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Abstract—The fluorescence background in Raman spec-
troscopy can be effectively suppressed by using pulsed
lasers and time-gated detectors. A recent solution to reduce
the high complexity and bulkiness of the time-gated sys-
tems is to implement the detector by utilizing time-resolved
single-photon avalanche diodes (SPADs) fabricated in
complementary-metal-oxide-semiconductor (CMOS) technol-
ogy. In this study, we investigate the effects of fluorescence-
to-Raman ratio, recording time and excitation intensity on
the quality of Raman spectra measured by using one of the
furthest developed fluorescence-suppressed Raman spec-
trometers based on a time-resolved CMOS SPAD line sensor.
The objectives were to provide information on the significance
of the different causes behind the distortion of the measured Raman spectra with various measurement conditions and
to provide general information on the possibilities to exploit the high-intensity non-stationary pulsed laser excitation to
gain additional improvement on the spectral quality due to laser-induced fluorescence saturation. It was shown that
the distortion of the spectra with samples having short fluorescence lifetimes (~2 ns) and high fluorescence-to-Raman
ratios, i.e. with challenging samples, is dominated by the timing skew of the sensor instead of the shot noise caused by
the detected events. In addition, the actual reason for the observed improvement in the spectral quality as a function of
excitation intensity was discovered not to be the conventionally thought increased number of detected photons but rather
the laser-induced fluorescence saturation. At best, 26% improvement to the signal-to-noise ratio was observed due to
fluorescence saturation.

Index Terms— Raman spectroscopy, non-stationary laser-induced fluorescence saturation, complementary metal-
oxide-semiconductor single-photon avalanche diode (CMOS SPAD), timing inhomogeneities, timing skew, spectral

0
30

6 & 10 12 14 16 18
Fluorescence-to-Raman ratio

190 35 510 670 830
Average excitation intensity (W/erm')

quality, signal-to-noise ratio (SNR), signal-to-distortion ratio (SDR).

|. INTRODUCTION

AMAN spectroscopy is a very powerful optical tool

that can be used to nondestructively and quantitatively
resolve the chemical and molecular composition of a sample.
The potential of Raman spectroscopy has been recognized
in various fields such as agricultural, food, forensic, secu-
rity, biomedical and pharmaceutical sciences, just to name
a few [1]-[5]. The main advantages of Raman spectroscopy
are that it needs minimal sample preparation and it can be
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used to measure samples in all the states of matter [3], [4].
Furthermore, the interference of water in Raman spectra is
relatively weak making Raman spectroscopy also a suitable
tool for analyses of aqueous solutions [4].

The main challenge of Raman spectroscopy is the high
fluorescence emission of some samples [6]. The fluorescence
emission does not provide as detailed information on the
molecular composition of a sample as Raman scattering does
and thus, the fluorescence emission may be considered as
competing phenomenon for Raman scattering in Raman spec-
troscopy. The intensity of fluorescence background is in many
cases markedly higher than the intensity of Raman scattering
masking partly or even totally the desired Raman spectra.
Therefore, the fluorescence background often dramatically
decreases the signal-to-noise ratio (SNR) of the recorded
Raman spectra and the reduction of fluorescence background
should be considered to play a crucial role in the further
development of Raman spectroscopy techniques [7].

One very promising method to suppress the effect of fluo-
rescence background is based on the time response difference

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) Time distributions of a laser pulse, Raman scattered photons
and fluorescence emitted photons and the basic principle of fluorescence
suppression by means of a time gating technique. (b) Saturated (solid
line) and unsaturated (dotted line) fluorescence response as a function
of excitation intensity.

Time gate

between Raman scattering and fluorescence emission. Flu-
orescence emission decays with a typical lifetime close to
10 ns, whereas the Raman scattering is an instantaneous
phenomenon [6], [8]. This time response difference can be
utilized by illuminating the sample with a pulsed laser instead
of conventional continuous wave (CW) laser and by collecting
the photons only during the echo pulse from the sample
(backscattering configuration) by means of a time-gated detec-
tor. Consequently, all the Raman photons generated by the
laser pulse can be collected while most of the total fluores-
cence emission from the sample can be rejected as depicted
in Fig. 1(a). Time-gated detectors have been implemented by
means of techniques like ultra-fast intensified gated charge-
coupled devices (CCD) and Kerr gates with detectors, for
example, but the main drawbacks of time gating techniques
have been their high complexity, bulkiness and costs that have
hampered their widespread usage [9], [10].
A more recent and less complex technique to implement
a time-gated detector is to use time-resolved single-photon
avalanche diodes (SPADs) fabricated with a complementary-
metal-oxide-semiconductor (CMOS) process as the detector
of a compact fluorescence-suppressed Raman spectrometer
[11],[12]. The time-resolved CMOS SPAD-based Raman spec-
troscopy follows the general principles of time-correlated
single-photon counting (TCSPC) [13]. The main advantage
of CMOS SPAD sensors is their high integration capability
that enables to integrate all the necessary TCSPC electronics
into a single integrated circuit with a SPAD-array reducing
the size and complexity of the whole device [14]-[17]. The
time-resolved CMOS SPAD sensors also make it possible to
more practically realize the other functionalities for Raman
spectroscopy, such as Raman radar and Raman depth profiling
operations, which could open novel application possibilities in
various fields [18], [19].
Unfortunately, all the fluorescence photons cannot be
rejected even with the time gating techniques, and thus it is
important to have a quantity to evaluate the performance of
different Raman spectrometer setups. Normally, this quantity
in Raman spectroscopy is the SNR, which is described by the
ratio between detected Raman photons and shot noise caused
by the total events, as shown below in (1):
SNR = N (1)

~Nr + Nr + Np
where Nr, Nr and Np are the detected photon counts
of Raman scattered, fluorescence emitted and background

photons (including the dark counts of the detector) [12].
As mentioned, the effectiveness of the time gating techniques
to improve the SNR is based on the reduction of the fluo-
rescence photon count since this decreases the denominator
(i.e. the shot noise) of (1) and consequently increases the
SNR value. Another possibility to improve the SNR is to
increase the overall photon count, which can be done either by
increasing the excitation intensity or extending the recording
time of the spectra (signal averaging) because the numerator
(i.e. the Raman signal) of (1) increases in direct proportion
to the Raman photon count and the denominator increases in
proportion to the square root of the Raman, fluorescence, and
background photon counts.

An interesting fact is that the intensity of fluorescence
emission has been noticed to saturate with high enough
pulsed laser excitation intensities, whereas the intensity of
Raman scattering behaves linearly throughout the excitation
intensity range, as depicted in Fig. 1(b) [20]. Basically,
this laser-induced fluorescence saturation would mean that
the denominator of (1) would increase slower, and thus the
SNR faster, when the excitation intensity is increased com-
pared to a situation with unsaturated fluorescence response.
In other words, an additional improvement to SNR values
could be achieved by exploiting the fluorescence saturation
when samples that can stand high excitation intensities are
measured (note that the Ng should be at least in the same
order of magnitude as Nr, which is usually the case with
fluorescent samples, to have a notable effect). The fluorescence
saturation is explained by the finite number of excited states
of molecules and by the finite lifetimes of these excited
states [20], [21]. Even though this phenomenon was already
found several decades ago, its effects on SNR in Raman
spectroscopy has not yet been extensively studied and reported.
It should be noted that in time-gated Raman spectroscopy
we are dealing with non-stationary excitation (fluorescence
lifetime of a sample is longer than the duration of the laser
pulse), which means that a few orders higher excitation
intensity is needed to achieve the fluorescence saturation
compared to quasi-stationary excitation (the duration of the
laser pulse is much longer than the fluorescence lifetime of a
sample) [22].

The shot noise of detected events is not the only source to
cause distortion to the spectra measured with time-resolved
Raman spectrometers based on CMOS SPAD line sensors.
Another important factor causing distortion to the spectra is
the so-called timing skew of the sensors [15], [23]. The timing
skew means that the start and end points of the time gate vary
along the spectral range due to timing mismatches between
the spectral points, i.e. between SPAD pixels in the sensor.
This means that also both the time gate width and position
(in the time domain) relative to the laser pulse vary along
the spectral axis. Because of this timing skew, the photon
count at different spectral points will vary even if the overall
signal (including all the radiation from the sample and all the
dark counts of the sensor) remain the same at the different
spectral points. This photon count difference, i.e. sampling
error, between subsequent spectral points is the reason for the
additional distortion of the spectra.
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(a) Principle of the photon count difference caused by the timing skew between spectral points in a line sensor and (b) the distortion that it

causes to the spectra. In (b) is also shown an example how the SDR values were computed in this study. Here the signal intensities as a function of

time are assumed to be identical at both spectral points A and B.

In this paper, we investigate the effects of fluorescence-
to-Raman ratio, recording time (i.e. signal averaging) and
excitation intensity on the quality of Raman spectra mea-
sured by using one of the furthest developed fluorescence-
suppressed Raman spectrometers based on a time-resolved
CMOS SPAD line sensor [15]. The objectives of this study are
to provide information about the significance of the different
causes behind the distortion of the measured Raman spectra
in various measurement conditions to offer insights for future
sensor circuit design and to provide general information about
the possibilities to exploit the non-stationary high-intensity
pulsed laser excitation to achieve additional improvement
to the spectral quality owing to laser-induced fluorescence
saturation.

Il. TIMING SKEW AND SIGNAL-TO-
RMS-DISTORTION RATIO

The effect of the timing skew on the photon count difference
at two example spectral points A and B is depicted in
Fig. 2(a). The photon count difference between the spectral
points A and B, which are assumed to have identical overall
signal intensities for simplicity caused by timing skew can be
computed by integrating the overall signal intensity from the
time gate end point at the spectral point A to the time gate end
point at the spectral point B resulting in the area of the green
segment in Fig. 2(a). The area is much simpler to compute by
approximating the green segment to be a rectangle and thus,
the photon count difference can be computed with a simple
equation:

AN =1- At 2)

where I is the overall signal intensity (photons/ps) in the
middle between the time gate end points A and B and At
is the time difference between these time gate ending points,
i.e. the timing skew.

If we now assume that a line sensor would only consist of
the subsequent spectral points A and B shown in Fig. 2(a)
(i.e. the pixels in the sensor would be ABABAB...), the tim-
ing skew would cause the sawtooth-like distortion shown in
Fig. 2(b). Because the SNR described in (1) does not tell
anything about the effects of timing skew on the quality of

the measured Raman spectra, another quantity to define the
spectral quality is also needed. Therefore, we also decided to
define the overall quality and readability of the spectra by the
term signal to root mean square (RMS) distortion ratio (SDR),
which is mathematically expressed as follows:
SDR = Ne
Opl
where NR is the detected Raman photon count and oy is
the baseline-corrected standard deviation of the distortion, i.e.
the RMS distortion. For example, in the case of Fig. 2(b), the
baseline-corrected standard deviation (o, in Fig. 2(b)) of the
sawtooth-like distortion is the peak-to-peak amplitude of
the distortion (distortiony_o—p in Fig. 2(b)) divided by 2, and
the number of Raman photons is the amplitude of the Raman
peak. By inserting the numbers to (3), we obtain the SDR
value of 9 in Fig. 2(b). Section IV. A. describes how to derive
the number of Raman photons and baseline-corrected standard
deviation of the distortion in practice with real measurement
data.

3)

[1l. MEASUREMENT SETUP AND TEST PRINCIPLES

A. Fluorescence-Suppressed Raman Spectrometer
Based on a Time-Resolved CMOS SFPAD Line Sensor

A block diagram of the used CMOS SPAD-based Raman
spectrometer is shown in Fig. 3(a). The spectrometer has
a 16 x 256 time-resolved line sensor with an integrated
256-channel 3-bit on-chip time-to-digital converter (TDC).
The system uses a 532 nm pulsed laser (Teem Photonics,
Meylan, France, model: ANG-500P-CHS) as an illumination
source. The pulse width (full width at half maximum), band-
width and repetition rate of the laser are 160 ps, 0.11 nm and
350 kHz, respectively. The maximum pulse energy from the
laser is 1 uJ but the desired output energy can be chosen by
means of neutral density filters (ND filter in Fig. 3(a)).

A small portion of the laser pulse energy is guided to
an optical detector by means of a beam splitter. The optical
detector generates a logic level trigger signal that is passed
through an off-chip digital delay unit to the 16 x 256 CMOS
SPAD line sensor in order to bias the SPADs to the Geiger
mode in which they can detect single photons. The off-chip
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Fig. 3. (a) Block diagram of the Raman spectrometer based on a
time-resolved 16 x 256 CMOS SPAD line sensor with an integrated 3-bit
on-chip TDC. The block diagram also shows the measurement config-
uration for the evaluation of the effects of recording time and excitation
intensity on spectral quality and (b) depicts the sample configuration for
the evaluation of the effects of fluorescence-to-Raman ratio on spectral
quality (measurements in (b) were done without the microscope objective
to gain a wide enough laser beam, see text for details).

digital delay unit is used to compensate for the difference
between the optical and electrical delays of the system so
that the SPADs are biased, i.e. time-gated, to Geiger mode
only during the photons arriving from the sample (red line in
Fig. 3(a)) to collect all the Raman scattered photons and to
reject most of the fluorescence emitted photons, as explained
in the introduction.

The sensor has an integrated on-chip 256-channel 3-bit
TDC (one channel per column) that measures the times of
arrival of the backscattered photons. Each channel of the TDC
have 8 time bins (numbered from O to 7) from which bins
1-6 are stabilized by a reference-locked delay line and thus,
the resolution of these stabilized bins can be adjusted from
~50 ps to ~200 ps by modifying the reference clock frequency
of the delay line. The longer unstabilized bin O is used to
help adjust the timing of the stabilized bins 1-6, and bin 7 is
an overrange bin that is used to detect the SPAD quenching
signal generated by the CMOS logic to end an ongoing
measurement cycle. The final time gate width is chosen in
the data post-processing phase by selecting the analyzed time
bins. In this study, the bin resolution was set to ~100 ps and
the photon counts of the bins 1-6 were summed up in post-
processing, resulting in a time gate width of ~600 ps.

Most of the laser pulse energy is guided through the collima-
tor, dichroic filter (reflecting the laser pulse) and microscope
objective (Olympus, Japan, model: Plan N, 10x/0.25 NA,
spot size after objective ~150 um) to the sample. Rayleigh
scattered photons from the sample are filtered by means of
dichroic and longpass filters. A diffraction grating diverges
the scattered photons so that the position of each SPAD
column in the line sensors corresponds to a certain range
of wavenumbers (the wavenumber resolution is ~6 cm™!).

*Full width at half maximum °For the used technology (532-600 nm, 3V
excess bias) [27], have not been measured with this sensor “Laser repetition
rate is limiting 9For the used pixels (hot pixel elimination) °Instrument
response function

In addition, the system has a sample stage connected to a
3D stepper motor to be able to accurately move the sample
and a field-programmable gate array control circuit (FPGA
in Fig. 3(a)) connected to a computer to control the sensor
circuit. All the data post-processing is done by using custom
MATLAB scripts, including dark count removal (always) and
filtering (only when mentioned, mean filtering with a window
size of two subsequent points). The main characteristics of
the spectrometer setup have been summarized in Table I,
and a detailed description of the 16 x 256 CMOS SPAD
sensor with an integrated 256-channel 3-bit on-chip TDC
is given in [15]. The sensor can be said to be one of the
furthest developed time-resolved CMOS SPAD line sensors
for Raman spectroscopy at the moment [15, 24]. Other recent
and advanced CMOS SPAD arrays for Raman spectroscopy
and other biophotonics applications have been presented, for
example, in [24]-[26].

B. Test Principles for Evaluating the Effects of
Fluorescence-to-Raman Ratio on Spectral Quality

The purpose of these measurements was to investigate the
quality of the measured Raman spectra as a function of
fluorescence-to-Raman ratio. The measurements were con-
ducted in the following steps: 1. Different color hole punched
(» = 5 mm) post-it notes were placed over a cuvette con-
taining TiO, powder, as depicted in Fig 3(b), to achieve a
large dynamic range of fluorescence-to-Raman ratios. 2. The
microscope objective was removed to obtain a wide enough
laser beam (still collimated beam, ¢ = 3 mm). 3. A 0.2 neutral
density filter was placed in front of the laser to set the laser
pulse energy to 0.63 uJ corresponding to average excitation
intensity of 3.12 W/cm? with the laser spot size of 3 mm at
the sample surface. 4. The collimated laser beam was adjusted
to illuminate at the same time both the post-it note and the
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TiO, powder through the hole in the post-it note, as shown in
Fig. 3(b). 5. One million laser pulses were shot to the sample
resulting in a recording time of 2.9 s with the laser repetition
rate of 350 kHz (typically used acquisition time with this
spectrometer also in more application-oriented studies).

The fluorescence-to-Raman ratio, which sometimes is also
referred to as the fluorescence parameter (& = Np/NRr), was
defined as the ratio between the amplitude of the Raman peak
of TiO, at 635 cm™! and the estimated fluorescence baseline
under this Raman peak (polynomial fitting). These Raman
and fluorescence photon count values were defined from the
filtered and dark count corrected spectra and they were also
used to compute the SNR values by employing (1) (here
the fluorescence photon count also includes the background
photons). The number of dark counts of the sensor for the
computation of the SNR values was defined as the mean
photon count of data that was measured in a dark room with
normal Raman measurement configuration but without any
sample (this data was also used in the dark count correction
of the Raman spectra).

The fluorescence-to-Raman ratio was modified not only by
using the different color post-it notes but also by adjusting the
position of the laser beam in a way that it overlaps either
more with the post-it note or more with the hole in the
post-it note depending on which direction the fluorescence-to-
Raman ratio was desired to be tuned. A total of 17 different
fluorescence to Raman ratios were achieved with the used
configurations, and the range of the ratios varied from 1.32 to
18.75 resulting in a dynamic range of 1:14. It should be
noted that here the number of fluorescence photons means
the number of residual fluorescence photons detected inside
the 600 ps time gate and thus, the fluorescence-to-Raman ratios
are much lower and SNR values are much higher than if the
measurements were conducted by using a conventional CW
Raman spectrometer.

C. Test Principles for Evaluating the Effects of Recording
Time and Excitation Intensity on Spectral Quality

The purpose of these measurements was to investigate the
quality of the measured Raman spectra as a function of record-
ing time and excitation intensity. In addition, the aim was to
observe fluorescence saturation and investigate its effects on
the spectral quality. The measurements were conducted in the
following steps: 1. The microscope objective was put back
in its place to achieve higher excitation intensities. 2. The
desired output pulse energy was set by placing the correct
neutral density filter in front of the laser. 3. The sample was
placed at the focus point of the laser (see also Fig. 3(a) in
which the used measurement configuration is depicted). 4. Ten
times one million laser pulses were shot to the sample with the
laser repetition rate of 350 kHz to enable the selection of the
recording time in the data post-processing from 2.9 s to 29 s
with steps of 2.9 s (typically used acquisition times with this
spectrometer also in more application-oriented studies).

The excitation energy range in these measurements was
set from 0.016 wuJ to 0.501 uJ corresponding to an average
excitation intensity range from 31 W/cm? to 993 W/cm? with
the laser spot diameter of 150 um (the maximum energy

(1 uJ) of the laser could not be used here because it is
too high for the available optical fibers). The samples used
here were sesame and olive oil, which have the unsaturated
fluorescence-to-Raman ratios of 9.90 and 0.74, respectively,
in the time-gated mode (derived as the ratio between the ampli-
tude of Raman peak of lipids at 1657 cm™! and the estimated
fluorescence baseline under this peak). The corresponding
CW mode fluorescence-to-Raman ratios were estimated to be
85 for sesame oil with the fluorescence lifetime of 2 ns and
7.7 for olive oil with the fluorescence lifetime of 2.5 ns [28].

IV. RESULTS AND DISCUSSION

A. Effects of Fluorescence-to-Raman Ratio on Spectral
Quality

Figure 4(a) shows the fitted theoretical SNR (dashed
black line), measured SNR (solid blue line), SDR of fil-
tered data (solid green line) and SDR of unfiltered data
(solid red line) as a function of fluorescence-to-Raman ratio.
Figures 4(b—e) show examples of filtered and dark count
corrected Raman spectra with four different fluorescence-to-
Raman ratios. It should be noted that a baseline correction of
the spectra would make the spectra more readable, but this
would affect neither the SNR nor SDR values because the
baseline correction does not remove/filter noise or distortion
(the baseline correction was not used here to show also
the shape and intensity of the residual fluorescence emission
inside the 600 ps time gate). The measured SNR values were
computed from the filtered and dark count corrected spectra,
as discussed in section III. B. The SDR values were computed
with (3), which was shown in section II. The number of the
Raman photons for the computation of the SDR values was
defined from the same Raman peak as was defined the Raman
photon count for the computation of the SNR values (TiO;
peak at 635 cm™!). The RMS distortion of both the filtered
and unfiltered spectra was defined from baseline-corrected
Raman spectra by computing the standard deviation of a
wavenumber region from 688 cm™! to 749 cm™! (no Raman
peaks). The fitted theoretical SNR values 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 and then the theoretical fluorescence photon
counts for the whole Raman-to-fluorescence dynamic range
were derived based on this mean Raman photon count value.
Mathematically this can be expressed as follows:

Np(®) = Ng - ® 4

where Ny is the mean Raman photon count with the different
fluorescence-to-Raman ratios and @ is the fluorescence-to-
Raman ratio (i.e. fluorescence parameter). The dark counts
of the sensor were set to zero when the fitted theoretical SNR
values were computed.

Fig. 4(a) shows that the measured SNR curve fluctuates only
moderately, and the shape of the curve is similar to the fitted
theoretical SNR curve as could be anticipated. By comparing
the SNR and unfiltered SDR curves it can be noticed that the
unfiltered SDR curve always has lower values than the SNR
curves. This is simply explained by the fact the SDR considers
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Fig. 4. (a) Measured SNR (solid blue line), fitted theoretical SNR (dashed black line), SDR of filtered data (solid green line) and SDR of unfiltered

data (solid red line) as a function of fluorescence-to-Raman ratio. (b—e) Filtered and dark count corrected Raman spectra of TiOo with 1.32, 3.35,
7.02 and 18.75 fluorescence-to-Raman ratios, respectively. The vertical dotted lines point the Raman peak of TiO, at 635 cm~1, which amplitude

was used here to define the count of Raman photons.

both the shot noise and the distortion caused by the timing
skew of the sensor meaning that the unfiltered SDR values
can never beat the SNR values. Nevertheless, the SDR curve
of the filtered data (mean filtering with window a size of
two subsequent spectral points) gets higher values than the
SNR curves with some of the lowest fluorescence-to-Raman
ratios, but after the fluorescence-to-Raman ratio of 2.90 also
the filtered SDR is conclusively beaten by the SNR curves.
The reason why the filtered SDR values can beat the SNR
values with the lowest fluorescence-to-Raman values is that
the filtering does not have a notable effect on the number
of detected photons, and thus on the SNR values, but rather
the filtering reduces both the distortion caused by the shot
noise and timing skew of the sensor, which decreases the
RMS distortion and thus, increases the SDR values. As men-
tioned in section II, the distortion caused by the timing skew
of the sensor increases in direct proportion to the overall
signal level and therefore also the filtered SDR curve goes
under the SNR curve with higher fluorescence-to-Raman ratios
(i.e. with higher overall signal levels), as the filtering cannot
anymore properly reduce the effects of increased distortion.
The increase of the distortion caused by the timing skew as a
function of overall signal intensity also explains why the SDR
curves decrease steeper than the SNR curves.

The SDR values of filtered and unfiltered data were on
average 35% and 79% lower than the measured SNR values.
This shows the significance of the distortion caused by the
timing skew of the sensor on the quality and readability of
the recorded Raman spectra. The distortion results mostly
from the variation of the time gate end point along with the
spectral axis, as was shown in Figs. 2(a) and 2(b). The most
important factors determining the magnitude of the distortion
are the size of the timing skew, fluorescence-to-Raman ratio
and fluorescence lifetime of the measured sample, as will be
demonstrated with simulations in the next section. The timing
skew of the sensor is covered in more detail in [15] and [23].

These results point out that the reduction of the timing skew
play a key role when more challenging samples (i.e. samples
with higher fluorescence-to-Raman ratios and with short fluo-
rescence lifetimes, such as biological specimens) are desired to
be measured with better SDR values, making the sensor circuit
design extremely demanding. The timing skew of multichannel
CMOS SPAD line sensors can never be completely avoided,
regardless of how meticulously the sensor is designed, but
their effects on the spectral quality can be computationally
compensated for. A simple filtering was observed here to
reduce the distortion to some extent, but it did not provide
a comprehensive solution when the fluorescence intensity
increased. Therefore, more sophisticated compensation meth-
ods are needed, one of which we demonstrated in [15]. The
principle of the method in [15] is to measure a reference
spectrum of a highly fluorescent sample having a smooth
spectral shape to reveal the timing skew of the sensor along
with the spectral axis and to use this information to compute
correction factors for the timing skew at every spectral point.
The drawback of the technique is that the spectral shape
of the fluorescence between the reference sample and the
measured sample should be similar for the method to work
properly. The shape of the fluorescence of the different post-it
notes had some variance, which can be seen from the spectra
in Figs. 4(b)—(e), and thus the measurement of the reference
spectra would have been challenging and time-consuming.
This is why we decided not to use this compensation method
here and thus, there is still demand for more practical and
effective compensation methods.

Another challenge that is usually related to CMOS SPAD
sensors are the already briefly mentioned dark counts of the
sensors. The average dark count rate (DCR) of the sensor used
here has been measured to be 128 Hz/um? [15]. The DCR
was defined only for the SPADs that are normally used in
the measurements to achieve the best possible performance
(hot pixel elimination, only 12 out of the 16 SPAD rows
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Fig.5. Measured (solid lines) and fitted theoretical (dashed lines) Raman
and fluorescence photon counts of (a)—(b) sesame oil and (c)—(d) olive oil
as a function of average excitation intensity with four example recording
times.

are normally used). Nevertheless, the shot noise caused by
the dark counts is not meaningful here, as can be seen by
comparing the fitted theoretical SNR curve and the measured
SNR curve in Fig. 4(a). The curves go almost hand in hand
even though the dark counts were only considered when the
measured SNR values were computed. The shot noise of the
dark counts becomes problematic at lower overall signal levels.
Besides, the distortion of the spectra caused by the variations
in the dark count probability between the SPAD columns can
be easily compensated for by subtracting the measured dark
count distribution of the sensor from the measured spectral
data as was also done in this study. Another not so significant
issue causing some distortion to the spectra is the variation in
the photon collection efficiency between the individual SPADs
in the line sensor.

B. Effects of Recording Time and Excitation Intensity on
Spectral Quality

Figures 5(a)-5(b) and 5(c)-5(d) show the measured (solid
lines) and fitted theoretical (dashed lines) Raman and fluo-
rescence photon counts of the sesame and olive oil samples,
respectively, as a function of average excitation intensity with
four example recording times. The Raman photon counts were
defined from the amplitude of the Raman peak of lipids at
1657 cm™!, and the fluorescence photon counts were defined
from the estimated fluorescence baseline under this Raman
peak (polynomial fitting). The fitted theoretical Raman photon
counts as a function of excitation intensity for each of the
recording times were computed by first scaling the measured
Raman photon count of each excitation intensity with the scal-
ing factor of I;,/Imax Where I, is the specific excitation intensity
and Inax is the maximum excitation intensity (993 W/cmz).
Then, the mean values of these intensity-scaled Raman photon
counts were used to derive the theoretical fitted Raman photon
counts for each of the recording times (the dashed lines
shown in Figs. 5(a) and 5(b)). The theoretical unsaturated
fluorescence photon counts as a function of excitation intensity
for each recording time were computed based on the mea-
sured fluorescence photon count with the lowest excitation
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Fig. 6. Measured (solid lines) and theoretical unsaturated (dashed
lines) signal-to-noise ratio (SNR) and filtered (solid lines) and unfil-
tered (dashed lines) signal-to-distortion ratio (SDR) of (a)—(b) sesame
and (c)—(d) olive oil samples as a function of average excitation intensity
with four example recording times.

Average excitation intensity (W/cm®)

intensity (31 W/cm?). The main observation here is that the
fluorescence emission indeed starts to saturate and behave
nonlinearly when the excitation intensity is increased, whereas
the intensity of Raman scattering does not saturate and behaves
linearly. In addition, the fluorescence saturation was noticed
to be greater with sesame oil than with olive oil.

Figures 6(a)-6(b) and 6(c)—6(d) show the measured (solid
lines) and theoretical unsaturated (dashed lines) SNR and
filtered (solid lines) and unfiltered (dashed lines) SDR values
of the sesame and olive oil samples, respectively, as a function
of average excitation intensity with four example recording
times. The measured SNR and SDR values were computed
in a similar way as in the previous section. The standard
deviation for the RMS distortion was defined from wavenum-
ber region of 1782-1847 cm™! (baseline-corrected spectra).
The theoretical SNR values with unsaturated fluorescence
response were computed from the fitted theoretical Raman
and fluorescence photon counts and again, the dark counts
were set to zero when the theoretical values were computed.
Figures 7(a)-7(b) and 7(c)-7(d) show example filtered and
dark count corrected Raman spectra of the sesame and olive oil
samples, respectively, with two different measurement settings.

As can be seen from Figs. 6(a) and 6(c), the measured
SNR was observed to increase more strongly than the the-
oretical unsaturated SNR due to the fluorescence saturation.
The difference between the measured and theoretical SNR
values were greater with sesame oil because of its stronger
fluorescence saturation. At best, the measured SNR values of
sesame and olive oil were 26% and 9.1% higher, respectively,
than the theoretical unsaturated SNR values. The effect of the
fluorescence saturation on the SNR in the case of sesame oil
is so strong that a 43% shorter recording time was enough
to obtain the same SNR as with unsaturated fluorescence
response as can be seen from Fig. 6(a) by comparing the solid
red line and dashed green line (11.6 s vs. 20.3 s). On the other
hand, Fig. 6(c) shows with low excitation intensities that the
theoretical unsaturated SNR values of olive oil are slightly
higher than the measured SNR values, which is explained by
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Fig. 7. Example filtered and dark count corrected Raman spectra of

(a)—(b) sesame and (c)—(d) olive oil samples with two different measure-
ment settings. In (a) and (c) the recording time and the average excitation
intensity were 2.9 s and 31 W/em?, respectively, and in (b) and (d) they
were 29 s and 993 W/cm?, respectively. The vertical dotted lines point
the Raman peak of lipids at 1657 cm~1, which amplitude was used here
to define the count of Raman photons.

the fact that the effect of the fluorescence saturation is weaker
with lower excitation intensities and the saturation starts after a
certain excitation intensity threshold (~158 W/cmz), as can be
seen from Fig. 5(d). In addition, the dark counts of the SPADs
were only considered in the computation of the measured SNR
values and the effects of dark counts on the SNR are more
evident when the overall signal level is low, as it is with olive
oil when excitation intensity is kept low.

Measurements made with sesame oil had both lower SDR
and SNR values than olive oil because of the shorter fluores-
cence lifetime and higher CW mode fluorescence-to-Raman
ratio of sesame oil. These results also show that the unfiltered
SDR values should never beat the SNR values (here the SDR
values slightly beat the SNR values in some cases with low
excitation intensities and short recording times due to inaccu-
racy in the determination of SNR and SDR values). A simple
filtering was again noticed to reduce both the distortion caused
by the shot noise and timing skew with lower fluorescence-
to-Raman ratios (olive oil), but the filtering was found out to
be insufficient to compensate for the distortion with higher
fluorescence-to-Raman ratios (sesame oil), as can be seen by
comparing the filtered SDR and SNR curves in Figs. 6(a)—(d).
The filtered SDR values of olive oil were generally higher than
the SNR values, whereas the filtered SDR values of sesame
oil were lower than the SNR values.

Another interesting observation from Figs. 6(a)—(d) is that
the extension of the recording time (signal averaging) did not
markedly improve the SDR values of sesame oil and with olive
oil, the SDR values did not further improve when the recording
time was extended over 11.6 s. Moreover, the increase of the
excitation intensity did not improve the SDR values as strongly
as it does improve the SNR values (theoretical unsaturated
SNR values increase in direct proportion to the square root of
the excitation intensity and the measured SNR values increase
even stronger due to fluorescence saturation). Once again,
the explanation for these observations is the timing skew of

the sensor. As has been mentioned several times, the distortion
of the spectra caused by timing skew is directly proportional
to the overall signal level. The increases of the excitation
intensity and extension of the recording time increase both the
Raman and overall signal intensities in the same proportion
under unsaturated conditions and thus, they do not improve
SDR because both the Raman signal and distortion increase in
the same proportion. Despite all of this, the SDR values were
noticed to increase as a function of excitation intensity, and the
actual reason for this is the observed fluorescence saturation.
The explanation why the SDR values of olive increase when
the recording time is extended from 2.9 s up to 11.6 s is that
the overall signal level with the shortest recording times is so
much lower that the distortion caused by timing skew is not
yet dominating. Therefore, improvement to the SDR values
can be achieved by extending the recording time, i.e. by signal
averaging, due to the improved SNR.

The effect of the timing skew on the spectral quality was
also evaluated by simulations from which an example result is
shown in Fig. 8. The simulation model first generates the rela-
tive time-domain photon distributions of the modelled sample
based on the entered CW-mode fluorescence-to-Raman ratio
and fluorescence lifetime (see a virtual example in Fig. 2(a)
in section II). After this, the simulation model computes the
variation in the number of detected photons caused by the
timing skew between adjacent spectral points with multiple
timing skew sizes (see (2) and Fig. 2(a) in section II).
The variance in the number of detected photons between
adjacent spectral points causes the sawtooth-like distortion in
the formed spectrum and the SDR values can be derived as
discussed in section II and illustrated in Fig 2(b). The initial
time gate end point in the simulations was defined as the
point in time where the overall signal intensity decreased
to ~85% of its maximum value because this kind of time
gating works properly with most of the samples making
the simulation model independent of the absolute value of
the laser pulse width. From the simulation results in Fig. 8
it can be observed, for example, that with a sample having
the CW mode fluorescence-to-Raman ratio of 85 and the
fluorescence lifetime of 2 ns, which are similar to sesame oil,
the unsaturated and unfiltered SDR value of ~2.7 cannot be
exceeded if the timing skew between adjacent spectral points
is 20 ps or more even if the sensor is otherwise assumed
to be ideal. This corresponds well with the experimental
results observed in this study with sesame oil, as can be seen
from the unfiltered SDR values in Fig. 6(b) with the lowest
excitation intensities (fluorescence saturation with the higher
excitation intensities enhance the SDR values over the simu-
lated unsaturated maximum value). Therefore, the timing skew
of the sensor between adjacent spectral points can be estimated
to be around 20 ps based on the obtained results, which is in
line with the findings presented in [23].

In addition, the importance to reduce the effects of the
timing skew can be further understood by the following
example from the measurements: The unfiltered SDR value
achieved with the longest recording time (29 s) and the highest
excitation intensity (993 W/cmz) of sesame oil was 5.08,
as can be seen from Fig 6(b). By following the solid violet and
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Fig. 8. Simulated maximum unfiltered SDR values as a function of timing skew between adjacent spectral points and CW-mode fluorescence-to-
Raman ratio. The fluorescence lifetime of the sample in the presented simulation was set to 2 ns.

blue lines in Fig. 6(a) (measured SNR curves with recording
times of 29 s and 2.9 s) it can be evaluated that with a sensor
without the timing skew, 27 times higher SDR value could be
reached with the same measurement settings (29 s recording
time and 993 W/cm? excitation intensity) or alternatively,
twice as high SDR values could be reached with a 90% shorter
recording time (2.9 s) and with 95% lower excitation intensity
(49.8 W/cm?).

The findings presented here further emphasize the impor-
tance to make the effort to avoid timing skew when SPAD
line sensors are designed and the importance to develop more
effective methods to computationally compensate for the tim-
ing skew of an implemented sensor. With more precise timing
properties of a sensor, the extension of the recording time
(signal averaging) and the increase of the excitation intensity
could be exploited more efficiently especially with challenging
samples to gain better quality Raman spectra. Alternatively,
the better timing properties of a sensor would mean that the
recording time needed for a certain SDR value with a certain
sample could be decreased markedly, which is important in
many practical applications with strict duration limits, such as
process control and clinical Raman measurements.

V. CONCLUSIONS

This paper investigated the spectral quality of a
fluorescence-suppressed Raman spectrometer based on a
time-resolved 16x256 CMOS SPAD line sensor with an
integrated 256-channel 3-bit on-chip TDC when fluorescent
samples were measured. The results showed that the SDR
(signal-to-RMS-distortion ratio) values of the recorded filtered
and unfiltered Raman spectra were on average 35% and 79%
lower than the SNR values defined from the shot noise of
all detected events with 1:14 dynamic range of fluorescence-
to-Raman ratios. Basically, this means that the noise of the
spectra with SPAD lines sensors consists not only of the
shot noise but also of the distortion caused by the timing
skew of the sensors. It was shown in the measurements that
the timing skew becomes the dominating noise source with
high overall signal (including both Raman and fluorescence
signals) levels. It should be remembered that the timing skew
is a universal issue with SPAD line sensors because it can

70 80 90 100 110 120

never be completely avoided due to component mismatches
in the sensor circuits. The distortion caused by the timing
skew increases with highly fluorescent samples in the same
proportion as the Raman signal when the recording time
is extended and/or excitation intensity is increased due to
the higher overall signal level. Therefore, because of the
timing skew neither the extension of the recording time
(signal averaging) nor the increase of the excitation intensity
can be fully exploited to gain better quality Raman spectra,
emphasizing the importance to reduce the timing skew in
designing future sensors and the need for more effective
computational compensation methods for the timing skew.
With lower overall signal levels other noise sources, such
as the dark counts of sensors, come into the picture and
obviously, must also be considered when sensors with large
dynamic range are being designed.

An increase in the SDR values as a function of excitation
intensity was obtained in the measurements even though
the Raman signal and the distortion caused by the timing
skew increase in the same proportion when the excitation
intensity is increased. The reason for this was found to
be the non-stationary laser-induced fluorescence saturation.
The fluorescence photon counts behaved nonlinearly, whereas
the behavior of Raman photon counts was linear as a function
of excitation intensity explaining the observed improvement
of the SDR values. At best, 26% improvement to the SNR
value was observed owing to fluorescence saturation, or alter-
natively, a certain SNR value was maintained with 43% shorter
recording time in the presence of fluorescence saturation.
The results showed that an additional improvement to the
spectral quality of highly fluorescent samples can be achieved
by using high-intensity non-stationary pulsed laser excitation
due to the fluorescence saturation if the measured sample
can stand the high excitation intensity over its fluorescence
saturation threshold without damage.

Although that this study showed that there is still a lot
of work to do to harness the full potential of time-resolved
CMOS SPAD line sensors for Raman spectroscopy, it should
be noted that the CMOS SPAD-based Raman spectroscopy
has already shown its potential in various conventionally
challenging applications, such as Raman analyses through



4644

IEEE SENSORS JOURNAL, VOL. 20, NO. 9, MAY 1, 2020

single optical fibers, analysis of fluorescent pharmaceuticals,
quantification of pickle liquor and chemical imaging of human
teeth and rare earth element bearing rocks [16], [29]-[32].
The field of CMOS SPAD-based Raman spectroscopy is still
relatively young (the first conference paper about the topic was
published less than a decade ago [11]) but the developments
made in the sensor architectures and performances promise a
bright future for the time-resolved CMOS SPAD-based Raman
spectroscopy.
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