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The developing technology of Silicon Photomultipliers (SiPMs) may provide a low-cost, radio-
pure alternative to PMT’s for photon detection in noble liquid detectors for future particle physics
experiments. Before these are suitable for use, the temperature dependence of the behavior of
these devices must be thoroughly characterized. This paper discusses a study of the resistance
of the quenching resistor and the breakdown voltage of five different SiPMs, over a range of
temperatures from room temperature to 133 Kelvin. The resistance of the quenching resistors
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was shown to change as a function of temperature according to R = k; exp — kT where

E¢(0), o and B are constants of silicon. The temperature dependence of the SiPM breakdown
voltage can be approximated linearly, but was demonstrated to follow more exactly the equation
Via(T) = Vipq(0) + ko T?, which relates the required change in voltage for a given temperature
with the thermal energy density in the SiPM material.
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1. Introduction

Particle physics experiments frequently depend upon the production of scintillation light and
efficient detection of that light. Photomultiplier tubes (PMTs) are typically used as light detectors
because they have the required sensitivity and time resolution. However PMTs have a number of
disadvantages. Some components are not radiopure, and they contribute significantly to the back-
ground radiation in low background experiments. They are also expensive and require high voltage.
Modern silicon photomultipliers (SiPMs) operating in Geiger mode now have low light detection
capabilities on par with PMTs and are a promising alternative for future experiments as the tech-
nology improves. SiPMs have high gain, low intrinsic background, small mass, lower operating
voltage and power consumption, minimal nuclear counter effect, are insensitive to magnetic fields
and have possibilities for mass production.

A number of difficulties must be addressed before SiPMs are truly suitable for low background
particle physics experiments. Individual SiPMs have small surface area, and must be joined to-
gether as arrays, making electronic readout complicated. Parasitic capacitance increases the rise
time of pulses, and negatively impacts pulse-shape discrimination. Dark rates are high in room
temperature conditions, and after-pulsing and optical cross-talk must either be minimized or ac-
counted for.

Several important parameters of SiPMs depend strongly upon temperature including gain,
dark-rate, the resistance of the quenching resistor, and the breakdown voltage. Many particle
physics experiments utilize noble liquid scintillators and require functionality and full character-
ization of photon detector performance in cryogenic temperatures. The work presented in this
paper was performed to characterize the behavior of the resistance of the quenching resistor and
the breakdown voltage of five SiPMs over a range of temperatures.

2. Method

The SiPM was placed in a light-tight box with a PT-100 sensor to monitor temperature. A
Keithley 2450 SourceMeter was used to provide the Bias Voltage to the SiPM and readout the
current. The box was flushed with cold nitrogen gas from a dewar to decrease the temperature
through a range from room temperature to 133 Kelvin. The temperature was read out from an
Agilent 34461 A Multimeter connected to the PT-100. Table one summarizes the SiPM models
tested from AdvanSid (FBK).

Figure 1 below, shows the electronic board used for testing. For testing the resistance, the
SiPM was setup in forward bias and the SourceMeter was programmed to scan from O to 3.5 volts.
For testing the breakdown voltage, the SiPM was set up in reverse bias with the SourceMeter
scanning from approximately 20 to 27 volts. Limits were placed on the current drawn by the SiPM
to assure that bias voltage always stopped before any damage could be done to the SiPM. These
limits were 20mA for forward bias, and SuA for reverse bias. For the VUV SiPM, the box was
kept light tight, and thermal noise was sufficient to trigger breakdown for testing. However, with
the RGB models, a very small hole normally dedicated to a laser fiber connection was uncapped
to allow a small amount of room light to enter and trigger breakdown. The SourceMeter produced
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data files containing voltage and current for each run. This data was then processed and analyzed
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Figure 1: SiPM test board
3. Results

The plots of current versus voltage for the forward bias setup were fitted in the linear region
with a 1st degree polynomial for each temperature tested. The reciprocal of the slope was then
taken to be the total resistance of the SiPM. However, each microcell in the SiPM has its own
quenching resistor. These resistors are acting in parallel, so the individual resistance can be calcu-
lated by multiplying by the total resistance by the number of microcells in the SiPM. The individual
resistance of cells is the more informative figure for determining parameters of SiPM performance,
particularly recovery time. These values were then plotted against temperature for each SiPM as
shown in Figure 2.

The quenching resistors typically used in SiPMs are made from polysilicon. The resistivity of
semiconductors increases non-linearly with decreasing temperature according to

_ By
p=Aexp(5) 3.1

where A is a constant of the material, E, is the energy gap between the valence and conduction
bands of the material, Kp is the Boltzman constant, and T is the temperature in Kelvin. The energy
gap of a semiconductor is dependent upon the temperature and can be calculated with equation 2.
a-T?
E, —Eg(O)—W (3.2)
where o and 8 are constants of the material, E,(0) is the energy gap at 0 degrees Kelvin and
T is the temperature.
However, when a semiconductor is doped, the bandgap will narrow. At lower levels of dop-
ing, AE, will be temperature dependant, but at higher doping levels the material is considered
degenerate, and has a constant value.
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Figure 2: Resistance vs Temperature. The bottom right plot shows all the SiPMs together for comparison

Substituting equations 2 and 3 into equation 1 and including a factor for the dimensions of the
resistor produces equation 4, which was used to fit the data. The first free parameter, k;, represents
the product of a material constant (A from equation 1) and a factor for the shape and size of the
resistor. The second free parameter AE, corresponds to the change in the energy gap with doping.
Although this fit better describes the behavior than a simple exponential, the resulting AE, values
are unexpectedly high. This may be due to differences between polysilicon and silicon.

E,(0)— 4L + AE
R=kiexp ¢ 2;;;; il 3.3)

The breakdown voltage of a SiPM at a given temperature was taken to be the voltage at which
the current suddenly increased from close to zero to the set safety limit. This was then plotted
against temperature in figure 3 below.

Previous work by Lightfoot et al fit the temperature dependence of breakdown voltage linearly.
While this provides a useful estimate and a reasonably good fit, the data appears to have a mild
non-linearity. The breakdown voltage of a SiPM is the voltage at which electric field in the SiPM
reaches the impact ionization threshold, thus allowing for internal gain. The threshold in silicon
is 1.75- 105# for electrons and 2.5 - 105# for holes. The voltage required to reach ionization
threshold differs between SiPM models due to differences in doping and dimensions. Gain is
temperature dependent due to the energy loss of electrons in interactions with phonons. The greater
the temperature, the greater the number and energy of the phonons, and the greater the loss of
electron energy. The loss in energy at a higher temperatures must be compensated with an increase
in voltage. Breakdown voltage of a given temperature (Vzp(7)) should be equal to the breakdown
voltage at 0 Kelvin (V,4(0)), when there are no phonons present, plus an extra amount of voltage
(V;(T)) to compensate for the energy lost to phonons at temperature T. Assuming that V,.(T') scales
with the thermal energy density of the SiPM, it can be approximated as

Vie(T) = kyecpT (3.4)
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Figure 3: Breakdown voltage vs Temperature. The bottom right plot shows all the SiPMs together for
comparison.

where k;. is a constant describing the voltage required to compensate per unit of thermal en-
ergy, and ¢, 1is the specific heat of silicon. However, ¢, is not independent of temperature. In
silicon ¢, changes linearly with slope m from 0 Kelvin to room temperature where linearity begins
to be lost. This leads to equation 6, which can be substituted into equation 5, resulting in equation
7 which was used to fit the data.

Vie(T) = kyemTT = ko T? (3.5)

Vbd(T) = Via (0) + k2T2 (3.6)

Table 1 below summarizes the parameters found for the SiPMs. Estimates for the doping
concentration of the queching resistors from equation 3 are also included, along with fundamental
SiPM information.

SiPM Type | cell size | cell ki AE; | V,q(0) ka
Name (um) | count | (10%) (1079)
LowRq VUV | 30 2560 | 2.013 | -1.170 | 23.30 | 4.555
Nuvo3W 26 | VUV | 25 3600 | 6.490 | -1.132 | 24.12 | 4.570
Nuvo3W6 | VUV | 25 3600 | 6.058 | -1.132 | 31.34 | 5.835
RGBW 8 | RGB 25 3481 | 7.661 | -1.043 | 23.33 | 5.835
RGBW 12 | RGB 25 3481 | 5.479 | -1.043 | 27.59 | 6.449

Table 1: Summary of parameter values found

4. Discussion

Both the AE, and the k; values found for the two Nuv 3 SiPMs were quite similar, indicating
that the doping concentration and dimensions of the quenching resistors are same, as would be
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expected for two SiPMs of the same model. Likewise, the AE,s of the two RGB SiPMs match
indicating consistent doping concentration, although the RGB W 8 has a higher k. This could be
caused by small differences in resistor dimensions. SiPMs utilizing polysilicon resistors are ill-
suited for cryogenic applications. The high resistance at low temperature will lead to poor timing
performance. Starting with a low resistance quenching resistor that would have the correct resis-
tance only at low temperatures could work in cryogenic systems, but would not be functional a
room temperature. This would be a great difficulty in large scale projects where SiPMs would need
to be tested repeatedly during the experiment’s construction. A better choice would be a a resistor
made out a metal alloy. These display linear behavior with temperature changes, and can have high
resistivity and low temperature coefficients of resistivity.

The values for k» found are within a relatively small range around 5- 107> Vk—2. Differ-
ences could be attributed either to differences in the slope (m) or value of the specific heat or to
differences in the constant k,.. The values found for V,,;(0) range from 23.3 V to 31.28 V, and
do not appear to correlate strongly with the values of k». V4 and k;. would both be expected to
vary primarily with the dopant concentrations and thickness of the n-type and p-type portions of
the epitaxial layer, and should show some correlation. However, k;. cannot be calculated without
exact knowledge of m and ¢, for different doping concentrations. Further studies on the doping
dependence of specific heat and dielectric constant would be informative. Differences could also
be attributed to experimental error, especially due to imperfect temperature regulation.
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