure above, there are a couple of interesting aspects to point out. First,
we can easily identify the highest peak on the right (2800-3100 region named
“fat peak”), which is characteristic of the Raman spectra of lipids, and in this
case, of goose fat. Second, we can identify the presence of a hydrocarbon
chain, whose assignments have been reported in Table 16.124,125 In the region
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between 1800cm-1 and 2800cm-1, usually addressed as “silent region”, no
Raman cellular vibrations seems to be present from functional groups.

Band

Assignment

Vibrational modes

1050 – 1200cm-1

1125

C-C stretching modes

1250 – 1300cm-1

1275

CH2 and CH3 (scissoring vibrations)

1400 – 1500cm-1

1450

CH2 and CH3 (twisting vibrations)

1657

1660

C-C bending

2800 – 3100cm-1

Main fat peak

C-H stretching modes

Table 16 – Peak assignments for a sample of pure goose fat

Figure 81 below shows the background-corrected and normalized comparison
of different concentrations of Raman spectra obtained with fat in the fat-liver
mixture.
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Figure 81 – Comparison of different fat percentages, ranging from 100% fat (pure fat sample)
to 0% fat (pure liver sample)

From the plot, in the 100% fat sample, we can easily identify the expected
peaks in the correct spectral position. For the 50% fat sample we are still able
to clearly spot the main fat peak and most of the smaller ones, although we
can already notice a drop in their resolution. Unfortunately, starting from the
10% fat sample the main fat peak is already no longer distinguishable from the
background, as we find ourself in a situation in which the SNR is too poor to
draw believable conclusions.

Nonetheless, it is important to note that even though we were not able to
distinguish these differences of concentrations in the liver-fat mixture, we were
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still able to separate in time the fat-Raman from the fluorescence in our
biological sample.

Considering that the only purpose of this final test was to pave the way to a far
more detailed analysis in the future, we believe this dataset indicates that this
study is worth repeating, possibly with a better combination of laser
power/repetition rate, such as the one that the Katana laser would provide
(which unfortunately was not available in the lab when this dataset was
collected).

5.7

Summary and conclusions

In this Chapter we validated both our system and hypothesis thanks to the
analysis of the results obtained from a range of different samples, spanning
from basic to complex, which highlighted the both the capabilities and the high
performance of our spectrometer. Proving that a TCSPC based on-chip
histogramming is a reliable alternative to the currently more common timegating techniques to acquire Raman and fluorescence simultaneously, in the
same dataset, even in the visible spectral region (VIS).

An acetaminophen tablet was used to illustrate the capabilities of Ra-II of both
delivering a comprehensive 3D dataset as well as being able to compare the
spectrum

with the literature (even with spectra from conventional

spectrometers that do not possess the same time-resolving capabilities) simply
by taking a slice of the 3D plot shown in the figure either in the spectral
direction (to see the Raman peaks across the reference range at a specific
time) or the temporal direction (to see the time behaviour at a specific
wavelength). Together with a SiO2 glass sample, it helped us prove that the
spectrometer is reliable and able to deliver a comparable Raman spectrum of
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real-life samples, in both quality and accuracy, with the expected output from
the literature.
Then, thanks to the fluorescein – water study, we were able to show how the
more the fluorescein concentration increases, the harder it becomes to identify
the main water Raman peak. And that Ra-II, thanks to its time binning
proprieties and zooming capabilities, is able to discriminate the Raman from
the fluorescence signal even in high fluorescent conditions, achieving in the
“Pure water + 1 mM of fluorescein” case a Raman-Fluorescence
Discrimination Ratio of 240:1, while in the “Pure water + 0.1 mM of fluorescein”
case a Ratio of 17:1. The data related to this measurement has been published
in the paper “Separating fluorescence from Raman spectra using a CMOS
SPAD TCSPC line sensor for biomedical applications”, presented at the SPIE
Photonics West conference and of which I am the first author.15

After having observed the impact the fluorescence has on the Raman signal,
we used different crystalline samples (diamond, calcite and quartz) to study
the impact that laser peak power and repetition rate have on the quality and
the accuracy of the Raman spectra collected, for a given optical excitation and
collection setup.

To do so, we performed a 2 minutes acquisition in HistMode 4 for each of three
laser sources available (TeemPhotonics 104K, TeemPhotonics 4K and the
PicoQuant) and then we took a spectral slice in the temporal position at which
the Raman was as its peak showing how among the three, the 104 KHz
TeemPhotonics laser delivers the best results in terms of both number of
counts and sharpness. This outcome highlighted the importance of linewidth,
frequency and power in collecting good Raman spectra, prompting us to invest
our efforts on the Katana laser, whose results outperformed any of the other
lasers and provided further proof of the importance of Activation Matrices.
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At this point, we tested Ra-II’s capabilities of resolving and separating Raman
from fluorescence against a more complex and therefore more challenging
sample: sesame oil. Which, unlike the water-fluorescein case, is not controlled
in any way and is better representative of a real-world scenario. Ra-II
successfully overcame the challenge, resolving Raman in a very fluorescent
environment, to a comparable degree to what is achievable with a
commercially available spectrometer, using a pulsed laser rather than a CW
and rejecting the fluorescence background through time selection rather than
post processing subtraction. The experiment was also repeated by my
colleagues (Dr. Finlayson, Ms. Brown and Ms. McEwen) using the Katana
laser in my experimental setup achieving a Raman-to-fluorescence ratio of
4.76 at the 20MHz repetition rate. A result that has been published in the paper
“Time-Correlated Single Photon Raman Spectroscopy at MegaHertz
Repetition Rates” in which I am a co-author.1

Finally, we used biological samples (mixtures of pig liver and goose fat) to
assess Ra-II’s potential in the extraction of the Raman signal from a
fluorescent biological environment, well known to be most challenging when
exciting in the VIS. The aim was to provide enough experimental evidence to
support the idea that Ra-II could be used in clinical environments, ideally to
discriminate healthy percentages of fat (<5%) in a liver sample just by looking
at its Raman spectrum, even in these challenging conditions. The results
showed that although we were able to both separate in time the fat-Raman
from the fluorescence and identify the expected Raman peaks for higher
concentrations of fat, the peaks are indistinguishable from the background for
the lower percentages of interest, and we find ourself in a situation in which
the SNR is too poor to draw believable conclusions. We concluded by
suggesting that it is worth to repeat the study with a better combination of laser
power/repetition rate, such as the one that the Katana laser would provide.
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The biggest limitation of the experiments reported in the Chapter is indeed due
to the characteristics of the lasers available. These prevented optimization of
Raman signal count rates as presented earlier in this thesis.
As we saw already in the previous sections, neither the TeemPhotonics lasers
nor the PicoQuant laser possess the most efficient combination of repetition
rate and power level. Nonetheless, the system design and experimental work
carried out here was instrumental in enabling the next key step: to incorporate
the high peak power/high repetition rate Katana laser into the setup and thus
being able to perform time-resolved Raman experiments with millisecond
acquisition times.1
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6. Summary and
Conclusions
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While Raman spectroscopy offers complementary information to fluorescencebased studies, strong fluorescence background usually limits its application
when using an excitation with wavelength lower than 1064nm to analyse very
fluorescent samples. Thus, when my research started, the time-gated
approach of Raman spectroscopy was the go-to solution for rejecting
fluorescent background in the VIS, and with good reason to back up the
choice. The studies published on the topic advanced the field, consolidating
the concept that the right width-position combination of the time gate is a
critical parameter when attempting to increase the SNR by suppressing the
fluorescence signal.

It is by exploiting this very same concept born from the time-gating approach
that, over the course of this PhD, we introduced our own contributions: building
on the previous studies to validate the idea of time-binning, therefore pushing
the field towards a novel approach for the collection of Raman fingerprints in
the visible while still capturing fluorescence signals. This was believed to be
possible thanks to a combination of two factors:
•

The existence of a difference in impulse response between Raman
and fluorescence.

•

The use of an histogramming TCSPC SPAD sensor for the Raman
signal acquisition, based on a time window in which the fluorescence
is yet to cloak the much smaller Raman signal.

We managed to exploit these facts with the introduction of Ra-II, a newly
developed SPAD-based line sensor that builds on the fundamental concepts
learned from the time-gating studies, but exploits a different time resolved
approach that, without the aid of any gating technique, is able to separate
these signals based on their time of arrival at the detector.
Indeed, thanks to Ra-II’s time zooming capabilities, by zooming in to specific
time regions of the spectrum, we were able to collect both Raman and
fluorescence signals in the same dataset, simultaneously, and then identify the
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Raman fingerprint of the specific samples from the early bins collected, without
having to apply any additional fluorescence rejection method.

In this thesis, building upon the previous Chapters we discussed our own
findings, and brought to the reader’s attention what we believe to be critical
aspects for the implementation of the use of time-binning, as opposed to the
more common time-gating approach.

In particular, we highlighted the importance of proper bin width selection when
analyzing the data, as well as the benefits of using programmable SPAD
activation matrixes in combination with our SPAD array when dealing with
various types of signal distortions, such as the facilitation of trade-offs among
dark count noise, spatial sampling noise, distortions arising from optical
aberrations and pile-up.

We discussed the impact of these distortions in the context of spectroscopy
and bio-medical imaging applications, demonstrating how specific choices of
SPAD activation matrix, both in single photon counting and time-correlated
single photon counting modes, could cause different outcomes, such as the
emergence of sparse spatial sampling noise. Accordingly, we identified one
SPAD activation algorithm, which was proven to be a reasonable compromise
in terms of optimizing signal-to-noise ratios overall.

We have proven the efficacy of our technique with the help of well
characterized samples of increasing complexity and with increasing levels of
fluorescence, to characterise the relationship between the brightness of the
fluorescence and our ability to resolve the Raman signal. Then, we
benchmarked our findings with the literature as well as, in most cases, by using
commercially available spectrometers (such as an Ocean Optics portable
spectrometer and an InVia Renishaw spectrometer).
Such comparisons highlighted the reliability of our method and setup of
acquisition, as well as the accuracy of Ra-II in collecting simultaneously, in a
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single exposure, with unprecedented levels of spectral parallelism and high
temporal resolution both Raman and fluorescence data, even in conditions in
which a high fluorescent background is present.
Furthermore, we demonstrated the efficacy of Ra-II for this alternative
acquisition method by also deepening the knowledge of the impact that both
laser power and repetition rate have on the quality of the results obtainable.
We did so by comparing data obtained from the three different lasers with
results later obtained by colleagues with the Katana laser. These later results
provided a satisfying proof of concept and validated expectations generated
from our previously collected data and theoretical models.
Other critical innovations introduced in this thesis include:
•

The use of 32 bin/50ps TCSPC histogramming as opposed to the
more common time gating techniques.

•

The application of zoomable time ranges in Raman.

•

The parallel acquisition of 512 spectral channels.

•

Resolving Raman signals even in the presence of fluorescence
signals even 240x stronger.

•

Involvement of the company “Renishaw plc” in the project. After
witnessing to a demonstration of the resolving power of our
spectrometer, I was invited to help fitting one of our Ra-II detectors
in one of Renishaw’s InVia Raman spectrometers, to validate its
commercial viability. After successfully delivering good quality
Raman data with their system, the Ra-II sensor paved a range of
diverse collaboration between Renishaw and my lab group at the
University of Edinburgh.

This fact demonstrated the commercial relevance of a new range of interesting
possibilities in the field of spectroscopy in the visible spectral region.
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6.1

Future Work/Improvements

It is interesting to note that all the work discussed in the thesis is based on a
sensor built 7 years ago. None the less, even given the limits of the available
technology, and being representative of an older generation of SPAD
detectors, Ra-II was still able to produce results comparable to the results
produced by top of the line commercially available spectrometers. This fact
alone, gives reason for optimistic expectations when it comes to future impact
and applications.

As proven by this thesis, the spectral and temporal detail that Ra-II can offer,
when incorporated into spectroscopic and imaging systems, could contribute
in paving the way for a new branch of high throughput “multi-spectral”
histopathology of both accurate measurements and rapid diagnostic power.

Indeed, thanks to our choice of using a TCSPC histogramming method rather
than time-gating, we are “allowed” to collect both the fluorescence (lifetime and
intensity) and the Raman information in the spectrum, and this ability
represents a key factor in future applications such as the biosciences, where
it will allow the simultaneous measurement of metabolic and proteomic profiles
in cell-lines, tissue models and even intact organs, and also for nanosecondscale fluorescence lifetime microscopy, other Raman applications, FRET and
bio-medical confocal imaging of cells.

Possible benefits could also go beyond the biosciences field, for example:
•

In the defense industry, where the ability to analyze complex mixtures
of chemicals when a strong fluorescence background is present is of
key importance.

•

In the field of food security.
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•

For the analysis of pharmaceuticals and battery technology.

Future work will include Raman and fluorescence lifetime imaging, detailed
Raman labelling and the use of multivariate analysis and machine learning
tools to expedite analysis.

I would like to thank the Engineering and Physical Sciences Research Council
(EPSRC, United Kingdom) Interdisciplinary Research Collaboration (grant
number EP/R005257/1- Proteus) and the EPSRC/MRC Centre for Doctoral
Training in Optical Medical Imaging, OPTIMA, (grant number EP/L016559/1)
for funding this work. We would also like to thank Renishaw plc and ST
Microelectronics, Imaging Division, Edinburgh, for their generous support in
sponsoring and manufacturing of the CMOS SPAD line sensor.

213

7. Appendices
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7.1

Matlab Graphical User Interface (GUI)

To start experimenting with RA-II, be sure to be in the right current folder in
MatLab.

Before calling the GUI, the user has to select which type of SPADs is needed
for the experiment (Blue/Red).

The selection can be made by changing the value of REDSEL from zero to
one, inside the MatLab class located in the following folder path:
“Local

disk”:\Commercial

RAII

backup\Matlab\Class\@RAII_NEW\RAII_NEW.m

Once the REDSEL value has been selected the user can start the experiment
by typing “RAII” in the MatLab command window.

RAII - GUI: Step-by-step guide for the user
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1. STARTING AN EXPERIMENT:
By typing ‘RAII’ in the command line end pressing enter, a pop-up dialogue
will appear on the screen;

By pressing ‘ok’ at the start of the session of experiments, the sensor will ramp
up the voltages, according to the selected REDSEL value contained in the
RAII_NEW class. The default value of REDSEL is zero, which activates the
Blue SPADs.
If the Sensor is already ‘on’ from previous experiments, by pressing “ok” a
warning will appear in the workspace, notifying the user that the sensor is
already connected and therefore the user can proceed to the next step.

By selecting ‘n’ and then pressing ‘ok’, the sensor will safely ramp down the
voltages, and will consequently be ready to be turned off.

IMPORTANT:
At the moment is not possible to switch between Blue and Red SPADs
while the sensor is running, as they operate at different voltages. To
switch between SPADs the user has to:
-

Ramp down the voltages of the sensor;

-

Change the REDSEL value inside the RAII_NEW class;
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-

Ramp up the voltages of the sensor.

2. SELECTING THE TYPE OF ACQUISITION:
Once the sensor has been started a second dialogue will appear, allowing the
user to select the modality of acquisition. There are three choices: Single
photon Counting mode (SPC Mode), Time Correlated Single Photon Counting
(TCSPC Mode), On-Chip Histogramming (HIST Mode).

3. SPADs PROGRAMMING:
Regardless of what type of “Mode” is selected, the user will be asked whether
intends to both reprogram the SPADs and save the results of the experiment.

In order to work, the sensor has to be programmed at least once.

After that, the SPADs preserve their last configuration for the next
experiments, unless the user choses to reprogram them by writing ‘y’ in the
top dialogue box.
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When reprograming the SPADs, the user has to choose the type of SPADs
configuration. The choices available at the moment are the following:

Enable 1 every 4 SPADs (4 SPADs per pixel): This selection takes each
pixel in the detector, and among the 16 available SPADs per pixel it selects
only the best 4. Distributing them reasonably along the height and the length
of the sensor.
Enable all SPADs (16 SPADs per pixel): This selection activates all SPADs
in the detector.
Enable only the best SPADs (n SPADs per pixel):
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This selection lets the user choose how many SPADs per pixel to activate. The
algorithm orders the SPADs from the best to the worst in terms of individual
DCR. By entering one SPAD, only the best SPADs in each pixel will be
activated. By entering an ‘n’ number (i.e. ‘5’), only the ‘5’ best SPADs per each
pixel, regardless of their position in the sensor. The picture below shows that
activating more and more SPADs in the sensor, results in higher noise
introduced by the SPADs called ‘screamers’.

Enable 2 SPADs in a selected row

(2 SPADs per pixel):
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This selection lets the user choose which row of SPADs is activated in each
pixel. The algorithm will only turn on the chosen row of SPADs across the
whole sensor array.

4. SAVING:
If the user choose to save the results, a dialog will ask the user to choose
which type of data needs saving, as well as to provide further information about
the experiment, to save the results in the proper folder path.

5. SPC Mode:
After completing all the previous steps, the user is asked to specify both the
number of frames required and the exposure time for the experiment.
Moreover, when using SPC Mode, the user can choose whether to display a
plot that updates continuously or a static one, by selecting respectively ‘y’ or
‘n’ in the “Loop acquisition” box.
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By pressing ‘ok’, the sensor will be configured accordingly to the preferences
selected by the user and, after the data acquisition, a plot will appear on screen
similar to the one represented below.

The SPC plot is provided with a title that states the name of the experiment
(‘Test’ in the case above), the date, the chip number and the type of SPADs
(Blue in the example). Additional information are the number of frames, the
exposure time and the parameter of the excitation used. There are 2 graphs in
the result. The first (top plot) represent the classic photon count that is
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expected from a SPC run, relative to each pixel in the x-axis. The second
(bottom plot) is the logarithmic equivalent of the one above.
For quick access during real time data acquisitions, the ‘Save Data to
Clipboard’ button can be also used. Moreover, a sum of the intensity across
the sensor is provided which can be used to facilitate the positioning and
alignment of the sensor when moving across the focal plane.

6. TCSPC Mode:
After completing all the previous steps before section 5, the user is asked to
specify both the number of frames required and the exposure time for the
experiment. Moreover, when using TCSPC Mode, the user can choose
whether to display the plot of each frame during the acquisition, as well as
choose to introduce an internal delay by changing the value in the ‘PSTOP’
box. Doing so, will give the user a degree of freedom to move the signal around
until it reaches the optimal position.

IMPORTANT:
It is advised to avoid plotting each frame during acquisition, as choosing to do
so will results in a largely increased time of acquisition! Note that the final plots
will be displayed at the end of the experiment regardless of this choice. For
this reason the default is set to ‘n’. Nevertheless, seeing the plots can be useful
in some instances, so this option is made available to the user.
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Once pressed the ‘ok’ button, the sensor will start acquiring data. At the end
of this process three figures will appear on the screen:
Figure 1 below represents the timecodes acquired by each of the 512 pixels
for each individual frame. The ‘Timecodes’ axis is related to the laser
repetition rate (LRR) and will vary accordingly.
In the example, a LRR of 20MHz was used. The laser period (T=1/LRR →
50ns in this case) divided by the TDC resolution (50ps) will determine the limit
of the ‘Timecodes’ axis.
𝑇
50 𝑛𝑠
=
= 1000 𝑇𝑖𝑚𝑒𝑐𝑜𝑑𝑒𝑠
𝑇𝐷𝐶 𝑟𝑒𝑠 50 𝑝𝑠
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In this case a total of 10000 frames were acquired, and most of the relative
Timecodes are placed at around a value of 100 (darkest region at the bottom).
A plot of a single frame is showed above on the right, to better convey the
consistency of the timecodes in the position ‘100’.
Since each Timecode represents 50ps, it is implied in the graph that the laser
beam is hitting the sensor after 5ns (50ps * 100 Timecodes).
Another two figures are plotted at the end of the TCSPC run and are shown
below. These are two histograms built from the data represented in Figure 1
described above. Figure 2 shows a 3D view of the histogram built from 10000
acquired frames. The more events occur in a single pixel for each frame, the
higher will be the value of the events for that pixel in the histogram. As
expected the strongest activity is located at 100 Timecodes (5ns) which
represent the position of the laser beam in time. Figure 3 shows the same data
illustrated in Figure 2 as if it was looked at from above.
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7. HIST Mode:
After completing all the previous steps before section 5, the user is asked to
specify the exposure time for the experiment. Moreover, when using HIST
Mode, as per in TCSPC Mode, the user can choose to introduce an internal
delay by changing the value in the ‘PSTOP’ box.
As shown from the two pictures below, different PSTOP values change the
position of the peak. Each unit of PSTOP added, corresponds to 67ps of delay
introduced. In the case below, by adding 200 PSTOP units, the signal delayed
by 13.4ns (67ps * 200 PSTOP units). In the image below, as expected, the
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peak can be seen moving from about 20ns in the ‘Time’ axis to about 33ns
(20+13.4=33.4).

An equivalent effect can be seen when applying the delay externally with a
delay generator. In the example below, the PSTOP value stays the same,
while a 20ns delay is introduced. When delaying the signal, it is important to
notice the phenomenon of the “wraparound”. In the example below, adding
20ns to 33ns moves the peak to 53ns, which is out of the ‘Time’ axis range.
What happens in this instance is that we can see the ‘tail’ of the signal at the
far right of the plot, while the ‘head’ appears back at the start, in the far left of
the plot.

226

The biggest potential of HIST mode though, lies in the possibility to zoom-in
and out, by changing the ‘HIST_MODE’ value from 7 down to 0. Going down
the HistMode values, results in a change of time range of the window under
examination, as well as a change in the respective resolution, as described by
the table below, and showed by the four following figures.
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Another value that can be modified in the dialog, is the ‘CHAIN value’. By
selecting CHAIN=0 the sensor uses 32 bins with 10-bit per bin (+1 bit for
overflow flag) that are 50ps wide, while when using CHAIN=1 the 32 bins are
‘chained together’ in pairs of two, thus resulting in 16 bins with 20-bit per bin
of 100ps each. That means that the user is trading resolution for higher counts
in each bin.
The reason why the default option is CHAIN=1, is that it has been
demonstrated, throughout various testing, to be the more efficient for Raman
purposes. Being Raman a very faint signal compared to the fluorescence, by
“chaining together” the bins the user gets a resolution of 100ps per bin, but at
the same time it doubles the counts in each bin, while still being able to
separate the signals in time.
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Lastly, the user is asked whether to open the plot options. If ‘y’ is typed in the
user will have to select the desired additional plot. The ‘plot bin slice’ option,
will allow to choose the preferred bin position and will create a plot that shows
the spectral behaviour of the chosen time-bin; the ‘plot pixel slice’ option, will
allow to choose the preferred pixel and will create a plot that shows the
behaviour in time of the chosen spectral position.

After the user finishes setting up all these parameters, by pressing ‘ok’ the
sensor will run the experiment and then display five main figures (plus the
optional ones the user choose to include).
Figure 1 shows the 3D view of the counts of the acquired data in relation to
pixel number and the timecode. Figure 2 shows the exact same 3D dataset
after applying a simple de-noising algorithm. Figure 3 represent the same
dataset in a top view, the way it appears from above, with also the possibility
to see the respective wavelength position of each pixel (calibration needed).
Figure 4, same dataset, with wavelength rather than pixels. Figure 5, a
logarithmic view of the 3D dataset.
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