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The present work introduces an improved SPICE equivalent electrical model of silicon photomultiplier
(SiPM) detectors, in order to simulate and predict their transient response to avalanche triggering events.
In particular, the developed circuit model provides a careful investigation of the magnitude and timing of
the read-out signals and can therefore be exploited to perform reliable circuit-level simulations. The
adopted modeling approach is strictly related to the physics of each basic microcell constituting the SiPM
device, and allows the avalanche timing as well as the photodiode current and voltage to be accurately
simulated. Predictive capabilities of the proposed model are demonstrated by means of experimental
measurements on a real SiPM detector. Simulated and measured pulses are found to be in good
agreement with the expected results.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Silicon photomultipliers (SiPMs), also referred to as multi-pixel
photon counters (MPPCs), are a contemporary rapidly developing
class of solid-state detectors which have been gaining great
interest and extensive diffusion in the fields of high-energy
physics, nuclear medicine, and astrophysics.

SiPM photo-sensors consist of a parallel array of photodiodes
(SPADs), connected in parallel and operating above their break-
down voltage. When an optical photon strikes one of the basic
microcells, the related photodiode undergoes a Geiger avalanche
and the released charge is collected onto a common electrode. The
series quenching resistance integrated in each pixel slows the
avalanche current by reducing the voltage drop across the diode
terminals. When the current is quenched, the cell begins to
recharge, recovering its preceding quiescent bias conditions. The
peak amplitude of the SiPM output generated signal is directly
proportional to the total number of microcells which is struck by
optical photons [1-6].

The availability of an accurate electrical model can enrich
understanding of the design and behaviour of the SiPM detector
as a signal source, allowing a reliable interpretation of its static
and dynamic characteristics and its physical interactions with the
coupled front-end electronics.
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This work develops a new truthful SPICE electrical model of the
SiPM sensors based on the peculiar physical features of each SPAD
microcell composing the detector structure. Compared to pre-
viously reported models, the proposed circuit configuration pro-
vides a more accurate representation of the trigger generation
processes underlying the transient response of the optical device
to an incoming avalanche event.

In Section 2 the novel SiPM electrical model is addressed.
Simulation results are discussed in Section 3. Experimental valida-
tion of the proposed model is performed in Section 4. Finally,
Section 5 summarizes the paper conclusions.

2. Proposed electrical model

The circuit electrical model which is typically associated to the
single elementary SPAD microcell is illustrated in Fig. 1 [1-4].

The avalanche photodiode is modeled as a parallel connection
between the internal resistance of the diode space-charge region
Ry, and the junction capacitance of the inner depletion layer Cj.
The integrated quenching resistance R, is associated with its
parallel stray capacitance Cg, and an additional parasitic capaci-
tance C, across the microcell terminals is also introduced to
account for metal lines and bonding pads.

The above electrical model is easily extendable to the case
when more than one microcell is fired by an avalanche event by
connecting in parallel multiple SPAD elements.

Avalanche triggering is modeled by means of an ideal DC
voltage supply Vpp with a series voltage-controlled switch Sg.
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Fig. 1. Traditional equivalent electrical model of a single SPAD microcell.

The switch closes at a preset time t,, demarking the start of a
breakdown event, and a pulse current signal is then generated
through the photodiode resistance R;. When this current drops
below a predefined threshold value Iy, the switch opens and the
avalanche is quenched. The switch controlling voltage is realized
by a square-wave source, whose pulse width T, represents the
time between the avalanche triggering time t,, and the instant at
which the decaying current decreases below the threshold level.
Successively, the diode enters the recharging operation, and the
transient voltage across its terminals slowly rises towards the
external cathode voltage.

The time current and voltage waveforms igq(t) and wvgy(t),
resulting from the SPAD model in Fig. 1 when closed to a load
resistor R;, are illustrated in Fig. 2 with relation to the external
step-wise voltage vpno(t), applied to the control switch and
producing the trigger event. The current signal ig;(t) through the
output load is also shown.

The main limitation of the conventional trigger generation
approach derives from the statistical nature of the avalanche
process. More specifically, the aleatory current amplitude Iy
below which the avalanche is not able to self-sustain inevitably
involves uncertainty on the choice of T}, as the quenching time. As
a result, the total charge Qror in the avalanche pulse, which is
strongly related to the diode quenching time, will be affected by
the chosen value of T,,. Most importantly, a constant switch
timing in the microcells model does not allow a truthful repre-
sentation of the output pulse waveforms as functions of the
external operating voltage. Indeed, as the voltage Voy = Vi=Vpp,
better known as overvoltage or excess voltage, is increased from
its nominal value, the potential across the photodiode is initially
greater, and so a higher avalanche discharge current flows through
the diode, which then takes a longer time to drop to the same
quenching level. This entails an increased amplitude of the output
pulses during the recovery operation with respect to those
obtained with a constant switching time, with consequent simula-
tion discrepancies on the overall pulse charges.

To overcome the above mentioned limitations and better relate
the SiPM electrical model to the physics of the device, an improved
circuit configuration is realized to provide an equal switch timing
for all bias voltages, hence releasing the diode quenching time
from the choice of the pulse width T, of the switch control
voltage.

The proposed circuit model allows to optimize the control
mechanism of the trigger event and make the internal quenching
time independent of the external control voltage, thus providing
reliable simulations of the charge collection as a function of the
overvoltage.
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Fig. 2. Characteristic transient current, voltage and output signal waveforms

resulting from the traditional SiPM single cell model in Fig. 1, with relation to
the external switch control voltage simulating a detected event.
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Fig. 3. Simplified block diagram of the improved equivalent electrical model of a
single SPAD microcell.

Fig. 3 shows the simplified block diagram of the improved
electrical model of each SiPM basic microcell. A voltage signal Vp,
starts the trigger avalanche by closing the switch S. A negative
feedback loop, including a discriminator D, monitors the diode
current and acts upon the switch opening time when this current
falls below the specified Iy value.

The novel transient current and voltage waveforms for the
improved model in Fig. 3, when closed to a load resistor R;, are
illustrated in Fig. 4. The switch control voltage, V,;, can now be
realized as a pulse-wave generator of arbitrary width. However, to
perform a correct operation, the voltage pulse is required to have a
smaller width compared to the quenching time. As a result of the
modified single-cell model, although the threshold current level is
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not sharply defined, the switch S always opens when the photo-
diode current reaches the constant value of Iy for all operating
voltages. In this way, the diode quenching time T, is no more
related to the switching voltage V,;, and a more accurate repre-
sentation of the charge collection is achieved.

3. Simulation results

SPICE circuit implementations of the conventional and
improved electrical models in Figs. 1 and 3 are respectively
depicted in Figs. 5 and 6, for a number N of active pixels over a
total number of N microcells. The equivalent electrical model of
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Fig. 4. Characteristic transient current, voltage and output signal waveforms
resulting from the improved SiPM single cell model in Fig. 3, with relation to the
external switch control voltage simulating a detected event.

the remaining N-Ny parallel-connected cells is simply derived by
eliminating the circuit branch composed by the Vjp voltage source
and the photodiode equivalent resistance.

The quenching time of the SiPM output pulses is assumed to be
the instant at which the current through the equivalent photo
diode resistance Ry q=Rqa/N; crosses the threshold level Iy =
NAry, established by the average quenching current of an indivi-
dual microcell and by the number of firing cells.

Referring to the newly proposed SPICE model in Fig. 6, a couple
of parallel voltage-controlled switches, S; and S,, is exploited in
series with the diode resistance and an open-loop operational
amplifier is inserted in the feedback branch as a threshold
discriminator to monitor the avalanche current transitions. The
initial trigger generation is accomplished by S, through the input
pulse signal Vpp,.

In the steady-state operation, when no trigger events are
detected, the voltage across the equivalent diode resistance is
lower than the discriminator threshold Viy=R4lry, so that the
negatively saturated amplifier output voltage opens the switch S,
and no current flows in the circuit. When a positive pulse is
applied to Vp;, the avalanche current instantaneously produces a
voltage drop on R;,, which commutates the comparator output
towards its positive saturation voltage, hence closing S; and
guaranteeing the discharging current to keep on flowing regard-
less of S,. As soon as the avalanche current reaches the equivalent
threshold level, the discriminator turns again to its preceding state
and opens S;, thus collapsing the avalanche and determining the
actual quenching time.

Fig. 7 reports the complete SiPM electrical model, showing the
simulated values of the circuit parameters.

To confirm the different effects of increasing overvoltage on the
pulse waveforms of the conventional and improved SiPM electrical
models, Figs. 8 and 9 illustrate, respectively, the voltage across the
photodiode and the current through the diode resistance for
N=3600, Ny=1, and for three rising values of Vpy. As can be noted,
with a constant switching time, the charge collected from the
avalanche pulses does not increase with overvoltage as much as it
raises in the improved electrical model. In particular, the incre-
ments in the total collected charge are found to be 70.36 fC and
140.65 fC, for the traditional model, and 80.92 fC and 162.15 fC, for
the improved model, respectively. As a result, the amplitude of the
SiPM output signal is also found to be slightly greater in the
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Fig. 5. Schematic of the typical electrical model of the SiPM active cells.
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Fig. 6. Schematic of the improved electrical model of the SiPM active cells.
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Fig. 8. Transient Igq and V4 waveforms of the conventional SiPM model, for N=3600, for a single fired cell (Ny=1), and for increasing values of Vyy. With a constant switch
timing, the current in the diode stops at the same time instant for all bias voltages.
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Fig. 9. Transient Iy and V; waveforms of the improved SiPM model, for N=3600, for a single fired cell (Nj=1), and for increasing values of Viy. With an optimized switch
timing, the current in the diode stops when it reaches a constant value for all bias voltages.

proposed SPICE model, hence demonstrating a more truthful
agreement with the physics of the device.

4. Experimental validation

Simulated and measured output pulse waveforms are com-
pared together for a 3 x 3 mm? Hamamatsu MPPC device (S11828-
3344MX) with a 50-um pitch size. Measurements are performed at
the Catania astrophysical Observatory Laboratory for Detectors
(COLD).

A PDL 200B pulsed diode laser, emitting rays at a 405-nm
wavelength, is used to produce the trigger avalanche into the
MPPC microcells. The laser radiation intensity is controlled such
that only a few cells get fired for each event. Pulse waveforms are
acquired on a digital oscilloscope with a 2.5-GHz bandwidth, a 20-
GS/s sampling rate, and an intrinsic 1-mV baseline noise.

The laser pulses are set to be significantly shorter than the
detector response time. Moreover, the frequency of the laser
source flux is sufficiently small to allow a full recovery transition
between two subsequent trigger events.

A dedicated test-board for the MPPC device is specifically
developed, shown in Fig. 10. It basically provides the multiple
anodes connection of single MPPC pixels and allows the common
cathode terminal to be connected to an external bias reference. An
internal pre-amplifier is included in the top board for gain
regulation and a band-gap sensor is also embedded to provide
temperature measurements. An appropriate mechanical interface
is additionally implemented in order to allow the laser light to
shine upon the detector surface.

The detector unit under test is connected to the input of an
SP5600 CAEN power/amplification system with a 50-Q input
resistance and a tunable-gain pre-amplifier.

For a fixed operating voltage, histograms of the maximum
pulse amplitudes are digitally captured according to the number of
cells firing for each event. Afterwards, events with the same
number of fired cells are grouped together and averaged to form
a single pulse waveform.

Experimental measures are also used to extract circuit para-
meter values as well as to validate the developed model.

Model parameters extraction is accomplished by means of an
effective characterization procedure of the detector breakdown
voltage, total microcell capacitance, and quenching and diode
resistances. In particular, the photodiode resistances are obtained
from the slope of the forward I-V static characteristics; the charge

top board bottom board
internal . power
pre-amplifier " connector
MPPC _ common
detector | anodes
output
output
loads . temperature

sensor

Fig. 10. Dedicated COLD test-board for the 3 x 3 mm? MPPC detector device.

delivered after a Geiger discharge is derived by applying a linear fit
to the peak positions in a signal charge histogram; and the total
microcell capacitance and breakdown voltage are respectively
determined from the slope and x-axis intercept of the associated
curve relating the measured charge to the external operating
voltage. The extracted values for the 3 x3 mm? Hamamatsu
macro-pixel device are reported in Fig. 7.

Based on the obtained Vjp, the external bias voltage Vi is
regulated in order to achieve an overvoltage Vo,=1.3 V, ensuring a
Geiger-mode operation of the MPPC detector.

Simulated and experimental voltage waveforms are respec-
tively plotted in Fig. 11 and in Fig. 12, for N=3600 and rising values
of the fired cells. The simulated pulse functions refer to the
improved SPICE model, and are scaled by considering a 36-dB
pre-amplifier gain factor.

The pre-amplifier roughly shapes the original signal, due to its
limited frequency bandwidth, so the curve peaks are consequently
smoothed. However, the slowest part of the transient responses is
in good accordance with the simulated waveforms. In particular,
for a single firing cell, the normalized overall current pulse charge,
calculated as the integral of the output voltage pulse divided by
the load resistance, is found to be 6.9 pC for the modeled pulse
waveform, while an average value of 7 pC is obtained from the
relevant acquired signal. In addition, a good peak linearity is
achieved for increasing values of the firing cells for both modeled
and acquired pulses.

To further corroborate the effectiveness of the adopted model
and achieve a more accurate comparison between the simulated
and experimental pulse waveforms, the SPICE model of the CAEN
voltage pre-amplifier is additionally included in the simulation
model cascaded to the output load resistor, in order to account for
the frequency limitation of the measured output signal. For a
single firing cell, data outputs of the simulated and measured



Fig. 13. Simulated and experimental output pulse waveform comparison, for
N=3600 and a single firing cell.

pulses are merged together into a single plot; Fig. 13 shows the
resulting pulse waveforms under a 1.3-V overvoltage and a 50-dB
pre-amplifier gain.

From a direct inspection of the output curves, both simulated
and measured waveforms are well-overlapped even during the
fast phase of their transient responses. Thereby, the adopted
model can also achieve a truthful reproduction of the shaping in
the rising edge of the measured SiPM output signals.
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