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Thermal and electrical characterization of silicon photomultiplier

Abstract

Detection of low levels of light is one of the key aspects in medical and space applications. Silicon
photomultiplier, a novel type of avalanche photodetector which operates in Geiger mode, shows
promising results and offer superior design options. The performance characteristics of the SiPM realized
in FBK-irst are studied and presented in this paper. The leakage current, dark rate and internal gain are
characterized as a function of temperature. The investigation has been carried out in the framework of
the DASIPM Collaboration and the INFN/FBK-irst MEMS project. © 2008 IEEE.
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Thermal and Electrical Characterization
of Silicon Photomultiplier

M. Petasecca, B. Alpat, G. Ambrosi, P. Azzarello, R. Battiston, M. Ionica, A. Papi, G. U. Pignatel, and S. Haino

Abstract—Detection of low levels of light is one of the key as-
pects in medical and space applications. Silicon photomultiplier,
a novel type of avalanche photodetector which operates in Geiger
mode, shows promising results and offer superior design options.
The performance characteristics of the SiPM realized in FBK-irst
are studied and presented in this paper. The leakage current, dark
rate and internal gain are characterized as a function of tempera-
ture. The investigation has been carried out in the framework of the
DASiIPM Collaboration and the INFN/FBK-irst MEMS project.

Index Terms—Photodiode, silicon photomultiplier, thermal
characteristics.

I. INTRODUCTION

HE silicon avalanche photodetector operating in Geiger

mode, known as a silicon photomultiplier (SiPM), is
composed of several micro-cells, each one connected to an
integrated quenching resistance and to a common electrode.
In Geiger mode operation the diode is polarized at a bias
voltage above the breakdown voltage [1]. In this condition, any
electron-hole pair produced by thermal effect or incident light
generates a current pulse with a charge amplification factor up
to 10°.

The signal produced by a single micro-cell carries digital in-
formation: when hit by a single photon the sensor produces a
single pulse current. However, when an array of identical micro-
cells is hit by incident light, the amplitude of the produced signal
(summed across the whole matrix) is proportional to the number
of triggered micro-cells.

The main parameters which affect the performance of an
SiPM sensor are: the dark current, the internal gain, and the
dark rate. The noise figure of a Geiger mode photodetector
can be identified with the dark rate defined as the number
of avalanche current pulses produced by thermally generated
electrons, mimicking the detection of single photons. The dark
count rate is therefore the number of false events per second
and should ideally be minimized.
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The dark count rate is influenced by the following three pa-
rameters: 1) the sensitive area of the SiPM (in terms of size of
the subpixel and subpixel density); 2) the bias voltage; and 3) the
operating temperature [2].

In this paper, we present the results of a study focused on the
variation of dark rate, leakage current, and internal gain as a
function of the temperature.

II. DEVICES AND METHODS

The SiPM is fabricated on a p-type epitaxial layer. It consists
of an array of 625 micro-cells covering an area of 1 mm?. Each
micro-cell (40 x 40 pm?) is composed by a shallow n*-p junc-
tion in series with a poly-silicon quenching resistance [2], [3]
(Fig. 1) whose value was estimated to be approximately 300 k{2
[4]. All micro-cells are connected in parallel through the alu-
minium layer on top of the photo-sensitive side.

The sample referenced throughout this paper comes from the
second production batch produced by the FBK-irst in May 2006
and is identified by code SIT6V2PD2. Breakdown voltage and
leakage current (reverse biased up to 40 V) were measured to be,
respectively, 34.5 V and 2 pA at room temperature. The large
number of measures and the time consuming procedure adopted
to stabilize the temperature of the sample, have forced us to se-
lect only one of the more representative samples within the de-
vices characterized at room temperature. The preliminary test
was performed on several SiPM coming from the same produc-
tion batch and which show off a very uniform behavior in terms
of leakage current and dark rate (Fig. 2).

The sensor signal was amplified by a wide-bandwidth trans-
impedance amplifier (TTA) based on commercially available de-
vices (National Semiconductor OPA656) to minimize the timing
distortion. The dark pulse from a single micro-cell of an SiPM
is identical to that generated by a photon pulse. To study the de-
vice characteristics it is thus important to study the dark pulse
rate and its amplitude. The gain can be obtained integrating the
dark pulse over its pulse duration.

The testing ground (Fig. 3) was based on the ACS climatic
machine CH160C. The chamber, covering a temperature range
of —75 up to 180 °C with an uncertainty of £0.25°C on a
volume of 160 liters, has an automatic interface remotely con-
trolled by a personal computer. The temperature has been mon-
itored by three sensors integrated into the machine: two located
in the chamber walls and one close to the device. The CH160C
has been programmed by a dedicated software tool (WinKratos)
to set the target temperature and to hold this value for two hours;
after this period, an automatic data acquisition system collected
the measured current and dark rate from the electrometer and
the scaler, respectively.

0018-9499/$25.00 © 2008 IEEE
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Fig. 2. SIPM dark current as a function of the bias (at 300 K) for several sam-
ples from the same production batch.

III. EXPERIMENTAL RESULTS

A. Breakdown Voltage

Fig. 4 shows the relationship between the leakage current and
bias voltage for six different temperatures. The curves are ap-
proximately linear up to the breakdown potential (Vg ), beyond
which leakage current increases quadratically. This is consis-
tent with well-known results in the literature [3]. Vg has been
estimated, for each temperature, using a semilogarithmic plot
representation of the leakage current. In the plot of Fig. 4, the
Vg has been identified by the interception point of the linear

WinKratos©
CH160C
Bias <
Electrometer >
PC
TIA (>| Discriminator
Scaler —>
Temp
Sensors >

Fig. 3. Block diagram of the test bench used for the thermal characterization
of SIPM.

current before the breakdown and the parabolic plot of current
when SiPM works in Geiger mode.

For a pure avalanche breakdown process [5], [6], the break-
down voltage can be approximated as

Vg = Vo[l + B(T — Tp)]

where Vp is the breakdown voltage at room temperature (T)
and f3 is the linear growth constant whose value is greater than
10—3 K. For our sample, this model fits the experimental data
for 3 equal to 2 4 0.068 - 1073 K~ 1.

A qualitative explanation of the breakdown voltage increase
with temperature is that hot carriers passing through the deple-
tion layer under a high electric field, greater than 108 V/cm, lose
part of their energy in optical phonons through lattice scattering,
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Fig. 4. SIPM dark current as a function of the bias at different operating tem-
peratures.

resulting in a smaller ionization rate «, ; hence, the carriers
must overcome a greater potential difference (or a higher ap-
plied voltage) to gain sufficient energy for the generation of an
electron-hole pair and generate the consequent avalanche dis-
charge [7]. The plot in Fig. 6 shows that Vg grows with a slope
of 70.2 £ 2.4 mV/K.

B. Gain

Gain has been measured without any external light source
[3]. It can be expressed as a function of the dark count rate and
leakage current as

_ Dieax

T dc-g
where ¢ is the electron charge, dc is the dark count rate, and
Teax is the rms leakage current.

The gain of an SiPM can be determined also by the anal-
ysis of the shifting of the noise spectrum peak with the bias.
This technique, proposed in several works [1], [3], [8], allows
to take into account also the contribution of the after-pulsing and
crosstalking between adjacent subpixels.

A comparison between the gains calculated by the spectrum
shifting and with the current shows a good agreement (Fig. 5).
The little variation (less than 7% for overvoltage up to 4 V)
between gains obtained with these two techniques means that
the contribution of the crosstalk and after-pulsing to the leakage
current can be consider negligible in our measurements.

Fig. 7 shows the gain as a function of the bias voltage mea-
sured for six different temperatures. The linear growth of the
curve at room temperature matches results reported in a previous
work [2]. In particular, gain values in the range 1.5-10% —3.5-106
were measured for overvoltages ranging from 0.5 to 4 V.

It is important to note that the gain is not directly related to
temperature. It decreases with increasing temperature as a re-
sult of the increase in the breakdown voltage. This is shown in
Fig. 8, where the gain has been reported as a function of the bias
overvoltage. The overvoltage is defined as

Vov(T) = Veias — Va(T)
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Fig. 7. Gain as a function of the bias for different operating temperatures. The
gain is still linear and is independent of the temperature.

where Vpias is the bias voltage and V(') is the breakdown
voltage measured at the operating temperature.
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Fig. 9. Dark rate as a function of the bias voltage and of the temperature.

C. Dark Count Rate

Concerning the dark count, this was evaluated by a fast dis-
criminator with a threshold set at half of the expected signal
amplitude. The after-pulses with a height lower than this level
have not been counted by the scaler. In these conditions, for a
given temperature, the dark count rate increases linearly with
respect to the bias voltage as shown in Fig. 9. This is due to the
increase in electric field strength (in the multiplication area of
the sensor) with the applied potential.

The dark count rate was measured as a function of the tem-
perature while the gain was kept constant. This was achieved by
changing the applied bias voltage in accordance to the values
plotted in Fig. 7. The plot shapes obtained with our sample
(which has a higher gain) are consistent with other published
results [8]-[11], as reported in Fig. 10.

The highest gain and the lowest dark count rate of SiPM
were recorded at the lowest temperature at which tests were
performed (Fig. 11). As the requirements can differ dependent
on the applications, it is often not practical to operate in a so
low temperature range. The optimum operating temperature, at
which the gain is maximum and the dark count minimum for
different operating bias voltage, was found to be in the range
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290-295 K, corresponding, on the abscisse axis, at the inter-
ception points of the gain and dark rate plots at the same bias
(Fig. 11). At temperatures above 295 K the dark count becomes
very large leading to a high value of the dark rate. Further re-
search on the device structure and architecture is under way
to increase the maximum operating temperature of the detector
while reducing the dark count rate.

IV. CONCLUSION

In this paper a thermal and electrical characterization of SiPM
has been reported. A variation of 2.1%/K of the breakdown
voltage has been estimated; this result indicates that some strin-
gent applications need the use of a thermal regulator to stabilize
the breakdown threshold and the noise level of the device. It was
also found that the maximum operating temperature of the de-
vice is approximately 295 K, since the SNR deteriorates with
the increase of temperature, leading to an exponential increase
of the dark rate and a linear decrease of the device gain.

Experiments on repeatability of temperature measurements
and radiation hardness of SiPM for space and medical applica-
tions are under way.
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