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Abstract. Despite several advantages of Silicon Photomultipliers (SiPM) over Photomultiplier
Tubes (PMT) like the increased photon detection efficiency (PDE), the compact design and the
insensitivity to magnetic fields, the dark count rate (DCR) of SiPM is still a large drawback.
Decreasing of the SiPM dark count rate has become a modern task, which could lead to an
enormous enhancement of the application range of this promising photo-detector. The main goal
of this work is to gain initial information on the dark generation and identify the dominating
contributions to dark currents. The chosen approach to fulfill this task is to extract characteristic
activation energies of the contributing mechanisms from temperature dependent investigations
of dark currents and DCR. Since conventional methods are not suited for a precise analysis of
activation energies, a new method has to be developed. In this paper, first steps towards the
development of a reliable method for the analysis of dark currents and dark events are presented.

1. Introduction
The dark count rate (DCR) of the Silicon Photomultiplier (SiPM) is still a limiting factor for
the extension of its application range and requires a significant reduction. In order to achieve
this requirement, a distinction of contributions determining the DCR is needed to be able to
identify the dominating mechanisms. As reported in [1, 3, 4, 5] the extraction of characteristic
activation energies from the temperature dependence of the dark current is able to provide
information on the dominating mechanisms. Unfortunately these methods are not suited for
a precise determination of the needed energy levels, since the investigated dark currents are
determined by a mixture of effects depending on voltage on the one hand (e.g. generation current,
electric field effects) and overvoltage on the other hand (e.g. gain, crosstalk, afterpulsing). In
this paper, we propose a new method to separate the mentioned effects using the responsivity of
the detector as an appropriate reference for the measured dark current. This approach allows us
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to generate a field-independent expression for the initial amount of charge carriers provided to or
generated inside the multiplication region Iini (see equation 2). From the Arrhenius plot of Iini,
characteristic activation energies can be extracted in an accurate way in order to identify the
dominating mechanisms. In this work, the investigations were performed on a PM3350T device
provided by KETEK GmbH. The device had an area of 3×3 mm2 with a micro-cell edge size of
50µm and implemented optical trenches (see http://www.ketek.net/products/sipm/pm3350/).

2. Conventional method
Using the conventional method for the extraction of activation energies [1], dark currents at a
fixed voltage as well as dark currents at a fixed overvoltage were investigated as a function of
1/kT (Arrhenius plot). The breakdown voltage of the investigated SiPM was 27.3V at 20◦C.
The results are shown in figure 1 and 2, respectively. In both plots two clearly distinguishable

Figure 1. In this figure the Arrhenius plot
of dark currents at a fixed voltage of 31.3V is
shown.(Error bars are within the data points.)

Figure 2. In this figure the Arrhenius plot of
dark currents at a fixed overvoltage of 4V is
shown.(Error bars are within the data points.)

activation energies can be observed. This result was interpreted as the existence of two
mechanisms, dominating in the lower (T<-3◦C) and higher (T>-3◦C) temperature range,
respectively. Despite the qualitative similarities of both plots, the quantitative activation
energies differ for both temperature ranges. The extracted energies for the fixed overvoltage
case (VOV = 4V ) are (0.96 ± 0.02)eV and (0.47 ± 0.02)eV . For the Arrhenius plot at a fixed
voltage of 31.3V the energies amount to (0.89±0.03)eV and (0.42±0.01)eV . Since the underlying
effects which lead to dark current or dark count rate depend on the applied electric field as well
as on the gain and efficiency of the Geiger discharge development (crosstalk, afterpulsing) of the
detector, the SiPM response is dependent on the applied voltage and overvoltage simultaneously.
For this reason, the conventional method does not provide reliable results for a sophisticated
analysis of activation energies.

3. Proposed method
In order to realize a separation of voltage dependent high-field effects and overvoltage dependent
gain and efficiency effects of the detector, we propose an investigation method which is based
on two independent measurements of the SiPM response. The first measurement is performed
under illuminated conditions (here for λ = 600nm), the second one under dark conditions.
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3.1. First approach
In the first step of the method, the responsivity (R) of the SiPM was defined for every
temperature as shown in equation (1). Here Iph is the photo response of the SiPM. The
assumption was made, that the responsivity of the device is equal for photon-induced charge
carriers (Rph) and charge carriers originating from dark generation (Rdark). In figure 3 the
responsivity and the dark current of the investigated device are shown at 20◦C. Further the
dark response of the detector (Idark) can be expressed in terms of the responsivity Rph, the
initial dark component before multiplication Iini and a component Inot gained, which is not
affected by the responsivity, as shown in equation (2). Here Iini describes the initial amount
of generated charge carriers inside or provided to the high-field region before multiplication,
Inot gained accounts for charge carriers that do not pass the high-field region and are thus not
multiplied.

Rdark(VOV ) ≈ Rph(VOV ) =
Iph(VOV )

Iph(V0)
(1)

Idark(V, T ) = Iini(V, T ) ·Rph(VOV ) + Inot gained(V, T ) (2)

Figure 3. In this figure the respon-
sivity at λ = 600nm and Idark at
20◦C is shown. (Uncertainties are
within the data points.)

Applying equation (2) to dark currents, the initial current component (Iini) can be determined
as shown in figure 4 (solid line). The assumption was made, that the dark current consists of
two contributing components. The first component was associated with surface currents or
peripheral currents which flow at low field conditions (Inot gained). The dominating part of these
currents does not reach the high-field region of the device and thus is not multiplied. Inot gained

was assumed to increase with increasing depletion width and was modelled with a square root
dependence on the applied voltage. The second contribution to the total dark current is a fraction
δ of Inot gained which does reach the multiplication region. Modelling the multiplied component
Iini, δ was chosen such that the breakdown point (see red circle in figure 4) was matched. The
total current is then given by equation (3). The reconstructed currents for three temperatures
are shown in figure 5. The experimental data is underestimated by the reconstructed dark
currents at higher voltage regions. This result was expected, since no high-field effects were
taken into account so far.

Idark = (1 − δ) Inot gained + δ · Inot gained ·Rph (3)

Iini = δ · Inot gained (4)
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Figure 4. In this figure the determined
initial component of the dark current (Iini)
as described in equation (2) is shown.
(Experimental uncertainties are within the
data points.)

Figure 5. In this figure the reconstructed
currents using the model described in equa-
tion (3) are shown for three temperatures.
(Experimental uncertainties are within the
data points.)

3.2. Second approach
In a second approach of the dark current reconstruction an additional parameter (Ffield) was
implemented, which should account for the electric field contributions. The total current was
then modelled using equation (5). In order to investigate the multiplied component of the dark
current, the difference between the experimental data and the fitted Inot gained was build. The
resulting function Idiff could be described with a second order polynomial fit in Rph. The
applied fit function is shown in equation (6). This approach provides a voltage independent
expression for dark generation (Iini) to be investigated in an Arrhenius plot.

Idark(T, V, VOV ) = (1 − δ) Inot gained(V, T ) + Iini(T ) ·Rph(VOV ) · Ffield(V ) (5)

Idiff = Iini ·Rph · Ffield = Iini ·Rph

(
1 +

Rph

Reff

)
(6)

4. Results
Investigating the parameter Iini as a function of 1/kT, two activation energies could be observed
and attributed to the full bandgap energy (Eg) for T>-3◦C and the half bandgap energy (Eg/2)
for T<-3◦C (see figure 6). Using equations (7) (here shown for electrons) and (8) as described in
[2], a dominating diffusion current for T>-3◦C and a dominating generation current for T<-3◦C
could be identified.

Ielectrondiffusion = q

√
Dn

τn

n2i
NA

∼ T
γ
2

[
T 3 exp

(
−Eg

kT

)]
(7)

Igeneration = q
niWD

τg
∼ exp

(
− Eg

2kT

)
(8)
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Figure 6. In this figure the Arrhenius plot of
Iini is shown. (Error bars are within the data
points.)

Figure 7. In this figure the reconstructed
currents using equation 5 are shown. (Error
bars are within the data points.)

Using the second approach, the constructed dark currents reproduce the experimental data
to a more precise level (see figure 7). For higher temperatures (Idiffusion is dominating), the
reconstructed currents overestimate the experimental data in high overvoltage regimes. The
observed divergence is owed to the electric field correction Ffield. The correction must not be
applied to the diffusion component of the dark current, since the electric field dependence of
Idiffusion can be neglected, as reported in [3]. Since the correction was applied to the total
multiplied current, it was expected to observe an overestimation in high overvoltage regimes,
especially at temperature, for which the diffusion component is dominating.

5. Conclusion
In this work, a first step towards a reliable investigation method of dark current contributions
based on the responsivity of the SiPM was presented. The developed model for dark currents
could reproduce the experimental data to a sufficiently precise level allowing the separation
of field-enhanced effects from dark generation components. In combination with temperature
dependent measurements, it was possible to identify a diffusion current to be the dominant
contribution to dark events at temperatures T>-3◦C, for the investigated SiPM.
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