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A miniature version of the ICAL experiment at the India-based Neutrino Observatory,
the mini-ICAL is in operation at the IICHEP, Madurai. The commissioning work of a
Cosmic Muon Veto detector (CMVD) on top of the mini-ICAL is continued using extruded
plastic scintillators with embedded WLS fibers and the SiPM as a photo-transducer. The
CMVD is being built to study the feasibility of a cosmic muon veto for a shallow-depth
neutrino experiment. The SiPM is calibrated using an ultrafast LED driver and the same
calibration techniques will be used during the data taking period with a simplified LED in
the same readout PCB. An experimental setup was designed to characterise the SiPMs in
a temperature controlled environment. The readout electronics involves trans-impedance
amplifiers and a voltage followers of combined gain 1.24 mV/µA and a digital storage
oscilloscope for the data collection with a minimal distortion of SiPM signal. Various
characteristics of the Hamamatsu SiPM (S13360-2050VE), e.g. signal shape, optically
correlated and uncorrelated noise, recovery time etc were studied as a function of Vov,
number of photoelectrons, the ambient temperature and the humidity. This paper will
cover the details of those results.
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Understanding the temperature and humidity dependence of SiPM characteristics

1. Introduction

The Silicon Photomultiplier (SiPM), a relatively new photo-transducer, has been de-
veloped since the last three decades [1]. As the name suggests, it is multiplying electronic
signals like the conventional photomultiplier tube. This has many advantages over photo-
multiplier, e.g., low cost, smaller size, required lower operating voltage, less sensitivity to
external magnetic field etc. Still now this has not been used for the precise energy mea-
surements in nuclear and high energy physics, primarily due to its large intrinsic noise,
particularly the correlated noise. It also has some other drawbacks, e.g., lower dynamic
ranges as well as radiation damages.

The SiPM under test is from Hamamatsu (S13360-2050VE) with photosensitive area
of 2mm × 2mm with the pixel pitch of 25µm, breakdown voltage of (53± 5 )V, gain
∼ 0.7 × 106 at Vov = 3V and dG/dT = −2% [2]. The SiPM signals are amplified by
a transistor-based trans-impedance amplifier (TIA) followed by an opamp buffer stage to
drive the outputs [3] with gain of 1245 V/A. A simplified electronic block diagram of the
complete circuit is shown in figure 1. Eventually, data were collected through a 10GHz
Oscilloscope for offline analysis. The SiPM along with all electronics were kept inside a
thermal chamber, SU-642 from ESPEC [3]. This chamber can maintain a temperature (T)
from −20 to 80◦C with a stability of ±0.3◦C.

Figure 1: Electrical con-
nected for the SiPM signal
readout through oscilloscope.

Figure 2: SiPM signals including different kind of
noises.

2. Signal shapes at various over voltage (Vov)

The figure 2 shows a few pulse profile of the SiPM readout, where SiPM were bi-
ased with Vov of 3V at T = 20◦C. A single SiPM signal shape is nothing but a signal
of a charging capacitor, where the charge is initially picked up due to induced signal of
avalanche electrons in the SiPM and then discharged through the RC circuit through the
whole electronics circuit, where both the resistance (R) and capacitance (C) are due to the
combinations of those in SiPM and external electrical paths including the TIA. The second
signal is due to the afterpulse (AP) signals inside the same pixel, where a second avalanche
is developed before it fully re-charged to its full capacity. Thus, the pulse height of the
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second pulse is lower and the combined integrated charge is much lower than the sum of
two independent pulses. The third signal is due to delayed Cross Talk (DeCT), where the
secondary avalanches are produced in a very short time scale, but this secondary is in a
nearby pixel of the SiPM.

In this case the total integrated charge is double of the single photo-electron (pe) pulse
within the uncertainty of individual charge for single pe. The fourth pulse profile is most
likely due to the noises of two uncorrelated avalanches in two pixels in the SiPM.

The average signals of a SiPM is shown in figure 3 for different Vov at T = 20◦C. All
these signals are average pulse profiles of many signals, where signals are selected to remove
any second pulse within ±200 ns of the signal peak. There are little offset in the baseline of
the signals, which are subtracted using average signals within −150 to −50 ns with respect
to the peak position of these self triggered events.

It is well known that the recovery time depends on the temperature due to change in
internal resistivity of silicon, but there is no literature or physics motivation to expect the
variation with Vov. Right plot of figure 3 shows the variation of signals shapes in different
Vov, where signals are scaled to its integral values over 100 ns from the starting point of
the signal and then take the ratio at each time with respect to the corresponding signals
at Vov=1.5V. There are clear variations of the shapes at different Vov, but the trend does
not follow any pattern. The middle plot of 3 shows the ratios near the peak position,
again there is variation, but does not have any dependence on Vov. There is no conclusive
explanation of these behaviours and also few bumps at different time scales in these data
samples, which could be due to possible noise in the readout electronics.

Figure 3: Signal shapes at different over-voltage (Vov); (left) long time ranges. (middle) ratio of
signals with respect to signal at 1.5Vov for only 10 ns time range of initial signal; (right) the same
but with a range up to 80 ns.

3. Variation of time constant with Vov

To understand the signal shape in a quantitative manners, average signals are fitted
with a function, which contains three components, a rising part (time constant, τ1) and
two exponentials functions to take care of two different falling parts (time constants, τ2,
τf ), one for the characteristics of SiPM only and another one including the external circuit,
the oscilloscope via TIA. Average signal shapes along with the fit functions at two extreme
cases are shown in figure 4, both in linear and semi log scale to visualise peaks and tails
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clearly. Both data sets show a good matchings of the observed distributions and the fit
function.

Figure 4: Signal shapes at T=0◦ with the fit functions at (1st) Vov=1.5V, (3rd) Vov=5.5V and
other two are the same with semilog scale to show the matching of signal shape with the shape
function.

The variation of time constants (longer one) is shown
in figure 5. As expected, the time constant of longer
falling component(τf ) decreases with the increase of
temperature due to reduction of resistivity, except the
data point at −10◦C at Vov= 5.5V, which could be
due to the statistical fluctuation and is under scrutiny.
But, it is also very clear that τf is also decreasing with
the increase of Vov. A possible explanation is that the
removal of a large number of holes for high gain takes
longer time, but the trend in the observed data is op-
posite.

Figure 5: Variation of time con-
stants for various temperatures and
over voltages.

4. Any effect of humidity ?

It is not expected that there will be a direct effect of humidity on the characteristics
of SiPM. But, as a curiosity, using LED sources, the effect of humidity is tested with few
SiPMs for different Vov at 21.2◦C, where humidities were 20% and 70%. The left of figure
6 shows a typical integrated charge distribution for a particular Vov. The first peak of the
distribution is due to the pedestal (no pe due to LED) and successive peaks are due to
presence of different numbers of pe in the SiPM signals. The gap between any two peaks is
considered as the gain of SiPM at that configuration. The distributions are also fitted with
many Gaussian functions and a simple pedestal level to mimic the effect of after pulse and
delayed cross talks. The gain of four SiPMs at various Vov and T are shown in the next two
plots of figure 6, which was also fitted with a simple straight line to obtain the variation of
gain with over voltage (dG/dV) and the breakdown voltage (Vbreak). There is no change
in those parameters due to variation of humidity. But, there might be a long term effect of
humidity, which might affect the bonding and other physical properties of the SiPM.

5. Signal of SiPM with a large time scale

The single photo-electron noise rate ranges from ∼10 kHz to few MHz, varying with
foundry, operating Vov and also ambient T. Different kinds of correlated noise was shown
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Figure 6: (left) Integrated SiPM signals due to a low LED light in black and fitted function in red
colour. Variation of gain for various over voltage for four SiPM at the humidity (middle) 20% and
(right) 70%.

figure 2. A signal peak is identified by the pulse height above half of the pulse height due
to single pe in that particular Vov and T. The time window between −100 ns to ∼1µs with
respect to any peak is fitted with many individual signal peaks, where all parameters of
the signal shapes are kept fixed, only variables are the pulse height and peak position. The
pulse height of the second peak and the time gap with respect to its previous peak (∆t)
are shown in figure 7 at Vov=4.5V for two temperatures. These plots have many features,
which are much more prominent in the left plot at T=+40◦C, relatively higher temperature
than the right side one at T=−15◦C. All these are known features and individually studied
[4], but here the primary goal of the paper is to look at it systematically as a function of
T and Vov. The intrinsic noise is very high at high T, thus there are many more events in
that plot and those features are clearly visible. Based on these distributions recovery time
and different noises are obtained for different Vov and T and are shown in figure 8. Details
to obtain these plots are given in [5].

Figure 7: Correlations of pulse of height the second signal and time gap between two consecutive
signals at (left) T = +40◦C and (right) T = −15◦C.

6. Conclusion

Variation of different signal shapes have been studied along with the noise properties
as a function of T, humidity and Vov. Some qualitative features of those are, (i) both
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Figure 8: (a) The recovery time of SiPM and relative (b) prompt cross talk, (c) after pulse and
(d) sum of after pulse and delayed cross talk with respect to uncorrelated noise at different over
Vov and T.

rise time and fall time of the spectrum varies with T as well as Vov, (ii) did not observe
any short term effect of humidity, (iii) did not find any variation on recovery time due to
limited statistics, but (iv) there are apparently observed inconsistent results on After Pulse,
Delayed crosstalk and Prompt crosstalk. Offline analysis techniques are being improved to
identify correlated noise with lower time gap, e.g., less than 10 ns. Selectively collecting
more data to confirm/deny all these properties.
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