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Abstract—In this paper, we present the results of the charge
and time characterization performed on our novel 100-channel
silicon photomultiplier. We have improved our previous single-
photon-avalanche-diode technology in order to set up a working
device with outstanding features in terms of single-photon re-
solving power up to R = 45, a timing resolution down to 100 ps,
and photon-detection efficiency of 14% at 420 nm. Tests were
performed, and features were measured as a function of the bias
voltage and of the incident photon flux. A dedicated data analysis
procedure was developed that allows to extract at once the relevant
parameters from the amplitude spectra and to determine the
timing features.

Index Terms—Afterpulsing, dark noise, gain, quantum detec-
tion efficiency, quenching resistor, silicon photomultiplier (SiPM),
single-photon avalanche photodiode, single-photon counting.

I. INTRODUCTION

PHOTON handling is nowadays considered an emerging
issue, with many possible applications, particularly in the

wide field of sensors and related transducers [1]. Throughout
the last years, a new kind of planar semiconductor device has
slowly but steadily come out, namely, the silicon photomul-
tiplier (SiPM), with promising features that, in some respect,
could even replace traditional photomultiplier tubes [2]. Based
on a Geiger-mode avalanche photodiode elementary cell [3],
it consists of an array of n independent identical microcells
whose outputs are connected together. The final output is thus
the analog superposition of n ideally binary signals [4]–[6].
This scheme, along with the sensitivity of each individual cell
to single photons, appears to result (in principle) in the perfect
photosensor capable of detecting and counting the single pho-
tons in a light pulse.

Unfortunately, this is not the case, as this kind of device
has several drawbacks, all of them mainly deriving from its
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noise features, as already shown in part 1 of this paper.
Nonetheless, the suitable use of SiPMs depends strongly on
the particular application; although dark counts are a problem
for low-level light applications, if there is ample light, one can
set the threshold at several photoelectrons and, thus, suppress
them. Such a tradeoff can be useful to optimize the energy
resolution.

Therefore, although not capable of totally replacing the
traditional photomultiplier tubes, the SiPM already promises
to fulfill a wide set of requirements coming from numerous
applications. This is why many groups and companies are
currently working toward large-area SiPMs [7]–[16].

In previous papers, we described our development and test
of single channels and arrays of 5 × 5 single-photon avalanche
diodes (SPADs) operating at low voltage and fabricated in
silicon planar technology [17]–[20]. In this paper, we will
illustrate the characterization of our novel 10 × 10 SiPM, which
is already described in part 1, in terms of charge, time reso-
lution, and photon-detection efficiency (PDE). We will show
that the device performance is indeed outstanding, although it
still represents the first-generation prototype and other better
performing sensors are already under production.

II. LOW-LIGHT-LEVEL CHARACTERIZATION

In order to characterize the device response with respect
to a low level of incident light and to the bias voltage, we
employed the setup shown in Fig. 1. We put our SiPM into a
light-tight box and positioned the fiber coming from the laser
just in front of it, making sure that the laser spot was covering
the whole active area. This optomechanical setup was fixed for
the whole duration of the tests, ensuring that although absolute
measurements were not possible, all the measurements can be
compared with and scaled to each other.

After carefully verifying the repeatability of the results, we
started our test by running the system at the four predefined
bias values with nominal laser intensities of 6%, 7%, 8%, 9%,
and 10%. Unfortunately, the measurements at 10% were only
possible for two bias values, due to a technical problem. The
laser repetition rate was fixed at 1 kHz.

A. Charge Response

As mentioned in Section I, the ideal charge output of the
SiPM should approximate digital information, i.e., a signal
which is an integer multiple of the elementary cell output,
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Fig. 1. Sketch of the electronics for the charge and time measurements
employed for SiPM response characterization.

depending on the number of detected photons. This, of course,
only holds in the ideal case because of several reasons.

1) Small differences between individual cells may result in
variations of the output signal.

2) Electrical noise, uncorrelated dark counts, afterpulses,
and crosstalk can perturb the output-signal shape.

3) A photon interacting with a cell while it is recharging
gives rise to a smaller signal.

4) A photon interacting in a boundary region between cells
or at the wrong depth may give rise to a smaller and/or
delayed signal.

For all of the aforementioned reasons, what one expects
as an SiPM charge spectrum when it is illuminated with a
low-intensity time-coherent laser pulse is an overall Poisson
distribution possibly modulated with peaks related to integer
numbers of detected photons. This is just what we found, as
shown in the examples of Figs. 2 and 3 for two different light
levels (10% and 6% nominal laser intensity). We note that
at low light level, an additional peak appears below the one
attributed to one detected photon. Such a peak, usually called
pedestal and whose position is not evenly spaced with respect
to the other peaks, is due to the nonnegligible probability
of detecting zero photons. In such a case, although the laser
trigger starts the data acquisition, the charge to digital converter
only integrates the baseline level, giving rise to a pedestal
count.

In Figs. 2 and 3, the data points are represented by circles,
whereas the continuous line represents the result of a fit pro-
cedure that we are going to describe. As mentioned earlier,
the expected dominant contribution to the distribution of the
charge signal from the SiPM, when illuminated with low-
intensity laser pulses, is a Poisson one. Obviously, the Poisson
distribution is a discrete one; however, due to the mentioned
effects, each single value is smeared in a Gaussian fashion. The

Fig. 2. Sample charge spectrum from the SiPM biased at 32 V and under a
nominal laser intensity of 10%, shown in (upper plot) logarithmic and (lower
plot) linear scales. The circles are data points; the line is the result of a fit, as
explained in the text.

Fig. 3. Sample charge spectrum from the SiPM biased at 32 V and under a
nominal laser intensity of 6%, shown in (upper plot) logarithmic and (lower
plot) linear scales. The circles are data points; the line is the result of a fit, as
explained in the text.

width of each peak (see Figs. 2 and 3) is expected to basically
depend on two factors:

a) the overall electronic noise of the detector and of the
electronics, which we suppose to be constant over the set
of measurements;

b) the combination of nonuniformities and fluctuations be-
tween all the elementary cells, resulting in a contribution
that should scale with the square root of the number of
responding cells.
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Therefore, the overall variance of the nth peak is expected
to be

σ2
tot(n) = σ2

e + nσ2
1 (1)

where σe represents the contribution a) and σ1 is the Gaussian
width of the contribution b) to the first peak.

The spectrum shape is then expected to be the convolution of
a Poisson distribution with several peaks, whose width is given
by (1), which can be expressed as follows:

F (x) = A
dP

dx
= A ·

∞∑
n=1

Poisson(μ, n)

· 1

σtot(n)
√

2π
· e

− [x−c(n)]2

2σ2
tot(n) . (2)

A is a normalization constant, which is equal to the integral
of the measured spectrum.

μ is the average value of the Poisson distribution.
c(n) is a stepwise function expressing the coordinate of the

centroid of the n peaks. In principle, one would expect that
the c(n) values lie on a straight line; however, this is only
roughly the case. Indeed, the QDC response is affected by the
differential nonlinearity (DNL), i.e., the real width of each bin
fluctuates while going from the start to the end of the conversion
scale. Therefore, although the overall behavior of the QDC is
claimed to be linear within ±0.05% of a full scale, the local
nonlinearity is only below ±1% based on the specifications of
the manufacturer. This means that the expected equally spaced
peaks’ pattern could be altered by DNL, and this is just what
we observed. Indeed, we proved that the effect is basically due
to the DNL rather than some intrinsic nonlinearity in the SiPM
response; however, such a matter goes beyond the scope of this
paper. What is important here is that we managed to overcome
this effect by recalibrating the QDC scale by means of a third-
order polynomial.

For the sake of completeness, we reproduce the Poisson
distribution

Poisson(μ, n) =
μn

n!
e−μ. (3)

The fitting procedure exploiting χ2 minimization for each
bias voltage and for each light level allowed one to obtain the
three values σe, σ1, and μ. We regret that in a few cases, we
had to discard some data, as we later discovered that due to a
random electrical interference noise sometimes present in our
laboratory, a few measurements were corrupted. Nonetheless,
the available data allow us to support a reasonable understand-
ing of the device operation. We also remark that whenever the
pedestal peak showed up due to a very low light level, it was not
included in the fit procedure in order not to spoil the centroid
calibration and the Poissonian shape.

What one expects for each given bias voltage is that σ1

should somewhat stay constant across the measurements at
different light levels, whereas μ should scale rather linearly
with the light level; this is what we indeed found out. In Fig. 4,
we show the relative electronic noise contribution σe/c(1) as a

Fig. 4. Relative electronic noise contribution σe/c(1) as a function of the bias
voltage for different laser intensity values. See text for details.

Fig. 5. Relative SiPM noise contribution σ1/c(1) as a function of the bias
voltage for different laser intensity values. See text for details.

function of the bias voltage under different laser intensity con-
ditions. We normalized the absolute σe values to the position
of the centroid of the n = 1 peak in order to get values that
can be compared with each other under different conditions of
light and bias voltage. Reasonably enough, the electronic noise
increases with the bias voltage. The same normalization was
applied to the σ1 values and is shown in Fig. 5. As expected,
σ1/c(1) is rather constant, as it basically depends on intrinsic
nonuniformities between cells and not on the bias voltage or
light level.

In Fig. 6, we finally show the overall relative SiPM resolution
σtot(n)/c(n) as a function of the number of detected photons
for the different bias voltage values.

Having evaluated σe and σ1, we are now capable of comput-
ing the photon resolving power of the device under study. If d
is the average distance between two consecutive peaks, we can
define R3σ as the number n of measured photons, where the
separation between two consecutive peaks is 3σ. In formulas

d = 3σtot(n) (4)

and then, from (4) we, can derive

n =
1
σ2

1

(
d2

9
− σ2

e

)
= R3σ. (5)

With the same procedure, we can derive R2σ that repre-
sents the number n of measured photons, where the separation
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Fig. 6. Relative SiPM resolution σtot(n)/c(n) as a function of the number
of detected photons for the different bias voltage values.

Fig. 7. Photon resolving power R3σ of the SiPM under study is the number
of measured photons where the separation between two consecutive peaks is a
3σ level; R2σ is the number of measured photons where the SiPM resolution
becomes 2σ, which means that any hint of separate peaks is lost. See text for
further details.

between two consecutive peaks becomes 2σ, which means that
any hint of separate peaks is lost.

For our convenience, we define R3σ as the photon resolving
power of the SiPM under study. Fig. 7 shows that R3σ is on the
order of 20, whereas R2σ is on the order of 45. In practical
terms, this means that using this SiPM in our experimental
conditions we can clearly separate (3σ level) up to 20 photons,
and we still continue to observe separated peaks or structures
up to 45 photons (2σ level); beyond that, any resolution on the
photon number is lost.

B. Timing Performance

The timing performance of the device is indeed relevant,
particularly if we consider that it is easily attained with a very
small number of impinging photons. In Fig. 8 (dotted line), we
show a sample timing spectrum obtained at a 10% nominal laser
intensity and 32-V bias. The time resolution is σ ≈ 200 ps;
however, one might wonder if and how it depends on the
number of detected photons. Considering that such a question
was worth investigating, we proceeded as follows.

Fig. 8. Timing spectrum obtained at a 10% nominal laser intensity and 32-V
bias. The dotted line represents the raw data; the solid line represents the same
data after the walk correction as explained in the text.

First off, we built the two charge-time scatter plots shown
on the left-hand side of Fig. 9, both taken at a 32-V bias and,
respectively, at 5% and 10% nominal laser intensities. As ex-
pected, the single-photon peaks stick out as outstanding islands.
At a low number of photons, the residual time-walk effect is
evident; indeed, the islands are shifted toward longer times
due to signals whose amplitude was close to the discriminator
threshold (we employed an Ortec CF8000 constant fraction
discriminator, which can correct the time walk at the first order
but still produces a residual walk). By individually projecting
each island onto the time axis, we got several independent
time spectra. We fitted these spectra, and the respective widths
are shown in Fig. 10. We can see that the time resolution
can be as small as 140 ps, particularly if we consider light
pulses with more than eight photons detected. A simple fit to
the experimental widths shows that the data points are nicely
reproduced by a function inversely proportional to the square
root of the number of detected photons, as expected. Moreover,
Fig. 11 shows the position of the time peak centroid as a
function of the number of detected photons. As expected, the
time walk shows up clearly. A fit to the data points shows a
dependence compatible with a 1/n behavior, as expected from
the near-threshold signals on a discriminator [25].

Finally, by making use of the fit of Fig. 11, we applied an
event-by-event walk correction to the data in order to show how
the overall timing can be improved to accommodate a wider
range of light intensity. On the right-hand side of Fig. 9 we
therefore show the same two charge–time scatter plots after
an event-by-event correction for the residual time-walk effect,
whereas in Fig. 8 (solid line), we show the overall timing
spectrum after applying the same correction.

III. GAIN

The SiPM gain is defined as the number of elementary
charges (electrons) created in response to the interaction of
one photon. Since each cell of the device operates in Geiger
mode, the interaction of one photon produces an electron-hole
pair, followed by an avalanche multiplication. The avalanche
multiplication factor is the gain, and it obviously depends on
the bias voltage. As already described in previous papers [21],
[26], within the operating range, the gain is expected to grow
linearly with the bias voltage.
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Fig. 9. Charge–time scatter plot at (top) 5% and (bottom) 10% nominal laser intensities and 32-V bias. The left-hand side plots are the raw data before walk
correction, and the right-hand side plots are the raw data after walk correction. The photon peaks stick out as outstanding islands. At a (top left plot) low number
of photons, the time-walk effect is quite evident.

Fig. 10. Time resolution (sigma) as a function of the number of detected
photons, with a 10% nominal laser intensity and 32-V bias voltage.

In order to evaluate the gain for each bias value, we computed
the average spacing between two consecutive peaks in terms
of QDC channels. Then, scaling by the known QDC yield in
terms of charge/channel and by the known gain of the employed
amplifier, we were able to compute the values shown in Table I

Fig. 11. Time peak centroid as a function of the number of (lower plot)
detected photons; the fit result is used to compute the correction needed for the
time walk. (Upper plot) Residual walk after the walk correction. The nominal
laser intensity was 10%; the bias voltage was 32 V.
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TABLE I
SIPM GAIN MEASURED AT THE FOUR REFERENCE BIAS VOLTAGES.

SEE TEXT FOR DETAILS ON THE METHOD

Fig. 12. Gain as a function of the bias voltage. The linear fit allows one to
extrapolate the breakdown voltage, i.e., the intercept on the x-axis, as 29.34 V,
which is very close to the nominal 29.5 V measured in a totally different fashion
by the manufacturer.

Fig. 13. Average number μ of detected photons as a function of the bias
voltage for the four different laser intensity values. The slight increase with
the bias voltage is an indication that the PDE increases as well, as expected.

and in Fig. 12. A fit to the data points shows that the behavior
is indeed linear. The extrapolation of the intercept on the
x-axis gives us an independent estimate of the breakdown value
at 29.34 V, very close to the nominal value of 29.5 V measured
by the manufacturer in a totally different fashion. This repre-
sents, in our opinion, an important cross-check, indicating that
our measurement and data-handling procedures are correct.

IV. LINEARITY

In this section, we are going to show that the device response
to light is indeed linear. In order to study this behavior, we
made use of the μ values obtained by means of our fitting
procedure described in Section II-A. Fig. 13 shows the aver-
age number μ of detected photons as a function of the bias
voltage for different laser intensity values. The slight increase
with the bias voltage is an indication that the PDE increases
as well, as expected. Fig. 14 shows the average number μ

Fig. 14. Average number μ of detected photons as a function of the laser
intensity for different bias voltage values. The slope is linear, thus implying the
SiPM linear response to light.

of detected photons as a function of the laser intensity for dif-
ferent bias voltage values. The slope is linear, thus implying the
SiPM linear response to light. We remind the reader, however,
that this holds only in case the number of fired cells is below
≈50% in order to neglect the effect of multiple cell firing
[21], [29].

Therefore, if we are able to measure the PDE once, as we
are going to show in the next section, we will also be able to
extrapolate the real number of photons impinging on our sensor
from every measurement.

V. PDE

Only a fraction of the photons impinging on the sensor will
actually trigger an avalanche and, consequently, a detectable
signal [27]. The main reasons for such inefficiencies are geo-
metrical (inactive regions between cells), physical (reflection/
absorption by passive layers), and electrical (photon conversion
occurring in regions where the electric field is not suitable for
triggering the avalanche).

The overall efficiency of the sensor is generally referred to as
PDE, and it relates the real number of impinging photons to the
measured one based on the following:

μ = μ0 · PDE = μ0 · εgeom · εel · QE (6)

where μ is the just-mentioned average number of detected
photons; μ0 is the true average number of impinging photons;
εgeom ≈ 0.36 is the geometrical efficiency of the SiPM and is
the only efficiency factor we know with a reasonable precision;
εel accounts for the electrical efficiency of the SiPM; and the
quantum efficiency (QE) accounts for the physical efficiency.

The measurement we are going to describe allowed us to
measure the overall PDE of our SiPM. We employed an optical
setup shown in Fig. 15, using a counting electronics scheme.
The measurements were performed at room temperature
(20 ◦C). Additional details on the optical setup can be found
in [28].

What we basically did was count the photons detected on the
SiPM under known light conditions. In order to accomplish this,
we selected a given wavelength from the xenon lamp by means
of the grating and λ-selection slits. The resulting monochro-
matic beam was sent into an integrating sphere, which played
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Fig. 15. Scheme of the setup employed for the PDE measurement.

Fig. 16. Overall PDE of the SiPM. See text for the explanation of the 500-ns
curve.

the role of randomizer; the internal surface of the sphere was
thus uniformly illuminated. Two small apertures on the sphere
were used to allocate a reference photodiode (1-cm2 area) and
our SiPM. Using the high-precision calibrated photodiode, we
were able to evaluate the absolute number of impinging photons
per unit area and then, after proper rescaling, the number of
photons impinging onto the SiPM.

By means of neutral filters, we were able to tune the light
intensity into the sphere such that we had a well-measurable
current on the photodiode and, at the same time, a counting rate
on the SiPM of the same order as of its dark noise. The logic
signal coming out of the discriminator was given a width of
50 ns, and afterward, the counting rate was corrected for the
consequent dead time.

All the errors were duly taken into account and propagated,
although the dominant contribution comes from the indetermi-
nation of the QE of the reference photodiode.

This measurement was repeated at several different
wavelengths and SiPM bias voltages. The resulting PDE values
are shown in Fig. 16. In order to verify the reliability of the
dead-time correction, we also performed measurements with
different durations of the logic signal to the counter. After the
correction, the obtained values were not distinguishable from
each other, as shown in Fig. 16 where we also show a sample
set of PDE values measured at a 32.5-V bias with a 500-ns
signal duration. We also checked that the measured PDE
values were stable with respect to changes in the primary light
intensity. To this purpose, we performed several measurements
at fixed wavelength and bias voltage by changing the light level
by one order of magnitude. The results, which are not shown,
were the same.

VI. DISCUSSION

The results of the charge measurements state that our SiPM
has outstanding features, as testified by the 2σ and 3σ resolving
power that allows one to distinguish up to ≈45 photons at room
temperature. Considering that the total number of cells is 100,
this is certainly a remarkable result. In addition, we want to
mention here that the resolution of our SiPM allowed us to
appreciate and corrrect the DNL of the QDC.

As was the case with the noise (see part 1), the charge
response is also reproducible and obeys simple mathematical
laws; Poisson statistics and Gaussian folding are enough to
reproduce our data at all bias voltages and light levels. This
also allowed us to evaluate the gain of the sensor, and it being
on the order of 105, the SiPM is better used with an amplifier.
However, we do not exclude producing a new version with
increased cell capacitance in order to achieve a higher gain and
eliminate the need of the amplifier [29] at the possible cost of
the deterioration of the timing.

The linearity was checked against the laser nominal intensity,
and it appears quite good (Fig. 14). Certainly, one has to
take into account that once the number of fired cells goes
beyond ≈50% of the total, the multiple-hit effect is no longer
negligible, and the response tends to saturate [21], [29].

The timing features are relevant as well, being the time
resolution on the order of 100 ps, which is similar to the device
described in [12]. Moreover, a combined measurement of time
and amplitude allows for an additional time-walk correction
that further improves the timing performance, as we have
shown. We think it is worth mentioning here that by using our
SiPM, we were able to appreciate a systematic time shift of
our laser (tens of picoseconds) as a function of its intensity,
as expected due to the operating principle of a gain-switching
diode laser.

The PDE was reliably measured in a single-photon-counting
mode [30], and it confirmed that the process of optimizing the
device in the blue region by means of a special front layer was
indeed successful. We stress here that the PDE values shown in
Fig. 16, with a maximum of around 14%, also include the domi-
nant geometrical efficiency (≈36%), which means a single-cell
efficiency just below 40% at 450 nm. Other authors recently
reported quite higher PDE values, although warning that such
values include crosstalk and afterpulsing [8]. Moreover, the
PDE measured in [7] on devices of the same family as in [8]
shows rather lower values. With our method, we showed that
the single-photon PDE measurement is mandatory if one wants
to exclude the misleading contribution of correlated noise to the
PDE [31], [32]. Collazuol et al. [12] employed a similar method
and found the PDE values in reasonable agreement with ours.

However, an overall PDE improvement is foreseen for our
next production batches.

VII. CONCLUSION

We have characterized a novel 100-channel SiPM, com-
ing from an improvement of our previous SPAD technology.
The result is a working device with outstanding features in
terms of single-photon resolution, timing, PDE, and noise. The
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dedicated data-analysis procedure we developed and estab-
lished allows for the immediate extraction of the relevant pa-
rameters for the forthcoming generations of SiPM sensors.

The tests we performed and the features we measured as a
function of the bias voltage and of the incident photon flux
qualify this device as a very promising one, likely already
suitable for physical measurement applications in the field.
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