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ABSTRACT

This paper describe the performance of the ID220 single photon avalanche diode for single photon counting, and
investigates its performance for photon time-of-flight (PToF') spectroscopy. At first this report will serve as a summary
to the group for PToF spectroscopy at the Department of Physics, Lund University (Sweden) together with ID
Quantique Inc. (Genéve, Switzerland). As such, the report does not give an introduction to PToF spectroscopy,
which may be found om the Doctoral on the topic [2, 3, 19]. The report focuses on a description of the detectors
ability to measure the PToF distribution of infrared light.

First, a motivation for using the ID220 for measuring PToF distribution is given, followed by a brief description of
the experimental setup in which the detector was characterized. Following this, the quantification of delay using cross
correlation between PToF distributions is described. This allows the changes in delay and shape to be characterized.
A technique for reducing measurement artefacts by lowering the repetition rate of the light source is also investigated.
Lastly, the applicability of the detector for PTOF spectroscopy is discussed and conclusions drawn about its suitability
for this application.

Version History
Version Date Change revision

1.0 15 /7 /2013 First summary of measurements
1.1 20 / 10 / 2013 Updated results section
1.2 11 /1 /2014 Included description of single photon avalanche diodes.

INTRODUCTION

The aim of this work is to investigate the suitability of a newly available single photon avalanche diode (SPAD) for
near infrared PTOF spectroscopy. The use of such detectors has recently been reported by Pifferi et al. [18], however
not all properties of these detectors have been addressed. In this report we focus on how the detector performance can
be quantified using interpretable features (width and arrival time) which are important for any quantitative analysis
of PTOF distributions. The characterization is first performed independently of our specific application, and as such
it provides a general approach for SPAD characterization and an objective basis for identifying improvements to the
devices.

The instrument has been investigated for PToF spectroscopy, a technique that allows deduction of the scattering
and absorption properties of a material simultaneously. Using Lorenz-Mie theory, the scattering coefficients can be
used to quantify a sample’s structural composition in terms of particle size and shape distributions [8, 11, 20]. The
absorption coefficient gives information on the sample’s chemical constituents, because absorption arises from specific
electronic and rotational-vibrational transitions in its atoms or molecules [6] A general introduction to the field of
diffuseoptical spectroscopy is given by Martelli et al. [15]. The advantage of PToF spectroscopy is its ability to deduce
optical properties without knowledge of the source power of the illumination. Instead, the change a short light pulse
exhibits when passing through the sample is analyzed. The sample will delay the PToF together with broadening
its temporal profile. Thus it is essential that the temporal delay of the pulses is measured with high accuracy and
in an unbiased way. Similarly, the temporal width of the PToF distribution is influenced mainly by absorption, for
measurements of which it is critical that the width be measured adequately.

The ID220 detector has been investigated as a replacement for a photon multiplier tube (PMT), that up until
now has been used for the wavelength regime 900 - 1400 nm. PMT’s require cooling by liquid nitrogen, operate at
very high voltages, and are, in general, bulky. The advantage of using a solid state detector would be an extended
spectral range, where measurements up to 1700 nm have been demonstrated [4], and the same range is covered by
the ID200. The combined PToF spectroscopy setup would also benefit from a significantly to use, which would allow
measurements in clinical facilities or during production in industry.

An illustration of the structure of a SPAD is shown in Figure 1(a). An introduction to the detector technology is
given by Fishburn and Charbon [9]. In principle, the diode is a p-n junction operated in reverse bias, with the bias
set to a level above the breakdown voltage. This form of operation is often referred to as the ”Geiger mode”. In
this mode, the multiplication region can induce new cascades due to both electrons and holes. The cycle which the
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Figure 1. Illustration of the structure of an SPAD and the principle of its operation.

detector undergoes in a detection process is illustrated in Figure 1(b). The starting mode is an ”armed” state ot the
lower right where the diode’s voltage is set to a voltage exceeding the breakdown voltage. From here the detection
of a photon causes an avalanche current in the diode, which is stopped by the ”quenching” process. From here the
voltage is reset and the cycle may repeat.

One of the limitations of the SPAD technology is afterpulsing of the detectors, which causes additional artificial
detections when measuring the PToF distribution. These arise due to trapped electron-hole pairs which causes new
avalanches after an actual detection event, hence the term after-pulsing. A physical interpretation of afterpulsing in
SPAD detectors are given by Itzler et al. [10]. Suggestions for reducing afterpulsing while maintaining a high count
rate are given in [4, 12, 16] which all employ gating of the detector signal to avoid artifacts. The ID220 uses a passive
quenching technique, to reduce the non-linearity of the detector. The afterpulsing properties of the D220 in particular
have been investigated specifically in references [13, 21], but without investigating the pulse shape characteristics.
We present a characterization technique for the combined instrument, quantifying measurement perturbations inde-
pendent of the source of error - whether afterpulsing, quenching or waveform generation.

EQUIPMENT AND DATA ACQUISITION

To quantify the instrument’s performance with respect to estimation of both temporal delay and the width of the
light pulses, it was combined with an instrument for PToF spectroscopy at NKT Photonics A/S (Birkerd, Denmark)
in collaboration with Lund Photon time-of-flight spectroscopy laboratory. An illustration of the PToF spectrometer
is presented in Figure 2.
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Figure 2. A schematic of the photon time-of-flight spectrometer. The black lines are electronic signals, and blue are optical.

The PToF spectrometer uses a supercontinuum light source (SuperK Extreme EXB-4). The laser operates at a
repetition rate of 80 MHz, but a built-in pulse picker feature allows a selectable repetition rate in an interval between 2
- 80 MHz for the present source. The supercontinuum light is spectrally filtered using an acousto optical tunable filter
(AOTF) with a SuperK SELECT (NKT Photonics - Birkerd Denmark). The system provide a temporally narrow
laser pulse which can be tuned in the spectral range from approximately 400 nm - 2000 nm. The light pulses, filtered
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by the AOTF are delivered by a fiber based delivery system (LMA-10 NKT Photonics) and propagate afterwards in
gradient-index fibers with a 400 um core (Leoni Fiber Optics, Germany). To obtain sufficiently low intensity levels
to permit single photon counting, we perform an adjustable attenuation of the pulse intensity by a fibre coupled
attenuator (DD-100, OZ Optics, Canada). These attenuators are integrated into the measurement routines that are
used for data acquisition. The laser intensity is reduced by positioning either a sample for a thin piece of paper in
the optical path as when operated for PToF spectroscopy. This also has the effect of exiting all the optical modes of
the GRIN fibre. The light pulses are afterwards sent to the ID220 detector. To construct a PToF distribution the
detector output is wired to a time correlated single photon count (TCSPC) module (SPC-130EM - Becker & Heckl -
Germany). The seed pulse from the super continuum light source is used as a time reference for the TCSPC card.
The installation of the detector is as described in the application note [1], a 12 dB attenuation is used between
TCP card and the ID220 however. The TCP card settings for constant fraction discriminator level and range were
adjusted to avoid a double peak structure and similar artifacts during data acquisition. Unless otherwise noted, all
measurements of the PToF distributions were made over 32 seconds to ensure a decent signal to noise performance.

Dead time and Quantum efficiency

The ID220 has two adjustable parameters, the dead time after detection and the quantum efficiency (QEF), the
effect of these was explored prior to the instrument characterization. The dead time can take integer values in the
range 1 - 20 us, and the QEF can be set to 10,15 and 20 %. One of the key difference between InGaAs based SPADs
and silicon based SPAD’s is the necessity of long dead times after detection to avoid afterpulsing. The effect of setting
dead time and QEF was quantified in terms of the dark count rate, and the results are presented in Figure 3.
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Figure 3. Measured dark counts as a function of dead time for different quantum efficiencies of the ID220.

Similarly the detector response time is dependent on the QEF, the TWHM values are summarized in table I.

QEF [%] |20 15 10
FWHM [ps][154 218 487

Table I. Instrument response function vs. quantum efficiency.

From these measurements it may be seen that an increase in the dead time significantly reduces the number of
dark counts. Similarly the dark counts are reduced significantly by a low QEF value. The specific value of the dead
time which is suitable for our application could not be determined from the characteristics of the dark counts alone,



beacause although an increase in dark count rate adds noise to the PToF distribution, it will also allow a higher count
rate.

The measured instrument response time shows a significant increase when operating with a QEF of less than 20 %,
as is seen from table I. For this reason, it was decided to operate the device with a QEF of 20 % to obtain the highest
possible time resolution. The instrument response of the combined setup without the additional broadening of the
detector is expected to be 40 ps based on measurements with a silicon SPAD.

Quantifying instrument linearities

An application-independent assessment of the linearity of the system is performed by measuring the change in
pulse width and arrival time of the light pulse. The shape change is quantified by calculating the FWHM of the
profile and the delay is quantified by measuring the change in arrival time. To measure the latter part with high
accuracy, the cross-correlation of the profile is calculated with a reference pulse and the location of the peak position
is extracted from the autocorrelation. In practice a third degree polynomial is fitted to the peak intensity part of the
autocorrelation and the apex of this is used. An example of this technique and the analysis is presented in Figure 4,
the two signals which are compared are the two most extreme from the time series presented later in Figure 5, with
a separation of 92 ps. For each measurement series the absolute value of the delay is always relative, the signal with
highest count rate is used because this has the best signal to noise.
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Figure 4. Example of how the temporal delay is calculated. Top: Examples of photon time-of-flight distributions and their
overlap after using their cross correlation to estimating the temporal shift. Bottom: Cross correlation of the two profiles
together with the fitted polynomial at the center. The position of the peak is marked with a vertical green line.

The results show that visually a perfect overlap between the two profiles is achieved, and the shape of the cross
correlation suggests that the noise in the estimation is very small.

Intrinsic fluctuation of the light source

To estimate precision and any possible intrinsic variation in the PToF distribution arising from the combined setup,
the PToF distribution was recorded for ~ 70 hours, at 1510 nm, and the delay and FWHM were calculated. The
results are presented in Figure 5. The attenuation was fixed during measurement and a total count rate of 4.40 kHz
40.13 kHz with a detector dead time of 10 us was used. The PToF distribution is recorded by triggering the clock
on the TCP card by the first stage in the light generation process (the seed pulse). This signal pulse is thus not
necessarily synchronized with the optical output of the laser.
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Figure 5. Time stability of the light source. Top: Measured full width half maximum of the PToF distribution. Bottom:
Measured delay compared to the start point.

The results show that the FWHM is very constant throughout the measurement. This shows that the temporal
profile of the light pulse is unchanged during operation. The delay however varies a little over time, and is estimated
with a precision of ~ 5 ps as this is the variance on short time scales, the accuracy will depend on the ratio of signal
to noise in the PToF distribution. For this reason repetitive measurements are performed during analysis later on to
estimate precision at each measurement point. The variation on longer time scales is approximately ~ 25 ps. This
long term drift can be avoided by triggering on the actual output from the light source, but this is outside the scope
of the present work.

The measurements serve as a validation of the analysis of both the light pulses arrival time and shape. Though
only measured at a single wavelength, we suspect this to be a general result. The mechanism that drives the super
continuum generation locks the average position of the different wavelengths in a well defined pattern [7]. Scatter
plots, not shown here, of the correlation between the measured count rate and the delay and FWHM respectively
revealed no correlation.

ID220 INSTRUMENT RESPONSE FUNCTION

As explained previously it is imperative for PToF spectroscopy that the light pulse is characterized without artifacts.
In single photon counting the count rate is arbitrary, but should be set low enough to avoid perturbation of the profile
and the integration time should be sufficient to ensure a good signal to noise level. In this section we investigate how
the delay and FWHM of the instrument change with count rate.

The PToF distribution of an optical phantom is presented in the left column of Figure 6 for different count rates.
The pulse width and delay relative to the lowest noise signal, measured at 95 kKHz is calculated and presented in
the right column of Figure 6. The optical phantom is composed by a combination of a pulverized BG36 bandpas
filter and a expoxy plastic. The phantom is 1.9 mm thickness and was measured with a wavelength of 1000 nm. The
detector was operated with a QEF of 20 % and a dead time of 10 us.

A first observation was that by setting the CFD values for the TCP card properly it is possible to measure PToF
distributions without additional peaks appearing. Examples of detector-induced artifacts are summarized in Becker
and Bergmann [5]. However, the raw measurement of the PToF profile clearly shows that the shape and position of
the distribution changes systematically as the count rate is increased. This also shows that the advised count rate for
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Figure 6. Top Normalized count rate for the PToF distribution of an optical phantom measured at different count rates. Bottom
The measured FWHM of the profiles as a function of the repetition rate and the corresponding temporal delay.

measurements with the system[1] is too high for obtaining an unperturbed measurement of the PToF distribution.
The change in FWHM and delay as a function of count rate shows that the detection of one photon is affected by the
previous detection event. An increase in the FWHM can be seen as a reduced likelihood of detecting a photon in the
start of the POTF distribution, imposed by the detector setup.

Effect of the light source repetition rate

In a similarly way, the instrument response was investigated as a function of repetition rate. The motivation is that
reducing the repetition rate ensures that there is more time between detection events. When the TCP card registers
an event on the detector signal, it will not become ”armed” until it receives a trigger pulse from the source. Thus
if the detector exhibits any afterpulsing effects in-between real detections, this will not affect a new measurement as
the TCP card will not register the signal. This is the same effect that the detector is taking into account by using
a dead time, and it is also the motivation for operating the SPAD in a gated mode. It was the hoped that a more
well-controlled illumination could reduce the non-linearity of the detection which is seen in Figure above.

The measurement is performed on a piece of black paper, which causes a very low additional broadening of the
time profile compared to the measurement on the optical phantom presented in Figure 6. The PToF distribution
becomes so short, that the detected broadening is given mainly by the detector, this measurement is often referred to
as the instrument response function (IRF). The signal was measured at 1510 nm. For this reason, the IRF serves as
a extreme measurement and is ideal for quantifying reductions of the measurement artifacts.

The measurements with different repetition rate require different cabling between the SPAD and TCP card to
delay the pulses sufficiently to fit a fixed 12.5 ns window for the TCP card. The temporal width of this window is a
standard in the laboratory, it matches the period of a laser with a 80 M H z repetition rate and therefore the PTFoF
distributions also fits this window. For this reason the absolute position of the profiles on the card vary between
measurement with different repetition rate, though a fixed offset of ~ 2.5 ns was used. To make the measurements
comparable between repetition rates, the delay was shifted so all measurements were carried out relative to the value
at 10 kHz measurement. The measured FWHM values and delays are shown in Figure 7.
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MHz value.

From Figure 7 it is seen that both the FWHM and the delay diverge towards higher values as the count rate is
increased. The results show that the diverges is located around the saturation rate of the detector (defined as the
inverse of the dead time). The FWHM value follows the same trend independently of repetition rate and dead time,
except in the region close the divergence. Therefore, the only way to minimize this broadening is to reduce the total
count rate. However, based on the current results, we do not see a stable regime as such. At the lowest repetition rate
the change in signal level is comparable with the variance between measurements. A stable regime may be achieved
at lower count rates with increased collection time to provide an adequate signal to noise level.

Concerning the delay time, we again measure a count rate dependent performance, suggesting that the detection
is non-linear over the range of count rates we have investigated. The measurements show no significant change upon
reducing the repetition rate from 80 MHz to 40 MHz, where the latter was used previously in the literature [18]
for PToF spectroscopy. However when operated at 10 MHz, the change in the delay becomes significantly less as a
function of the count rate. When combined with a short dead time of 2 - 3 us, a stable regime is achieved for count
rates less than ~ 100 kHz. This shows that the detection artifacts are reduced by using this advanced feature of the
light source.

PHOTON TIME-OF-FLIGHT SPECTROSCOPY

To investigate the suitability of the detector for PToF spectroscopy the optical properties of an optical phantom
were measured at 1510 nm as a function of count rate. The optical properties are deduced by modeling the temporal
profile of the light that has passed though the sample with a analytical expression for diffused light through a finite
material slab [14]. The analytical model is convolved with a measured instrument response to account for the temporal
broadening of the combined setup. For the analytical model, a refractive index of 1.55 was assumed and the sample
was 1.91 mm thick. Examples of the PToF distribution are shown in Figure 8.

From the raw data it is seen that the TOF distribution recorded with a high count rate is delayed, for both cases
the model can fit the data, but the fit results in different optical properties. This is a weakness of the technique: the
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Figure 8. Ezample of PToF distributions for the BG36 phantom. The raw data is presented in the main plot, and the graph to
the top right shows a zoom into the data with the fitted diffusion expression as black lines.

optical properties are extracted, with decent fit to the profiles, but all the differences between the measurements is
caused by the detector artifacts. Thus the evaluation of the PToF distribution itself does not give a way to quantify
or validate the detector performance, it simply gives nice fit to the data with varying optical properties.

To quantify how the count rate affect the deduced optical properties the PToF distribution was measured, and the
results are presented in Figure 9. The corresponding reference values for both the delay and the FWHM are given in
Figure 10.

The results show systematic decrease in the deduced absorption when the count rate is increased. For scattering,
we see a relatively high variance throughout the measurement series, but no systematic change as a function of count
rate. This is effectively a trade off between a high noisy value estimation at low count rates and low noise but biased
value at higher count rates. The current results indicate that a stable regime has been accomplished at very low count
rate, however the measurement exhibits significant noise and may be unsuitable for quantitative spectroscopy due to
extensive measurement times to reduce noise.

The associated development of the delay and the FWHM are presented in Figure 10. Both the delay and the
FWHM changes when the count rate is increased. As was seen in Figure 7, the change in FWHM is slow and almost
linear, and similarly delay is almost constant at low count rates.

A better performance may be achieved by evaluating time of flight profiles on a longer time scale (longer than the
12.5 ns), which also require a reduced repetition rate of the source. The measurement accuracy is, in part, given
as the ratio between the temporal width of the instrument response and the measured PToF from the sample. By
measuring the temporal profiles on a longer time scale, the detector can be used with a lower QEF which causes a
significant drop in the dark count rate of the device. This may provide a easier way for using the device in practice.

CONCLUSION

In this report we have demonstrated a technique for characterization of non-linearities in the response of SPADs for
single photon counting in terms of delay and changes in temporal width. These features are useful from an application
point of view because they relate directly to the PToF signals that is used for analysis. Using the ID220 it was possible
to make measurement of the PToF profile for both optical phantoms and measurement of the systems instrument
response function. The results, presented in Figure 6, suggest that the advised collection[17] rate of half the saturation
rate (defined by the SPAD dead time) does not give a unbiased estimate of the PToF distribution.

By measuring changes in the instrument response function, it is demonstrated that some of the non-linearities may
be minimized by reducing the repetition rate of the light source. Furthermore, it was found that reducing the dead
time of the detector removed the systematic change in the pulse delay.
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Based on an improved method of operation, with a low repetition rate and a short dead time, the detector was
applied to PToF spectroscopy of tablets composed of BG36 color glass. The deduced optical properties are highly
dependent on the count rate during the measurements, which is related to the systematic effects seen on the IRF.
However, the results suggest that a stable regime, with high noise of the profiles, was accomplished with the present
measurement settings.

In summary the field of single photon counting, and specifically PToF spectroscopy, can benefit from a simple
commercially available solution for unbiased estimate of the PToF distribution in the NIR spectral range. We have
quantified the detector performance, and demonstrated that artifacts can in part can be eliminated using a commer-
cially available light sources with reduced repetition rate. However, the achieved performance is not sufficient for
PToF spectroscopy yet.

The present work have focused on obtaining unperturbed measurements of the PToF distribution. However, it
has not addressed how the profiles compared to those obtained with other detector technologies. Future studies may
therefore include evaluation of the detectors in the spectral range around 1000 nm where both a PMTs and silicon
based SPADs are available as benchmarking instruments.
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