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Abstract
This thesis studies the performance of a time-resolved 16×256 complementary metal-oxidesemiconductor (CMOS) single-photon avalanche diode (SPAD) line sensor in Raman
spectroscopy applications. The spectrometer built around the sensor utilizes a 532 nm pulsed laser
with a FWHM pulse width of ~160 ps. The temporal resolution of the sensor is ~50 ps.
First, it was shown that the dominating noise source in CMOS SPAD-based Raman
spectroscopy with high-fluorescence backgrounds is not the commonly thought shot noise of the
detected events, but rather the distortion caused by the timing skew of the sensor. In addition, it
was shown that high-intensity pulsed laser excitation can provide additional improvement on the
spectral quality due to laser-induced fluorescence saturation.
The advanced performance of the studied time-resolved Raman device compared to
conventional continuous wave (CW) spectrometers was demonstrated in two traditionally
challenging chemical imaging applications. Chemical mapping of a strongly fluorescent rare earth
element (REE)-bearing rock showed that the studied Raman device can provide valuable
information on the mineralogical distributions of eudialyte and catapleiite, which are the main
carriers of REEs in the mapped rock type. Chemical imaging of human teeth demonstrated that the
time-resolved Raman device can separate the different tooth tissue types based on their Raman
signatures with the help of a simple unsupervised machine learning algorithm. The spectra
recorded with the time-resolved Raman setup had 4.4–8.8 times greater signal-to-peak-to-peaknoise ratio values than the spectra recorded with a CW Raman spectrometer.
It was also shown that the time-resolved Raman device can derive the location of target
samples both during normal Raman radar and Raman depth-profiling operations. The variability
of the offset-corrected distance derivation error in the Raman radar measurements was measured
to be ±2.50 cm at distances varying from 15 cm to 40 cm. The variability of the offset-corrected
depth derivation error in depth-profiling of a firm semitransparent jelly medium with the
traditional time gate sweeping technique was measured to be ±4.3 mm at depths varying from 20
mm to 90 mm. The depth-profiling operation was also demonstrated with a more novel and rapid
single-burst method, which was used to profile ~10 cm deep liquid samples.

Keywords: chemical imaging, CMOS SPAD, Raman depth-profiling, Raman radars,
TCSPC, Time-resolved Raman spectroscopy

Kekkonen, Jere, Yksittäisiä fotoneita havaitsevan CMOS-teknologiaan
pohjautuvan viivasensorin suorituskyky Raman-spektroskopian sovelluksissa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
Acta Univ. Oul. C 782, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Tämä työ tutkii CMOS-prosessissa valmistetun aikaerotteisesti yksittäisiä fotoneita havaitsevan
viivasensorin, joka koostuu 16×256 valodiodimatriisista, suorituskykyä Raman-spektroskopian
sovelluksissa. Sensorin ympärille rakennettu spektrometri hyödyntää 532 nm pulssilaseria, jonka pulssin puoliarvonleveys on ~160 ps. Sensorin temporaalinen resoluutio on ~50 ps.
Ensimmäisenä osoitettiin, että dominoiva kohinan lähde voimakkaasti fluoresoivien näytteiden spektreissä ei olekaan yleisesti ajateltu havaittujen fotonien raekohina vaan viivasensorin
aikapoikkeamasta aiheutuva spektrin säröytyminen. Lisäksi osoitettiin, että korkean intensiteetin pulssilaserheräte pystyy tarjoamaan lisäparannusta spektrien laatuun johtuen laservalon
indusoimasta fluoresenssisaturaatiosta.
Tutkitun Raman-laitteiston parempi suorituskyky verrattuna perinteisiin jatkuva-aikaisiin
Raman-spektrometreihin osoitettiin kahdessa haastavassa kemiallisen kuvantamisen sovelluksessa. Voimakkaasti fluoresoivan harvinaisia maametalleja sisältävän kivinäytteen kemiallinen
kartoitus osoitti, että tutkittu Raman-laite kykenee tarjoamaan arvokasta tietoa eudialiitin ja
katapleiitin, jotka ovat harvinaisten maametallien pääkantajia tutkitussa kivityypissä, mineralogisesta jakautumisesta tutkitussa näytteessä. Poistettujen ihmishampaiden kemiallinen kuvantaminen osoitti, että tutkittu Raman-laite pystyy yksinkertaisen koneoppimisen algoritmin avulla
erottelemaan eri hammaskudostyypit niiden Raman-signatuurien perusteella. Raman-spektrien
signaali-huipusta-huippuun-kohinasuhde oli 4.4–8.8 kertaa parempi tukitulla aikaerotteisella
Raman-laitteella kuin jatkuva-aikaisella verrokki Raman-spektrometrillä.
Työssä osoitettiin myös, että tutkittu Raman-laitteisto pystyy määrittämään kohteiden paikan
niin normaalissa Raman-tutkaamisessa kuin Raman-syvyysprofiloinnissakin. Vinoumakorjattu
etäisyyden määrittämisen virheen vaihteluväli Raman-tutkaamisessa mitattiin olevan ±2,50 cm
etäisyysvälillä 15–40 cm. Vinoumakorjattu syvyyden määrittämisen virheen vaihteluväli puoliläpinäkyvän kiinteän hyytelön syvyysprofiloinnissa mitattiin olevan perinteisellä aikaportin pyyhkäisymenetelmällä ±4.3 mm syvyysvälillä 20–90 mm. Noin 10 cm syvien nestenäytteiden
Raman-syvyysprofilointia demonstroitiin myös uudemmalla ja nopeammalla ainoastaan yhtä
laserpursketta käyttävällä menetelmällä.

Asiasanat: aikaerotteinen Raman-spektroskopia, CMOS SPAD,
kuvantaminen, Raman-syvyysprofilointi, Raman-tutkat, TCSPC

kemiallinen
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Abbreviations and symbols
2D
3D
a.u.
APD
ASIC
CDD
CH2
CMOS
CW
DEJ
DLL
e.g.
etc.
FPGA
FWHM
i.e.
IRF
LIBS
LSB
MCP-PMT
NA
ND filter
PO4
REE
RMS
SDR
SiPM
SNR
SNRpp
SORS
SPAD
TCSPC
TDC
TiO2
ToA

two-dimensional
three-dimensional
arbitrary unit
avalanche photo diode
application-specific integrated circuit
charge-coupled device
methylene
complementary metal-oxide-semiconductor
continuous wave
dentino-enamel junction
delay-locked loop
exempli gratia
et cetera
field-programmable gate array
full width at half maximum
id est
instrument response function
laser-induced breakdown spectroscopy
least significant bit
microchannel plate-based photomultiplier tube
numerical aperture
neutral density filter
phosphate
rare-earth element
root mean square
signal to root mean square distortion ratio
silicon photomultiplier
signal-to-noise ratio
signal-to-peak-to-peak-noise ratio
spatially offset Raman spectroscopy
single-photon avalanche photo diode
time-correlated single-photon counting
time-to-digital converter
titanium dioxide
time-of-arrival
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ToF
vol%
c
E
h
I
IAV
l
n
N
NB
NF
NR
t
Tclk
v
VBD
Vcathode
+VCC
−VDC_BIAS
VLOAD
VON
α
Δ
λ
1/λ
ν
σBL
ϕ
ø
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time-of-flight
percentage by volume
speed of light
energy
Planck’s constant
intensity, or alternatively electrical current
avalanche current
laser power
refractive index
number of photons
number of background photons
number of fluorescence emitted photons
number of Raman scattered photons
time
clock period
speed of light in a medium
breakdown voltage
cathode voltage of a SPAD
voltage at common collector, i.e. positive supply voltage
negative DC bias of a SPAD
controlling voltage of a transistor, which loads a SPAD to
photon detection mode
controlling voltage of a transistor, which keeps a SPAD
inactive
polarizability of the electrons in a molecule
change or difference
wavelength
wavenumber
optical frequency
baseline-corrected standard deviation
fluorescence-to-Raman ratio of a sample
diameter
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1

Introduction

1.1

Background

Raman spectroscopy is a powerful analytical optical tool that can quantitively and
nondestructively resolve the molecular composition of a sample. Raman
spectroscopy is based on an inelastic scattering process where incoming photons
from a narrow-linewidth laser get shifted from their original wavelength in the
interactions with the molecular vibrations in a target sample (Raman & Krishnan,
1928; Smith & Dent, 2019). The wavelength shifts are unique for each of the
molecular species in a sample and the so-called chemical fingerprint (i.e. Raman
spectrum) of the sample can be obtained by recording the intensity distribution of
Raman scattered photons as a function of the wavelength shift. A common method
to record the Raman spectrum is to disperse the wavelength content of the Raman
scattered photons with a spectrograph and to measure the intensity of the different
wavelength bands by employing a spatially sensitive detector such as a chargecoupled device (CCD) array as demonstrated in Fig. 1.

Fig. 1. An example of a conventional dispersive Raman spectrometer based on a
diffraction grating spectrograph and CCD detector.

The main advantages of Raman spectroscopy over some other optical spectroscopy
techniques, like the infrared and near-infrared spectroscopies, are that Raman
spectroscopy needs minimal sample preparation, the Raman interference of water
is relatively weak and it can be used to measure samples in all physical states of
matter (Smith & Dent, 2019). Therefore, Raman spectroscopy has already shown
17

its strength in many fields such as forensic, planetary, agricultural, food, biomedical
and pharmaceutical sciences, just to name a few (Al-Hetlani, Halámková, Amin, &
Lednev, 2020; Blacksberg, Alerstam, Cochrane, Maruyama, & Farmer, 2020;
Ewing & Kazarian, 2018; Izake, 2010; Kong, Kendall, Stone, & Notingher, 2015;
Yang & Ying, 2011). Despite the many advantages, Raman spectroscopy also has
its limitations that have hampered the widespread usage of this promising tool. The
main challenge has been the laser-induced fluorescence background of samples that
can in some cases partly or even totally mask the faint Raman signal.
One very promising and effective method to suppress the unpleasant
fluorescence background is based on the time response difference between Raman
scattering and fluorescence emission. The fluorescence emission decays with a
typical lifetime close to 10 ns, whereas the Raman scattering is an instantaneous
process (Lakowizc, 2006; Smith & Dent, 2019). Therefore, by using a narrowlinewidth pulsed laser and a time-gated detector, instead of the traditional
continuous wave (CW) laser and continuous-time detector, the photons from a
sample can be collected only simultaneously with the laser pulses resulting in an
effective rejection of the fluorescence and other background photons. The highfluorescence suppression allows the time-gated spectrometers to utilize visible
range excitation providing enhanced Raman intensity compared to near-infrared
lasers.
Pulsed lasers and time-gated detectors have not only made it possible to
measure more challenging highly fluorescent samples, but have also enabled new
kinds of Raman applications such as the so-called Raman radar (also known as
stand-off Raman and remote Raman) and Raman depth-profiling operations (Inaba
& Kobayasi, 1969; Matousek, Everall, Towrie, & Parker, 2005). The basic
operating principle in both modern time-gated Raman radar and Raman depthprofiling operations is the same. The idea is to select the probed distance or depth
by delaying the time gate opening (i.e. the moment when the detector is set to
collect photons) relative to the laser pulse, as illustrated in Fig. 2 which shows a
conceptual example of Raman radar operation. The opening of the time gate is
controlled by the trigger signal derived from the pulsed laser. The trigger signal is
delayed by using an additional delay unit to enable the collection of the
backscattered Raman photons (red pulse in Fig. 2) only from the target
distance/depth. If the probed distance/depth is unknown, the time-of-flight (ToF)
of the Raman photons from the target sample must be resolved in order to derive
the spectrum and the distance of the sample. A conventional method to resolve the
ToF of the Raman photons from the target sample is to sweep the time gate in the
18

time domain by incrementing the delay of the trigger signal by a chosen time step
to gain probing/scanning functionality. The problem with the time gate sweeping
technique is that it needs a new burst of laser pulses at every time step to derive the
spectral data leading to long measurement times. The main differences between the
Raman radar and Raman depth-profiling operations are the different measurement
ranges (meters in radar operation vs. milli- to centimeters in depth-profiling
operation) and the different media (air in radar operation vs. various media in depthprofiling operation).

Fig. 2. Conceptual block and timing diagrams of a Raman radar based on time-gated
intensified CCD detector.

Time-gated detectors have been implemented by utilizing time-gated intensified
CCDs and optical Kerr gates with detectors, for example (Martyshkin, Ahuja,
Kudriavtsev, & Mirov, 2004; Matousek et al., 2001). The main drawback of time
gating techniques has been that they need additional delay and time gating units
that make the spectrometer setups complex, bulky, unstable and expensive, which
have restricted their usage mainly into specialized research laboratories. A recently
proposed solution for these restricting challenges is to use time-resolved singlephoton avalanche diodes (SPADs) fabricated in standard complementary-metaloxide-semiconductor (CMOS) technology as the detector of a compact
fluorescence-suppressed Raman spectrometer (Blacksberg, Maruyama, Charbon &
Rossman 2011; Nissinen et al., 2011). CMOS SPAD sensors can digitally detect
even single photons with timing precision of ~50–100 ps and thus, record the timeof-arrival (ToA) information of the detected photons enabling the realization of
high-resolution time-resolved Raman spectrometer which simultaneously
measures both the spectral (line sensors) and the temporal distributions of the
Raman scattered photons. The detection probability of a Raman scattered photon
per a laser pulse is typically just a few per cent, or even less, meaning that the basic
operating principle in time-resolved CMOS SPAD-based Raman spectroscopy is
19

the same as in any other time-correlated single-photon counting (TCSPC)
measurement.
The main advantage of modern CMOS SPAD sensors is that all the necessary
TCSPC electronics can be integrated into a single application-specific integrated
circuit (ASIC) with the SPAD-array itself, reducing markedly both the size and
complexity of the whole Raman spectrometer setup (Erdogan et al., 2019; Nissinen,
Nissinen, Keränen, Stoppa, & Kostamovaara, 2018; Ulku et al., 2019). Another
benefit is that a time-resolved CMOS SPAD-based Raman spectrometer can be
used in normal time-gated operation with the advantageous possibility to modify
the time gate width to be appropriate for different kinds of samples still in the data
post-processing phase (Nissinen, Nissinen, Keränen, & Kostamovaara, 2017).
CMOS technology could also enable to integrate the time gate sweeping
functionality, which is needed for realizing the probing/scanning functionality in
Raman radar and Raman depth-profiling operations, into the sensor chip to avoid
using the off-chip delay units. Furthermore, the relatively accurate and highresolution time-resolving capability of CMOS SPAD sensors with wide enough
integrated temporal range would make it possible to achieve the probing/scanning
functionality without the need to sweep the time gate in the time domain. This
would markedly speed up the Raman radar and depth-profiling measurements
because now only a single burst of laser pulses, instead of multiple delay values
and laser bursts that are needed in time gate sweeping, would be enough to derive
both the spectral and temporal distributions of the Raman scattered photons. The
accurate and high-resolution temporal data could also be utilized to derive the
actual distance/depth of the target sample based on the recorded ToA information
of the Raman scattered photons.
Time-resolved CMOS SPAD line sensors have their downsides, too. Perhaps
the main limitation of CMOS SPAD line sensors when measuring highly
fluorescent samples is the so-called timing skew of the sensor. The timing skew
means that the start and end points of the time gate vary along with the spectral
range due to timing mismatches between SPAD pixels in the line sensors caused by
the unavoidable component variations and parasitic elements in the CMOS
manufacturing process. The timing skew leads to a sampling time error, which
consequently results in distortion of the measured Raman spectra (Nissinen et al.,
2018). Even though the timing skew has been well recognized since the early stage
of the development of time-resolved CMOS SPAD line sensors, its role on the
overall spectral quality of the recorder Raman spectra has not yet been extensively
studied. Besides timing skew, also the effects of other fundamental issues, like the
20

excitation intensity, recording time and fluorescence-to-Raman ratio of a sample,
on the overall spectral quality in time-resolved CMOS SPAD-based Raman
spectroscopy are yet to be studied in detail.
1.2

Objectives and scope

The main aim of this research work is to study the performance of a time-resolved
CMOS SPAD line sensor in Raman spectroscopy applications. The sensor has
16×256 SPAD pixels and an integrated 256-channel (one channel per SPAD column,
i.e. per spectral point) 3-bit on-chip time-to-digital converter (TDC) to enable
simultaneous measurement of both spectral and temporal distributions of the
Raman scattered photons (Nissinen et al., 2018). The temporal resolution of the
sensor can be adjusted from ~50 ps to ~200 ps and the integrated temporal
measurement range varies from 300 ps to 1200 ps depending on the selected
temporal resolution. The wavenumber resolution of the sensor is ~6 cm−1.
The first objective (Paper I) is to investigate the key issues affecting the overall
spectral quality in CMOS SPAD line sensor-based Raman spectroscopy. In addition
to the traditionally used SNR, a new more extensive quantity to describe the overall
spectral quality is introduced in this work. This new quantity does not only consider
the shot noise of the detected events but also the other issues affecting the spectral
quality, such as the timing skew of the sensor. The spectral quality is studied as a
function of excitation intensity, recording time and the fluorescence-to-Raman ratio
of the measured sample.
The second objective (Papers II and III) is to demonstrate the capability of the
sensor to effectively suppress the problematic fluorescence background and
consequently increase the spectral quality in two traditionally challenging Raman
imaging applications. The demonstrated applications are chemical imaging of rare
earth element (REE)-bearing rock sample and chemical imaging of extracted
human teeth. The samples in both applications are also measured by using a
conventional CW Raman spectrometer for comparison. Both the REE-bearing rock
sample and human teeth are considered demanding samples for Raman
spectroscopy due to their high-fluorescence background.
The third objective (Papers IV–VI) is to investigate the performance of the
sensor both in Raman radar and Raman depth-profiling operations. The scanning
functionality in Raman radar operation is demonstrated by employing an off-chip
digital delay unit to enlarge the limited integrated temporal measurement range of
the sensor. The Raman depth-profiling operation is implemented both by using the
21

traditional time gate sweeping technique and the more novel and rapid single-burst
method. The accurate time gate sweeping needed in the first-mentioned technique
is realized by utilizing a low-jitter steplessly adjustable coaxial delay unit. The
single-burst operation is introduced by configuring the temporal resolution of the
sensor to ~200 ps in order to obtain the maximum temporal range of 1200 ps. The
goal in both Raman radar and Raman depth-profiling measurements is to also
derive the actual distance/depth of the target samples based on the recorded ToA
information of the Raman scattered photons.
1.3

Structure of the thesis

This thesis, which is a summary of the original Papers I–VI, describes the testing
of a time-resolved 16×256 CMOS SPAD line sensor with an integrated 256-channel
3-bit on-chip TDC in Raman spectroscopy applications.
The brief literature review in section 2 first presents the basic theory behind
Raman spectroscopy together with the principles of time-resolved CMOS SPADbased Raman spectroscopy. The latter part of section 2 concentrates on presenting
the concepts of Raman radar and Raman depth-profiling operations. At the end of
section 2, a short summary is given of the main design issues that must be
considered when designing a high-performance multifunctioning time-resolved
Raman spectrometer targeted for demanding high-fluorescence Raman
measurement and for Raman radar and Raman depth-profiling applications.
The tested Raman spectrometer setup based on the time-resolved 16×256
CMOS SPAD line sensor is presented in section 3. The line sensor can measure the
temporal profiles of backscattered photons from a sample simultaneously at 256
spectral points with picosecond-scale resolution. The time-resolving capability of
the sensor can be utilized to achieve, for example, effective fluorescence
suppression and accurate Raman radar and Raman depth-profiling operations.
The test principles and main measurement results of the original papers are
presented in section 4. The first subsection of section 4 shows how the quality of
the spectra measured by the tested Raman spectrometer setup behave as a function
of several parameters, such as recording time and average excitation intensity. The
second subsection shows the advanced performance of the spectrometer setup in
two traditionally challenging chemical imaging applications. The last two
subsections demonstrate the performance of the spectrometer setup in Raman radar
and Raman depth-profiling operations.
22

Section 5 contains the discussion of the work and also gives some
recommendations for future research. A summary of the thesis is given in section
6.

23

24

2

Theoretical foundation

2.1

Basic theory of Raman spectroscopy

The most fundamental light-matter interaction processes from the viewpoint of
vibrational spectroscopy, including infrared, near-infrared and Raman
spectroscopies, are the absorption and scattering of incident photons. For a photon
to be absorbed by a molecule, the energy of the photon must be exactly the same
as the energy gap between two molecular states (i.e. vibrational states of an
electronic state). When this is true, the photon can excite the molecule from its
current vibrational state to a higher vibrational state by provoking nuclear motion,
i.e. molecular vibration. A scattering process, on the other hand, does not require
the energy of an incident photon to match with the difference between two energy
levels in a molecule. The most dominant scattering process is the elastic scattering
in which the scattered photons have the same frequency as the incident photons. A
small fraction (one in every 106–108) of scattered photons have a different
frequency than the incident photons due to an inelastic scattering process. This
inelastic scattering process is called Raman scattering after its experimental
discoverer Sir C. V. Raman who observed this phenomenon in 1928 with his
colleague K.S. Krishnan (Raman & Krishnan, 1928).
As is generally known, the energy of a photon is linearly related to the
frequency, or wavelength, of the photon (E = hν and E = hc/λ). Consequently, there
is no energy exchange between light and matter in the dominant elastic scattering
process, which is known as Rayleigh scattering in the case of molecules, since the
frequency of the incident and scattered photons is the same. In Rayleigh scattering,
the electron cloud around the nuclei of the molecule is distorted, i.e. polarized, by
the incident photons causing the formation of so-called virtual energy states (not
real molecular states) (Smith & Dent, 2019). These virtual energy states are
unstable and very short-lived meaning that the photons are almost instantaneously
reradiated as the electron cloud returns to its starting state (Smith & Dent, 2019).
In Raman scattering, the frequency of the scattered photons can be either higher or
lower than the frequency of the incident photons and thus, there is an energy
exchange between light and matter. The energy exchange occurs because, instead
of only distorting the electron cloud, also nuclear motion is induced during the
scattering process (Smith & Dent, 2019).
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Fig. 3 shows the basic energy diagram of the different scattering processes as
well as the energy diagram of infrared absorption and fluorescence emission
processes. As mentioned above, the frequency of Raman scattered photons can be
either higher or lower than the frequency of the incident light meaning that energy
can be either transferred from the light to the matter or vice versa. When a molecule
absorbs energy from the incident photon, the molecule is excited from a lower
vibrational state via a virtual state to a higher vibrational state in an instantaneous
scattering process known as Stokes Raman scattering (red-shifted scattering)
(Smith & Dent, 2019). If the molecule relaxes in the scattering process from a
higher vibrational state via virtual state to a lower vibrational state, energy is
transferred from the molecule to the incident photon (Smith & Dent, 2019). This is
called anti-Stokes Raman scattering (blue-shifted scattering). The molecule must
be initially in a higher vibrational state for anti-Stokes Raman scattering to occur
and thus, its probability is even lower than the probability of Stokes scattering since
most of the molecules are in the lowest vibrational state at room temperature (Smith
& Dent, 2019). In Rayleigh scattering, which is by far the most probable one of the
scattering processes, the molecule ends up via a virtual state in the same vibrational
state as it was before the scattering process (no energy exchange or frequency shift)
(Smith & Dent, 2019). Usually, the wavelengths equal or shorter than the excitation
wavelength are filtered out in Raman spectroscopy meaning that only the Stokes
side of the spectrum is recorded.

Fig. 3. Basic energy diagram of infrared absorption, Rayleigh scattering, Stokes Raman
scattering, anti-Stokes Raman scattering and fluorescence emission processes.
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Every molecule has its own unique set of molecular vibrational modes. In
conventional Raman spectroscopy, this is utilized by illuminating the sample with
a high power narrow-linewidth CW laser operating in the ultraviolet, visible or
infrared region of the electromagnetic spectrum and by recording the wavelength
content of the Raman scattered photons (i.e. Raman spectrum) (Smith & Dent,
2019). The wavelength shifts between the excitation light and Raman scattered
photons provides information on the energy of the different vibrational modes in
the target sample and thus, the Raman spectrum can be used to resolve the
molecular content of the sample (Smith & Dent, 2019). These wavelength shifts
are usually quite definite forming characteristic sharp peaks in the recorded Raman
spectrum that are known as Raman peaks. The intensities of the Raman peaks are
proportional to the concentrations of the different molecular vibrational modes in
the sample making the Raman spectroscopy also a powerful quantitative tool
(Smith & Dent, 2019). Due to its high molecular specificity, the Raman spectrum
is often referred to as the “chemical fingerprint” of a substance. Fig. 4 shows an
example of a Raman spectrum. The spectrum is from olive oil and notes have been
added to the spectrum to show the vibrational modes of the major Raman peaks in
the wavenumber range of 700–1800 cm−1 that are used to analyze the fat content in
cooking oils for authentication purposes (Baeten, Hourant, Morales, & Aparicio,
1998).

Fig. 4. Raman spectrum of olive oil. The spectrum is shown with notes on the vibrational
modes of the major Raman peaks that are used to analyse the fat content in cooking
oils.
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A Raman spectrum of a sample can be obtained by dispersing the wavelength
content of the Raman scattered photons with a spectrograph and by measuring the
intensity of the different wavelength bands by employing a spatially sensitive
detector, such as a CCD array. Since we are only interested in energy changes and
the Raman shifts are independent of the incident photon energy, it is a common
practice in the field to plot the distribution of the Raman scattered photons as a
function of wavenumber shift (1/λ [cm−1]) even though wavenumbers are not
recommended SI units (Smith & Dent, 2019). The use of wavenumber shifts makes
it easy and simple to compare Raman spectra measured by using different laser
sources operating in the different regions of the electromagnetic spectrum.
The main advantages of the Raman spectroscopy over some other optical
spectroscopy tools, such as infrared, near-infrared and fluorescence spectroscopies,
are that it offers quantitative and highly specific molecular data with minimal and
flexible sample preparation. For example, Raman spectroscopy can be used to
measure samples in all physical states of matter and the Raman interface of water
is relatively weak, making the analysis of aqueous solutions simple and easy (Smith
& Dent, 2019). Therefore, it does not come as a surprise that the Raman
spectroscopy has already shown its strength in many fields, such as forensic,
planetary, agricultural, food, biomedical and pharmaceutical sciences, just to name
a few (Al-Hetlani et al., 2020; Blacksberg et al., 2020; Ewing & Kazarian, 2018;
Izake, 2010; Kong et al., 2015; Krafft & Sergo, 2006; Yang & Ying, 2011).
Despite the many advantages, Raman spectroscopy has its own limitations that
have hampered the widespread usage of this promising tool. The first problem is
the faint nature of Raman scattering, which in itself is not a huge issue anymore,
thanks to today’s powerful lasers and microscope systems that can deliver very high
power densities. The concern, however, with high power densities is the possible
sample degradation. Nonetheless, the main challenge of Raman spectroscopy till
today has been the laser-induced fluorescence emission of certain samples like
biological and mineral specimens (Gaft, Reisfeld, & Panczer, 2015; Krafft & Sergo,
2006).
Fluorescence emission is typically broadband and Stokes shifted (i.e. redshifted), as can be observed from the energy diagram in Fig. 3, meaning that it
covers the same wavelength region where the Raman scattering occurs, as depicted
in Fig. 5. Fluorescence emission does not provide as detailed information on the
molecular composition of a sample as Raman scattering does and therefore,
fluorescence emission can be considered as a competing phenomenon for Raman
scattering in Raman spectroscopy. The high-intensity fluorescence emission can
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mask partly, or in some cases even totally, the much weaker Raman signal,
drastically decreasing the SNR of Raman measurements. To compensate the poor
SNR, longer recording times (signal averaging) are needed, which obviously
decreases the practicality of Raman spectroscopy in some otherwise potential
applications. One important application area of Raman spectroscopy that is
especially vulnerable to long recording times is the chemical imaging of samples.
Chemical images may consist of thousands of pixels, each of them requiring their
own Raman spectrum, meaning that a relatively short recording time is an absolute
prerequisite for the imaging applications.

Fig. 5. Wavelength distribution of an excitation laser pulse, fluorescence emitted
photons and Raman scattered photons (Redrawn from Nissinen et al., 2018).

A traditional and still commonly used method to reduce the unpleasant fluorescence
background is to utilize longer excitation wavelengths in the near-infrared region
of the electromagnetic spectrum (Smith & Dent, 2019). The problem with the
longer excitation wavelengths is that also the already faint Raman signal weakens
to the fourth power of the wavelength due to the inverse-fourth-power law (light
scattering theory) of
𝐼

𝐾𝑙𝛼 𝜆 ,

(1)

where K is a sample-dependent constant (consists of multiple independent
constants), l is the power of the laser, λ is the excitation wavelength and α is the
polarizability of the electrons in the molecule studied (Mie, 1908; Smith & Dent,
2019). Hence, the SNR tends to stay low, especially when highly fluorescent
samples are measured, and long recording times are still needed to capture clear
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Raman spectra. Another simple and widely employed procedure to suppress the
fluorescence background is to photobleach the samples before the actual recording
of the spectral data from a few minutes to even several hours but the obvious
downside of this procedure is its time-consuming nature (Shea & Morris, 2002;
Zięba-Palus & Michalska, 2014). In addition, photobleaching works only for
certain samples and it may cause chemical and physical changes in the studied
samples, which further restrict the use of this technique. Besides these two
examples, also other techniques, such as phase modulation, shifted excitation and
mathematical algorithms, to suppress the unpleasant fluorescence background have
been developed. An extensive review of fluorescence suppression methods is given
by Wei et al. (2015).
One promising method tackles the fluorescence problem by exploiting the time
response difference between Raman scattering and fluorescence emission. Raman
scattering is an instantaneous process, and thus the distribution of Raman scattered
photons follows the shape of the excitation laser pulse, as shown below in Fig. 6(a).
The fluorescence process, in turn, consists of two separate one-photon events:
absorption of a photon followed by emission of a photon, as was shown above in
the energy diagram of Fig. 3. The time constant of fluorescence decay is relatively
long, typical around 10 ns (Lakowizc, 2006), as can be observed from Fig. 6(a).
The time response difference between these two phenomena can be utilized to
suppress the problematic fluorescence by using a short-pulsed laser and time-gated
detector instead of a conventional CW laser and continuous-time detector (Van
Duyne et al., 1974). By enabling the detector to collect the backscattered photons
from the sample only during the laser pulses, most of the fluorescence, and other
background, photons can be rejected without weakening the already faint Raman
signal, as depicted in Fig. 6(a).
The fundamental assembly of time-gated Raman spectrometers is the same as
with conventional CW spectrometers. The difference comes from that the
synchronous operation in time gating requires a trigger signal to be derived from
the laser and delivered to the detector coupled with a time gating unit in order to
enable the detector to collect photons at the right time, as shown in the conceptual
block and timing diagrams in Fig. 6(b). The achieved fluorescence suppression is
approximately proportional to the ratio between the time gate width and the
fluorescence lifetime of the sample (Van Duyne et al., 1974). Therefore, the widths
of the time gate and laser pulse should be in the sub-nanosecond range to obtain
considerable fluorescence rejection (factor of 10 or more) with samples having
nanosecond-scale fluorescence lifetimes. This sets some performance requirements
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for the measurement equipment, which, as usual, increase the complexity of the
equipment. Time-gated detectors have been implemented by means of techniques
such as ultra-fast gated intensified CCD detectors and optical Kerr gates with
detectors (Martyshkin et al., 2004; Matousek et al., 2001). The drawbacks of these
sophisticated techniques have been their high complexity, costs and non-portability
(bulkiness) that have anchored their usage mainly into specialized research
laboratories and thus, hindered the widespread usage of time gating techniques.

Fig. 6. (a) Temporal profile of an excitation laser pulse, fluorescence emitted photons
and Raman scattered photons and principle of fluorescence and background
suppression by means of time gating. (b) Conceptual block and timing diagrams of a
time-gated Raman spectrometer. The delay between the trigger signal and time gate
opening is adjusted so that the electrical delays match with the optical delays of the
system (Fig. 6(a) reprinted [adapted] under CC BY 4.0 license from Paper I © 2020
Authors).
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2.2

Time-resolved CMOS SPAD-based Raman spectroscopy

A recently proposed solution for the restricting challenges of time-gated Raman
spectrometers is to implement the detector by using time-gated SPADs fabricated
in standard CMOS technology (Blacksberg et al., 2011; Li & Deen, 2014; Krstajić
et al., 2014; Nissinen et al., 2011). The probability of Raman scattering is extremely
low, which makes CMOS SPAD sensors a suitable solution for Raman
spectroscopy since even a single photon can cause detectable current through a
SPAD. By using a sensing element, the rapidly rising current can be converted to a
digital signal that stamps the ToA of the incident photon with a timing precession
of ~50–100 ps. The capability of CMOS SPAD sensors to record the ToA
information of the detected photons enables the realization of a high-resolution
time-resolved Raman spectrometer that can simultaneously measure both the
spectral and temporal distributions of the Raman scattered photons. The main
advantage of CMOS SPAD sensors is that all the electronics needed for the timeresolved operation can be integrated into a single ASIC die with the SPAD-array
itself, which significantly reduces both the size and complexity of the whole
spectrometer setup (Erdogan et al., 2019; Nissinen et al., 2018; Ulku et al., 2019).
Time-resolved CMOS SPAD sensor can also be used in normal time-gated mode
to provide fluorescence and background suppression with the advantageous
possibility to modify the time gate width to be appropriate for different kinds of
samples with various fluorescence characteristics still in the data post-processing
phase.
2.2.1 Operating principle of time-resolved CMOS SPAD sensors
Figs. 7(a)–(c) show a simplified cross-section of a SPAD and the principle of
avalanche multiplication process of charge carries, diagram symbol of SPADs and
the basic current-voltage curve of a diode, respectively. SPADs, as a special case
of avalanche photodiodes (APDs), are basically p-n junctions that are reverse
biased above their breakdown voltage (VBD in Fig. 7(c)) (Antognetti, Cova, &
Longoni, 1975). The main diversity between a regular APD and a SPAD is the
different bias voltage that has a fundamental effect on the operation of a photodiode.
While the SPADs are reverse biased well above the breakdown voltage, normal
APDs are reverse biased below the breakdown voltage, as shown in Fig. 7(c). The
principle of detecting light, however, is basically the same both in normal APDs
and SPADs. A photogenerated charge carrier in the depletion region of the junction
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produces new charge carries via impact ionization causing a chain reaction, as
shown in Fig. 7(a). This multiplication of charge carries causes the so-called
avalanche current (IAV in Fig. 7). Because of the higher reverse bias voltage (i.e.
higher electric field over the depletion region), the avalanche multiplication of
charge carries is self-sustainable (diverging) only in SPADs but not in the regular
ADPs in which the multiplication of charge carriers will immediately terminate
when the flux of incident photons ends (non-diverging linear multiplication/gain)
(Groce, 1967; Zappa, Tisa, Tosi, & Cova, 2007). The self-sustainable avalanche
reaction (the “infinity gain”) in SPADs is what enables the detection of single
photons since only a single photon is enough to produce a detectable current
through a SPAD. SPADs are an analogy of Geiger counters, which is why SPADs
are often said to operate in Geiger mode.

Fig. 7. (a) Simplified cross-section of a SPAD and the principle of the avalanche
multiplication of charge carries. (b) Diagram symbol of SPADs. (c) Current-voltage
curve of a diode and operation regions of APDs and SPADs.

When the avalanche multiplication of charge carriers initiates, the avalanche
current through a SPAD rises rapidly to a detectable level. If the avalanche reaction
originated from a photo-generated carrier, the ascending edge of the breakdown
current will stamp the detection time of the photon with picosecond-scale timing
precision (Cova, Lacaita, Ghioni, Ripamonti, & Louis, 1989). The current
continues to flow through a SPAD until the reverse bias voltage is lowered below
the breakdown voltage. This so-called quenching of the SPADs can be done either
by using a passive or active quenching circuit (Cova, Ghioni, Lacaita, Samori, &
Zappa, 1996). In the passive quenching, the voltage is lowered by simply
developing a voltage drop with a high impedance load connected in series with the
SPAD. Active quenching, on the other hand, utilizes controlled bias voltage sources
that are used to force the quenching of the SPADs. The advantage of the active
quenching is the speed (shorter dead time), but the cost is the higher complexity
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compared to the passive alternative. After the quenching, the SPADs must be again
biased above their breakdown voltage to restart the operating cycle and to enable
the detection of subsequent photons.
Figs. 8(a) and 8(b) show an example of an actively quenched SPAD pixel and
its timing diagram for a single operating cycle, respectively (Kostamovaara et al.,
2013). The operation of the pixel circuit is synchronized with the pulsed excitation
laser. The operation of the SPAD is controlled with the transistors M1 and M2 that
act like switches here. The SPAD is held inactive between laser pulses by keeping
the transistor M1 on with the signal VON (logic high). M1 is switched off before the
photons arriving from the sample by the falling edge of the signal VON in order to
float the cathode voltage of the SPAD (VCATHODE in Fig. 8). M2 transistor is turned
on with the short low-active pulse VLOAD just before the arriving photons to bias the
cathode of the SPAD above the breakdown voltage (+Vcc − (−VDC_BIAS) > VBD).
After the rising edge of VLOAD, the SPAD is set to Geiger mode and it is ready to
detect photons. The falling edges of VON, VLOAD and VOUT are controlled with a
trigger signal derived from the pulsed laser to synchronize the detection window
with the photons arriving from the sample. Detection of a photon induces the
breakdown current through the SPAD, which then resets the cathode voltage. The
inverter is used as a sensing element to produce the logic level output pulse at VOUT.
The rising edge of the output pulse marks the detection time of an incident photon
and thus, the width of the output pulse defines the ToA of the detected photon
relative to the laser pulse. The operating cycle of the circuit is restarted by actively
quenching the SPAD by the rising edge of the signal VON.
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Fig. 8. (a) Example of an actively quenched SPAD pixel and (b) its timing diagram for
one operating cycle. The operation of the pixel circuit is synchronized with a pulsed
laser (Redrawn from Kostamovaara et al., 2013).

The capability of CMOS SPAD circuits to resolve the ToA of the detected photons
relative to a laser pulse can be utilized in TCSPC applications, such as fluorescence
lifetime imaging (FLIM), 3D range imaging and time-resolved Raman
spectroscopy (Nissinen et al., 2018; Ruokamo, Hallman, & Kostamovaara, 2019;
Ulku et al., 2019; Zhang et al., 2019). As the name suggests, the basic idea in
TCSPC is to precisely measure the ToAs of single photons relative to a periodic
excitation light source, such as a pulsed laser (O'Connor & Phillips, 1984). The
photon detection probability per excitation cycle in TCSPC must be markedly less
than one (~1 to 5 photon counts per 100 excitation cycles) in order to exploit the
single-photon statistics and to avoid the so-called pile-up distortion (O'Connor &
Phillips, 1984). The fundamental goal in TCSPC is to reconstruct the optical
waveform of interest. For example, in time-resolved Raman spectroscopy, the aim
is to reconstruct the waveform of Raman scattered and, in some cases, fluorescence
emitted photons. The principle of how this is done is depicted in Fig. 9. The
detection of a photon is registered in a memory location, which is called a time bin,
based on its measured ToA. After several thousand excitation pulses, the registered
photon counts start to form the histogram shown in the lower part of Fig. 9. As can
be seen, the histogram replicates the waveform of Raman scattered and
fluorescence emitted photons.
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Fig. 9. Principle of TCSPC measurement.

A typical modern TCSPC system consists of a pulsed laser, single-photon detector,
time interval measurement unit and read-out electronics connected to a computer
that handles the necessary data post-processing (Wahl, 2014). In a conventional
TCSPC, only one-dimensional time-domain photon distribution is measured, as
was shown in Fig. 9. Time-resolved Raman spectroscopy, on the other hand, is an
example of a multidimensional TCSPC application in which the temporal
distributions of the photons must be measured at several narrowband wavelength
regions, i.e. spectral points, in order to also capture the spectral data, as depicted in
Fig. 10. The normal time gating, and its fluorescence suppression, in time-resolved
Raman spectroscopy can be obtained by summing only the photon counts of the
first time bins that contain the Raman photons. This can be done in the data postprocessing phase, which offers the advantage of modifying the time gate width to
be optimal for different kinds of samples having differing fluorescence
characteristics (Nissinen et al., 2017).
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Fig. 10. Concept of multidimensional TCSPC measurement.

The main advantage of SPAD-based detectors in TCSPC is that SPADs can be
fabricated in 2D arrays (line sensors) with a standard CMOS process (Rochas et al.,
2003). In other words, this means that the TCSPC electronics, such as a per-pixel
histogramming TDC, can be integrated into the same ASIC with the detector array
itself, which significantly decrease the size and complexity of the whole TCSPC
system compared to other detector solutions that require additional off-chip timeinterval units (Erdogan et al., 2019; Nissinen et al., 2018; Ulku et al., 2019; Zhang
et al., 2019). Since SPAD line sensors are spatially sensitive detectors, they are also
a practical solution for resolving the wavelength distribution of the detected
photons in multidimensional TCSPC applications, such as time-resolved Raman
spectroscopy. Another advantage of CMOS SPAD-based line sensors is that they
can be mass-produced, which significantly lowers the costs of TCSPC sensors.
Perhaps the most important parameter in TCSPC is the timing precision of the
TCSPC systems. The timing precision is commonly defined by the full width at
half maximum (FWHM) value of the instrument response function (IRF) of the
TCSPC system. In an ideal case, the IRF of a TCSPC system is infinitely narrow
meaning that the excitation pulse should be an ideal impulse and the detector and
other electronics of the system should be infinitely accurate. The main sources
causing broadening to the IRF of a TCSPC system are the pulse width of the
excitation source and the timing jitter of the detector and other electronics (Wahl,
2014). The timing jitter of a single-photon detector, for example a SPAD, and its
effect on the IRF of the detector are depicted in Fig.11. The timing jitter is caused
by the timing uncertainty of the photon detection process in which the incoming
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photon is converted to an electrical signal. In SPADs, the detection of a photon is
registered when the voltage caused by the avalanche current rises above, or
decreases below, a certain detection level (see the voltages Vcathode and Vout in Fig.
8(b) above for a demonstration). Therefore, the timing jitter in SPAD-based
detectors is mainly explained by the fluctuations in the avalanche current build-up
time caused by statistical variations (Spinelli & Lacaita, 1997). The FWHM value
of the IRF of the detector should not be confused with the FWHM values of the
single photon responses, which are typically markedly wider than the FWHM value
of the IRF (see Fig. 11). The total FWHM IRF of a TCSPC system can be estimated
by taking a root sum square of the individual components of the system as follows
(Wahl, 2014)
IRF

IRF

.

(2)

Because of the squares in the sum, the total IRF of a TCSPC system will be
dominated by the components having the widest IRFs, which in the SPAD-based
time-resolved Raman spectroscopy are typically the pulse width of the excitation
source (typically from around one hundred picoseconds to a few hundred
picoseconds, shorter pulse width laser also exist but their other parameters, such as
practicability (e.g. costs, size, need for cooling etc.), linewidth, pulse energy and
repetition rate, may not be suitable for all Raman spectroscopy applications) and
timing jitter of the detector (typically from some tens of picoseconds to around one
hundred picoseconds depending on the fabrication technology) (Zappa et al., 2007).

Fig. 11. Timing jitter and instrument response function (IRF) of a single-photon detector.

2.2.2 Spectral quality in CMOS SPAD-based Raman spectroscopy
The SNR in Raman spectroscopy is normally described by the ratio between the
detected Raman photons and the shot noise caused by the total events as
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SNR

,

(3)

where NR, NF, NB are the detected photon counts of Raman scattered, fluorescence
emitted and background photons, respectively. The background photon count also
includes the dark counts of the detector. The dark counts are the random triggering
of the detector in dark. In SPADs, the dark counts are caused by thermally generated
charge carriers injected into the depletion region, which triggers the avalanche
current. The mean rate of the dark counts per SPAD area is referred to as the dark
count rate (DCR) of the sensor and it is the dominant internal noise source of SPAD
detectors (Zappa et al., 2007). The DCR of a SPAD detector is largely dependent
on the used fabrication technology and the properties of the sensor circuit (e.g. the
bias voltage and size of the SPADs).
Mathematically speaking, the improvement of the SNR achieved with the time
gating technique is based on the reduction of the fluorescence photon count, which
lowers the denominator, i.e. the shot noise, of Eq. 3. The SNR can be also improved
by increasing the overall photon count since the numerator, i.e. Raman signal, of
Eq. 3 grows in direct proportion to the Raman photon count and the denominator
increases in proportion to the square root of the total events. The overall photon
count can be increased, for example, by extending the recording time of the spectra,
i.e. signal averaging, or by increasing the excitation intensity.
An interesting fact related to high-intensity pulsed laser excitation is that the
intensity of fluorescence emission has been found to saturate with high enough
excitation intensities, as depicted in Fig. 12 (Chekalyuk, Fadeev, Georgiev, &
Nickolov, 1981). Raman scattering, on the other hand, behaves linearly throughout
the excitation intensity range. Thus, this laser-induced fluorescence saturation
could be exploited to achieve additional improvement to the SNR with samples that
can stand high excitation intensities without the risk of degradation. This is because
with the fluorescence saturation the denominator of Eq. 3 would grow slower, and
thus the SNR faster, as a function of excitation intensity compared to the
unsaturated fluorescence response. It should also be noted that the count of the
fluorescence emitted photons should be at least in the same order of magnitude as
the count of the Raman scattered photons, which is typically the case with
fluorescent samples, in order for the fluorescence saturation to have a notable
impact on the SNR. Although the phenomenon of laser-induced fluorescence
saturation was already discovered several decades ago, its effect on the SNR in
Raman spectroscopy has not yet been comprehensively studied.
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Fig. 12. Saturated (solid line) and unsaturated (dashed line) fluorescence response as
a function of excitation intensity (Redrawn from Paper I).

The explanation for the laser-induced fluorescence saturation is the finite number
of excited states of molecules and the finite lifetime of these excited states
(Chekalyuk et al., 1981; Yuzhakov, Yevsyukhina, & Patsayeva, 1998). In timegated Raman spectroscopy, the duration of the excitation pulse is markedly shorter
than the fluorescence lifetime of the sample meaning that the excitation is nonstationary. Therefore, a few orders higher excitation intensity is required to reach
the fluorescence saturation compared to a situation where the duration of the
excitation pulse is much longer than the fluorescence lifetime of the sample (quasistationary excitation) (Patsayeva, Yuzhakov, & Varlamov, 1999).
The shot noise of the detected photons is not the only source to distort the
recorded spectra in CMOS SPAD-based Raman spectroscopy. Another major issue
is the so-called timing skew of the line sensors (Blacksberg et al., 2020; Holma,
Nissinen, Nissinen, & Kostamovaara, 2017; Nissinen et al., 2018, Talala, &
Nissinen, 2019). Timing skew means that the time gate start and end positions vary
along the spectral axis, as depicted in Fig. 13. Timing skew includes variations both
in time gate size and time-domain positioning relative to a laser pulse. These
variations arise from the timing mismatches between the SPAD pixels, i.e. spectral
points, in a line sensor. The timing mismatches, in turn, are caused by the
unavoidable component variations and parasitic elements in the circuit
manufacturing process. Due to the timing skew, the detected photon count at
different SPAD pixels in a line sensor will differ even if the overall temporal photon
distributions (including all the photons from the sample and the dark counts of the
detector) are the same in the different pixels.
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Fig. 13. Principle of timing skew in a SPAD line sensor.

The sampling time error that timing skew causes and its effect on the recorded
photon count difference are illustrated in Fig. 14 with two example SPAD pixels A
and B. For simplicity, the overall temporal photon distributions in both pixels A and
B are assumed to be identical. In addition, the timing skew is assumed to affect
only the time gate end position since the time gate start position is usually adjusted
to open a bit too early in order to secure that the whole ascending edge of the photon
probability density function fits inside the time gate at all the spectral points despite
the timing skew, as was shown in Fig. 13, and thus, the very beginning of the time
gate detects only dark counts and background photons (intensity is negligible
compared to the intensity at the time gate end position). The photon count
difference between the pixels A and B can be computed by integrating the overall
photon distribution from the time gate endpoint at pixel A to the time gate endpoint
at pixel B, which results in the area of the dark green segment in Fig. 14. An
approximation for the area of the segment can be computed by assuming the
segment to be a rectangle. Consequently, the photon count difference can be
approximated with a simple equation (base times height)
∆𝑁

𝐼∆𝑡,

(4)

where I is the overall signal intensity (photons per picosecond) in the middle
between the time gate endpoints of pixels A and B and Δt is the time difference
between the two time gate endpoints, i.e. the timing skew between the pixels. This
photon count difference caused by the sampling error causes additional sawtoothlike distortion in the recorded spectra that decreases the overall quality and
readability of the spectra (Nissinen et al., 2018).
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Fig. 14. Principle of the recorded photon count difference caused by the timing skew
between SPAD pixels in a line sensor. The overall photon distribution is assumed to be
identical at the example pixels A and B (Reprinted [adapted] under CC BY 4.0 licence
from Paper I © 2020 Authors).

2.3

Raman radars and Raman depth-profiling

Time gating techniques have not only made it possible to measure more challenging
highly fluorescent samples, but they have also enabled new kinds of Raman
applications such as the so-called Raman radar (also known as remote or stand-off
Raman spectroscopy) and Raman depth-profiling operations (Inaba & Kobayasi,
1969; Matousek et al., 2005). The basic operating principle in both modern timegated Raman radar and Raman depth-profiling operations is the same. The idea is
to select the probed distance or depth by delaying the time gate opening (i.e. the
moment when the detector is set to collect photons) relative to the laser pulse, as
illustrated in Fig. 15 which shows a conceptual example of Raman radar operation.
The opening of the time gate is controlled by the trigger signal derived from the
pulsed laser. The trigger signal is delayed by using an additional delay unit to enable
the collection of the backscattered Raman photons (red pulse in Fig. 15) only from
the desired probe distance or depth. For example, in the case of Fig. 15, the target
sample is at 10 meters, meaning that a delay of 67 ns (corresponding to the roundtrip ToF from 10 meters) is needed to collect the Raman photons from the sample.
The time gate can also be swept in the time-domain by incrementing the delay of
the trigger signal by a chosen time step to gain the actual probing/scanning
42

functionality, as shown in Fig. 15 with an example step size of ~17 ns, which
corresponds to the round-trip ToF from ~2.5 meters. The delay information (or in
other words, the ToA information of the Raman scattered photons) can then be used
to derive the distance or depth of the target sample based on its captured Raman
signal (for details, see sections 4.3 and 4.4).

Fig. 15. A conceptual (a) block and (b) timing diagrams of a Raman radar based on timegated ICCD detector.

Raman radars have been utilized in many applications like remote sensing of
unknown chemical hazardous, explosives and minerals and planetary surface
exploration (Carter et al., 2005; Gaft & Nagli, 2008; Izake, 2010; Misra, Sharma,
Chio, Lucey, & Lienert, 2005; Sharma, Lucey, Ghosh, Hubble, & Horton, 2003;
Sharma, Misra, Lucey, & Lentz, 2009). The time-gated radar concept can be
utilized also to probe various types of media instead of just only scanning in air, or
in some special cases, such as in situ planetary investigations, in a vacuum. The
varying optical properties of the different media cause their own challenges in this
Raman depth-profiling operation. For example, the differing absorption
coefficients of the media limit the probed depth (typical milli- to centimeter-scale
layer thicknesses) and the varying scattering coefficients and refractive indices
affect the net (Raman) photon forward migration velocity inside the media, making
the derivation of the target depth more complex compared to radar measurements
(for details, see section 4.4) (Martelli, Binzoni, Pifferi, et al., 2016; Martelli,
Binzoni, Konugolu Venkata Sekar, et al., 2016; Matousek et al., 2005).
Nevertheless, the potential of deep subsurface probing Raman techniques has also
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been noticed in various applications, such as authentication of pharmaceutical
products through packing, medical diagnosis and disease monitoring, nondestructive food monitoring, non-invasive detection of explosive, analysis of
artworks and analysis of multi-layered mineral samples, just to name a few (Conti,
Colombo, Realini, & Matousek, 2015; Eliasson & Matousek, 2007; Hooijschuur,
Iping Petterson, Davies, Gooijer, & Ariese, 2013; Iping Petterson et al., 2011;
Matousek & Stone, 2016; Qin, Chao, & Kim, 2012).
Time gating is not the only technique introduced for depth-profiling
applications. These other techniques include, for example, confocal and offconfocal Raman microscopy, cone-shell Raman spectroscopy, transmission Raman
spectroscopy, spatially offset Raman spectroscopy (SORS) and its daughter
techniques (surface-enhanced SORS, µ-SORS, inverse SORS and temperature
SORS), a combination of time-gated Raman spectroscopy and SORS, frequency
offset Raman spectroscopy and its hybrid version with SORS (Brenan & Hunter,
1996; Buckley & Matousek, 2011; Gardner, Matousek, & Stone, 2016; Khan,
Majumder, & Gupta, 2015; Khan, Ghosh, & Majumder, 2016; Macleod &
Matousek, 2008; Matousek et al., 2005; Matousek 2006; Matousek, Conti, Realini,
& Colombo, 2016; Konugolu Venkata Sekar et al., 2017; Stone, Faulds, Graham,
& Matousek, 2010). The main advantage of time gating techniques compared to
the other depth-profiling methods is that the temporal distribution of the (Raman)
photons yield direct depth information (or distance information in radar
applications). Consequently, the depth analyses with time gating techniques are
both precise and can cover deeper probing depths than some of the other techniques,
like the confocal Raman spectroscopy and SORS. The fluorescence and
background rejection capability of time gating should not be forgotten in the Raman
depth-profiling and radar applications either. The background suppression is
especially important in measurements conducted in high ambient light conditions,
such as Raman radar measurements in direct sunlight.
The conventional time-gated Raman spectrometers are already quite complex
devices. In addition, Raman radar and depth-profiling operations require short time
gate widths and precise time gate sweeping, which demand even more sophisticated
sensor solutions with additional delay and time interval units that further increase
the complexity, size and costs of the systems. Delicate time gating and time gate
sweeping are obviously needed for precise depth/distance analysis, but another
problem with too long time gate widths is the merging of the spectra from different
target depths or distances. The principle behind this merging is depicted in Fig. 16,
which shows an example of Raman depth-profiling of a typical bilayer sample with
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two different width time gates (250 ps and 1000 ps, laser pulse width ~200 ps
FWHM). As can be seen from the figure, with the shorter time gate width (250 ps)
the first time gate opening (delay 1) collects photons mainly only from the top layer
of the sample and likewise, the second time gate opening (delay 2) collects photons
mainly only from the bottom layer, as is desired. With the longer time gate (1000
ps), on the other hand, it can be noticed how the first time gate opening (delay 1)
collects all Raman photons from both of the layers at the same time and also the
second time gate opening (delay 2) collects not only the Raman photons from the
bottom layer but also quite a fair number of late photons from the top layer.
When Raman photons are collected from different target depths or distances at
the same time, their spectral features also merge in the recorded spectrum, making
it difficult to identify individually the targets or layers in the scanned matrix. In
addition, with too long time gate widths, the fluorescence and background
suppression could be insufficient but then again, a too short time gate could lead to
Raman signal loss, as is the case in Fig. 16 with the 250 ps time gate combined with
~200 ps FWHM laser pulse width (the full width of the laser pulse, and thus the
spread of the Raman photons, would be a little over 500 ps), which may become a
problem when scanning samples with low Raman activity.
As already mentioned, time-resolved CMOS SPADs are a promising solution
for the restricting challenges of time-gated systems, but they are not the only
proposal. Two other quite recently suggested solutions to decrease the complexity
of time-resolved Raman systems are a TCSPC silicon photomultiplier (SiPM)
detector and a modern TCSPC camera that works on the principle of a
microchannel plate-based photomultiplier tube (MCP-PMT) (Konugolu Venkata
Sekar et al., 2018; Prokazov, Turbin, Weber, Hartig, & Zuschratter, 2014; Zhang,
Zhang, Yang, Liang, & Han, 2013). The SiPM detector was introduced as a singlepixel sensor and thus, it still lacks simultaneous broadband spectrum acquisition
(Zhang et al., 2013). In addition, the SiPM detector had quite a high noise that
might cause problems with samples having low Raman activity (Zhang et al., 2013).
The limitations of the modern TCSPC camera were that it needed additional
acquisition electronics (limited integration capability of MCP-PMTs) and cooling
to keep the thermal counts (noise) of the sensor low enough (Prokazov et al., 2014).
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Fig. 16. Raman depth-profiling of a typical bilayer sample with short and long time gate
widths (Redrawn from Paper V).

The high integration capability of SPAD line sensors that CMOS technology
provides could be utilized to also integrate the time gate sweeping electronics into
to the same chip with the sensor and time gating electronics, which would further
increase the attraction of SPAD line sensors for Raman depth-profiling applications.
The problem with the time gate sweeping-based Raman depth-profiling, however,
is its time-consuming nature, since a new burst of laser pulses is needed at every
time step in order to record the ToA information of the Raman scattered photons
from the different depths (or distances in radar applications) of the probed sample.
The time-resolved SPAD line sensors could also solve this issue since the sensors
can measure both the spectral and temporal distributions, i.e. ToA information, of
the Raman scattered photons at the same time with only a single-burst of laser
pulses enabling the so-called single-burst depth-profiling operation. This singleburst depth-profiling would not only significantly speed up the measurements but
it would also simplify the sensor architecture by making the time gate sweeping
electronics unnecessary. The single-burst depth-profiling operation is described in
more detail in section 4.4.2.
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2.4

Design issues of a high-performance multifunctioning timeresolved Raman spectrometer

Designing of a high-performance multifunctioning time-resolved Raman
spectrometer is a demanding task to perform. There are multiple design choices
which, in addition, are typically interlinked and have all an impact on the final cost,
practicability and performance of the spectrometer setup. The purpose of this
section is to give a summary of the main issues that must be considered when
designing a high-performance multifunctioning time-resolved Raman spectrometer
that is targeted for demanding high-fluorescence Raman measurement and for
Raman radar and Raman depth-profiling applications.
The laser and the sensor, coupled with a proper spectrograph, are the key parts
of a time-resolved Raman spectrometer. The requirements for a spectrometer setup
are application-specific but in a good design, the performance of the laser and the
sensor should meet each other. In other words, the power of the laser should match
with the sensitivity of the sensor, the linewidth of the laser should match with the
spectral resolution of the sensor and the spectrograph, the pulse rate of the laser
should match with the frame rate of the sensor and the pulse width of the laser
should match with the temporal features of the sensor. If the performance
parameters of either the laser or the sensor are overscaled compared to the other,
the design of the laser or the sensor may become unnecessarily complicated and
expensive.
The design of a complete Raman setup targeted only for regular Raman
measurements is a demanding task as such. The design task becomes even more
demanding if additional functionalities are required from the spectrometer. In this
thesis, the focus is on the time-resolved operation that enables both effective
fluorescence and background suppression as well as Raman radar and Raman
depth-profiling functionalities. As has been mentioned, from the point of view of
fluorescence rejection, the widths of the laser pulse and the time gate should be in
the deep sub-nanosecond range in order to obtain significant fluorescence
suppression (factor of ten or more) with samples having nanosecond scale
fluorescence lifetimes, such as biological specimens (Berezin, & Achilefu, 2011;
Van Duyne et al., 1974). Effective fluorescence suppression can be achieved with
conventional constant-size time gates but it would be beneficial if the time gate
width could be adjusted to meet the fluorescence characteristics of the sample in
order to obtain the best possible spectral quality (Nissinen et al., 2017; Talala &
Nissinen, 2019).
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The Raman radar and depth-profiling functionalities add further complexity to
the design task. If we consider the capabilities of a spectrometer to both resolve the
actual distance or depth of a target and to also resolve the depth profiles of a sample,
i.e. the capability to measure the spectra from different parts of the sample without
the spectral merging (see the previous section 2.3 for details), the main performance
parameters of the spectrometer are its temporal accuracy and precision. As was
discussed in section 2.2.1, the temporal precision is defined by the FWHM value
of the IRF of the spectrometer. The temporal accuracy, in turn, is defined by the
position of the peak of the IRF in time domain. Fig. 17 shows examples of IRFs
both with (top graph) good accuracy (±45 ps) but poor precision (FWHM 600 ps)
as well as (bottom graph) with good precision (FWHM 90 ps) but poor accuracy
(±180 ps). As can be observed from the IRFs, the temporal precision (the width of
the IRF) defines the depth-profiling performance, i.e. what is the minimum distance
between the different parts of the sample in order to identify them individually
without merging the spectral features. The temporal accuracy defines the error
made in the derivation of the distance or depth of a target.
The sample causing the IRFs in Fig. 17 is a heterogenous aqueous solution with
two Raman active target layers (the blue and red layers). The x-axes in Fig. 17 are
both in picoseconds (roundtrip ToF, backscattering configuration) and in
centimeters. One centimeter in the aqueous solution (n = 1.35) corresponds to 90
picoseconds in round-trip ToF meaning that if, for example, a depth accuracy of ±5
mm is required in an application, the temporal accuracy of the spectrometer should
be as good as ±45 ps, as depicted in the top graph of Fig. 17. The lower graph of
Fig. 17 also illustrates the IRFs with ideal accuracy (dotted IRFs) in order to
demonstrate that at least a precision of 90 ps is required if the aim is to separately
identify two targets with two centimeter separation without significant merging of
the spectral features in this kind of a sample (the required temporal precision
depends on the speed of light inside the sample). Another observation from Fig. 17
is that the temporal precision does not, in fact, have an impact only on the depthprofiling performance but it also has an impact on the depth derivation error, since
it is hard to define the exact position of the peak value of a wide IRF. Likewise, the
accuracy also has an impact on the depth-profiling performance because poor
accuracy may erroneously pull the measured IRF closer to each other than they
should be in an ideal system.
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Fig. 17. IRFs of a heterogenous aqueous solution with (top graph) good accuracy but
poor precision and (bottom graph) good precision but poor accuracy.

The main parameters that affect the precision, i.e. width of the IRF, of the
spectrometer are the pulse width of the laser, time gate width to pulse width ratio,
jitter of the detector and other electronics and in a conventional time gate sweeping
technique, the delay step size and its jitter. The accuracy is mainly affected by the
long-term temperature drift, which has an impact on the electrical delays of the
system, and in the time gate sweeping technique the inaccuracy of the sweep, for
example, the nonlinearity of the time steps. In addition, the precision in the singleburst depth-profiling operation is affected by the width of the time bins, and the
accuracy is affected by the homogeneity of the time bins (mainly the timing skew,
which causes an error between the spectral points, and the width differences of the
time bins, which cause an error within a spectral point).
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For example, in order to achieve better than ±50 ps accuracy and better than
250 ps precision with the time gate sweeping technique, the FWHM pulse width of
the laser should be ~100–200 ps, the width of the time gate should be around onefourth of the full pulse width of the laser in order to replicate the pulse shape of the
laser accurately enough (the distribution of Raman photons follows the shape of
the laser pulse, the potential fluorescence interface from the sample is ignored here
for simplicity), the FWHM jitter of the detector and other electronics should be
around 100–200 ps, depending on the laser pulse width, and the time step size in
the time gate sweeping should be ~40 ps or less with low jitter and high accuracy,
as this thesis will later demonstrate in section 4.4.1 (Paper V). The width of the
time gate also affects the SNR of the recorded spectra, as was discussed in the
previous section 2.3. Therefore, it would again be beneficial if the time gate width
could be modified still in the data post-processing phase. In this case, different time
gate widths could be used for time gate sweeping and for the formation of the actual
spectra to obtain both good temporal precision and spectral quality.
Thanks to rapidly evolving laser technology, lasers fulfilling the performance
requirements for a high-performance time-resolved multifunctioning Raman
spectrometer are already commercially available at a reasonable price. This means
that research work can now concentrate more on developing advanced, practical
and cost-efficient sensors that can meet the high-performance parameters, such as
the pulse width, linewidth and pulse rate, of the commercial lasers. Perhaps the
most demanding task from the sensor point of view is to accurately resolve the
temporal distribution of the backscattered Raman photons. As explained above, the
width of the time gate should be around one-fourth of the full pulse width of the
laser meaning that ~130 ps or narrower time gate widths are required for highperformance depth-resolved depth-profiling operation (e.g. 200 ps FWHM pulse
width corresponds to ~510 ps full width Gaussian pulse). These short time gates
with low enough jitter can also be achieved with conventional detector solutions,
such as CCD cameras coupled with optical Kerr-gates, but their downsides are the
earlier mentioned complexity, size and costs (Matousek et al., 2001). In addition,
conventional time-gated detectors lack the option to modify the time gate width in
the data post-processing phase, and they cannot be utilized in the single-burst
depth-profiling operation. CMOS SPAD line sensors, on the other hand, can fulfil
both the temporal and other requirements, such as wavenumber resolution and
frame rate, for a high-performance time-resolved Raman spectrometer.
Furthermore, CMOS SPAD line sensors are cost-efficient and compact, and it is
also possible to design sensors that allow both the single-burst depth-profiling
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operation and to modify the time gate width in data post-processing. In the future,
CMOS technology could also enable integration of the delay unit needed for the
time gate sweeping technique into the sensor chip. Therefore, a CMOS SPAD line
sensor is a good option for the detector of a high-performance multifunctioning
time-resolved Raman spectrometer.
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3

A time-resolved Raman spectrometer based
on a CMOS SPAD line sensor

Block and timing diagrams of the time-resolved Raman spectrometer based on a
CMOS SPAD line sensor that was studied in this work are shown in Fig. 18. The
sensor has 16×256 SPAD pixels with an integrated 256-channel 3-bit on-chip TDC
fabricated in a standard 0.35 µm high-voltage CMOS technology. The sensor was
developed by Nissinen et al. and a detailed description of the sensor circuit and its
operation is given in the work of Nissinen et al. (2018). The spectrometer uses a
532 nm commercial pulsed laser (Teem Photonics, France, model: ANG-500p-CHS)
as an excitation source. The bandwidth, FWHM pulse width, maximum pulse
energy and repetition rate of the laser are 0.11 nm, 160 ps, 1 μJ and 350 kHz,
respectively, and the pitch of the line sensor is 35.2 μm (active area of a single
SPAD = 18 μm × 18 μm) resulting in a wavenumber range and wavenumber
resolution of ~1600 cm−1 and ∼6 cm−1, respectively. The output pulse energy of the
laser can be lowered to the desired value by using neutral density filters (ND filter
in Fig. 18).
The operating principle of the spectrometer is as follows. A beam splitter
guides a small percentage of the laser pulse energy to a low-jitter optical detector
coupled with a comparator in order to generate a logic level trigger signal. The
trigger signal is delivered to the line sensor to bias all the SPADs simultaneously
above their breakdown voltage into the Geiger mode in which the SPADs can detect
single photons. The trigger signal also starts the ToA measurement across all 256
spectral points, i.e. SPAD columns, of the line sensor at a time. The electrical and
optical delays of the spectrometer setup are matched in order to enable the biasing
of the SPADs to the Geiger mode only during the time when the backscattered
Raman photons from the sample (the echo pulse in Fig. 18) reaches the detector to
achieve the effective fluorescence suppression, as is shown in the timing diagram
of Fig. 18 and as was discussed in section 2.1.
The sample is placed on a laptop-controllable 3D sample stage that enables to
accurately adjust the positioning of the sample. Most of the laser pulse energy is
delivered to the sample through a collimator, dichroic filter and microscope
objective (Olympus, Japan, model: Plan N, 10×/0.25 NA, spot size after objective
~150 μm). The photons from the sample, in turn, are guided through the dichroic
filter and an additional longpass filter that are used to block the Rayleigh scattered
and blue-shifted photons (filters block wavelengths equal to or shorter than the laser
wavelength). A diffraction grating is used to diverge the incoming photons so that
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the position of each SPAD column in the line sensor corresponds to a certain range
of wavenumbers (wavenumber resolution of ∼6 cm−1).

Fig. 18. Block and timing diagrams of the used fluorescence-suppressed Raman
spectrometer based on time-resolved 16×256 CMOS SPAD line sensor with on-chip 256channel 3-bit TDC (Reprinted [adapted] under CC BY 4.0 and CC BY-NC 3.0 licenses
from Paper I © 2020 Authors and Paper III © 2019 Authors).

Simplified block and timing diagrams of the 16×256 CMOS SPAD line sensor with
the on-chip 256-channel 3-bit TDC (one channel per SPAD column) are shown in
Fig. 19. As mentioned above, the trigger signal derived from the laser is used, with
the help of the bias pulse generator, buffers and the tree-like wiring, to bias all the
SPADs above their breakdown voltage (excess bias of ~3.3 V) at a time. The trigger
signal is also delayed by a delay line in order to produce seven phases (Phases 1–7
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in Fig. 19) with a fixed delay difference between subsequent phases, as shown in
the timing diagram of Fig. 19. This delay difference is controlled by locking the
delay to an off-chip frequency generator with a replica delay-locked loop (replica
DLL in Fig. 19). By modifying the frequency of the off-chip clock, the delay
difference between the subsequent phases can be modified from the minimum of
~50 ps to the maximum of ~200 ps.
Each SPAD column has its own channel in the TDC and a detection of a photon
generates a stop signal that stores the states of the delay line to the corresponding
7-bit register in the 256×7 register bank of the TDC. The timing diagram of Fig. 19
shows an example in which a photon arrives at a SPAD column between the phases
4 and 5 generating the stop signal that stores the state 111 1000 to the 7-bit memory
cell. The 7-bit data structure means that the TDC has in total eight time bins (i.e. 3bits) numbered from 0 to 7 but only the time bins 1–6 (states from 000 0001 to 011
1111) are stabilized by the reference-locked delay line. Consequently, only the
width of the time bins 1–6 can be controlled by modifying the frequency of the offchip clock (from ~50 ps to 200 ps resulting in a temporal measurement range from
300 ps to 1200 ps) and thus only these bins are used in a normal ToA measurement.
Bin 0 (state 000 0000) is much wider than the stabilized time bins because of the
offset between the trigger signal and the first rising edge of the delay line (Phase
1), as shown in Fig. 19. Bin 7 (state 111 1111), in turn, is an overrange bin that is
used to detect the quenching signal of the SPADs generated by the logic circuit to
end an ongoing measurement cycle if no photon was detected. Typically, the width
of a single time bin is set to ~100 ps to achieve ~600 ps stabilized photon collection
window in order to capture all the Raman scattered photons from the sample (the
full-width IRF of the spectrometer is around 570 ps).
A field-programmable gate array (FPGA) is used to control the operation of
the sensor chip and to read out the ToA data from the sensor chip. The data readout
is realized by using a 14-bit parallel data out bus, as shown in Fig. 19, enabling to
read out the results of two 7-bit memory cells at once. Thus, the FPGA can read out
the results of two SPAD columns per one clock cycle of the FPGA circuit (Tclk = 20
ns) meaning that it takes 128 clock cycles to read out the results from every column
in the line sensor. Therefore, the data acquisition time is ~2.5 µs, resulting in a
maximum spectrum frame rate of 400 kframes/s. The repetition rate of the laser,
however, is 350 kHz, which limits the spectrum frame rate to 350 kframes/s with
this spectrometer setup. All the data post-processing is done by using custom
MATLAB scripts (MathWorks, USA). Data post-processing includes, for example,
the formation of the spectra by summing the photon counts of selected time bins to
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achieve the desired time gate width, filtering and baseline correction of the spectra
and subtraction of dark count reference data from the measured spectra (dark count
correction). The main characteristics of the spectrometer setup have also been
summarized in Table 1.
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Fig. 19. Simplified block and timing diagrams of the used 16×256 SPAD line sensor with
an on-chip 256-channel 3-bit TDC.
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Table 1. Summary of the main characteristics of the tested Raman spectrometer setup
based on a time-resolved 16×256 CMOS SPAD line sensor (Reprinted [adapted] under
CC BY 4.0 license from Paper I © 2020 Authors).
Component

Characteristic

Laser

Wavelength

532 nm

FWHM pulse width

160 ps

Repetition rate
Maximum pulse energy

Sensor1

350 kHz
1 µJ

Linewidth

0.11 nm

Number of SPAD pixels

16 × 256

Pitch
Area of a single SPAD

35.2 μm
18 μm × 18 μm

Fill factor

26%

Photon detection efficiency2

7–8%

Average dark count rate

128 Hz/µm2

Wavenumber range

~1600 cm−1

Wavenumber resolution
Minimum time bin width
Maximum time range3
Maximum timing skew along the spectral axis4
Maximum spectrum frame rate
Spectrometer

Value

FWHM IRF

~6 cm−1
52 ps
1200 ps
±75 ps
400 kframes/s
225 ps

1

Values taken from the work of Nissinen et al. (2018).

2

For the used technology at 532–600 nm with 3 V excess bias (the value has not been measured with

this sensor) (Mosconi, Stoppa, Pancheri, Gonzo, & Simoni, 2006).
3

Achieved with the maximum time bin width of 200 ps.

4

With time bin width of 52 ps.

58

4

Test principles and measurement results

4.1

Main issues affecting the spectral quality with highfluorescence backgrounds

The main objectives of Paper I were to investigate the effects of fluorescence-toRaman ratio, recording time and excitation intensity on the overall spectral quality
in order to provide information on the different causes behind the distortion of the
spectra measured by Raman spectrometers based on time-resolved CMOS SPAD
line sensors. Another objective was to gain insight into whether the high-intensity
non-stationary pulsed laser excitation could provide additional improvement to the
spectral quality due to laser-induced fluorescence saturation.
Because the normal SNR (see Eq. 3 in section 2.2.2) only considers the shot
noise of the detected events, a new more comprehensive quantity to describe the
overall quality and readability of the measured spectra was introduced in Paper I.
This new quantity also takes the other issues that cause distortion to the spectra into
account, such as the timing skew of the sensor. The quantity is called the signal to
root mean square (RMS) distortion ratio (SDR), which is mathematically expressed
as
SDR

,

(5)

where NR is the recorded Raman photon count and σBL is the standard deviation of
baseline-corrected distortion, i.e. the RMS distortion. A virtual simplified example
of how the SDR values are computed from the spectral data is shown in Fig. 20.
The distorted spectrum shows the typical sawtooth-like distortion caused by the
timing skew (sampling error between spectral pixels, see section 2.2.2). Since the
baseline of the distortion is horizontal and the distortion around it is symmetrical
in this simplified example, the standard deviation of the baseline-corrected
distortion is simply the half value of the peak-to-peak distortion (distortionp-to-p in
Fig. 20). The count of the Raman photons is defined as the amplitude of the Raman
peak (peak value – baseline). With SDR, it is simple and easy to evaluate the effects
of different issues, such as the excitation intensity, recording time and the
fluorescence-to-Raman ratio of a sample, on the overall quality and readability of
the measured Raman spectra.
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Fig. 20. A simplified virtual example of how the SDR values are computed from the
recorded spectra (Reprinted [adapted] under CC BY 4.0 license from Paper I © 2020
Authors).

To achieve a large dynamic range of fluorescence-to-Raman ratios (1:14, from 1.32
to 18.75), punched (ø = 5 mm) post-it notes in various colors were placed over a
cuvette containing titanium dioxide (TiO2) powder, which has a strong Raman
activity, as shown in Fig. 21. The microscope objective was removed in these
measurements to achieve a wide enough collimated laser beam (ø = 3 mm) that was
adjusted in such a way that part of the beam illuminated the post-it note and the rest
of the beam illuminated the TiO2 powder through the hole in the post-it note (see
Fig. 21). The output laser pulse energy was set to 0.63 µJ by employing a 0.2 neutral
density filter resulting in an average excitation intensity of 3.12 W/cm2 with the
laser spot diameter of 3 mm. The recording time of the spectra was set to 2.9 s,
which was achieved by averaging one million laser pulses with the spectrum frame
rate of 350 kHz. The size of the time bins of the sensor was adjusted to ~100 ps and
the Raman spectra were formed by summing the photon counts of the bins 1–6
resulting in a total time gate width of 600 ps. The fluorescence-to-Raman ratios
were defined as the photon count ratio between the estimated fluorescence baseline
under the TiO2 Raman peak at 635 cm−1 (polynomial fitting) and the amplitude of
this peak. It should be noted that here the number of fluorescence photons means
the number of the residual fluorescence photons detected inside the used 600 ps
time gate and thus, the number of fluorescence photons is markedly lower, and
consequently SNR values are higher than in conventional continuous time
measurements.
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Fig. 21. The sample configuration used to investigate the spectral quality as a function
fluorescence-to-Raman ratio (Reprinted [adapted] under CC BY 4.0 license from Paper
I © 2020 Authors).

Fig. 22(a) shows the SNR of the recorded spectra, fitted SNR curve, SDR of filtered
spectra (mean filtering with a window size of two subsequent spectral points) and
SDR of unfiltered spectra. The SNR of the recorded spectra was computed with Eq.
3 shown in section 2.2.2. The Raman and fluorescence photon counts for the
computation of the measured SNR values were defined similarly as in the
derivation of the fluorescence-to-Raman ratios. The values of the fitted SNR curve
were computed by first fixing the Raman photon count to the mean value of the
measured Raman photon counts at the different fluorescence-to-Raman ratios.
Then this mean Raman photon count value was used to compute the fluorescence
photons counts for the whole Raman-to-fluorescence dynamic range as
𝑁 ϕ

𝑁 ϕ,

(6)

where NR is the average of the measured Raman photo counts at the different
fluorescence-to-Raman ratios and ϕ is the fluorescence-to-Raman ratio, also known
as the fluorescence parameter. The SDR values were computed with Eq. 5 shown
above. The RMS distortion for the computation of SDR values was defined from
baseline-corrected Raman spectra by calculating the standard deviation of a
wavenumber region from 688 cm−1 to 749 cm−1. The Raman photon count was
derived from the same Raman peak at 635 cm−1 as was done with fluorescence-toRaman ratios and SNR values. Figs. 22(b)–22(e) show four examples of filtered
Raman spectra with ascending fluorescence-to-Raman ratios.
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Fig. 22. (a) SNR of the recorded spectra (solid blue line), fitted SNR curve (dashed black
line), SDR of filtered spectra (solid green line), and SDR of unfiltered spectra (solid red
line) as a function fluorescence-to-Raman ratio. (b–e) Examples of filtered Raman
spectra of TiO2 with ascending fluorescence-to-Raman ratios. The vertical dotted lines
point the Raman peak of TiO2 at 635 cm−1, the amplitude of which was used here to
define the count of Raman photons (Reprinted under CC BY 4.0 license from Paper I ©
2020 Authors).

As can be seen from Fig. 22(a), the SNR values of the recorded spectra fluctuate
only moderately and, as anticipated, follow the shape of the fitted SNR curve. The
unfiltered SDR curve had the lowest values throughout the fluorescence-to-Raman
ratio range. The reason for this is that instead of only considering the shot noise of
the detected events, as the SNR does, the SDR also takes into account the other
issues, mainly the timing skew with high-fluorescence backgrounds, causing
distortion in the recorded spectra meaning that the unfiltered SDR values should
never beat the SNR values. The SDR curve of the filtered spectra, however,
receives higher values than the SNR curves with some of the smallest fluorescenceto-Raman ratio values since the simple mean filtering can, to some extent, reduce
the distortion between subsequent spectral points, which increases the SDR values,
but it does not have a notable effect on the detected photon counts and consequently
on the SNR values. Because the distortion caused by the timing skew of the sensor
increases in direct proportion to the overall signal level, also the SDR curve of
filtered spectra is beaten by the SNR curves with higher fluorescence-to-Raman
ratios as the filtering can no longer properly compensate for the increased distortion.
The SDR values of the filtered and unfiltered spectra were on average 35% and
79% smaller than the SNR values of the spectra pointing out the significance of the
distortion caused by the timing skew of the sensor on the overall quality and
readability of the recorded Raman spectra. The additional distortion of the spectra
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comes mainly from the variation in the time gate endpoint along with the spectral
axis, as was discussed in section 2.2.2. The key factors defining the magnitude of
the distortion are the size of the timing skew and the fluorescence-to-Raman ratio
and fluorescence lifetime of the measured sample. The effects of these issues on
the achievable unfiltered SDR values can be examined by using a simulation model
that was developed in Paper I by one of the co-authors (T. Talala). In a nutshell, this
model first generates the temporal photon distributions with different fluorescenceto-Raman ratios based on the entered fluorescence lifetime of the sample and pulse
width of the laser. Next, the model computes the photon count difference in
subsequent spectral points caused by the timing skew (see Eq. 4) and then the model
uses this information to derive the RMS distortion and finally the simulated SDR
values. Fig. 23 shows an example of the simulation results with a fluorescence
lifetime of 2 ns, which is the same as with sesame oil that is used as a sample later
on in this section.

Fig. 23. Simulated maximum SDR values of unfiltered spectra as a function of timing
skew between adjacent spectral points and CW-mode fluorescence-to-Raman ratio. The
fluorescence lifetime of the sample in this simulation was set to 2 ns (Reprinted
[adapted] under CC BY 4.0 license from Paper I © 2020 Authors).

In addition to timing skew, another challenge that is usually related to CMOS SPAD
line sensors is the dark counts of the sensors. The shot noise caused by the dark
counts, however, is not meaningful here because of the high-fluorescence
backgrounds, and consequently high overall signal intensities. For example, the
average of the dark counts per a spectral point with one million laser pulses is 360
counts per point and the sum of the fluorescence and Raman photon counts is
already with the lowest fluorescence-to-Raman ratio (1.32, also the lowest overall
signal intensity) 7516 counts, meaning that the dark counts play only a minor role
in the overall shot noise ( NR +NF +Ndark counts ). This can also be observed by
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comparing the fitted SNR curve and SNR of the recorded spectra in Fig. 22(a). The
dark counts were only considered when the SNR values of the recorded spectra
were computed but still, the curves go almost hand in hand (the fluctuations in the
SNR curve of the recorded spectra is caused by the unavoidable small measurement
errors) verifying that the dark counts do not have a significant impact on the SNR
values (shot noise caused by the dark counts becomes problematic with lower
overall signal intensities). Furthermore, the distortion that the variations in the dark
count probabilities between the spectral points cause to the recorded spectra can be
easily and effectively removed by subtracting the measured dark count distribution
of the line sensor from the recorded spectral data, as was also done in this work.
To investigate the quality of the measured Raman spectra as a function of the
recording time and excitation intensity, the following measurement protocol was
applied. First, the microscope objective was put back to its place to increase the
excitation intensity and photon collection efficiency. Then the laser output pulse
energy was adjusted to the desired value by employing neutral density filters. The
pulse energy range from 0.016 µJ to 0.501 µJ was used in these measurements,
corresponding to excitation intensity range from 31 W/cm2 to 993 W/cm2 with the
laser spot size of 150 µm. After the pulse energy was adjusted, the sample was
placed at the focus point of the laser. The samples that were used here were olive
and sesame oil samples. Olive oil has a CW mode fluorescence-to-Raman ratio of
7.7 and fluorescence lifetime of 2.5 ns and in the case of sesame oil, the same
parameters are 85 and 2 ns, respectively. The spectra were recorded by shooting ten
times one million laser pulses to the sample to be able to select the recording time
in the data analyses from 2.9 s to 29 s with steps of 2.9 s (one million laser pulses
correspond to recording time of 2.9 s with the spectrum frame rate of 350 kHz).
Figs. 24(a) and 24(b) (the top row of the figure) show the measured (solid lines)
and fitted (dashed lines) Raman photon counts of the sesame and olive oil samples,
respectively, as a function of the average excitation intensity with four example
recording times. Figs. 24(c) and 24(d) (the bottom row of the figure) show the
measured (solid lines) and theoretical unsaturated (dashed lines) fluorescence
photon counts of the same samples as a function of the average excitation intensity
with the same recording times. The count of the measured Raman photons was
defined from the recorded spectra as the amplitude of the Raman peak of lipids at
1657 cm−1 and the count of the fluorescence photons was defined from the
estimated fluorescence baseline under this Raman peak (polynomial fitting). The
fitted Raman photon counts for each of the recording times were computed by first
scaling the measured Raman photon count of each excitation intensity with the
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scaling factor of Imax/In where In is the specific excitation intensity for which the
scaling factor was being computed and Imax is the maximum excitation intensity
used in the measurements (993 W/cm2). After this, the average of these intensityscaled Raman photon counts was used to derive the fitted Raman photon counts as
a function of the excitation intensity by equation
𝑁

,

𝐼

𝑁

,

,

(7)

where NR,scaled is the average of the excitation intensity scaled Raman photon
counts, I is the excitation intensity and Imax the maximum excitation intensity used
in the measurements (993 W/cm2).
The theoretical unsaturated fluorescence photon counts as a function of
excitation intensity (linear response) for each of the recording times were computed
by fixing the start point of the unsaturated curves to the measured fluorescence
photon count with the lowest excitation intensity (31 W/cm2) and using equation
𝑁

,

𝐼

𝑁 𝐼

,

(8)

where NF(Imin) is the measured fluorescence photon count with the lowest excitation
intensity, I is the excitation intensity and Imin is the minimum excitation intensity
used (31 W/cm2).
The main observation from Figs 24(a)–24(d) is that the fluorescence emission
indeed starts to behave nonlinearly when the excitation intensity is increased high
enough due to laser-induced fluorescence saturation (fluorescence saturation was
noticed to be stronger with sesame oil than with olive oil). The intensity of Raman
scattering does not saturate and behaves linearly throughout the excitation intensity
range, as expected.
Figs. 25(a) and 25(b) (the top row of the figure) show the SNR of the recorded
spectra (solid lines) and the theoretical SNR values with unsaturated fluorescence
response (dashed lines) of the sesame and olive oil samples, respectively, as a
function of the average excitation intensity with four example recording times. Figs.
25(c) and 25 (d) (the bottom row of the figure) show the SDR values of filtered
(solid lines) and unfiltered (dashed lines) spectra of the same samples as a function
of the average excitation intensity with the same recording times. The SNR and
SDR values of the recorded spectra were computed in the same manner as earlier
in this section with the TiO2 sample configuration (see Eq. 5) but now the Raman
and fluorescence photon counts were defined from the Raman peak of lipids at
1657 cm−1 and the standard deviation for the RMS distortion was derived from the
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wavenumber region of 1782–1847 cm−1 (no Raman peaks of lipids in this region).
The theoretical SNR values with the unsaturated fluorescence response were
derived from the fitted Raman and theoretical unsaturated fluorescence photon
counts, which were plotted in Fig. 24. Figs. 26(a)–(d) show examples of filtered
spectra of the sesame and olive oil samples both with the shortest recording time
and the lowest excitation intensity as well as with the longest recording time and
the highest excitation intensity.

Fig. 24. (a)–(b) Measured (solid lines) and fitted (dashed lines) Raman photon counts
and (c)–(d) measured (solid lines) and theoretical unsaturated (dashed lines)
fluorescence photon counts of the sesame (a and c) and olive (b and d) oil samples as
a function of the average excitation intensity with four example recording times
(Reprinted under CC BY 4.0 license from Paper I © 2020 Authors).
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Fig. 25. (a)–(b) SNR of the recorded spectra (solid lines) and the theoretical SNR values
with the unsaturated fluorescence response (dashed lines) and (c)–(d) SDR values of
filtered (solid lines) and unfiltered (dashed lines) spectra of the sesame (a and c) and
olive (b and d) oil samples as a function of the average excitation intensity with four
example recording times (Reprinted under CC BY 4.0 license from Paper I © 2020
Authors).

As can be observed from Figs. 25(a) and 25(b), the SNR of the recorded spectra
increases more strongly than the theoretical SNR with the unsaturated fluorescence
response due to the laser-induced fluorescence saturation. At best, the SNR values
of the recorded spectra of the sesame and olive oil samples were 26% and 9.1%
higher, respectively, compared to the theoretical SNR values with the unsaturated
fluorescence response (the improvement of the SNR values is greater with sesame
oil because of its stronger fluorescence saturation). From Fig. 25(b), on the other
hand, it can be noticed that with the lowest excitation intensities the theoretical
SNR values with the unsaturated fluorescence response of olive oil are slightly
higher than the SNR values of the recorded spectra. The reason for this is that the
fluorescence saturation starts after a certain intensity threshold, which in the case
of olive oil is ~160 W/cm2, as can be observed from Fig. 27(a) that shows both the
theoretical unsaturated (dashed line) and measured (solid line) fluorescence photon
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counts of the olive oil sample with the recording time of 20.3 seconds. After this
threshold, the SNR value of the recorded spectra should start to rise above the
theoretical SNR values with the unsaturated fluorescence response. However, the
SNR values of the recorded spectra do not beat the theoretical SNR values with the
unsaturated fluorescence response until the excitation intensity has increased over
~350 W/cm2, as can be seen from Fig. 27(b) that shows both the theoretical SNR
values with the unsaturated fluorescence response (dashed line) and the SNR values
of the recorded spectra (solid line) of the olive oil sample with the recording time
of 20.3 seconds. This, in turn, is explained by the dark counts of the sensor. The
dark counts of the sensor were set to zero when the theoretical SNR values with the
unsaturated fluorescence response were computed and the effect of the dark counts
on the SNR values of the recorded spectra is more notable when the overall signal
intensity is low, as it is with olive oil when the excitation intensity is low and the
recording time is short.

Fig. 26. Example filtered spectra of (a)–(b) sesame and (c)–(d) olive oil samples both
with (a and c) the shortest recording time (2.9 s) and the lowest excitation intensity (31
W/cm2) as well as with (b and d) the longest recording time (29 s) and the highest
excitation intensity (993 W/cm2) (Reprinted under CC BY 4.0 license from Paper I © 2020
Authors).
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Fig. 27. (a) Theoretical unsaturated (dashed line) and measured (solid line) fluorescence
photon counts and (b) theoretical SNR values with the unsaturated fluorescence
response (dashed line) and SNR values of the recorded spectra (solid line) of the olive
oil sample with the recording time of 20.3 seconds (7 million laser pulses) (Data from
Paper I).

Sesame oil had both lower SDR and SNR values compared to olive oil because of
its shorter fluorescence lifetime (2 ns vs. 2.5 ns) and higher fluorescence-to-Raman
ratio (CW mode: 85 vs. 7.7). These results also support the assumption that SDR
values of unfiltered spectra (dashed lines in Fig. 25) should never be greater than
the SNR values of the recorded spectra (here the SDR values slightly beat the SNR
values in some cases with the lowest excitation intensities and the shortest
recording times due to small statistical variations in the derivation of the SNR and
SDR values, even though this is difficult to observe from Fig. 25). By comparing
the SDR values of the filtered spectra and the SNR values of the recorded spectra
in Figs. 25(a)–25(d), it can be noticed again that the SDR values of the filtered
spectra in the case of olive oil were generally higher than the SNR values, whereas
the SDR values of the filtered spectra in the case of sesame oil were lower than the
SNR values. This highlights the fact that the simple mean filtering can effectively
reduce the distortion of the spectra with lower fluorescence-to-Raman ratios (olive
oil), but it is an insufficient method to compensate the distortion with higher
fluorescence-to-Raman ratios (sesame oil).
Another fascinating observation made from Figs. 25(c) and 25(d) is that the
extension of the recording time, i.e. signal averaging, did not significantly improve
the SDR values of the sesame oil sample and also with olive oil, the SDR values
did not further increase after the recording time was extended over 11.6 s. The
reason for these observations is, once again, the timing skew of the sensor. With
unsaturated fluorescence response, both the extension of the recording time and
increase of the excitation intensity grow the Raman and overall signal intensities in
69

the same proportion (linear relation) and thus, they do not improve the SDR values
since both the Raman signal and the distortion caused by the timing skew increase
in the same proportion. Despite all of this, the SDR values increased as a function
of the excitation intensity, which can be explained by the observed fluorescence
saturation (the relation between the distortion caused by the timing skew and
excitation intensity becomes nonlinear). The reason why the SDR values in the case
of olive oil increase when the recording time is extended from 2.9 s up to 11.6 s is
that the distortion caused by the timing skew is not yet dominating since the overall
signal intensity is low enough with the short recording times and thus, increase of
the SDR values can be achieved by signal averaging, which improves the SNR.
These same issues also explain why the SDR values of the sesame oil sample did
not increase as strongly as the SNR values when the excitation intensity was
increased (the theoretical SNR values with the unsaturated fluorescence response
increase in direct proportion to the square root of the excitation intensity and the
SNR values of the recorded spectra increase even stronger due to fluorescence
saturation).
By comparing the SDR values of the unfiltered spectra of the sesame oil sample
with the lowest recording time (Fig. 25(c)) to the simulation results shown above
in Fig. 23, it can be seen that the experimental results are in line with the simulations.
The simulation shown in Fig. 23 was run with a fluorescence lifetime of 2 ns that
corresponds with the fluorescence lifetime of sesame oil. The timing skew of the
sensor between adjacent spectral points has been measured to be ~20 ps (Holma et
al., 2017) and the CW mode fluorescence-to-Raman ratio of sesame oil is 85
meaning that the maximum unfiltered SDR value with the unsaturated fluorescence
response of sesame oil is ~2.7 based on the simulation model (find the intersection
of the x-value (fluorescence-to-Raman ratio) of 85 and y-value (timing skew) of 20
from Fig. 23). As can be seen from Fig. 25(c), this corresponds well with the SDR
values of the unfiltered spectra of the sesame oil sample measured with the lowest
excitation intensities. With the higher excitation intensities, the SDR values of the
unfiltered spectra of sesame oil exceed the simulated maximum values because the
simulation model does not consider the phenomenon of laser-induced fluorescence
saturation.
4.2

Chemical imaging of challenging fluorescent samples

The main objective of Papers II and III was to demonstrate the capability of the
studied Raman spectrometer based on the time-resolved CMOS SPAD line sensor
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to effectively suppress the problematic fluorescence background and consequently
increase the spectral quality in two traditionally challenging Raman imaging
applications. The demonstrated applications were chemical mapping of an REEbearing rock sample (Paper II) and chemical imaging of extracted human teeth
(Paper III).
4.2.1 Chemical mapping of a strongly fluorescent REE-bearing rock
The analyzed REE-bearing rock sample in Paper II was from the Norra Kärr deposit
that is located in Southern Sweden. The rock sample is described as mesocratic
fine-grained nepheline syenite with foliation and its major minerals include
nepheline, microcline, albite, aegirine, eudialyte and catapleiite. Paper II focused
only on the chemical mapping of eudialyte and catapleiite because the valuable
REEs, such as yttrium, are mainly hosted in these two minerals in the samples
drilled from the Norra Kärr deposit.
The time bin width of the investigated time-resolved CMOS SPAD line sensor
was set to ~100 ps in these measurements and the Raman spectra were formed by
summing the photon counts of bins 1–6 resulting in total time gate width of ~600
ps. The rock sample was placed on the 3D sample stage of the spectrometer setup
and an area of 2.5 mm × 1.5 mm with steps of 150 µm was scanned resulting in 11
horizontal and 7 vertical pixels (77 spectra in total) in the final chemical maps.
Example Raman spectra of eudialyte and catapleiite are shown in Figs. 28(a) and
28(b), respectively. The numbers in the figures refer to Raman peaks that were used
to form the mineralogical areas of eudialyte and catapleiite shown in Figs. 29(a)
and 29(b), respectively. The chemical maps were constructed by first normalizing
the Raman spectra to the total intensity of the spectrum and then the summed
intensity of the Raman peaks 1 and 2 in the case of eudialyte and the summed
intensity of the Raman peaks 3 and 4 in the case of catapleiite were drawn as
contour plots. These Raman peaks were selected to avoid spectral interference from
the other minerals present in the rock sample and two Raman peaks per mineral
were used to reduce the possible polarization effect caused by the crystal orientation.
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Fig. 28. Time-resolved Raman spectra of (a) catapleiite and (b) eudialyte. The numbers
refer to Raman peaks that were used to derive the mineralogical areas of these two
minerals (Reprinted, with permission, from Paper II © 2019 John Wiley & Sons, Ltd).

The chemical maps formed by using the time-resolved Raman spectrometer setup
were compared to a chemical map obtained by utilizing laser-induced breakdown
spectroscopy (LIBS). The chemical map with LIBS was formed by using
multivariate singular value decomposition, and the mapping result is shown in Fig.
30(a). The green areas in the chemical map represent catapleiite, grey areas
eudialyte and the other colors show the distribution of other minerals that were not
in the focus of Paper II. Fig. 30(b) shows the intensity of the atomic emission line
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at 410.2 nm in order to illustrate the yttrium distribution. By comparing the
chemical maps formed by using the time-resolved Raman spectroscopy (Figs. 29(a)
and 29(b)) and LIBS (Fig. 30(a)), it can be seen that the areas of eudialyte and
catapleiite in Raman maps are in a good agreement with the grey and greens areas
in LIBS maps. In addition, the time-resolved Raman maps further prove the earlier
assumption made by using only LIBS that the highest yttrium content is truly
located in eudialyte, as can be seen by comparing Figs. 29(a) and 30(b). The
difference in the shapes of the mineralogical areas between Raman and LIBS maps
can be explained by the smaller laser spot size and the larger number of scanning
points in the LIBS measurements.

Fig. 29. Time-resolved Raman maps of (a) eudialyte and (b) catapleiite (Reprinted, with
permission, from Paper II © 2019 John Wiley & Sons, Ltd).

Fig. 30. (a) LIBS map constructed by using multivariate singular value decomposition.
The green areas represent catapleiite and grey areas eudialyte. (b) Distribution of
yttrium illustrated by plotting the intensity of the atomic emission line at 410.2 nm
(Reprinted, with permission, from Paper II © 2019 John Wiley & Sons, Ltd)
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The Raman maps from the same area were also constructed by using a conventional
CW Raman spectrometer with 532 nm excitation wavelength and 200 mW
maximum power. The results were similar to the ones obtained with the timeresolved Raman spectrometer setup, as expected. The problems with CW
measurements, however, were that the sample had to be photobleached before the
actual spectral acquisition and still a high-fluorescence background was detected
that weakens the quality of the chemical maps, especially in the case of eudialyte.
The fluorescence background can be mathematically reduced to some extent in
order to produce better quality Raman maps but both the photobleaching and
mathematical data handling can be time-consuming processes. In addition, the
sample contains several minerals having different Raman and fluorescence
properties that make the selection of the experimental settings difficult with the CW
Raman spectrometer (balancing between sensor saturation and sufficient Raman
signal collection).
4.2.2 Chemical imaging of extracted human teeth
In Paper III, a total of three tooth samples extracted from patients suffering from
dental caries, periodontitis or pericoronitis was investigated. The roots of the
samples were cut out and the crowns were sawed into two halves. The better halves
of the crowns were chosen for the Raman analyses and they were cast in
metallurgical resin (Buehler, USA, model: EpoThin 2). One crown half (tooth 3)
was analyzed without the resin cast. Photographs of the analyzed tooth samples are
shown in Figs. 31(a)–31(c).
Once again, the time bin width of the studied time-resolved CMOS SPADbased Raman spectrometer was set to ~100 ps and the Raman spectra were formed
by summing the photon counts of bins 1–6 resulting in time gate width of ~600 ps.
The tooth samples were placed on the 3D sample stage of the spectrometer setup
and the samples were scanned in a 2D plane with steps of 250 µm. The imaging
area was selected individually for each of the tooth samples, and consequently, the
number of pixels in the final images varied from 738 to 770 pixels per image. At
each pixel, 10 million laser pulses were shot to the sample, which translates to a
recording time of ~29 s with the spectrum frame rate of 350 kHz meaning that the
overall scanning time varied from 5 h 57 min to 6 h 12 min depending on the tooth
sample. An example Raman spectrum of cross-sectioned sound dentin recorded by
using the studied time-resolved CMOS SPAD-based Raman spectrometer is shown
in Fig. 32.
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Fig. 31. (a)–(c) Photographs of the tooth samples and (d)–(f) their chemical images
formed by using the time-resolved CMOS SPAD-based Raman spectrometer and kmeans clustering algorithm. The numbers in (d)–(f) indicate the different clusters
(Reprinted under CC BY-NC 3.0 license from Paper III © 2019 Authors).

The chemical images were constructed by first computing several Raman peak
intensity ratios. These ratios were PO4(ν1) to CH2, PO4(ν1) to amide I, PO4(ν1) to
amide III and PO4(ν1) to PO4(ν2) (see the Raman assignments in Fig. 32). The
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reason why these ratios were selected was that they offer information on the
crystallinity and mineralization of the tooth samples. In addition to these ratios,
also the residual fluorescence intensity within the used 600 ps time gate (defined
from the spectra without baseline correction) was used as the input data (5 × 1
column vector) when the pixels were clustered either to four or five, depending on
the tooth sample, chemically different groups. The clustering was performed by
using k-means clustering method, which is a simple unsupervised machine learning
algorithm (MacQueen, 1967). The clustering results, i.e. the chemical images, are
shown above in Figs. 31(d)–(f) alongside the photographs of the tooth samples. A
total of five chemically different clusters were found and examples of the spectra
(filtered and baseline corrected) from the areas covered by the different clusters are
shown in Figs. 33(a)–33(e). The average Raman peak ratios and fluorescence
intensities of the different clusters are shown in Table 2.

Fig. 32. Example Raman spectrum of cross-sectioned sound dentin recorded with the
time-resolved CMOS SPAD-based Raman spectrometer (Reprinted under CC BY-NC 3.0
license from Paper III © 2019 Authors).
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Table 2. Average Raman peak ratios and fluorescence intensities of clusters 1–5

(Reprinted under CC BY-NC 3.0 license from Paper III © 2019 Authors).
Cluster

Fluor. Int. (a.u.)

PO4(ν1)

PO4(ν1)

PO4(ν1)

PO4(ν1)

PO4(ν2)

CH2

Amide I

Amide III

Cluster 1 (Enamel)

0.021

6.54

NaN

NaN

NaN

Cluster 2 (DEJ)

0.016

6.40

16.33

10.84

27.63

Cluster 3 (Dentin I)

0.009

6.11

8.93

7.36

14.93

Cluster 4 (Dentin II)

0.010

6.27

8.60

5.98

12.82

Cluster 5 (Carries)

0.035

7.17

NaN

NaN

NaN

Cluster 1 was identified as sound tooth enamel based on its high-intensity
phosphate peaks and lack of the amide and CH2 peaks. The reason for these spectral
features is that sound enamel is highly (almost 100%) mineralized hydroxyapatite
(Ca10(PO4)6(OH)2). In dentin, the mineral content is approximately 70% of its
weight while the rest is mainly type I collagen. This explains the spectral features,
i.e. the amide and CH2 peaks, in clusters 3 and 4 that present sound dentin tissue.
The slight differences in the spectral features between clusters 3 and 4, which
resulted in dividing them into two separate clusters, indicate that cluster 4 (found
only from tooth 1) has a lower concentration of mineralized hydroxyapatite and
therefore, lower mineral-to-organic ratio. Nevertheless, both clusters 3 and 4 were
identified as clinically sound dentin tissue by an experienced dentist.
Cluster 2 represents the transition region between the dentin and enamel, which
contains the dentino-enamel junction (DEJ) transition zone, even though the
borderline of this cluster in tooth 2 is not as clear as with teeth 1 and 3. The spectral
features of cluster 2 (DEJ) are a mixture of the spectral features from cluster 1
(sound enamel) and clusters 3 and 4 (sound dentin). The spectral features of cluster
2 (DEJ) could partly be explained by the possible partial volume artefact caused by
the laser beam illuminating both the areas of dentin and enamel at the same time
(laser spot diameter ~150 µm).
Cluster 5 mainly represents caries-affected enamel tissue (caries was verified
by a dentist with expertise and several years of experience in caries detection and
assessment). The main spectral feature of cluster 5 (caries-affected enamel) that
separates it from the other cluster is the higher fluorescence intensity, which is
known to be typical for caries-affected dental tissue. Another feature of this cluster
is the greater PO4(ν1) to PO4(ν2) ratio compared to the other clusters. Similarly, as
cluster 1 (sound enamel), cluster 5 (caries-affected enamel) also does not have the
amide and CH2 peaks in its Raman spectra. It seems that even initial caries lesions
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induce changes in the composition of tooth tissue, which can be detected in the
Raman signatures. The last cluster, cluster 6, is just an overrange cluster that was
used to detect when the scanning went over the borderlines of the samples.
The quality of the Raman spectra measured with the time-resolved CMOS
SPAD-based spectrometer setup was compared in this study with Raman spectra
measured by using a commercial confocal CW Raman imaging microscope
(Thermo Fisher Scientific, USA, model: DXRTM2xi). The CW laser of the reference
spectrometer has the same wavelength as the studied time-resolved CMOS SPADbased spectrometer (532 nm). The average power and spot size of the CW laser
were 10 mW and 2.6 µm, respectively. The reference CW spectra were measured
only from handpicked locations so that all the clusters were covered (no scanning
was performed with the CW spectrometer). The recording time of the spectra with
the CW spectrometer was set to 0.17 s (6 Hz) in order to obtain around the same
radiant exposure per spectrum (~300 J/mm2) as with the time-resolved CMOS
SPAD-based spectrometer to be able to equally compare the quality of the recorded
Raman spectra. The reference spectra measured with the commercial CW Raman
spectrometer from the areas covered by clusters 1–5 are shown in Figs. 33(f)–33(i).
All the spectra in Fig. 33 (both the time-resolved and CW spectra) were filtered and
baseline corrected. Examples of raw Raman spectra from sound dentin (cluster 3)
recorded both with the time-resolved CMOS SPAD-based spectrometer and
reference CW spectrometer are shown in Figs. 34(a) and 34(b), respectively.
By comparing the raw spectra in Figs. 34(a) and 34(b) the effective
fluorescence suppression obtained with the time-resolved CMOS SPAD-based
Raman spectrometer can be seen. In addition, the raw Raman spectra recorded with
the time-resolved CMOS SPAD-based Raman spectrometer reveals the sawtoothlike distortion caused by the timing skew of the sensor discussed in sections 2.2.1
and 4.1. The spectral quality in this study was defined similarly as in Paper I with
the SDR values but in this study, the RMS noise, i.e. the baseline-corrected standard
deviation of the noise, was multiplied by six in order to estimate the peak-to-peak
noise of the recorded spectra (99.7% of the noise values lie within the six standard
deviations if the noise is assumed to be normally distributed). Therefore, the
quantity to describe the spectral quality was called here as signal-to-peak-to-peaknoise ratio (SNRpp). The standard deviation of the noise was determined from the
wavenumber region of 720–800 cm−1 and the Raman signal was defined as the
amplitude of the highest phosphate peak (PO4(ν1)) at 953cm−1. The SNRpp values
are presented along with the example Raman spectra of the different clusters shown
in Fig. 33.
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Fig. 33. Examples of Raman spectra from the areas covered by clusters 1–5 recorded
with (a)–(e) time-resolved CMOS SPAD-based Raman spectrometer (TR Raman) and (f)–
(i) commercial reference CW Raman spectrometer (CW Raman). The radiant exposure
was about the same (~300 J/mm2) with both Raman spectrometer setups (Reprinted
under CC BY-NC 3.0 license from Paper III © 2019 Authors).
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Fig. 34. Examples of raw Raman spectra of sound dentin (cluster 3) recorded with (a)
time-resolved CMOS SPAD-based spectrometer and (b) commercial reference CW
spectrometer by using around the same radiant exposure (~300 J/mm2) (Reprinted
under CC BY-NC 3.0 license from Paper III © 2019 Authors).

The Raman spectra recorded with the time-resolved CMOS SPAD-based Raman
spectrometer had, depending on the cluster, 4.4–8.8 times greater SNRpp values
than the spectra recorded with the reference CW spectrometer, as can be observed
from Fig. 33. The higher SNRpp values are obtained with the time-resolved Raman
spectrometer because of its effective fluorescence rejection capability. The SNRpp
values of the spectra recorded both with time-resolved and CW Raman
spectrometers behave in a similar manner. The highest SNRpp values were obtained
from sound enamel (high Raman signal intensity and lowish fluorescence intensity)
and the poorest values were obtained from caries-affected tissue (low Raman and
high fluorescence).
It should be noted that the recording time of the spectra with the reference CW
Raman spectrometer was significantly shorter than with the time-resolved
spectrometer. The target was to have around the same radiant exposure (delivered
energy per illumination area) with both the spectrometer setups in order to compare
their performance equally and to avoid sample degradation. Therefore, the
recording time with CW spectrometer had to be restricted to limit the delivered
energy since the CW spectrometer had much smaller laser spot size than the timeresolved spectrometer. An easy way to enhance the SNRpp values with CW
spectrometer would have been the extension of the recording time but this would
have also increased the radiant exposure and caused a risk of sample degradation.
Likewise, the SNRpp values with the time-resolved Raman spectrometer could be
increased by modifying its optical design in a way that a smaller spot size could be
efficiently used. The problem with a small laser spot size, however, is that the
excitation intensity (power delivered per area) might get too high, especially with
pulsed lasers because of the high peak powers, causing damage to sensitive samples,
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such as biological specimens. In addition, a moderate shortening of the recording
time with the time-resolved CMOS SPAD-based spectrometer probably would not
have caused a significant decrease in the SNRpp values, since noise with overall
signal levels this high (Raman + fluorescence) is not dominated by the shot noise
of the detected events but by the distortion that the timing skew of the sensor causes,
as was shown above in section 4.1 (Paper I).
4.3

Distance-resolved Raman radar operation

The main objectives of Paper IV were to demonstrate that the studied Raman
spectrometer based on the time-resolved CMOS SPAD line sensor can both derive
the location of a target sample and effectively suppress the fluorescence and other
background radiation by means of its picosecond-scale time gating during normal
Raman radar operation.
The time gate sweeping that is needed in Raman radar operation was realized
by employing an off-chip digital delay unit. The resolution (least significant bit,
LSB) of the delay unit was 250 ps meaning that also the time step size in the time
gate sweeping was 250 ps, which corresponds to round-trip ToF from 3.75 cm. The
capability of the device to derive the location of a target sample during normal
Raman radar operation was demonstrated by placing a TiO2 sample at distances of
15 cm, 20 cm, 25 cm, 35 cm, and 40 cm. The time gate was swept at each distance
from 15 cm (1000 ps delay between the trigger pulse and time gate opening) to
41.25 cm (2750 ps delay) with steps of 3.75 cm (250 ps delay step) by modifying
the control word of the delay unit. The reason why only the measurement range of
26.25 cm was used in these tests was that we wanted to keep the nonlinearities of
the delay unit below one LSB and thus, just the three first LSB bits (eight control
words) could be utilized (the nonlinearity of the delay unit increases along with the
more significant bits). At each step, a burst of 400000 laser pulses was shot to the
target sample, resulting in a recording time of ~1 s with the spectrum frame rate of
350 kHz. In all Raman radar measurements, the microscope objective was removed
from its holder to achieve a collimated beam (~3 mm diameter at the objective
holder) that enables to measure samples from longer distances.
Figs. 35(a)–35(f) show the Raman spectra of the TiO2 sample measured at the
distances of 15 cm, 20 cm, 25 cm, 30cm, 35 cm and 40 cm, respectively. The time
bin size was adjusted to ~100 ps and the spectra were formed by using only the
photon count of bin 3 (time gate width of ~100 ps) to achieve better sampling
precision than by summing the photon counts of all the time bins from 1–6. As can
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be seen from Figs. 35(a)–35(f), the Raman photons spread over multiple time gate
positions with a certain target distance. This is because the FWHM IRF of the
spectrometer setup is ~225 ps, resulting in full-width IRF of around 570 ps, which
means that the Raman photons generated by laser pulses spread over a distance of
~8.5 cm. Nevertheless, the maximum intensity of the Raman signal is observed
when the time gate position (delay) matches the best with the sample location
(location of the peak amplitude of the laser pulse) and thus, the measured sample
location was defined to be the time gate position at which the maximum Raman
intensity was detected. The error between the measured location of the sample and
the actual location of the sample varied from −1.25 cm to +3.75 cm, resulting in
offset-corrected error variability of ±2.50 cm, as can be seen from Fig. 36, which
shows the offset-corrected measured distance as a function of the actual distance.
The main explanations for the distance derivation errors are the nonlinearity, which
causes some error in the controlling of the time gate position, and the 3.75 cm
resolution of the off-chip digital delay unit.

Fig. 35. Demonstration of the distance-resolving Raman radar operation with time gate
steps of 3.75 cm (250 ps). A TiO2 target sample was placed at distances of (a) 15 cm, (b)
20 cm, (c) 25 cm, (d) 30 cm, (e) 35 cm and (f) 40 cm. The highest Raman peak of TiO2 at
144 cm−1 was cropped out of the figures to make the spectra more readable (Reprinted
[adapted] under CC BY 4.0 license from Paper IV © 2018 Authors).
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Fig. 36. Offset-corrected measured distance as a function of the actual sample distance
(Data from Paper IV).

From Figs. 35(a)–35(f), it can also be observed that the Raman intensity decreases
as a function of the target distance. To further investigate this phenomenon and to
find out what is the maximum distance from where the Raman spectrum of the TiO2
sample can be distinguished, the distance of the target sample was increased from
15 cm to 500 cm with steps of 5 cm. A coaxial delay unit was utilized in these
measurements to compensate for the nonlinearities of the digital delay unit and to
achieve the 5 cm steps. 400000 laser pulses were shot to the sample also in these
tests but now the spectra were formed by summing the photon counts of all the bins
1–6, resulting in a time gate width of ~600 ps, in order to capture all the Raman
photons generated by the laser pulses (full-width IRF of the system is ~570 ps). In
Fig. 37 is plotted the intensity of the strongest Raman peak of TiO2 at 144 cm−1 as
a function of distance from 15 cm to 500 cm. A dashed line in Fig. 37 is based on
the theoretical inverse-square law of
Intensity ∝ Distance .

(9)

As can be seen, the curve of the measured intensities follows quite nicely the shape
of the theoretical curve, especially at distances shorter than 80 cm. At longer
distances, the measured curve had slightly lower values than the inverse-square law
suggests. The reason for this is that the diameter of the laser spot started to exceed
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the width of the TiO2 sample because of the divergence of the laser beam resulting
in an additional signal loss.

Fig. 37. The intensity of the strongest Raman peak of TiO2 at 144 cm−1 as a function of
distance from 50 cm to 500 cm (solid line) and a theoretical curve (dashed line) based
on the inverse-square law (see Eq. 9). The measured Raman spectra at the two longest
distances of 495 cm and 500 cm are also plotted in the figure (Reprinted under CC BY
4.0 license from Paper IV © 2018 Authors).

As can be seen from the spectra shown in Fig. 37, even the strongest Raman peak
of TiO2 is hard to distinguish over the noise at distances of around 500 cm. The
maximum distance from where the whole Raman spectrum of TiO2 could (scarcely)
be distinguished was 250 cm, as shown in Fig 38(a) with the spectra of TiO2 at
distances of 100 cm, 150 cm, 200 cm and 250 cm in normal laboratory lighting
conditions (background illumination intensity of 250 lux).
To demonstrate the effective background suppression achieved with the
picosecond-scale time gating in Raman radar operation, the Raman spectra of TiO2
were also recorded with ~10 ns time gate width for comparison. This 10 ns time
gate was realized by extending the offset between the trigger signal and the first
rising edge of the delay line (see Fig. 19 in section 3) in order to enlarge the photon
collection window of bin 0 (the spectra were now formed by summing the photon
counts of bins 0–6 instead of just bins 1–6). Fig. 38(b) shows the Raman spectra of
TiO2 measured with this ~10 ns time gate width at distances of 50 cm, 100 cm and
130 cm in normal laboratory lighting conditions (background illumination intensity
of 250 lux). As can be noticed, the maximum distance from where the Raman
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spectrum of TiO2 can somehow be distinguished with the 10 ns time gate is 130 cm,
which is more than one meter less than with the shorter 600 ps time gate.

Fig. 38. Raman spectra of TiO2 measured by using (a) 600 ps time gate at distances of
100 cm, 150 cm, 200 cm and 250 cm and (b) by using 10 ns time gate at distances of 50
cm, 100 cm and 130 cm in normal laboratory lighting conditions (background
illumination intensity of 250 lux) (Reprinted under CC BY 4.0 license from Paper IV ©
2018 Authors).

An effective background suppression capability becomes even more important in
demanding measurement environments, such as outdoors, with a high background
radiation level. To demonstrate this, a bright halogen lamp was placed behind the
TiO2 sample (background illumination intensity level was increased from the
original 250 lux to 7600 lux) and the Raman spectra of the TiO2 were recorded at
distances of 50 cm and 100 cm by using both the 600 ps and 10 ns time gates, as
shown in Figs 39(a) and 39(b), respectively. The result here is self-explanatory and
further highlights the effective background suppression achieved with the
picosecond-scale time gating.

Fig. 39. Raman spectra of TiO2 measured by using (a) 600 ps and (b) 10 ns time gate
widths at distances of 50 cm and 100 cm with a bright halogen lamp shining behind the
sample (background illumination intensity of 7600 lux) (Reprinted under CC BY 4.0
license from Paper IV © 2018 Authors).
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The effective fluorescence suppression achieved with picosecond-scale time gating
in Raman radar operation was also demonstrated in Paper IV by recording the
spectra of an olive oil sample at distances of 30 cm and 50 cm by using both the
600 ps and 10 ns time gates, as shown in Figs. 40(a) and 40(b). As can be observed,
the Raman peaks of olive oil cannot be distinguished with certainty at either of the
distances with the longer 10 ns time gating. With 600 ps time gating, on the other
hand, all the major Raman peaks can be distinguished at the distance of 30 cm and
the strongest peaks even at a distance of 50 cm.

Fig. 40. Raman spectra of olive oil measured by using 600 ps and 10 ns time gate widths
at distances of (a) 30 cm and (b) 50 cm in normal laboratory lighting conditions
(background illumination intensity of 250 lux). The top-left corner of (b) shows a
reference spectrum of olive oil measured by the same device configured to normal
Raman microscope mode (Reprinted under CC BY 4.0 license from Paper IV © 2018
Authors).

4.4

Depth-resolved Raman depth-profiling operation

The main objectives of Papers V and VI were to demonstrate that the studied
Raman spectrometer based on the time-resolved CMOS SPAD line sensor can
derive the depths of target samples embedded both in liquid and solid media during
normal Raman depth-profiling operation by utilizing two different data acquisition
methods. In Paper V, the Raman depth-profiling operation was realized by using
the more traditional time gate sweeping technique and in Paper VI, a rapid singleburst method was introduced for the depth-resolving Raman depth-profiling
operation.
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4.4.1 Time gate sweeping technique
The media used in the study of Paper V were semi-transparent colloidal firm jellies
made up from gelatin, water and milk. The milk was used to control the
transparency, and other optical properties, of the jellies and two different milk-towater ratios, 4vol% and 5vol%, were used in this study (the amounts of gelatin and
water were kept constant in the jellies and the milk-to-water ratios were controlled
by adjusting the milk volume). The reduced scattering and absorption coefficients
of the jelly having the 5 vol% milk-to-water ratio were estimated to be 0.17 mm-1
and 0.01 mm-1, respectively. These values were estimated with the time-domain
diffuse optics method (Akarçay, Preisser, Frenz, & Rička, 2012) by utilizing the
laser of the studied spectrometer setup and a separate SPAD (Micro photon Devices,
Italy, model: PD100CTC) equipped with a TCSPC unit (Becker & Hickl GmbH,
Germany, model: TCSPC ModuleSPC-130 EMN). The refractive indices of the
jellies with 4 and 5 vol% milk-to-water ratios were estimated to be 1.31 and 1.40,
respectively, with a procedure introduced later in this section.
To demonstrate that the studied time-resolved Raman spectrometer based on
the CMOS SPAD line sensor can derive the depths of target samples embedded in
a semi-transparent media during normal Raman depth-profiling, one target was
embedded inside a jelly having the 5 vol% milk-to-water ratio and another target
was placed in contact with the rear edge of the jelly, as shown in Fig. 41. The length
of the medium was ~85 mm and the target samples used here were pure ethanol in
a cuvette (round cuvette with a diameter of ~10 mm embedded inside the medium)
and pure TiO2 powder in a cuvette (square cuvette with the side length of around
10 mm placed in contact with the rear edge of the medium).
The time gate sweeping was realized by utilizing a laptop-controlled adjustable
coaxial delay unit. Before the actual time gate sweeping, the start delay of the
sensor was adjusted with the off-chip digital delay unit in a way that the time bins
of the TDC (time bin width adjusted to ~100 ps) collected photons from the medium
before the ethanol target, i.e. around 0.5 cm after the front edge of the medium, as
depicted in Fig. 41. After the start delay was set, the time bins were swept through
the medium by incrementing the delay in steps of ~34 ps with the coaxial delay
unit. At each step, 2 million laser pulses were shot to the medium to obtain the
Raman spectra (recording time of ~6 s with the spectrum frame rate of 350 kHz).
The number of the time steps in the depth scans was limited to 26 by the 850
ps dynamic range of the coaxial delay unit. After each complete depth scan, a slice
of approximately 0.5 cm was cut from the rear edge of the medium and the TiO2
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target was then moved closer to the ethanol target along with the rear edge of the
medium (the depth differences in each of the depth scans is shown in Fig. 41(a)
with the dashed lines). A total of 11 depth scans was performed with this sample
configuration. The IRFs, which are needed to derive the depth information as will
be shown later, of the different targets were formed by plotting the photon count of
the desired Raman peak (only a single spectral point per Raman peak was used here)
at a selected time bin, or time bins, as a function of time. An example of how this
was done in the case of TiO2 with time bins 1 and 2 is shown in Fig. 41(b).

Fig. 41. (a) Sample configuration of the measurements where the ethanol (Eth.) and
TiO2 targets were embedded in a semi-transparent medium. (b) Principle of IRF
derivation in the case of TiO2 achieved by sweeping the time bins of the TDC (only the
first two time bins are shown here) through the medium (Reprinted under CC BY 3.0
license from Paper V © 2019 Authors).

Figs. 42(a)–42(d) show the Raman spectra from selected depth scans of the medium
in which the ethanol and TiO2 cuvettes were embedded. The depth differences
between the two targets in these selected depth scans were 5.2 cm, 4.2 cm, 3.4 cm
and 2.4 cm. The spectra were formed by using only the photon counts of time bin
3 resulting in time gate width of ~100 ps. Fig. 43(a) depicts how the shape of the
IRF can be interpreted from the spectral data. The main observation from Fig. 42
is the same as with the Raman radar measurements presented above in section 4.3:
the maximum Raman intensity of a target is obtained when the time gate position
matches the best with the target location since this is where the Raman photons are
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generated by the peak amplitude of the laser pulse. An easy way to find out what is
the delay at which the maximum Raman intensity of a target is observed is to plot
the IRF of the system based on the Raman photons scattered from the target
substance, as was discussed with Fig. 41.

Fig. 42. Raman spectra from the selected depth scans of the semi-transparent medium
to which the ethanol and TiO2 cuvettes were embedded (Reprinted under CC BY 3.0
license from Paper V © 2019 Authors).

The IRFs of the ethanol and TiO2 targets formed by utilizing the photon counts of
the Raman peaks at 881 cm−1 and 635 cm−1, respectively, from every other depth
scan are shown in Fig. 43(b) (derived by using time bin 3 only). As can be seen, the
peak values of the IRFs of the ethanol target are observed in almost every scan with
the same delay value, but the location of the IRF peak with TiO2 varies between the
depth scans. The obvious explanation for these results is that the location of the
ethanol target was kept constant but the TiO2 target was brought closer along with
the rear of the medium after each depth scan. This also explains why the intensity
of the IRFs of the ethanol target stay pretty much the same between the depth scans
but the intensity of the IRF of TiO2 target changes between the scans because of the
inverse-square law and the absorption and scattering inside the medium that
weakens the signal intensity as a function of depth.
The results discussed above show that it could be possible to derive the depth
of a target inside a medium based on the delay at which the maximum value of the
IRF of the target substance is observed. To do this, the delay information must be
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translated into depth information. In Raman radar operation this was quite
straightforward since the media is air and the delay information, i.e. the round-trip
ToF information, can easily be translated to distance values since the speed of light
in air is well known. Similarly, also with other media, the delay information can be
translated to depth information if the speed of light inside the medium is known.
The struggle with different kinds of media is their varying optical properties, such
as the refractive indices and absorption and scattering coefficients, that have an
effect on the net (Raman) photon forward migration velocity, i.e. on the speed of
light inside the media (Martelli, Binzoni, Pifferi, et al., 2016; Martelli, Binzoni,
Konugolu Venkata Sekar, et al., 2016; Matousek et al., 2005). Because the
estimations for the absorption and reduced scattering coefficients of the semitransparent media used in this study were quite low, we decided to derive the depth
information simply based only on the estimated refractive indices of the media and
the targets. Therefore, the depth of a targe can be derived with the following
equation
Depth

,

(10)

where c is the speed of light in a vacuum, n is the estimated refractive index of the
medium and t is the time point at which the maximum value of the IRF of the target
is observed.
The refractive indices of the targets were looked up from the literature. The
refractive indices of the used semi-transparent media were estimated by measuring
the IRF of TiO2 sample first through a medium (TiO2 cuvette in contact with the
rear edge of the medium) and then from the same distance without the medium.
After this, the speed of light inside the medium was computed based on the length
of the medium (round-trip length) and the difference between the delays at which
the maximum values of the IRFs with and without the medium were observed.
Finally, the refractive index of the measured medium was computed by substituting
the derived speed of light value into the well-known equation n = c/v. The refractive
indices of the jelly media with the 5 and 4 vol% milk-to-water ratio were estimated
to be 1.40 and 1.30, respectively. In reality, this procedure also considers the effects
of the scattering and absorption on the net photon migration velocity inside the
media and compensates it in the values of estimated refractive indices. The speed
of light (c/n) in a whole sample configuration, including both the medium and the
targets, was derived by using a weighted average of the refractive indices of the
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different sample components (the weighting was done based on the length of the
individual sample components).

Fig. 43. (a) Spectral data of a single depth scan with the IRFs of the ethanol (blue line)
and TiO2 (red line) targets (Data from Paper V). (b) IRFs of the ethanol (green and blue
lines) and TiO2 (red and dark lines) targets from every other depth scan (Fig. 43(b)
reprinted [adapted] under CC BY 3.0 license from Paper V © 2019 Authors).

In this proof-of-concept study, the accuracy of the procedure to derive the depth
information was evaluated by investigating the depth differences between the
targets instead of using the absolute depth values of the targets. This is because it
is easier and more convenient to derive the depth differences between the targets
than to use the absolute depth values that are affected by issues like temperature
creep (affects the delay values) and changes in the sample placement between the
depth scans (the media used do not produce clear IRFs and thus, the location of a
front edge of the medium cannot be calibrated between the depth scans in the same
way as the location of the Raman active targets inside the medium). The ToF values
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in the x-axis of Fig. 43 were also converted to a depth scale by using Eq. 10 (note
that the depth scale was computed by using an average refractive index of all the
depth scans and thus it is not perfectly accurate for the individual depth scans).
Furthermore, the actual depth differences between the two targets were marked at
the top-right corner of Fig. 43. The variability of the offset-corrected depth
derivation error was ± 4.3 mm, as can be seen from Fig. 44, which shows the offsetcorrected measured depth difference between the targets as a function of the actual
depth differences between the targets.

Fig. 44. Offset-corrected measured depth difference as a function of the actual depth
difference (Data from Paper V).

In addition to the depth derivation capability, also the effectiveness of the
fluorescence suppression of the used time-resolved CMOS SPAD-based Raman
spectrometer in Raman depth-profiling operation was investigated. For this purpose,
a new sample configuration was made. This time a cuvette (round cuvette with a
diameter of ~10 mm) containing cooking oil was embedded in a 9.5 cm long jelly
medium with 4vol% milk-to-water ratio, and again, the TiO2 cuvette was placed in
contact with the rear edge of the medium. In these measurements, two different
cooking oils, olive and sesame oil familiar from the earlier parts of this thesis, were
used. The sample configuration is depicted in Fig. 45(a), also including a drawing
of the temporal photon distributions of the targets. As can be seen from the figure,
the fluorescence from the oil target does not only make it hard to capture the Raman
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spectrum of the oil target itself but the fluorescence decay can also mask the Raman
signal from the deeper target. Fortunately, the fluorescence background can be
suppressed by gating the time bins to the depths of the targets, as shown in Fig.
45(b). From Fig. 45(b), it can also nicely be seen how the time gate width, which
is defined by time bin width and how many time bins are summed in the data postprocessing phase, affect the achieved fluorescence rejection, SNR and Raman
depth-profiling performance. For example, if a too wide time gate is used, the
fluorescence suppression could be insufficient, and it can also lead into photons
being collected from both targets at the same time, which weakens the Raman
depth-profiling performance, since the targets cannot be identified independently
anymore. On the other hand, a too short time gate might result in Raman signal loss
and therefore in a poor SNR.

Fig. 45. (a) Sample configuration and photon distributions of the measurement in which
cooking oil and TiO2 samples were embedded into a medium. (b) Principle of gating the
time bins to the depths of the targets in order to achieve fluorescence suppression
(Reprinted under CC BY 3.0 license from Paper V © 2019 Authors).

Figs. 46(a)–46(f) show the Raman spectra from the measurements in which the
olive oil and TiO2 samples were embedded into the medium and Figs. 46(g)–46(l)
show the spectra from the measurements where the olive oil sample was replaced
with a sesame oil sample. The spectra were obtained by using 100 ps (only one time
bin with 100 ps bin width), 400 ps (four time bins with 100 ps bin width), 1.2 ns
(six time bins with 200 ps bin width) and 13 ns (full range of the sensor including
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the larger bin 0) time gate widths. From the spectra presented in Fig. 46, it can be
seen that the fluorescence decay from the oil samples truly overlaps with the Raman
signal from the deeper TiO2 target since the spectra captured by gating the time bins
to the TiO2 target (Figs. 46(b), 46(d), 46(h) and 46(j)) also contain some
fluorescence background, which is greater at the larger wavenumbers due to the
fluorescence emission profiles of the oil targets.

Fig. 46. Raman spectra measured from the medium in which was embedded (a)–(f) olive
oil and TiO2 targets (red spectra) or alternatively (g)–(l) sesame oil and TiO2 targets (blue
spectra). The spectra were recorded by using the time gate widths of 100 ps, 400 ps, 1.2
ns and 13 ns. In the cases of 100 ps and 400 ps wide time gates, the gating was obtained
to the depth of a single target inside the medium at a time (with the larger time gate
widths the time gate covers the whole sample at once) (Reprinted under CC BY 3.0
license from Paper V © 2019 Authors).

94

The spectrum of TiO2 was distinguished with both the fluorescence background
levels (sesame oil provides decade higher fluorescence signal than olive oil) when
the 100 ps and 400 ps wide time gates were gated to the depth of the TiO2 target,
as can be seen from Figs. 46(b), 46(h), 46(d) and 46(j). Two highest Raman peaks
of olive oil could be also distinguished with the 100 ps and 400 ps wide time gates
when the gating was obtained to the oil target, as shown in Figs. 46(a) and 46(c).
The Raman signatures of the sesame oil sample cannot be identified confidently
with any of the time gate widths but some hints as to its major Raman peak at 1442
cm−1 can be seen with the 400 ps wide time gate, as shown in Fig. 46(i). With the
second widest time gate width, 1.2 ns, which covers the whole sample at once, the
Raman signal of the olive oil target is already almost completely lost under the
fluorescence background and also the strong Raman signal from the TiO2 target
starts to sink under the background with this time gate width, as noticed from Figs.
46(e) and 46(k). With the widest time gate, 13 ns, anymore only the highest Raman
peak of TiO2 can be (questionably) identified from the recorded spectra, as
observed from Figs. 46(f) and 46(l).
The best spectral quality was achieved with the 400 ps time gating but the
downside is that already this “long” time gate collects the Raman signal from both
the targets inside the medium weakening the Raman depth-profiling performance,
as was discussed above. Therefore, it is important to consider what kind of
information (high depth-profiling resolution or clear Raman spectra) is needed in a
certain situation. A great advantage of the used time-resolved CMOS SPAD line
sensor over the more conventional sensor solutions with constant-size time gates is
that this sensor enables to modify the time gate width still in the data postprocessing phase, as demonstrated here.
4.4.2 Single-burst method
In Paper VI the goal was to resolve the Raman depth profiles of around 10 cm deep
heterogenous liquid samples with actual depth information by using only a singleburst of laser pulses instead of the traditional, and relatively slow, time gate
sweeping technique. The principle of how this was realized is shown in Figs. 47(a)
and 47(b), which depict the block and timing diagrams of the single-burst depthresolving Raman spectrometer setup based on the investigated CMOS SPAD line
sensor. The time bin width was set here to the maximum value of ~200 ps in order
to wholly cover the samples of 10 cm in depth with only a single burst of laser
pulses. As can be seen from Fig. 47, the individual time bins of the sensor collect
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the Raman photons from the different depths of the sample configuration. For
example, in the case of the 20th SPAD pixel of the line sensor, bin 1 collects the
Raman photons from the purple top layer of the sample configuration and bin 6
collects the photons from the green bottom layer of the sample (bins 2–5 collect
only the background photons from the non-Raman active layer). Fig. 47 also shows
the time domain histograms at the 76th and 119th SPAD pixels in order to clarify the
simultaneous operation across the whole spectral axis (a total of 256 temporal
photon profiles are recorded by the 256 channels of the integrated TDC of the line
sensor). In other words, the line sensor can rapidly measure a total of 6 Raman
spectra at different depths of the sample with only a single burst of laser pulses
without the need for any additional delay or time interval units.

Fig. 47. (a) Block and (b) timing diagrams of the single-burst depth-resolving Raman
spectrometer based on the time-resolved 16×256 SPAD line sensor with the integrated
256-channel 3-bit TDC (Reprinted, with permission, from Paper VI © 2019 IEEE).
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Two similar sample configurations were used in Paper VI. Both sample
configurations had one Raman active layer at the top of the sample and another at
the bottom of the sample. A water phase was located between these Raman active
layers (Raman interface of water is relatively weak). A 2.0 cm high sediment of
TiO2 powder was placed at the bottom of the first sample configuration. As shown
in Fig. 48 (a), a water phase of 7.5 cm in depth followed by a sunflower oil layer
of 2.5 cm in depth was set on top of the TiO2 sediment. A block of sintered
Ba(Mg1/3Ta2/3)O3 powder was placed at the bottom of the second sample
configuration, and the water and sunflower oil phases were set over it, but the
heights of these layers were now 6 cm and 1 cm, respectively, as shown in Fig.
48(b). A photograph of the second sample configuration is shown in Fig. 48(c) (the
laser beam was tilted to vertical position by using a mirror suitable for this purpose).
A burst containing 3 million laser pulses was shot to the sample in these
measurements resulting in a recording time of 8.6 s with the spectrum frame rate
of 350 kHz.
Fig. 48(d) shows the Raman, fluorescence and total photon distributions of the
first sample configuration shown in Fig. 48(a). First of all, it can be noticed again
how the broadband fluorescence from the top layer does not only make it hard to
distinguish the Raman signal of the top layer itself but its fluorescence decay can
also mask the Raman signal from the deeper parts of the sample. The figure also
shows the time domain histograms at two example spectral points to further point
out the single-burst depth-resolving capability of the used CMOS SPAD-based
Raman spectrometer. The example spectral points were the 26th and 185th spectral
points that correspond to the wavenumber values of 395 cm−1 (Raman active region
of TiO2) and 1438 cm−1 (Raman active region of lipids), respectively. Similarly, as
in Paper V, the depth information in this study was derived by converting the
difference in the ToA of the Raman photons from the different layers of the sample
to depth difference between the layers by using equation (slight modification of Eq.
10)
∆Depth

∆

,

(11)

where c is the speed of light in a vacuum, n is the refractive index of the medium
(in this case water, thus n = 1.3) and Δt is the measured ToA difference of the Raman
photons from the target layers at the different depths.
The ToA of the Raman photons from a target layer is defined as the time at
which the maximum Raman signal from the layer is observed. The simplest way to
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estimate the ToA is to assume that the ToA is the center time of the time bin at
which the maximum Raman intensity from a layer is observed. For example, in the
case of Fig. 48(d), the maximum Raman intensity from the sunflower oil layer is
observed at the second time bin corresponding to ToA of 300 ps. In the same way,
the ToA of the Raman photons from the TiO2 layer is 900 ps meaning that the ToA
difference between these two layers is 600 ps. By using Eq.11, this ToA difference
of 600 ps translates to a depth difference of 69 mm. This is a little less than the
actual depth difference, which is 87.5 mm when measured from the middle of the
sunflower oil layer to the surface of the TiO2 sediment (see Fig. 48(a)), between
these layers.

Fig. 48. The (a) first and (b) second sample configurations. (c) Photograph of the second
sample configuration. (d) Raman, fluorescence and total photon distributions alongside
the time domain histograms of the TDC at two example spectral points in the case of
the first sample configuration (Reprinted, with permission, from Paper VI © 2019 IEEE).
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Obviously, the 200 ps bin resolution limits the precision and accuracy to define the
ToA of the Raman photons and thus the depth difference, especially when the ToA
is defined as depicted in the previous paragraph. Since the full-width IRF of the
system is ~570 ps, the Raman photons from a target layer spread over multiple time
bins, which can be utilized when the ToA of Raman photons from a target layer is
being defined. By taking an average of the time bin center times weighted by the
Raman signal observed in these time bins, the ToA of Raman photons can be
estimated by using equation
ToA

∑
∑

,

(12)

where n is the number of the time bins in which Raman signal is observed from a
target layer, Ii is the Raman intensity in the time bin i and ti is the center time of the
time bin i.
Fig. 49(a) shows the recorded Raman spectra of the first sample configuration
as a function of the time bins of the TDC. In Paper VI, the ToA of the Raman
photons from a target layer was defined simply as the center time of the time bin at
which the maximum Raman intensity of the layer was observed. As can be seen
from Fig. 49(a), the maximum Raman intensity of the sunflower oil layer is
observed at the second time bin. With the TiO2 layer, the situation is not as clear as
with the sunflower oil layer. The Raman intensity of TiO2 is very similar in both
the time bins 4 and 5 meaning that the TiO2 layer actually locates somewhere
between these two time bins. In Paper VI, the maximum Raman intensity was
defined to be at the fifth time bin resulting in a ToA difference of 600 ps (900 ps
(bin 5) – 300 ps (bin 2)) between the two target layers. This, in turn, translates to
69.0 mm depth difference between the two layers, as explained above.
The ToA of the Raman photons from the target layers was also estimated with
the weighted average shown in Eq. 12. The Raman intensity of TiO2 in Eq. 12 was
defined as the sum of the amplitudes of Raman peaks at 395 cm−1, 511 cm−1 and
633 cm−1. With Eq. 12, the ToA of Raman photons from the TiO2 layer was
estimated to be ~838 ps. In the case of the sunflower oil layer, the Raman intensity
was defined by summing the amplitudes of Raman peaks at 1295 cm−1, 1438 cm−1
and 1651 cm−1. Now the ToA of Raman photons from the sunflower oil layer was
estimated to be ~293 ps meaning that the ToA difference between the two target
layers was ~545 ps with the weighted average method. This ToA difference
corresponds to a depth difference of 62.7 mm. The actual depth difference between
the sunflower oil and TiO2 layers was measured to be 87.5 mm.
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Fig. 49(b) shows the Raman spectra of the second sample configuration as a
function of the time bins. Here the maximum Raman intensities of the sunflower
oil and Ba(Mg1/3Ta2/3)O3 layers are observed at the second and fourth time bins,
respectively. Therefore, with the simpler method, the ToA difference between the
two layers is 400 ps, which corresponds to a depth difference of 46.0 mm. If the
ToA of the Raman photons of sunflower oil and Ba(Mg1/3Ta2/3)O3 layers are
estimated with the weighted average method, the ToA difference is ~349 ps (637
ps – 288 ps), which translates to a depth difference of 40.1 mm. In the computation
of the weighted average, the Raman intensity of Ba(Mg1/3Ta2/3)O3 was defined as
the sum of the amplitudes of Raman peaks at 388 cm−1, 429 cm−1 and 470 cm−1.
The actual depth difference between the sunflower oil and Ba(Mg1/3Ta2/3) layers
was measured to be 65.0 mm.

Fig. 49. Raman spectra of the (a) first sample configuration and (b) second sample
configuration as a function of the time bins of the TDC (Reprinted [adapted], with
permission, from Paper VI © 2019 IEEE).
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If the ToA of Raman photons from a target layer was estimated to be simply the
center time of the time bin at which the maximum Raman intensity was observed,
as was done in Paper VI, the error made in the derivation of the depth of the target
layers was 18.5 mm with the first sample configuration and 19.0 mm with the
second sample configuration. If the ToA of the Raman photons from a layer were
estimated with Eq. 12 (weighted average), the depth derivation error with the first
sample configuration was 24.8 mm, and 24.9 mm with the second sample
configuration. With both sample configurations, the depth derivation error is larger
with the weighted average method but on the other hand, the deviation of the error
is smaller compared to the simpler method (0.5 mm vs. 0.1 mm).
The main reasons for the inaccuracy in the depth derivation, as mentioned in
section 2.4, are the timing skew, which causes an error between spectral points
within a time bin, and the width differences of the time bins, which causes an error
within a spectral point. The characterization of the timing homogeneity of the
sensor used in this thesis is presented in the paper by Holma et al. (2017). For
example, the timing skew of the sensor has been measured to be approximately ±75
ps over the whole spectral range with the nominal time bin width of ~50 ps. The
largest timing skew differences are observed between pixels at the first and last
quarters of the line sensor. In the worst-case scenario, the timing skew can cause as
large as 150 ps ToA difference, which corresponds to 17.2 mm depth difference,
between two spectral points. The timing skew could explain a major part of the
depth derivation error made in these measurements since both the TiO2 and
Ba(Mg1/3Ta2/3)O3 have their Raman peaks at the first half of the wavenumber axis,
whereas sunflower oil has its Raman peaks at the latter half of the axis.
The error made within a spectral point is mainly caused by the variability in
the time bin sizes. It has been measured that the time bins are on average 52%
longer than the nominal value when the bin width is set to ~50 ps (Holma et al.,
2017). The time bin size variability causes an error to the estimation of the time at
which the maximum Raman intensity from a target layer is obtained and could
explain why the ToA differences, and thus depth differences, were underestimated
in these measurements. It should also be noted that each of the time bins has its
own timing skew profile, but differences between the time bins are insignificant
compared to the size of the timing skew over the whole spectral range and the time
bin size variability. In addition, the values for timing skew and time bin size
variability were measured with the nominal bin width of ~50 ps and the
measurements were here made with the nominal bin width of ~200 ps meaning that
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the timing skew and time bin size variability values differ from the values reported
by Holma et al. (the values depend on the nominal bin width).
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5

Discussion

The main aim of this research work was to study the performance of a time-resolved
16×256 CMOS SPAD line sensor, which has an integrated 256-channel 3-bit TDC,
in Raman spectroscopy applications. Prior to the testing of the sensor in actual
Raman applications, this work also investigated the main issues affecting the
spectral quality in CMOS SPAD-based Raman spectroscopy with highfluorescence backgrounds. The advanced performance of the sensor was shown in
two traditionally challenging chemical imaging applications, which were chemical
mapping of a strongly fluorescent REE-bearing rock sample and chemical imaging
of extracted human teeth. Besides the imaging application, it was demonstrated that
the sensor can be used to derive, with and without additional delay units, the
location of a target sample during both normal Raman radar and Raman depthprofiling operations.
Paper I showed that the dominating noise source in CMOS SPAD-based
Raman spectroscopy with high-fluorescence backgrounds is not the shot noise of
the detected events, but the distortion caused by the timing skew of line sensors. In
addition, the true reason for the observed improvement in the spectral quality as a
function of high-intensity pulsed laser excitation (excitation intensity >
fluorescence saturation threshold) was discovered to be the laser-induced
fluorescence saturation instead of the conventionally thought increased number of
detected photons. The timing skew of the sensors can never be completely avoided
due to component mismatches and different parasitic elements in the CMOS
manufacturing process. The magnitude of the timing skew, however, can be
affected with circuit design choices and the findings made in Paper I highlight the
role of these choices in future sensor development. The timing skew can also be
mathematically compensated for to some extent after the sensor chip has been
manufactured, as showed by Talala and Nissinen (2019), and therefore, attention
should also be paid in the further development of these compensation methods.
The results of Paper I also showed that the signal averaging by prolonging the
recording time of the spectra over a certain threshold time does not, in fact, provide
further enhancement to the spectral quality with strongly fluorescent samples. The
reason for this was that both the Raman signal and the distortion caused by the
timing skew increase in the same proportion when the recording time is extended
over the threshold time. A more effective way to achieve enhanced spectral quality
was found to be the use of higher average excitation intensities, if possible and if
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the sample can safely withstand high peak powers without the risk of sample
degradation.
Papers II and III demonstrated the advanced performance of the tested timeresolved CMOS SPAD-based fluorescence-suppressed Raman spectrometer in
traditionally challenging chemical imaging applications. In Paper II, the chemical
maps of the strongly fluorescent REE-bearing rock sample obtained by using the
time-resolved CMOS SPAD-based Raman spectrometer were verified with a
conventional CW spectrometer and with LIBS measurements. The quality of the
spectra measured with the time-resolved and CW spectrometers was not compared
in Paper II, but both the spectrometers produced chemical maps of approximately
similar quality. Nevertheless, with a CW spectrometer the fluorescent sample had
to be photobleached and the spectra mathematically corrected, both of which can
be time-consuming operations, in order to achieve maps of approximately similar
quality as with the studied time-resolved spectrometer.
The straightforward comparison in Paper III between the time-resolved and
commercial CW spectrometers showed that better quality spectra in chemical
imaging of extracted human teeth can be obtained with the time-resolved device
when about the same radiant exposure is used with both spectrometer setups. The
spectra measured with the time-resolved Raman device had, depending on the tooth
tissue type, 4.4–8.8 times greater SNRpp values than the spectra measured with the
reference CW spectrometer. The CW spectrometer would probably have beaten the
time-resolved spectrometer if the recording time could have been safely extended
to around the same as with the time-resolved spectrometer. The reason for this is
that the commercially available CW spectrometer is much further in its
development process and thus, its optical components are way more optimized,
which, for example, enables the spectrometer to efficiently utilize a narrow laser
beam that results in a narrow spot diameter and high power density at the sample
surface. On the other hand, the recording time with the time-resolved spectrometer
could have been unnecessary long due to the reasons discussed above (prolonging
of the recording time over a certain threshold time was noticed not to have a further
impact on the spectral quality with highly fluorescent samples, see Paper I).
Nevertheless, the effective fluorescence suppression obtained with the timeresolved Raman spectrometer enabled to record high-quality Raman spectra, which,
in turn, allowed the reliable clustering (k-means) of the image pixel in order to
produce the chemical images of the tooth samples.
Papers IV–VI demonstrated that the tested Raman spectrometer based on the
time-resolved CMOS SPAD sensor can derive the location of a target sample during
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both normal Raman radar and Raman depth-profiling operations. During normal
Raman radar operation, the variability of the offset-corrected distance derivation
error was measured to be ±2.50 cm at distances ranging from 15 cm to 40 cm.
Raman depth-profiling was realized with two different kinds of data acquisition
methods. The first one was the traditional time gate sweeping technique (the same
technique as with the radar measurements), the downside of which is the relatively
long measurement time, since a new burst of laser pulses is needed at every time
step in the depth scanning. The variability of the offset-corrected depth derivation
error with this time gate sweeping technique was measured to be ±4.3 mm at depths
ranging from 20 to 90 mm.
To speed up the depth-profiling measurements, the single-burst depth-profiling
method was introduced in Paper VI. Since the studied time-resolved sensor can
measure a total of six Raman spectra from different depths of the sample with only
a single-burst of laser pulses (see section 4.4.2), the single-burst depth-profiling
technique is six times faster than the traditional time gate sweeping. Because only
two different depths were measured in the proof-of-concept study of the singleburst method (Paper VI), the absolute depth accuracy of the method can only be
speculated at this point. The main issues causing error to the depth derivation with
the single-burst method are the timing skew and the time bin size variability of the
sensor, which again highlights the importance to bear in mind the effects of the
timing inhomogeneities when the next generation sensor circuits are developed. On
the other hand, it could be possible to develop compensation methods also for the
depth-profiling measurements if the temporal characteristics of the sensor are
measured for the same setting as the depth-profiling measurements are performed.
This is also an important topic for future research. Another problem with the singleburst method could be the possible issues caused by the pile-up effect if the top
layer or the scanned medium has high enough overall signal intensity.
One of the key aspects of future research should be to define which one of the
two depth-profiling methods provides better overall functionality. The obtained
results should then guide the sensor development work towards a better solution,
which roughly speaking means that either the number of time bins and thus, the
time range that they cover should be increased, or alternatively, the time gate
sweeping functionality should be integrated as part of the sensor circuit. Regardless
of the chosen design path, the development of the temporal precision and accuracy
of the whole spectrometer setup should not be forgotten. Excellent timing precision
and accuracy are required for the accurate and high-resolution depth-resolved
Raman depth-profiling or distance-resolved Raman radar operation (see section
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2.4). Superb timing properties are especially important in depth-profiling of
diffusely scattering media because the media widen the measured IRF as a function
of the measured depth (Martelli, Binzoni, Pifferi, et al., 2016; Martelli, Binzoni,
Konugolu Venkata Sekar, et al., 2016).
A great benefit of the longer integrated time range that the development of the
single-burst method would provide is that the sensor could also be utilized in
combined Raman and fluorescence lifetime spectroscopy, as demonstrated by
Kufcsák et al. (2017) and Usai et al. (2019). The time gate sweeping method can
also be used to resolve the fluorescence lifetimes of samples (Kostamovaara et al.,
2013), but issues like photobleaching might become problematic. On the other hand,
the mathematical compensation methods for the single-burst data are more complex
and the danger of the pile-up effect always exists, also in fluorescence lifetime
measurements.
This work investigated the performance of a time-resolved CMOS SPAD line
sensor in chemical imaging, Raman radar and Raman depth-profiling applications.
Other studies have also demonstrated the usability of CMOS SPAD line sensors in
various applications, such as investigation of planetary minerals, analysis of highly
fluorescent pharmaceuticals, quantification of pickle liquor and pH sensing through
an optical fiber (Blacksberg, Alerstam, Maruyama, Cochrane, & Rossman, 2016;
Blacksberg et al., 2020; Heilala et al., 2018; Lipiäinen et al., 2018; Maruyama,
Blacksberg, & Charbon, 2014; Rojalin et al., 2016). Even though the results of the
demonstrated applications might not always be groundbreaking purely from the
Raman spectroscopy point of view, the novelty of the studies lies in the used sensor
solution. The high integration capability of the CMOS SPAD line sensors makes it
possible to produce miniaturized Raman instruments, which again could enable
new kinds of in-situ implementations of Raman applications. For example, a
miniaturized spectrometer could be built as part of a process line in the mining
industry, or the spectrometer could be integrated to vehicles like Mars rovers for
in-situ planetary investigation, as suggested by Blacksberg et al. (2016). Besides
the size factor, it should not be forgotten that time-resolved CMOS SPAD sensors
offer effective fluorescence and background suppression, which might become
handy, for example, in process monitoring applications where the ambient lighting
could cause problems with CW spectrometers.
In addition, CMOS technology enables to integrate different kinds of
functionalities to the sensor circuit itself, offering a great variety of new application
possibilities. The combined Raman and fluorescence lifetime spectroscopy is a
good example of what CMOS technology enables to realize. Another example of
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the possible circuit functionalities is the integrated delay generator for the time gate
sweeping. The integrated time gate sweeping functionality would not only make it
possible to realize a compact depth-profiling spectrometer, which could be built,
for example, as part of liquid containers for process monitoring in different
industrial fields, but it would also enable the realization of a compact multipoint
Raman instrument. In the multipoint measurement, the sensor circuit could
generate multiple time gate openings that are used to collect photons from multiple
measurement probes with different lengths, i.e. with different time delays. This
kind of multipoint spectrometer could be used, for example, to measure the Raman
signal from two or more points of a sample without the need to mechanically move
either the sample or the measurement probes. A possible application for this kind
of a device could be to measure the diffusion of pharmaceuticals in different types
of media in order to study the drug kinetics, for example. With fiber optical probes,
it is also possible to collect the signal from points tens of meters away from each
other and thus, multipoint spectrometers could also be used to screen multiple
points of a process line with a single device, providing a cost-effective monitoring
solution.
The present and the other studies so far have proven that there is a lot of
potential in time-resolved CMOS SPAD-based Raman spectroscopy. The field has
already also attracted some commercial interest and a Finnish company called
Timegate Instruments that has been developing and selling Raman spectrometers
based on CMOS SPAD sensors since 2014 (sensor development started at the
University of Oulu). In a nutshell, future research should concentrate both on the
device development work as well as on the investigation of the new real-world
application possibilities for the developed instruments.
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Summary

Raman spectroscopy is a powerful optical tool that can quantitatively and
nondestructively resolve the molecular composition of a sample regardless of its
physical state of matter. The main challenge in Raman spectroscopy has been the
strong laser-induced fluorescence interference of samples that in some cases can
partly or even totally mask the much weaker Raman signal. An effective method to
suppress the problematic fluorescence and other background radiation has been
demonstrated to be the so-called time gating. Besides background suppression, the
time-gated Raman devices have also enabled new kinds of Raman applications,
such as Raman radar and Raman depth-profiling operations. The restricting
challenges with the time-gated Raman devices, however, have been their high
complexity and bulkiness, which have limited their usage mainly into specialized
research laboratories.
A recent solution to overcome the problems of time-gated Raman
spectrometers is to use time-resolved CMOS SPADs as the detector of a
fluorescence and background-suppressed spectrometer. The operating principle in
time-resolved CMOS SPAD-based Raman spectroscopy is the same as in any other
TCSPC measurement. The main advantage of CMOS SPAD sensors is that all the
necessary TCSPC electronics can be integrated into a single ASIC die with the
SPAD array itself, reducing the size, complexity and costs of the time-resolved
Raman devices.
This thesis concentrated on studying the performance of a time-resolved
16×256 CMOS SPAD line sensor, which has an integrated 256-channel 3-bit TDC,
in Raman spectroscopy applications. At first, in order to interpret the obtained
results from the actual application measurements, the main issues affecting the
spectral quality in CMOS SPAD-based Raman spectroscopy with highfluorescence backgrounds were resolved. The advanced performance of the Raman
device built around the investigated CMOS SPAD line sensor over conventional
CW Raman devices was demonstrated in two traditionally challenging chemical
imaging applications. The applications were chemical mapping of a strongly
fluorescent REE-bearing rock (nepheline syenite) and chemical imaging of
extracted human teeth. In addition to these imaging applications, it was
demonstrated that the investigated Raman device can be used to derive, with and
without additional delay units, the location of target samples during both normal
Raman radar and Raman depth-profiling operations.
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With high-fluorescence backgrounds, the timing inhomogeneities of CMOS
SPAD line sensors have a crucial impact on the overall readability and quality of
the recorded Raman spectra. In this thesis, it was shown that the dominating noise
source is not the shot noise of the detected events, but the distortion caused by the
timing skew of line sensors when strongly fluorescent samples are measured. The
SDR (signal-to-distortion ratio) values, which consider both the shot noise of the
detected events and the distortion caused by the timing skew, of the filtered and
unfiltered spectra were on average 35% and 79% poorer than the SNR values,
which only consider the shot noise, of the recorded spectra.
Furthermore, it was discovered that prolonging of the recording time, i.e. signal
averaging, did not improve the spectral quality when the timing skew dependent
distortion was the dominating noise source. The reason for this is that the
prolonging of the recording time grows the number of detected photons, i.e.
increases the overall signal intensity, which only numerically increases the SNR
values but does not have an impact on the SDR values, since both the Raman signal
and timing skew dependent distortion increase in the same proportion. Nevertheless,
enhancement in the spectral quality was observed when signal intensities were
increased by applying high-intensity pulsed-laser excitation (excitation intensity >
fluorescence saturation threshold). This enhancement was discovered to be due to
the laser-induced fluorescence saturation instead of the traditionally thought
increased number of detected photons. At best, the SNR values of the recorded
spectra of the sesame and olive oil samples were 26% and 9.1% higher, respectively,
compared to the theoretical SNR values with the unsaturated fluorescence response.
Chemical mapping of the strongly fluorescent REE-bearing rock sample
demonstrated that valuable information on the mineralogical distributions of
eudialyte and catapleiite in the mapped sample can be obtained with the studied
time-resolved Raman spectrometer. By comparing the chemical maps obtained
with the time-resolved Raman spectrometer to maps obtained with LIBS, an earlier
assumption that the highest yttrium, which is a valuable REE, content located in
eudialyte could be proven. The Raman maps were also made by using a
conventional CW spectrometer but with the CW measurements, time-consuming
photobleaching and mathematical fluorescence correction were needed to achieve
Raman map quality of approximately the same level as with the time-resolved
spectrometer.
Chemical imaging of extracted human teeth demonstrated that the investigated
time-resolved Raman device is capable of separating the different tooth tissue types
based on their Raman signatures with the help of a simple unsupervised machine
110

learning algorithm (k-means clustering). It was also shown that the investigated
time-resolved Raman spectrometer provides better quality Raman spectra of
extracted human teeth than a commercial reference CW spectrometer because of
the effective fluorescence suppression that the picosecond-scale time gating offers.
The SNRpp (signal-to-peak-to-peak-noise ratio) values of the spectra measured with
the time-resolved Raman spectrometer were, depending on tooth tissue type, 4.4–
8.8 times greater than with the reference CW spectrometer when approximately the
same radiant exposure was used with both of the spectrometers. The high-quality
Raman spectra obtained with the time-resolved Raman spectrometer ensured
reliable clustering results.
The Raman radar and Raman depth-profiling measurements demonstrated that
the investigated Raman device is capable of deriving the location of target samples
based on their Raman signal. The concept was first verified with Raman radar
measurements in which an additional digital delay unit was employed to sweep the
time gate in the time domain in order to achieve the actual scanning functionality.
The variability of the offset-corrected error in the distance derivation during normal
Raman radar operation was measured to be ±2.50 cm at distances ranging from 15
cm to 40 cm. The whole Raman spectrum of TiO2 was distinguished at maximum
distances of 250 cm and 100 cm with background illumination intensities of 250
lux and 7600 lux, respectively, when the time gate width was adjusted to 600 ps.
The effective background suppression that is achieved with the picosecond-scale
time gating was demonstrated by comparing these results to measurement where
the time gate width was set to 10 ns. The maximum distances from which the
Raman spectrum of TiO2 could be distinguished with the 10 ns time gate width
were 130 cm and 50 cm when the same background illumination intensities as with
the 600 ps time gate width were applied.
The Raman depth-profiling concept was first demonstrated by scanning
semitransparent colloidal firm jellies with the traditional time gate sweeping
technique, which was achieved by utilizing an additional laptop-controlled coaxial
delay unit. With this configuration, the variability of the offset-corrected depth
derivation error during normal Raman depth-profiling operation was measured to
be ±4.3 mm at depths ranging from 20 to 90 mm. The Raman depth-profiling
operation was also demonstrated by using the more novel and rapid single-burst
procedure that does not need any additional delay or time-interval units. In the
proof-of-concept study of the single-burst method, only two different depths, 62.7
mm and 87.5 mm, in heterogenous liquid samples were measured and thus, the
absolute depth accuracy of the method can only be speculated at this point. These
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results, however, demonstrated that the studied time-resolved Raman spectrometer
can offer millimeter-scale depth resolution and accuracy also in the single-burst
mode.
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