IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 3, JUNE 2009

1033

Features of Silicon Photo Multipliers:
Precision Measurements of Noise, Cross-Talk,
Afterpulsing, Detection Efficiency
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Abstract—Solid state single photon detectors are an emerging
issue, with applications in the wide field of sensors and trans-
ducers. A new kind of device named Silicon Photomultiplier
(SiPM) shows timing and charge resolution features that in some
respect could even replace traditional photomultiplier tubes. In
this paper we illustrate a complete method for the evaluation of
gain, dark noise, afterpulsing, cross-talk and detection efficiency
of SiPM detectors. We show the application of the method by
comparing the performance of our newly developed SiPM (pro-
duced by ST Microelectronics) with another sensor present on the
market (produced by Hamamatsu), and proving that our device is
indeed already outstanding.

Index Terms—Afterpulsing, dark noise, gain, photon detection
efficiency, quenching resistor, single photon counting, silicon
photomultiplier, single photon avalanche photodiode.

I. INTRODUCTION

OLID state single photon detectors are nowadays an
emerging issue, with promising applications in the wide
field of sensors and transducers. A new kind of planar semi-
conductor device has slowly but steadily come out, namely the
Silicon Photomultiplier (SiPM), with outstanding features that
in some respect could replace traditional photomultiplier tubes.
Based on a Geiger-mode avalanche photodiode elementary
cell sensitive to single photons, it consists of an array of n
independent identical microcells whose outputs are connected
together. The final output, being the analog superposition of n
identical signals, allows in principle to build a perfect photo-
sensor capable of detecting and counting the single photons in
a light pulse [1]-[15]. Moreover, due to its compact structure
and avalanche working principle, the SiPM is intrinsically a
fast device capable of time resolution of the order of 100 ps.
Unfortunately there are several drawbacks, basically deriving
from its noise features, which can prevent the straightforward
use of SiPM detectors in several applications [15]-[19].
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TABLE I
FEATURES OF THE TESTED SIPM DETECTORS

SiPM STM MPPC Hamamatsu

32b9-10x10-A $10362-11-100U
Shape square square
N. of cells 10x10 10x10
Active area size 0.5mm x 0.5mm 1.0mm x 1.0mm
Geometrical fill factor 36% 78%
Breakdown voltage 295V 68.6 V
Opto-insulation trench yes no

In this paper, we will illustrate a method for the evaluation
of gain, dark noise, afterpulsing, cross-talk and detection effi-
ciency of SiPM detectors. At the same time we show how the
method is useful to compare the performance of different de-
vices. We do so by comparing our newly developed SiPM, pro-
duced by ST Microelectronics [30], with a SiPM produced by
Hamamatsu [31], and proving that the device performance is in-
deed promising.

Both the devices we compared consist of a 10 x 10 array
with common readout, whose basic features are summarized
in Table I. Apart from other technological differences between
the two devices, the main difference which can heavily affect
the overall noise figure, as we will see in the following, is the
presence in the STM device of an opto-insulation trench around
each elementary cell which prevents stray photons produced in
an avalanche from triggering new avalanches in neighbouring
cells [6], [16], [26].

II. CHARGE RESPONSE TO LIGHT

In order to test the response to light we made use of a pulsed
laser system, featuring 1 kHz repetition rate, 40 ps FWHM pulse
width, 671 nm wavelength. As a first step we connected our
sensors to a digital oscilloscope capable of building the so-called
persistence plot. It consists of a 2D histogram of many signal
traces, with time along X, voltage along Y, and where the third
dimension, represented in different colors (or gray levels), is
proportional to the number of occurences.

What one expects in dark conditions is a well populated band,
due to random noise and then involving one SiPM cell at a time,
plus some tiny occurrence of random coincidences giving rise
to signals with double amplitude. In Fig. 1 we show the persis-
tence plot of the dark noise for the STM photosensor. Shown
are the intense band due to 1-cell random pulses, and the much
less frequent band due to 2-cell pulses. In Fig. 2 we show a typ-
ical snapshot of the persistence plot of the STM photosensor

0018-9499/$25.00 © 2009 IEEE
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Fig. 1. Snapshot of a persistence plot of the dark noise on a digital scope for
the STM photosensor. The total duration of a signal is 10 ns.
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Fig. 2. Snapshot of a persistence plot of laser light signals on a digital scope
for the STM photosensor.
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Fig. 3. Snapshot of a persistence plot of the dark noise on a digital scope for
the Hamamatsu photosensor. The total duration of a signal is 20 ns.

when illuminated by the laser at low intensity. The detection
of discrete numbers of photons is visible in form of well sepa-
rated darker bands. The corresponding plots for the Hamamatsu
sensor are shown in Figs. 3 and 4.

What is immediately evident is that the dark behavior of the
two sensors is quite different, whereas the light behavior looks
rather similar.

The STM sensor does not show dark pulses with more
than two cells involved, and this is a clear indication that its
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Fig. 4. Snapshot of a persistence plot of laser light signals on a digital scope
for the Hamamatsu photosensor.

cross-talk level is low. Due to statistical reasons, there is a
small chance that two random counts occur within a given time
window (<1072 in 50 ns), whereas the probability of three
such counts has to be tiny (=10~% in 50 ns). The Hamamatsu
sensor (Fig. 3) shows dark counts with up to seven cells in
coincidence, implying a statistically correlated process.

Moreover, the envelope of the untriggered signals before and
after the triggered one in Fig. 1 is on the same 1-cell level,; this is
not the case in Fig. 3, where the higher level after the triggered
signal indicates the presence of a considerable amount of after-
pulses. In the following chapters we will show how to quantify
these indications.

In order to understand the device behavior we collected a se-
ries of charge histograms for both devices, under several dif-
ferent conditions of bias voltage and laser intensity. We remark
that the laser light was driven to the sensors by means of a fiber
placed on top, and that the intensity we quote here is the nom-
inal value set via the laser controller unit. The intensity ranges
were suitably chosen in order to scale for the different size (1/4)
and geometrical efficiency (0.36/0.78) of the two sensors under
test, therefore operating with roughly the same number of im-
pinging photons in the two cases.

The bias voltages were chosen such that they covered the
whole useful range for each device, well beyond the breakdown
in order to have a reasonable gain but below the values where
the noise becomes intolerable. All of the measurements were
done at the room temperature of 20°C. In Fig. 5 we show such
a histogram for the STM SiPM, whereas Fig. 6 represents the
same spectrum for the Hamamatsu device. We tried to fit the ex-
perimental data using the following Poisson distribution folded
with Gaussian peaks whose variance scales with the order n of
the peaks themselves:

% =A- nz::lPoisson(u,n) .

1
Otot (n) \/%

_lz—e(m)]?

e Qafot(n) (1)

Fz)=A

with

Tior (M) = ‘73 + "W% 2
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Fig. 5. Charge spectrum of low intensity laser pulses, built using the STM silicon photomultiplier biased at 32.5 V (circles). The continuous line is a fit with the

function described in the text.
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Fig. 6. Charge spectrum of low intensity laser pulses, built using the Hamamatsu silicon photomultiplier biased at 69.7 V (circles). The continuous line is a fit with
the function described in the text. Such a fit does not follow reliably the data, especially on the first four peaks. This is an indication of non-poissonian behavior.

A is anormalization constant, equal to the integral of the mea-
sured spectrum.

L is the average value of the Poisson distribution.

¢(n) is a stepwise function expressing the coordinate of the
centroid of the n peaks. For additional details on the fit see [27],
[33].

What we found is that the spectrum in Fig. 5 is reasonably
reproduced by the fit. This is not the case with the spectrum in
Fig. 6, especially for the first four or five peaks, thus indicating
a non-poissonian behavior of the device. This can immediately
be interpreted as a direct consequence of the correlated noise
(cross-talk and afterpulsing) observed in Fig. 3 for the Hama-
matsu sensor.

The fit parameters are the average value p of the Poisson dis-
tribution, the width o, of the n = 0 peak (also called pedestal)
which represents the electronic noise, the width o1 of then = 1
peak which is the dispersion of the 1-cell signal.

In Fig. 7 we plot the average value p as a function of the
impinging light intensity, at several bias voltages, for the STM
sensor. There is clear evidence of good linear response, and the
slight increase in the p value with increasing bias can likely
be interpreted as a slight increase of the Photon Detection Effi-
ciency (PDE) of the sensor. We want to remark here that such
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Fig. 7. Average value of the measured Poisson distribution as a function of the
light intensity for several values of the bias voltage (STM SiPM).

a linearity can be expected by a SiPM as long as the fraction of
fired cells is small, otherwise the multiple firing effect sets in
and plays a non-negligible role [7].

Fig. 8 shows a different behavior for the Hamamatsu sensor.
We observe that at low light intensity we measure a higher value
of 11 as compared to a linear behavior, and this is consistent with
the correlated noise pattern already observed in Figs. 3 and 6.
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Fig. 8. Average value of the measured Poisson distribution as a function of the
light intensity for several values of the bias voltage (Hamamatsu SiPM).

Moreover, there is a large variation of the ;4 value with the
bias voltage. As such a dramatic change in PDE is unlikely, we
attribute this effect to a considerable increase of the correlated
noise with the bias voltage.

As to the o1 values, for each measurement we normalized it
to the centroid of the n = 1 peak, in order to be able to compare
all the measurements at once. We found that o1 /¢(1) has an
average value around 11% for the STM device and 18% for the
Hamamatsu sensor, with quite a larger spread for the values of
the latter.

The values of 0. and o7 allow quick evaluation of the photon
resolving power of each device.

According to [27], [33] the resolving power Ry, for any
chosen k value, is the number n of detected photons where the
peak spacing d equals ko. In formulas

d = kotot(n)
Toor = 00 + 107
1 [ d? 9
Ry, = J—% <ﬁ - Ue> (D

In Figs. 9 and 10 we show the resolving power at 30 and 20
(k = 3;2) respectively for the STM and the Hamamatsu sen-
sors. Even though this parameter is sensitive to the bias voltage,
we can roughly state that the STM SiPM still resolves discrete
photon peaks at n = (R3,) = 20, and its multipeak structure
washes out around n = (Rs,) ~ 45. As to the Hamamatsu
SiPM we observe n = (R3,) = 7and n = (Ra,) =~ 17.

In order to show such a resolving power in operation we
summed, for each sensor, all of the charge spectra taken at dif-
ferent light intensity with the same bias voltage. This should
somehow emulate the detection of a wider range of impinging
number of photons. The result for the two sensors is shown in
Figs. 11 and 12.

By knowing the average distance between two peaks in terms
of QDC (charge to digital converter) channels, transforming it
into charge and scaling by the known linear amplifier gain, we
could easily calculate the gain for the two devices at each bias
voltage, as it represents the number of electrons generated per
detected photoelectron [29]. We observed that in both cases the
gain scales linearly with the bias voltage, as expected. However,
for reasons not well understood the measured gain for the Hama-
matsu SiPM keeps roughly a factor 6 below what stated in its
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Fig. 9. Resolving power at 30 and 2o for the STM SiPM at different bias

voltages. The multipeak structure of the charge spectrum will still be clearly
resolved around n = 20, and will disappear around n = 45.
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Fig. 10. Resolving power at 30 and 20 for the Hamamatsu SiPM at different
bias voltages. The multipeak structure of the charge spectrum will still be clearly
resolved around n = 7, and will disappear around n = 17.

datasheet. We checked this on a second sample finding the same
result. Therefore we cross checked the gain using a totally dif-
ferent charge-sensitive amplifier, again finding the same factor
6. This matter is worth further investigation.

III. NOISE

A. Dark Counts Versus Threshold

Firstly we explored the dark count rate as a function of the
threshold, employing a leading edge discriminator followed by a
fast digital pulse counter. The measurement results are reported
in Figs. 13 and 14. What is immediately evident is that even
though the two devices have dark noise of the same order of
magnitude at 0.5 ph threshold, the STM device noise is strongly
suppressed already at 1.5 ph threshold. The same amount of re-
duction is not seen for the Hamamatsu sensor even at 3.5 ph
threshold. This is a strong indication of the presence of corre-
lated noise, which confirms what could be inferred from Fig. 3.

A rough estimate of such correlated noise can be obtained
by computing the ratio between the counting rate at 1.5 ph and
0.5 ph threshold. This ratio comes out about 0.5% for the STM
SiPM and 27% for the Hamamatsu SiPM. This is not a surprise,
as the STM device features the mentioned opto-insulating trench
around each cell that cuts down the optical cross-talk. The cross-
talk figure measured for the Hamamatsu is in agreement with the
value reported in [6].
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Fig. 11. Sum of several charge spectra taken at different light intensity with 32.5 V bias voltage, in order to emulate the detection of a wider range of impinging
number of photons, for the STM SiPM. Peaks are still well resolved at n = 30.
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Fig. 12. Sum of several charge spectra taken at different light intensity with 69.7 V bias voltage, in order to emulate the detection of a wider range of impinging
number of photons, for the Hamamatsu SiPM. The multipeakpeak structure is washed out at n = 18.
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Fig. 13. Dark counting rate versus threshold for the STM SiPM at 32.5 V bias.
The noise level at 1.5 ph is tiny, indicating a low level of correlated noise. As a
guide to the eye we show the 0.5 ph and 1.5 ph threshold lines.

B. Dark Counts Time Distribution

Our second method for the evaluation of the device noise
is based on measuring the distribution of the time intervals
between two consecutive dark pulses. Therefore we set our
threshold at 0.5 ph and set up a Time-to-Amplitude Converter
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Fig. 14. Dark counting rate versus threshold for the Hamamatsu SiPM at
69.7 V bias. The noise level at 2.5 ph and 3.5 ph is still considerable, confirming
a non-negligible correlated noise level as already guessed from Fig. 3. As a
guide to the eye we show the 0.5 ph and 1.5 ph threshold lines.

(TAC) system in order to build up a histogram. We do not
go into the details of the electronics setup, described in [27],
[33]. We did this for each SiPM at all the bias voltages, and
found that the two devices have a rather different behavior. We
report in Fig. 15 a sample plot of the time distribution for the
STM device. What one expects from a Poisson behavior is an



1038

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 3, JUNE 2009

3000

1000

500

o 32.5V
—fit

ST T T

0 PO T T T T T T N N TN O

100 200 300 400

o

0 1000 2000

3000 5000

time [ns]

Fig. 15. Distribution of the time interval between two counts for the STM SiPM biased at 32.5 V. The inset is a zoom of the 0—400 ns range. The overall behavior
is exponential, according to Poisson’s law, with a small bump due to afterpulsing around 200 ns.
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Fig. 16. Distribution of the time interval between two counts for the Hamamatsu SiPM biased at 69.7 V. The inset is a zoom of the 0-350 ns range. At variance
with the STM case the plot shows at least three exponential slopes, pointing to a non-random behavior.

exponential function whose slope is the average counting rate.
This is exactly what we found, apart from a little bump around
200 ns which we attributed to afterpulsing and fitted under the
following assumptions:

e an afterpulse occurring before a given time generates a
smaller signal which is below the discriminator threshold
and therefore is not detected;
the afterpulses capable of triggering the discriminator will
follow an exponential recharge curve, while the cell is
recharging to its bias voltage, and then another exponential
discharge slope.

This is indeed what we observe, which is also consistent with

the known RC parameters of the device cells.

We remark that by this method, due to the electronic setup,
there is an unavoidable dead time of 30 ns below which we
cannot observe signals. Therefore this method is not suitable for
evaluating cross-talk noise.

We repeated the procedure for the Hamamatsu SiPM. Instead
of finding a Poisson behavior with an afterpulsing bump, we
found a decreasing function with three exponential slopes. This
means that the lower the time interval after a pulse, the higher
the probability that a correlated pulse occurs. This behavior is
clearly shown in Fig. 16. The main exponential slope is indeed
smooth, of the order of 5-20 ps which represents a better noise
figure with respect to the 1.6-3 ps of the STM SiPM. Unfor-
tunately on top of this relatively low random noise figure there
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Fig. 17. Probability of a dark pulse to occur after a time ¢, following another
pulse, for the STM SiPM biased at 32.5 V (line). The contributions of random
counts (circles) and correlated afterpulses (squares) are individually shown. Af-
terpulsing is negligible after 500 ns.
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Fig. 18. Probability of a dark pulse to occur after a time ¢, following another
pulse, for the Hamamatsu SiPM biased at 69.7 V (line). The contributions of
random counts (circles) and correlated afterpulses (squares) are individually
shown. Afterpulsing is relevant at least until 800 ns.

is a huge amount of correlated noise with two additional faster
exponential slopes of the order of 20 ns and 200 ns.

Using the fit parameters we are able to write down the normal-
ized probability distribution in analytical form, and therefore to
integrate it in order to provide the probability of a dark count
to occur after a given time ¢(. Such a probability is reported in
Figs. 17 and 18 for the two devices. We remark that in the analyt-
ical expression of this probability, in the case of the Hamamatsu
SiPM we did not include the fastest exponential slope. This im-
plies that its real behavior at short time scale is to be expected
worse than shown here.

C. Dark Counts Charge Distribution

The third method we employed to evaluate the noise is the
charge distribution spectrum of the dark pulses, acquired with a
30 ns integration gate. Even though we do not make any correc-
tion for the dead time of the data acquisition system, by com-
paring the number of events under each peak we can gather in-
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Fig. 19. Probability of two dark pulses to occur within a 30 ns gate for the
STM SiPM, as obtained by comparing the areas of the first two peaks in the
charge spectrum of the dark noise, at different bias voltage values (circles). Also
reported is the expected Poisson behavior as evaluated from the previous fit of
Fig. 15 (triangles). The difference between each pair of points is to be ascribed
to fast occurring correlated pulses, i.e., cross-talk. See text for further details.
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Fig. 20. Probability of two dark pulses to occur within a 30 ns gate for the
Hamamatsu SiPM, as obtained by comparing the areas of the first two peaks in
the charge spectrum of the dark noise, at different bias voltage values (circles).
Also reported is the expected Poisson behavior as evaluated from the previous fit
of Fig. 16 (triangles). The difference between each pair of points is to be ascribed
to fast occurring correlated pulses, i.e., cross-talk. If the first three peaks are used
for this calculation, the cross-talk comes out still higher (squares). See text for
the explanation of the points at 68.8 V bias.

formation about the statistical behavior of the sensors. Simple
mathematics allows us to compute the ratio between two peaks
or any combination of peaks, as expected in case of a Poisson
distribution. Any deviation from such a behavior is to be as-
cribed to some correlation in the events.

We integrated the first two peaks of the dark count charge
spectrum of each SiPM both by rough graphical cuts and by
fitting the peaks with Gaussians, obtaining equivalent results.

In Fig. 19 we plot the Poisson expectation for the ratio be-
tween the areas of the first two peaks (triangles) as evaluated
from the fit of Fig. 15, at several bias voltage values. We then
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Fig. 21. Photon Detection Efficiency (PDE) for the two photosensors. The better geometrical fill factor for the Hamamatsu SiPM (78%) with respect to the STM

SiPM (36%) is quite evident.

report the effectively measured ratio, remarking that the differ-
ence between each pair of points is to be ascribed to fast oc-
curring correlated pulses, i.e., cross-talk. We can see that in this
case it is of the order of 0.1%.

When building the same plot for the Hamamatsu SiPM,
shown in Fig. 20, we immediately see a significant difference
between the Poisson behavior and the measured data. More-
over, if we include the first three peaks in the calculation (this
is possible because there was a considerable number of counts
in the n = 3 peak), we find a still higher deviation from the
pure random behavior.

A further prove that by means of this analysis we can detect
correlations is given by a mistake we made in our experimental
procedure. The dark measurements were done with no fiber on
the detector, but at 68.8 V bias we forgot to remove the fiber
and only set the nominal laser intensity at 0%. Therefore in this
case there was a tiny probability to detect some real correlated
photons, and this was highlighted by our analysis procedure as
can be easily seen at 68.8 V in Fig. 20.

IV. PHOTON DETECTION EFFICIENCY

As for the Photon Detection Efficiency we have discovered
that the integral photocurrent measurements described in the lit-
erature are likely to be affected by systematic errors induced
by noise, cross-talk, afterpulsing [29], as also reported in the
datasheet of the Hamamatsu SiPM. Therefore we devised a dif-
ferent approach, based on single photon counting, which we
proved to be very effective especially with respect to the sup-
pression of the correlated noise.

Our method, described in detail in [28], makes use of a
monochromator, an integrating sphere, and a NIST calibrated
reference photodiode. It basically consists of the following
steps:

* the threshold is set on the 1-photon plateau (0.5 ph);

* SiPM and reference NIST photodiode are attached to the

output port of the integrating sphere;

* the monochromatic light intensity is kept low (no 2-photon

events on the SiPM);

* the pulse to the counter is wide enough (holdoff) to reduce

the correlated noise to negligible level;

* pulses are counted with and without light, signal counts are

obtained by subtraction;

* deadtime correction is applied.

In Fig. 21 we show the PDE for the two photosensors as ob-
tained with our single photon method. We also tested the method
by changing the duration of the pulse to the counter (holdoff)
and correcting the measurements accordingly. The final result
was identical to what shown, thus proving its correctness. We
remark that the better geometrical fill factor of the Hamamatsu
SiPM is immediately evident from Fig. 21, as well as its better
efficiency in the blue wavelength region (350-450 nm).

V. CONCLUSION

The procedure we established to measure several features of
SiPM photodetectors proved to be self consistent, and it al-
lowed us to perform a rather exhaustive comparison between
two devices built in different technologies by different manu-
facturers. Our main remark, after comparing our results with
others present in the literature, is that special care needs to be
taken in handling the correlated noise of these sensors, namely
afterpulses and cross-talk, especially when measuring very low
intensity light pulses. As an example, in our current application
for the detection of thermal neutrons by means of ®Li screens
and scintillating fibers [32], a low level of correlated noise is
mandatory: the resolution in the region of few (real) photons is
needed to discriminate gamma rays from neutrons, and we could
not tolerate the amount of fake photon counts produced by the
Hamamatsu sensor.
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