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OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

Zusammenfassung

In dieser Arbeit wird der Aufbau und die Inbetriebnahme eines automatisierten
Teststandes zur elektrischen und optischen Charakterisierung von Silizium-Photo-
multipliern (SiPMs) beschrieben. Eine umfassende Charakterisierung von SiPMs ist
erforderlich, um ihr Potential in Detektoren voll ausschopfen zu konnen. Ziel dieser
Arbeit war es, einen Aufbau zu erstellen, der zur Messung der Eigenschaften von
SiPMs in einem 4D-Parameterraum (Temperatur, Betriebsspannung, Lichtwellen-
lange und Lichtintensitét) verwendet werden kann. Die erfolgreiche Umsetzung des
Ziels wird gezeigt. Der Teststand besteht aus der Lichtquelle, dem optischen Auf-
bau zur Lichtverteilung, der Temperaturstabilisierung, den Messgeridten und einer
dazu passende Kontroll- und Datenerfassungssoftware, welche alle in dieser Arbeit
beschrieben werden. Im Weiteren werden die Messmethoden fiir die verschiedenen

Eigenschaften von SiPMs vorgestellt und deren Ergebnisse gezeigt.

Abstract

In this work the construction and the initial operation of an automatised test set-up
for the electrical and optical characterisation of Silicon Photomultipliers (SiPMs) is
described. A characterisation of SiPMs is required to exploit their full potential in
detectors. The aim of this work was the construction of a test set-up with the capabil-
ity to measure the SiPM properties in a 4D parameter space (temperature, operating
voltage, wavelength of the light and light intensity). The successful implementation
of the goal is shown. The test set-up consists of the light source, the optical set-up
for light distribution, the temperature stabilisation, the measuring instruments, and
a custom-made control and data acquisition software which are all presented in this
thesis. The measuring methods for the different SiPM properties are explained and

the results are shown.
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1. Introduction

Cutting edge technologies require a new generation of detectors which are based on
the measurement of smallest light fluxes. Silicon Photomultipliers (SiPMs) are light
detectors with properties that make them attractive for many use cases. They are
small and thin compared to classical Photomultiplier Tubes (PMTs) which allows
for a more compact detector design. The avalanche mechanism generating the sig-
nal uses a high electric field strength, which is obtained by minimising the distance
between the potentials in order to allow for a low operating voltage (< 100V). The
high electric field combined with the small distance renders theses devices insensitive
even to high magnetic fields [1], a feature essential for many detectors. The Geiger
mode operation® of each cell makes them sensitive to very low or even single photon
signals. By optimising the entrance window and the absorption layer SiPMs can be
tuned to accept photons with wavelengths from ultraviolet (UV) to infrared (IR)
range. Thanks to their versatility they have found a widespread use in many particle
physic experiments and industrial applications.

All these properties make SiPMs interesting for particle physics detectors (e.g. CMS
[2], LHCb [3], T2K [4], (future) ILD [5]), astroparticle physics (e.g. Auger [6], IceCube
[7], FACT [8], CTA [9]), dark matter searches (e.g. XENON [10]), medical physics
(e.g. proton therapy) and medical imaging (e.g. PET scanners). These use cases dif-
fer in the way that light is coupled to the SiPMs: direct coupling, fibre (wavelength
shifting or clear) coupling, and optic system coupling. The chosen coupling has a
great effect on the expected photon count.

In the CMS Hadron Outer Calorimeter, the tail catcher of the hadronic calorime-
ter placed outside the magnet, the hybrid photodiodes were replaced by SiPMs [11]
which are coupled with wavelength shifting and clear fibres to the scintillator tiles.
In LHCb, the scintillating fibre tracker is directly read out with SiPM arrays [12].
The CALICE AHCAL [13] is a calorimeter prototype for the ILD. This is a highly
granular calorimeter with active detection volumes down to 30 mm - 30 mm - 3 mm

and direct readout. A prototype with 7608 channels was successfully tested at CERN?.

!See Section 2.4.3 for more details.
2Conseil Européen pour la Recherche Nucléaire
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1. Introduction

The near detector ND280 of the T2K experiment uses scintillator bars and wave-
length shifting fibres with SiPM readout [14]. The FACT experiment is a Cherenkov
telescope based on mirrors and a camera built with SiPMs for long-term monitoring
of astrophysical sources [15]. At least one camera type in the telescopes planned for
the CTA will be SiPM-based [16]. A small prototype telescope for the fluorescence
detection of ultra-high-energy cosmic rays [17| was build the physics institute IIIA of
the RWTH Aachen University, which uses SiPMs as very sensitive photon detectors
for the camera. For XENON, a liquid xenon dark matter search experiment, SiPMs
were tested at the liquid xenon temperature of 175 K for the detection of scintillation
light in xenon in the deep UV range (Ax. = (175 £ 5) nm) [18].

In the medical imaging sector, SiPMs are used to build a new generation of hybrid
scanner [19], combining PET (positron electron tomography) with MRI (magnetic
resonance imaging). The combination of thin LYSO? crystal blocks with SiPMs for
direct readout lead to a PET scanner which can operate in high magnetic fields. This
allows for a simultaneous operation with an MRI scanner. Since PET and MRI are
displaying different things, the resulting picture is a combination of soft tissue and
anatomy from the MRI and the metabolic image of the PET.

Since the first prototypes of SiPMs, which evolved from the single photon avalanche
diode (SPAD) around the year 2005, many new generations have been placed on the
market. With each generation at least one key feature has been improved. SiPMs
are getting more and more involved as modern detectors require both larger number
of read out channels and lower photon counts from a single channel. At the same
time, stringent space limitations prevent PMTs from being used as an alternative.
Many concepts are now practicable, since SiPMs are suited for a very wide range
of operating conditions: not influenced by magnetic field, varying ambient temper-
ature can be compensated by adjusting the supply voltage, and high sensitivity for
the chosen wavelength. The spectral sensitivity of the SiPM should match the main
wavelength of the used scintillator material (e.g. air, plastic, crystal). The expected
light flux determines the optimal cell count. Since modern detectors are designed for
increasingly small photon counts, the series parameter spread of the SiPMs has to
be verified.

Each detector has different requirements for the light detection. To find the optimally
suited SiPM one can do simulations of the designed detector with different SiPMs.
To obtain the parameters needed for a correct simulation and operation, many char-
acterisation measurements of possible SiPM types are required.

Several test set-ups for the characterisation of the SiPMs were published [20-22] with

3Lutetium-yttrium oxyorthosilicate, an inorganic scintillator material
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individual set-ups for different measurements, which require a change of the SiPM
for the different measurements. Furthermore there are detailed measurements [23]
with a non-published test set-up.

For the complex characterisation process a single test set-up was built. It allows for
the measurement of the intrinsic SIPM parameters in a 4D operational parameter
space. The test set-up can control the temperature, the operating voltage, the wave-
length and the flux of the incident light. The dedicated test environment allows for
high statistics to be accumulated in short time. Combining these functionalities in
a single device, the test set-up allows for a full characterisation of an SiPM without
manual changes. The key goals of this work are the determination of the breakdown
voltage, the relative and absolute photon detection efficiency and the noise effects of
optical crosstalk, afterpulsing, and thermally induced dark count rate.

During the building process many existing characterisation measurements using spe-
cialised hardware, like flash ADC* or QDC?, have been adapted to the used universal
hardware, a high-speed oscilloscope. This involved in-depth studies of the measuring
methods which may allow other users to implement improved and/or simplified ver-
sions to be run with the detector readout.

This thesis is structured as follows: After an introduction of the underlying principles
of SiPMs in Chapter 2, the hardware set-up is described in chapter 3. The imple-
mented software for the set-up is described in Chapter 4, followed by the description
of the characterisation in Chapter 5. The raw data analysis is described in Chapter
6 and the measuring methods in Chapter 7. Finally a summary with conclusions is

given in Chapter 8, followed by an outlook in Chapter 9.

1A fast analogue-to-digital converter
5A charge-to-digital converter
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2. Theory

In this chapter, a brief overview of the working principle of semiconductors and how
semiconductors can be used in different operating modes to detect photons is given.
More details can be found in e.g. [24]. Formulae in this chapter are taken from [24],

if not stated explicitly.

2.1. Semiconductors

Materials are classified as conductors, semiconductors or non-conductors (isolators)
depending on the width of the band gap between valence band and conduction band
(see Figure 2.1). The valence band is the band with the highest energy level filled
with electrons at a temperature of 0 K. The conduction band is the band with the
lowest energy level without electrons at a temperature of 0 K. Unlike in conductors,
the valence and conduction bands of semiconductors do not overlap. However, their
band gap is small compared to non-conductors. The band gaps in semiconductors
have values that allow them to work as non-conductors at very low temperatures
and as conductors at high temperatures. At low temperatures no electron is in the
conduction band and hence there are no holes in the valence band either. Without
free charge carriers no current can flow. At higher temperatures some electrons may
have enough kinetic/thermal energy to jump to the conduction band and leave a
hole in the valence band. This hole and the electron in the conduction band are able
to move around in their respective bands and can be used for charge transportation
(current). There are two different kinds of transitions from one band to the other:
the direct and the indirect.

To understand the difference one has to regard the band scheme as a function of the
wave vector. The wave vector is used to describe the movement of charge carriers as a
material wave in crystals. The band gap depends on the direction of the wave vector
relative to the reciprocal lattice. The direct lattice structure of the most important
semiconductor materials is shown in Figure 2.2. In the case of Si it is a diamond

structure and for GaAs it is zincblende structure. Both have similar Brillouin zones,



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

2. Theory

§ conductor semi-conductor  non-conductor

3
S|

) S I AU S B
T | e Eg

1 __Eg

Ey

Figure 2.1.: Simplified band scheme for conductor, semiconductor, and non-
conductor. The shown bands are the valence band (Ey) and the con-
duction band (E¢). The band gap (E¢) is indicated in red. The Fermi
level (Er) is indicated by the black dashed line. The dotted lines repre-
sent the modified energy levels for doped semiconductors, blue n-doped,
black p-doped, respectively. The difference between the modified energy
level and the nearest band can be from a few meV up to hundreds of
meV. Common dopants for silicon are boron (p-dopant), and phosphor
and arsenic (both n-dopants), which result in a small difference between
the acceptor/donator level and the nearest band of about 44, 46, and
54meV, respectively.

shown in Figure 2.3, which are constructed with the reciprocal lattice. In the recipro-
cal lattice three points/directions are of interest for the description of the bandgap:
L,T', and X. I is the centre of the elementary cell. X is in the direction of Cartesian
base vectors of the direct lattice and L is pointing to [1,1,1].

If the minimum energy of the conduction band and the maximum energy of the
valence band are at the same quasi momentum the electron only needs the energy
E, to jump to the conduction band. This energy could be gained, for example, by
absorbing a photon. If the minimum and the maximum are at different quasi mo-
menta then an additional momentum change of the electron, by absorbing a much
larger energy amount, is required. Due to the low momentum of optical photons
this momentum change of the electron can not be achieved by absorbing an optical
photon with an energy of a few (1-5) electron volts (eV). However, the momentum
change can be achieved through lattice vibration (phonons).

Typically, intrinsic semiconductors are made from elements in the 4th group of the

periodic system. These intrinsic semiconductors can be improved by doping. Doped
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Tetrahedron Diamond Tetrahedron ~ Zincblende
(Si, Ge, C, etc.) (GaAs, GaP, etc.)
(d) (e)

Figure 2.2.: Direct lattice for Si (d), diamond lattice, and GaAs (e), zincblende lat-
tice. Taken from [24].

Figure 2.3.: Brillouin zone for Si and GaAs. Taken from [24].

semiconductors contain an additional element to increase the number of charge carri-
ers in one of the bands. If the additional element is from the 5th group of the periodic
system, an additional electron with lower required energy for jumping to the con-
duction band (E¢) is placed in the lattice, creating a donator level. This is called
donator doped (n-doped). If the dopant is from the 3rd group, it is called acceptor
doped (p-doped). The acceptor is basically a hole with an energy level closer to the
valence band (Ey ), creating an acceptor level, to which an electron can jump with

lower required energy as shown in Figure 2.1.
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Figure 2.4.: Energy bands for a material (GaAs) with a direct band gap (right plot).
The minimum and maximum are at the same wave vector. The left
plot shows the energy bands for an indirect band gap model (Si). The
minimum and maximum are not at the same wave vector. The interaction
of a phonon or additional external energy is required. Taken from [24].
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2.2. Important properties of semiconductors

In this section the most important properties with regard to the working principle
of SiPMs are described.

2.2.1. Charge carrier concentrations

The charge carrier concentration n is strongly temperature dependent. For an intrin-
sic semiconductor it can be calculated from the total number of states N(F) and the
occupancy F(E) by integrating over the energy levels in the conduction band:

o

n = N(E)F(E)dE. (2.1)
Ec

While N(E) is only dependent on E for intrinsic semiconductors, F'(E) is the Fermi-
Dirac distribution, a function strongly dependent on temperature 1" and energy E:
1

F(E) PEEAE
I +exp | =47

(2.2)

where Ef is the Fermi level, which can be thought of as a hypothetical energy level
which has a 50% probability of being occupied all the time at thermodynamic equilib-
rium. If a dopant is added, the function of n gets some more temperature dependent
features as can be seen from Figure 2.5. In the intrinsic case the strong temperature
dependency can be used for thermal sensors. For the normal operation of a semi-
conductor device a broader temperature range with stable properties is preferable,
which can be achieved by doping. The Fermi level for intrinsic semiconductors is
given by:
Ec + Ey kT <Nv>

Ep = T2V M (Y
F + nNC

: - (2.3)

where Ny and N are the effective densities of states in valence and conduction
band, respectively. The Fermi level for intrinsic states lies nearly in the middle of the
band gap. This is not the case for doped states. With known n-dopant concentration
Np, dopant energy level Ep, No and temperature T', the Fermi level Er can be

approximated by solving:

(2.4)

Ec—F N,
Ne - exp (_0F> o D

kT 1+2. exp (EFk—TED) .
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Figure 2.5.: Electron density of doped (Np = 10'® cm™3) silicon as a function of the
temperature. Three ranges are visible. On the left the intrinsic range
where thermally enabled electrons from silicon dominate over the donor
ones. In the middle the saturation range where donor electrons dominate.
On the right the freeze out range where the temperature is so low, that
even the donor electrons are no longer able to move around freely. The
dashed line represents the behaviour of intrinsic silicon. Taken from [24].

In n-doped silicon E¢ is shifted towards the Fermi level, for p-doped silicon Ey is

shifted towards the Fermi level.

2.2.2. Charge carrier transport phenomena

In this section, the focus is set on the mobility and drift of charge carriers, as well

as high field effects for charge transport in semiconductors. The high field effects

10
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are used for signal generation in SiPMs. The low field effects are used in SiPMs and

photodiodes in the drift regions.

2.2.2.1. Mobility and drift

At low electric fields E the average movement of charges in a silicon semiconductor

can be described by
Vdrift — M- E, (25)

considering the effects of interactions with phonons from the lattice (y;) and with

ionized impurities (u;) for the mobility u:

1

IS W (2.6)
T3/2
S N 0

with m for the conductive effective mass. The mobility component related to scatter-
ing off phonons from the lattice, u;, decreases with temperature 1" and effective mass.
The mobility p;, influenced by ionized impurities with a concentration of Ny increases
with temperature and decreases with effective mass. This behaviour is expected, as
faster electrons are less deflected by the Coulomb scattering. Both mobilities can be

combined into one mobility by the Matthiessen rule:

1 1 1
- = —4+—. (2.8)
K e g

The combined mobilities for n-type and p-type silicon are shown in Figure 2.6.

2.2.2.2. High field effects

For medium and high fields the linear relation between field strength and drift ve-

locity is no longer valid. SiPMs work with internal electric field strength greater

11
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Figure 2.6.: Charge carrier mobility as a function of impurity concentration at 300 K
for n-type and p-type silicon. Taken from [24].

then 10° V/cm. For medium field strength a term with an effective temperature T,

is introduced:

T
Varift = po-E- T (2.9)
e
T 1 37 po - E 2
— = —- |1 14+ —- 2.1
T, 2 +\/ T3 < Cs > ’ (2.10)

where g is the mobility at low fields, E the electric field strength, ¢s the speed of
sound in the semiconductor material, and 7" the temperature. At high fields the drift
velocity of charge carriers (see Figure 2.7) in silicon saturates at
8 ° Ep 7
vy = —— ~ 10" cm/s 2.11
3 3-m-mg / (2.11)
and is only dependent on the optical phonon energy Ep and the mass mg of the

charge carrier.

At high fields, charge carriers gain enough energy to create electron-hole (e-h) pairs
through impact-ionisation, resulting in charge avalanches. The ionisation rate c,
shown in Figure 2.8, which is strongly dependent on the electric field F, is given

as:

_ g _ Er
alE) = B exp < F 0+ BB+ ET> ) (2.12)

12
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Figure 2.7.: Charge carrier drift velocities for high-purity Si and GaAs as a function
of electric field strength at 300 K. In the high-field region the velocity
is nearly independent of the dopant concentration. SiPMs are normally

operated at field strengths, where the velocity saturates. Taken from
[24].

For limited field range this yields

B E

alE) = qE . exp <E{> for Ep > E > By (2.13)
C
B Er E

oB) = L .exp< - P) for E> Ep and B> \/Ep-Er, (2.14)
(&

where E7, Ep and E; are the field strengths to overcome the decelerating effects
of thermal, optical phonon, and ionisation scattering, respectively. The high-field
effective ionisation threshold energy E. is found to be around 3.6eV for electrons

and around 5.0eV for holes in silicon.

13
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Figure 2.8.: Tonisation rates in Si and GaAs. Taken from [24] and modified.

2.2.3. Optical properties

The optical properties of semiconductors are described by the complex refractive

index:

n = ngy—i- ke (2.15)
with the refractive index n,.:
c N
= —=—= 2.16
L v Y ( )
and extinction coefficient k:
A
ke = <2 (2.17)
4.7

The equation is valid under the assumption that the ambience is vacuum and the
incoming wavelength is \g. The refractive index n, describes the propagation in the
medium. In combination with the refractive index of the ambience the intensities of
the reflected and transmitted parts of the incoming light can be calculated. The wave-

length in the medium (semiconductor) is A\. The extinction coefficient k. describes

14
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the energy loss in the material. The absorption coefficient « of semiconductors is a
strong function of A (and thus the energy) of the photons. For photon energies near

the absorption edge (band gap), the relation
a < (hv—Ey) (2.18)

can be used for direct band gap semiconductors with v = 1/2 for allowed and v = 3/2
for forbidden transitions. Forbidden transitions can only occur for k # 0. For indirect
band gaps the formula has to be modified to account for the emitted or absorbed

phonon energy E,:
a x (hv—E;+E,). (2.19)

In this case, the parameter ~ is 2 for allowed, and 3 for forbidden transitions. A

graphic representation of the transitions can be found in Figure 2.9. Measuring the

E
E¢
A |
E
g)) @ © £ (inﬁirect)
(direct)
p_— \
E, \
0 -k

Figure 2.9.: Different transitions: (a) allowed and (b) forbidden for direct transitions,
(c) indirect transition. The left transition can be allowed or forbidden
because it is at k # 0. Shown transition (c) can also be allowed or
forbidden (k # 0). Taken from [24].

absorption coefficient as shown in Figure 2.10, the expected behaviour near the band
gap energy can be confirmed. For higher energies the measured values deviate from

the simple model, as it does not take into account the higher energy bands.

15
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Figure 2.10.: Photon absorption coefficients for Si and GaAs near the band gap.
Taken from [24].

2.3. pn-junction

The combination of p-doped and n-doped semiconductor material creates a pn-
junction. At the contact surface between p-doped and n-doped material the donor
electrons will drift into the p-doped material and recombine with the acceptor holes,
thus creating the depletion zone with no free charge carriers. However, the depletion
zone now has stationary space charges, as shown in Figure 2.11. These create an
electric field across the pn-junction. Without an external voltage this will lead to a
built-in potential wall of height V4;. By applying a voltage in bias direction (anode
at p-doped material, cathode at n-doped material) the depletion zone, and hence
the potential wall is decreased. When applied in reverse bias direction the depletion
zone and hence the potential wall is increased. The width d of the depletion zone as

a function of the applied voltage can be described by the Shockley formula:

d(V) = \/2'360~ <J\}A—|— ]\;D> (Ve — V), (2.20)

16
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Figure 2.11.: Schematic illustration of a pn-junction, its charge distribution, electric
field, and potential for different external supplied voltages. The width
of the depletion zone is proportional to v/Vy; — V.

where e stands for the electron charge, Ny and Np are the dopant densities of
acceptor and donator atoms, V3; is the built-in voltage and V' is the applied voltage
with V smaller than or equal to V4;. The constant ¢, is the relative electric constant
of the material and ¢ is the electric constant in vacuum.

This is the principle used in semiconductor diodes to create a forward (small or
no depletion zone, current conducting) and reverse (large depletion zone, current

blocking) direction.

2.3.1. Noise effects

A pn-junction is a source of noise in semiconductors. There are three noise effects:
thermal or Johnson noise, flicker noise and shot noise.

Thermal noise is created by the thermally induced random movement of current
carriers. It occurs in all types of semiconductors and has a white spectrum. The
flicker noise is often called 1/f noise due to its frequency dependence of 1/f* where
a =~ 1. Flicker noise is mostly created by surface effects.

Shot noise results from the discreteness of the charge carriers and is independent
of the frequency for low and intermediate frequencies. For higher frequencies the
spectrum becomes frequency dependent. Only the thermal noise is significant for
SiPMs.

17
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2.4. Devices

In the following sections several photon sensitive devices based on pn-junctions are
described. Each described device is a step towards the SiPM working principle and

is an advancement of the previous device.

2.4.1. Photodiode (PiN photodiode)

A photodiode is a semiconductor diode. This diode is optimised for photon detection
and not for their other electrical properties (e.g. maximal current, voltage drop,
etc.). The pn-junction can be stretched by an additional intrinsic layer between the
n-doped and p-doped material to increase the depletion zone (‘active’ volume). A
typical photodiode structure, as shown in Figure 2.12, is a weakly n-doped material
with a n-doped contact on the back and a thin, p-doped front contact. The front
contact is thin to allow photons to reach the depletion zone. If a photon with an
energy greater than the band gap is absorbed in the depletion zone it can create an
electron-hole (e-h) pair. The built-in electric field in the pn-junction prevents direct
recombination and separates the charges. Each of these pairs will help to build up the
open circuit voltage, which is always smaller than the band gap. If the contacts are
short-circuited, for example by an ampere-meter, the current is proportional to the
photon flux over many magnitudes. The measured current is the sum of the intrinsic
dark current and the photo current. An external bias voltage can be applied to speed
up the response of the PiN photodiode but will reduce the signal to noise ratio due to
the induced additional (noise) current. In this case the measured current is the sum
of the increased dark current and photo current. The dark current depends on the
external bias voltage (if external bias is zero, there is no contribution from it) and the
temperature (thermally generated e-h pairs in the active area getting separated in
the same way as e-h pairs generated by absorbing photons), while the photocurrent
is linearly dependent only of the photon flux. Default operation mode in this test
set-up is short-circuited with no external bias voltage. The multiplication gain M of
a photodiode, defined as the number of generated e-h pairs per absorbed photon, is

one (M = 1) and does not vary for low bias voltages.

2.4.2. Avalanche photodiode (APD)

If a multiplication gain of a photodiode (M = 1) is not sufficient, one may increase

the external reverse bias voltage until avalanches are created due to the high electric

18
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Figure 2.12.: Typical layers of a PiN photodiode and the local field strength. The
thin, strongly p-doped layer is the entrance window for the photons.
Photons absorbed in the depletion zone, stretched by an intrinsic (solid
line) /weakly n-doped (dashed line) layer, can create an electron-hole
pair, which is then separated by the built-in electric field.

field strength inside the semiconductor. A better way is to implement a different
layer structure as shown in Figure 2.13 to create the required electric field strength
with much lower bias voltages (V,, = O(100V)). The mechanism of these avalanches
is shown in the left part of Figure 2.14. In this strong field, the electron from the
initial photon-generated electron-hole pair gains enough energy to create additional
electron-hole pairs. These electrons, in turn, gain enough energy for further e-h gener-
ation. The gain of this avalanche is constant over the whole active area. Typical gain
factors for silicon avalanche photodiodes range from 100 to 500. The multiplication

gain M is a function of the reverse bias voltage Vi and can be given as:

1

M((Vg) = L (VR_VZRS)

~ with n <1, Vi < Vj,. (2.21)
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Figure 2.13.: Typical layers of a silicon-based avalanche photodiode, space charges
and the local electric field strength. The relative layer thicknesses are
manufacturer dependent. The two shown variants are intrinsic (solid
line) and weakly doped (dashed line). The extra layer in front of the
back contact creates a local high electric field strength which is higher
than the required field Fy,, and thus allows for electron avalanches.
These avalanches stop naturally after all available electrons arrived at
the anode.

The breakdown voltage V4, and n are material and design dependent. I - Rg is the
voltage drop across the series resistance Rg of the avalanche photodiode at a cur-
rent I. The breakdown voltage is the reverse bias voltage above which avalanches
start to be self-sustaining and thus making the pn-junction conductive and therefore
insensitive to further photons. It can be determined from the steep rise in the I-V
characteristics of the APD. In silicon-based avalanche photodiodes the electrons are
used for multiplication, while in photodiodes based on germanium and compound
semiconductors the holes are used for multiplication. By using only one charge car-
rier type the avalanche propagation is spatially limited and therefore can not trigger
a new avalanche. The complete avalanches rise and decay process can happen within
300 ps in high speed APDs [25].
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2.4.3. Geiger-mode avalanche photodiode (GAPD)

APD GAPD
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Figure 2.14.:

> >

Left plot illustrates a pure electron avalanche occurring in a Si-based
APD. The initial electron-hole (e-h) pair is separated by the electric
field in the absorption/drift zone. In the multiplication zone the field is
so strong that the electrons gain enough energy to create new e-h pairs,
while the holes just drift towards the cathode. The right plot illustrates
the avalanche process in a Si-based Geiger mode APD. In the Geiger
mode both charge carriers contribute to the avalanche because the field
is so strong that both electron and holes gain enough energy to create
additional e-h pairs. Hence avalanches are no longer spatially limited
and will spread across the whole multiplication zone. The dopant struc-
ture shown is the same as in Figure 2.13. The layer thicknesses have
been modified to give more room for the representation of the avalanche
process.

Taking an avalanche photodiode and increasing the reverse bias voltage over the

breakdown voltage enables both charge carrier types to do charge multiplication

(see Figure 2.14). The voltage above the breakdown voltage is called overvoltage

(‘/ov — V;)p_

Vi) This leads to self-sustaining avalanches which require a quenching

mechanism to stop the avalanche process. This is done by reducing the effective

voltage either passively by adding a resistor in series or a pulse detection circuit with

active dropping of the bias voltage. The reachable gain is up to 10%. Quenching and

restoring the depletion zone takes time of the order of 10 ns. The main advantage of

GAPDs is the large signal for single photons, the downside is the extremely limited

dynamic range of one, making it a binary device.
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2.4.4. Silicon Photomultipliers (SiPMs)

Figure 2.15.: Equivalent circuit diagram for SiPM. The diagram shows the parallel
connection of eight SiPM cells. Each cell consist of an GAPD and its
quenching resistor. In a real SiPM all cells are connected in parallel and
not only eight as shown here.

To overcome the limited dynamic range of a GAPD in SiPMs many small GAPD
cells are connected in parallel, sharing anode and cathode, as shown in Figure 2.15.
For electrical simulations with SPICE® each cell can be represent by a combination
of resistors, capacitors and an avalanche model as shown in Figure 2.16. The cell
pitch typically varies from 10 ym to 100 ym, due to the required separation of the
cells this has great influence on the geometric fill factor as shown in Figure 2.17.
In this configuration, the dynamic range goes up to the number of GAPD cells,
while having the high single photon detection efficiency of a GAPD for a single cell.
The gain of the GAPD used in the cells is typically around 10° to 105. The only

8 SPICE (Simulation Program with Integrated Circuit Emphasis) is a software for the simulation
of electrical circuits.
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Figure 2.16.: The diagram shows the equivalent circuit for a single cell (and the
parasitic grid capacitance (C¢) used for electrical simulations. The cell
is represented by the quenching resistor (Rq), the parasitic quenching
resistor capacitance (Cq), the cell capacitance (C¢) and an avalanche
model (Iyy,) for the simulation of a firing cell. The avalanche model
could be a simple switch or a more sophisticated model.

directly controllable operational parameter of an SiPM is the supplied voltage V.

At a certain temperature 1" this leads to an overvoltage V,,:
Voo T) = Vip— Vi (T) (2.22)

The regulation of the supply voltages allows to keep overvoltage constant, which is
important, as most properties vary directly with the overvoltage.

SiPMs are great photon detectors as they have many advantages over the classical
Photomultiplier Tubes (PMT) and the previously mentioned semicoductor devices
for photon detection. The most important advantages over the PMTs are their size,
their insensitivity to magnetic fields and the much lower opartion voltage. Drawbacks
are the small size of the active area and the higher noise level compared to PMTs.
The generated signal (pulse height or pulse charge) for a single detected photon is
in general the same, regardless of which cell has fired. Thus the generated signals
have discrete level for low counts of firing cells. For larger counts of firing cells, the

smearing of the signal height /charge due to slight inhomogeneities in the silicon and
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Figure 2.17.: In green the active (photo-sensitive area) of the GAPD cell, in grey the
insensitive area (electrical connections, quenching resistors, cell separa-
tion). For smaller cell pitches the insensitive area takes a larger part of
the surface. This results in a smaller geometric fill factor.

statistical fluctuation in the charge generation becomes so large, that it can not be
regarded as discrete any more. The signal height /charge for a single photon event is
called 1p.e. (photon equivalent), for a two photon event it is called 2 p.e. and so on.
For triggering on single or more photon events a trigger threshold of 0.5 p.e. is used.

If at least two or more photons are required a trigger threshold of 1.5 p.e. is used.

2.4.5. ldeal SiPM

For SiPMs the semiconductor properties define an 'ideal” SiPM. It would be electron
based because of higher mobility and better ionisation rate.The dopant concentration
would be around 10! to be in the highest regime of the mobility. The SiPM would
be operated at saturated drift speed to make it independent of applied voltage.
The desired optical properties would define the layer (doping) structure for optimal

spectral sensitivity.
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2.5. Photon detection efficiency of SiPMs

The photon detection efficiency (p.d.e.) depends on the geometric fill factor (see
Figure 2.17), the quantum efficiency, the avalanche probability, and the coating. The
geometric fill factor is the ratio between active (photon sensitive) area and total SiPM
(photon sensitive and insensitive) area. The geometric fill factor typically varies from
0.3 to larger than 0.8. Smaller cells have in general a lower fill factor than larger cells.
The quantum efficiency depends on the wavelength of the incident photon, the used

material, and the concentration of the dopant as shown in Figure 2.18. The avalanche
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Figure 2.18.: Simulation data: “Internal quantum efficiency of QR-SiPMs with differ-
ent dosages applied to define the active p+ region” from [26]. For a high
UV quantum efficiency the dopant concentration (stated as dose in the
picture) has to be low. This would have a bad effect on the layer struc-
ture, as a strongly doped p+-+ layer is used to overcome the limited
penetration depth of the UV photons.

trigger probability (pavq) strongly depends on the over voltage. All factors combined
yield:

p-d-e- (‘/;wv A) ffill) = QE()\) ‘pava(‘/ov) : ffill- (223)

For UV light, photon energies around 3 — 5eV, the high absorption coefficient of
silicon, as shown in Figure 2.10, makes it harder to optimize SiPMs for UV light,
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because the photons are absorbed before reaching the photo sensitive drift region.
This problem is targeted with shallow junctions using a thin p+ layer on n substrate.
The coating used to protect the SiPM surface can influence the p.d.e. by additional

absorption.

2.6. Noise effects of SiPMs

Due to the nature of semiconductors there are some noise effects. Some are temper-
ature induced, others arise from impurities in the semiconductor materials or from

the geometric and mechanical design of the single cells.

2.6.1. Thermal noise

The thermal noise is the dominant source of the dark count rate (DCR). The thermal
noise events are created by thermal excitation, which can occur due to the impact
of randomly moving charge carriers. If the electron-hole pair production happens in
the absorption or drift zone the signal (1p.e.) is indistinguishable from real photon

events.

2.6.2. Afterpulsing

Afterpulses can occur after an avalanche has been triggered, no matter whether it was
triggered by a photon or noise event. During the avalanche a charge carrier may be
trapped by impurities in the multiplication zone [27] and is released after some time
(from a few ns to hundreds of ns). This creates an additional signal on the decaying
edge of the SiPM signal. The additional signal amplitude depends on the recharge
status of the cell. Long trapped charge carriers create a 1 p.e. signal. Shortly trapped

ones create a much smaller signal. Both signals can trigger noise effects again.

2.6.3. Crosstalk

Another noise effect is optical crosstalk. This is caused by photons, which can be
emitted during the avalanche process. An avalanche produces on average about
3-1075 photons per created electron-hole pair [28]. Each avalanches produces typ-
ically around 10° to 10° electron-hole pairs. The created photons can reach neigh-

bouring cells and trigger them, creating an output signal of at least 2p.e.. The
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probability of reaching another cell is affected by the mechanical design of the SiPM.
Newer designs show significantly lower crosstalk due to optical barriers between their

cells.

2.7. State of the art in SiPM development

There are several manufactures of SiPMs (e.g. [29][30][31][32]). All of them have
single SiPMs as well as arrays of SiPMs announced or up for order. The single SiPM
active areas vary from 1 mm? [33] up to 36 mm? [34]. SiPMs optimised for blue light
reach a p.d.e. of up to 60 % [35]. Cell pitches range from 10 gm to 100 gm and thus
the cell count ranges from 100 to 90000 (9 mm?, 10 um cell pitch [36] ). The geometric
fill factor ranges from 0.33 [33| for 10 um cell pitches up to 0.82 [34] for the newest
generation with 75 um cell pitch. Some SiPMs offer a much lower crosstalk due to
their optical trenches between the cells. There are two types of quenching resistors
used, namely poly-silicon resistors and metal film resistors, which have large influence

on the temperature behaviour of the recharging process.

2.8. Implication for the test set-up

Due to the large spread of operating voltages a precise wide-range power supply
is needed. The large range of the cell count, nearly four orders of magnitude, re-
quires a light source with a large dynamic range. The chosen wavelengths should
cover the spectral sensitive range of SiPMs. The temperature must be stabilised as
many properties of semiconductors are overvoltage dependent and thus temperature
dependent. Older SiPM types have an temperature coefficient for the breakdown
voltage around 60 mV /K. The recommended overvoltage for this models is greater
1V. Thus a temperature stability AT < 0.1 K results in a stability of the (linear
dependent) properties better then 0.6%. The stability is even better for newer SiPM
types with lower temperature coefficients and much higher recommended overvolt-

ages. The available temperature range should cover most use cases.
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The aim of this doctoral thesis was to build an automatised single table top set-
up which can measure most of the SiPM properties under stable and repeatable
conditions in an automatised way, that needs as less as possible user interaction.
For these measurements of the SiPM properties the operational parameters can be
varied in a 4D parameter space. The operational voltage, the temperature, the photon
flux, and the photon wavelength can be varied. The used components can cover
a large range of each parameter. Some of the hardware components are custom-
made, all others are commercially available. Besides the general characterisation of
all components, large effort had been put into the calibration of the light distribution
system, as it has direct impact on light flux on the SiPM. The working principle as

well as the single components are described in the following sections.

3.1. Operating principle

A general overview is given by the schematic in Figure 3.1. The test set-up consists
of four main functional groups: the temperature stabilisation of the SiPM holder,
the light source and light distribution, the measuring instruments, and the control
and data acquisition. The light is distributed via optical fibres from the source to
the SiPM and the reference detectors.
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Figure 3.1.: Schematic of the test set-up. The four main functional groups are: the
temperature stabilisation around the SiPM holder (No. 1), the light
source and light distribution (No. 2), measuring instruments (No. 3),
and control and data acquisition (No. 4).

3.2. Multi-purpose light source

The multi-purpose light source (MPLS) is a LED based custom-made light source.
The first version has been built in the context of a masters’ project [37] and was
improved over the course of the project presented in this thesis. It can house up to
32 LED modules. There are two versions of the LED modules: a DC module and a
pulser module. The DC modules only house a LED and the module type detection
circuit. The DC modules offer tunable continuous light fluxes which can go up to
23 v/ns for a 1 x 1 mm? area at the position of the SiPM. The voltage is controlled by
the external direct current (DC) source (see Section 3.5). An installed series resistor
is used to achieve a linear behaviour of the current as a function of the voltage
instead of the exponential behaviour above the LED working voltage. The pulser
modules contain a custom-built high voltage (HV) pulser capable of driving pulses
up-to 130V with pulse widths of only a few nanoseconds.

To minimise the number of required HV and DC sources, the HV and DC sources are
shared among the modules. The LED operational voltage can be switched for each
module with electromagnetic relays to ensure only the selected LED is powered up

and the other LEDs are protected from a possibly too high current or voltage. The
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Figure 3.2.: Photo of the multi-purpose light source, clearly visible are the line of up
to 32 LEDs and the moveable fibre holder with the two orange optical
fibres.

geometrical design of the modules allows for the LEDs to be mounted side by side
with minimised distance. The LED modules are placed in a line in such a way that
the moveable fibre holder can move one of two fibres above the selected LED. The
two fibres allow for coupling the light in two different ways into SiPM and reference
detector (see 3.4 for more details). The currently installed LEDs are listed in Table
3.1. They cover the wavelength range from red to UV. The individual spectra are
shown in Figures 5.6 and 5.7. The characterisation of the MPLS operation can be

found in Section 5.2.1.
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LED | type mode | A Iyyp
No. / nm / mA
1 Roithner LED405-03V pulsed | 405 20

2 Roithner LED405-03V DC 405 20

3 Roithner XSL-355-5E pulsed | 355 25

4 Roithner XSL-355-5E DC 355 25

5 Vishay TLCY5800 pulsed | 591 50

6 Vishay TLCY5800 DC 591 50

7 n.a.

8 Avago HLMP3519 DC 558 25

9 Avago HLMP-CB14 pulsed | 463 30
10 Avago HLMP-CB14 DC 463 30
11 Roithner UVTOP315-BL-TO18 | pulsed | 315 20
12 Avago HLMP-CE14 DC 506 30
13 Vishay TLHB580 DC 410-470 | 30
14 Vishay TLDR580 DC 650 30
15 Avago HLMP-CE14 pulsed | 506 30
16 Roithner UVTOP335-BL-TO18 | pulsed | 335 20
17 n.a.

18 Cree XP-E rot-orange DC 621 1000
19 Cree XP-G Q2 DC 470-700 | 1500
20 Nichia NSPG500DS DC 526 35
21 Nichia NSPY500S DC 510-650 | 35
22 Roithner VL.420-5-15 DC 420 20
23 Roithner LED440-6-30 DC 440 20

Table 3.1.: Installed LEDs with information on operation mode, peak wavelength for
narrow spectra or wavelength range for wide spectra, and typical maxi-
mum current.

3.3. Monochromator

The monochromator [38, 39] is used to pick out narrow spectral ranges from the
input light. To this end, incoming light from the light source is collimated to a beam
of about 1cm diameter, which is refracted by a blazed grating [40]. This grating
creates a stretched spectrum with maximal intensity in the first order. From the
resulting stretched spectrum a small range is picked up with a fibre, made out of
the material FG400AEA [41| with a diameter of 400 um, on a translation stage
(motorised stage MTS50 [42] with controller TDCO001 [43]). Depending on the picked
up central wavelength the achievable width ranges from 6 nm to 10 nm full width half
maximum (FWHM). Further details can be found in Section 5.2.2.
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Figure 3.3.: Photo of the monochromator, clearly visible are the input collimator (No.
1), the blazed grating (No. 2) and the moveable pick up (No. 3). The
incoming light beam is represented by the white line. After the blazed
grating the light is separated into its spectral components. Reddish com-
ponents are directed towards the red line, while blueish components are
direct towards the blue line.

3.4. Light distribution system

The light distribution system (shown in Figure 3.4) is used to merge the two possible
light paths (either via the monochromator (No. 1) or directly (No. 2)) and direct them
to the three locations, where the light is needed: spectrometer (No. 3), SiPM (No.
4), and PiN photodiode (No. 5) which acts as a reference detector. This is done by
using two Polka dot beam splitters [44]. The installed Polka dot beam splitters are
silica substrates with metallic reflecting dots on the surface. The size and density of
the dots determine the splitting ratio between reflected, transmitted and absorbed
photons. The Polka dot beam splitters were chosen over normal beam splitting cubes
due to their much better performance at UV wavelengths. For lower light losses all

the fibres [41] are coupled with fibre collimators [45] to the beam splitting system.
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The output ratio between SiPM port and PiN photodiode port as a function of the
wavelength was measured because it is crucial to know the exact ratio for the correct

calculation of the flux on the SiPM. Further details are given in Section 5.2.3.

Figure 3.4.: Photo of the beam splitters, on the top left the two input fibres, from the
monochromator (No. 1) and directly from the LED (No. 2). From the
first beam splitter, one outlet (No. 3) is fed into the spectrometer and
the other into the second beam splitter. The outlets of the second beam
splitter are fed into the fibres to the reference detector (PiN photodiode)
(No. 5) and the SiPM. (No. 4). The beam paths are shown in red. The
orientations of the polka dot beam splitters are indicated in cyan.

3.5. Power supply and monitoring

Two four-channel HAMEG HMP4040 [46] power supplies are used for powering all
low voltage DC consumers. The stability after the settling time is around 1mV.

Current measurement is possible with a resolution down to 0.1 mA. The current
readback is used to obtain the LED current for the DC-mode LEDs.
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3.6. Temperature stabilisation

Figure 3.5.: Photo of the Peltier controller PAPA2.

The temperature stabilisation is important for precise measurements. The system
called PAPA2, which was built as a part of this thesis, is a triple-stacked Peltier
element system with forced airflow on the hot side of the largest Peltier element. It
offers great advantages over a simple programmable current source. The controller
(shown in Figure 3.5) offers 3 H-bridges’ to allow for heating and cooling of each of
the Peltier elements. The system offers a large temperature range from below —30°C
to above 60 °C. The temperature of the copper cold mass is kept stable to the least
significant bit of the installed digital temperature sensors ( ATgq, < 0.07°C) with
the integrated PID controller. The system utilises three out of four channels of the
HMP4040 as a current source for the Peltier elements and the fourth channel as the
supply for the system itself. The controller offers three main modes of operation:

manual, remote, and script-based.

3.7. SiPM quick mount

The custom-made SiPM quick mount is made of copper and is placed in the cold
mass (see Figure 3.6). With its spring mount and the gold spring contacts it allows
for fast change of SiPMs and offers a good electrical connection to the readout
without soldering. The milled enclosure with bayonet fixture offers exactly repeatable

positioning and good thermal contact of the SiPM to the cold mass. The exact

7A four-transistor circuit, able to invert the current through the load
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Figure 3.6.: Triple-stacked Peltier elements (No. 1), on top of these the cold mass
(No. 2) with the inserted SiPM quick mount (No. 3) with the spring
mount (No. 4). The thermal insulation (No. 5) is completely closed dur-
ing operation.

repositioning is important to ensure the same geometric set-up for each measurement.
The distance from the fibre end to the back surface of the SiPM is 59.75 mm. The
effective distance is reduced by the distance of the sensitive surface to the back
surface of the SiPM. This distance should be found in the technical drawing in the
data sheet of the SiPM under study.

3.8. Measuring instruments

Another integral part of the test set-up are the measuring instruments for the digiti-
sation and acquisition of the data from SiPM signals and the reference detector, and

for the monitoring of the wavelength. These are described in the following sections.

3.8.1. Oscilloscope

The choice of the oscilloscope was driven by the requirement of both speed and
precision, along with sufficient memory depth. Finally an Agilent DSO9204H [47]
which offers a sampling rate of 10 GS/s with a hardware resolution of 10 bit and a

memory depth of 41M samples was bought.
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The oscilloscope is used to capture single signal events. This is done in two different
ways. One way is to record long traces with a minimal length of 4.1 ms with 100 ps
timestep. These traces can be analysed to obtain single signal events and their timing.
However, it is not suited for the accumulation of large trigger counts, due to the
fact that most of the recorded data is only baseline and (white) noise. This can be
prevented by using a dedicated trigger. This can be the signal coming from the SiPM
(self trigger), a copy of the trigger for the LED pulser, or a random trigger, which
is implemented but not used in the measurements presented in this thesis. The first
option can lead to a bias towards greater signal, thus suppressing the pedestal. The
LED trigger will only capture possible signals and will have a small or no pedestal or
a desired large pedestal for absolute p.d.e. measurements. The random trigger can
be used to capture the pedestal. The triggered modes allow for the utilisation of the
segmented memory to capture up to 8192 short traces (typically with 2048 samples

each in this set-up) in a single acquisition.

3.8.2. Sourcemeter

The dual-channel sourcemeter (Keithley 2614B [48]) allows for the parallel recording
of the currents from SiPM and reference detector (PiN photodiode) while supplying
these with their required bias voltages. The measured current can not be used to
evaluate single events but can be used as an averaged response from the SiPM and
the reference detector. Due to the low current for the reference detector it can be
connected with triaxial cable (ground, guard, signal) to keep the leakage current
out of the measurement, if it is used with a bias voltage. Alternatively, cables with
Teflon as dielectric with a very high resistivity can be used. Details on the concept of
triaxial cables can be found in appendix B. Furthermore, triaxial cables offer better

shielding against electromagnetic interferences.

3.8.3. Spectrometer

A spectrometer (Ocean Optics USB650 UV-VIS Red Tide) is used to monitor the
wavelength of the incident light. The spectrometer uses a combination of mirrors,
grating, and line CCD to analyse the incoming light and create a spectrum for the
user. It is sensitive over the whole wavelength range of the installed LEDs. It is

calibrated and offers a resolution of ~ 0.8 nm with custom-made readout software.
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3.8.4. Arbitrary function generator
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Figure 3.7.: Schematic representation of used trigger pulses. Shown in red the HV
trigger pulse with a 5V amplitude and a pulse duration of 350 ns. Shown
in blue the DC LED pulse with variable amplitude, a pulse duration of
501ns and leading and trailing edge of 20 ns.

For trigger signal generation and for the pulsed mode of DC LEDs an arbitrary func-
tion generator (AFG 3252) [49]) is used. When used for triggering the HV pulsed
modules a pulse with 5V amplitude and a width of 350 ns is generated with a repeti-
tion frequency of 10 kHz. For pulsing the DC LED modules, a pulse with adjustable
amplitude (up to 5V), 20 ns leading edge, 50 ns pulse width, and 20 ns trailing edge
is generated. The typical used repetition frequency in this mode is 1 MHz.

3.9. Electromagnetic shielding

Initially, large noise signals were found in the first test measurements. These sig-
nals were analysed and found to be radio, digital television (DVB-T), mobile phone
net carrier and wi-fi. Since SiPM signals have similar frequency components, these
components cannot easily be filtered out after the measurement. In order to reduce
the influence of the environmental electromagnetic radiation on the measurements
a metal mesh cage was built around the Peltier cooling unit. A first version was
made from aluminium mesh with 2 mm mesh width. An improved version was made
from stainless steel mesh with a mesh width of 0.1 mm. The stainless steel version
offers better conductivity (no aluminium oxide) and a finer mesh. The effect of the

shielding is demonstrated in Section 5.3.3.
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In this chapter the software developed for the testing and operation of the test set-up
is described. The software design also included the development of drivers for the
proprietary hardware to be able to use it with Scientific Linux 6. Details on the

implemented analysis algorithms can be found in Chapter 6.

4.1. Drivers

4.1.1. Motorised stage MTS50 with TDCO001

The Thorlabs MTS50 is a high-precision 50 mm translation stage with a servomotor.
The Thorlabs TDCO001 is a servomotor controller suited for driving the MTS50. It
is used in the monochromator to move the pick-up fibre across the spread spectrum.
The required command codes and data structures were extracted from recorded USB
traffic which was generated by the Windows Active-X software. With the command
codes and the data structures a Linux driver was created, which supported all nec-
essary commands for the use in the test set-up. At a later stage of this work, a
documentation of the command set was released [50] and it was used to complement

the command set implemented in the Linux driver.

4.1.2. Spectrometer USB-650 UV-VIS Red Tide

In this set-up, it is used to monitor the wavelength of the light fed into the beam
splitter system. Again, recorded USB data allowed for the extraction of the required
commands to operate the spectrometer without the manufacturers software. These
commands enable the user to set the integration time and access the raw spectrum
data. It was interesting to find the returned data to be more than the 650 enabled
pixels stated in the product specifications by the manufacturer [51]. All 2048 channels
of the installed CCD can be read, the limitation to 650 is not done in the hardware.

Using all pixel yields a better resolution.
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4.2. Firmware

The following two hardware objects designed by the author of this thesis and built in
the mechanics workshop and the electronics workshop of our institute required the

writing of firmware for the embedded microcontrollers.

4.2.1. Peltier controller

The Peltier controller powers the three Peltier elements with individual currents in
such a way that the temperature of the cold mass around the SiPM is kept stable at
the desired value. The requirements for the controller were: three independent chan-
nels, invertible current, PID controlled currents, remote/manual operation, (stand-
alone) logging, and displaying the current status. The core functions are running on
an Atmel ATmega2560 [52]. One of the core functions is the serial communication
with the external power supply to control the currents. Other core functions include
the control of the three H-bridges for inverting the current and thus switching be-
tween heating and cooling, and (stand-alone) logging to a SD card. Further core
functions are the PID controllers for each channel and the status display with LEDs
and the LC display. The functions for the easy manual control with a touch pad
rely on a Texas Instruments MSP430G2553 [53]. It is used to convert the signals
from the passive touch panel to commands and send them via a serial connection
to the ATmega2560. This was achieved by modifying a demo application for the
MSP430G2553 to fit the needs.

The core control has several additional functions: receive SCPI®-style commands
from the PC and execute them or pass them to the programmable power supply con-
nected to the PAPA2, allowing for a transparent control of the power supply from
the computer if needed. In stand-alone operation mode (without a computer), it is
possible to read settings and/or scripts from a SD card and write logging data to the
SD card.

All parameters can be viewed in any operation mode and can be modified during
manual operation with the touch panel and a menu on the display. The menu is
shown, when the proximity sensor has detected an object in front of the touch panel.
The menu will disappear after a short time of no activity at the touch panel. While
the menu is not shown, real time values of temperatures and currents are shown as
can be seen in Figure 4.1. Furthermore there are clearly visible LEDs indicating the

state of the temperature regulation for each Peltier stage (heating/cooling, stable).

8Standard Commands for Programmable Instruments
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Figure 4.1.: Photo of the Peltier controller PAPA2. The red Touchpanel is used for
manual operation (No. 1). The Switch (No. 2) is used for the selection
of the operation mode. Next to it the main power switch. The SD card
(No. 3) can be used to load scripts and store log data. The display (No.
4) is used displaying the menu as well as the real time data. The status
LEDs (No. 5) indicate heating(red on/off), cooling (blue on/off), and
stable temperature (green/yes and red/no) for each Peltier stage.

4.2.2. Multi-purpose light source

The controller of the MPLS needs to control the LED modules, the internal HV
source, the input selection, the position of the sled, and the position of the fibres.
For controlling the 32 LED module slots, the coils of 96 electromagnetic relays need
to be driven, these relays are visible in Figure 4.2. These relays are used to ensure
a physical disconnection of the HV voltage, the DC voltage, and the trigger for
the unused LED modules to prevent any interferences and damages.” Due to the
physical disconnection it does not matter how many LED modules are installed.
Furthermore, three changeover relays are installed for the HV, DC, and trigger source
selection (internal/external). To reduce the number of required I/O ports on the
embedded Atmel ATmega328 [54] microcontroller, the signals for the relay control
pins are buffered with output shift registers. The 32 input lanes of the read back
are demultiplexed with input shift registers. Both shift register types are chained, so

that only 9 I/O ports'” are required to control all relays and read back. The read

90ne could argue, that at least the trigger signal separation could have been done by optocoupler,
but a single high speed optocoupler requires around 7.5 mA input current. Resulting in roughly
up to 240 mA current required from the pulser for 32 modules. That is more than the pulser can
drive.

ORequired signals: SERIN, RCLK, RCLKEXT, OE, RES, CLK, SEROUT, READRCLK and
READLOAD
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3 change over relays

Figure 4.2.: Photo of the main printed circuit board of the multi-purpose light source.
For each of the 32 available module slot one group of 3 relays and a 10-
pin connector is needed. The relays are controlled by the shift registers
in the middle. In the right top corner the adjustable HV supply is visible
and below it, the 16-bit DAC for controlling the HV supply. On the right
the main controller (ATmega328) and the three changeover relays for the
source (internal/external) selection for the trigger, the DC current, and
the high voltage.

back allows the user to determine whether a direct current (DC) or a pulsed LED
module is installed in that slot. Furthermore an additional 16-bit DAC (digital to
analog converter) is needed to control the integrated high voltage supply module with
sufficient precision. The lifting and lowering of the fibres requires the microcontroller
to drive the servomotor with certain pulse durations. The stepper motor requires
bookkeeping of the current position and the control of step, enable and direction
signal lines. To ensure a correct position, the stepper motor drives the sled until
it hits the near end switch after a reset. Due to the limited port number on the
microcontroller both end switches are monitored with only one analog input. To
ensure the immediate reaction, namely stopping the movement, this analog port is
read in digital mode. This offers fast response to the hitting of an end switch. If
one of the switches was hit and the motor has been stopped, a slower analog read
is performed to identify the hit end switch. Another safety feature is the check that
prior to moving, any lowered fibre is pulled up. For convenience the serial interface
has a SCPI'!-like syntax.

"Standard Commands for Programmable Instruments
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4.3. Data acquisition

The developed data acquisition system collects the requested data from all used hard-
ware components. This raw data is stored on disk and can be analysed afterwards.
Different requirements apply to each part of the test set-up. The data taking with the
oscilloscope incorporates a high bandwidth Ethernet connection and fast storage or
real time analysis of larger amounts of data. For the sourcemeter a precise estimation
of the required measuring time is a great speed up, as it reduces the non-measuring
waiting time. For the communication with the TDC001 for the motor stage used in
the monochromator it was necessary to have a very close look at possible combina-
tion of the expected command confirmation message and the randomly send status
message. The random status message could be added at the beginning and/or end
of any return message. This then resulted in return messages much longer than ex-
pected and required separation and identification of each message. It was solved by

scanning the complete incoming data blocks for the headers of each message type.

4.3.1. Typical work flow for data taking

The determination of the breakdown voltage of an SiPM as a function of the tem-
perature is the most important measurement and must be done as one of the first
measurements. All further measurements that required the overvoltage as an input
parameter use the data from this measurement. The user has to call the main mea-

surement program with the script, that should be executed via command line:
main_measure --script ../script/script_abs_pde.txt
The script typically contains only a few lines of commands:

# Path for output directory

SetPath( ./data/abspde_run_1/ )

# Parameters overvoltage (V), temperature (°C), name tag
MEASURE.ABSPDE( 1.5, 25.0, t_p25_ovi5_ )

# Run the analysis script to create plots

RUN( RunAnalysis.sh )

This script collects the raw data required for an absolute p.d.e. measurement. The

called analysis script executes the signal analysis described in Chapter 6 and does
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the measurement described in Chapter 7.
In the flow chart in Figure 4.3 the simplified chain of actions caused by the above

program call is depicted.

Main measure ( script file ) Run ( command )

| Execute command

Absolute p.d.e. (Temperature, Overvoltage)

Get Line |<—

| Set Temperature
Call required function | | Set Overvoltage .
Set Path .
Absolute p.d.e. Y

| Set trigger frequency: 1MHz
y

| Capture currents of SiPM and PiN

1T T

|
|
[ setect LED f—
|
|
|

Run Y
| Set trigger frequency: 300kHz
\
| Capture short trace |
Set Path ( output path) \
| Turn LED off |
y
| Set global output path | | Capture dark current |
v
| Capture dark short trace |
Does path Y
exist? |

| Add entry to analysis script

No

Create output path

Yes
| Add final entry to analysis script |

Figure 4.3.: Flow chart for one of the implemented measurements (absolute p.d.e.).
The results of this measurement can be found in Section 7.2.8.2.
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In this chapter the single components of the test set-up are characterised in detail.
This is required to achieve the best accuracy and precision of the test set-up. Many
different properties influence the main parameters of the measurement. Estimating
them by manufacturer data sheets is not precise enough, since the single data sheets
do not include the interplay/connection of the components. Especially the optical
light path contains many places where light can be lost. For the custom-built parts
of the test set-up data sheets do not exist. Hence they are all characterised in detail
within this thesis. In the following sections the cooling system, the light distribution

system, and the powering and signal processing are described.

5.1. Cooling system

There are three main values that describe the performance of the cooling unit: the
accessible temperature range, stabilisation time, and the absolute temperature stabil-
ity. For the performance measurements the ambient temperature was around 25 °C.
Pre-amplifier and SiPM were turned on. The pre-amplifier has a power dissipation
of around 1.5W. The power dissipation of the SiPM (< 1mW) is negligible. The
minimum SiPM temperature reachable with the fine stainless mesh used as shield
is around —34°C as can be seen in Figure 5.1. From the same plot one can deduce
that working at lowest SiPM temperatures will take some time, due to the limited
cooling efficiency. Down to SiPM temperatures of approx —25°C the required time
is reasonable (see Figure 5.2).

For temperature dependency measurements, for example the determination of Vj,
of the SiPM as a function the temperature, a fast SiPM temperature change and
(re-)stabilisation is key. The time from a change of the target temperature by 1°C to
a stabilised SiPM temperature is around 1 minute. A full scan from 25°C to —25°C
and back to 25°C is shown in Figure 5.3.

Long measurements, such as multiple absolute p.d.e. measurements at multiple wave-
lengths and /or overvoltages, require a stable temperature over a long time. As shown

in Figure 5.4 the temperature is held stable at a value of 25°C with a deviation of
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: Minimum SiPM temperature that can be reached with PAPA2 is around
—34°C. Going below approx —25°C will take long time. The data for
the first part (< 23 min) is shown in the Figure 5.2.
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Figure 5.2.: SiPM temperatures down to —25°C are reachable in a reasonably short

at most 0.07 °C, while the ambient temperature varies by approx 3°C. Additional

plots for different target temperatures can be found in appendix A.1.

The absolute stability is affected by the target temperature. At lower target tem-
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40

—e— SiPM temperature

30

—— Target temperature

Temperature [°C]

00:61 00:50 01:38 02:26
Time [h:m]

Figure 5.3.: SiPM temperature scan from 25°C to —25°C and back. The average
time to stabilise the SiPM temperature at the new target temperature is
around 1 minute. After stabilisation the next target temperature is set.
The target temperature is changed in steps of 1°C.

255 SiPM temperature

—e— SiPM temperature
Target temperature

Temperature / °C

2459:00 0753

Ambient temperature
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— Ambient temperature

Temperature / °C
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Figure 5.4.: SiPM temperature stability at 25°C over 21 h. The absolute variation
after stabilisation is smaller than 0.07 °C, while the ambient temperature
varies by roughly 2°C.

peratures the spread gets a bit wider, as shown in Figure 5.5. The distributions show
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Temperature difference between target and measured temperature / °C

Figure 5.5.: Temperature variation for different target temperatures. The target tem-
perature is stated after the @ in the legend. For lower temperatures the
spread gets a little larger, but is still very good. There are no entries
outside the shown range.

an asymmetry with more entries on the right. A positive difference (target temper-
ature - measured SiPM temperature) means that the measured temperature is too
low. This behaviour is expected, since the system is running at a rather high cool-
ing power to maintain the low temperature. A drop below the target temperature
requires a reduction in cooling power, but the heat flow for the temperature increase
has to come from the outside through the thick thermal insulation material as at
low temperature no active heating is available. If the measured SiPM temperature
rises above the target temperature the active cooling can be increased. Hence the
different times required for passive heating up and active cooling down lead to the

asymmetry.

5.2. Optical system

In the following sections the characterisation of light source and light distribution
are described. These component are the heart of the test set-up as an optical test
set-up for photon detectors needs a reliable and well understood light source. Since
the light is needed for at least two, better three, different detectors at the same time

a stable and reliable light distribution system is required.
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5.2.1. Multi-purpose light source
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Figure 5.6.: Spectra of installed DC LED modules.
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Figure 5.7.: Spectra of installed pulsed LED modules.

The selected LEDs cover a large wavelength range. The spectra of the installed LEDs

are shown in Figure 5.6 for the DC LED modules and in Figure 5.7 for the pulser

modules. The available light fluxes on SiPM and reference detector, created by these

LEDs, are discussed in Section 5.2.6. The temperature dependency of the output of

the LEDs has been seen and measured, the variation due to the internal warm up is

around 2 % [37]. However, it has no effect on the light flux dependent measurements

because the actual light flux (used in the analysis) is determined in each measurement
with the reference detector (PiN photodiode).
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5.2.2. Monochromator

The monochromator has two variables of interest. One is the dependence of the
picked up (output) centre wavelength versus the position of the motorised stage
and the other one is the width of the selected part of the spectrum. Both have
been measured with the build in spectrometer. For this measurement spectra were
recorded at many positions of the motorised stage. Two of these spectra are shown
in Figures 5.8 and 5.9. The intensity after the monochromator is so low, that even
with an integration time of 1000 ms, the measured intensity is only 100. That is

only 1/40 of maximum of the spectrometer. In each of these spectra the position

Spectrum

intensity / 1

100

intensity / 1

200 f—----

50

IIIIIIIIII

150 f—----- PN Y P N B e

600 700
wavelength / nm

100 f—- - SRl bl o] HAE

Utk

200 300 400 500 600 700 800 900
wavelength / nm

50—

o

Figure 5.8.: Raw spectrum for LED 21 and monochromator position of 5.0 mm. Af-
ter removing noise the signal peak in region around 630nm is better
visible. A zoom to the cleaned signal region is shown in the left upper
corner. The signal in this example is a smooth peak. The two methods
for the width determination yield in this case compatible values around
6.5 nm(FWHM) and 2.9 nm(fit of Gaussian function).

of the maximum intensity is determined after noise cleaning and used as the centre
wavelength at the corresponding position, the final result for this is shown in Figure
5.10. Furthermore the width of the peak around the centre wavelength is determined
in two ways (FWHM and fit of a Gaussian function). This results in two plots which
are shown in Figure 5.11. As can be seen the results vary. This is due to the fact that
the recorded signal in the spectra is not always smooth as shown in Figure 5.9. This
leads to a larger variation in the blue/UV regime of the spectrum (monochromator

position > 25 mm). The overall result with a maximum FWHM smaller than 10 nm

50



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

5.2. Optical system
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Figure 5.9.: Raw spectrum for LED 2 and monochromator position of 31.0 mm. Af-
ter removing the noise the signal peak in region around 435 nm is better
visible. A zoom to the cleaned signal region is shown in the right up-
per corner. The intensity after the monochromator is so low, that even
with an integration time of 1000 ms, the measured intensity is only 100.
That is only 1/40 of maximum of the spectrometer. Additional the peak
in this example itself is not a smooth peak. The two methods for the
width determination yield in this case values around 8.2nm(FWHM)
and 5.1 nm(fit of Gaussian function), which are not fully compatible.

is still good. That fact that the FWHM is around 6 nm for many makes it even

better.

A linear fit to the data from the wavelength versus position plot obtains following

result:

A(pos) = Pofset + Pslope - POs ~ with  0mm < pos < 50 mm (5.1)

pofset = (668.40 £ 0.10) nm (5.2)
nm

Piope = (~7.520 % 0.004) —— (5.3)

The constants pofrset and psiope Will change, when the monochromator is modified.
Any change of the orientation of the collimator or the blazed grating (or the mo-
torstage with the pickup) results in a shifted spectrum along the pick up axis, thus
making the presented results obsolete. A recalibration is a very rare event, due to

the fact that the components are screwed to the baseplate.
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Figure 5.10.: Wavelength versus position of the moveable pick up. The parts where
the black points get a little wider spread, is where the LED spectra
overlap. The falling and rising edges in the LED spectra result in a very
small shift of the picked up wavelength due to the different intensities
across the pick up region. The gap around 37mm is due to the low
intensity behind the monochromator which prevents the recording of
spectra with sufficient signal height for clean fits. The red line is a
linear fit to the data.
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Figure 5.11.: In the upper plot the width (FWHM) of picked up spectrum versus
monochromator position is shown. It is discrete due to the usage of the
spectrometer CCD bins. In the lower plot the ¢ of a Gaussian function
fitted to the peak at each monochromator position is shown. Up to a
position of 25 mm the width of the picked up part of the spectrum is
very good. For positions greater than 25 mm the picked up width gets
slightly worse. The reason for this have been shown in Figure 5.9. An
additional plot with wavelength dependence instead of monochromator
position can be found in appendix A.2.
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5.2.3. Beam splitters

The light distribution system consisting of two Polka dot beam splitters has been
characterised for both light paths in order to calculate the light flux on the SiPM
using a reference measurement with the PiN photodiode. The characterisation is
necessary because the beam splitters are not ideal. They have wavelength dependent

transmission /reflection/absorption ratios. In addition the beam displacement caused

directly || fibre collimator
from LED Polka dot beamsplitter
fibre
F’—"\ — light path outside fibres
via MC ] i i:l transmitted
from LED [ | output
'—_—' "_—' beam shift by beam splitters
transmitted
to REF-PIN  reflected in Alebeam shift
output
P reflected

Figure 5.12.: The two inputs are connected directly to the light source or via the
monochromator. The reflected output of the first beam splitter (left)
is connected now to a second PiN diode, during normal use, this port
is connected to the spectrometer. The transmitted port of the first is
fed to a second beam splitter (right). The reflected port (normally used
for the SiPM) and the transmitted port (normally used for the 818
PiN diode) are connected one at a time to the 818 PiN diode for this
characterisation measurement. In the lower right box the beam shift
caused by the substrate of the beam splitter is shown. The substrate
thickness is around 1.5 mm.

by the silica substrates of the Polka dot beam splitters creates off-centred beams
with reference to the fibre collimators. Differently off-centred beams are coupled dif-

ferently to the connected fibres.
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5.2.3.1. Light path via monochromator

For characterising the light path via the monochromator, the measurement was done
using the monochromator and LEDs in DC mode. The measurement consists of two
runs over seven LEDs and all monochromator positions where signal for the currently
actively used LED is existent. Leaving out the monochromator positions with no
signal reduces the required time by a factor greater than five. A dark measurement of
the currents is done at every measurement point. All the fibre stays firmly connected
to the beam splitters. In the first run the fibre from SiPM port (reflected port)
of second beam splitter in light path is connected to the 818 PiN diode. In the
second run the fibre from the PiN port (transmitted port) of second beam splitter
in light path is connected to the 818 PiN diode. The reflected port of the first beam
splitter in the light path is fed to a second PiN photodiode (REF-PiN) to be used
as an input reference to make sure that the input light flux is the same level in
both measurements. Small variations in the input light flux can be corrected for. An
example for LED 12 can be found in Figure 5.13. The plots for all seven LEDs can
be found in the appendix A.3.
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Figure 5.13.: Beam splitter characterisation measurements for LED 12. The plots
marked with la and 1b are the measured currents of the first run.
The plots marked with 2a and 2b are from the second run. With the
data from plots 1b and 2b the light fluxes shown in plots 1f and 2f are
calculated. The plot la/2a is calculated from the data in la and 2a.
This is the ratio of the REF-PiN currents and thus the ratio of the
input light flux, too. The plot 1f/2f is calculated from the data in plots
1f and 2f. This is the ratio of the fluxes at the two output ports of the
second beam splitter. The last plot is the (1f/2f)/(1a/2a) plot. It is the
ratio at the output ports corrected for a possible change in the input
flux. This is the data later used for the calculation of the light flux in
all measurements.

The combination of the red marked data points from the seven LEDs yields a smooth
curve for the splitting ratio R,;; versus the monochromator position and is shown
in Figure 5.14. The shown errors come from the four measurements which are used
to calculate the values. All statistical errors from the measurements are propagated
to the final error. Systematic errors are cancelled out by the subtraction of the dark
measurement. The main contribution to the errors comes from the REF-PiN current
measurements, which show sometimes large errors even when the neighbouring point
have small errors. These fluctuations are of unknown source. There is no obviously
bad (single) data point in the raw data. Furthermore it should be noted that the dark
current is larger than the remaining signal current for many measurement points, thus
the signal-to-noise ratio is far from optimal.

Due to the use of standard'? fibres this measurement has to be rerun, if any fibre was

loosened and/or reconnected at the beam splitters. Manual tests have shown that the

12Core alignment is not perfect. Rotation of the fibre results in a shift of the core.
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Figure 5.14.: Beam splitter characterisation by combining the seven single measure-
ments to one curve. The errors are propagated from the initial four
measurements. A version of this plot with a x-axis depicting the wave-
length A /nm is shown in Figure A.G.

orientation of the fibre has a great effect on the coupling and thus on the light flux
through it. A factor between minimum and maximum larger than 4 was observed.
As long as the fibres are not moved on the beam splitter side, the result of the
measurement is reproducible. The data shown in the ratio curve (Figure 5.14) is used
in the calculations of the photon flux on the SiPM from the PiN current measurement
at the transmitted port during normal operation. The resulting systematic error for

the ratio is shown and discussed in Figure 5.15.
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Figure 5.15.: Systematic error for the ratio R,;; when using the monochromator as
a function of the position. At the peak wavelength of the LED with
the highest intensities, the error is sufficiently low (partly even below
1%). At the boundaries of the spectra, where the intensity drops down,
the error gets quickly larger then 2%, mainly due to the resolution
limit of the sourcemeter. In the red regime, mostly covered by wide
band LEDs, the error is varying from 4% to 14 %. These errors are
caused by a unknown noise source, which disturbs the REF-PiN current
measurement in some points, as can be seen in Figures A.11 and A.12.

5.2.3.2. Direct light path

For characterising the direct light path, which uses the other input at the first beam
splitter and thus have different beam offsets, for each LED the light flux was measured
at the two output ports of the 2nd beam splitter. From these measurements the ratio
for each LED was calculated and is shown in Table 5.1. The errors on these values
are below 0.001, as the direct light path has a much larger light flux compared to the
light flux of the monochromator and thus the sourcemeter did not have to operate
a the lower resolution limit and returned measurements with much lower relative

€rrors.
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LED no. | R,/ || LED no. | R,

1 1.136 13 1.132
2 1.136 14 0.951
3 1.401 15 0.851
4 1.401 16 0.754
) 1.208 17 -
6 1.208 18 1.117
7 - 19 0.944
8 0.930 20 0.951
9 1.140 21 1.136
10 1.140 22 1.032
11 1.014 23 1.035
12 1.014

Table 5.1.: Values of R,./; for the direct light path. The errors on these numbers are
smaller than 0.001 and thus do not affect the quoted digits.

If rebuilding the test set-up, one could use fibre connectors with a notch, so that
the orientation is maintained. A caveat of this would be the missing easy tuning

option.

5.2.4. Beam intensity profile

Furthermore, the beam intensity profile has to be taken into account because PiN
and SiPM do not have the same size and geometry and the distance from fibre end
to sensitive surface is not exactly equal, as depicted in Figure 5.16. The beam profile
from multimode fibres is Gaussian [55]. In this case a potential shift of the core is
negligible. The incident angle of the light on the SiPM is 0° with respected to the
surface normal of the active area in the centre and goes up to 2.9° at a distance
of 3mm from the centre. This small angle is negligible as it does not influence the
optical measurements [56]. With a given numerical aperture (NA) of the fibre, the
distance between fibre end and PiN surface dp;,, the distance between fibre end
and SiPM surface dsipm, the PiN active area radius Ry, the edge length a of the
quadratic SiPM active area, the ratio R,, (Figure 5.14 and Table 5.1), and the
measured photon flux on the PiN ®,;, ;, the total flux on the SiPM surface can be

calculated. According to the definition of the beam diameter in [55] for a multimode
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Figure 5.16.: Schematic representation of the different distances and dimension used
in the beam profile calculation.

fibre, the beam radius, g o5, in a distance d from the fibre end at which the intensity
has dropped to 5% of its maximum value can be described by
d- tan(sin”'(NA
r0.05 = an(s12 (NA) with (5.4)
b = +/—In(0.05) ~ 1.730. (5.5)

Only the value of constant b is given in [55]. The expression was found during the
derivation, while using the 5% from the definition of the beam diameter. The beam

intensity profile is then given by:

I(r,d) = Io(d)- exp (‘Uf) (5.6)
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where Iy(d) is the maximum intensity in distance d from the fibre end and r is
the orthogonal distance to the beam axis. To obtain the o of the distribution, the

following equation is solved:

I(T’o‘05, d) = 0.05- I() (d) (5.8)

& 0.05-Ip(d) = <_(T°'O5)2)
05-Ig(d) = Ip(d)- exp 2 (5.9)
& In(0.05) = _(72205)2 (5.10)
& o = d-tan(sin”'(NA))/b? (5.11)

In general the flux at a given distance d on an area A is the integral of the intensity:

B A(d) = /A I(r, d)dA = Iy- /A exp (;f) A (5.12)

For the calculations of the total flux, the flux on the PiN photodiode with radius
Rpixy = 5.6mm, and the flux on SiPM with size of a X a in a distance d from the

fibre with a numerical aperture NA three integrals are needed:

2 —r?
Ffull(d; NA) = / / exXp < d. tan(sm_l(NA))/bQ] ) rdr d(]5 (5.13)
m-d?-NA?
T b (1-NA?) 514)
21 Rpin
Fyin(d,NA) = / / op < T T (NAY /b2]2> rdrd (5.15)
_ 7-d* - NA? (5.16)

P 2
bt (1 - NA2). (1 — exp ("“N}.&f””))

a/2  pra/2 ) 52
Fgipm(d,NA,a) = / / exp( vy )dmdy (5.17)
—a/2

a/2 [d- tan(sin™!(NA))/b2]2

2
_ o mednNA? (40 V1-NA7
N )

bo(1-NA%) d-NA

(5.18)

During the calibration the light fluxes on the PiN photodiode at the reflected port
(®pin,r) and the transmitted port (P, ¢) have been measured to calculate the ratio

R, ;. It should be noted that the factor R,/ is wavelength dependent. During nor-
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mal measurements only ®,;,; can be measured and used to calculate the maximum

intensity at the reflected port Iy, (d):

(I)pin,r q)pin,t : Rr/t()\) (519)

(I)pin,r IO,r(dpin) . Fpin(dpin’ NA) (520)

(I)pin,t IO,t(dpin) . Fpin (dpina NA) (521)

Io ; (dpin) o t(dpin) - Ry je (M) (5.22)
(bpint

= ————— R (A 9.23

F]n’n(dpin, NA) T‘/t( ) ( )

(5.24)

With the known Iy, the total flux ®;psq1, out of the fibre towards the SiPM at the

reflected port can be calculated:

DPiotal,r In v (dpin) - Frun(dpin, NA) (5.25)

@pin t: Rr/t()‘)
— d - Frou(dpin, NA 5.26
s Py, NA) (5.20)
(5.27)

With @441 we can calculate the Iy, (ds;par) at the distance of the SiPM :
q)total r
Iy (dginm) = : 5.28
0 ( P ) Ffull(dsipmaNA> ( )
_ pmt Rr/t( ) Ffull(dpznyNA) (5 29)
Fpm( piny A) Ffull( sipm NA)
_ pmt Rr/t(A) d (5 30)
Fpm( pmvNA) gzpm

(5.31)

Finally, we can calculate the flux in the SiPM:
(I)sipm(dsipma dpina NA» a) = Fsipm(dsipma NA» CL) : IO,T'(dsipm) (532)

2
erf (%55 AN ) By RepeV)
- s (5.33)
—b%- (1-NA?)- ann
1 —exp < T NA? >

= Cgeom* (I)pin,t : Rr/t()‘) 5.34)
(5.35)
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where cgeom is:

2- dsian *NA

orf (a b2 /I-NAZ ) 2
C pry

(5.36)

d2. - NAZ?

pin

The numerical aperture NA of the used fibre material FG400AEA [41] is stated
to be = 0.22 £ 0.002 [57]|. The distance from the fibre end to the PiN photodiode
dpin was calculated from the measured distance fibre end to PiN photodiode casing
and the given distance from the casing to the sensitive surface and resulted in a
value dpi, = 59.75 £ 0.05 mm. The distance dg;pmpack Was directly measured to be
59.75 & 0.05 mm. The distance d;s from the backside of the SiPM to the sensitive
surface was taken from the technical drawings in the data sheets. The distance dgipm
required for the calculation is dg;pmpack — dprs- With the determined values for the test
set-up this leads to a single number for cyeom for different SiPMs, some values are
shown in Table 5.2. If the distance dy; is given directly in the datasheet, the given
values for distance and tolerance are taken for the table. If it is not state directly,
the distance dp;, is calculated from other given distances and the tolerance given in

the table is the sum of all tolerances of the distances required for the calculation.

size (a) type dpts | tolerance Cgeom
/ mm /mm | /mm
1 SMD 0.55 0.25 0.02015 = 0.00038

1 ceramic | 1.00 0.20 0.02046 £ 0.00035
1.3 SMD 0.55 0.25 0.03386 4= 0.00057
1.3 ceramic | 1.00 0.20 0.03438 4+ 0.00064

3 SMD 1.15 0.25 0.1730 £ 0.0030
3 ceramic | 1.55 0.40 0.1752 + 0.0039
6 SMD 1.15 0.30 0.5590 £ 0.0072
6 ceramic | 1.20 0.30 0.5597 + 0.0072

Table 5.2.: Values for cgyeon, for different Hamamatsu SiPMs. The errors are calcu-
lated by combining the given tolerances/measurement uncertainties to
achieve the minimum and maximum values. The largest deviation from
the nominal values is stated as the error.

5.2.5. Reference light detector

The reference detector is a calibrated Newport 818 PiN photodiode [58]. The PiN
photodiode is used without the accompanying OD3 filter. With the NIST'? traceable
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Newport 818 calibration data

quantum efficiency

wavelength / nm

Figure 5.17.: Calibration data used for the calculation of the photon flux on the PiN
photodiode Newport 818 without the OD3 attenuator from the currrent
measurement. In the plot the quantum efficiency versus the wavelength
is shown.

calibration data shown in Figure 5.17, the measured photocurrent Ipje,, and the
measured dark current Igq,, the number of photons (n,) on the active area of the

PiN photodiode per second or per pulse for pulsing frequency f can be calculated:

. I hoto — Idark: 1
nw(Iphotm Idarlw )‘) / (1/8) = péw . g (537)
. I oto 1 ar 11
n?’([photm Idarkv )‘7 f) / (l/pulse) = PhéE—()\)dk : ? : g (538>
Ppint = Ny, (5.39)

where e is the elementary charge. The value of 7, is used for the flux on the PiN

photodiode (@) in the calculations in Section 5.2.4.

5.2.6. Light flux characterisation

The light flux from the multi-purpose light source has been characterised before using
it in measurements. With the obtained data the function for requesting a certain light
flux works much faster, as the upper and lower limits are known. And from the curves

a good starting point for tuning can be found. The characterisation is done for DC

3National Institute of Standards and Technology
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and pulsed LED modules. Furthermore an external pulse mode'* for the DC-LED
modules is characterised. The resulting plots are similar to the one shown in Figure
5.18. The plots for all LED modules can be found in the appendix A.4.

IV curve of LED with series resistor PiN current versus supply voltage
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Figure 5.18.: Characterisation measurement results for LED 2 in DC mode. The
shown data is raw data. No filtering of outliers has been applied.

5.3. Powering and signal processing

In the following sections the signal processing, shielding, and the powering are de-

scribed.

5.3.1. SiPM amplifier

There are two ways of connecting the SiPM to the oscilloscope. The first option is
to use a passive coupling capacitor. This results in a gain of 1.0. The second option
is to use an transimpedance amplifier. This yields a gain of ~ 15. Both options are
available for the test set-up and require only minimal manual efforts (two screws),
for switching the printed circuit boards. The SiPM HV supply and the signal cable

have plug connectors for tool-less exchange.

This requires a manual change of a cable, swapping the DC source for a pulsed source with much
lower voltages than the internal HV pulser
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5.3.2. Power supply for SiPM

The voltage can be set with an absolute accuracy'® of 65 mV. This absolute accuracy
equates to a variation of the breakdown voltage due to a temperature change of
~ 1K for an older SiPM model (e.g. Hamamatsu S10362 series). The repeatability
and stability during the measurements is around +1mV. This value corresponds to
a temperature change of ~ 0.015K, which is less than the achieved temperature

stability. Hence the sourcemeter is not the limiting stability factor in the test set-

up.

5.3.3. Electromagnetic shielding

The electromagnetic shielding was installed and tested in two ways to demonstrate its
effect. The test was done with a Spectrum Analyzer R&S FSH4 model 24 [59] and an
antenna placed inside the cage. The spectrum from 100 kHz to 3.6 GHz was recorded
inside and outside of the shielding. The recorded spectra are shown in Figure 5.19.
Furthermore, two finer binned spectra were recorded up to 500 MHz, shown in Figure
5.20. From the spectra it is clearly visible, that most of the noise is blocked by the
shielding. This measurement only shows the effect of the stainless steel mesh cage.
The second method demonstrates the effect of the shielding with the cage on the real
baseline signal. To this end, two measurements are taken, one with and one without
shielding. The difference in the Fast Fourier Transform (FFT) and the baseline width
is clearly visible in the oscilloscope screen shots shown in Figures 5.21 and 5.22.
The noise sources are for example: analog radio (< 110 MHz), digital terrestrial radio
(T-DAB: 175 — 230 MHz), digital terrestrial television (DVB-T: 514 MHz, 602 MHz,
and 706 MHz), mobile net carrier (GSM 900 'D-Netz’ 870 — 960 MHz, GSM 1800 'E-
Netz’ 1710 — 1880 MHz, and UMTS 2110 — 2200 MHz) and the ISM band (WLAN,
Blue tooth, etc. 2400 — 2500 MHz).

15Keithley 2614B : 200V range : 0,02% of range +50mV.
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Spectra for outside / inside shielding for natural noise
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Figure 5.19.: In the upper plot the absolute spectra inside (red) and outside (black)
of the shielding are shown. In the lower plot the difference (outside
minus inside) is shown. The frequency range goes up to 3600 MHz.
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Spectra for outside / inside shielding for natural noise
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Figure 5.20.: In the upper plot the absolute spectra inside (red) and outside (black)
of the shielding are shown. In the lower plot the difference (outside
minus inside) is shown. The frequency range goes up to 500 MHz.
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Figure 5.21.:

Figure 5.22.:

10.0 GSa/s 1.02 kpts

Channel 1 div
Function 1 500 MHz/div

Oscilloscope screen shot without shielding. The baseline (upper part,
yellow lines) width is around 10 mV and some huge peaks are visible in
the FFT ( lower part, lighter yellow lines). One division correspond to
500 MHz (horizontal axis) and 10dB ( vertical axis) in the FFT data.
For the base line data one division corresponds to 10ns (horizontal
axis) and b5mV (vertical axis). Thus the highest peak is the 514 MHz
DVB-T signal. Followed by the two other DVB-T signals at 602 MHz
and 706 MHz. The last clearly visible peak is around 900 MHz which is
the mobil net carrier GSM 900.

10.0 GSa/s 1.02 kpts

=5

vl
Measurements

] ical Scale Offset
Channel 1 /di 0000 /div -12.3 mV
Function 1 500 i 0 dB/div -52.2903 dBm

Oscilloscope screen shot with shielding. The shielding reduces the
baseline width below 5mV and the FFT is smoother with no large
peaks.The scales are the same as in the previous plot.
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5.4. Remarks on operation

The test set-up offers a temperature stabilised environment for long-term, precise
measurements of SiPM properties. The light source is useful for many types of mea-
surements because it offers light fluxes with different wavelengths and a large dy-
namic range. The electrical operational conditions are very stable and external noise
is effectively kept out of the measurements. All this provides a reliable basis for

automatised characterisation measurements of SiPMs.
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In this chapter, the implemented algorithms used to extract the signal from the
recorded raw data and to convert them to usable processed data are described. The
processed data serve as input to the measurements described in Chapter 7.

All shown data in the examples in this Chapter were recorded with this SiPM:
Hamamatsu MPPC S10362-11-100C (serial number 2588). The parameters stated
on the package are V,, = 70,19V, gain M = 2.4- 10%, and dark count rate (0.5p.e
threshold) 459 kHz at an SiPM temperature of 25°C.

6.1. Long trace analysis

The long trace analysis is used to gain information on the time behaviour of the
SiPM, the time between pulses, which can not be obtained in triggered short trace
mode, since the times can be much larger than the captured window in short traces.
Furthermore some properties can be determined from long traces as shown in Chapter
7. To be able to do this, the methods to extract the required data from the long traces
are described in this Chapter, in particular the point in time of a signal, the signal
height, the signal charge, and the possible additional signal on the trailing edge are
of interest.

To obtain the times between pulses the signal is corrected for the baseline offset and
cleaned from noise by averaging. Then the traces are searched for many different
threshold crossings to obtain a ’trigger-rate threshold scan’ from which the one p.e.
signal height is extracted. This one p.e. threshold is then used to identify possible
SiPM pulses in the trace. The time values of these pulses are stored in a list and used
to evaluate every found pulse. The evaluation includes the peak height and charge
determination and a search for afterpulses on the trailing edge of the pulse.

The default measurement consists of 41-10° points with a time step of 1ns. This
leads to a view on 41 ms out of the life of an SiPM per trace. To accumulate more
statistics multiple traces (blocks) can be recorded within a single measurement. The
incoming raw data for one long trace consists of the preamble and a list of 4.1- 107

16-bit integers. The preamble contains at least 21 data fields. The most important
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fields are the numbers for the y-axis, the offset (YOrigin), and the value of the least
significant bit (YIncrement). With these two numbers the 16-bit integers can be
converted into the measured voltages. The x-axis offset and time step allow for the

reconstruction of the time point for each y-value.

6.1.1. Signal processing

In the following sections the steps taken to prepare the data for analysis are de-

scribed.

6.1.1.1. Baseline correction

To ensure that the baseline is at 0V, the complete long trace voltage values are filled
into a histogram, as shown in Figure 6.1. A Gaussian function is fitted around the
maximum, the data to the right which contain signal are not included. The obtained
mean is used to shift the whole trace in such a way that the baseline is at 0V.
The width of Gaussian function (o) from the fit is used as a baseline noise level.
The baseline correction may fail, when the trace contains too much signal. This may
happen if the temperature is too high, the overvoltage is too high or there is too
much light flux. In these cases the whole trace analysis will fail, too, since the signals
are no longer distinguishable. Besides a current measurement no further analysis is

useful in this case.

6.1.1.2. Sliding average

After reading the raw data from the input file, a moving average with a windows
width of 20 ns is calculated for the whole trace. The effect of the moving average is

shown in Figures 6.2 and 6.3 for a 0.5 p.e. and a 1.5 p.e. trigger threshold, respectively.
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Baseline histogramm for block no. 0
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Figure 6.1.: Baseline histogram created from one block. The fitted Gaussian indicates
that a global shift of 9.6 mV is required to move the average baseline
to 0V. The fit range is limited to the sharp peak because the right
tail contains signal, which should not be considered when shifting the

baseline.
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Figure 6.2.: Filter effect of sliding average on 0.5 p.e. triggered signal. The averaging
facilitates the detection of peaks. In case of rise time studies, the raw

trace data can be used.
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Segment of long trace
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Figure 6.3.: Filter effect of sliding average on 1.5 p.e. triggered signal. The averaging
facilitates the detection of peaks. In case of rise time studies, the raw
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6.1.1.3. Optional FFT filtering

An optional Fast Fourier Transform (FFT) filtering can be applied. This is done by
calculating the FFT spectrum, setting the amplitude of the filtered frequencies to 0
and doing an inverse FF'T to obtain the filtered signal. Doing this for a full trace does
not work due to excessive amount of computing time. The computation time for one
full trace is larger than 1000 min for a single core, no full traces FFT filtering was
ever finished. Doing this for shorter segments, for example around a found trigger,
is much better. For the current test set-up a filter cut-off at FFT bin 25 (frequencies
< 122 MHz are kept) leads to clean results (Figure 6.4). The bin number is given, as
the software works on the bins. The resulting cut frequency may not always be an
integer. A lower cut value flattens the rising edge (Figure C.1). A higher cut value
reduces the filter effect (Figure C.3). The FFT bin width is given defined by the
number of used data points n and the time step At between the points:

2
fbinwidth = n- At (61)

The resulting cut off frequency for bin b is than calculated by:

fcutoff = fbinwidth -b. (62)
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Segment of long trace
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Figure 6.4.: FFT filtered short trace segment with a 1.5p.e. trigger threshold. FFT
filtered data is shown in orange. Here with a cut-off at FFT bin 25
(frequencies f < 122 MHz are kept).The data contains 4096 points with
a time step of At = 100 ps.

6.1.2. Threshold scan

The threshold scan simulates a trigger threshold scan, where the trigger frequency is
measured with the oscilloscope for different trigger thresholds. For this the threshold
is increased from the starting threshold (twice the baseline width) in smallest possible
steps (YIncrement), and the number of triggers are counted. The scan is stopped,
when no trigger is found for a threshold. This yields a step plot like the upper one
shown in Figure 6.5. The steps originate from the discrete p.e. signals. This step size
and thus the 1p.e. signal is to be determined. The relative change of the resulting

graph is calculated. For a given point ¢ it is calculated as follows:

4
relchangelt] = (Z N[i —n] Z Nli+ n]) . Nl[z']’ (6.3)

with N[i] being the trigger count for step 7 in the measurement. The first and last four
points are not calculated due to the averaging. In this relative change the extrema are
located and the differences between the local extrema are calculated and averaged.
This average is used as the 1 p.e. signal height. In the lower part of Figure 6.5 the

relative change and the fits of parabolas to the first six extrema are shown. The
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fit range is determined by the crossings of data (threshold change) and mean. The

parabola have been found to be a robust solution for determination of the position

of the extrema.
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Figure 6.5.: In the upper part of the figure the accumulated trigger counts for a cer-

tain threshold are shown for ten traces/blocks. The steps are due to the
discreteness of the SiPM signal for lower photon counts. To better iden-
tify these steps and thus the 1p.e. step (in this case the signal heigth),
the numerical relative change of the trigger count is calculated. This is
shown in the lower part. The mean value used to find the intersections
with the data that are used as the fit range for each extremum is given
in blue. Fits of parabolas to maxima are shown in red and to minima
in cyan. The distance between the maxima (or the minima) is the 1p.e.
peak height.

6.1.3. Peak finder

The peak finder searches for peaks which cross the given threshold. Using the previ-

ously determined 1 p.e. signal height value with a factor of 0.5 or 1.5 this peak finder

will find all possible SiPM signals, as shown with the blue lines in Figure 6.6. A factor
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Schematic representation of the peak finder and filtering
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Figure 6.6.: Schematic representation of the peak finder. In the first step the data
(black curve) are scanned for a crossing of the trigger threshold (blue
horizontal dashed line). The position found is marked with the blue
vertical line (1). Then a single data point is checked for an early edge
(2), the data point a few ns after the crossing may not be lower than
the trigger threshold, rejecting most of the oscillations. As the last step
the time in front of the possible peak is scanned for data being out of
the accepted level range (3). Red areas and boxes are forbidden zones
for the signal.

of 0.5 will find all signals starting at 1 p.e. peaks. A factor of 1.5 will skip the 1 p.e.
peaks and the found signals will be at least 2 p.e. peaks. Each found peak is checked
for oscillations from noise signals'®, this is done by testing a single data point a few
ns after the possible trigger to be not below the trigger threshold (2). In the case
that an oscillation is detected, the peak is not added to the resulting trigger list.
If there is no oscillation the silence criteria is checked. To ensure the found triggers
correspond to clean pulses, which are not induced by afterpulsing, which can occur
even O(100) ns later, the data before the trigger candidate are checked to be below
the 0.5 p.e. threshold plus baseline noise level and above the —0.25 p.e. threshold (3).
The larger this window is, the less afterpulses are added to the clean trigger list. To
speed up things only every fifth data point in the silence windows is tested. If it is
outside of the allowed range, the trigger is not added to the trigger list. In short,
if any data point is inside the red areas, then the candidate is rejected. Adding the

6There is an unidentified noise source, disturbing the AC power line. The mesh shield does not
protect against this.
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trace segments around all found triggered and clean pulses to a 2D-histogram (time
relative to the trigger, and amplitude at that point) yields a virtual afterglow/heat
map picture, as shown in Figure 6.7, where the frequency of each combination is
represented by the colour-coded z-axis. This resembles the afterglow function of an
oscilloscope. In general these heat map plots allow for easy visual checks by the user,

that everything worked fine.

Virtual Afterglow (all blocks) for 0.5 pe trigger

N 10
© 0.04
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5
>
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0.02 10°
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Figure 6.7.: Virtual afterglow picture for 10 blocks/traces from a single measurement.
The separation between the different p.e. steps is clearly visible and
marked with horizontal red lines.

6.1.4. Peak height determination

For each found clean pulse the peak height is determined. This is done by setting
the starting pulse level to 0V because the baseline is shifted to 0V and searching
for the maximum level inside the pulse duration, as depicted in Figure 6.8. Filling
the determined pulse heights into a histogram results in multiple peaks, as shown
in Figure 6.9. The halved distance between the peaks can be used as a 0.5 p.e.
oscilloscope trigger threshold for short trace measurements. Besides the peak height,
the starting point where the data crosses the baseline level of 0V for the last time
before the trigger is determined and saved. Due to the shifted baseline (average level

0V) and the noise level on the baseline this a robust and quick method.
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Schematic representation of the peak height determination in long traces
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Figure 6.8.: Schematic representation of the peak height determination. Inside the
pulse duration the maximum is determined and used as the peak height.

Peak height distribution for threshold at 0.5 p.e.
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Figure 6.9.: Peak height histogram with Gaussian fits to the peaks. The halved dif-

ference between the peaks can be used as the 0.5 trigger threshold for
short trace measurements.
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6.1.5. Afterpulse finder and height determination

Schematic representation of the Afterpulse finder
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Figure 6.10.: Schematic representation of the afterpulse detection algorithm.

Each peak in the list of found peaks is searched for afterpulses. Figure 6.10 illustrates
the following description of the algorithm. The blue solid line (1) marks the peak
position (trigger from list of found peaks). The first step is to find the maximum
after the trigger (2). From there the falling edge is searched for an increase larger
than 0.3 times the one p.e. threshold in a certain time. If such an increase is found,
marked with the left red solid line (3), the minimum before this point is determined
(4). To determine the starting level of the first afterpulse an exponential function
is fitted, shown in orange (5), from the maximum after the trigger to the minimum
before the afterpulse and evaluated at the minimum position. The value obtained
from the evaluation is the starting level. The maximum after the afterpulse (6) mi-
nus the starting level is the afterpulse height. For each afterpulse maximum (6) a
new search loop is initiated: start from maximum (6), search for increase (7), find
minimum (8) before newly found afterpulse, make fit from maximum to minimum
(9), find maximum after (10), determine afterpulse height and start over from the
last determined maximum position. Before taking a found increase as an afterpulse
it is checked for its absolute maximum to be greater than 0.5 times the one p.e.
threshold to reject baseline noise, and it is checked for an early edge in the same
way as for to the normal peak filtering. The search is stopped early, before reaching
the end of the search window, when the search position is the next peak in the list

of found peaks. For each afterpulse the following data is stored: afterpulse height,

81



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

6. Signal Analysis

time, and the slope from the exponential fit. The search window and the minimum
increase are passed to the function. Normally a time window of 1000 ns after the
maximum after trigger (1) is searched and the default minimum increase is 0.3 times
the one p.e. threshold. This threshold offers a compromise between noise rejection
and detecting small and thus early afterpulses. One has to keep in mind, that one
can not distinguish between normal pulses and afterpulses at larger time differences,
since the pulse height is fully recovered. This ambiguity does not disturb the later

analysis shown in Section 7.2.5.

6.1.6. Charge determination

For each triggered clean pulse (no afterpulse) the charge is calculated for three differ-
ent integration times. The comparison between the three integration times is shown

in Figure 6.12. The charge determination is done by summing the voltage values and

Schematic representation of the charge determination in long traces
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Figure 6.11.: Schematic representation of the charge determination. The charge de-
termination starts at the previously determined starting point of the
peak and then a summation is performed over three different integra-
tion times.

82



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

6.1. Long trace analysis

calculating the charge as follows:

Vi
D= A 6.4
@ R My (6:4)
stop stop
1
Q — E QZ = RTWL . At . (Stop — Sta/rt) . E ‘/;', (65)
i=start i=start

where V; is the measured voltage, start and stop are the starting and stopping time
bin numbers (dimensionless) for the integral, A; is the time bin width, R is the input
impedance of the oscilloscope (50 2) and Mgy, is the gain of the pre-amplifier. If only
a coupling capacitor is used without any amplifier, the factor M4, becomes 1. The
start of the integral is set to the starting point of the peak. The normal integration
time (default 50ns) is passed to the function, while the short (0.5 - normal) and long
time (2-normal) are calculated. This is done to give the user feedback, if a shorter
or longer time could improve the resulting finger spectrum. Filling many charge
measurements into a histogram should result in a finger spectrum similar to the ones
shown in 6.13 and 6.14. From the coarse (wide bins) histogram the possible peaks
are identified and then fitted with a Gaussian. The resulting fit parameters are then

used to fit the fine (narrow bins) finger spectrum.

[2]

3 600 — short

© — normal
500 —long

400

300

200

100

5 6
QDC counts / (a.u.)

Figure 6.12.: Fine (narrow bin) histogram for the charge for 25 ns (short), 50 ns (nor-
mal), and 100 ns(long) integration times.
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Coarse (wide bin) histogram for the charge with an integration time of 50 ns
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Figure 6.13.: Coarse (wide bin) histogram for the charge for a 50 ns integration time.
It is used to find the fitting positions with a simple min/max finder.
The results of the fits of Gaussian function to the data between the
minima are used in the next step.

Fine (narrow bin) histogram for the charge with an integration time of 50 ns
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Figure 6.14.: Fine (narrow bin) histogram for the charge with fits to the single peaks

for 50 ns integration time. The initial parameter for the fits of Gaussian

functions to the data are obtained from the fits to the data in the coarse

histogram.
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6.2. Short trace analysis

The segmented memory function of the oscilloscope allows for a fast acquisition of
triggered short traces. These have the great advantage, that they contain the desired
signal.

The incoming raw data consists of the preamble and a list of up to 8192 segments
of trace data. A single trace data segment consists of usually 1024 or 2048 integers
with a default time step of 1 ns. The information required to convert the raw data to
the measured values is stored in the preamble. In addition to the information that
was used for the long trace, the segment count and trace segment length are now
also required. In the long trace they are not required because it is only one segment

with all raw data.

6.2.1. SoftQDC

The SoftQDC is used to measure the charge like a hardware charge to digital con-
verter (QDC). With default settings the trigger occurs in the middle of the short

Schematic representation of the SoftQDC charge determination on short traces
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Figure 6.15.: Schematic representation of the charge determination with SoftQDC.
The dedicated external trigger occurred in the middle of the trace. Left
of the trigger are the data for the determination of the baseline level.
After the signal delay the integration windows for the signal charge
determination begins.

trace as shown in Figure 6.15. Due to the difference in signal run time, generated
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electrical trigger to oscilloscope and generated electrical trigger to the pulser, fol-
lowed by light creation and finally light arrival on SiPM, the SiPM signal is delayed
by some time and thus appears after the trigger of the trace. For each short trace
the charge is determined according to Equation 6.7. This includes a correction for a
possible baseline shift by determining the average baseline level in the first half of

the short trace and subtracting the average from each value that is summed up:

V:i - Vavg.baseline
i = At 6.6
Qi R My (6.6)
stop stop
Ay - (stop — start
Q= Z Qi = : R-M. . ) ’ Z (V; - Vavg.baseline)v (67)
i=start gamn i=start

where V; is the measured voltage, V,yg baseline the average baseline level, start and
stop are the start and stop time bin for the integral, A; is the time bin width, R is the
input impedance of the oscilloscope (50 2) and My, is the gain of the pre-amplifier.
The factor Mgyq:, becomes one, if only a coupling capacitor without any amplifier is
used.

The resulting charge values are filled into a histogram. Depending on the light flux
level this can result in spectra with: clearly separated peaks with a pedestal for low
light flux (Figure 6.16), separated peaks and very small pedestal for medium light
fluxes (Figure 6.17), or one large merged peak for high light fluxes (Figure 6.18).
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Figure 6.16.: SoftQDC spectrum for low (O(1)) photon count per event. The large
pedestal and several p.e. peaks are visible. The pedestal is peak at
0C for the corrected data. Right to it is the 1p.e. peak at around
0.5-107'2 C. In the uncorrected data (shown in green) the pedestal is
around —6.5- 1072 C. Right to it is at around —6.0- 1072 C the 1p.e.
peak. Since the baseline has a large shoulder on the right side, even
two small peaks are visible, the corrected signal is not only shifted as
desired but also smeared. In the data shown here the uncorrected data
shows a better separation than the corrected. If the baseline is a smooth
peak, the corrected signal would show equal or even better separation.
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Figure 6.17.: SoftQDC spectrum for a little higher photon count (~ 20 incident). The
small pedestal peaks, at 0C (corrected) and —6.5-10712C (raw), and
several p.e. peaks right to the pedestals are visible. In this spectrum
~ 8p.e. are recorded in average.
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Figure 6.18.: SoftQDC spectrum for high photon count (~ 110 incident). The
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pedestal is not existent, as every captured trace contains signal far
away from the baseline height. No entry for the corrected signal is near
0 C. Single p.e. peaks are no longer visible, instead there is a large peak
around the average determined charge. In this spectrum ~ 40p.e. are
recorded in average.
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6.3. Sourcemeter measurements

The sourcemeter (described in Chapter 3.8.2) is used to measure the currents and
voltages of the SiPM and the reference detector which are required for all analyses.
These measurements are used to ensure the correct operational parameters for the
SiPM, determine the light flux on the reference detector and thus on the SiPM, and
gain access to the I-V characteristics of the SiPM.

The default measurement settings are an integration time of one power line cycle
(50 Hz) and internal averaging (filtering) over 50 internal analog-to-digital conver-
sions. Each measurement point is the average of ten (default setting) such filtered
values. For these ten values a mean and a standard deviation are calculated. Both
channels of the sourcemeter, connected to the SiPM and the reference detector,
are converted in parallel. The time difference of the starting point between the two
channels is equivalent to the time required to send the measurement command (< 20
bytes). To cancel out any potential systematic offset and correct for the dark current
of the PiN photodiode and SiPM a dark measurement is done with the same settings
and subtracted from the light measurement, if applicable.

The measurements for the SiPM are used as recorded, while the reference detector

data is used to calculate the light fluxes.

6.3.1. Light flux determination

In this section the light flux calculations from data for the different light path options
are described. A precise measurement of the light flux is required for p.d.e. and

dynamic range measurements.

6.3.1.1. Light flux on reference detector

With the measured PiN photodiode current, the calibration data, and the measured
wavelength of the incident light, the light flux on the PiN photodiode can be de-
termined with the formulae given in Section 5.2.5. For a typical measurement of
10 points the error for larger light fluxes (200 photons on PiN which corresponds
to 5 photons on SiPM with 1mm x 1 mm active area) is around 0.5 %. For lower
light fluxes (~ 30 photons on PiN which corresponds to < 1 photon on SiPM with
1mm x 1 mm active area) the noise effects and the fluctuations of the sourcemeter
have a much larger impact and the resulting error is around 3 %. These errors do not

include the systematic error from the calibration.
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6.3.1.2. Light flux on SiPM

The average light flux on the SiPM is calculated with Equation 5.35. The statistical
error on the average light flux is calculated by the propagation of the statistical error
of the reference current measurement. For the direct light path the (now systematic)
error of the measured ratio R,/ (Table 5.1) for each LED is negligible (Table 5.1).
When the light path via the monochromator is used, the systematic error of the
measured ratio R, ;(A) can be the major contribution to the total systematic error
(Figure 5.15). The second source for systematic error is the calibration of the PiN
photodiode, which can be up to 4%. The calibration errors also defines the absolute
precision limits that can be achieved by this set-up.

The statistical error is around 1 % for single photon pulses (1-5 photons on the SiPM)
with a repetition rate 1 MHz. The high repetition rate is needed to be able to measure
the reference detector current with sufficient precision. For higher photon counts per
pulse (around 100 photons on SiPM) the statistical errors goes down to 0.1% at
the same repetition rate. For the DC operation the statistical errors are similar to
the ones in pulsed operation mode, around 1% for fluxes around 5-10% photon per
second on the SiPM, dropping down 0.1% for fluxes larger than 100 - 10° photons per
second on the SiPM.
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In this chapter the measuring methods used for the reference detectors and the SiPM
properties are described and shown in some examples. All shown data in the examples
in this Chapter were recorded with this SiPM : Hamamatsu MPPC S10362-11-100C
(serial number 2588). The parameters stated on the package are V,, = 70,19V,
gain M = 2.4-105 and dark count rate (0.5p.e threshold) 459kHz at an SiPM

temperature of 25°C.

7.1. Reference detectors

7.1.1. PiN photodiode measurements / photon flux determination

Whenever the photon flux needs to be measured, the following procedure is used
with the sourcemeter: take a dark measurement of the PiN current (SiPM current
is measured in parallel automatically) with LEDs turned off if meaningful'”, then
take a measurement with the light flux to be measured and last take an additional
dark measurement (again, only if meaningful). Each of these three measurements
consists of typically ten (default setting) measured data points with an integration
time of one power line cycle and internal averaging over 50 measurements. After the
average (corrected for the dark current if possible) and error calculations described
in Section 6.3 this measurement yields a single number for the average photon flux

on the SiPM which is then used for further calculations.

7.1.2. Spectrometer measurements

The spectrometer can be used to determine the wavelength of the currently used
photons. The spectra are captured automatically in many of the implemented mea-
surements. Furthermore software was developed by the author of this thesis that

allows for a real-time check, if the light flux is in the correct order of magnitude,

"Not meaningful during long term LED output measurements as it would interrupt the LED
heating process.
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Figure 7.1.: Screen shot of spectrometer LiveView while monitoring LED 4 via direct
light path. Shown are the current spectrometer data, the determined
peak wavelength and width, and the chosen integration time.

while the user is adjusting or changing components of the test set-up. This software
offers a real time display (LiveView) of the current spectrometer data, including
real-time analysis of peak wavelength and peak width (FWHM). A screen shot of
the software in action is shown in Figure 7.1. Different options can be passed to the
software at start, e.g. setting fixed or automatic integration time, choosing different
averaging modes, set the background subtraction level, and enable plot creation and

data export.

7.2. SiPM measurements

In this section some of the possible SiIPM measurements are described.
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7.2.1. Polarity and quenching resistor value

The first measurement of a newly installed SiPM is a quick polarity check to protect
the SiPM from possible damage. In case the SiPM was plugged in the wrong way a
measurement with low voltage will run into the implemented current limit of 1 mA.
The error condition is displayed in the terminal output on the controlling computer
and the user is asked to reinsert the SiPM in the correct orientation. The measure-
ment of the forward current can also be done on purpose as shown in Figure 7.2 to
obtain the quenching resistance value. This is possible because the GAPD cells are
supplied with forward bias and thus the depletion is reduced and the pn-junctions
become conductive. Hence a simple linear fit obtains the resistance value. From the
measured resistance (R) the single quenching resistor (Rg) can be determined by
assuming that the resistors from all cells are used in parallel as shown in Figure 2.15.
The results shown here match to the values stated in [60]. This leads to the following
equation:

RQ = R-neey, (71)

where n.y is the number of cells in the SiPM. The measured temperature dependency

of the resistance is shown in Figure 7.3.
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Figure 7.2.: Forward [-V measurement at different temperatures with fits for the
total forward resistance R.
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Figure 7.3.: SiPM forward resistance versus temperature.

7.2.2. 1-V characteristics

The next measurement performed on any new SiPM is a simple current versus voltage
curve with no light source (see Figure 7.4). This measurement starts at the low
voltage (0V) and may go up to 75V'® the currently hard coded safety limit. If
SiPMs with higher required voltages are tested the measurement software requires a
few simple changes and a recompilation. The hardware could deliver and withstand
up to 100 V. Increasing the voltage above the hardware limit requires the exchange of
the used SiPM HV supply voltage filtering components. The measurement is stopped
if the measured current reaches 1 mA. If this limit is reached at voltages of a few volts,
a warning is raised, as the SiPM is probably polarity-reversed. The voltage at which
the current limit is reached is used as the upper limit for the next measurements at

the current temperature.

8 Currently the highest used supply voltage for SiPM measurements with this test set-up.
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Figure 7.4.: Simple and quick IV scan without light for first voltage limit. It is
stopped when the current limit of 1 mA is reached. The currents voltages
smaller than 69V are induced by the connected pre-amplifier. Stabilised
SiPM temperature during this measurement was 10°C

7.2.3. |-V characteristics with high light flux

Doing a similar measurement with a continuous high light flux illuminating the SiPM,
one can extract more information from the I-V scan, namely the breakdown voltage
of the SiPM. The first scan in this measurement starts at the upper voltage limit
determined with normal dark I-V measurement described in Section 7.2.2. The first
scan spans a range of 7V in steps of 250 mV downwards from the upper voltage

limit. From the measured I-V data a relative change per volt ¢, (analytical):

et = g (7.2)
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is calculated in three ways (numerical) from the n discrete data points of voltage V'

and current I:

_ In+1]-1In] 1
C’r‘el-‘r[n] - V[n + 1] — V[n] ’ I[TL] (73)
 In+1]-In-1] 1
cretangl" = G TV 1] ] (7.4)
_ In]—-In-1] 1
Crei-[n] = Vin] = Vn—1] I[n] (75)

The calculation of ¢,ej4 (crei—) lacks the last (first) point, and ¢;eiqvq lacks both. The
resulting curve is given in Figure 7.5 and one can see the two large peak for ¢,¢;1 and
Crel—, While ¢p¢jqpg is much lower. These large peaks are scanned and their positions
are averaged and used as the central voltage of the final I-V scan. This last scan only
uses the small window of +1V and steps of 25 mV around the determined central
voltage. The relative changes cy¢;+ and c,— are computed and the peak positions
are determined and fitted again. The peak positions correspond to the breakdown
voltage of the SiPM. Using the two ways of calculating c¢,.; an uncertainty can be
estimated. The quantity ¢;¢jqv¢ is not used for the final result as it had in many cases
a large error on its fitted peak position and was often shifted.

An additional peak somewhat left of the current peak can be found, if the current
measurement is done with only a directly connected SiPM and no further compo-
nents. The additional components increase the leakage current and hence the minimal
flowing current.

The result of the fine scan shown in Figure 7.6 is a breakdown voltage of V;,. =
(69.295 + 0.017) V. Doing this measurement at different temperatures allows for the
determination of the temperature dependency of the breakdown voltage as shown in
Figure 7.7. The error of the single measurement of Vj,. is obtained from the average
of the two different calculations of ¢,.; and thus having two peak positions. A cross-
check of this error estimate was done by repeating the measurement at a constant
SiPM temperature for a long time (~ 23h). The measurement shows some variation
over time as can be seen in Figure 7.8, but stays within the given error of £20mV
of the single measurement points. There seems to be a correlation between varying
ambient (and hence also the sourcemeter) temperature and the determined break-
down voltage (V) of the temperature-stabilised SiPM. During tests of this method
the influence of the light flux and the used wavelength was tested. The wavelength
was found to have no influence on the result. The light flux has influence on the peak
height and width but not on the peak position, but lower fluxes lead to smaller and
wider peaks. The used flux of 3.7-107 photons per seconds at a wavelength around

460 nm was sufficient for a precise peak position determination.
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Figure 7.5.: Coarse scan for V4, at a stabilised SiPM temperature of —5°C. In the
upper half the measured I-V curve is shown. The lower part shows the
dI/(dV -I) data.
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Figure 7.6.: Fine scan for breakdown voltage (V},) at a stabilised SiPM temperature
of —5°C. In the upper plot the measured I-V curve is shown. The lower
plot shows the fine dI/(dV - I) data with fits to the peaks (red lines).
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Figure 7.7.: Temperature dependency of breakdown voltage (Vj,.).
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7.2.4. Thermal noise

The thermal noise rate (dark count rate) can be determined from long SiPM traces
recorded in the dark. The peak finder described in Section 6.1.3 is used to identify
the single peaks. If the measurement is taken in the dark, all these clean (filtered)
events should be mostly thermal noise events, but a contamination with afterpulses
is possible. The contamination is investigated in Section 7.2.5. The time differences
between the single events are filled into a histogram. This histogram has a clear
turn on at the time difference required in the filtering. Due to the optimised filter
approach described in Section 6.1.3, some entries are in the time bins below the turn
on, but these do not affect the following analysis. An exponential fit to the high time
tail (> 4 us) yields the thermal noise rate.

f(At) = exp(a+b-At) (7.6)

where a is the Constant and b is the Slope. An example distribution and the expo-
nential fit are shown in Figure 7.9, the obtained x?/ndf is 0.91. The thermal noise
rate/dark count rate (parameter b times —1) for the shown example is (350 £+ 2) kHz
at a temperature of 15°C. It should be noted that each filtered peak lowers the
thermal noise rate, as a missed peak leads to the combination of two times into one

time.
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Figure 7.9.: Thermal noise plot displayed with y-axis in log-scale for a temperature
of 15°C. The data used for this are time differences from the found clean
triggers. The exponential fit range starts at 4 us and ends with the last
filled bin.

7.2.5. Afterpulses

A similar approach to the one shown for the thermal noise in Section 7.2.4 can
be used to determine the afterpulsing properties. Figure 7.10 shows the now used
three consecutive, more and more constrained fits to extract the short and long
afterpulse time constants, too. This analysis can also be run with a 0.5 p.e. triggered
short trace. The best available one p.e. threshold is derived from the peak height
spectrum. Doing the measurement with low light flux (e.g. single-photon pulses)
instead of no flux, the real and unbiased'” time constants for the long and short
component of the afterpulsing can be determined. The result of the first fit has no
longer the meaning of the thermal noise, as it is largely increased by the light flux
to suppress the effects of the thermal noise bias. To prevent further bias one could
use only single-photon signals as initial event triggers, since higher signals contain
multiple firing cells and thus have a higher chance of creating afterpulses. However,
this does not protect against crosstalk in an afterpulse. The filtering criteria have
large impact on the fit results to the At distribution as shown in the Table 7.1.
The same plot as shown in Figure 7.10 can be found in Figures C.7 to C.10 for the

9Normally there are a few noisy cells which account for most of the dark noise. If photon flux is
present the firing cells are random.
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Figure 7.10.: Distribution of peak to peak times from the afterpulse search with three

fits. The first fit is a simple exponential function, shown in blue. It
covers the high time range and thus the thermal noise component. The
next fit is a sum of two exponential functions for the long component
of the afterpulses, it is shown in cyan. One of the exponential functions
is constrained with the results from the first fit. The last fit is a sum
of three exponential functions taking care also of the short component
of the afterpulses, shown in red. Two of the functions are constrained
with the result from the second fit. The filtering parameter in this plot
are any p.e. and 500 ns silence time.

different filtering parameters. For the same filtering settings (500 ns, any p.e.) the

thermal time constants are similiar for the distributions shown in Figure 7.9 and 7.10

although one contains many afterpulse events and the other mostly clean signal.

The data obtained from the afterpulse analysis can also be displayed as a 2D plot,

as shown in Figure 7.11. A measurement described and performed [61] for the same

type of SiPM obtained a single time constant of 217.5 £+ 5.9 ns, corresponding to a

rate of 4.6-10°. This value lays in the range of the values obtained by the different

filtering parameters.
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1 p.e. 1 p.e. any p.e. | any p.e.

50 ns 500 ns 50 ns 500 ns
thermal || 3.45-10° | 2.28-10° | 4.80-10° | 3.62-10°
AP long || 1.85-10° | 1.63-10% | 2.21-10° | 1.60-10°
AP short || 1.20-107 | 7.52-106 | 1.05-107 | 9.73-10°

Table 7.1.: Fit results for the three parameter for different filtering parameters (1 p.e.
or any p.e.; silence time 50ns or 500 ns) at a temperature of 15°C and
an overvoltages of 1.2 V. The unit of the fitted parameter is 1/s.

Count for amplitude / At combination for all blocks

> [ 102
® - -
S0.025— 4 =
sk 1

— = o
g L 1 ©
o C
2 0.02(—
Q : — 10
Q -
= — ]
© [ -

0.015— ]
0.01— 1,
0.005—=
= e
B 1 1 L 1 11 ‘ 1 1 1 1 1 1 11 | 1 1 1 1 1 1 11 |
0
-7 ) -5
10 10 10° 04)s

Figure 7.11.: Count versus afterpulse amplitude and At evaluated for 1p.e. peaks
(initial trigger). Crosstalk occurring in an afterpulse signal has not been
removed. The corresponding plot with all triggers is shown in Figure
C.11.

7.2.6. Optical crosstalk

Long traces of SiPM signals recorded with low light flux can be used to determine the
optical crosstalk. For each event in the data the charge is calculated by the algorithm
described in Section 6.1.6. The charge value is filled into a histogram. As shown in
Figure 7.12 some peaks can be fitted with a Gaussian function. If the event selection
is fully efficient no pedestal peak is visible. If the event selection (peak filtering)
does not work efficiently due to non-rejected noise events, some events will be in the
pedestal. The contamination is typically below 1 %.

The optical crosstalk probability can be calculated by using two integrals: the first is

that from the end of the pedestal or, alternatively, from the nominal zero position,
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if no pedestal is present, to the middle between first and second p.e. peaks and the

second is that from the middle between first and second p.e. peaks to infinity:

T

T

T IIIIIII

counts

10?

2 25 3

————— pedestal
1 p.e. peak
- = = =2 p.e. peak

Separation pedestal /1 p.e.
- = - = Separation 1 p.e/2 p.e.

3.5
QDC counts / (a.u.)

Figure 7.12.: QDC Histogram with the markers used for optical crosstalk and gain
determination. The blue solid line marks the separation of the pedestal
on the left and the one p.e. peak/signal region on the right. The black
dashed line marks the separation between 1p.e. and 2p.e. signal. The
olive dash-dotted line marks the pedestal peak, the solid, dashed and
dotted olive lines mark 1, 2, 3 p.e. peaks, respectively.

1.5p.e.

Z H#Hentries (7.7)

0.5p.e.

inf

Z H#entries (7.8)

1.5p.e.
N>1pe

_ 7.9
Nlpe + N>1pe ( )

This analysis can also be run with a 0.5 p.e. triggered short trace. The best available

p.e. threshold is from the peak height spectrum.

7.2.7. Gain

The average gain of an SiPM can be determined from a QDC spectrum where the

1p.e. and 2 p.e. peak positions can be determined. The difference of the peak posi-
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tions, a charge value, is now corrected for the gain from the pre-amplifier (see Section
5.3.1). Dividing this charge value by the elementary charge e gives the gain of the
SiPM. One has to keep in mind that for a correct gain measurement the full SiPM sig-
nal must be integrated for the QDC histogram. The histogram shown in Figure 7.12

is optimized for peak separation and thus not useful for the gain determination.

7.2.8. Photon detection efficiency

In this section the relative and absolute p.d.e. measurements are described.

7.2.8.1. Relative p.d.e.

The relative p.d.e. (photon detection efficiency) is the ratio of the p.d.e. at a cer-
tain wavelength and the p.d.e. at the wavelength chosen for normalisation. Normally
this is a point out of the same measurement. In this case the relative p.d.e. is 1
at the normalisation point. If a comparison across different measurements is need,
a freely chosen normalisation can be used for all of them. This inter measurement
comparison is only useful, if the overvoltage is kept at the same value, as the SiPM
current depends on the gain and the gain depends on the overvoltage. This allows
for example for a comparison of the relative p.d.e. at different temperature for the
same overvoltage.

For the relative p.d.e. the currents of the reference detector and the SiPM are
recorded for different wavelengths (including the dark current measurement and the
correction for it). The current of the reference detector is used to calculate the light
flux on the SiPM at each measured wavelength. Then the ratio between the SiPM

current and light flux on the SiPM is calculated and normalised:

(DSiPm()‘) = (Dpin(lpinv )‘) *Cgeom * Rr/t()\) (710)
()1
rel.p.d.e.(\) = sipm . with 7.11
P ( ) q)szpm()\) Cnormalise ( )
ILgipm (500 nm)
) — swpmAmrT 12
Cnormalise (I)Szpm(500 nm) or (7 )
Cnormalise = 0.1- 1071214 : S/'Y- (713)

The key to this measurement is to tune the light flux, where the SiPM signal current
is sufficiently large compared to the dark current but the SiPM is still in the linear
regime of the dynamic range which is described in Chapter 7.2.9. Hence the photon

flux times the recovery time of a cell should be much smaller than the number of
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Figure 7.13.: Relative p.d.e. measurement at 25°C and an overvoltage of 1.0V (rec-
ommended by manufacturer), normalised at 500 nm.

cells of the SiPM. The four used variables and their errors are shown in Figure 7.13.

The errors becomes large, where only lowest fluxes are available.
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7.2.8.2. Absolute p.d.e.

The absolute p.d.e. is the main property of an SiPM, that defines the optical per-
formance.It is the probability that an single incident photon creates an one p.e. or
larger signal. In most cases the highest possible absolute p.d.e. is desired, as reduc-
ing the incoming light by a filter is always possible (easily by filter foil in front of
SiPM) to stay in the dynamic range of the SiPM. While increasing the number of
photons on the SiPM is often a complex process of optimising the whole set-up. Thus
when testing SiPMs the absolute p.d.e. must be measured. To measure the absolute
p.d.e. two short trace measurements are recorded with known (measured) pulsed low
(single photon) light flux, one with low light flux and one in the dark. From these
two measurements four numbers are determined and used for the calculation of the
absolute p.d.e. with the help of the underlying Poisson statistics.

To give an impression of the signal recorded in the low light flux measurement, it
is shown as a virtual afterglow/heatmap overlaying all short signal traces in Fig-
ure 7.14. The signal region integrated by the analysis software SoftQDC is marked
in blue and starts 75ns after the trigger, which occurs in the middle of the shown
traces and is marked in black. The integration windows ends 175 ns after the trigger.

The analysis software tool SoftQDC, as presented in Section 6.2.1, is used to create
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Figure 7.14.: Heat map for the absolute p.d.e. measurement at low light flux. The
used signal region, marked with blue lines, is from +75ns to +175ns
after the trigger, which occurs at the middle of the traces (1000 ns) and
is marked with a black line.
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finger spectra for both measurements similar to the ones shown in Figures 7.15 and

7.16. The shown examples were measured at —5°C and 503 nm. The red lines are

SOftQDC - QDC data (uncorrected)
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Figure 7.15.: Finger spectrum for absolute p.d.e. measurement (low light flux) for
8191 short traces for a overvoltage of 1.2 V. This plot is taken directly
from the output of the analysis software.

determined in the low light flux measurement and represent the position where the
pedestal and signal peaks are separated for analysis in both measurements. The yel-
low curve is the corrected QDC data resulting from correcting each trigger for its
baseline shift. The baseline shift is drawn in black and the raw uncorrected QDC
data in green.

For higher overvoltages the baseline tends to get noisier. Examples for the noisy QDC
spectrum and the corresponding heat map are shown in Figure 7.17 and 7.18 and
a simple shift correction does not always improve the results. The correction with
the baseline is still required in cases the pedestal is not in the measured spectrum.
Hence the p.d.e. is calculated from the uncorrected QDC data, too. It is marked with

'uc’ in the legend. The sum over the pedestal peak and the sum over the signal are
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Figure 7.16.: Finger spectrum for absolute p.d.e. measurement (dark) for 8192 short
traces for a overvoltage of 1.2 V. This plot is taken directly from the
output of the analysis software, due to automatised plot creation the

zero position is not at the same position
surement.

as for the low light flux mea-

calculated for the low light flux measurement (Figure 7.15):
0.5p.e.
Npea = Z #entries (lowlightflux) = 5005 (7.14)
—00
(o)
Nsignal = Z #entries (lowlightflux) = 3186 (7.15)
0.5p.e.
Ntot = Nped + Nsignal = 8191 (716)
and for the dark measurement (Figure 7.16):
0.5p.e.
Npeddark = Z #entries (dark) = 8069 (7.17)
—00
o0
Nsignal,dark = Z #entries (dark) = 122 (7.18)
0.5p.e.
Ntot,dark = Nped,dark + Nsignal,dark = 8191. (719)
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Figure 7.17.: SoftQDC spectrum for absolute p.d.e. measurement at low light flux
and too high overvoltage (1.9 V). Temperature and wavelength are the
same as in the measurement shown in Figure 7.15. The baseline data
shows a sharp peak and right next to it a very wide spread resulting in
a very broad corrected data distribution.

The underlying Poisson statistics is defined as:

Ae=A
Py(n) = " (7.20)

with n as the number of detected photons and A\ the average number of detected
photons. Since n is disturbed by noise (crosstalk and afterpulses) only the value of
n = ( is interesting for the analysis since it does not include any noise. This simplifies

the expression to:
P\(0) = e (7.21)

This expression can be used to determine the average number of detected photons A
that are expected when the left part is known. The probability of detecting 0 photons
can be determined from numbers extracted from the QDC spectra and corrected for

the noise events:

N, d Ntot dark
Py(0) = =< ’ 7.22
A( ) Ntot Nped,dark ( )
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Figure 7.18.: Heat map for the absolute p.d.e. measurement at low light flux and
too high overvoltage. The chosen signal region is from 75ns to 175 ns
after the trigger at 1000 ns. The signal region does not differ from the
surrounding noise signals.

Combining Equations 7.21 and 7.22 leads to:

Y Nped ) Ntot,dark

= 2
‘ Ntot Nped,dark (7 3)
Nped Nped,dark
A= —In pe)+1n<pe—’ 7.24
( Ntot Ntot,dark ( )
A = 0.48perpulse (7.25)

Using the measured light flux (14 per puise = 1.44 = 0.02 photons per pulse), one can

now calculate the absolute p.d.e.:

A 048

p.d.e. = =
T per pulse 1.44

= 33.2% (7.26)

The uncertainties are determined from the statistical error of the light flux measure-
ment (7 per puise) and the result of a variation of the position of the red line, thus
varying the four determined numbers. For the example this shift of the separation
between pedestal and signal results in the two values of 34.13% and 32.97% for a
shift of two bins. For the given example the relative statistical error for the measured
light flux is around 0.015. The systematic uncertainty (1 %) from the calibration of

the reference detector are not included here. The final value with out the systematic
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from the reference calibration is (33.20709s +0.50)% at a temperature of —5°C and

an overvoltage of 1.2V for a wavelength of 503 nm. There is no value for this exact
operating point given by the manufacture, but the result is very reasonable as the
extrapolation of the manufacturer given curves matches well.

Measuring the absolute p.d.e. for various operating conditions yields plots like Figure
7.19. This plot proves that the absolute p.d.e. is independent of the temperature for
the tested range from —25°C to 25°C for not to high overvoltages (less than 1.8 V).
The recommended overvoltage for the used SiPM is 1.0 V.
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Figure 7.19.: Absolute p.d.e. versus overvoltage for 503 nm for different temperatures
from the uncorrected QDC data. For the high overvoltages the limits
of the Poisson method can be seen, as the noise contribution is getting
so large at 25°C, that the rise in p.d.e. is not visible any more (black
curve) and a spread between the p.d.e. for different temperatures is ob-
served. The given uncertainties are the statistical error of the light flux
measurement (7 per puise) and the result of a variation of the position
of the red line, thus varying the four integrals used for calculation.

7.2.9. Dynamic range measurement

The deviation from the linear response is due to the limited dynamic range of the
SiPM, since it has only a limited number of cells with a finite recharge time. While
all cells are recharging, no new full height signals are generated. For measuring the

dynamic range, the incident photons on SiPM and the response of the SiPM are
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Figure 7.20.: Dynamic range measurement with three different methods for determi-
nation. The current data (black) is the highest, because it is influenced
most by the afterglow of the LED. The QDC data (blue) is a little
less influenced by this phenomena. The maximum amplitude has the
cleanest signal, as it is not influenced by the extended light flux.

measured. The SiPM active area is completely illuminated. For each measurement
point the incident photon number is increased by raising the voltage of the HV
pulser. The resulting curves are shown in the Figure 7.20. In this figure three different
results for the same dynamic range measurement are shown. Shown are the result
from the current (black), the SoftQDC (blue), and the maximal amplitude (red).
There are some differences in these three results. The amplitude method has the
flattest tail, as it measures only the initial rise in the SiPM response. The SoftQDC
method is more influenced by the timely extended photon flux which is longer at
higher pulser voltages (see Figure 7.21 and 7.22) and thus have a steeper rising
tail than the maximum amplitude method. The gain for the pulses triggered by the
later arriving photons is lower than in the Geiger mode but still high enough to
generate significant amounts of charge that contribute to the SiPM current and the
SoftQDC signal. Since the integration windows is limited the tail flattens out. The
current result keeps rising, too, as the current measurement can be seen as a QDC

measurement with infinite integration time.
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Figure 7.21.: Dynamic range heat map for a HV pulse voltage, where the afterglow

of the LED is not yet a problem.
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Figure 7.22.: Dynamic range heat map for a HV pulse voltage, where the afterglow
of the LED is a problem as is leads to a flat plateau. It was checked,
that this is no saturation effect of any electronics beside the SiPM.
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8. Summary and Conclusion

In the context of this doctoral thesis a test set-up which offers a 4D parameter space
for characterisation of SiPM properties was designed, built and tested. The 4D pa-
rameter space is defined by the 4 parameters that can be controlled by the test set-up:
the temperature, the overvoltage, the wavelength, and intensity of the incident pho-
tons. The realisation of the concept was achieved with commercial and custom-made
hardware. The development of the custom-made hardware was done in the course
of this doctoral thesis, some ideas and concepts were tested in Bachelor and Mas-
ter theses beforechand. The required custom hardware was built by the mechanics
workshop of the Physics Institute I1I A. Ideas for the electronics were developed by
the author of this doctoral thesis and then realised with the help of the electronics
workshop of the Physics Institute III A. The firmware for the custom-made hardware
was developed and tested. After the functional tests for each part had been carried
out, all components were integrated into the test set-up. The final complete test set-
up was characterised down to the smallest details with respect to e.g. temperature
performance, wavelength and light flux in different operational modes, and noise and
electromagnetic shielding. All this work resulted in a fully working test set-up for
SiPM characterisation in the temperature range from —30°C to 60 °C with photons
from 300nm to 650 nm and intensities from single photons up to continuous light
flux.

Software for the recording of the raw data from the oscilloscope, the sourcemeter,
spectrometer, and the other monitored hardware components was developed and
tested. The developed signal analysis tool chain is able to prepare the data in such a
way, that many measurements of different parameters can be performed. These tools
include the long trace analysis (threshold scan, peak finder, afterpulse search, and
charge determination), the short trace analysis (SoftQDC), I-V-scan, and light flux
determination. Furthermore the error calculation from the raw data is implemented.
Based upon these prepared data many measurements have been implemented, e.g
breakdown voltage V;,.(T'), noise characterisation (thermal, afterpulse, and crosstalk)
as a function of overvoltage and temperature as well as relative and absolute p.d.e.

as a function of temperature, overvoltage and wavelength and dynamic range mea-
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8. Summary and Conclusion

surements. Each measurement point in the parameter space will require roughly 20s.
The light creation and distribution system has been improved in the UV regime so
that it can be used even for dynamic range measurements at 315 nm. The high-speed,
low-noise, high-precision oscilloscope used for the data acquisition allows for nearly
any data analysis the user can imagine, but it requires more computing power than

the traditional dedicated hardware measurements.

116



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

9. QOutlook

The test set-up is fully usable and capable of performing the presented measurements.
The test set-up offers a simple interface to SiPM characterisation measurements, even
for users that do not have great experience in the field of hardware or programming.
While dark measurements without a trigger take some time and require the taking of
full traces, the trigger mode, either self- or externally triggered, delivers high statis-
tics within a short time. The ability to measure the absolute p.d.e. at freely chosen
narrow wavelength ranges is useful and could be a replacement for the normally used
scaling of a relative p.d.e. measurement to very few absolute p.d.e. measurements.
The relative p.d.e. measurement could be improved by a few more LEDs closing the
gaps in the spectrum usable after the monochromator. The dynamic range measure-
ments could be further improved by finding a way to suppress the afterglow of the
LEDs, since the electrical pulse is much shorter than the resulting photon pulse. Fur-
ther improvement of the light distribution towards a more stable and more reliable
system could be achieved by the replacement of the beam splitters with a multi-
spliced fibre. A multi-spliced fibre with 32 inputs and four or more outputs could
be installed in such a way that each input fibre is placed in an optimal location in
front of each of the LEDs. Another useful upgrade could be the installation of a
supercontinuum light [62] source which could cover a large spectral range from deep
UV [63] to IR without significant gaps.
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A. Appendix: Characterisation

A.1. SiPM temperature stability plots

SiPM temperature

—e— SiPM temperature
Target temperature

Temperature / °C

4:00 0510 P 1021 15:32

Ambient temperature
29.0 — Ambient temperature

Temperature / °C

00:00 05:10 Tme 1021 15:32

Figure A.1.: SiPM temperature stability at 5°C' over 14h. The absolute variation
after stabilisation is smaller than 0.07°C.
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Figure A.2.: SiPM temperature stability at —5°C over 21 h. The absolute variation

Figure A.3.: SiPM temperature stability at —15°C over 24 h. The absolute variation
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A.2. Monochromator

A.2. Monochromator

The FHWM data (upper part of Figures A.4 and A.5) is spiky because it relies on
the bins from the CCD in the spectrometer. The o data (lower part of Figures A.4
and A.5) is smooth but the peak in the recorded spectrum is not a always a perfect

Gaussian which can results in bad fits.

Peak width after Monochromator
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Figure A.4.: Monochromator FWHM and o of Gaussian fitted versus position

129



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

A. Appendiz: Characterisation
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Figure A.5.: Monochromator FWHM and o of Gaussian fitted versus wavelength
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A.8. Beamsplitter characterisation measurements

A.3. Beamsplitter characterisation measurements

ratio reflected/transmitted at 2nd beamsplitter

14
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ratio reflected/transmitted

0.8

0.6
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1 1 1
400 450 500 550 600 650
wavelength / nm

Figure A.6.: Beam splitter ratio R, ;; using the combination of the 7 single measure-
ments to one curve versus the wavelength.
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systematic error on ratio reflected/transmitted at 2nd beamsplitter
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Figure A.7.: Systematic error of the ratio R, ; versus the wavelength.
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Figure A.8.: Beam splitter measurements for LED 02.
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Figure A.9.: Beam splitter measurements for LED 10.
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Figure A.10.: Beam splitter measurements for LED 12.
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Figure A.11.: Beam splitter measurements for LED 19.
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Figure A.12.: Beam splitter measurements for LED 21.
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Figure A.14.: Beam splitter measurements for LED 23.
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A.4. MPLS light flux characterisation plots
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A.4. MPLS light flux characterisation plots
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A.4. MPLS light flux characterisation plots
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A.4. MPLS light flux characterisation plots
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Figure A.29.: Characterisation measurement for LED 1 in pulsed mode
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Figure A.30.: Characterisation measurement for LED 3 in pulsed mode
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Figure A.31.: Characterisation measurement for LED 5 in pulsed mode
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Figure A.32.: Characterisation measurement for LED 9 in pulsed mode



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

A.4. MPLS light flux characterisation plots
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A.33.: Characterisation measurement for LED 11 in pulsed mode
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Figure A.34.: Characterisation measurement for LED 15 in pulsed mode
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Figure A.37.: Characterisation measurement for DC LED 4 in external pulsed mode
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Figure A.38.: Characterisation measurement for DC LED 6 in external pulsed mode
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Figure A.39.: Characterisation measurement for DC LED 8 in external pulsed mode
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Figure A.40.: Characterisation measurement for DC LED 10 in external pulsed mode
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A.4. MPLS light flux characterisation plots
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Figure A.41.: Characterisation measurement for DC LED 12 in external pulsed mode
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Figure A.42.: Characterisation measurement for DC LED 13 in external pulsed mode
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Figure A.43.: Characterisation measurement for DC LED 14 in external pulsed mode
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Figure A.44.: Characterisation measurement for DC LED 18 in external pulsed mode
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A.4. MPLS light flux characterisation plots
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Figure A.45.: Characterisation measurement for DC LED 19 in external pulsed mode

SiPM current vs LED pulse voltage PiN current vs LED pulse voltage

10°

x
x
a
S
b

3

2!

2

! !
.8 1 12 14

IS
o
o
-
[

SiPM current/ A
o o b & 8 KB 8
YL LA LAY LA LA L
PiN current / A
S 5 S5 S
L, 9 o 9o <
 Raa aaacae

I

14

1?6 1.8 é 1?6 18 é
LED pulse voltage / V LED pulse voltage / V

photon flux on PiN-diode vs LED pulse voltage L10¢ SiPM current versus photon flux on SiPM (1x1mm)

30
8000
25

6000

4000

2000

26306080 160_ 20140 }éo FE
photon flux on SiPM (1x1mm?) / (v/oulse)

IS
@
e
o
[N
oF

photon flux on PiN / (y/pulse)
°
T T T T
SiPM current / A
o b N
W T[T

14 6 1.8 3
LED pulse voltaae / V

Figure A.46.: Characterisation measurement for DC LED 20 in external pulsed mode
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Figure A.47.: Characterisation measurement for DC LED 21 in external pulsed mode
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Figure A.48.: Characterisation measurement for DC LED 22 in external pulsed mode
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A.4. MPLS light flux characterisation plots
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Figure A.49.: Characterisation measurement for DC LED 23 in external pulsed mode
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B. Appendix: Effective isolation resistance of

coaxial and triaxial cables

The isolation resistance of a coaxial cable is given by the integral over thin shells of
the isolation material from the core diameter rg to the inner diameter of the shielding

r1 with a electrical resistivity p[Q2 - m]?":

p
p— .1
dR o dr (B.1)
"op P /” dr
R = dr = - B.2
/7“0 onrL " 2nL o T (B-2)
14 1
= 2 In(— B.
R 5] n(ro) (B.3)

Longer cables have a lower isolation resistance and thus a higher leakage current,
which disturbs the low current measurements since the cables have a finite length.
With the used sourcemeter this effect can not be measured for the used coaxial cable
(type RG316) with Teflon dielectric. To prevent this disturbance one can use triaxial
cable. This has an additional guard layer between the core and the shielding as shown
in the schematic B.1. The guard is supplied with the same potential as the core with
regard to the shielding. This results in potential difference of 0 around the core and
ensures a zero leakage current between core and shield. The leakage current between

shielding and guard is not accounted for in the measurement.

20Polyethylene has a p from 1-10°Q-m to 1-10¥*Q.m, Teflon (PTFE) from 1-10*3Q-m to
1-10%°Q-m
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B. Appendix: Effective isolation resistance of coaxial and triaxial cables

shield
guard
core

— —

Figure B.1.: Schematic of triaxial cable on the left and coaxial cable on the right.
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C. Appendix: Signal analysis

C.1. FFT filtering examples

The cut off bin can be converted to the frequency by:

2
in wi = A, C.1
Jvin width A (C.1)
feutof f = foinwidth - bin (C.2)

with At the time step in acquisition, n the number of points used for the FFT.
The plots shown in Figures C.1 to C.3 have At = 100 ps an n = 4096, resulting in
fbinwz'dth ~ 4.88 MHz.
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C. Appendix: Signal analysis
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Figure C.1.: FFT filtered short trace segment. FFT filtered data is shown in orange.
Here with a cut off at FFT bin 15 (73 MHz). The rising edges is flattened.
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Figure C.2.: FFT filtered short trace segment. FFT filtered data is shown in orange.
Here with a cut off at FFT bin 25 (122 MHz).
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C.1. FFT filtering ezamples
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Figure C.3.: FFT filtered short trace segment. FFT filtered data is shown in orange.
Here with a cut off at FFT bin 30 (146 MHz). The (noise) filtering effect

is reduced.

The following three plots (Figures C.4 to C.6) show the FFT filtering for data with

At = 1ns and n = 1024, resulting in fpipwigen =~ 1.95 MHz.

159



OPTICAL SET-UP FOR AUTOMATISED SIPM CHARACTERISATION

C. Appendiz: Signal analysis
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Figure C.4.: FFT filtered short trace segment. FFT filtered data is shown in orange.
Here with a cut-off at FFT bin 37 (73 MHz).
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Figure C.5.: FFT filtered short trace segment. FFT filtered data is shown in orange.
Here with a cut-off at FFT bin 62 (122 MHz).
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C.1. FFT filtering ezamples
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Figure C.6.: FFT filtered short trace segment. FFT filtered data is shown in orange.
Here with a cut-off at FFT bin 76 (150 MHz).
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C. Appendiz: Signal analysis

C.2. Time distributions for peak to peak

At (peak - peak)

— Atdata

= fit for thermal rate

counts

fit for afterpulse long
= fit for afterpulse short
10% £

thermal: A = 4.80e+05

T IIII|
|

AP long: A = 2.21e+06
AP short: A = 1.05e+07

10?

10

[N
IIII|

10°® 1077 107 107
time/s

Figure C.7.: The silence window in the filtering is 50ns and all found peaks are
searched for afterpulses.
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C.2. Time distributions for peak to peak
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Figure C.8.: The silence window in the filtering is 500 ns and all found peaks are
searched for afterpulses.
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Figure C.9.: The silence window in the filtering is 50ns and only 1 p.e. peaks are
searched for afterpulses.
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C. Appendiz: Signal analysis
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Figure C.10.: The silence window in the filtering is 500 ns and only 1 p.e. peaks are
searched for afterpulses.
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C.3. Count distributions for peak to peak times and amplitude

C.3. Count distributions for peak to peak times and
amplitude
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Figure C.11.: Afterpluse count versus amplitude and At with all peaks evaluated.
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